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ABSTRACT: Two bacterial type II L-asparaginases, from Escher-
ichia coli and Dickeya chrysanthemi, have played a critical role for
more than 40 years as therapeutic agents against juvenile leukemias
and lymphomas. Despite a long history of successful pharmaco-
logical applications and the apparent simplicity of the catalytic
reaction, controversies still exist regarding major steps of the
mechanism. In this report, we provide a detailed description of the
reaction catalyzed by E. coli type II L-asparaginase (EcAII). Our
model was developed on the basis of new structural and biochemical
experiments combined with previously published data. The
proposed mechanism is supported by quantum chemistry calcu-
lations based on density functional theory. We provide strong
evidence that EcAII catalyzes the reaction according to the double-
displacement (ping-pong) mechanism, with formation of a covalent
intermediate. Several steps of catalysis by EcAII are unique when compared to reactions catalyzed by other known hydrolytic
enzymes. Here, the reaction is initiated by a weak nucleophile, threonine, without direct assistance of a general base, although a
distant general base is identified. Furthermore, tetrahedral intermediates formed during the catalytic process are stabilized by a never
previously described motif. Although the scheme of the catalytic mechanism was developed only on the basis of data obtained from
EcAII and its variants, this novel mechanism of enzymatic hydrolysis could potentially apply to most (and possibly all) L-
asparaginases.

L-Asparagine amidohydrolases (L-asparaginases, EC 3.5.1.1)
catalyze hydrolysis of L-Asn to L-Asp, with varied activities
toward other substrates such as L-Gln, D-Asn, D-Gln,
succinamic acid, etc. Furthermore, other compounds, including
small amino acids (L-Ser, L-Ala, and L-Thr), citric acid, succinic
acid, etc., bind with measurable affinity to the L-asparaginase
active sites. L-Asparaginases are found in most bacteria and
many higher organisms1,2 but have not been studied as
extensively as other hydrolases (i.e., Ser/Cys or Asp
proteases).3 L-Asparaginases from mesophilic bacteria form
functional homotetrameric assemblies4 with four chemically
equivalent active sites.5 In turn, many extremophiles or archaea
encode L-asparaginases that function as homodimers, with only
two equivalent active sites.6 In either case, a single protomer
consists of 320−350 amino acid residues. Escherichia coli
encodes two weakly homologous homotetrameric L-asparagi-
nases, encoded by genes ansA and ansB, and termed type I
(EcAI, cytosolic) and type II (EcAII, secreted) L-asparaginase,
respectively.
Interest in L-asparaginases greatly increased between the

1950s and 1970s, after discovery of their anticancer properties
against various leukemias and lymphomas.7 Since then, two L-
asparaginases, from E. coli and Dickeya chrysanthemi (formerly
known as Erwinia chrysanthemi, here abbreviated ErA), and

their engineered variants, have become critical components of
anticancer therapies, and even currently, their use is considered
to be a strategy of choice due to their effectiveness and
economic considerations.8 Their anticancer properties stem
from the fact that many leukemia or lymphoma cells carry a
defective L-asparagine synthetase gene and are dependent on
supply of plasma L-Asn.9 Decreasing the level of L-Asn, an
amino acid that is non-essential in normal cells, triggers
signaling pathways in cancer cells, leading to their death.
However, L-asparaginase therapy is not free of pitfalls, and side
effects may include pancreatitis, hypercoagulability, liver
dysfunction, and allergic reactions.10 Consequently, much
effort is focused currently on the development of variants with
improved toxicity profiles.11 In addition to medical applica-
tions, substantial quantities of L-asparaginases are used in food
manufacturing.12 When the significance of these enzymes in
both medical and commercial applications and the apparently
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simple chemical reaction catalyzed by them are taken into
account, it is peculiar that no consensus about the general
framework of the mechanism of catalysis has been reached to
date.
Shortly after reports of the anti-lymphoma activity of guinea

pig L-asparaginase7 and the availability of high-quality
preparations of EcAII,13 multiple studies began to target the
mechanism of catalysis.14,15 Initially, several scenarios were
evaluated, but some were quickly excluded.16 By the late
1980s, only two general mechanisms of hydrolysis by L-
asparaginases remained under consideration (Figure 1).

According to the first mechanism (Figure 1a), a covalent
acyl-enzyme intermediate (AEI) is formed following a
nucleophilic attack by an enzyme residue on the carboxamide
carbon of L-Asn (Figure 1a), with subsequent release of
ammonia. Due to escape of ammonia from the active site, this
catalytic step is irreversible. The second nucleophilic (and
reversible) substitution is carried out by a water molecule and
leads to the release of the second product, L-Asp, completing
the catalytic cycle. Two tetrahedral intermediates, TI1 and
TI2, are formed during each catalytic cycle. The catalytic
reaction, a sequence of two nucleophilic substitutions, is often
termed the double-displacement (or ping-pong) reaction. It
was experimentally demonstrated16 that L-Asp, the product of
catalysis, is also a potent inhibitor, as well as a substrate when
β-protonated. In the latter case, the catalytic reaction reflects
oxygen exchange on the carboxylate carbon. The whole
process is reversible, with formation of just a single tetrahedral
intermediate, as illustrated by the simplified scheme shown in
Figure 1b.
An alternative mechanism, the direct displacement, assumes

just a single nucleophilic substitution by a water molecule
(Figure 1c). In this scenario, both products, ammonia and L-
Asp, are released simultaneously and the enzyme is not

chemically engaged with the substrate. Similar to the first
mechanism, hydrolysis of L-Asn would be irreversible, whereas
the reaction with L-Asp would be reversible and represented by
the equilibrium illustrated in Figure 1d. The main difference
between the double- and single-displacement mechanisms is
the presence of AEI in the former.
The results of previous biochemical and kinetic experiments

did not determine unequivocally which of the two mechanisms
is correct. Publication of the first two high-resolution
structures, for EcAII and ErA,5,17 both in complex with L-
Asp, allowed a detailed description of the active site pocket.
Those structural data supported the conclusion that under the
double-displacement regimen, the first nucleophile could only
be a Thr residue. Structural data did not, however, discriminate
between the two mechanisms. Furthermore, an additional
complication arose from the fact that two Thr side chains
approach the product molecule in potentially catalytic
positions.
The crystal structure of AEI was published in 1996, for the

complex between L-Asp and the EcAII(T89V) variant.18 The
covalent bond between the carboxylate carbon of L-Asp and
the hydroxyl oxygen of Thr12 was considered as proof of the
double-displacement mechanism. That work, however, was not
followed by further analysis of the catalytic reaction.
Notably, the conclusions mentioned above were questioned

in at least two reports.19,20 In one of them, the authors
presented results of theoretical calculations that, in their
interpretation, supported the single-displacement mecha-
nism.19 The authors of the second report, unable to detect
and/or crystallize AEI from mixtures of catalytically deficient
enzymes and L-Asn,20 suggested that the creation of AEI18 was
due to an experimental artifact. Instead, they suggested the
single-displacement mechanism of catalysis by L-asparaginases.
Here, we provide experimental and computational support

for the double-displacement mechanism of hydrolysis by
EcAII, which plausibly applies to the whole family of L-
asparaginases. The evidence combines new results of crystallo-
graphic experiments (including structures of both AEI and TI
complexes), the results of high-throughput activity screens for
several variants of EcAII, and biochemical and biophysical
analyses of selected variants of EcAII. The resulting description
of the mechanism is in full agreement with the published
biochemical, kinetic, biophysical, and structural data. We also
explain possible causes of the alternative interpretations
published previously.

■ MATERIALS AND METHODS
Reagents and Sequencing Services. The reagents L-Asn

(catalog no. 51363), L-Asp (catalog no. 11189), sodium
carbonate (Na2CO3, catalog no. 106395), sodium citrate
dihydrate (catalog no. W302600), MES buffer sodium salt
(catalog no. RES011M-A7), L-aspartic acid-3-hydroxamate (L-
AHA, catalog no. A6508), isopropyl β-D-1-thiogalactopyrano-
side (IPTG, catalog no. PHG0010), glutaraldehyde (25% in
H2O, catalog no. G5882), trichloroacetic acid (catalog no.
T9159), and 8-hydroxyquinoline (catalog no. H6878) were
procured from Millipore-Sigma. All crystallization screens used
in preliminary experiments were purchased from Hampton
Research. Expression vector pET22b(+) (catalog no. 69744-3)
was purchased from Millipore-Sigma, and the BL21 (DE3)
expression cells (DE3) (catalog no. 230132) were obtained
from Agilent Technologies. Nessler’s reagent was prepared
according to the protocol available at https://sites.chem.

Figure 1. Schematic representation of two alternative mechanisms of
catalysis by L-asparaginases. (a) The double-displacement mechanism
represents a sequence of two nucleophilic substitutions, each
associated with an energy barrier attributed to a tetrahedral
intermediate (TI1 and TI2, respectively), separated by formation of
the covalent acyl-enzyme intermediate (AEI). (b) Simplified scenario
representing reversible oxygen exchange with the L-Asp substrate and
a single tetrahedral intermediate (TI). (c) Single-displacement
mechanism defined by direct nucleophilic substitution by a water
molecule. (d) Variant of the reversible catalytic reaction with the L-
Asp substrate.

Biochemistry pubs.acs.org/biochemistry Article

https://dx.doi.org/10.1021/acs.biochem.0c00116
Biochemistry 2020, 59, 1927−1945

1928

https://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/special%20analytical%20reagents.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.0c00116?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.0c00116?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.0c00116?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.0c00116?fig=fig1&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://dx.doi.org/10.1021/acs.biochem.0c00116?ref=pdf


c o l o s t a t e . e d u / d i v e r d i / a l l _ c o u r s e s /
CRC%20reference%20data/special%20analytical%20reagents.
pdf. All other chemicals used were purchased at the highest
available grade from different vendors.
DNA sequencing was performed by Macrogen Corp., using

T7promoter and T7terminator universal primers. Additional
reagents, tools, and kits used in cloning, extraction, and
purification steps are identified along with a description of
specific procedures.
All buffers were prepared fresh and used within 2 weeks.

Nessler’s reagent was used within two months of its
preparation. The oxin/carbonate reagent was always prepared
fresh prior to the assay. If not indicated otherwise, all other
reagents or kits were prepared and used according to the
manufacturer’s recommendations.

Preparation of the Samples of Mutated EcAII. The
DNA sequence encoding the EcAII gene with an N-terminal
(His)6 sequence was cloned into the commercial pET22b(+)
vector (containing the secretion pelB leader), as described
previously.21 For expression, the vector was transformed into
the E. coli JC2 strain [lacking three genes (ansA, ansB, and
iaaA) encoding endogenous asparaginases]. After induction
with isopropyl β-D-1-thiogalactopyranoside (IPTG; cfinal = 1
μM), expressions were carried out overnight (16−18 h) at 37
°C in the presence of ampicillin. After clearing by
centrifugation and filtering, the supernatant was supplied
with PMSF (cfinal = 0.5 mM), phosphate buffer (cfinal = 50 mM,
pH 7.4), and sodium chloride (cfinal = 0.3 M) and mixed with a
Ni affinity resin (His60 Ni Superflow resin, Clontech). After
being rocked for 3 h at 5 °C, the resin was isolated on a gravity

Table 1. Abbreviated Statistics for 11 Refined Structures Included in This Study (for more complete information, see Table
S1)

Legend to Structure IDa

1, EcAII(wt) (pH 7.3, formate), no ligandsb 2, EcA(K162M) (pH 5, acetate), soaked with L-Asp
3, EcA(K162M) (pH 5, citrate), soaked with L-Asp 4, EcA(K162M) (pH 5.2, citrate), co-crystallized with L-Asp
5, EcA(K162M) (pH 5.2, acetate), soaked with L-Asp 6, EcA(K162M) (pH 5.6, acetate), soaked with L-Asp
7−11, crystals of EcA(T89V,K162T) grown under the same conditions and later cross-linked with glutaraldehyde, as described in Materials and Methods,
and subsequently soaked for 20 s in solutions buffered at different pH values and containing the substrate specified: 7, pH 4.7, L-Asp; 8, pH 5.5, L-Asp; 9,
pH 6.2, L-Asp; 10, pH 4.7, L-Asn; 11, pH 5.5, L-Asn

1 2 3 4 5 6

space group I222 P212121 P21 P21 P21 C2
unit cell
dimensions

a, b, c (Å) 62.03, 71.19,
130.03

73.70, 125.91, 130.11 62.10, 125.97, 76.38 62.33, 126.12, 76.19 63.53, 123.97,
76.30

151.02, 62.29,
140.72

β (deg) 90 90 96.7 96.3 96.8 117.5
resolution (Å) 1.75 2.00 1.90 1.90 1.78 1.80
completeness
(%)

94.4 95.7 96.5 97.6 93.0 91.1

R, Rfree 0.182, 0.241 0.171, 0.235 0.149, 0.207 0.142, 0.190 0.136, 0.193 0.186, 0.196
status of the
active sitesc

empty AEI and TI (A, C), AEI
(B, D)

AEI and TI (B, C), AEI
(A, D)

L-Asp (A), AEI (B, C),
L-Asp and AEI (D)

L-Asp (A, C), AEI
(B, D)

L-Asp (A−D)

no. of non-H
atoms

2604 10815 10834 10844 11175 10895

no. of waters 236 965 1118 1026 1484 1250
average B-factor
(Å2)

32.7 28.7 32.3 22.1 29.5 25.8

bond rmsd (Å) 0.019 0.019 0.019 0.016 0.019 0.018
angle rmsd (deg) 2.30 2.23 2.29 2.06 2.22 1.960
PDB entry 6V23 6V2C 6V2G 6V24 6V25 6V26

7 8 9 10 11

space group C2 C2 C2 C2 C2
unit cell dimensions

a, b, c (Å) 151.30, 62.41, 141.75 151.34, 62.54, 141.30 151.62, 62.43, 143.07 151.44, 62.59, 141.66 151.22, 62.58, 140.89
β (deg) 117.9 117.7 118.1 117.8 117.7

resolution (Å) 2.30 1.95 2.00 2.00 2.05
completeness (%) 97.6 97.6 98.9 92.1 93.3
R, Rfree 0.160, 0.251 0.141, 0.189 0.142, 0.204 0.157, 0.209 0.152, 201
status of the active sites AEI (A−D) AEI (A−D) L-Asp (A−D) L-Asn (A−D) L-Asn (A−D)
no. of non-H atoms 10155 11118 10400 10254 10373
no. of waters 613 1223 1018 599 679
average B-factor (Å2) 35.6 14.7 30.0 29.2 28.1
bond rmsd (Å) 0.015 0.020 0.020 0.014 0.015
angle rmsd (deg) 2.07 2.18 1.92 1.89 1.92
PDB entry 6V27 6V28 6V29 6V2A 6V2B
aMore details of the crystallization conditions are presented in Materials and Methods. bLegends illustrate the pH of the crystal environment prior
to freezing, the type of buffer (i.e., citrate, formate, etc.), and the identity of the ligand and/or substrate. cCharacters in parentheses represent chain
IDs.

Biochemistry pubs.acs.org/biochemistry Article

https://dx.doi.org/10.1021/acs.biochem.0c00116
Biochemistry 2020, 59, 1927−1945

1929

https://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/special%20analytical%20reagents.pdf
https://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/special%20analytical%20reagents.pdf
https://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/special%20analytical%20reagents.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00116/suppl_file/bi0c00116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00116/suppl_file/bi0c00116_si_001.pdf
pubs.acs.org/biochemistry?ref=pdf
https://dx.doi.org/10.1021/acs.biochem.0c00116?ref=pdf


column and washed as recommended by the supplier. Protein
was eluted with 0.5 M imidazole and concentrated. The
subsequent purification was carried out by means of size-
exclusion chromatography on the S200 HP column (GE Life
Sciences) in a buffer composed of 50 mM HEPES (pH 7.0)
and 200 mM sodium chloride. The resulting pure preparation
was concentrated to 10−20 mg/mL and either used
immediately for crystallization experiments or frozen at −80
°C for future use.
Crystallization and Collection of X-ray Data. In all

experiments, we used 8−12 mg/mL protein solutions in 50
mM Hepes buffer (pH 7.0) and 150 mM NaCl. All
crystallizations were conducted in hanging drops formed
from equal volumes of a protein solution and a precipitant
solution. Crystals 1 were grown against a precipitant
containing 0.1 M magnesium formate and 16% (w/v)
PEG3350 (measured pH of 7.3). Prior to X-ray data collection,
crystals were briefly soaked in the same solution but containing
additionally 25% (v/v) glycerol. Crystals 2, 5, and 6 were
grown using a precipitant containing 0.1 M sodium acetate
buffered to pH 5, 5.2, and 5.6, respectively, 5 mM L-Asp, and
18−20% (w/v) PEG3350. Before being frozen, crystals were
transferred to equivalent solutions also containing 25% (v/v)
glycerol. Crystals 3 and 4 were prepared in two ways. In the
first approach, the precipitant contained 0.17 M sodium citrate
(pH 6) and 18% (w/v) PEG3350. The resulting crystals were
soaked for 1 min in a mixture of 40% (w/v) PEG3350, 0.17 M
sodium citrate (pH 5.0 for crystal 3 or pH 5.2 for crystal 4),
and 5 mM L-Asp. Afterward, crystals were frozen and X-ray
data were collected. In the second case, crystals were grown in
the presence of 5 mM L-Asp, 18−20% (w/v) PEG3350, and
0.17 M sodium citrate buffered at pH 5 or 5.2. Prior to data
collection, crystals were transferred to equivalent solutions,
additionally containing 25% (v/v) glycerol. Crystals 7−11
were grown from a solution containing 0.17 M sodium citrate
(pH 6) and 17−18% (w/v) PEG3350 and then transferred to
an equivalent solution containing additionally 0.025% (w/v)
glutaraldehyde. Optimal times of cross-linking (2−10 min)
were determined individually for each crystal. Subsequently,
crystals were briefly soaked (10−15 s) in solutions containing
40% (w/v) PEG3350, L-Asp or L-Asn, and 0.17 M sodium
citrate at various pH values. A description of the substrate and
pH for each crystal is given in Table 1.
All diffraction experiments were performed using an in-

house conventional X-ray source, a Rigaku rotating anode
MicroMax-007 HF generator operated at 40 kV and 30 mA,
with a Cu Kα wavelength of 1.5418 Å. Images were recorded
in a continuous mode with a Dectris Eiger 4M pixel detector.
All measurements were conducted at 100 K. The images were
processed and scaled using HKL3000.22 Details of data
collection and the processing statistics are listed in Table S1.
Structure Solution and Refinement. All structures were

determined independently by molecular replacement with

Phaser to minimize any possible bias.23 We used protomer A of
EcAII [Protein Data Bank (PDB) entry 3eca] as the search
model, after removing ligand and solvent molecules, as well as
the HR and ASFL sections (residues 10−31), and mutating
Thr89 and Lys162 to Ala. In all cases, easily identifiable
molecular replacement solutions were brought to a consistent
origin and first subjected to rigid-body refinement at a
resolution of 2.5 Å with Refmac5,24 followed by several cycles
of refinement of positions and isotropic atomic displacement
parameters (Bf’s) for non-H atoms, using the same program. In
subsequent rounds of crystallographic refinement, the reso-
lution was gradually extended to the limits of experimental
data. Models were regularly inspected using Coot,25 and
appropriate corrections were introduced, including proper
modeling of residues 89 and 162 and the ordered sections of
ASFL. Ligand and solvent molecules were gradually incorpo-
rated in the structure based on difference electron density
peaks. The near-final models were evaluated by the MolProbity
server26 and completed by applying additional corrections
coupled with structural refinement. The statistics for the final
structural models are listed in Table 1 and Table S1.

Measurements of Enzyme Kinetics. All measurements
of absorption were performed with a NanoDrop One (Thermo
Scientific). A comparison of readings obtained with the
NanoDrop One and dual-cell Beckman DU530 spectropho-
tometer confirmed the equivalence of both protocols. For
kinetic studies, we used discontinuous assays, described
previously.27

Hydrolysis of L-Asn was examined by monitoring the
formation of ammonia with Nessler’s reagent. Reactions were
conducted in 50 mM MES buffer (pH 6) with defined
concentrations of the enzyme and L-Asn. In some experiments,
a reaction mixture also contained L-Asp at a known
concentration, to evaluate its effect on the rate of catalysis.
At predetermined intervals, 40 μL aliquots were withdrawn
and immediately mixed in microcentrifuge tubes with 40 μL of
a 12% (w/v) solution of trichloroacetic acid (TCA) to stop the
reaction. After the protein precipitate had been removed by
centrifugation, 30 μL of the supernatant was mixed with 30 μL
of Nessler’s reagent and the absorption at 480 nm (A480) was
immediately recorded. To avoid extreme concentrations of
ammonia (i.e., for a later stage of the assay and/or when a
higher enzyme concentration was used), in some experiments
the supernatant was first diluted with water prior to mixing
with Nessler’s reagent. To allow conversion of A480 values to
concentrations of ammonia, we established the calibration
curve based on a series of defined solutions of ammonium
chloride in 50 mM MES (pH 6). The calibration curve was
almost perfectly linear, consistent with the absorption
coefficient of the product ε480 of 1115 ± 40 M−1 cm−1, similar
to the previously published value (ε480 = 1130 ± 50 M−1

cm−1).27 Seven independent measurements were taken at fixed

Table 2. Catalytic Parameters of EcAII Variants Included in This Study

variant kcat (s
−1) Km (mM) variant kcat (s

−1) Km (mM)

EcAII(wt) 25−54.4 [L-Asn]27,47,48 0.035−0.12 [L-Asn]27,47,48 EcAII(T89V,K162M) 0.00039 ± 0.00002 [L-AHA]a −
EcAII(T89V) 0.0021−0.0005 [L-AHA]44,47 0.21−0.1 [L-AHA]44,47 EcAII(D90K) 5.9 ± 0.3 [L-Asn]a −

0.5 ± 0.05 [L-Asn]a −
EcAII(K162M) 0.0035 ± 0.0003 [L-AHA]a − EcAII(T12V) 0.0005 [L-AHA]47 0.1 [L-AHA]47

EcAII(Y25A) 0.54 [L-AHA]44 0.24 [L-AHA]44

aValues determined in this study (see Figures 3b,c and 7).
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intervals, and two extreme values were discarded prior to
averaging.
In several assays, we monitored hydrolysis of an asparagine

analogue L-aspartic acid β-hydroxamate (L-AHA) as the
substrate at pH 5 (50 mM MES). The release of hydroxyl-
amine was monitored via reaction with 8-hydroxyquinoline at
basic pH, which leads to the formation of green oxindole dye
(ε705 = 1.75 × 104 M−1 cm−1).28 As in the previous assay, 50
μL aliquots were withdrawn at regular intervals and mixed
immediately with 25 μL of 6% TCA, to stop the reaction. After
protein precipitates had been pelleted by centrifugation, 50 μL
of the supernatant was mixed with 400 μL of the oxin/
carbonate reagent (1 volume of 2% 8-hydroxyquinoline in
ethanol with 3 volumes of 1 M Na2CO3). After samples had
been boiled for 1 min (to develop the color) and cooled to
room temperature, the values of A705 were recorded. A
calibration curve was obtained from measurements of
absorption values for a series of defined solutions of
hydroxylamine hydrochloride. Table 2 shows the kinetic
parameters determined in this study or obtained from the
literature for the variants of EcAII examined in this work.
LC-MS Analysis of AEI Formation. Mass spectrometry

data were acquired on an Agilent 6100 Series Quadrupole LC/
MS System (Agilent Technologies, Inc., Santa Clara, CA)
equipped with an electrospray source, operated in positive-ion
mode. Separation was performed on a Zorbax 300SB-C3
Poroshell column (2.1 mm × 75 mm; particle size of 5 μm).
Mass spectra were recorded across the range of m/z 300−
2000. The ultraviolet signal was collected at 280 nm with a
reference at 360 nm. Data acquisition and analysis were
performed using OpenLAB CDS ChemStation Edition
C.01.05.
Solutions containing 50 mM buffer (sodium acetate, pH 4−

5.4; sodium cacodylate, pH 5.6−7.0; HEPES, pH 7.2−8.0), 3
μM EcAII(K162M), and 2.5 mM L-Asp were prepared
immediately prior the mass spectrometry analysis.
Determination of Activity with Solution NMR. A

determination of the rate of L-Asn hydrolysis by EcA(T89V)
and EcA(D90T) variants was conducted using solution NMR
spectroscopy with [13C,15N]L-Asn (Cambridge Isotope Labo-
ratories) as a substrate. His6-tagged variant enzymes were
expressed in JC2 E. coli cells (1−2 L cultures) and isolated
with two chromatographic steps as described above. All
measurements were performed in 20 mM potassium phosphate
buffer (pH 7.0) containing 5% D2O. The 450 μL reaction
mixture contained [13C,15N]-L-Asn and the enzyme mixed at
different substrate:enzyme ratios, depending on enzyme
activity, from 1:1 to 2500:1. NMR measurements were
performed on a Bruker 600 MHz Avance III spectrometer
equipped with a cryoprobe. Two-dimensional 1H−13C HSQC
spectra were recorded at defined time intervals using standard
pulse sequences, with spectral widths of 9615 Hz (1H) and
10564 Hz (13C). The spectra were processed using TopSpin
(Bruker Biospin Inc.). Spectra of [13C,15N]-L-Asn and
unlabeled L-Asp (at natural abundance) in the absence of
enzyme were used as standards for signal assignment.
High-Throughput Activity Screening. Saturation muta-

tions were introduced at nine different positions of EcAII
(Ser19, Tyr25, Val27, Gly57, Ser58, Asp90, Lys162, Tyr250,
and Glu283) using the GENEART Site-Directed Mutagenesis
System (Invitrogen) according to the manufacturer’s in-
structions. In all cases, the vector expressing EcAII(wt) was
used as a template for mutagenesis together with the pair of

oligonucleotide primers listed in Table S3. Analogous analysis
for Gln59 was previously described.21 All mutations were
verified by DNA sequencing. For expression, genes of mutated
EcAII variants were cloned in the expression vector [pET22b-
(+)] containing the pelB leader sequence followed by the His6
affinity tag. Subsequently, plasmids were transformed into E.
coli strain BLR (DE3) (Novagen). Expression was monitored
by Coomassie-stained sodium dodecyl sulfate−polyacrylamide
gel electrophoresis, and examples are shown in Figure S2a. The
activity of L-asparaginase was measured directly in supernatants
from bacterial cultures according to protocols described above
(see also ref 21). These measurements give only qualitative
results and are not meant to be quantitative.

Electronic Structure Optimization and Energy Calcu-
lations. Electronic structure density functional theory (DFT)
calculations, including optimizations to find the lowest-energy
structures and single-point energies of the simulated systems,
were conducted with the Q-Chem 4.4.2 quantum chemistry
program.29 Atomic coordinates for DFT calculations were
taken from the crystal structure of EcAII in complex with L-Asp
(PDB entry 6pac30). Given the high computational cost of
DFT calculations, we selected a minimal subsystem of catalytic
and essential structural amino acids near the active site,
including residues G10, G11, T12, I13, G14, Y25, V27, G57,
S58, Q59, H87*, G88, T89, D90, T91G, G113, A114, M115,
R116*, K162, T165*, and T166* from chain “C” and residues
V244, G245, N246*, G247, N248, A282*, and E283 from
chain “D”. Residues 87, 91, 116, 165, 166, 246, and 282 were
included only to maintain structural integrity, and therefore,
only the backbone atoms (side chains mutated to Gly) were
used in the calculations. Missing hydrogen atoms were added
on the basis of geometrical constraints for hydrogen bonding.
In addition to the enzyme amino acids and the substrate, seven
well-defined water molecules were included in the DFT model,
including the two highly conserved waters, w1 (oxyanion hole)
and w2 (catalytic water). Two independent calculations were
performed for each of the two substrates, L-Asp (side chain
protonated) and L-Asn. The positions of the substrate L-Asn
atoms are the same as those of the L-Asp substrate, except that
the side chain carboxylic acid is replaced with an amide. The
total number of atoms for the subsystem with the L-Asn
substrate is 341, while the total number of atoms for the
subsystem with the L-Asp substrate is 340. Amino acids not
connected to other residues, or at the end of a chain, were
terminated at the Cα position (as a methyl group) to avoid
spurious effects from charged termini such as COO− and
NH3

+. α-Carbons of all protein residues were fixed to maintain
the structural integrity of the active site during optimizations,
except for residues G11, T12, I13, G88, T89, and D90, to
minimize internal strain during nucleophilic attack or proton
transfer. The two subsystems (L-Asp and L-Asn) were
optimized at each of the reaction steps using three different
functionals (B3LYP,31−33 CAM-B3LYP,34 and ωB97X-
D335,36) using the 6-31G(d) basis set as implemented in Q-
Chem. The three different functionals were chosen to compare
how different long-range corrections affect the reaction
energetics. After optimization, single-point energies and partial
point charges, computed from the electrostatic potential on a
grid,37−40 were calculated with the aug-cc-pVDZ basis set for
every reaction step.
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■ RESULTS
Active Site of EcAII. The primary goal of this project was

to determine the mechanism of catalysis by EcAII at the
molecular level by combining new results of structural and

kinetic studies of the native enzyme and its mutated forms with
the previously published ones. Currently, there are 28
structures of different variants of EcAII deposited in the
PDB. In this work, we provide 11 additional, refined structures

Figure 2. Active site of EcAII in different states. (a) Structure of the ligand-free active site of EcAII(wt), determined at a resolution of 1.75 Å at pH
7.3 (structure 1). (b) Structure of the EcAII(wt):L-Asp complex (PDB entry 6pac, protomer A30). In both panels, gray and orange depict residues
from the protomer forming a bulk of the active site pocket, while residues contributed by the second protomer are colored lime. Water molecules
w1 and w2, invariant in all L-asparaginases, are shown as blue spheres, and all others are colored red. H-Bonds engaging the α-carboxyl group of the
substrate and w1 are indicated by black dashed lines. (c) Structure of the covalent AEI, determined at 1.78 Å for crystals of EcAII(K162M) with L-
Asp at pH 5.2 (structure 5, protomers A and C). Despite the K162M mutation, w2 remains in the conserved position. Notably, an additional water
molecule occupies the site of the NZ atom of Lys162. The H-bond network around w1 is indicated by the dashed lines. H-bonds, indicating
stabilization of the α-carboxyl and ester groups of covalently bound substrate, are shown as black dashed lines. The H-bond network around the α-
carboxylate of the substrate remains unchanged, compared to the noncovalent complex (panel b). A new water (or OH−), labeled w′, is found in a
position that was inaccessible in the noncovalent complex. (d) Superposition of the AEI-bearing active site (C atoms colored light gray and waters
colored red) and the noncovalent EcAII:L-Asp complex (green C atoms and blue solvent atoms). (e) Structure of TI (structure 3, protomers B and
D). The H-bond network around w1, arranged in a nearly perfectly tetrahedral configuration, is indicated by dashed lines. (f) Complete model of
the active site composed of TI (with carbon atoms colored gray) and AEI (carbon atoms colored green). In contrast to other water molecules
(colored red), water w′ is colored blue. This water molecule is modeled at partial occupancy (0.6), matching that of AEI.
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of three different variants of EcAII. They include the structure
of ligand-free EcAII(wt) (structure 1) and five structures of
each of the two variants, EcAII(K162M) and EcAII-
(T89V,K162T). These variants catalyze hydrolysis of the
substrate at an extremely low rate. The basic characteristics of
these structures are listed in Table 1.
Previously, several structures of L-asparaginases were

determined from crystals of the enzyme grown in the absence
of a substrate; however, in all cases, a molecule of either L-Asp
or a buffer was found bound to the active site.5,41 Here, crystals
of EcAII(wt) were grown in the solution buffered by sodium
formate at pH 7.3, and no multiatom assemblies were found in
the active site pocket. Therefore, structure 1 (Figure 2a)
represents the best currently available reference model for
ligand-free EcAII and provides an unbiased description of the
water network in such an active site. This structure is
important during evaluation of conformational changes
associated with substrate binding that, in turn, are central to
understanding the kinetic process at the molecular level.
Because the structural features of L-asparaginases have been

extensively described in the past,42,43 this report focuses solely
on an analysis of the active site pocket. The relationship among
the four protomers forming the biological assembly of L-
asparaginase and the location of four chemically identical
active sites are illustrated in Video 1.
The active site of EcAII exists in one of two structurally

distinctive states. The first state (Figure 2a) represents a
ligand-free active site of EcAII(wt). The second state is
exemplified by the complex between EcAII(wt) and β-
protonated L-Asp (Figure 2b). In addition, Figure S1 depicts
a superposition of the EcAII(wt):L-Asp complex and the
complex between an inactive variant EcAII(T12V) and L-Asn.
Combined, these representations provide a comprehensive

overview of the active site pocket. Importantly, modes of
binding of the L-Asn and L-Asp molecules are nearly
indistinguishable (Figure S1). A comparison of panels a and
b of Figure 2 shows that residues contributed by the hinge
region (HR) and the active site flexible loop (ASFL) undergo
dramatic conformational changes upon substrate binding. In L-
asparaginases, HR is a highly conserved Gly-rich octapeptide,
defined by the pattern GGTxyGGG (where x is an Ile or a Leu
and y is an Ala or a Gly). In EcAII, HR is represented by the
sequence G10GTIAGGG17. The ASFL in EcAII spans residues
D18SATKSNYTVGKVG31, although there is no precise
boundary between HR and ASFL. Except for these two
fragments, the active sites of these enzymes are quite rigid and
well-conserved across different L-asparaginases. The distribu-
tion of solvent molecules varies somewhat between different
structures or even different active sites in the same structure,
except w1 and w2, colored blue in panels a and b of Figure 2.
However, the active sites, whether ligand-free or in complexes,
are always well hydrated with water molecules forming a
network of H-bonds that is suitable for efficient transfer of
proton(s) between distant regions of the pocket. Furthermore,
analysis of the active sites by molecular dynamics (not shown)
suggests that the space available to solvent molecules may be
larger than experimentally established.
In the past, many residues of EcAII were mutated and the

expressed enzymes were studied by either functional or kinetic
assays.18,27,44−48 A summary of selected kinetic parameters for
a wide range of EcAII variants is presented in Table 2 and
Table S2. Combined with structural data, the kinetic
parameters facilitated identification of five residues (Thr12,
Tyr25, Thr89, Asp90, and Lys162) as being critical for
catalysis. Thus, any description of a putative catalytic
mechanism must incorporate at least those residues. Several

Figure 3. Enzymatic activities of representative EcAII variants. (a) Relative activities of EcAII variants in which either Asp90 or Glu283 was
substituted by all other amino acids, with AHA used as the substrate. The activity of each variant is shown as bars, relative to the activity of the wild
type enzyme taken as 100%. The negative control indicates use of an empty expression vector. (b and c) Progress curves for L-Asn hydrolysis at pH
7 by EcAII(D90K) and EcAII(wt), respectively. In each panel, the individual values (○) are averages from four independent measurements. The
range of values, for each data point, is illustrated by vertical error bars. The error of time measurement is estimated as ±2 s. Reactions were
conducted in 100 mM Hepes buffer, with starting concentrations of L-Asn, EcAII(D90K), or EcAII(wt) of 100 mM, 25 μM, or 0.15 μM,
respectively. In the case of EcAII(D90K), the trend of the progress curve is linear [c(NH3) (mM) = 0.0167 × t (s)], with the Pearson product
coefficient equal to 0.9979 and an estimated turnover time for hydrolysis of 0.17 s. For EcAII(wt), the linear progress follows the equation c(NH3)
(mM) = 0.029 × t (s), with the Pearson product coefficient equal to 0.9979 and an estimated turnover time of 0.02 s.
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other residues are important for substrate binding, the most
significant of which are Ser58 and Asp90 (see Figure 2b, Figure
S1, and Table S2); a few additional residues, i.e., Gln59,
Asn248, and Glu283, may also influence substrate binding.
Some residues appear to play a role in defining substrate
specificity, but that subject is not discussed here. Compared to
classical kinetic studies, data from the high-throughput
screening are only semiquantitative and lack information
about the role of each specific position in substrate binding (or
Km). However, they illustrate well the significance and
indispensability of each residue for the catalytic reaction
(kcat). In this work, we extended functional studies of EcAII by
completing a high-throughput analysis of nine residues (Ser19,
Tyr25, Val27, Gly57, Ser58, Asp90, Lys162, Tyr250, and
Glu283).
The results obtained for Asp90 and Glu283 are shown in

Figure 3a, and the remaining ones are listed in Materials and
Methods.
As an example, Figure 3a highlights the critical role of Asp90

for catalysis. However, it is also apparent that the chemical
composition of the side chain may be less important than its
proper location and the ability to efficiently shuttle protons,
because the D90K variant retains significant enzymatic activity
(see Table 2). The results from classical kinetic studies (see
Table S2) further show a critical role of this residue in
substrate binding. Alerted by the outcome of the high-
throughput assay for the D90K variant, we subjected it to more
rigorous analysis in parallel to EcAII(wt). The results are
shown in panels b and c of Figure 3. We confirmed that the
EcAII(D90K) variant retains a significant degree of catalytic
activity and provide a rationale of this finding in the
Discussion. In contrast, the results obtained from the screen
of Glu283 suggest that this residue is not critical to catalysis,
which agrees with its low degree of conservation among L-
asparaginases.49,50 However, kinetic characterization of Glu283
variants indicates that in EcAII this residue contributes to
substrate binding, which is understandable from structural
studies (Figure 2b and Figure S1).
Binding a substrate molecule induces dramatic conforma-

tional changes in two adjacent regions in the EcAII active site,

HR and ASFL. In a majority of L-asparaginase structures, HR
accommodates one of two stable conformations (Figure 2a,b),
with the last three Gly residues structurally ordered in only one
of them. In the noncatalytic conformation (cat−), observed in
the absence of a substrate, the side chain of Thr12 points away
from the active site and the main chain atoms of HR do not
interact with the substrate. In the catalytic (cat+) conformation
of HR, observed for complexes with a substrate, Thr(Oγ) and
the backbone amides, i.e., Ile13(N) in EcAII, point toward the
active site. Both the cat− and cat+ conformations and/or states
are stable. In contrast, ASFL extending from Asp18 to Gly31 in
EcAII remains in a disordered state (cat−) in the ligand-free
enzyme. While some previous reports described stable, unique
conformation(s) of ASFL,50,51 revisiting these structures shows
that stabilization of such conformations can be attributed to
crystal contacts. Upon substrate binding, ASFL assumes the
unique cat+ conformation (Figure 2b), in which the hydroxyl
group of Tyr25 (contributed by ASFL) forms an H-bond with
Thr12(Oγ) from HR. The HR and ASFL regions in EcAII,
both in the cat+ conformation, are illustrated in Figure 4. In
some X-ray structures, despite the presence of a substrate in
the active site, ASFL remains largely disordered30 (PDB entries
6paa and 6pa9).
Such examples often describe crystals subjected to transient

soaking in substrate-containing solutions. This effect is mostly
a consequence of predefined crystal contacts that prevent
rearrangement of ASFL to the cat+ conformation or from the
absence of interactions stabilizing the cat+ state of ASFL.
Therefore, interpretation of such results requires the utmost
caution. As indicated above, both Thr12 and Tyr25 are critical
for catalytic reaction.
Lastly, neither HR nor ASFL contributes significantly to

substrate binding, as confirmed by kinetic studies (Table 2 and
Table S2). As shown in Figure 4b, HR forms a single
interaction with a substrate molecule that is already bound to
the active site pocket, and ASFL also forms only a single H-
bond with HR [Thr12(OH) with Tyr25(OH)]. While there
are H-bonds with suboptimal geometry within ASFL or HR,
neither region forms additional interactions with the rest of the
enzyme.

Figure 4. Representation of ASFL. (a) Ribbon representation of the EcAII protomer (colored mostly light gray) in which HR and ASFL, both in
the cat+ conformation, are colored magenta and cyan, respectively. A molecule of L-Asp occupying the active site pocket is also shown in a ball-and-
stick representation. The C-terminus of the enzyme, located on the back face of the upper part of the molecule, is not visible. In the cat+
conformation, ASFL does not form stabilizing interactions with the rest of the enzyme. (b) More detailed representation of HR (magenta) and
ASFL (cyan), both in cat+ conformations. Stabilizing interactions are indicated with black dashed lines. Four putative H-bonds, Ile13(O)−A14(N),
A14(O)−K29(N), G16(N)−T26(O), and G16(O)−T26(N), can be identified within the HR−ASFL fragment. Two additional interactions
involving the catalytic Thr12 and Tyr25 and the substrate molecule have near-optimal geometry.
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Covalent AEI: Evidence of a Double-Displacement
Mechanism. The oxygen exchange reaction in L-Asp catalyzed
by EcAII is reversible (Figure 1b). Using LC-MS, we studied
this equilibrium for a series of solutions containing fixed
quantities of the catalytically deficient EcAII(K162M) variant
and L-Asp in the pH range of 3−7 (see Figure 5). We used a
catalytically deficient variant because the equilibrium illustrated
in Figure 1b for EcAII(wt) is dramatically shifted toward
noncovalent specimens. The same experiments were per-
formed using two different variants, EcAII(T89V) and
EcAII(T89V,K162M), leading to equivalent results. In the
absence of L-Asp, only one analyte, EcAII(K162M), was
detected. However, addition of the substrate resulted in
formation within 1 min of an additional covalent specimen,
with a molecular weight (MW) corresponding to that of the
covalent AEI (Figure 5a). The profile shown in Figure 5b
indicates that decreasing the pH from 7.0 to 4.4 shifts the
equilibrium toward AEI. When the pH drops below 4.4,
however, the equilibrium shifts slightly back toward the
noncovalent complex. These results allow for two conclusions.
First, the maximum AEI content is observed at pH ∼4.5,
suggesting that the acidity of the side chain carboxyl group of a
substrate is significantly lower than that of a water solution
(pKa = 3.952), and a significant relative content of AEI (>20%)
is detected even at pH 7 (Figure 5b). These observations
indicate that oxygen exchange on the β-carboxyl group of L-
Asp is an enzymatic process. In the absence of the enzyme, this
exchange would be orders of magnitude slower at pH 7.16

Because the oxygen exchange process involves formation of
AEI, these data directly and unambiguously support the
double-displacement mechanism. Also, the profile presented in
Figure 5b is easily explained in the context of the complete
mechanism presented below. The initial shift of equilibrium
toward AEI (observed with a decrease in pH from 7 to 4.4) is
primarily associated with an increasing concentration of β-
protonated L-Asp and with a decreasing rate of deacylation
(AEI → E + S). However, at lower pH values, these effects are
countered by increasing the amount of the protonated α-

carboxyl group of L-Asp. Whereas these experiments
unequivocally record formation of covalent AEI, they do not
reveal the identity of the nucleophile.
To address this problem, we determined several structures of

two variants, EcAII(K162M) and EcAII(T89V,K162T), for
which LC-MS data indicated the presence of AEI in the active
site pocket. To answer the previous criticism indicating that
growing crystals over a long period could lead to experimental
artifacts due to processes not catalyzed by the enzyme,20 these
experiments followed protocols that emphasized the enzymatic
nature of the reaction, i.e., chemical changes leading to final
structures happening at rates far exceeding those of non-
enzymatic processes. The structure of active sites determined
in one such experiment for EcAII(K162M), structure 5, is
shown in Figure 2c. An agreement between the refined
structure and the electron density maps is shown in Figure S7a.
This result not only supports the double-displacement
mechanism of catalysis by EcAII but also unambiguously
identifies Thr12 as the nucleophile. Inspection of Figure 2c
shows that AEI is engaged in an extensive set of well-defined
interactions with the active site residues. A comparison of
structures determined for the noncovalent complex and AEI
(Figure 2d) shows that conformational changes of either the
substrate or the active site residues are minimal. The largest
difference is observed for the side chain of the substrate that,
after conversion to AEI, rotates around the Cβ−Cγ bond by
∼90° and shifts slightly toward HR. As we have recently
shown30 (PDB entries 6paa and 6pa9 and Figure S1),
EcAII(T12V) does not form an alternative intermediate
through acylation of Thr89 in the presence of L-Asp. Instead,
the substrate was invariantly noncovalently bound to the
mutated enzyme in a mode illustrated in Figure 2b and Figure
S1. These results provide strong evidence that Thr89 lacks the
ability to act as the primary nucleophile.
Like a water molecule, the hydroxyl group of threonine is a

weak nucleophile and Thr12 is not directly assisted by a basic
residue capable of enhancing its nucleophilic properties, unlike
in the previously observed case of Ser/Cys proteases.3 It is

Figure 5. LC-MS analysis of the EcAII(K162M):L-Asp mixture at various pH values. (a) Example of a raw LC-MS result acquired for a sample at
pH 4.6. The top left panel depicts the detected ions, and the panels below show deconvolution into two clearly identified molecular weights
(MWs). Peak B represents the MW of the enzyme, and peak A the MW of AEI. The difference (indicated in red below) corresponds to the MW of
an acyl-enzyme intermediate. (b) Change in the content of AEI (cAEI) with pH. Values of cAEI were calculated according to the formula [cAEI =
abundance of AEI (%)]/{[abundance of AEI (%)] + [abundance of EcAII(K162M) (%)]}. The abundances of AEI and EcA(K162M) were
measured in triplicate, and the average values, together with the ranges (error bars), are shown in the plot.
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therefore imperative to explain how Thr12 acquires the
capacity to initiate a nucleophilic attack, which is one of the
long-standing puzzles associated with L-asparaginases. We
suggest that the precise placement of three atoms, the hydroxyl
oxygen of Thr12, the Cγ atom of the substrate, and the
hydroxyl oxygen of Tyr25, plays a prominent role. The
substrate molecule bound to the active site pocket is strongly
restrained by a network of interactions (Figure 2b,c,e). We
showed earlier that neither HR (Thr12) nor ASFL (Tyr25)
contributes significantly to substrate binding. While HR and
ASFL may undergo spontaneous low-energy transitions
between cat− and cat+ states even in the absence of a
substrate, stabilization of HR(cat+) can be achieved by an
interaction between Thr12(Oγ) and Asx(Cγ) only with
substrate bound to the active site pocket. The precisely
positioned Thr12 serves as an “anchor” for the hydroxyl group
of Tyr25, which leads to stabilization of the ASFL(cat+)
conformation. We reported earlier that in such an arrangement
the Oγ atom of Thr12 approaches the Cγ atom of the substrate
along the most favorable trajectory for a subsequent
nucleophilic attack.30 In an attempt to understand the basis
of an attraction between these two atoms, we have evaluated
the partial charges for all of the atoms in the substrate-
occupied active site of EcAII based on the electrostatic
potential from quantum mechanical density functional theory
(DFT) calculations (see Materials and Methods).
Figure 6 illustrates two subsets of data, including only non-H

atoms of the substrate molecules and the side chain of Thr12.

Although theoretically derived partial charges depend on the
employed protocol, values calculated here for L-Asn are in
good agreement with those derived differently and reported
previously.53,54 Quite striking is the large partial positive charge
(+0.9e) of the Cγ atom adjacent to the electron-rich
Thr12(Oγ). This configuration most likely induces a

subsequent nucleophilic attack, and the electrostatic forces
can support the transition from HR(cat−) to HR(cat+).
Furthermore, the rearrangement of HR leads to the formation
of two new H-bonds around w1 (Figure 2a,b), fully defining its
coordination from the H-bond pattern. This water molecule
accepts two protons (via H-bonds) from the backbone amides
of Ile13 and Ala114 and donates one proton to the backbone
carbonyl of His87 and the second to the Oδ atom of the
substrate or AEI. The latter interaction further restrains the
substrate and subsequently stabilizes the negatively charged
tetrahedral intermediates (TI1 and TI2). At this point, a stage
for the nucleophilic attack is established. Without additional
structural changes, a suboptimal catalysis begins, albeit at a rate
∼100-fold slower than that observed for EcAII(wt) [based on
the rate observed for EcAII(Y25A) (Table 2)].
Stabilization of ASFL in the cat+ conformation establishes

conditions that fully support the catalytic process. ASFL now
places Tyr25(OH) in the position that establishes an H-bond-
based connection of Thr12(Oγ) with a network of active site
water molecules. As we indicated earlier, all events mentioned
above are completely dependent on the precise and unique
relative placement of the three critical atoms. Formation of an
H-bond network allows for efficient extraction of the H atom
from the hydroxyl group of Thr12. In principle, that goal can
be achieved without any involvement of Tyr25, with an
additional water replacing the missing Tyr25(OH). However,
additional motions of these atoms would likely destabilize the
interactions, resulting in a lower catalytic efficiency (∼100
times).
Earlier, we emphasized the importance for substrate binding

of the interactions between the α-carboxyl group of the
substrate and a region of the active site around Ser58 and
Asp90, which indeed was repetitively shown to be critical. In
such an arrangement, however, two negatively charged
carboxyl groups (the α-carboxyl of the substrate and the side
chain of Asp90) are placed quite close to each other (∼3.5 Å),
an observation that seems counterintuitive with respect to the
observed high affinity of EcAII for a substrate (see Table S2).
This difficulty may be resolved if, concomitant to binding the
substrate, Asp90 becomes protonated. We suggest that this
process is accomplished by the transfer of a proton from Thr12
via precisely placed Tyr25(OH) and a network of active site
water molecules, illustrated in panels c and e of Figure 2. In
such a scenario, a system of two adjacent carboxyl groups acts
as a “proton sink”, increasing the efficiency of the first
nucleophilic displacement. We select Asp90 over the
substrate’s α-carboxylate as the destination for the proton
based on both our structural analysis (see Materials and
Methods) and its predicted lower acidity. Furthermore, we
suggest that Asp90 remains in a protonated state until the late
stages of the catalytic reaction, because that assures stable
binding of the substrate and TI or AEI. In conclusion, we
should consider Asp90 as a distant general base that enhances
the nucleophilic properties of Thr12. It is also conceivable that
protonation of Asp90 increases the acidity (i.e., decreases the
pKa) of the adjacent Lys162. In this scenario, Tyr25 becomes a
proton conveyor. Independent support for such an inter-
pretation comes from the high-throughput screen. Inves-
tigation of mutations of position 25 (Figure S2) indicates that
the only other residue retaining significant catalytic activity
(∼25%) is Lys. Among all 20 amino acids, only lysine can
uniquely provide a group (NH3

+, allowing for efficient proton
transfer) at nearly the same site as tyrosine, as the lengths of

Figure 6. Partial atomic charges for EcAII substrate molecules
computed with DFT. Values of partial charges were calculated for the
complete active site pockets, occupied by either L-Asn or L-Asp.
Partial charges computed from the electrostatic potential on a grid
after DFT single-point calculations with the CAM-B3LYP functional
and aug-cc-pVDZ basis set (see Materials and Methods). In this
figure, the calculated charges are shown for only non-H atoms of the
substrates and for the side chains of Thr12 and Tyr25. Charges on the
atoms forming a covalent bond in AEI are shown in a larger bold font.
The dashed arrow indicates the trajectory of a nucleophilic attack and
is accompanied by the ranges of distances between Thr(Oγ) and L-
Asx(Cγ) observed in crystals of various noncovalent complexes of
substrates with EcAII. The gray dotted line indicates the H-bond that
is utilized during extraction of a proton from Thr12.
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the side chains of Lys and Tyr are comparable. Furthermore,
the pKa values of Tyr(OH) and Lys(NH3

+) are comparable
[10.5 (from ref 52)].
Extraction of a hydrogen from Thr12 is simultaneous with a

decrease in the distance between Thr12(Oγ) and the Cγ atom
of the substrate and rearrangement of an electronic structure
on the carboxamide group. Hybridization of the Cγ atom
changes from sp2 to sp3, leading to TI. Tetrahedral
intermediates are central to both displacements. In the
acylation reaction, TI mediates the transition of a noncovalent
enzyme:substrate complex to covalent AEI. In the deacylation
reaction, it separates AEI from the enzyme:product complex.
These states also define the energy barriers associated with
both reactions.
Both LC-MS and crystallographic experiments unambigu-

ously show formation of AEI and identify Thr12 as the primary

nucleophile. In this study, we also completed an additional
series of kinetic studies targeting the question of a possible
“unusual” burst effect (i.e., long time effect lasting a few
minutes) accompanying L-Asn hydrolysis by EcAII described
previously.18 This effect was subsequently questioned.20 In the
optimized assays monitoring hydrolysis of either L-Asn or
AHA, we found that both reactions progress linearly over time
and no “unusual” burst effect is observed (Figure 7). Similar
results were obtained for two other variants, EcAII(K162M)
and EcAII(T89V,K162T) (Materials and Methods). Through-
out these studies, however, we found that EcAII(T89V) is only
80−150 times less active than the wild type enzyme, i.e., ∼100
times more active than previously reported.18,44 Table 2
summarizes kinetic data for the EcAII variants studied here
that were either determined in this study or taken from the
literature.

Figure 7. Progress curves for substrate hydrolysis by EcA(T89V). In each panel, the individual values (○) are averages from five independent
measurements. The range of values, for each data point, is illustrated by vertical error bars. The error of time measurement is estimated to be ±2 s.
(a) Reaction with L-Asn at pH 6. The reaction was conducted in 50 mM MES buffer (pH 6) containing 24.8 μM EcAII(T89V) and L-Asn (cL‑Asn,0 =
175 mM) at time zero. The total consumption of the substrate was 17.5% of an initial concentration, cL‑Asn,0. The trend of the progress curve is
linear [c(NH3) (mM) = 0.0122 × t (s)], with the Pearson product coefficient equal to 0.9994. The estimated turnover time for this hydrolysis is 2.0
s. (b) Hydrolysis of L-AHA at pH 5 in the presence of L-Asp. The reaction was conducted in 50 mM MES buffer (pH 5) containing EcAII(T89V)
at a concentration 9.2 μM, L-AHA (cL‑AHA,0 = 53.5 mM), and L-Asp (cL‑Asp = 1 mM) at time zero. The total consumption of the substrate was 1.9%
of cL‑AHA,0. The trend of the progress curve is linear [c(NH2OH) (mM) = 0.0006 × t (s)], with the Pearson product coefficient equal to 0.9968. The
calculated turnover time is 15.8 s.

Figure 8. Measurement of the EcA(T89V) turnover rate using solution 1H−13C NMR. Characteristic 1H13C peaks of [13C,15N]-L-Asn and
[13C,15N]-L-Asp at (a) 12 and (b) 139 min of reaction progress. (c) Time course of [13C,15N]-L-Asn signal decay fitted with a single exponential.
The His6-tagged variant enzyme was expressed in JC2 cells and purified as described in Materials and Methods. The reaction was monitored on a
Bruker 600 MHz spectrometer at 25 °C. The 450 μL reaction mixture contained 0.5 μM purified EcA(T89V) and 1.25 mM [13C,15N]-L-Asn at
time zero in 20 mM phosphate buffer (pH 7.0).
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We corroborated this result by an independent NMR
experiment in solution, monitoring formation of the L-Asp
product, with the rate of L-Asn hydrolysis by EcA(T89V)
evaluated using [13C,15N]-L-Asn as the substrate. Free L-Asn
and L-Asp (product) have discernible 1H13C spectral peaks
(Figure 8a,b), allowing us to trace their ratio in the course of
the reaction. Figure 8c shows the time course of L-Asn decay in
the mixture with purified EcA(T89V) at an initial 1:2500
enzyme:substrate molar ratio. Exponential fitting of the L-Asn
data indicated 3.3 × 103 s as the characteristic time of the
exponent, which converts to the overall initial hydrolysis rate of
3.05 × 10−7 mol/s. With the account of the molar ratio, this
rate corresponds to 1.64 s per catalytic cycle. Because the
substrate is present at a saturating concentration (1.25 mM;
Km ∼ 40 μM), we may conclude that the kcat for this variant is
0.39 s−1. We have also characterized the catalytic rate of the
EcA(D90T) variant in a similar experiment. To detect the
change in the labeled substrate, we had to use it at a 1:1 molar
ratio with the enzyme (0.13 mM each). Within an 80 min
reaction time span, we detected an ∼11% decrease in the
[13C,15N]-L-Asn concentration, which led to the estimation of
the turnover time as ∼9000 s at a given substrate
concentration. We found that EcA(D90T) does not bind L-
Asp effectively because most of the substrate remained
unbound. We concluded that the low binding affinity is the
main reason for the extremely slow reaction rate. We also
found that the EcA(D90T,K162T) variant does not bind the
substrate and is virtually inactive, based on a 16 h observation
(data not shown). This confirms that Asp90 is a critical residue
for substrate binding. The lack of observed “unusual” burst
kinetics, or any burst effect, does not preclude the existence of
the double-displacement mechanism. In general, burst kinetics
could be observed only if the rate of the second displacement
was significantly slower than the rate of the first displacement,
leading to detectable accumulation of AEI. While the second
displacement is the same in catalytic reactions with L-Asn and
L-Asp, the energy barriers associated with the first displacement
are significantly higher in the case of the former substrate
(resulting in lower rates of displacement). Thus, the rate of
catalytic hydrolysis of L-Asn by EcAII is controlled by the rate
of the first displacement reaction, in agreement with results of
earlier kinetic studies of various substrates.55 As a result, no
“unusual” burst effect is observed and AEI is not detected by
either LC-MS or structural methods. By contrast, with the L-
Asp substrate, both displacement reactions are associated with
the same or comparable energy barriers. Under certain
conditions (here acidic pH), the equilibrium may be favorable
for detection of intermediate state(s). We conclude that the
previously reported apparent burst kinetics18 resulted primarily
from incorrect information regarding the catalytic activity of
EcAII(T89V), while the failure of detecting AEI20 was a
consequence of using L-Asn (instead of L-Asp) as the substrate.
It is necessary to point out that the experiments conducted in
this study do not allow for detection of burst effects that
typically extends over an initial microsecond to millisecond
period. We eliminated only the previously suggested possibility
of a “long unusual” burst effect.18

Tetrahedral Intermediate. In a series of LC-MS experi-
ments (Figure 5b), we observed a gradual increase of the
relative abundance of AEI with a decrease in pH. In parallel
with these experiments, we performed structural studies of
EcAII(K162M) crystals grown at different pH values in the
presence of L-Asp. We observed that, at pH >5.6−5.8, only

noncovalent complexes are seen (see Figure 2b and structures
6 and 9). Decreasing the pH to approximately 5.2−5.5 results
in the formation of AEI (Figure 2c). At pH 5.0, however, the
difference electron density peak in the active site pocket could
not be modeled by the noncovalent complex, AEI, or its
combination with the substrate. This electron density could,
however, be modeled by a mixture of AEI and TI at
comparable occupancies. Panels a and b of Figure S8 provide
support for incorporation of the composite model of the
covalently bound substrate. The model of the active site with
the TI component is presented in Figure 2e, while the
complete refined model of the active site, consisting of both
AEI and TI, is shown in Figure 2f. The agreement between this
model and the electron density maps is illustrated in Figure S7.
This structure represents a static snapshot of the catalytic
reaction with L-Asp as the substrate. As mentioned in the
introductory section, the exchange of catalytic oxygen for L-Asp
is a reversible process in which only one TI is formed,
equivalent to TI2 in hydrolysis of L-Asn. Thus, unless oxygen
exchange in L-Asp follows a mechanism different from the
hydrolysis of L-Asn (following Ehrman et al.,15 such a scenario
is very unlikely), structures of both tetrahedral intermediates in
the latter reaction must be nearly identical. A network of
interactions (primarily H-bonds) between TI and the catalytic
pocket is illustrated in Figure 2e. A comparison with AEI
shown in Figure 2c indicates no significant changes to this
network. The same conclusion is apparent from a comparison
of the relative positions of AEI and TI in the active site pocket,
illustrated in Figure 2f. However, as mentioned above, a
substrate was not significantly reoriented during conversion to
AEI (Figure 2d). Three structures (noncovalent complex, TI,
and AEI) outline the reaction pathway and indicate only minor
conformational changes to the substrate throughout the
catalytic process. The fixed orientation of the α-carboxyl
group of the substrate (Figure 2d,f) supports our earlier
conclusion about its central role in controlling binding affinity.
Although the TI structure was observed for the complex with
L-Asp where only a single TI is formed, the latter is also the
best template for analysis of the interactions between the first
TI1 in the reaction with L-Asn.
Efficient catalysis requires that the free energy of each TI be

minimized through a specific set of interactions. For enzymes
that catalyze hydrolysis by creating an intermediate tetrahedral
intermediate, i.e., Ser/Cys proteases or proteasome,3 a
structural motif called the oxyanion hole has long been
recognized as being central to stabilization of the negative
charge of TI. However, in EcAII, the oxyanion hole has an
unusual composition, being formed by two backbone amides
(Thr12 and Ala114) and by the invariant w1. On the basis of
the pattern of H-bonds (see Figure 4a, Figure S9, and the
Supporting Information), this water projects one of its protons
toward the Oδ1

− atom of TI. The H-bond between w1 and
TI(Oδ1

−) rationalizes structural conservation of this water and
its significance for catalysis. The Oδ2 atom in TI2 or the leaving
group (NH2 in L-Asn and Oδ2 in L-Asp) in TI1 is engaged in a
set of three H-bonds with defined polarities, arranged in a
nearly perfect tetrahedral configuration. In one of these H-
bonds, the leaving group acts as the H-donor to the backbone
carbonyl of Ala114, and in the second, it accepts a proton from
Thr89(OH). The polarity of the third H-bond, which is the
longest of the three and formed with an adjacent water
molecule, is different in the case of NH2 (donor) or Oδ2
(acceptor). In that state, the leaving group (a primary amine in
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the case of L-Asn or the hydroxyl in the case of L-Asp) extracts
a proton from Lys162. The latter is less basic than a typical
primary amine (due to protonation of the adjacent Asp90) and
is more prone to donate a proton to the leaving group, via
Thr89. This event changes the polarity of the H-bond between
Lys162 and Thr89, from Lys162-NH···Thr89 to Lys162···HO-
Thr89. The resulting first product (NH3 or H2O) diffuses out
of the active site pocket and, likely, quickly becomes
protonated. At this stage, Lys162 is in a transiently uncharged
state and recaptures a proton from w2. That event reverses the
polarity of the H-bond between Lys162 and Thr89, presenting
the hydroxyl proton of the latter to a potential acceptor. An
obligatory acceptor created in this event is w2(→OH−).
The proton transfer events described above cannot be

deciphered unambiguously from structural data, and the actual
sequence of events may be somewhat different. For instance,
uncharged Lys162 may extract a proton from Thr89, which
subsequently recaptures it from w2 (this is the scheme used in
QM calculations described below). However, the overall result
is the same; i.e., w2 supplies a proton to neutral Lys162. The
w2(→OH−) shifts toward the hydroxyl proton of Thr89
(guided by the H-bond interaction) and is placed in an optimal
position for the second nucleophilic attack on the Cγ atom of
the now created AEI. The second intermediate, TI2, formed in
this process, corresponds to TI observed in structures 2 and 3,
described in this report. At this point, the reaction proceeds
along the lowest-energy path; i.e., a proton from Asp90
(originally sequestered from the nucleophilic Thr12) is relayed
to its original location via an H-bond network of active site
water molecules and Tyr25(OH). While this proton is being
accepted by Thr12, the covalent linkage with the product is
weakening and the change in hybridization from sp2 to sp3

leads to a change in the geometry of the resulting carboxyl
group and its deprotonation. At that stage, the two effects
contribute to the repulsion of the L-Asp product from the
active site pocket, the reemergence of two negatively charged
groups, and the repulsion of carboxyl groups (Asp90 and the
α-carboxyl of the product), as well as the negatively charged β-
carboxyl of the product, repelled by the carbonyl oxygen of
Ala114. After repelling the product, the active site of the
enzyme is restored to the initial state, ready for the next
catalytic cycle.
Protonation Status of the Active Site Groups in EcAII.

In addition to establishing the stereochemical properties of the
involved residues, formulation of a catalytic mechanism
requires a plausible description of their protonation state. In
EcAII and most other L-asparaginases, at least four groups are
capable of changing their protonation state. In addition to
Asp90 and Lys162 of the enzyme, they include α-amino and α-
carboxyl groups of the substrate, L-Asn. The side chain of
Glu283 (contributed by the intimate protomer) is not
considered because this residue is not conserved among L-
asparaginases. When considering L-Asp as the substrate, we
must also account for protonation of the side chain. Currently,
there are no experimental data defining the protonation state
of any of these groups; however, it is possible to present a
plausible prediction based on the available structural and
functional data for these enzymes, as well as on rules of general
chemistry (i.e., ref 56). Subsequent characterization refers
primarily to the enzyme (or its complex with a substrate) prior
to the catalytic reaction. However, we will try to account for
changes in the protonation states during catalysis.

In the ligand-free state, the active site of EcAII is exposed to
the solvent and remains well hydrated even upon binding a
substrate molecule (Figure 2a,b). Therefore, under physio-
logical conditions, the Ka values of both Asp90 and Lys162
should not be very different from those determined for free
amino acids in water52 and both residues should be charged.
For the same reason, α-amino and α-carboxyl groups of a
substrate molecule should be charged. An alteration to this
state may be expected upon substrate binding and, as we
suggested earlier, with two negatively charged carboxylates
forming a proton sink and Asp90 accepting the proton donated
by the nucleophilic Thr12.
The two reports that argued against the double-displace-

ment mechanism19,20 assumed that Lys162 is in an uncharged
state. Subsequently, this led the authors to the conclusion that
direct displacement correctly describes the catalytic reaction.
The assumption regarding the protonation state of Lys162 was
based on unpublished results mentioned in ref 18, but at least
two other sources suggested that Lys162 exists in a charged
state prior to the catalytic reaction. As shown by Röhm and
Van Etten,16 the catalytic properties of EcAII are only
minimally altered within the pH range of 4−10. The presence
of uncharged Lys162 at pH 4 is extremely unlikely if not
impossible, requiring a change in pKa of nearly 7 log units from
its normal value. Also, the results of the high-throughput
activity screen (see Figure S2) indicate that K162R is the only
variant retaining significant activity compared to EcAII(wt)
(∼20%).
Protonation of Asp90 likely leads to a decrease in the pKa

value of Lys162, rendering it more prone to expelling a proton.
We also predict that the acidity of L-Asp (the product, or an
alternative substrate in an oxygen exchange reaction) is
decreased compared to the standard value in water, due to
its location in the active site. In the cat+ bound state, the β-
carboxyl of L-Asp points toward the carbonyl oxygen of Ala114,
forming an assembly with an increased affinity for a proton,
which is manifested by a previously noted increase in the pKa
of the β-carboxylate of L-Asp.16

Catalytic Mechanism of EcAII Based on Experimental
Data. Binding of the substrate of L-asparaginase is primarily
controlled by the interactions of its α-carboxyl group and leads
to major conformational rearrangements, first of the HR
region, followed by large movements and conformational
stabilization of ASFL. The hydroxyl oxygen of Thr12 begins to
form a covalent bond with the Cγ atom of the substrate, the
process being driven primarily by electrostatic forces. This is
made possible due to simultaneous extraction of a proton that
is attracted to the proton sink (α-carboxylate of the substrate
and Asp90), where it is delivered through a network of H-
bonds composed of the hydroxyl group of the conserved Tyr25
and a chain of water molecules. Protonation of Asp90 increases
the acidity of the adjacent Lys162, while binding of Thr12 to
the substrate results in changes in the electronic and
stereochemical properties of the carboxamide group of the
substrate [hybridization changes from planar (sp2) to
tetrahedral (sp3)]. The first tetrahedral intermediate (TI1) is
formed and stabilized by an extensive H-bond network within
the active site pocket, including the nonconventional oxyanion
hole. The leaving group, now a primary amine, extracts a
proton from the side chain of Lys162 and departs the active
site as NH3. This irreversible process concludes the first
displacement reaction. As a result, Lys162 is transiently
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uncharged and the ester group of AEI is shifted and rotated,
compared to the substrate’s carboxamide group.
Uncharged Lys162 extracts a proton from the highly

conserved w2 via Thr89. Activated (or deprotonated, OH−)
w2, guided by an H-bond to Thr89, relocates to a position
suitable for the second nucleophilic attack. This relocation of
w2 is possible only after formation of AEI and its subsequent
structural changes. The original site of w2 is most likely
immediately replenished.
As a strong and well-positioned nucleophile, OH− initiates

the second displacement reaction leading to TI2, which is
stereochemically indistinguishable from TI1. In the next step,
the proton from Asp90 is transferred back to Thr12 through a
network of active site water molecules and, finally, through
Tyr25(OH). The covalent ester bond between Thr12 and the
product is weakening. Hybridization and the geometry of TI2
are changing. The carboxyl group of the product is emerging.
Finally, the hydrogen on the latter group is dissociating. This
results in recovery of the original state of the active site of the
enzyme, and the negatively charged product is expelled. Both
HR and ASFL sections are converted into cat− conformations,
primed for the next catalytic cycle. A scheme of the complete
catalytic reaction is shown in Figure 9.
Support for the Catalytic Mechanism through

Quantum Mechanical DFT Calculations. We tested the
EcAII reaction mechanism using well-established quantum
chemistry methods based on DFT. Due to the high
computational cost of DFT, we selected a minimal subsystem
of catalytic and essential structural amino acids near the active
site that consists of 341 atoms and includes all of the catalytic

residues (Thr12, Tyr25, Thr89, Asp90, and Lys162) and seven
water molecules (including w1 and w2). We based our
computational model on the structure of the complex between
EcAII and L-Asp (PDB entry 6pac30). We tested the reaction
mechanism with both L-Asn and L-Asp as substrates, to
compare how the energetics of the reaction change depending
on the substrate.
We have divided the reaction mechanism (Figure 9a) into

five intermediate steps (I−V), starting with the bound
substrate (I, L-Asn) and ending with the final product (V, L-
Asp). To compute the energy differences between intermediate
steps, we first optimized the structure of each intermediate
with a small basis set [6-31G(d)] while fixing the positions of
α-carbons (except for Gly11, Thr12, Ile13, Gly88, Thr89, and
Asp90) to maintain the structural integrity of the active site.
This step was followed by a single-point energy calculation
with a larger and more accurate basis set (aug-cc-pVDZ).
Successful optimization of all of the intermediate steps in the
reaction indicates that each state is in a stable local energy
minimum and does not transform spontaneously into another
nearby lower-energy configuration. The observed energy
differences between intermediate reaction steps are listed in
Table 3, where we show energies computed with three
functionals that vary in the treatment of long-range interactions
(see Materials and Methods) to show the effect of the local
protein environment on individual steps.
The first step of the reaction is the nucleophilic attack by

Thr12(Oγ) on the Cγ atom of the substrate. This step is
associated with the highest energy barrier, and it is likely the
reaction rate-limiting step. The proton from Thr12 is

Figure 9. Schematic representation of the intermediate steps in the catalysis of (a) L-Asn and (b) L-Asp substrates. Average energy differences
(computed with B3LYP, CAM-B3LYP, and ωB97X-D3 functionals with the aug-cc-pVDZ basis set) between steps of the cycle are shown.
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transferred through Tyr25 and a network of H-bonded waters
to the carboxyl group of Asp90. While we cannot determine
the protonation state of Asp90 from the crystal structure, the
H-bond between this residue and a neighboring water lies in
the plane of the carboxyl group, an observation that may
additionally indicate protonation of Asp90, as previously
reported in other high-resolution structures.57 This step is
followed by acquisition of a proton from Lys162 through
Thr89 and spontaneous cleavage and release of ammonia,
leading to the formation of AEI (III). The coupling of pKa’s of
protonated Asp90 and Lys162 was described earlier in this
report. The II → III transition is favorable, as indicated by a
decrease in energy of the system. Ejection of ammonia from
the active site and reorientation of the Cγ moiety of the
substrate create space for w2 to assume a position suitable for
the second nucleophilic attack (III → IV), which proceeds
through TI2 (IV). Enhancement of the nucleophilic properties
of w2 was discussed earlier, and the computations indicate
that, like the first nucleophilic attack, the second one is
associated with an unfavorable increase in the system’s energy,
although now the energy barrier is much lower. The last step in
the reaction (IV → V) involves spontaneous cleavage and
subsequent release of the final product (L-Asp). During this
step, Thr12 recaptures its proton from Asp90 through a
network of H-bonded waters and Tyr25, utilized during the
first displacement. This step is associated with a large decrease
in the overall energy of the system.
Using the same approach, we computed the energy

differences for the reaction of oxygen exchange with L-Asp as
the substrate. Because this process is completely reversible
(Figure 9b) and represents an equilibrium between the
noncovalent EcAII:Asp complex and AEI, only two energy
differences, associated with transformations of state I′ into
state III′, were calculated (Figure 9b). Because of symmetry,
energies describing the reverse reaction are the same. In the
model utilized in our calculations, the side chain of the L-Asp
substrate was protonated. In contrast to hydrolysis of L-Asn,
the energy barrier associated with formation of TI is, as
expected, significantly lower.

■ DISCUSSION
It has been known for more than 50 years that the enzymatic
activity of L-asparaginases is associated with the significant
anticancer properties of these enzymes, particularly for juvenile
leukemia.10 However, since the very beginning, questions
about the mechanism of enzymatic activity have been raised,
and the double-displacement scenario was considered as very
plausible early on.14,15 For almost three decades, the lack of

experimental evidence prevented confirmation of any mecha-
nistic hypotheses. Apparent progress was made in 1996, when
the structure of the covalent acyl intermediate of EcAII was
published,18 but these results were not followed up. A few
years ago, these early results were challenged on the basis of
either theoretical calculations19 or new experimental data.20

In this work, we aimed to provide a detailed description of
all steps of the catalytic mechanism of L-asparaginases. We
focused on EcAII because this most studied L-asparaginase is
utilized as a crucial component of anticancer therapy of
leukemias and lymphomas.58 Although our data focus on EcAII
variants, we believe that the results presented here can be
extended to all type II L-asparaginases and, very likely, to type I
L-asparaginases or their analogues from extremophiles. The
latter suggestion, however, requires further confirmation.
The most critical evidence was obtained from crystal

structures of several variants of EcAII in a ligand-free form
or in complex with the substrates. We selected a subset of 11
structures that were most relevant to description of the
catalytic mechanism. Other structures were published by us
previously, in relation to different properties of EcAII.30,41 The
most compelling result was obtained during analysis of the
structure of EcAII(K162M), crystallized in the presence of L-
Asp at pH 5 (structures 2 and 3). These structures revealed
detailed descriptions of the active site occupied by either
covalent AEI or TI. Structures with only AEI were determined
for the same variant at pH 5.2 (structures 4 and 5), as well as
for other two variants, EcAII(T89V,K162T) (structures 7 and
8) and EcAII(T89V).18 In response to the earlier criticism,20

crystals used for determinations of structures 4, 5, 7, and 8
were prepared with particular care to minimize the possibility
of non-enzymatic reaction. Crystals were soaked in solutions
containing L-Asp for as little as 10 s prior to the collection of X-
ray data. Assuming that the acetylation step is shorter than the
crystal soaking time and much shorter than the deacetylation
step (estimated from the kcat to be in excess of 250 s), we
expected accumulation of the acyl-enzyme intermediate.
Structures 2−5, 7, and 8 clearly indicate that Thr12 serves as

the primary nucleophile, immediately implying that the
catalytic reaction follows the double-displacement mechanism.
It should be noted that all of these results were obtained with
L-Asp as a substrate. These results could not be reproduced
with L-Asn; however, an analysis presented here and the
previously published results55 lead to the conclusion that, in
the canonical reaction (with L-Asn), the first (acylation) step
controls the reaction rate. Under such conditions, AEI does
not accumulate in quantities that could be detected by the
currently employed methodology.
Compared to other enzymes catalyzing similar reactions, i.e.,

Ser/Cys proteases,3 proteasomes, or acyltransferases,59 the
mechanism proposed here is significantly different. Despite the
existence of the putative Asp90-Lys162-Thr89 active site triad
in L-asparaginases (at first glance similar to that found in
proteasomes and acyltransferases), the covalent AEI is formed
with a different residue (Thr12), which is not in direct
interaction with a general base. The explanation of this
apparent puzzle stems from the coexistence of several
simultaneous effects and/or states: (i) precise placement of a
substrate molecule, (ii) a particular conformational change of
the HR region, (iii) significant electrostatic force between the
interacting atoms [Thr12(Oγ) and the Cγ atom of the
substrate], and (iv) formation of the proton sink upon
substrate binding.

Table 3. Energy Differences between Intermediate Reaction
Steps of L-Asn (and L-Asp) Catalysis as Shown in Figure 9a

B3LYP CAM-B3LYP ωB97X-D3 ⟨ΔE⟩
EII−EI 25.9 21.2 17.0 21.4 ± 4.5
EIII−EII −6.9 0.2 −1.6 −2.8 ± 3.7
EIV−EIII 6.1 0.9 1.5 2.8 ± 2.8
EV−EIV −17.2 −16.0 −11.9 −15.0 ± 2.8
EI−EV −7.8 −6.3 −5.0 −6.3 ± 1.4
EII′−EI′ 14.7 8.0 4.5 9.1 ± 5.2
EIII′−EII′ −14.8 −6.0 −3.8 −8.2 ± 5.8

aAll systems were first optimized with the 6-31G(d) basis set, and
final energies computed with the aug-cc-pVDZ basis set. All energies
in kilocalories per mole.
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Two features, activation of nucleophilic threonine by a
distant proton sink (a general base) and an unusual oxyanion
hole, differentiate EcAII (and possibly all L-asparaginases) from
other enzymes catalyzing similar reactions. The presence of an
apparently typical catalytic triad is misleading as there is no
evidence that this motif contributes a nucleophile in the
acylation step. With the departure of NH3, Lys162 becomes
transiently neutral. However, it regains the preferred charged
state by extraction of a proton from the adjacent w2, which
together with w1 is conserved in all L-asparaginases. The
resulting hydroxyl anion, aided by Thr89(OH), relocates into
an optimal position for the second nucleophilic attack.
The proposed mechanism explains the role of five residues

in the active site of EcAII (Thr12, Tyr25, Thr89, Asp90, and
Lys162) that are invariant in L-asparaginases and critical for
catalysis. This mechanism also predicts that mutations of
Tyr25 and Thr89, residues acting primarily as proton
conveyors, have a strong but not necessarily deleterious effect
on the catalytic process. On the other hand, the primary
nucleophile Thr12 and Lys162, critical for activating the water
molecule responsible for the second nucleophilic attack, are
both indispensable and, when mutated, render a nearly inactive
enzyme. Asp90 plays a critical but more ambiguous role. This
residue appears to be central for binding and assists with
extraction of a proton from the primary nucleophile, playing
the role of a general base. After subsequent protonation, it
increases the acidity of the adjacent Lys162, thus influencing
both steps of the double-displacement reaction. Within this
scheme, it is also possible to explain the seemingly unusual
activity of the D90K variant. Namely, the side chain of Lys90,
similar in length to aspartate, is located in direct contact with
the side chain of Lys162. It is thus quite plausible that the
amino group of Lys90 is uncharged and capable of assuming
the role of a general base, resulting in an enzyme that is
somewhat catalytically deficient but still active.
We performed quantum mechanical calculations to verify

the feasibility of the catalytic mechanism. All intermediate
states of the reaction were associated with reasonable energy
differences, supporting the proposed mechanism. The
theoretical model of the active site comprised 341 atoms.
During the theoretical studies of EcAII, we observed that the
energy change associated with the I→ II transition (Figure 9a)
depends greatly (±10 kcal/mol) on the positions of H-bonded
waters in the active site (Figure 2), which were derived from
the structure of a single complex (PDB entry 6pac). Notably,
the energy effects do not account for substrate binding and
product release; however, they include other main events, such
as the first nucleophilic attack by Thr12, a proton shuttle
through Tyr25 and a network of waters, the role of Asp90 as a
proton sink, and Lys162 as an activator of the second
nucleophilic water.
Recently, different conclusions (favoring the single-displace-

ment mechanism) were reported on the basis of both
experimental studies20 and theoretical calculations.19 On the
basis of new experimental structural and computational studies,
we addressed here the most plausible reasons for the reported
discrepancies. It is intriguing, however, why the theoretical
evaluation of the catalytic process leads to such different
conclusions when nearly identical structures of EcAII are used
as templates. We believe that in the earlier studies,19 a model
of the EcAII active site was too extensively simplified and
inadequate to account for all significant events. First, it
incorporated only a single water molecule, but as we showed

above, at least two active site water molecules are invariant in
all structures of L-asparaginases and are accompanied by
several additional, slightly less structurally conserved water
molecules, which are critical for catalysis. As a result,
decreasing the content of the active site to just one water
molecule effectively eliminates the double-displacement
mechanism. An assumption of the uncharged Lys162, central
to the earlier calculations, is in serious disagreement with basic
chemistry and the evidence from kinetic studies of EcAII
variants. Finally, previous theoretical analysis completely
disregarded the role of Tyr25 in catalysis. The analysis
presented here is significantly more complete and consistent
with the experimental results, as well as with general chemical
rules.
Resolving the mechanism of catalysis by EcAII and,

potentially, by other L-asparaginases provides a novel view of
the nucleophilic substitution reaction that involves a weak
nucleophile that is not assisted by a general base. Although L-
asparaginases are very successfully used as a component of
highly efficacious anticancer therapy, a continuing effort to
develop new variants with a higher efficiency and weaker side
effects is still ongoing. Detailed knowledge of the catalytic
process will help in such explorations.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biochem.0c00116.

Detailed data collection and refinement statistics,
structure of the active site, biochemical characterization
of the EcAII variants, high-throughput screening results,
conformational changes during substrate binding,
progress curves of substrate hydrolysis, electron density
maps, and structure of the oxyanion hole and proton
sink (PDF)
Architecture of L-asparaginase (AVI)
Binding of a substrate (AVI)
Conformational changes during substrate binding (AVI)

Accession Codes
EcAII, UniProtKB P00805; PDB entries 6v23, 6v2c, 6v2g,
6v24, 6v25, 6v26, 6v27, 6v28, 6v29, 6v2a, and6v2b.

■ AUTHOR INFORMATION
Corresponding Author

Jacek Lubkowski − Macromolecular Crystallography
Laboratory, Center for Cancer Research, National Cancer
Institute, Frederick, Maryland 21702, United States;
orcid.org/0000-0002-8673-6347; Email: lubkowsj@

mail.nih.gov

Authors
Juan Vanegas − Department of Physics, The University of
Vermont, Burlington, Vermont 05408, United States;
orcid.org/0000-0003-1381-1649

Wai-Kin Chan − Department of Bioinformatics and
Computational Biology, The University of Texas M. D.
Anderson Cancer Center, Houston, Texas 77030, United States

Philip L. Lorenzi − Department of Bioinformatics and
Computational Biology, The University of Texas M. D.
Anderson Cancer Center, Houston, Texas 77030, United
States; orcid.org/0000-0003-0385-7774

Biochemistry pubs.acs.org/biochemistry Article

https://dx.doi.org/10.1021/acs.biochem.0c00116
Biochemistry 2020, 59, 1927−1945

1942

https://pubs.acs.org/doi/10.1021/acs.biochem.0c00116?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00116/suppl_file/bi0c00116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00116/suppl_file/bi0c00116_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00116/suppl_file/bi0c00116_si_003.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00116/suppl_file/bi0c00116_si_004.avi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacek+Lubkowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8673-6347
http://orcid.org/0000-0002-8673-6347
mailto:lubkowsj@mail.nih.gov
mailto:lubkowsj@mail.nih.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Vanegas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1381-1649
http://orcid.org/0000-0003-1381-1649
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wai-Kin+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+L.+Lorenzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0385-7774
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+N.+Weinstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://dx.doi.org/10.1021/acs.biochem.0c00116?ref=pdf


John N. Weinstein − Department of Bioinformatics and
Computational Biology, The University of Texas M. D.
Anderson Cancer Center, Houston, Texas 77030, United States

Sergei Sukharev − Department of Biology, University of
Maryland, College Park, Maryland 20742, United States;
orcid.org/0000-0002-4807-9665

David Fushman − Department of Chemistry and Biochemistry,
University of Maryland, College Park, Maryland 20742, United
States; orcid.org/0000-0002-6634-8056

Susan Rempe − Center for Biological and Engineering Sciences,
Sandia National Laboratories, Albuquerque, New Mexico
87185, United States

Andriy Anishkin − Department of Biology, University of
Maryland, College Park, Maryland 20742, United States

Alexander Wlodawer − Macromolecular Crystallography
Laboratory, Center for Cancer Research, National Cancer
Institute, Frederick, Maryland 21702, United States;
orcid.org/0000-0002-5510-9703

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biochem.0c00116

Funding
This project has been funded in part by the Intramural
Research Program of the National Institutes of Health (NIH),
National Cancer Institute, Center for Cancer Research. NMR
instrumentation was supported in part by National Science
Foundation Grant DBI1040158. Additional support was
provided by Cancer Prevention and Research Institute of
Texas Grant RP130397 and NIH Grants S10OD012304-01,
U01CA235510, and P30CA016672.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Dr. Di Zhang for help in purification of the
samples of EcAII used in crystallization and kinetics studies.
Sandia National Laboratories is a multimission laboratory
managed and operated by National Technology and Engineer-
ing Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International, Inc., for the U.S. Department of
Energy’s NNSA under Contract DE-NA-0003525. This work
was supported by Sandia’s LDRD program and performed, in
part, at the Center for Integrated NanoTechnology (CINT).
This paper describes objective technical results and analysis.
Any subjective views or opinions that might be expressed in
the paper do not necessarily represent the views of the U.S.
DOE or the U.S. Government.

■ REFERENCES
(1) Wriston, J. C. (1985) Asparaginase. In Methods of Enzymology,
pp 608−618, Academic Press.
(2) Batool, T., Makky, E. A., Jalal, M., and Yusoff, M. M. (2016) A
comprehensive review on L-asparaginase and its applications. Appl.
Biochem. Biotechnol. 178, 900−923.
(3) Hedstrom, L. (2002) Serine protease mechanism and specificity.
Chem. Rev. 102, 4501−4524.
(4) Epp, O., Steigemann, W., Formanek, H., and Huber, R. (1971)
Crystallographic evidence for the tetrameric subunit structure of L-
asparaginase from Escherichia coli. Eur. J. Biochem. 20, 432−437.
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