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Aspartate  ammonia  lyase  (Asp)  is  one  of three  types  of  ammonia  lyases  specific  for  aspartate  or  its
derivatives  as substrates,  which  catalyzes  the  reversible  reaction  of  l-aspartate  to yield  fumarate  and
ammonia.  In  this  paper,  the  catalytic  mechanism  of Asp  has  been  studied  by using  combined  quantum-
mechanical/molecular-mechanical  (QM/MM)  approach.  The  calculation  results  indicate  that  the overall
reaction  only  contains  two  elementary  steps.  The  first  step  is the  abstraction  of C� proton  of  l-aspartate
by  Ser318,  which  is  calculated  to  be  rate  limiting.  The  second  step  is  the  cleavage  of C� N bond  of  l-
aspartate  to  form  fumarate  and  ammonia.  Ser318  functions  as the  catalytic  base,  whereas  His188  is  a
eaction mechanism
-aspartate.

dispensable  residue,  but its  protonation  state  can  influence  the  active  site  structure  and  the  existing
form  of  leaving  amino  group,  thereby  influences  the activity  of the  enzyme,  which  can  well  explain  the
pH  dependence  of  enzymatic  activity.  Mutation  of  His188  to  Ala  only  changes  the  active  site  structure
and  slightly  elongates  the  distance  of  C� proton  of substrate  with  Ser318,  causing  the enzyme  to  remain
significant  but reduced  activity.

©  2014 Elsevier  Inc.  All  rights  reserved.
. Introduction

Ammonia lyases catalyze the cleavage of C N bonds without
mploying hydrolysis or oxidation mechanisms. Aspartate ammo-
ia lyase, also known as aspartase (Asp, EC 4.3.1.1), is one of the
hree types of ammonia lyases specific for aspartate or its deriva-
ives as substrates [1,2]. It catalyzes the reversible conversion
etween l-aspartate and fumarate, as shown in Scheme 1 [3], and
lays an important role in microbial nitrogen metabolism. In indus-
ry, Asp is used as biocatalyst for the production of l-aspartate,
hich is an important precursor for the synthesis of food additives

nd artificial sweeteners [4]. Asp belongs to the aspartase/fumarase

uperfamily, which is a group of homologous proteins sharing
ommon tertiary and quaternary fold and similar active site archi-
ecture, although the pairwise sequence identities can be as low

Abbreviations: Asp, aspartate ammonia lyase; AspA, aspartate ammonia lyase
rom Escherichia coli; AspB, aspartate ammonia lyase from Bacillus sp. YM55-1;
is188Ala mutant, the alanine mutant of His188; PDB, Protein Data Bank.
∗ Corresponding author at: Northwest Institute of Plateau Biology, Chinese
cademy of Sciences, Xining, Qinghai 810001, China. Tel.: +86 531 88365576;

ax: +86 531 88564464.
E-mail address: yongjunliu 1@sdu.edu.cn (Y. Liu).

ttp://dx.doi.org/10.1016/j.jmgm.2014.05.003
093-3263/© 2014 Elsevier Inc. All rights reserved.
as 15% [5]. Asps have been purified and characterized from a num-
ber of Gram-positive and Gram-negative bacteria. Among them, the
best studied Asps are from Escherichia coli (AspA) and Bacillus sp.
YM55-1 (AspB) [3,4,6–12]. Compared with AspA, AspB has raised
great biocatalytic interest in organic synthesis owing to its high
activity and enantioselectivity, broad nucleophile specificity, rela-
tive thermostability and lack of allosteric regulation by substrates
or metal ions [9,10,12].

Many experimental studies have been conducted to investigate
AspB, and some crystal structures have been obtained [3,4,9–11]. In
2011, G. Fibriansah and coworkers reported the crystal structures
of AspB both in unliganded state and in complex with l-aspartate at
2.4 and 2.6 Å resolutions (PDB code: 3R6Q and 3R6V), respectively
[4]. Similar to other members of aspartase/fumarase superfamily,
the functional unit of AspB is also a homotetramer, as shown in
Fig. 1. The monomeric subunit is composed of three main �-helical
domains: the N-terminal domain (residues 5–139), the central helix
domain (residues 140–393), and the C-terminal domain (residues
394–466). Residues from three different subunits form one active
site, and totally four active sites can be found in a tetrameric

molecule. The SS loop (residues 317–328) from one of the three
subunits closes over the active site when substrate l-aspartate
presents in the active site, therefore, it involves in substrate bind-
ing, as shown in Fig. 2a. It is interesting to note that the substrate

dx.doi.org/10.1016/j.jmgm.2014.05.003
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2014.05.003&domain=pdf
mailto:yongjunliu_1@sdu.edu.cn
dx.doi.org/10.1016/j.jmgm.2014.05.003
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Fig. 1. Overall structure of AspB. Four subunits are colored yellow, blue, red, and
green, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web  version of the article.)
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cheme 1. The reversible reaction of l-aspartate to yield fumarate and ammonia
atalyzed by aspartate ammonia lyase.

-aspartate adopts its energetically unfavorable rotamer in which
he C�, C�, and �-carboxylic atoms are almost coplanar, as shown
n Fig. 2. The reason is that residues in active site form an exten-
ive hydrogen bond network with l-aspartate which can make
-aspartate keep this high-energy state.

These three-dimensional structures provide new insights into
he catalytic mechanism of aspartate ammonia lyase. Previous
tudies indicate that members of aspartase/fumarase superfamily
se the common catalytic strategy as shown in Scheme 2: the gen-

ral base of the enzyme firstly abstracts a proton from the C� atom
f l-aspartate, producing an enediolate intermediate; then, the
� N bond of the substrate cleaves to form fumarate and ammo-
ia, and the cleavage of C� N bond can be facilitated by a general

ig. 2. (a) Superposition of the SS loop of AspB in the unliganded state and in complex
-aspartate, closed conformation). (b) The active site of AspB in complex with l-aspartate
ics and Modelling 51 (2014) 113–119

acid to protonate the leaving ammonia [13–19]. It is suggested that
the substrate l-aspartate adopts a high-energy conformation, in
which a hydrogen bond network is formed between the closed SS
loop and pocket residues, facilitating the formation of enediolate-
like transition state and enediolate intermediate [4]. The important
role of SS loop in catalysis has been proved by the crystal structure
as well as mutant experiments [3,4]. The closure conformation of
SS loop is favorable for the approach of Ser318 to the C� proton
of l-aspartate to abstract it [4]. Mutation of Ser318 to an alanine
demonstrated a complete inactivation of the enzyme. Therefore,
Ser318 is assumed to be functional as a catalytic base. Lys324 is
also suggested to be an essential residue, because mutations at this
position always cause a complete loss of activity. Besides Ser318
and Lys324, another highly conserved residue in this superfamily
is His188. The alanine mutant of His188 (His188Ala) retains a signif-
icant activity and displays an unchanged pH rate profile compared
to wild type AspB. The catalytic importance of other residues such
as Thr101, Ser140, Thr141, Asn142 and Thr187 has also been judged
by site-directed mutagenesis [3].

Although a rough picture of the catalytic mechanism has been
obtained, open questions still remain. The detailed reaction path-
way, the roles of pocket residues, and the energetics of whole
catalytic cycle are still not fully understood. Moreover, His188 is
in proximity to the leaving group (ammonia), which may func-
tion as general acid to protonate the ammonia to help its release.
But experiments indicated that His188Ala still displays a signifi-
cant activity [3], implying His188 is not necessary for C� N bond
cleavage. Therefore, the role of His188 in chemical process and its
role in the releasing step of ammonia are still unclear [5].

In the present work, we employed the combined quantum
mechanics and molecular mechanics (QM/MM)  method to study
the proposed catalytic mechanism of aspartate ammonia lyase
[20–23]. The key point of the QM/MM  approach is to divide the
entire system into two portions, QM region and MM region. The QM
region involving the formation and cleavage of chemical bonds is
described quantum mechanically, while the MM  region represent-
ing the surrounding protein is described by the classical molecular
mechanics. This methodology can take both the chemical reac-
tion occurred in active site and the effect of protein and solvent
environment into consideration, and has been extensively applied
in the studies of enzymatic reaction mechanism [24–28]. Based

on the crystal structure determined by G. Fibriansah, the reaction
models were constructed, and the reaction barriers and energies
were calculated. Moreover, the role of key pocket residues was
illuminated.

 with l-aspartate (yellow, unliganded, open conformation; purple, complex with
 in crystal structure.
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Scheme 2. Proposed catalytic mechanism of aspartat

. Computational details

.1. Computational model

The structure of AspB in complex with l-aspartate was con-
tructed following the crystallographic atomic coordinate taken
rom Protein Data Bank (PDB ID code: 3R6V) [4]. The protona-
ion states of all ionizable residues were determined according
o the experimental condition and their pKa values were pre-
icted by PROPKA 3.1 program [29]. But for the important residue
is188, both the deprotonated and protonated states were con-

idered. Ser318 is assumed to function as a catalytic base, so it
as deprotonated in our models. The protonation states of all

esidues were checked carefully by the VMD  program [30]. The
issing hydrogen atoms were added by means of the HBUILD

acility in the CHARMM package [31]. Each system was sol-
ated into a water sphere with a 46 Å radius in which the water
olecules were treated as TIP3P residues [32]. Then each sys-

+
em was neutralized by adding Na ion at random position. The
repared system was equilibrated with a series of minimizations
nd a 2 ns MD  simulation by using the CHARMM22 force field
33].

ig. 3. QM/MM optimized active structures of reactant (Ra), transition states (TS1a, TS2a), 

re  given in Å.
onia lyase for the reversible l-aspartate dissociation.

2.2. QM/MM calculations

The QM/MM  calculations were performed with the ChemShell
software package [34], which integrates the TURBOMOLE package
[35] for QM subsystem and DL-POLY program [36] for MM  sub-
system. The resulting QM/MM  system has a total of ∼31,000
atoms. The QM subsystem contains the substrate l-aspartate and
some important residues in the active site, including His188 and
Thr187 from chain A, Thr101, Ser140, Thr141 and Asn142 from
chain B, and Ser318, Lys324, and Ser319 from chain C. These QM
atoms were treated with B3LYP functional and 6-31G(d,p) basis set
[24,25,37,38]. All the other atoms were assigned to MM subsys-
tem, which were described at CHARMM22 force field [39]. During
the calculations, the QM atoms and parts of the MM atoms within
a distance of 10 Å from l-aspartate were allowed to move freely
and were fully optimized, whereas the remaining MM atoms were
fixed. The electronic embedding scheme and the hydrogen link
atoms with charge shift model [40] for QM/MM  boundary were

applied in the QM/MM  treatment. There was no cutoff introduced
for the nonbonding MM and QM/MM  interactions. Geometry
optimizations were implemented by Hybrid delocalized internal
coordinates (HDLC) optimizer [41], and a quasi-Newton limited

intermediate (IM1a), and product (Pa) when His188 is in protonated state. Distances
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be found in Fig. 4b and c. The energy barrier for the formation of
IM1a is 11.49 kcal/mol, which is much larger than that of the cleav-
age of C� N bond (5.72 kcal/mol), implying the proton abstraction
by Ser318 to be the rate limiting step of the overall reaction. The
16 J. Zhang, Y. Liu / Journal of Molecular 

emory Broyden–Fletcher–Goldfarb–Shanno (L-BFGS) algorithm
41] was used to search for minima. The prepared QM/MM  sys-
em was employed to search for the optimal energy path with
he QM/MM-scanned energy mapping method. The transition
tates were taken from the highest points on the potential energy
rofile along the reaction coordinate and then optimized with
artitioned rational function optimization (P-RFO) method [41],
hich then checked by further optimization calculations to con-
rm their connections between the corresponding intermediates.
inally, single-point QM/MM  calculations were performed with
arger basis set 6–31++G(d,p) on the 6–31G(d,p) optimized geome-
ries to obtain accurate energies.

. Results and discussion

.1. Structure of enzyme-substrate complex

The initial crystal structure of AspB in complex with l-aspartate
s shown in Fig. 1, and the active pocket with the key surround-
ng residues is shown in Fig. 2b. After a serial of MD  simulations
nd QM/MM  optimization, the final QM/MM  optimized structure,
enoted as reactant (Ra) is shown in Fig. 3. By comparative analy-
is, we see that the relative positions of active residues are similar
o those of crystal structure, and the calculated root-mean-squared
eviations (RMSD) of the QM/MM  optimized structure relative to
rystal structure are only 0.63 Å. The �-amino group of l-aspartate
orms two hydrogen bonds with the side chains of Thr101 and
sn142. The �-carboxylate group makes three hydrogen bonds
ith the side chains of Asn142, Thr187, and Lys324. Further,

he protonated amino of Lys324 forms a salt-bridge with the �-
arboxylate group of l-aspartate, thereby stabilizing the substrate.
oreover, the �-carboxylate group of l-aspartate forms intricate

ydrogen bonds with Thr101, Thr141, Ser319 and �-amino group
f l-aspartate. In addition to its role in substrate binding, this
xtensive hydrogen bonding network appears to be important for
tabilizing the additional negative charge on the coming enedio-
ate transition state or intermediate. The hydrogen bond length
etween Ser318 and the C� proton of l-aspartate is 2.02 Å, which is
avorable for the subsequent proton transfer. All the above bonds
onstruct a large hydrogen bonding network and the substrate
s tightly bound to the active site in its energetically unfavorable
otamer. This structure is used as the initial reactive state for the
M/MM  calculations of the reaction mechanism.

.2. Reaction path

According to the previously proposed catalytic mechanism, we
tudied the reaction details of AspB. On the basis of our calculations,
he overall reaction cycle includes two elementary steps. The first
ne is the proton abstraction of C� atom of l-aspartate by Ser318,
enerating the enediolate intermediate. The next step is the cleav-
ge of C�−N bond of l-aspartate to form fumarate and ammonium
ation.

The optimized structures of transition states (TS1a and TS2a),
ntermediate (IM1a) and product (Pa) are shown in Fig. 3. In TS1a,
he distance between the C� proton of l-aspartate and hydroxyl
xygen ion of Ser318 decreases to 1.19 Å from 2.02 Å in Ra. In IM1a,
his distance further shortens to 1.05 Å to form an O H bond. In
his elementary step, the relative positions of the substrate and
ts surrounding residues are almost unchanged, and the hydrogen
inding network in the active site is well kept. The next step is the

leavage of the C� N bond of l-aspartate. In TS2a, the single C� N
ond weakens from 1.53 Å to 1.92 Å and His188 is still in its proton-
ted state. But in Pa, the protonated His188 has denoted its proton
o the released ammonia with the leaving group is ammoniumion
ics and Modelling 51 (2014) 113–119

(NH4
+) rather than ammonia molecule (NH3). Besides, residue

Ser318 changes its orientation to the �-carboxylate group to form
a hydrogen bond with length of 1.73 Å. We  also note that both the
two carboxylate groups of the substrate rotate about 90◦, leading
the �-carboxylate group to be perpendicular to the �-carboxylate
group. In this state, the hydrogen bond between the �-carboxylate
and Asn142 no longer exists. By comparing the structures of IM1a,
TS2a and Pa, we can see that the cleavage of C� N bond and the
proton transfer from His188 to ammonia molecule take place in a
concerted but not synchronous manner. The beginning of proton
transfer is much later than the cleavage of C� N bond.

The energy profile of the overall reaction is shown in Fig. 4a.
The values in brackets are the results that QM atoms were treated
at the B3LYP/6–31G(d,p) level. To obtain accurate energies, we
performed single-point QM/MM  calculations with larger basis set
6–31++G(d,p) on the 6–31G(d,p) optimized geometries, and the
results are shown without brackets. By comparison, we can see that
the energies depend largely on the basis sets. Similar situation can
Fig. 4. Energy profile of the AspB catalytic process. (a) His188 is in protonated state;
(b)  His188 is in deprotonated state; (c) His188 is mutated to Ala. The values in brac-
kets are the results that QM atoms were calculated at the B3LYP/6-31G(d,p) level,
and the values without bracket are single-point QM/MM calculation results per-
formed with larger basis set 6–31++G(d,p) on the 6-31G(d,p) optimized geometries.
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ig. 5. QM/MM  optimized active structures of reactant (Rb), transition states (TS1
istances are given in Å.

stimated value of the free energy barrier from the experimental
ata is 15.27 kcal/mol [3], which is larger than our calculation result.

n addition, the relative energy of Pa is 41.25 kcal/mol lower than
hat of Ra, meaning this reaction is highly exothermic. The reason
hy this step releases such an amount of heat is mainly due to the

onformational change of the product fumarate. In Pa, the skele-
on of fumarate no longer adopts its high-energy conformation. To
erify this, we fixed the skeleton of fumarate in its high-energy
onformation, the overall reaction is only exothermic by about
0 kcal/mol.

.3. The influence of His188 in deprotonated state on reaction
ath

When His188 is in its deprotonated state, the QM/MM  opti-
ized structure of the reactant (Rb) is shown in Fig. 5. The binding
ode of the substrate and key pocket residues is almost the same

s Fig. 3 except some minor changes of bond lengths. Ser318 still
orms hydrogen bond with the C� proton of l-aspartate with length
f 2.61 Å, which is longer than that in Ra (2.02 Å).

The optimized structures of transition states (TS1b and TS2b),
ntermediate (IM1b) and product (Pb) are shown in Fig. 5. In TS1b,
he distance between the C� proton of l-aspartate and hydroxyl
xygen atom of Ser318 changes to 1.06 Å from 2.61 Å. In IM1b,
he C� proton of l-aspartate has completely transferred to Ser318
ith the formation of an enediolate intermediate. Then, in TS2b

he C�−N bond of l-aspartate elongates to 2.39 Å from 1.58 Å. In
roduct Pb, the leaving group �-amino departs from the enedio-

ate intermediate to form ammonia molecule. During the reaction
rocess, the hydrogen binding mode remains unchanged except a
light twist of Thr101, which adjusts its orientation toward Thr141
o form a hydrogen bond with the hydroxyl oxygen of Thr141 in

he final product (Pb).

The energy profile of the catalytic reaction is shown in Fig. 4b.
ne can see that the energy barrier for the formation of IM1b,

he rate-limiting step, is much higher than that of IM1a (17.93 vs
b), intermediate (IM1b), and product (Pb) when His188 is in deprotonated state.

11.49 kcal/mol). By comparing the structures of Ra and Rb, we  found
that the greatest difference between them is the distance of Ser318
with the C� proton of l-aspartate. In Ra, this distance is only 2.02 Å,
but in Rb it changes to 2.61 Å, which maybe the main reason to raise
the energy barrier. In addition, Pb is 10.42 kcal/mol higher in energy
than that of Rb, meaning this reaction is endothermic. Taking these
results into account, we can conclude that His188 in protonated
state is more favorable for the reaction. This conclusion coincides
with the experimentally pH dependence of the kinetic parameters
of AspB [3]. The authors proposed that a residue with a pKa of 9.8
must be protonated for optimal activity and functions as a general
acid to protonate the leaving amino group [3].

3.4. Analysis of His188Ala mutant

Puthan Veetil et al. had mutated eight active site residues
and demonstrated that most of the mutations led to the mutant
enzymes with reduced or completely lost activities [3]. One excep-
tion is the mutant of His188Ala, which retained significant activity.
To further understand the role of His188 in catalysis, we performed
additional QM/MM  calculations on the basis of His188Ala mutant.
After mutation by VMD, MD  simulation, and QM/MM  optimization,
we obtained the structure of His188Ala mutant in complex with
substrate l-aspartate, which is denoted as reactant Rc, as shown in
Fig. 6.

From the structure of Rc in Fig. 6 we  can see that, compared with
the wild type enzyme (Ra in Fig. 3), mutation of His188 to Ala188
only caused very slight structural changes in the active site. Notably,
the distance between the C� proton of l-aspartate and hydroxyl
oxygen atom of Ser318 changes to 2.47 Å. In the proton abstraction
process, this distance changes to 1.21 Å in TS1c. In IM1c, the C�

proton of l-aspartate is completely abstracted by Ser318 to form
an enediolate intermediate. Then, the C�-N bond of the substrate
cleaved via TS2c to generate the final product (Pc). In Pc, the leaving
�-amino group is in its neutral form (ammonia). Ser318 adjusts its
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ig. 6. QM/MM  optimized active structures of reactant (Rc), transition states (TS1c
re  given in Å.

rientation to form hydrogen bond with the �-carboxylate group
f the substrate.

The energy profile is shown in Fig. 4c. Compared with the wild
ype enzyme, the energy barrier for the formation of IM1c is higher
han that of IM1a but lower that of IM1b (14.14 vs 11.49 and
7.93 kcal/mol), which is in good agreement with experimental
bservation that His188Ala mutant showed reduced activity. In
xperiments, His188Ala mutant has an activity of approximately
7-fold reduction in the catalytic constant (kcat) and a 1.8-fold

ncrease in the Michaelis constant (km), and an approximately 100-
old decrease in the rate constant (kcat/km) [3]. According to the
xperimental data, the estimated free energy barrier of His188Ala
utant is 17.66 kcal/mol, which is well consistent with our calcu-

ated result (14.14 kcal/mol). In addition, the relative energy of Pc
s 14.09 kcal/mol lower than that of Rc, meaning this reaction is
avorable in energy, and the product Pc is relatively stable.

By checking the structures of Ra, Rb and Rc, we  found that the
istances between the C� proton of l-aspartate and hydroxyl oxy-
en atom of Ser318 are exactly proportional to the energy barriers
f the first steps. In Ra, Rb and Rc, these distances are 2.02, 2.61,
.47 Å, which correspond to the energy barriers of the first steps of
1.49, 17.93 and 14.14 kcal/mol, respectively. In Ra and Rb where
is188 is in its protonated state or deprotonated state, due to minor
hanges of the active site structures, the distances between the C�
roton of l-aspartate and hydroxyl oxygen atom of Ser318 change,
hereby influence the energy barriers of the proton abstraction pro-
ess.

The calculation results suggest that His188 is not an absolute
equirement for C� N bond cleavage, but the different protonation
tates of His188 impose different influence on active site structure
nd the leaving of amino group. Ser318 is very important to the cat-
lytic reaction, which functions as a catalytic base to abstract the C�
roton of l-aspartate in the first step. It agrees well with the exper-
ment that mutation of Ser318 to an alanine caused a complete
nactivation of the enzyme [4]. When His188 is replaced by Ala, this
nzyme keeps significant but reduced activity perhaps the active
ite structure was only slightly perturbed, and the leaving �-amino
), intermediate (IM1c), and product (Pc) when His188 is mutated to Ala. Distances

group is the neutral ammonia rather than the ammonium ion. This
dispensable role of His188 was  also found in other members of the
superfamily [5].

4. Conclusions

The catalytic mechanism of aspartate ammonia lyase has been
studied by using combined QM/MM  approach. The calculation
results indicate that the overall reaction only includes two ele-
mentary steps. The first step is the abstraction of the C� proton
of l-aspartate by Ser318, which is calculated to be rate limiting.
His188, Thr187, Thr101, Ser140, Thr141, Asn142, Lys324, and
Ser319 form extensive hydrogen bond network with the substrate,
which plays important role in stabilizing the transition states and
intermediates. Ser318 functions as the catalytic base to abstract
the C� proton atom of l-aspartate. His188 is a dispensable residue,
but its protonation state can influence the active site structure and
the existing form of leaving amino group, thereby influences the
catalytic reaction. Because of the similar reason, the mutation of
His188 to Ala only changes the active site structure and slightly
elongates the distance of C� proton of substrate with Ser318, there-
fore the enzyme remains significant but reduced activity. Besides,
the different protonation states of His188 can influence the exist-
ing form of leaving amino group, which can well explain the pH
dependence of enzymatic activity. These results may  provide useful
information for understanding the catalytic mechanism of AspB.
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