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Background: Human Nit2/�-amidase is a putative tumor suppressor.
Results:Both the catalytic triad and loop 116–128 of hNit2 play an essential role in the enzyme-substrate binding and enzymatic
activity.
Conclusion:The results ofMD simulations are consistent with the kinetic analysis obtained with substrates �-ketoglutaramate
and succinamate.
Significance: This work provides the basis for new areas of research into tumor glutamine metabolism and hyperammonemic
diseases.

Human nitrilase-like protein 2 (hNit2) is a putative tumor
suppressor, recently identified as �-amidase. hNit2/�-amidase
plays a crucial metabolic role by catalyzing the hydrolysis of
�-ketoglutaramate (the �-keto analog of glutamine) and �-ke-
tosuccinamate (the �-keto analog of asparagine), yielding �-ke-
toglutarate and oxaloacetate, respectively. Transamination
between glutamine and �-keto-�-methiolbutyrate closes the
methionine salvage pathway. Thus, hNit2/�-amidase links sul-
fur metabolism to the tricarboxylic acid cycle. To elucidate the
catalytic specificity of hNit2/�-amidase, we performedmolecu-
lar dynamics simulations on the wild type enzyme and its
mutants to investigate enzyme-substrate interactions. Binding
free energies were computed to characterize factors contribut-
ing to the substrate specificity. The predictions resulting from
these computations were verified by kinetic analyses and muta-
tional studies. The activity of hNit2/�-amidase was determined
with�-ketoglutaramate and succinamate as substrates.Wecon-
structed three catalytic triad mutants (E43A, K112A, and
C153A) and a mutant with a loop 116–128 deletion to validate
the role of key residues and the116–128 loop region in substrate
binding and turnover. Themolecular dynamics simulations suc-
cessfully verified the experimental trends in the binding speci-
ficity of hNit2/�-amidase toward various substrates. Our find-
ings have revealed novel structural insights into the binding of
substrates to hNit2/�-amidase. A catalytic triad and the loop

residues 116–128 of hNit2 play an essential role in supporting
the stability of the enzyme-substrate complex, resulting in the
generationof the catalytic products. These observations are pre-
dicted to be of benefit in the design of new inhibitors or activa-
tors for research involving cancer and hyperammonemic
diseases.

A major route for the metabolism of glutamine in mammals
is its hydrolysis to glutamate catalyzed by glutaminases K and L,
followed by conversion of glutamate to �-ketoglutarate by
transamination or by the glutamate dehydrogenase reaction.
However, mammals also possess another pathway (the gluta-
minase II pathway) for the metabolism of glutamine. In the
glutaminase II pathway, glutamine is transaminated to �-keto-
glutaramate(KGM),3followedby�-amidase-catalyzedhydroly-
sis of KGM to �-ketoglutarate (1–12). Similarly, transamina-
tion of asparagine yields �-ketosuccinamate (KSM), followed
by �-amidase-catalyzed hydrolysis of KSM to oxaloacetate
(1–3). The net reaction of both pathways is shown in supple-
mental Equation S1.
Although glutamine transamination is freely reversible, the

reaction is drawn in the direction of glutamine utilization
because KGM reversibly cyclizes to a lactam (2-hydroxy-5-ox-
oproline) (1, 4, 8) and is a substrate of �-amidase. Under phys-
iological conditions,�99.7% of KGM is in the lactam form, and
only about 0.3% is in the open-chain (substrate) form (8).
�-Amidase has a high affinity for the open-chain form (8, 10,
11).
Nature makes use of the favorable direction of glutamine

transamination to salvage�-keto acids arising through nonspe-
cific transamination reactions and to close the last step of the
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methionine salvage pathway (6, 7) at the expense of glutamine.
In the methionine salvage pathway, �-keto-�-methiolbutyrate
is formed from 5�-methylthioribose. �-keto-�-methiolbutyrate
is then converted tomethionine by the glutaminase II pathway,
thereby linking sulfurmetabolism to the tricarboxylic acid cycle
(11). KSM is unstable and can give rise to a plethora of aromatic
heterocyclic compounds. An additional important role of
�-amidase, therefore, may be to remove potentially harmful
KSM as oxaloacetate, which can then be metabolized through
the tricarboxylic acid cycle (13).
The glutaminase II pathway is of clinical interest, particularly

in regard to liver disease, certain inborn errors of metabolism,
and cancer (14–21). A link between cancer biology and the
glutaminase II pathway has recently been strengthened by the
finding that nitrilase-like protein 2 (Nit2), whichwas previously
shown to be a putative tumor suppressor (22), is identical to
�-amidase (10, 11, 23). On the basis of sequence analysis, Pace
et al. reported that Nit2 belongs to the nitrilase (Nit) superfam-
ily (24, 25). These authors have divided the nitrilase superfamily
into 13 branches. Branch 10 in the Pace and Brenner (24) clas-
sification contains only two enzymes, both of which are found
in mammalian tissues, designated Nit1 and Nit2 (26). All
enzymes of the nitrilase family contain a highly conserved cat-
alytic Glu-Lys-Cys triad in the active site (24, 27). Novo et al.
(28) reported that mutation of any residue of this triad will
result in loss of aliphatic amidase activity in Pseudomonas
aeruginosa. The crystal structures of Caenorhabditis elegans
NitFhit (nitrilase-fragile histidine fusion protein) (25), Saccha-
romyces cerevisiaeNit3 (29), andmouse Nit2 (mNit2) (26) have
been determined. All of the Nit portions of these proteins pos-
sess an�-�-�-� sandwich structure, whereas the tertiary struc-
ture of human Nit2 (hNit2) has not yet been determined.
A number of fundamental techniques have been imple-

mented to probe the microscopic interactions and to under-
stand the mechanisms relating to the association between
ligand andmacromolecule/substrate and cognate enzyme (30).
The following questions concerning hNit2/�-amidase may be
posited. How does the substrate interact with the enzyme to
facilitate the catalytic reaction? When the substrate binds to
hNit2/�-amidase, how does the substrate induce a conforma-
tion change in the enzyme?What are the factors that determine
the substrate specificity? To help answer these questions we
have used molecular dynamics (MD) simulation, which has
proved to be a useful tool for understanding the interaction
between hNit2/�-amidase and substrate and to predict struc-
tural features contributing to molecular recognition.
A homology modeling method was used to construct the

structure of hNit2. We constructed an hNit2-substrate com-
plex by docking andMD simulations to search for the potential
substrate binding site. The substrate binding free energy for
hNit2 was computed to characterize the substrate specificity
for hNit2. The simulation results are consistent with the find-
ings of the enzyme kinetic experiments reported herein; the
enzyme was purified to homogeneity from recombinant wild
type (WT) andmutated hNit2 genes. In addition, we carried out
some inhibitor studies. Because glycylglycine was previously
reported to be a good competitive inhibitor of rat liver �-ami-
dase (3), we used this dipeptide for comparative inhibitor stud-

ies with hNit2/�-amidase. The enzymatic activity of hNit2/�-
amidase was measured in the presence of different substrate
concentrations or various inhibitor concentrations. The kinetic
parameters Vmax, Km, and Ki were obtained by global fitting of
the experimental data.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Kinetic Analysis—The
hNit2 gene was amplified with pFLAG-Nit2 as described previ-
ously (22). It was subcloned into a pQE70 plasmid and trans-
formed in Escherichia coli M15. The catalytic triad mutant
clones (E43A, K112A, and C153A) were prepared with the
QuikChange II site-directed mutagenesis kit (Stratagene), fol-
lowed by use of the pQE-70/M15 expression system to generate
each desired mutant. The construction of the recombinant
hNit2 �346–384 clone and purification of hNit2 �116–128
protein are described in the supplemental Materials andMeth-
ods. Themutagenic oligonucleotides are listed in supplemental
Table S1. The amino acid sequences of WT hNit2 and �116–
128mutant are listed in supplemental Table S2. A single colony
ofWT andmutatedM15[pQE70-hNit2] was inoculated into 25
ml of Luria-Bertani broth containing 100 �g/ml ampicillin and
25 �g/ml kanamycin and was incubated overnight at 37 °C.
Protein overexpression was induced with 2 mM isopropyl
1-thio-�-D-galactopyranoside andmaintained for 6 h; the over-
expressed protein in the crude protein fraction obtained from
the periplasmic fraction was further purified. We chose KGM,
SM, and 3-PPN for assay of the enzymatic activity of hNit2/�-
amidase (11, 23, 31). The proteins were then subjected to
kinetic analysis. Protein concentrations were measured by the
Bradford procedure using bovine serum albumin as a standard.
The apparent kinetic parameters were obtained by nonlinear
regression analysis using the SigmaPlot enzyme kinetic module
1.3 program. The experimental data were best fitted to a com-
petitive inhibition equation,

v �
Vmax[S]

�1 �
�I�

Ki
�Km � �S�

(Eq. 1)

where [S] and [I] are the substrate and inhibitor concentration,
respectively, and Ki is the inhibition constant for the enzyme-
inhibitor complex. Detailed construction, purification, and
kinetic analysis methods are described in the supplemental
Materials and Methods and supplemental Figs. S1–S5).
Molecular Modeling of the hNit2 Structure—A homology

modeling method (32) was used to construct the tertiary struc-
ture of hNit2. First, the BLAST program was used to search for
template proteins from the Protein Data Bank. From a compar-
ison of these template proteins, a structure that has the highest
sequence identity with the lowest E-value was chosen as the
template. Next, a sequence alignment of the template and the
hNit2 sequences by the ClustalW program was performed, fol-
lowed by a structure-based sequence alignment using the Pro-
file-3D program (33). Based on the sequence alignment, the
MODELLER program (32, 34–36) was used to build themodel,
followed by energy minimization. All molecular visualizations
and graphics were carried out using the VMD program (37).

Kinetics and MD Simulation of hNit2/�-Amidase

25716 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 31 • JULY 27, 2012

http://www.jbc.org/cgi/content/full/M111.259119/DC1
http://www.jbc.org/cgi/content/full/M111.259119/DC1
http://www.jbc.org/cgi/content/full/M111.259119/DC1
http://www.jbc.org/cgi/content/full/M111.259119/DC1
http://www.jbc.org/cgi/content/full/M111.259119/DC1
http://www.jbc.org/cgi/content/full/M111.259119/DC1
http://www.jbc.org/cgi/content/full/M111.259119/DC1
http://www.jbc.org/cgi/content/full/M111.259119/DC1


Structural similarities were estimated from the root mean
square deviation (RMSD).
Docking and Molecular Dynamics Simulation—To identify

substrate binding modes in the catalytic cavity of hNit2, we
performed docking by the Autodock Vina program (38). This
approach permits an evaluation of scoring function during the
docking process, so that asmany conformations as possible can
be detected. The minimum scoring value indicates the most
likely conformation. Based on these results, the complex struc-
ture of hNit2 docked with substrate was selected as a starting
structure for the MD simulation. The initial substrate struc-
tures were generated by the InsightII (Molecular Simulations
Inc.) package, and the charges were calculated using the
GAMESS (40) program.AllMDsimulationswere performedby
using the NAMD program (41) and the CHARMM27 force
field (42). Each form of hNit2 structure was minimized and
then solvated with TIP3P (43) water molecules in a 80 � 80 �
80-Å3 cubic box with 150 mM KCl ionic strength. Energy min-
imization and 40-nsMDwere applied to equilibrate the system.
A periodic boundary condition and particle mesh Ewald algo-
rithm (44) were applied, and the non-bonding cut-off was set at
14 Å. The simulation was carried out under an NPT ensemble
at 300 K and 1 atm.
Binding Free Energy Calculation by theMolecularMechanics

Poisson-Boltzmann Surface AreaMethod—The binding affinity
between hNit2 and substrates (i.e. KGM, KSM, and SM) was
computed by using the molecular mechanics Poisson-Boltz-
mann surface area (45)method. The binding free energy�Gbind
of substrate to enzyme is calculated according to Equation 2.

�Gbind � �Gsub-enz � 	�Gsub 
 �Genz� (Eq. 2)

If �GX represents the free energy of species X, it can be calcu-
lated from Equation 3.

�GX � EMM � �Gsolv � T�S (Eq. 3)

EMM is the molecular mechanical energy obtained from the
equation, EMM � EInternal 
 EvdW 
 Eelec, where EInternal, EvdW,
and Eelec are the internal energy of the molecule, the non-
bonded interaction energy from the van derWaals interaction,
and electrostatic interaction, respectively. The solvation free
energy (�Gsolv) represents the polar free energy (�Gpolar) and
the nonpolar free energy (�Gnonpolar) of solvation; the polar
part is calculated by the APBS program (46), and the nonpolar
part is calculated from the equation,

�Gnonpolar � � 
 � � �A (Eq. 4)

In Equation 4, �A is the solvent-accessible surface area change
of the molecule (47), the parameter � is 0.92 kcal/mol, and � is
0.00542 kcal/mol Å2 (45). For the solute entropic contribution
to the system (T�S), �S is calculated by normal mode analysis
with the CHARMM (48) program, and T is temperature in
Kelvin.
Circular Dichroism (CD) Spectral Analysis—CD spectra

were recorded by means of a JASCO J-810 spectropolarimeter
equipped with a 0.1-cm quartz cuvette. All reported spectra are
the average of 10 scans. The percentage of protein secondary

structure was analyzed by accessing the DichroWeb Web site
(39).
Fluorescence Spectroscopy—All intrinsic fluorescence meas-

urements of WT hNit2 and each mutated hNit2 protein were
carried out on a PerkinElmer LS508 luminescence spectrome-
terwith an excitationwavelength of 280 nm.The excitation and
emission slits were set at 5.0 and 10.0 nm, respectively.

RESULTS

Purification and Confirmation of Expression of hNit2 and Its
Mutants—The various proteins were overexpressed in the
M15[pREP4] system for the production of the hNit2-His6
fusion protein (hereinafter referred to simply as hNit2) and
then were subjected to 12% SDS-PAGE followed by staining
with Coomassie Brilliant Blue. A single band for each form of
hNit2 (WT and single-point mutants) with a mass of about 32
kDa and that for the �116–128 mutant with a mass of 30 kDa
are shown in Fig. 1A. Purified WT hNit2 or �116–128 protein
was subjected to 12% SDS-PAGE, and the protein band was
excised and trypsinized. LC/MS/MS spectral analysis showed a
highly significant probability that the protein overexpressed in
E. coli is indeed hNit2 and hNit2 �116–128 mutant (see sup-
plemental Fig. S6).
hNit2/�-Amidase-catalyzedHydrolysis of KGMandHydrox-

aminolysis of SM—We chose KGM, SM, and 3-PPN for a
detailed study of the substrate specificity of highly purified
recombinant hNit2. Homogeneous (as judged by the criterion
of SDS-PAGE) hNit2 exhibited considerable �-amidase activ-
ity. The highest specific activity among the compounds studied
as substrates (at saturating substrate concentration) was exhib-
ited by SM, followed by KGM. The preparation exhibited no
detectable catalytic activity toward 3-PPN at pH 8.0 as assessed
by a sensitive ammonia assay. The activities toward KGM and
SM were also determined at different concentrations of sub-
strates and inhibitor glycylglycine, and the kinetic parameters,
Vmax,Km, andKi, were obtained by global and best fitting of the
experimental data, as shown in Fig. 1, B and C.
Kinetic analyses showed Vmax and Km values for KGM to be

30.3 � 1.7 �mol/min/mg and 0.0027 � 0.0004 mM, respec-
tively, and showed the corresponding values for SM to be 169�
6 �mol/min/mg and 10.9� 2.4 mM, respectively (Table 1). The
calculation for the Km exhibited toward KGM takes into
account the finding that only 0.3% of KGM is in the open-chain
(substrate) form, whereas 99.7% is in a lactam (inactive) form
(8). Moreover, interconversion between the two forms is OH�-
catalyzed (8). The pH of the buffer (pH 8.5) and the amount of
enzyme present in the assay mixture were such that the rate of
ring opening was not rate-limiting. Evidently, under the assay
conditions employed, hNit2 shows relatively higher affinity for
KGM but higher catalytic activity with SM.
When the assay with either KGM or SM was conducted in

the presence of varying amounts of glycylglycine, competitive
inhibitor kinetics were noted (Fig. 1, B and C). The Ki values
exhibited toward glycylglycine in the presence of KGM and SM
were found to be 5.6� 0.7 and 6.1� 1.2mM, respectively. These
values are similar to that reported previously (5mM) for rat liver
�-amidase when KGM was used as substrate (3).
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Kinetic Analyses of hNit2 Mutants—Three catalytic triad
mutated hNit2/�-amidase proteins, namely E43A, K112A, and
C153A, did not exhibit any detectable �-amidase activity when
enzymatic assayswere performed using 100mM succinamate as
substrate, compared with the activity of the WT hNit2; the

�116–128 mutant exhibited less than 3% of the activity exhib-
ited by the WT enzyme (Fig. 1D).
hNit2 Model—Amultiple sequence alignment of hNit2 with

the sequences of representative proteins of the nitrilase super-
family, including examples from mice, yeast, C. elegans, Pyro-
coccus horikoshii ot3, and Agrobacterium sp. was constructed,
showing that hNit2 (residues 1–276) shares a high degree of
sequence homology with other family members (Fig. 2). The
highest sequence identity is 89% between hNit2 and mNit2.
Remarkably, a structure-based sequence alignment revealed
that hNit2 and mNit2 are highly similar with a Z-score value of
49.5. Accordingly, the crystal structure of mNit2 (Protein Data
Bank entry 2w1v) (26) was taken as the template to construct
the tertiary structure of the dimeric and monomeric forms of
hNit2 (Fig. 3, A and B). The monomeric structure of the hNit2
was optimized and followed by MD simulation to maximally
satisfy the spatial restraints. Note, however, that theC terminus
(residues 261–276) of the monomeric hNit2 structure changes
to a random coil after MD simulation (Fig. 3B). The evidence is
due to the lack of a stabilizing �-sheet formed from the dimeric
interface interaction. The surface electrostatic potential repre-
sentation of hNit2 is shown in Fig. 3C.
Structural alignment of the hNit2 model with the crystal

structure of mNit2 shows an RMSD value of 0.94 Å. Structur-
ally, the hNit2 monomer is composed of seven � helices, 12
anti-parallel � strands, and one loop (residues 116–128); the
catalytic site is located in the deep cleft covered with the loop
116–128, consisting of a �-turn-�-structure (Fig. 3B). A com-
parison of the structures shows that this loop 116–128 is in a
closed conformation for the mNit2 (Protein Data Bank entry
2w1v) (26) and in an open conformation for the Nit portion of
C. elegans NitFhit (Protein Data Bank entry 1ems) (25). An
open conformation for the loop 116–128 is required to allow
substrate access to the hNit2 catalytic pocket. Therefore, we
constructed an open conformation for hNit2 based on the loop
conformation of theC. elegansNitFhit. The loop conformation
changes from an initial open state A (purple) to a semiopen
state C (orange) after a 40-ns MD equilibration (Fig. 3B). Our
analysis demonstrated that the loop 116–128 undergoes a lip-
likemotion afterMD simulation. The loop acts as a gate. Open-
ing of the gate results in an enzymatically active form of hNit2.
Structural Comparisons of hNit2/�-Amidase Mutants with

theWT Protein—To elucidate the role of each mutated residue
and the deleted loop 116–128, it is essential that the mutant
hNit2 structures do not undergo major structural changes as a
result of the mutation. Importantly, CD spectral analysis indi-
cates that the secondary structures of the WT hNit2 and the
�116–128 mutant are similar; the percentages of �-helix,
�-strand, and random loop domains in theWThNit2 are about
26, 34, and 40%, respectively, whereas the percentages for the
�116–128mutant are 26, 33, and 41%, respectively, as shown in
supplemental Fig. S7. TheCD spectra of the three catalytic triad
mutants and the �116–128 mutant did not show any gross
protein misfolding compared with that of the WT hNit2/�-
amidase protein (also see supplemental Fig. S7). Moreover, flu-
orescence spectra show that the emissionmaxima at 335 nm of
WT hNit2 and each of the mutants are not altered, as shown in
supplemental Fig. S8. Taken together, both the CD and fluores-

FIGURE 1. Gel electrophoresis and enzyme kinetic analysis. A, 12% SDS-
PAGE analysis of recombinant hNit2 and mutants eluted with 200 mM imid-
azole through a nickel-nitrilotriacetic acid column, respectively. An aliquot
(20 �g) of each purified protein was applied to individual lanes. B and
C, enzyme kinetic analysis of hNit2/�-amidase activity. The graphs are shown
with the Lineweaver-Burk plot. B, �-ketoglutarate formation in the presence
of varying concentrations of KGM and 1 �g of enzyme. The reactions were
carried out at 37 °C in the presence of 100 mM Tris-HCl buffer, pH 8.5, for 3 min.
The concentration of KGM (1.5–20 �M) is that of the open-chain form (note
that the interconversion between open-chain (substrate) and lactam struc-
tures is very rapid at pH 8.5 (8) and, at the concentration of enzyme used (1 �g
in a 20-�l assay mixture), is not limiting for enzyme activity). C, succinyl
hydroxamate formation in the presence of 100 mM hydroxylamine, 1 �g of
enzyme, and varying concentrations of SM (20 –120 mM) in 50 �l of reaction
mixture. The reactions were carried out for 3 min at 37 °C in the presence of
100 mM potassium phosphate buffer, pH 7.2. Each assay was carried out in the
presence of 0 mM (F), 10 mM (E), 20 mM (�), or 30 mM (ƒ) glycylglycine.
Results are shown as the mean � S.E. of three repeats. The solid lines are the
best fit by the competitive inhibition equation. D, enzymatic activity of WT
hNit2/�-amidase and various mutants. The assay mixture (50 �l) contained
100 mM SM, 100 mM hydroxylamine, and 0.5 �g of protein in 100 mM potas-
sium phosphate buffer, pH 7.2. Each mixture was incubated at 37 °C for 3 min,
followed by measurement of succinyl hydroxamate. Error bars, S.E.
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cence spectral data confirmed that there are no significant sec-
ondary structural changes associated with the hNit2 mutants
relative to the WT protein.
Analysis of Conformational Changes at the Catalytic Active

Site of hNit2—The catalytic triad (Glu43, Lys112, and Cys153) of
hNit2 is located in the proximal pocket (Fig. 3B). The spatial
positioning of the catalytic triad residues and the lid region

116–128 are important factors in the activity of hNit2. To
examine the effect of mutation on the conformation of the
pocket, the distances between the triad residues were calcu-
lated, and the results are shown in Fig. 4A and supplemental Fig.
S9. These distances are important determinants in the stabili-
zation of the enzyme-substrate complex during the catalytic
reaction. For hNit2 and the�116–128mutant, the average dis-

TABLE 1
Kinetic data exhibited by hNit2/�-amidase and mouse �-amidase toward various substrates
All of the kinetic data for hNit2/�-amidase were determined in triplicate at 37 °C and are reported as means � S.E.

Substrate Vmax kcat Km kcat/Km

�mol/min/mg s�1 mM s�1 M�1

hNit2/�-amidase
KGM (pH 8.5) 30.3 � 1.7 16.1 � 0.9 0.0027 � 0.0004 6.1 � 106
SM (pH 7.2) 169 � 6 89.7 � 3.4 10.9 � 2.4 8.3 � 103

Mouse �-amidasea
KGM (pH 8.5) 32.0 � 4.0 17.5 � 2.2 0.195 � 0.023 (�0.0006)b 89.7 � 103 (�29.7 � 106)b
KSM (pH 7.2) 2.1 � 0.1 1.15 � 0.05 0.003 � 0.001 385 � 103
SM (pH 7.2) 3.6 � 0.5 2.0 � 0.3 0.23 � 0.03 8.7 � 103

a Data are from Ref. 10 (at 30 °C).
b Corrected for the open-chain (substrate) form of KGM (0.3%) (8).

FIGURE 2. Sequence alignment of hNit2 and selected homologous nitrilase superfamily proteins. NP_064587 is the hNit2 sequence from the NCBI. Other
sequences were obtained from the Protein Data Bank. Identical residues in aligned sequences are highlighted; the catalytic triad residues are boxed.
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tances of OE1 (Glu43)–NZ (Lys112), OE2 (Glu43)–S (Cys153),
and NZ (Lys112)–S (Cys153) are relatively short, and the hydro-
gen bondOE1 (Glu43)–NZ (Lys112) is preserved during 90 ns of
simulation. However, for the E43A and K112A mutants, the
average distances of CB (Ala43)–NZ (Lys112) and CB (Ala112)–S
(Cys153) are increased dramatically, resulting in a loss of hydro-
gen bonding, an enlargement of the catalytic pocket, and a
decrease in the substrate binding affinity. In the key step of the
�-amidase enzymatic reaction, Cys153 plays a crucial role as a
nucleophile by attacking the carbonyl carbon of the substrate
amide group, a process promoted by Lys112. In the case of the
C153A mutant, there are no apparent distance changes among
the active site triad residues, but the nucleophile role of Cys153
has been removedwith total loss of enzyme activity. The spatial
positioning of the catalytic triad in hNit2 changes little in the
presence of water molecules, but in the mutants there is a large
change in the positioning. The size of the catalytic pocket was
also estimated from the number of water molecules required to
fill the pocket along with the MD simulation for hNit2 and its
mutants (Fig. 4B and supplemental Fig. S10). For the E43A,
K112A, and �116–128mutants, the pocket size is much bigger
than that ofWT hNit2 and the C153Amutant. Structural anal-
yses showed that thesemutants (E43A, K112A, and�116–128)
enlarge the size of the pocket, thereby decreasing the substrate
binding affinity with concomitant loss of activity. Kinetic anal-

ysis indicated that these are inactivatingmutations. The RMSD
of the backbone atoms for eachmutant was calculated (supple-
mental Fig. S11). The result shows that the core structure,
lacking the loop 116–128, N terminus (residues 1–4), and C
terminus (residues 245–260), remained intact during MD
simulations.
Simulation of Substrate Binding to hNit2—The structures of

three substrates KGM, KSM, and SM, and the partial charges at
pH 7.2 for each atom are shown in Fig. 5. A 40-ns MD simula-
tion was performed for each hNit2-substrate complex. The dis-
tances between the triad residues for each complex and the
RMSD of the backbone atoms were calculated to ascertain
whether the hNit2-substrate complexes are stable (Fig. 6A and
supplemental Figs. S9 and S11). The findings showed that,
without including the loop 116–128 and the N-terminal and
C-terminal regions, the RMSD of the main structure is around
1.0 Å, which means that the conformation of hNit2 remains
stable in the hNit2-substrate complexes. The loop 116–128,
however, undergoes a significant change when substrate is
bound, with the value of the RMSD larger than 1.0 Å. How does
the substrate binding induce the conformational change of
hNit2? The difference of the root mean square fluctuation for
the equivalent residues between hNit2 and hNit2-substrate
complex was calculated (Fig. 6B). Remarkably, the flexibility of
the loop 116–128 is dramatic in the hNit2-substrate complex,

FIGURE 3. Structures of hNit2/�-amidase. Shown are dimeric (A) and monomeric (B) hNit2 structures. In B, the catalytic triad (Glu43, Lys112, and Cys153) is
shown in a stick representation and is color-coded according to atom type. �-Helix, �-sheet, and coil regions are shown in red, yellow, and gray, respectively. The
loop in a closed state B (green) in the conformation of hNit2 shown here is based on the known crystal structure of mNit2. The loop in an open state A (purple)
is based on the crystal structure of the Nit portion of C. elegans NitFhit fusion protein. The loop in a semiopen state C (orange) is derived from a 40-ns MD
simulation. C, surface electrostatic potential representation of the monomeric hNit2. Positive, negative, and neutral charges are colored blue, red, and white,
respectively.
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but this loop becomes much less flexible in hNit2, as a result of
a salt bridge interaction between Asp117 and Arg157 stabilizing
the loop conformation. In the hNit2-substrate complex, the

substrate occupies the catalytic cavity and breaks the salt bridge
interaction, leading to a higher freedom of the loop 116–128,
whereas residues His187, Tyr154, and Arg157 interact directly
with substrate. The effect ofmutation on themotion of the loop
116–128 was simulated. The conformation of the loop became
much wider than the open state in the K112A mutant, but for
the E43A and C153A mutants, the loop remained in a state
similar to that exhibited by hNit2.
Remarkably, in hNit2, the simulation showed that one water

molecule is juxtaposed between Glu43 and Lys112 and forms
hydrogen bonds with both residues at 53 ns of MD time (sup-
plemental Fig. S9a). A similar result was observed with the
hNit2-KGM complex during 4.5–13.5-ns MD time, the water
molecule disrupting the hydrogen bond OE1 (Glu43)–NZ
(Lys112), leading to an increased distance between Glu43 and
Lys112. Once the water molecule has departed from this region,
the side chains of both Glu43 and Lys112 return to their initial
positions (supplemental Fig. S9e). Indeed, both the substrate-
free and substrate-bound forms of hNit2 display a highly spatial
conservation of the catalytic triad during the MD time course.
In future work, it will be important to determine whether the
hydrogen bonds between the water molecules and triad resi-
dues participate in the catalytic mechanism and stabilization of
the transition state.
Simulated docking of three substrates (KGM, KSM, and SM)

to E43A, K112A, C153A, and �116–128 mutants was also per-
formed. However, these simulations were difficult to perform,
because, unlike the casewith hNit2, these substrates reside only
fleetingly in the active site of the hNit2mutants compared with
residence time in the wild type enzyme. Therefore, the sub-
strate binding free energy cannot be calculated for these
mutants of hNit2. The simulation results are consistent with
the mutational experiments, which revealed that these muta-
tions severely decrease the affinity of hNit2 for the substrate.
3-PPN was found to bind very poorly in the catalytic pocket of
thewild type hNit2, and, as a result, the free energy of binding of
this compound to hNit2 was also not calculated.
Comparison of the hNit2 active site structure with three

binding substrates (KGM, KSM, and SM) and two non-binding
substrates (Gln and Asn) is shown in Fig. 7A. (The binding
mode of KSM is based on literature values for Km and Vmax (3
�M and 2.1 �mol/min/mg, respectively, at pH 7.2 and 30 °C)
published previously for mNit2/�-amidase (10).) The active
site cavity is formed by residues Glu43, Lys112, Phe116, Asp117,
Asp119, Glu128, Cys153, Tyr154, Arg157, Thr183, His187, and
Tyr216. KGM forms hydrogen bonds with Lys112, Cys153,
Glu128, Arg157, and His187 (Fig. 7B). A water molecule is inter-
posed between Glu43 and KGM and leads to hydrogen bond
formation betweenGlu43 andCys153. The amide group of KGM
directly interacts with Glu128, which replaces the role of Glu43,
and forms a hydrogen bond with KGM. KSM is an analog of
KGM that is shorter than KGM by one methylene group. The
amide group of KSM is oriented toward Glu43 and forms a
hydrogenbondwithOE2 (Glu43). The carboxyl groupofKSM is
stabilized by Arg157 and Thr183 through formation of hydrogen
bonds (Fig. 7C). For SM, the binding mode is similar to that of
KGM, except that the lack of an �-keto group results in the
absence of hydrogen bonding to Arg157 (Fig. 7D). As a result,

FIGURE 4. Analyses of the catalytic triad cavity. A, average distances of OE1
(Glu43)–NZ (Lys112), OE2 (Glu43)–S (Cys153), and NZ (Lys112)–S (Cys153) for the
hNit2, hNit2-substrate complexes, and �116 –128; the average distances of
CB (Ala43)–NZ (Lys112), CB (Ala43)–S (Cys153), and NZ (Lys112)–S (Cys153) for
E43A; the average distances of OE1 (Glu43)–CB (Ala112), OE1 (Glu43)–S (Cys153),
and CB (Ala112)–S (Cys153) for K112A; the average distances of OE1 (Glu43)–NZ
(Lys112), OE1 (Glu43)–CB (Ala153), and NZ (Lys112)–CB (Ala153) for C153A. B, the
number of water molecules estimated to fill the active site cavity of WT hNit2
and mutants. In each case, the data were calculated from MD simulations for
WT hNit2, mutants, and substrate-bound proteins, respectively. Error bars, S.E.

FIGURE 5. Structures and partial charges of three substrates: KGM (open-
chain form), KSM, and SM.
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the binding affinity to hNit2 for SM is weaker than that for
KGM. In addition, the average distances between the Cys153
sulfur and the carbon atom of the amide groups of KGM, KSM,
and SM are 3.95, 3.65, and 4.22 Å, respectively; the distance
trend is a contributing factor to the binding affinity.
Our calculations suggest that the docked substrate induces a

structural change in hNit2 to enhance the nucleophilicity of the
Cys153 sulfhydryl. Lys112 forms a hydrogen bond with the car-

bonyl oxygen of the substrate amide, stabilizing the hNit2-sub-
strate complex. The average distance between the �-amino
nitrogen (NZ) of Lys112 and the carbonyl oxygen (O) of the
substrate amide for the three substrates, KGM,KSM, andSM, is
�2.70 Å. The �-amino group of Lys112 is a general base and
participates in hydrogen bonding during the catalytic reaction.
One oxygen (OE1) of the �-carboxyl group of Glu43 is close
enough to the �-amino group (NZ) of Lys112 to form a salt

FIGURE 6. Structural analysis of the hNit2, hNit2-substrate complexes, and �116 –128 mutant. A, RMSD of the hNit2 backbone atoms (residues 1–260)
(white bar) and that of a structure lacking the loop (residues 116 –128), N terminus (residue 1– 4), and C terminus (residues 245–260) (black bar). The C terminus
(residues 261–276) of the hNit2 monomer is a random coil and is not calculated. B, profiles of the difference of root mean square fluctuation for each residue
of the hNit2-substrate complexes. The substrates are KGM (a), KSM (b), and SM (c). The reference structure is hNit2 in which substrate is not present in the active
site. Error bars, S.E.
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bridge. For the KSM complex, the other carboxyl oxygen (OE2)
of Glu43 stabilizes substrate binding via a hydrogen bond with
the amide group nitrogen of the substrate. These hydrogen
bonds are very important for the stabilization of the hNit2-
substrate complex for the catalytic reaction. However, for the
KGM and SM complexes, Glu128 plays a role similar to that of
Glu43, forming a hydrogen bond with the substrate to enhance
the binding affinity. Thus, the orientation of the amide group of
the three substrates studied here depends on interactions with
Glu43 and Glu128. The deprotonated Glu43 may act as a base
by removing a proton from Cys153, thereby increasing its
nucleophilicity.
In nature, separate enzymes are used to hydrolyze glutamine

(glutaminase K and L), asparagine (asparaginase), and KGM/
KSM (�-amidase) despite the fact that the substrates are of
similar size. However, there may be overlap in specificities
between some asparaginases and glutaminases. Meister et al.
(2) noted that partially purified rat liver�-amidase has no activ-
ity with glutamine or asparagine, a finding that we have verified
with purified hNit2/�-amidase. To determine the mechanism
for this remarkable selectivity, we investigated the simulated

docking of glutamine and asparagine to the active site of hNit2.
Docking scores for glutamine and asparagine binding to hNit2
were compared with those for KGM, KSM, and SM (Table 2).
The results show that docking scores for both glutamine and
asparagine are better than those for the three substrates. How-
ever, the molecular orientations of glutamine and asparagine
within the active site pocket are not conducive to catalysis. The
amide groups of glutamine and asparagine are directed away
from the catalytic triad and oriented toward Asp117 and Tyr216
to form hydrogen bonds with these residues (Fig. 7, E and F).
For this reason, hNit2 cannot effectively hydrolyze glutamine
and asparagine.
Free Energy of Substrate Binding to hNit2—Because the bind-

ing free energy between hNit2 and substrate is an important
determinant for substrate specificity, we have computed the
binding free energy of hNit2 with three substrates, separately.
In addition, the binding free energy and correlation of individ-
ual energy terms with the experimental affinities were analyzed
in order to better understand the mechanism(s) driving the
formation of the hNit2-substrate complex. Our computed
energy components to the binding free energies are listed in

FIGURE 7. Binding modes of three substrates and two non-substrates in the hNit2 catalytic cavity. A, structural alignment of five hNit2 complexes.
Substrates are KGM (B), KSM (C), and SM (D). Non-substrates are Gln (E) and Asn (F). The carbon (green), oxygen (red), nitrogen (blue), and polar hydrogen (white)
atoms of the substrates are shown in a ball-and-stick representation. Hydrogen bonding is shown in orange, and distances are indicated by a number in Å. A
water molecule (W) is shown in a ball-and-stick representation and color-coded by atom type. These structures were taken from the last 20-ns MD trajectories.
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Table 2. We found that the SM and KSM substrates display the
lowest and highest binding affinities toward hNit2, with bind-
ing free energies of �16.9 and �20.6 kcal/mol, respectively.
Comparison of the KSM and SM structures revealed that the
replacement of a methylene (-CH2-) by a keto group (-C(O)-)
adjacent to the terminal carboxylate enhances substrate bind-
ing affinity, thus leading to a tighter binding of KSM relative to
SM. KGM has one more extended carbon (methylene) relative
to KSM. The binding free energy for KGM is 3.3 kcal/mol
weaker than that for KSMbut is 0.4 kcal/mol stronger than that
for SM. Two energy components were considered as an aid to
identifying a potential substrate candidate, namely the non-
bonded interaction energy and the solvation free energy. In
our present calculations, the non-bonded interaction energy
(�Eelec 
 �EvdW) has a high correlation coefficient R2 value of
0.98, but the nonpolar solvation free energy has a lower corre-
lation coefficientR2 value of 0.90. Therefore, our results suggest
that the non-bonded interaction is the dominant contribution
to stabilization of the hNit2-substrate complex.
Upon binding of substrate, the hNit2-substrate complex is

stabilized through a balance between the favorable entropy
change of binding due to hydrophobic interactions and the
unfavorable entropy change of binding due to loss of conforma-
tion freedom. The compensation of �Eelec and �Gpolar results
in a major contribution to the binding affinity. For example, it
costs more for KSM in electrostatic energy to bind to hNit2
thanKGMand SM, but the desolvation penalty is large forKSM
to offset the Coulombic interaction energy. Our analysis of
binding components shows that the non-bonded van derWaals
(�EvdW) and nonpolar solvation free energies (�Gnonpolar) also
drive binding for the three substrates.

DISCUSSION

In this study, we have employed both mutational analysis in
the catalytic triad and �116–128 mutants andMD simulations
to validate the enzymatic activity of hNit2/�-amidase and sub-
strate binding affinity. The point mutations in the loop 116–
128, in theory, can be of many combinations. Therefore, to
avoid this complexity, we have constructed a mutant in which
the whole of the lid region (i.e. 116–128) is experimentally
deleted in hNit2. The structural intactness of the �116–128
and three catalytic triad mutants was examined by CD and flu-
orescence analyses. The results show that there are no signifi-

cant structural differences among the mutants and WT hNit2.
In accord with the results from the enzymatic analysis of the
�116–128mutant and theMD simulations, these studies show
that the loop 116–128 plays an essential role in supporting the
stability of the enzyme-substrate complex, resulting in the gen-
eration of the catalytic products.
Hersh (8) previously showed that the �-ethyl and �-methyl

esters of �-ketoglutarate are excellent substrates of rat liver
�-amidase. He also showed that the propyl, ethyl, and methyl
monoesters of glutarate are substrates, as are the ethyl and
methylmonoesters of succinate (8). Finally, he also showed that
various aromatic �-esters of glutarate are substrates of the rat
liver enzyme (9). The glutarate and succinate monoesters were
found to be less effective substrates than the �-ethyl and
�-methyl esters of �-ketoglutarate (8, 9). In later work, Jaisson
et al. (10) showed that the �-ethyl ester of �-ketoglutarate
is also an excellent substrate of themouse enzyme. In summary,
the “preferred” substrates for mammalian �-amidases thus
far characterized conform to the general structure,
�O2CC(O)(CH2)nC(O)(NH2 or OR), where n � 1 or 2 and OR
is part of an aliphatic or aromatic ester. The -C(O)- grouping in
the �-position may be replaced with a -CH2- grouping but less
effectively. However, the -C(O)- grouping cannot be replaced
with a -CH(NH2)- grouping, as in glutamine and asparagine.
In the present work, the Km values reported from the exper-

imental work for KGM and SM with hNit2/�-amidase are in
good agreement with the binding affinities calculated from the
MD simulation. Furthermore, the binding affinities from our
MDsimulation for three substrates (KGM,KSM, and SM) show
an excellent correlation with the Km values previously pub-
lished for mNit2/�-amidase (10), and the trend is in the order
KSM 
 KGM 
 SM (Table 1). A higher binding affinity leads
not only to a higher Ka (association constant) but also to a lower
Km. Our results show that the Km for KGM is lower than that for
SM. The apparent Km of KGM (not determined at pH 7.2) at pH
8.5 formNit2/�-amidasewas reported to be 0.195mM (10). How-
ever, the fact that the open-chain (substrate) form only represents
0.3% of the total KGM in solution (9) indicates that the true Km

exhibited by themouse enzyme toward KGM is �0.6 �M.
Catalytic Efficiency—Enzymatically active hNit2 is a homo-

dimer (11). The exact Mr of the hNit2 monomer used in the
present study is calculated to be�31,914 based on its translated

TABLE 2
Average energy contributions to the binding free energies for hNit2/�-amidase and the substrate amides (KGM, KSM, and SM) and nonsubstrate
amides (Gln and Asn)
Energy units are expressed as kcal/mol. Errors are given as S.E. The Ka units are expressed as M�1. The association constant (Ka) is 10��Gband/2.303RT, where R is the gas
constant and T is the temperature in Kelvin. R2 is the correlation coefficient.

Docking scorea Docking orientationb �Eelec �EvdW �Gpolar �Gnonpolar �T�S �Gbind Ka

Substrate amide
KGM �5.1 Proper �14.4 � 0.2 �9.6 � 0.1 �2.6 � 0.2 �10.9 � 0.1 20.1 � 0.6 �17.3 � 0.2 4.3 � 1012
KSM �4.9 Proper �56.2 � 0.1 �6.1 � 0.1 37.5 � 0.1 �12.6 � 0.1 16.7 � 0.5 �20.6 � 0.2 1.1 � 1015
SM �4.1 Proper �22.3 � 0.2 �8.6 � 0.1 4.8 � 0.2 �10.1 � 0.1 19.3 � 0.5 �16.9 � 0.2 2.1 � 1012

R2 � 0.98 R2 � 0.98 R2 � 0.98 R2 � 0.90 R2 � 0.96 R2 � 0.98
Nonsubstrate amidec
Gln �4.8 Improper
Asn �4.8 Improper

a The minimum value for the docking score was calculated by means of the AutoDock Vina program (42).
b If the amide group (-C(O)NH2) orients toward the catalytic triad, the orientation is referred to as proper; if not, the orientation is referred to as improper.
c Gln and Asn are included in the table for comparison of docking scores with those of substrates.
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recombinant sequence and the presence of aHis6 tag in pQE70.
Assuming that each monomer of dimeric hNit2 is catalytically
competent and independent of the other subunit, then under
substrate saturating conditions, the turnover numbers per
monomer for KGM(pH8.5) and SM (pH7.2) are 16.1� 0.9 and
89.7 � 3.4 s�1, respectively at 37 °C. The catalytic efficiency
(turnover number/Km) is, however, 3 orders of magnitude
greater for KGM (6.1� 106 s�1 M�1) than for SM (8.3� 103 s�1

M�1). These values may be compared with those reported pre-
viously by Jaisson et al. (10) for KGM, KSM, and SM as sub-
strates of mNit2/�-amidase. Catalytic efficiency values for
KGM (pH 8.5), KSM (pH 7.2), and SM (pH 7.2) at 30 °C
reported by Jaisson et al. (10) are�29.7� 106 (corrected for the
open-chain form), 385 � 103, and 8.7 � 103 s�1 M�1, respec-
tively. mNit2/�-amidase has a high affinity for KSM but a rela-
tively low turnover rate with this substrate. It should be noted
that it is not possible to obtain a meaningful Km value for KGM
at pH 7.2 because at this pH, the rate of ring opening is rate-
limiting for theamountof enzymerequired forkinetic analysis (8).
Moreover, the hydroxylamine used in the present kinetic study
with SM as substrate is a much better nucleophile than is water.
This is exemplified by themuch higherVmax reported in the pres-
ent work for SM (�169 �mol/min/mg, pH 7.2, 37 °C, hydroxyla-
mine as attacking nucleophile) than that reported by Jaisson et al.
(10) for SM (3.6 �mol/min/mg, pH 7.2, 30 °C, water as attacking
nucleophile). It is clear from the present work that hNit2/�-ami-
dase catalytic efficiency values are in the order KGM 
 SM.
Although the enzyme is classified as a member of the nitrilase

superfamily, hNit2/�-amidase was not expected to have nitrilase-
like activity. Indeed when 3-PPN was evaluated as a substrate, no
ammonia production could be detected in the assay system in this
study. The cysteine residue in the active site is not positioned for
nucleophilic attack on the carbon of the nitrile moiety.
Conclusion—In the present studies, MD simulations have

successfully verified the experimental trends in the binding
affinities of hNit2/�-amidase to various substrates. Extension
of this work may suggest new strategies for engineering hNit2
to modulate and/or extend its substrate specificity. It will be
important to determinewhether the putative tumor suppressor
properties of hNit2 are related to the �-amidase activity or
whether hNit2 is a bifunctional protein with separate �-ami-
dase and tumor suppressor domains. Our new findings should
provide an impetus formore detailed clinical studies of KGMand
stimulate more interest in understanding the biological roles of
hNit2/�-amidase.Moreover, in future studies, itwill be important
to understand the biochemical mechanisms leading to elevated
KGMinhyperammonemicdiseases (seeRefs. 14–16).Wesuggest
that further MD simulation studies may aid in the design of new
inhibitors or activators that will be useful in research involving
cancer and hyperammonemic diseases.
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