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Abstract

Asparaginases are found in a range of organisms, although those found in cyanobacteria have been little studied, in spite of their
great potential for biotechnological application. This study therefore sought to characterize the molecular structure of an L-
asparaginase from the cyanobacterium Limnothrix sp. CACIAM 69d, which was isolated from a freshwater Amazonian envi-
ronment. After homology modeling, model validation was performed using a Ramachandran plot, VERIFY3D, and the RMSD.
We also performed molecular docking and dynamics simulations based on binding free-energy analysis. Structural alignment
revealed homology with the isoaspartyl peptidase/asparaginase (EcAIIl) from Escherichia coli. When compared to the template,
our model showed full conservation of the catalytic site. In silico simulations confirmed the interaction of cyanobacterial
isoaspartyl peptidase/asparaginase with its substrate, 3-Asp-Leu dipeptide. We also observed that the residues Thrl154,
Thr187, Gly207, Asp218, and Gly237 were fundamental to protein—ligand complexation. Overall, our results suggest that L-
asparaginase from Limnothrix sp. CACIAM 669d has similar properties to E. coli EcAIII asparaginase. Our study opens up new

perspectives for the biotechnological exploitation of cyanobacterial asparaginases.

Keywords Comparative modeling - Molecular dynamics - Cyanobacteria - Limnothrix - Asparaginase

Introduction

Asparaginase (EC 3.5.1.1), glutaminase (EC 3.5.1.2), and
glutaminase-asparaginase (EC 3.5.1.38) are aminohydrolases
that catalyze the hydrolysis of asparagine (or glutamine) to
aspartate (or glutamate) and ammonia. These enzymes play
an important role in amino acid metabolism in a range of
organisms. Additionally, they are of great biotechnological
interest given their potential market and applications. L-
asparaginase, for example, is a key component of therapy
for acute lymphoblastic leukemia and other related blood can-
cers [1]; however, its effective clinical usage is complicated by
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its significant glutaminase side activity [2]. L-asparaginase has
also attracted the attention of the food processing industry as a
promising acrylamide-mitigating agent [3].

Asparaginases constitute a diverse group of enzymes pro-
duced by microorganisms, plants, and animals, and include
microbial L-asparaginases and plant L-asparaginases. Based
on their amino acid sequences and structural and functional
homology, microbial L-asparaginases can be divided into three
types: (i) bacterial type L-asparaginases, (ii) plant-type L-
asparaginases, also called type III, and (iii) enzymes similar
to the thermolabile asparaginase from Rhizobiumetli [4].

Bacterial type L-asparaginases are further classified into
types I and II according to their intra- or extracellular locali-
zation, substrate affinity, and oligomeric form [5]. Type I
(cytosolic) have a low affinity for L-asparagine, while type 11
(periplasmic) have a high substrate affinity [6]. Bacterial type
L-asparaginases catalyze the hydrolysis of the amide group of
L-asparagine, producing L-aspartic acid and ammonia, while
plant asparaginases and their bacterial homologs, plant-type
asparaginases, hydrolyze the side-chain amide bonds of aspar-
agine and isoaspartyl dipeptides, resulting in the release of L-
Asp [5, 7].
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Plant and plant-type asparaginases form a subgroup of the
N-terminal nucleophile (Ntn) hydrolase family that differ
structurally from, and have a different evolutionary origin
than, bacterial L-asparaginases [5]. They function as
potassium-dependent or -independent Ntn hydrolases, similar
to the well-characterized aspartyl glucosaminidases with
(«3)2 oligomeric structure [5, 8, 9].

It should be taken into account that almost all of the en-
zyme modification experiments performed so far have been
with L-asparaginases of Eshcerichia coli and Erwinia sp. A
thorough exploration of the microbial world—a source of en-
zymes with various structural and functional properties—
could lead to the discovery of more options for modifying L-
asparaginase and for obtaining L-asparaginases with properties
that better suit their usage in therapeutic and food processing
applications [10]. To the best of our knowledge, data on
cyanobacterial L-aparaginases are scarce. Thus, in this study,
based on theoretical methods, we present the first structural
characterization of a cyanobacterial plant-type L-asparaginase,
as well as an evaluation of its substrate affinity in comparison
to a homologous protein of E. coli.

Material and methods
Target sequence

The target nucleotide sequence in this study (GenBank ID:
KEF43168.1) was obtained from a genomic analysis of the
cyanobacterium Limnothrix sp. CACIAM 69d, which was
isolated from a surface-water sample from the reservoir of
the Tucurui hydroelectric powerplant in Para, Brazil (3°49’
55"S, 49°38'50"W). The sequencing reads were obtained
using a 454 GS FLX platform (Roche, Basel, Switzerland).
After generating contigs, the unique bacterial-type II L-
asparaginase open reading frame (ORF) was predicted by
RAST [11]. Next, its relative nucleotide sequence was
translated into an aminoacid sequence by Geneious 7.0.4
(http://www.geneious.com/) using the bacterial genetic
code. A BLASTX search [12] against the nr database
corroborated the annotation of RAST.

Template selection and comparative modeling

The amino acid sequence (target) we obtained, which
contained 324 residues, was submitted to the Protein Data
Bank (PDB) server [13] in order to search for homologous
structures. The best match we found was relative to an
isoaspartyl aminopeptidase/asparaginase of E. coli
(PDB:2ZAL), which was selected as the template. A member
of the N-terminal nucleophile (Ntn) hydrolase family, this en-
zyme is expressed as inactive precursors that undergo activa-
tion in an autocatalytic manner. The subsequent maturation
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process involves intramolecular hydrolysis of a single peptide
bond, leading to the formation of two subunits (x and {3)
folded into one structural domain, with the nucleophilic Thr
residue located at the free N-terminus of subunit 3 [5, 14].

Alignment of the target and template was performed using
the ESPript 2.2 server [15]. Since the comparison of target and
template indicated total structural conservation at the active
site, similar to Michalska et al. [16], our study focused on the
active site of the Limnothrix sp. CACIAM 69d enzyme.

MODELER v9.16 [17, 18] was used to build structural
models. A total of 100 models were generated based on the
target-template alignment, considering different conforma-
tions; they were then ranked by molecular probability density
function (Molpdf) and DOPE score. After building a model,
automatic loop refinement was used. The models were gener-
ated by satisfying spatial restrictions such as bond lengths,
bond angles, dihedral angles, and interactions between non-
bonded residues [19] before being subjected to validation. The
stereochemical quality of each model was evaluated using a
Ramachandran plot generated by the MolProbity server [20].
The quality of folding was determined by Verify3D [21] and
the root mean square deviation (RMSD) [22] between the
main chain of the template and the target was computed.
Additionally, using the PBEQ-Solver server [23], we built
an electrostatic potential map that revealed electrophilic and
nucleophilic regions.

Molecular docking

Accordingly [24], we used the dipeptide 3-Asp-Leu (code
2564466), which was retrieved from PubChem compound
CID 3549397 [25], as a substrate. Gaussian 09 was employed
to optimize and calculate the RESP charges of both ligands at
the HF/6-31G* level of theory (Table 1) using the AMBER
FF14SP force field. Docking simulations were done using the
Molegro Virtual Docking 5 software [26]. The MolDock scor-
ing function with a grid resolution of 0.30 was used to rank the
solutions, toggling on Internal ES, Internal HBond, and Sp2-
Sp2 torsions. The radius of the search area covered the key
residues of previously described structural domains. Each
docking involved 10 runs, a population size of 100, and a
maximum of 2000 iterations.

Molecular dynamics simulation

The server H++ (http://biophysics.cs.vt.edu/index.php) was
used to determine the protonation state of the protein at a pH
of 7.0. All preparation and production steps in the MD
simulation were performed with the AMBER 12 software
[27]. The force field applied was FF14SB [28, 29].

The four systems were constructed—each with a ligand,
CI ions to neutralize the charges, and TIP3P water molecules
[30]—in an octagonal box with dimensions of 10 A in each
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Table 1  Atom types and the RESP charges of the dipeptide L-Asp-L-
Leu
Atom ID Atom type RESP charge
1 Cl 0.013118
2 C2 —0.363301
3 C3 0.439820
4 H1 —0.003918
5 C4 0.704623
6 01 —0.733686
7 02 —0.733686
8 N1 —0.851078
9 C5 0.763077
10 03 —0.644762
11 Co6 —0.314016
12 Cc7 0.157137
13 H2 0.042117
14 C8 0.716639
15 04 —0.721822
16 05 —0.721822
17 N2 —0.303118
18 C9 0.018772
19 N3 —0.610077
20 C10 1.065995
21 N4 —1.056118
22 N5 —1.056118
23 H3 0.077569
24 H4 0.077569
25 HS 0.103520
26 H6 0.103520
27 H7 0.358799
28 HS8 0.114635
29 H9 0.114635
30 H10 0.263027
31 HI1 0.263027
32 H12 0.083682
33 H13 0.083682
34 H14 0.346797
35 H15 0.484684
36 H16 0.484684
37 H17 0.484684
38 H18 0.484684
39 H19 0.263027

direction of the protein. Energy minimization was performed
in five steps; four of these steps each involved 3000 cycles of
steepest descent and 5000 cycles of conjugate gradient, with
the heavy atoms restrained by a harmonic potential of 1000
kcal/mol AZ. In those four steps, we sequentially minimized
(i) the hydrogen atoms in water molecules, (ii) the water mol-
ecules and ions, (iii) all hydrogen atoms, and (iv) the hydrogen
atoms and water. In the last step (v), we used 5000 cycles of

steepest descent and 30,000 cycles of conjugate gradient and
did not apply restraints. The heating and equilibration stage
was divided into 14 steps. The temperature was gradually
increased until it reached 300 K. Langevin dynamics
(thermostat) were employed with a collision frequency of
3.0 ps . A harmonic potential of 25 kcal/mol A% was
employed during the initial steps and was turned off at step
13. The heating procedure lasted 650 ps until step 13 and was
performed using an NVT ensemble.

Afterwards, a 2-ns equilibration phase was employed in an
NPT ensemble. The SHAKE algorithm was applied to con-
strain the vibrations of all bonds involving hydrogen atoms.
The particle mesh Ewald method was used to calculate elec-
trostatic interactions, with a cutoff value of 10.0 A. 210 ns of
MD simulation were carried out in an NVT ensemble for each
system. The cpptraj module was used to compute the root
mean square deviations (RMSDs) of both trajectories, consid-
ering the heavy atoms of the main chain.

Binding free-energy calculations

To calculate the binding free energies of the enzyme—substrate
complexes, three methods were used: molecular mechanics
generalized Born surface area (MM-GBSA), molecular me-
chanics Poisson—Boltzmann surface area (MM-PBSA) [31],
and solvated interaction energy (SIE). These methods are clas-
sified as “final-stage” methods because they evaluate the en-
ergy difference between two end states of the system: bound
and unbound.

MM-GBSA and MM-PBSA were implemented using the
single trajectory protocol, calculated from each snapshot of
the MD simulation with the receptor separated from the li-
gand, using implicit solvent molecular mechanics to calculate
the free energy. These methods also permit a more accurate
analysis of the contribution of each residue. It is also possible
to decompose the interactions into different terms that de-
scribe the contributions of bonds, angles and dihedrals, elec-
trostatic interactions, van der Waals interactions, and a solva-
tion term that is decomposed into polar and nonpolar parts.
The polar part can be calculated using the generalized Born
method (MM-GBSA) or the Poisson—Boltzmann method
(MM-PBSA). The nonpolar part is the energy needed for the
solute to form a cavity within the solvent [19].

The binding free energy for a protein—ligand system calcu-
lated using PBSA/GBSA can be explored using the following
equations:

AEvm = AEintemal + AEclectrostatic + AEvdw (1)
AGiigand = Geomplex(Gligand + Greceptor ) (2)
AGigms = AH-TAS=AEyny + AGu~TAS 3)
AGs, = AGpp/) + AGsa, (4)
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Fig. 1 Alignment between the target and template sequences ((3-chains). The blue arrows point to the residues that make up the catalytic site. The
regions in red represent the residues that have been conserved, and the blue rectangles highlight residues belonging to the same physicochemical group

where AGiigang represents the binding free energy of the
receptor and the ligand, AEyy is the sum of the electro-
static interactions calculated in the gaseous phase, AGgyy s
the desolvation free energy, TAS is the conformational en-
tropy of the system, AEj,cmal 1S the total energy associated
with the bonds, bond angles, and dihedrals in the mole-
cules, AFjecnostatic 18 the electrostatic energy, E.,qy is the
van der Waals energy term, and AG is the sum of the

Fig. 2 o (translucent) and (3 (orange) chains of the cyanobacterium
homology model with the substrate L-Asp-L-Leu complexed at the
active site

@ Springer

electrostatic (AGpp/cp)) and non-electrostatic (AGga)
components. Desolvation was calculated using implicit sol-
vation models, such as the Poisson—Boltzmann (PB) and
generalized Born (GB) models; these models vary in per-
formance depending on the type of system considered [32].

The SIE was calculated from each snapshot of the MD
simulation with the receptor separated from the ligand.
The result is the sum of the intermolecular van der
Waals interactions, Coulomb interactions, and the changes
in the reaction energy field and nonpolar solvation energy.
An entropy term was not explicitly included in the SIE.
An empirical factor, o, was employed to predict the inter-
action free energy. This factor was obtained by analyzing
99 protein—ligand complexes, and it was included to com-
pensate for the effect of the entropy on the free energy
and thus ensure that the calculated results were close to
the corresponding experimental values [20].

Fig. 3 Root mean square deviation (RMSD) between the target (red) and
template (blue)
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Results

Three-dimensional model of the isoaspartyl
aminopeptidase/asparaginase of Limnothrix sp.
CACIAM 69d

Alignment between the target and template sequences yielded
40% identity, 50% similarity, an e-value of 0.0, and an align-
ment score of 51,2174 (Fig. 1).

The three-dimensional model of the isoaspartyl
aminopeptidase/asparaginase of Limnothrix sp. CACIAM
69d we obtained presented eight 3-sheets and four x-helices
(Fig. 2).

The Ramachandran plot showed that 93.5% of the residues
were in energetically favorable regions, and the Verify3D
analysis showed that 83.95% of residues had mean scores of
at least 0.2, meaning that they were modeled well. Finally,
superposition of the main chains (Co atoms) of the template
and the target yielded a RMSD of 0.28 A (Fig. 3), which
corroborated the structural conservation observed in the target
and template alignment sequences.

Molecular docking

Molecular docking was performed with the dipeptide sub-
strate in both structures. Five poses were obtained after the
docking run, and the best pose was selected according to the
distance of the substrate from, its number of interactions with,
and its affinity energy with the receptor (Tables 2, 3, and 4).

Molecular dynamics

MD simulation runs were performed for the target and tem-
plate complexed with the dipeptide substrate. System stability
was evaluated by calculating the RMSD. The template—sub-
strate complex showed good stability in aqueous solution; the
protein backbone presented RMSD values of around 1.5 A.
On the other hand, the target—substrate complex showed
RMSD values of around 5 A, probably because of its many
loops. Nevertheless, after an initial period of variation, the
system stabilized in terms of binding free energy, with the
substrate remaining stable at the catalytic site (Fig. 4).

Table2  Summary of docking poses of the dipeptide substrate in the target structure. The data for the best pose are shown in bold
No Pose 3D MolDock Score Rerank Score Hbond
0 g)i* -105,108 -72,341 -7,798
1 w -127,794 -89,236 -6,894
2 Q - 109,295 -60,002 -6,717
3 @ -112,071 -63,599 -9,267
4 Vf&f’ -101,653 67,097 5,748
I
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Table 3  Summary of docking poses of the dipeptide substrate in the template structure 2ZAL. The data for the best pose are shown in bold
No Pose 3d MolDock Score Rerank Score Hbond
0 ‘h?)] -129,696 -95,407 -11,260
1 rﬁ -128,761 -101,876 -9,339
)5
2 Y(H:: - 127,665 -94,882 -7,222
3 IZ\ -124,115 -90,051 -11,017
4 -y )J\—’\-'/ -123,086 -92,064 -5,959
/

The average distances of the two protein active-site resi-
dues from the dipeptide substrate during the 100-ns MD sim-
ulation, and corresponding experimental values, are presented
in Table 5. The dipeptide substrate formed hydrogen bonds
with the catalytic threonine that were < 3 A in length.
Additionally, the residues Gly207 (199), Asp218 (210), and
Gly237 (233) in the target (template) showed favorable dis-
tances from the substrate. The main finding of interest was that
both the target and the template presented calculated distances
of the substrate from the catalytic threonine that were shorter
than the corresponding experimental values (>3 A).

Table4 Comparison between the energy scores of the best poses of the
dipeptide substrate in the target and template structures

Template Target
MolDock Rerank HBond MolDock Rerank HBond
-129,696 95,407 —11,260 —105,108 —72,341 =7798

@ Springer

Binding free-energy calculations

The last 10 ns or 5000 frames of the MD simulation were used
to perform binding free-energy calculations. The results
afforded by the MM-GBSA, MM-PBSA, and SIE methods
are presented in Table 6.

Discussion

Our first RAST annotation, confirmed by BlastX, indicated
that the amino acid sequence we obtained was an asparaginase
type 2. However, the functional identification we performed in
the present study characterized our target as a plant-type
isoaspartyl peptidase/asparaginase. L-asparaginase type 2-
like enzymes present a conserved domain, i.e., the active site,
which may affect the correct annotation of an open reading
frame. Thus, our study reinforces the importance of theoretical
analysis to refine the correct annotation of nucleotide se-
quences in genomic analysis [19, 33].



J Mol Model (2018) 24:108

Page 7 of 10 108
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On the other hand, a structural comparison between
E. coli EcAIIl and Limnothrix sp. CACIAM 69d
isoaspartyl peptidase/asparaginase revealed that there
were no significant differences between their active sites
after dipeptide substrate binding. Since the catalytic ac-
tivity of the theoretical model from Limnothrix sp.
CACIAM 69d could not be evaluated by homology

Table 5

20 40 60 80 100
Time (ns)

modeling alone, we also used molecular docking, mo-
lecular dynamics, electrostatic potential mapping, and
binding free-energy tools to unravel the main function
of this asparaginase: L-Asp-L-Leu dipeptide degradation.
Similar results have been reported for other plant-type
asparaginases, although they show higher affinities for
isoaspartyl dipeptides [7, 14, 34].

Average distances of the dipeptide substrate from atoms in the target and template

Residue of the
target (template)

Protein...ligand
interatomic distance

Average calculated value for distance in  Average calculated value for the distance in Experimentally
the target-substrate complex (A)

the template—substrate complex (A) determined

considered distance ¢ (A)
(N66) HD2...03 Not available 1367 Not available
H...04 Not available 1.82% Not available
(R148) OH...05 Not available 2.11°% Not available
T187 (179) 0..02 243% 221° >3 ¢
R215 (207) N2...OH 297% 259% Not available
T154 0..02 2.49% Not available Not available
G206 (199) 0...02 2,677 2.58% >3 ¢
E207 (216) OE2...0 2.80° 2.37 Not available
D218 (210) OD1..N2 291° >2.87° 2.73°

 Hydrogen bond. ® Hydrophobic interaction. ¢ Induced dipole. ¢ Experimentally determined distances for Asp [28]. The residues of interest in the

template are shown in parentheses in the first column

@ Springer
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Table 6 Summary of the binding free energy (AGy;ng) values (in kcal mol ") calculated using the MM-PBSA, MM-GBSA, and SIE methods, as well

as the standard deviation (SD) of and the standard error (SE) in each value

MM-PBSA MM-GBSA SIE

AGying SD SE AGping SD SE AGpina SD SE
Target —24.5831 73951 22566 ~24.8405 5.0070 0.1583 -6.07 0.06 0.29
Template -29.4722 7.4008 0.2339 -30.1363 53162 0.1680 —6.46 0.03 0.42

A number of studies have shown that members of the Ntn
hydrolase family utilize threonine as a nucleophile in dipep-
tide substrate cleavage [14, 16]. Similarly, Limnothrix
isoaspartyl peptidase/asparaginase utilizes the Thr 187 resi-
due, which is the essential catalytic residue. The residue
Gly207 forms a hydrogen bond with the carboxyl group of
the dipeptide substrate, thus keeping it close to the active site.
Residues Asp218 and Gly233 form hydrogen bonds with the
amine group of the substrate via side and main chains, respec-
tively, providing fixation points for the substrate at the active
site. Residues Arg207 and Asp218 also form hydrogen bonds
with the side chain of the substrate [16].

Electrostatic interactions play an important role in biolog-
ical systems [35-37]. In this study, it was observed that
Thr154, Thr187, and Glu207 were crucial residues in the tar-
get system, while Asn66, Arg148, Thr179, and Glu216 were
crucial residues in the template system. Both groups of resi-
dues interact electrostatically with the substrate, stabilizing it
at the active site in preparation for nucleophilic attack by a
threonine [16] (Tables 7 and 8).

Asparagine is an important nitrogen-donating metabolite in
organisms [4], while aspartate is a precursor used in biosyn-
theses of other amino acids such as isoleucine, glycine, and
serine. Thus, the enzyme isoaspartyl aminopeptidase/
asparaginase, the focus of this study, may be involved in var-
ious metabolic paths related to growth and organism develop-
ment [38, 39]. From a biotechnological perspective, aspartate
is employed as a substitute for polyacrylate [40], which is
nonbiodegradable, in the oil, paper, and paint industries [41].
Additionally, in cyanobacteria, isoaspartyl aminopeptidase/
asparaginase is involved in the metabolism of cyanophycin,
acts on the product of the degradation of cyanophycin by
cyanophicinase, producing aspartates that may be used as bio-
degradable polymers which can substitute for polyacrylate in
various applications [40]. Inhibiting isoaspartyl
aminopeptidase/asparaginase along this path results in the ac-
cumulation of cyanophycin dipeptide, which is used as a nat-
ural additive in the pharmaceutical and food industries [42].
Also, optimizing the activity of isoaspartyl aminopeptidase/

Table 7  Results of binding free-energy decomposition based on the MM-GBSA method, focusing on the main residues in the target system

Residue Van der Waals Electrostatic interactions Polar interactions Nonpolar interactions Total energy
force (kJ mol ) (kJ mol ) (kJ mol™h) (kJ mol™h) (kJ mol ™)
Thr154 -0.95 —32.05 28.32 —-0.16 —4.85
Thr187 -1.17 —0.42 —-1.36 —-0.19 -3.15
Gly207 0.37 —32.63 27.78 0.08 —4.55
Table 8 Results of binding free-energy decomposition based on the MM-GBSA method, focusing on the main residues in the template system
Residue Van der Waals Electrostatic interactions Polar interactions Nonpolar interactions Total energy
force (kJ mol ) (kJ mol ) (kJ mol'™h (kJ mol'™h) (kJ mol ™M)
Asn66 -1.22 —6.14 4.26 -0.20 -3.31
Argl48 0.46 —27.63 22.11 -0.12 -5.18
Thr179 0.08 —=30.96 27.34 —-0.11 -3.65
Glu216 0.87 —32.69 27.56 -0.13 —4.39
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asparaginase could lead to improved aspartate production
[42—-44].

Conclusion

The present study is the first to characterize the functional
structure of an asparaginase in a cyanobacterium, in this case
Limnothrix sp. CACIAM69d. The model obtained shows high
similarity to the E. coli asparaginase EcAIII, which is a plant-
type asparaginase. This enzyme catalyzes the hydrolysis of
both L-asparagine and isoaspartyl dipeptides formed during
cell protein metabolism. The results we obtained support the
hypothesis that the target structure has a similar function to
that of the template. Future experiments should attempt to
corroborate the catalytic function of cyanobacterial isoaspartyl
aminopeptidase/asparaginase. Such experiments may include
in silico and in vitro mutagenesis, an important strategy for
exploring the biotechnological potential of cyanobacterial
asparaginases.
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