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Abstract: Asparaginases and glutaminases are enzymes that catalyze the hydrolysis of asparagine or glutamine to the cor-
respondent acid and ammonia. Based on their biochemical properties and sequence homology, this group of proteins, 
common to various organisms, can be divided into three families: bacterial asparaginases, plant asparaginases and en-
zymes similar to Rhizobium etli asparaginase. Bacterial L-asparaginases can be further subdivided into two types: type I, 
which are expressed constitutively and display enzymatic activity towards both L-asparagine and L-glutamine, and type 
II, induced by anaerobic conditions, which have high specific activity towards L-asparagine. Type II L-asparaginases (e.g. 
E. coli L-asparaginase) have been used in the treatment of acute lymphoblastic leukemia for many years, but their medical 
applications are limited by severe side effects and by the development of resistant tumors in a fraction of the patients. In 
this paper we review available structural and biochemical information on bacterial L-asparaginases, and focus on a de-
tailed mechanistic description of their reaction mechanism, including the structural basis for the preference of these en-
zymes for threonine residues as the primary nucleophiles. The L-asparaginase enzymatic mechanism involves two cata-
lytic triads operating at distinct steps of the reaction pathway. The first triad, Thr12-Tyr25-Glu283 (E. coli asparaginase 
numbering), acts during the acylation step starting with a nucleophilic attack of the primary nucleophile (Thr12) on the 
substrate, which results in an intermediate covalently bound to the enzyme. The second triad, Thr89-Lys162-Asp90, acts 
by activating a water molecule, which releases the product through a second nucleophilic attack. A detailed comprehen-
sion of the enzymatic mechanism of these bacterial enzymes in structural terms might open the way to design modified L-
asparaginases with improved biomedical and biotechnological properties. 
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1. INTRODUCTION 

 L-asparaginase/L-glutaminase is a generic denomination 
for enzymes that catalyze the transformation of L-asparagine 
or L-glutamine into their respective acids and ammonia. 
These enzymes can be specific for asparagine, with negligi-
ble activity against glutamine, and thus termed asparaginases 
(EC 3.5.1.1), or can catalyze both asparagine and glutamine 
conversion, in which case they receive the denomination of 
glutaminase-asparaginases (EC 3.5.1.38). 

 Based on sequence homology analysis [1, 2], as well as 
on biochemical [3-6] and crystallographic data [7-20], avail-
able asparaginase sequences can be divided into three fami-
lies. The first family corresponds to the bacterial-type aspar-
aginases, the second to plant-type asparaginases and the third 
to enzymes similar to Rhizobium etli asparaginase [1]. 

 Bacterial-type L-asparaginases can be further classified 
into two subtypes: type I and type II. Two types of L-
asparaginases, found in E. coli, have been designated EC1 
and EC2 in E. coli B [4], and AsnI and AsnII in E. coli K-12  
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 [3]. Type I was found to be expressed constitutively, 
whereas type II is induced by anaerobiosis [3]. The L-
asparaginases have Km values for L-asparagine of 3.5x10-3 M 
and 1.2x10-5 M, respectively [5]. Only the type II L-
asparaginases present tumor inhibitory activity and, for this 
reason, have been extensively studied [3]. Tumor-inhibitory 
asparaginases have also been isolated from a number of bac-
terial sources (such as Proteus vulgaris, Acinetobacter glu-
taminasificans, Pseudomonas putida, Wolinella succino-
genes and others), but only the enzymes from Escherichia 
coli and Erwinia chrysanthemi (previously known as Er-
winia carotovora) have been and are being frequently used 
in cancer therapy [21-23]. 

 It was demonstrated early on that the main physiological 
function of asparaginases is to make cell growth possible in 
ammonia-deficient media by regulation of the utilization of 
asparagine and glutamine as a nitrogen source for cell nutri-
tion [24, 25]. Several studies demonstrated a high activity of 
glutaminase and asparaginase during cell growth [3, 22, 23, 
26]. Additionally, recent research has demonstrated that 
Pseudomonas putida KT2440 is unable to utilize glutamine 
in the absence of its functional asparaginase [25]. 

 The expression of the asparaginases/glutaminases is 
strongly and specifically activated by their substrates, glu-
tamine and asparagine, and/or reaction products, glutamic 
and aspartic acid [3, 25]. It has also been shown that many 
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preferred carbon sources such as glucose or mono- and di-
carboxylic acids exert efficient carbon catabolite repression 
of asparaginase expression [25]. The biochemical reason for 
this seems to reside in the fact that Gln and Asn are eventu-
ally degraded to intermediates of the tricarboxylic acid cycle 
(2-oxoglutarate and fumarate, respectively) [3]. If intermedi-
ates of the cycle or metabolites are readily available, there is 
no need for the utilization of amino acids for this end. Addi-
tional regulation might come from the increase in the level of 
glutamine synthetase as a result of ammonia deprivation, 
which stimulates the production of asparaginases [25]. In the 
case of Klebsiella aerogenes this stimulus is necessary and 
sufficient for L-asparaginase expression [24]. 

 In this paper we briefly review biomedical and biotech-
nological applications of bacterial asparaginases and focus 
on structural information and a detailed description of the 
mechanism of action of these enzymes. 

2. BIOMEDICAL AND BIOTECHNOLOGICAL AP-

PLICATIONS OF L-ASPARAGINASES 

 L-asparaginases are known chemotherapeutic agents 
against cancer, such as acute lymphoblastic leukemia and 
lymphosarcoma, which are used mainly in the treatment of 
children. Several recent reviews are available concerning the 
use of L-asparaginase in cancer therapy (see, for example 
[22, 23]). Leukaemic cells lacking the mammalian aspar-
agine-synthetase enzyme depend on exogenous sources of 
asparagine for protein synthesis and survival. Theoretically, 
the deamination of serum asparagine selectively kills leu-
kaemic cells, leaving normal cells, which have the ability to 
synthesize asparagine intracellularly, unaffected [21]. 
Moreover, studies of the action of asparaginase upon neo-
plastic cells with respect to the nutritional requirements 
caused by the lack of asparagine, led to the introduction of 
new drugs as well as the combination of asparaginases with 
drugs with similar modes of action in the clinical treatment 
of lymphoblastic leukemia [27]. 

 L-asparaginases have been found in many mammalian 
and bacterial species, but only the enzymes from E. coli and 
Erwinia chrysanthemi have been produced on an industrial 
scale. Although the drugs from both sources have identical 
mechanisms of action and toxicities, their pharmacokinetic 
properties are different, and patients allergic to one drug are 
frequently resistant to the other. Though important in cancer 
therapy, the clinical utility of L-asparaginase is often limited 
by three factors [28-30]. First, the broad variety of side ef-
fects associated with L-asparaginase administration, includ-
ing immunosuppression and pancreatitis [28]. The toxic ef-
fects fall into two main categories, those related to immu-
nologic sensitization to a foreign protein and those related to 
the inhibition of protein synthesis [28]. Second, about 10% 
of successfully treated patients suffer a relapse with the ap-
pearance of tumors that are resistant to further L-
asparaginase therapy. Lastly, prolonged treatment with L-
asparaginase may improve the growth of resistant tumors 
and increase their metastatic activity [29]. In spite of the 
considerable amount of ongoing research, the molecular ba-
sis of L-asparaginase resistance, which is a major clinical 
problem, remains poorly understood [26]. Two possible 
mechanisms for L-asparaginase resistance have been pro-
posed [29]. The first is related to an increase in asparagine 

synthase levels, which has been found in the blasts cells of 
patients with acute lymphoblastic leukemia clinically resis-
tant to the drug [26]. Another mechanism appears to be the 
induction of a host response leading to the production of 
anti-asparaginase antibodies, which neutralize L-aspara-
ginases impeding their enzymatic activity [30]. A PEG con-
jugated or PEG E. coli asparaginase was found to be a useful 
alternative in patients with prior clinical hypersensitivity to 
native E. coli asparaginase [31]. PEG-asparaginase reduces 
the immunogenicity of the protein, increases its stability in 
plasma and provides a drug that is suitable for use in heavily 
pretreated patients [31]. 

 Another potentially important application to aspar-
aginases is in the food industry. Acrylamide in industrialized 
foods is largely derived from heat-induced reactions between 
the -amino group of the free amino acid asparagine and 
carbonyl groups of reducing sugars such as glucose [32]. 
Therefore, lowering either the asparagine or glucose content 
can be expected to result in reduced acrylamide formation. 
The available information on adverse manifestations of acry-
lamide and its major metabolite glycinamide indicates that 
neurotoxicity is a documented effect in human epidemiol-
ogical studies. On the other hand, reproductive toxicity, 
genotoxicity, and carcinogenicity are further potential human 
health risks, on the basis of animal studies [32]. Therefore 
the use of L-asparaginases to hydrolyze asparagine in food 
as well as in the development of an immunoassay (ELISA) 
for the analysis of asparagine content could be a useful ap-
proach to reduce the extent of acrylamide formation [32]. 

3. AMINO ACID SEQUENCES 

 Sequence homology analyses [1] demonstrated that the 
amino acid sequences of all known type I and II aspar-
aginases are very similar. The most conserved regions of 
their amino acid sequences are those around the active site 
residues. All bacterial-type sequences studied possess two 
highly conserved amino-acid motifs [2], [LIVM]-x(2)-T-G-
G-T-[IV]-[AGS] and G-x-[LIVM]-x(2)-H-G-T-D-T-[LIVM], 

where the PROSITE [33] notation -x(2)- stands for -x-x- and 
a bracketed position shows the variability at this site. The 
first includes the residue corresponding to EcA Thr12 and 
the second includes the residues corresponding to EcA Thr89 
and Asp90 whichn are part of the enzyme active site [7]. 
Another residue that shows absolute conservation is the ly-
sine residue corresponding to EcA Lys162, which also par-
ticipates in the catalytic mechanism of bacterial L-
asparaginases [14]. Larger differences are mostly confined to 
the loops and the regions located on the molecular surface of 
the enzymes. 

4. STRUCTURAL INFORMATION 

 Crystallographic research of asparaginases has been go-
ing on for almost forty years now. The early investigations 
include the crystallization and preliminary crystallographic 
studies of Erwinia chrysanthemi asparaginase [34], Proteus 
vulgaris asparaginase [35], E. coli asparaginase [36], Acine-
tobacter glutaminasificans glutaminase-asparaginase [37], 
Pseudomonas 7A glutaminase-asparaginase [38] and 
Wolinella succinogenes asparaginase (previously called Vi-
brio succinogenes) [39]. The first reported crystallographic 
model was that of Acinetobacter glutaminasificans glu-
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taminase-asparaginase [40], a low-resolution (3Å), partially 
correct structure determined in the absence of a complete 
amino acid sequence of the enzyme. 

 To date the crystallographic structures of five bacterial 
type II L-asparaginases and L-glutaminase-asparaginases, 
both wild type and mutants, have been solved in the presence 
a number of different ligands. The wild type structures of 
asparaginases from Erwinia chrysanthemi [15, 18], Pseudo-
monas 7A [9, 13, 14], Acinetobacter glutaminasificans [10], 
Wolinella succinogenes [11] and Escherichia coli [8, 12, 19] 
are available at the Protein Data Base (PDB). Table 1 sum-
marizes some pertinent data for the wild type structures of 
the enzymes from each of these organisms. According to 
their substrate specificity the enzymes have been classified 
as either asparaginases or glutaminase-asparaginases. The E. 
chrysanthemi enzyme has previously been described as an L-
asparaginase [7], even though its activity against L-
glutamine is not negligible. 

 Until now, the structure from the hyperthermophilic ar-
chaeon Pyrococcus horikoshii (PhA) is the only reported 3D 
X-ray model of a type I L-asparaginase [20]. 

4.1. The Quaternary Organization 

 These extensive structural studies of asparaginases have 
led to detailed descriptions of their common structural fea-
tures. All bacterial type II L-asparaginases are active as ho-
motetramers containing approximately 330 amino acids per 
monomer and four identical non-cooperative active sites. 
According to the nomenclature introduced for the E. coli L-
asparaginase structure [8, PDB code 3eca], the four subunits 
are labeled A, B, C and D. Two active sites are formed at the 
dimerization interface between the A and C subunits (as well 
as between B and D), the so-called intimate dimer, and two 
such intimate dimers unite to form a tetramer with 222 sym-
metry (Fig. 1a, b). The 222 symmetry of the homotetramer 
has been observed in various crystal structures of type II L-
asparaginases solved to date. This is true of cases in which 
only one independent subunit was present in the asymmetric 
unit and the functionally-relevant tetramer generated by crys-
tallographic 222 symmetry, (such as PGA [9] and ErA [16],) 
as well as cases in which the symmetry of the tetramer is 
only approximate, e.g. EcA structure [8, 16]. 
 

 Although apparently the enzymes should be enzymati-
cally competent as dimers, the formation of tetramers ap-
pears to be essential for the catalytic competence of type II 
L-asparaginases. Recent X-ray analysis of the EcA-II en-
zyme makes clear some structural reasons for why this en-
zyme functions as a stable tetramer and not as separate di-
mers [19]. The inspection of the intimate dimer in the struc-
tures of type II L-asparaginases shows that the role of 
tetramer formation is to guarantee proper folding of the en-
zyme, since the stability of the tetramer relies on the inter-
face interactions between subunits. The assembly of the in-
timate dimers is mainly hydrophobic in nature and presents a 
number of the characteristics typical of permanent physio-
logically relevant complexes [41]. The tetramer keeps the 
most hydrophobic part of the protein buried inside its core, 
away from contact with solvent, providing stabilization to 
the structure and rendering a globular shape to the molecule, 
with the polarizable surface oriented towards the external 
medium [41]. The very robust active sites are buried at the 
interface between the intimate dimers and are not directly 
affected by pH changes. 

 In contrast, the recent crystal structure of the type I L-
asparaginase PhA, shows it to only form an intimate dimer 
and not to associate as a homotetramer [20]. A clear hydro-
phobic patch is absent from the region of the PhA surface 
which correspons to the tetramerization interface of the type 
II L-asparaginases. Furthermore, several polar residues lo-
cated at the interface between intimated dimers, such as 
Arg116, Asp152 and Asp158 of EcA-II, which are conserved 
in all type II L-asparaginases, are missing from the se-
quences of PhA and EcA-II (Fig. 1c). The dimeric structure 
of type I L-asparaginase is, therefore, consistent with the 
sequence comparison analysis [1]. 

4.2. The Overall Architecture of a Monomer 

 Each asparaginase subunit consists of two easily identifi-
able /  domains, a larger N-terminal and a smaller C-
terminal domain, connected by a loop consisting of about 20 
residues (Fig. 1b). The N-terminal domain contains an eight-
stranded mixed -sheet. There is a topological switch-point 
between strands N 1 and N 3 where adjacent -strands con-
tinue in opposite directions, folding into -helices on either 
side of the sheet. This directional change creates a cleft char-
acteristic of all parallel /  structures that serves as a pocket 

Table 1. Wild Type Asparaginase Structures Deposited at the RCSB Protein Data Bank 

 

Specificity Organism PDB Code Ligand
 

L-Asn Escherichia coli (EcA2) 3ECA/1NNS L-Asp/L-Asp 

L-Asn Wolinella succinogenes (WsA2) 1WSA - 

L-Asn(/L-Gln) Erwinia chrysanthemi (ErA2) 1HFJ/1HFK/1HFW/1HG0/ 
1HG1/1O7J/1JSL/1JSR 

SO4
-2/ SO4

-2/L-Glu/Suc/ 
D-Asp/SO4

-2/DDO/LDO 

L-Asn/L-Gln Acinetobacter glutaminasificans (AGA2) 1AGX - 

L-Asn/L-Gln Pseudomonas 7A (PGA2) 3PGA/4PGA/1DJO/1DJP - /NH4
+, SO4

-2/DONV/DON 

L-Asn Pyrococcus horikoshii (PhA1) (type I) 1WLS - 

The ligand modeled in the active site of each structure is indicated, as well as the protein substrate specificity for L-asparagine or L-glutamine. Although the E. chrysanthemi enzyme 
is considered an L-asparaginase, its activity against L-glutamine is higher than that usually observed for other L-asparaginases. The structure from the hyperthermophilic archaeon 
Pyrococcus horikoshii (PhA) is the only reported 3D X-ray model of a type I L-asparaginase. 
Abbreviations: L-Asn: L-asparagine, L-Gln: L-glutamine, L-Asp: L-aspartate, L-Glu: L-glutamate, Suc: succinic acid, D-Asp: D-aspartate, DDO: 6-hydroxy-D-norleucine, LDO: 6-
hydroxy-L-norleucine, DONV: 6-diazo-5-oxo-L-norvaline, DON: 6-diazo-5-oxo-L-norleucine. 
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utilized in ligand binding [8]. The -strand connectivity for 
the parallel part of the sheet is similar to that of flavodoxin 
[8]. The helices in flavodoxin superimpose on the four N-
terminal helices in L-asparaginases, but in a different order 
due to the occurrence of a left-handed crossover between the 
fourth and the fifth -strands [7]. This type of motif is rarely 
observed in proteins, but when found always serves as an 
important structural determinant of their activity [42]. This 
also applies to the L-asparaginases in which the left-handed 
crossover forms part of the active site. Two antiparallel -
strands, N 7 and N 8, leave the main sheet and form a -
hairpin, which is positioned near to the interior of the 
tetramer and may play a role in subunit adhesion. This do-
main also contains four -helices with two of them, N l and 
N 4, exposed to solvent on one side of the -sheet, and the 
remaining two, N 2 and N 3, on the opposite side, near to 
the domain interface. A flexible loop at the beginning of the 
N-terminal domain (residues 15-30 in EcA-II), which is par-
tially or completely disordered in most reported structures of 

L-asparaginases, contains two important catalytic residues 
and forms a lid over the active site. The smaller C-terminal 
domain (residues 213-326 in EcA-II) consists of a four-
stranded parallel -sheet and four -helices. Helices C l and 
C 2 are on the side distal to the domain interface while C 3 
and C 4 are on the interdomain side of the sheet. 

 The structural differences observed between the structure 
of PhA and the type II L-asparaginases help to explain the 
lower affinity for the substrate observed in the type I L-
asparaginases [20]. There are three regions in the PhA struc-
ture where the main-chain is not well superimposed with the 
type II enzymes. The first is the linker connecting the two 
domains, which in PhA is highly extended due the deletion 
of seven residues compared with the sequence of type II L-
asparaginases. Second, PhA has nine extra residues at the C-
terminal end that protrude from the globular body of the PhA 
monomer. The third structural difference is in the flexible 
loop of the active site of PhA, which is stabilized by the 
formation of a -hairpin and by elaborate interactions with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Three-dimensional models of E. coli L-asparaginase with L-aspartate bound together with an amino acid sequence alignment of five 
asparaginases. (a) Tetrameric assembly showing the L-Asp as spheres. The flexible lid loop, containing the catalytic residues Thr12EcA and 
Tyr25EcA, as well as the loop containing the residue Glu283EcA in the other subunit of the intimate dimer, are shown in red, with the L-Asp 
shown in colors. Both loops are in close contact. (b) An E. coli L-asparaginase monomer. L-Asp bound to the active site is shown as balls-
and-sticks with correspondent 2|Fobs| - |Fcalc|, calc electron density contoured at 1  (c) Amino acid sequence alignment of representative parts 
of type-I and type-II L-asparaginases. Type I L-asparaginases from E. coli (EcA1) and Pyrococcus horikoshii (PhA1) are aligned with type-II 
E. coli (EcA2), W. succinogenes (WsA2), A. glutaminasificans (AGA2), Pseudomonas 7A L-asparaginase/L-glutaminase (PGA2), E. chry-

santhemi (ErA2), and with plant-type L-asparaginase from Lupinus luteus (LlAp) [54]. The numbering on the top of the figure refers to the 
E. coli L-asparaginase sequence of the fragment. Residues of the first catalytic triad are colored in red while the ones of the second triad are 
colored in green. The blue background indicates conserved residues with 50% threshold. 
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the type-I-specific -helical region derived from the other 
subunit of the dimer [20]. 

4.3. The Enzyme Active Site 

 The location of the active site of type II L-asparaginase 
has been elucidated in studies of the binding of ligands such 
as the product L-aspartate [8, 17, 19], the alternative prod-
ucts D-aspartate, L-glutamate and succinic acid [15, 17], 
inhibitors such as diazo analogues of glutamine, 6-diazo-5-
oxo-L-norleucine and asparagines, 5-diazo-4-oxo-L-
norvaline [14], or suicide inhibitors such as the L and D 
stereoisomers of 6-diazo-5-oxy-norleucine [15]. In the struc-
tures determined in the absence of ligands, the active site is 
frequently occupied by ions (such as sulfate anions) originat-
ing from the crystallization solution [13, 16, 18]. The bind-
ing pocket assembly of asparaginases involves residues of 
both subunits of an intimate dimer, e.g. subunits A and C in 
EcA-II (Fig. 1). The residues Thr12EcA, Tyr25EcA, Ser58EcA, 
Gln59EcA, Thr89EcA, Asp90EcA, Ala114EcA and Lys162EcA 
from one subunit, and Asn248EcA and Glu283EcA from the 
other intimate subunit form the binding pocket. 

 The residues Thr12 and Tyr25 are located in the flexible 
loop region while the rest of the binding pocket is more rigid 
and located in the core of the molecule. It has been suggested 
[9, 10] that the flexible loop has an important role during the 
catalytic reaction. In the open conformation, it assists in sub-
strate recognition. Once the substrate is bound, the loop un-
dergoes a series of conformational changes allowing several 
residues to interact with the substrate molecule and to deter-
mine its proper orientation with respect to the rigid part of 
the active site. The closed conformation of the loop traps the 
substrate molecule, maintaining it in a fixed position [12, 
14]. The closed conformation of the loop is maintained by 
interactions of Tyr25/Thr12-Substrate/Product-Binding Poc-
ket. The structures lacking a ligand or with a mutation of the 
lid loop tyrosine either have the lid loop in the open confor-
mation or simply lack interpretable electron density for the 
lid loop due to disorder. On the other hand, in the structures 
refined with the closed lid loop, the interactions between the 
main chain atoms of the ligand with the atoms of the binding 
pocket residues are those responsible for the stabilization of 
closed-loop conformation. After reaction, the conversion of 
the amide group of the substrate to a carboxylic acid group is 
proposed to generate electrostatic repulsion causing the 
flexible loop to change conformation and return back to the 
open state, and the products to leave the reaction center [9, 
10]. The opening of the lid loop occurs around three fixed 
points, or hinges (Fig. 2a). These three hinges divide the 
whole movement into two: the opening of the small and 
more rigid loop, containing Thr12, and the opening of the 
longer lid loop, containing Tyr25. In the PGA structure, with 
the lid loop open, the distance between the hydroxyl groups 
of the catalytic threonine and tyrosine residues is as large as 
6.9Å whereas in the EcA-II structure, with lid loop closed, 
this distance is significantly reduced to 2.9Å (Fig. 2a). 

 Therefore, loop flexibility is considered to be fundamen-
tally involved with the enzymatic activity of the type II L-
asparaginases. Conversely, the structure of type I L-
asparaginase, exemplified by PhA, reveals that the corre- 
 

sponding region is stabilized by the formation of a -hairpin 
and by intricate interatomic interactions between the first -
strand of this hairpin and the -helix C 3 from the other 
subunit of the dimer. In the structures of the type II enzyme, 
there is a deletion of two to six residues in the region corre-
sponding to C 3. Thus, the -hairpin formation as well as 
the interaction between the -hairpin and C 3* seems to be 
specific to the type I enzyme. 

 An additional integral part of the active site architecture 
is the conserved network of water molecules, which have a 
significant participation in the catalytic properties of L-
asparaginases. Analysis of all high-resolution structures of 
bacterial L-asparaginases with well-defined solvent shows 
that all of them contain a conserved water molecule (W1 in 
the EcA structure [19]) occupying the same site. This water 
molecule systematically presents a characteristically low B-
factor and plays an active role in stabilizing the conforma-
tion of the flexible region of the active site as well as the 
substrate molecule itself via a hydrogen bond made with the 
O atom of its amide group. Other active site water molecules 
playing a role in stabilizing particular conformations of sur-
rounding residues, form a well conserved network of hydro-
gen bonds which can serve for rapid proton/electron transfer 
during the enzymatic reaction. 

4.4. Enzyme-Substrate Interactions 

 A detailed analysis of the interactions within the inde-
pendent L-asparaginase active sites indicates the elements 
crucial for binding of different ligand molecules. Compari-
son of the structures of ErA and EcA with bound L-Asp [7, 
8, 17, 19] and ErA in its complex with L-succinate [15] 
shows that the networks of hydrogen bonds formed between 
enzyme and substrates are very similar. The side chain atoms 
of substrates are located between the hydroxyl groups of 
Thr12EcA (15ErA) and Thr89EcA (95ErA), and close to the main-
chain atoms of Ala114EcA (120EcA). The oxygen atom O 1 
from the -carboxylate group of the substrate is sandwiched 
between Thr12EcA (15ErA) and Thr89EcA (95ErA), located on 
the opposite sides of the -carboxylate plane of the ligand, 
forming two hydrogen bonds with the main chain nitrogens 
of these residues and a third hydrogen bond with a water 
molecule [15, 17]. This structural arrangement is similar to 
the ‘oxyanion hole’ seen in serine proteases and was sug-
gested to act in stabilizing the partial negative charge that 
develops in the tetrahedral intermediate on formation of the 
acyl-enzyme complex [7, 14]. Presumably, when asparagine 
is a substrate, the carbonyl oxygen occupies the position of 
O 1, while the amide nitrogen occupies the position of O 2 
[7, 8]. The structures of the complexes of PGA with the sui-
cide inhibitors DON and DONV [14] show the presence of 
strong continuous electron density connecting both residues 
Thr20PGA (12EcA) and Tyr34PGA (25EcA) to the inhibitors, in-
dicating the covalent linkage between them. 

 The second oxygen atom of the -carboxylate group in 
these two ligands interacts with the -OH group of Thr89EcA 
(95ErA), the main chain oxygen of Ala114EcA (120ErA), and a 
water molecule. The carboxyl oxygens of the substrate are 
almost coplanar with the carbonyl of Ala114ErA (120EcA), 
which can act as an acceptor in a hydrogen bond with the 
O 2, indicating that the side-chain carboxyl group of the  
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Fig. (2). (a) Cartoon representation of the active site and flexible lid loop of the six known class II asparaginase structures: E. coli-L-Asp (in 
dark blue), Pseudomonas 7A (no ligand, light blue), Pseudomonas 7A-SO4

2—NH4
+ (in orange) E. chrysanthemi-SO4

2- (in magenta), A. glu-

taminasificans (no ligand, in green), W. succinogenes (no ligand, in yellow). The structure of W. succinogenes was refined with the lid loop 
only partially built, which indicates its flexibility and disorder. The structural alignment indicates that the open conformation might be 
caused by the lack of ligand. A. glutaminasificans is also an apo structure, which could explain its unusual conformation for the lid loop. In 
order to compare the differences between the closed and open conformations, both structures of Pseudomonas 7A are shown. It is interesting 
to note that the sulfate ion in the ErA and PGA structures occupies an equivalent position to the main chain carboxyl group of the EcA-II 
structure and that the amino group position of EcA-II is occupied by an ammonium in PGA and a water molecule in ErA. Since all three 
structures are in the closed conformation and the ligands make equivalent contacts in the active site, it likely that these are key interactions 
responsible for keeping the loop in the closed conformation. (b) Schematic representation of the catalytic triads involved on the reaction 
mechanism of asparaginases: E. coli-L-Asp, Pseudomonas 7A-SO4

2—NH4
+, E. chrysanthemi-SO4

2-, A. glutaminasificans (no ligand). The 
same color-coding scheme as in Fig. 1a was used. The W. succinogenes structure was excluded because of its open conformation and the 
lack of part of the lid loop. Thr12EcA is the primary nucleophile of the first catalytic triad, acting during the acylation step. Residue Glu283EcA 
of another subunit of the intimate dimer (marked by an asterisk) polarizes Tyr25EcA, which acts as a transitory base, enhancing the nucleo-
philicity of Thr12EcA. Note that Glu289ErA is inserted in the tip of a flexible loop on the surface of the ErA molecule [15] and is mo-
bile/disordered as judged from its very high B-factors, which could explain the distinct position and orientation of this particular residue. (c) 
The second catalytic triad with Thr89EcA as the nucleophile. The triad is important for the correct orientation and activation of the catalytic 
water molecule that releases the product and regenerates the enzyme during the deacylation step. 
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ligand is protonated [7, 15]. It has been proposed that after 
enzymatic hydrolysis, the interaction of the negatively 
charged carboxylate group of the product generates a strong 
repulsion with the main chain carbonyl oxygen of Ala114EcA 
(120ErA) which helps to release the product by triggering the 
change in the flexible loop conformation to the open state [7, 
9, 10]. 

 In all cases, the -carboxyl group of the ligand molecule 
and the -OH group of Ser62ErA (58EcA) appear to be funda-
mental for binding [15]. Furthermore, interactions with the 
main-chain nitrogen atoms of Ser58EcA (62ErA) and Asp90EcA 
(96ErA) indicate that the fold of the protein fragments con-
taining these residues should be invariant for bacterial L-
asparaginases in order to ensure productive ligand recogni-
tion [15]. This is probably the reason behind the greater ri-
gidity of these fragments, for which low B-factors for the 
contributing atoms were observed for all structurally studied 
L-asparaginases [7-12, 15]. 

 The -amino group of the L-Asp, important for interac-
tion with the enzyme binding site [43], interacts with the 
residues Glu59EcA (63ErA) and Asp90EcA (96ErA), implying 
this group to be protonated [7, 8]. Furthermore, in the case of 
ErA complexed with D-Asp and L-Glu, despite the differ-
ences in the sizes and stereochemistry of these molecules, 
the -amino groups of both ligands participate in two hydro-
gen bonds with the carboxyl oxygen atoms of Asp96ErA 
(90EcA) and Glu63ErA (59EcA), respectively, plus with a water 
molecule, highly conserved in L-asparaginase active sites 
[15]. This water molecule is found in an equivalent position 
in all known asparaginase structures and is hydrogen bonded 
to the main chain atoms of the enzyme [7], in a tetrahedral 
coordination to O 1 of the substrate (O 1 of the aspartyl 
group in EcAT89V), the carbonyl oxygen of His87EcA (93ErA) 
and the main chain nitrogen atoms of Ile13EcA (16ErA) and 
Ala114EcA (120ErA) that identifies it an unambiguous proton 
donor. The lack of an -amino group, however, does not 
affect the binding mode of L-succinate to ErA, however the 
above mentioned conserved water molecule is absent in the 
X-ray structure of this complex [15]. 

 The binding of L-Glu to ErA causes structural distortions 
of the enzyme’s active site [15]. The side chain of L-Glu is 
larger than that of L-Asp, which forces the -carboxylate 
plane to be almost perpendicular to the -carboxylate plane 
of L-Asp, and this results in suboptimal orientation of the 
nucleophile Thr15ErA (12EcA) whose side chain points away 
from the ligand molecule [15]. One of the side-chain oxy-
gens of L-Glu forms two hydrogen bonds with Thr95ErA 
(89EcA), one with its -OH group and the second with the 
main-chain nitrogen atom [15]. The second oxygen atom of 
the side chain in this ligand also makes two hydrogen bonds, 
one with the main-chain nitrogen of Thr15ErA (12EcA), and 
the other with a water molecule [15]. Furthermore, no inter-
action with the main chain oxygen of Ala120ErA (114EcA) was 
observed and the overall number of contacts between the 
side chain of L-Glu and the enzyme was smaller than in the 
case of L-Asp [15]. 

 A quite different situation was found for D-Asp [15]. Its 
side chain points toward the active site flexible loop due to 
its inverted stereochemistry, preventing the formation of a 
stable active conformation, such as the one observed for L-
Asp. There are no interactions observed between the D-Asp 

side chain and either of the two active site threonine residues 
[15]. One of the oxygen atoms of this side chain forms two 
hydrogen bonds with the main chain nitrogen of Ser62ErA 
(58EcA) and with a water molecule [15]. The second oxygen 
atom interacts only with one water molecule and this interac-
tion is conserved in all complexes [15]. The side chain of D-
Asp forms a small overall number of interactions with the 
enzyme and, as is the case of L-Glu, no hydrogen bond with 
Ala120ErA (114EcA) is observed [15]. 

 In the PGA structure solved in the presence of a sulfate 
and an ammonium bound to the active site [9], these two 
ions are located, respectively, at the equivalent positions of 
the carboxyl and amine groups of the L-Asp (Fig. 2b and 

2c). Additionally, the N and O 2 sites of aspartate are occu-
pied in the PGA structure [9] by water molecules. This is 
also true for the ErA X-ray crystallographic model contain-
ing a sulfate ion, where a water molecule was modeled in the 
position equivalent to the amine group [18]. These small 
molecules generate a hydrogen-bonding pattern that is com-
parable to that of the aspartate main chain atoms in the L-
Asp complex, thus preserving the same set of interactions in 
the active site. The binding of a ligand with a large negative 
charge such as sulfate to the active site of the enzyme can be 
readily understood in terms of interactions with the hydroxyl 
group of Thr15ErA (12EcA) [18]. In the case of the enzyme-
aspartate complex, the side chain of Thr15ErA presents the 
electron pair of its hydroxyl O atom towards the C  atom of 
the ligand, while the hydroxyl proton contributes to the hy-
drogen bond with Tyr29ErA (25EcA). On the other hand, in 
complex with a sulfate anion, the hydroxyl group of 
Thr15ErA forms a strong hydrogen bond with the O4 atom of 
the ligand providing additional stabilization of the complex 
[18]. 

5. THE MECHANISM OF ACTION 

 There is general agreement that a detailed understanding 
of the catalytic mechanism of L-asparaginases might permit 
the design of modifications to the wild type proteins that 
could lessen the severe side effects of their application in 
cancer therapy [26]. 

 The currently accepted mechanism for the transformation 
of L-asparagine into L-aspartate and ammonia by L-
asparaginases proceeds via a covalently bound intermediate 
involving a -aspartyl enzyme [7, 12, 14, 15], as opposed to 
the model of an enzyme-bound aspartic anhydride as the 
reaction intermediate [44, 45]. This implies a double dis-
placement, or ‘ping-pong’, mechanism where at first a nu-
cleophilic group of the enzyme attacks the C  of the sub-
strate (L-asparagine or L-glutamine) leading to a tetrahedral 
intermediate which subsequently breaks down to form an 
acyl-enzyme intermediate with the enzyme covalently bound 
to the substrate. This is followed by the elimination of am-
monia. This intermediate is then attacked by a second nu-
cleophile, normally water, resulting in the hydrolysis of the 
acyl-enzyme intermediate yielding the acidic product and 
free enzyme. 

 Activated substrate analogs [8-19] have been used to 
identify residues located at the active site, and based on these 
results it has been proposed that this family of hydrolases is 
mechanistically similar to the serine proteases. If this is the 
case one would expect to find a catalytic triad formed in the 
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same way as in serine proteases. It has been shown, how-
ever, that none of the three histidines in E. coli L-
asparaginase are required for catalysis [46], thus eliminating 
the possibility of a classical catalytic triad. 

5.1. The Two Catalytic Triads 

 The residues Thr89EcA, Asp90EcA and Lys162EcA were 
initially suggested to be the catalytic triad [47], with the 
threonine acting as the primary nucleophile, based on collec-
tive evidence from the crystallographic studies of EcA bound 
to L-Asp [8], ErA bound to L-Asp [7] and PGA determined 
in the open conformation [9]. Thus Thr89 would be active as 
the attacking nucleophile while a proximal Lys162, which is 
stabilized by Asp90, would act as a base to enhance the nu-
cleophilicity of the catalytic Thr89 residue [8, 9]. 

 However, the presence of another threonine residue, 
Thr12EcA, in the enzyme active site instigated an alternative 
hypothesis, which proposes Thr12 to be the attacking nu-
cleophile [7] (Fig. 2b and 2c). This hypothesis has encoun-
tered resistance based on the fact that in the structure of the 
enzyme determined with the active site in the open confor-
mation [9], Thr12 is far from the other residues that make up 
the active site [7, 8]. On the other hand, the rearrangement of 
the flexible loop over the active site in the structures of en-
zyme:ligand complexes brings this residue into close prox-
imity to the substrate and to the residues of the active site 
pocket [7, 8]. 

 The almost symmetric location of these two threonine 
residues, Thr12EcA or Thr89EcA, above and below the C  of 
the substrate suggests that one of them must be the nucleo-
phile of the acylation step1. This statement is supported by 
the location of both threonines within two absolutely con-
served regions of amino acid sequence among all bacterial 
asparaginases, being located at residues 9EcA to 15EcA and 
86EcA to 91EcA [2] (Fig. 1c). Furthermore, it has been experi-
mentally demonstrated that both the threonines participate 
directly in the L-asparaginase catalytic mechanism [12, 48, 
49]. Mutation of either Thr12EcA or Thr89EcA diminishes en-
zymatic activity to about 0.01% relative to the wild-type 
enzyme [48, 49]. Mutation of T12AEcA resulted in a marked 
decrease in the catalytic activity, but the affinity of the en-
zyme for aspartate was practically unaffected. This evidence 
suggests that Thr12EcA is not required in the aspartate bind-
ing process [48] and most probably acts as the primary nu-
cleophile of the enzyme. 

 The superposition of the available models of bacterial L-
asparaginases reveals that a large portion of the active site, 
which includes the initially proposed catalytic triad 
(Thr89EcA, Asp90EcA and Lys162EcA) does not change its con-
formation upon interaction with different ligands (substrates, 
ions or water) and thus presumably is fairly rigid (Fig. 2c). 
This is further evidenced by the relatively low temperature 
factors in these regions [14, 15]. The starting position and 
optimum orientation of nucleophiles is of crucial importance 

                                                
1 Acylation is the denomination given to the nucleophilic attack by the oxy-
gen of the nucleophile to the carbonyl carbon of the substrate, leading to the 
formation of a tetrahedric acyl intermediate. Deacylation, on the other hand, 
refers to the second nucleophilic attack that regenerates the enzyme and 
releases the product. 

in enzymes controlled by molecular mechanics [13]. As per-
ceived by Jakob and collaborators [13], the position of 
Thr89EcA with respect to the -carboxylate group of L-Asp 
yields an unfavorable geometry for the nucleophilic addition 
to the -carbon of the substrate. In order to form a covalent 
tetrahedral intermediate, the -O of Thr89EcA would have to 
reach the -C of the substrate, which requires a large main 
chain shift within the active site, inconsistent with its ob-
served rigidity. In contrast, Thr12EcA is located in the flexible 
loop of the active site and has ideal geometry to attack the 
electrophilic -C of L-Asp. In this case, the optimum posi-
tioning of Thr12EcA and the covalent bond formation could 
be achieved by a simple change of the 1 torsion angle [13]. 
Additional support to the notion that Thr12EcA is the attack-
ing nucleophile comes from the structural study of the mu-
tant T89VEcA [12]. In this X-ray structure of a complex, the 
substrate is covalently bound to the Thr12EcA which corrobo-
rates the hypothesis of a -aspartyl-enzyme and the action of 
Thr12EcA as the primary nucleophile in the acylation step. 
The authors proposed that the inactivation of the mutant is 
probably caused by the lack of a water molecule in the active 
site due to the low polarity of the valine methyl group at po-
sition 89EcA. In addition, a structural study of the PGA com-
plexes with the suicide inhibitors DON and DONV, diazo 
analogs of glutamine and asparagine, respectively, also sup-
ports the role of Thr20PGA (equivalent to Thr12EcA) as the 
primary nucleophile [14]. 

 Structural studies indicate that the activation of Thr12 
involves Tyr25 [14], the catalytic importance of which has 
been clearly demonstrated [49-51]. It is the central residue in 
the catalytic triad formed, in addition, by the primary nu-
cleophile, Thr12, and Glu294 (from subunit B). Average 
distances from the Tyr25OH to Thr12O  and to the Glu294 
side-chain carboxyl have typical hydrogen-bonding lengths 
of 2.85 and 2.90 Å, respectively, which are observed in the 
catalytically competent conformation of the L-asparaginases 
in the presence of substrate [14]. Ligand-triggered closure of 
the flexible loop, which brings into position not only Tyr25 
but also the attacking nucleophile Thr12, is required for 
molding the enzyme into a productive conformation. Indeed, 
even before crystal structures were available, NMR studies 
revealed that in EcA a histidine and a tyrosine residue, sub-
sequently identified as H183 and Y25, are both highly mo-
bile in the free enzyme but become immobilized upon aspar-
tate binding [52]. Furthermore, it has been shown that re-
placement of Y25 with Ala, His or Phe reduces kcat to about 
1% of the wild-type value without markedly affecting Km 
[49]. This indicates that only a phenolic group in position 
25EcA can preserve normal catalytic rates. It was also pro-
posed that the catalytic role of Tyr25 is to position Thr12 in 
a way that is optimal for nucleophilic attack on the scissile 
bond [53]. Finally, based on the PGA glutaminase-
asparaginase X-ray structures solved as a complex with the 
suicide inhibitors DON and DONV, it was suggested that the 
catalytic triad could involve a glutamic acid residue, 
Glu294PGA (Glu283EcA), which would assist in abstracting 
the proton from the Tyr34PGA (Tyr25Eca) [14]. Thus the first 
stage of the L-asparaginases catalytic mechanism (the acyla-
tion reaction) involves the participation of the Thr12EcA-
Tyr25EcA-Glu283EcA catalytic triad, with Thr12EcA acting as 
the primary nucleophile. Fig. 2b shows the superposition of 
this first catalytic triad with the representative structures of 
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asparaginases of the five bacterial organisms that were ana-
lyzed. 

 In contrast with the great effort that has been made in 
identifying the catalytic triad that participates in the acyla-
tion step, the second triad, which acts during the deacylation 
of the covalently bound -aspartyl enzyme, has been consis-
tently neglected. The isolation of the intermediate for the 

mutant T89VEcA has shown the importance of Thr89EcA in 
activating the water molecule that performs the second nu-
cleophilic attack [12]. In the same way that an isolated 
threonine residue is not a nucleophile strong enough to at-
tack the carbonyl of the substrate without the formation of a 
triad, it appears that the Thr89EcA alone is not sufficient to 
convert a water molecule into a nucleophile adequate for 
product release [12]. This water molecule could be located 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Reaction mechanism scheme for the transformation of L-Asn into L-Asp by L-asparaginases. The stages a and b represent the acyla-
tion step to form the -aspartyl-enzyme (III) followed by stages c and d of deacylation, leading to the product (V). Dashed lines represent 
hydrogen bonds, while straight and curved arrows indicate nucleophilic attacks and electronic movements, respectively. The amino acid 
numbering is based on the E. coli L-asparaginase sequence. 
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on either side of the plane formed by the ester group. One of 
these sides is buried by the hydrophobic side chain of 
Val27EcA and the aspartyl group. In all other asparaginase 
structures with substrate the side chain of the homologous 
residue (Val or Ala) occupies the same position. There is no 
base available to activate a water molecule on this side of the 
ester plane.. A water molecule on the other side, by contrast, 
would be close to the -OH of Thr89EcA, a residue conserved 
in all bacterial L-asparaginases [2]. Furthermore it has been 
postulated that the lack of this water molecule in EcAT89V is 
an important factor for the mutant's inefficiency in the dea-
cylation reaction [12]. Fig. 2c shows the structural alignment 
of the triad Thr89EcA-Lys162EcA-Asp90EcA in representative 
structures of asparaginases. Historically proposed as the pri-
mary triad of the enzyme [47], it might instead play the role 
of the second catalytic triad responsible for activating the 
water molecule. 

5.2. The Detailed Reaction Mechanism 

 Based on the aforementioned data, the reaction mecha-
nism of bacterial L-asparaginases most probably involves 
two catalytic triads acting independently at distinct reaction 
steps (Fig. 3). This enzymatic mechanism is based on the 
reaction scheme proposed by Ortlund et al. [14] and is in 
agreement with the available structural data and the site-
directed mutagenesis studies. 

 During step (a) the nucleophilicity of the primary nu-
cleophile is enhanced by the formation of the catalytic triad 
Thr-Tyr-Glu (Fig. 3). The tyrosine residue acts as a transi-
tory base, abstracting the proton from the Thr residue. In the 
EcA structure (as well as in the T89VEcA structure and other 
structures with the modeled lid loop), Tyr25EcA is the only 
residue able to form a hydrogen bond with the Thr12EcA hy-
droxyl. Glu283EcA, residing in the other subunit of the inti-
mate dimer, completes the first catalytic triad by withdraw-
ing the proton from the tyrosine. It is also likely that this 
tyrosine residue has a role in the correct orientation of the 
threonine side chain by providing a hydrogen bond between 
these two residues. At the same time as the Thr-Tyr-Glu 
triad is formed, the coordination between another threonine 
in the active site (Thr89EcA) and the substrate enhances the 
substrate side chain electrophilicity (I) and also stabilizes the 
oxyanion formed on the tetrahedral intermediate (II). The -
aspartyl enzyme is formed in step (b), by an electronic 
movement that regenerates the carbonyl and eliminates an 
ammonia molecule (III). It is feasible that the catalytic tyro-
sine helps to export the ammonia molecule, intermediated by 
the constellation of water molecules surrounding the hy-
droxyl of the tyrosine. These waters are present in all ana-
lyzed structures in which the flexible loop is found in a 
closed conformation. The deacylation step begins with the 
nucleophilic attack of a water molecule to the carbonyl car-
bon of the -aspartyl intermediate (III), which forms the 
tetrahedral oxyanion intermediate IV, similar to intermediate 
II. This water molecule, which has been shown to participate 
in the deacylation of the -aspartyl enzyme by 18O exchange 
experiments [45], has its nucleophilicity enhanced by inter-
action with the second catalytic triad formed by residues 
Thr-Lys-Asp. The regeneration of the carbonyl double bond 
eliminates the main reaction product, regenerating the en-
zyme (V). It is highly probable that, during both nucleophilic 

attacks, the oxyanion intermediates II and IV are stabilized 
by hydrogen bonds with Thr89EcA. 

5.3. A Threonine Acting as a Nucleophile 

 The unusual preference of the asparaginases for threonine 
and not serine in this first catalytic triad is a fact that de-
serves special consideration. Since these two residues differ 
by only a methyl group (C 2), the reason for this preference 
must reside in the interaction of this methyl group with its 
environment. In fact, the EcA L-asparaginase structure re-
veals that this methyl group is encapsulated in an essentially 
apolar cavity, composed mainly of the aromatic ring of the 
residue Tyr25EcA, Pro117EcA and the main chain of the resi-
dues Arg116EcA and Met115EcA. This insertion of the C 2 
into this hydrophobic cavity restrict rotational freedom of the 
Thr12EcA side chain, thus rendering a nucleophile that is 
properly oriented with respect to the substrate, in contrast to 
a free-to-rotate serine residue in which the methyl group is 
absent. This is supported by the finding that the mutant 
T12SEcA yields an enzyme with only 20% activity towards L-
Asn comparing with the wild type [49]. 

ABBREVIATIONS 

NMR = Nuclear magnetic resonance 

PDB = Protein Data Base 

D-Asp = D-aspartic acid 

DDO = 6-hydroxy-D-norleucine 

DON = 6-diazo-5-oxo-L-norleucine 

DONV = 6-diazo-5-oxo-L-norvaline 

L-Asp = L-aspartic acid 

LDO = 6-hydroxy-L-norleucine 

L-Glu = L-glutamic acid 

Suc = Succinic acid 

EcA = Escherichia coli L-asparaginase 

WsA = Wolinella succinogenes L-asparaginase 

ErA = Erwinia chrysanthemi L-asparaginase 

AGA = Acinetobacter glutaminasificans L-asparaginase/  
   L-glutaminase 

PGA = Pseudomonas 7A L-asparaginase/L-glutaminase 

PhA = Hyperthermophilic archaeon Pyrococcus hori- 
   koshii L-asparaginase. 
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