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Abstract: Ab initio quantum mechanical 
model calculations were used in studying 
the acylation and deacylation steps of the 
catalytic mechanism of aspartylglucos- 
aminidase (AGA). AGA catalyses the hy- 
drolysis of an amide linkage between 
oligosaccharide and asparagine by utilis- 
ing an N-terminal threonine as a catalytic 
amino acid. Results are reported for the 
model enzyme reaction at the MP2/6- 
31 + G*//HF/6-31+ G* + AZPE level. 

Contribution of aqueous solvation to the 
relative energies was estimated by using 
the continuum solvation model of 
Tomasi. The serine protease-like catalytic 
mechanism was found to be feasible for 

AGA. The protonated a-amino group of 
the substrate of AGA was suggested to 
enhance the catalysis by stabilising the an- 
ionic oxygen of the substrate, which is 
formed in the reaction, and by lowering 
the pK, of the nucleophilic oxygen of the 
N-terminal threonine. Finally, the similar- 
ities in the catalytic mechanisms of AGA 
and other amidohydrolases were dis- 
cussed. 

1. Introduction 

Aspartylglucosaminidase (AGA) is a lysosomal hydrolase that 
catalyses the hydrolysis of the amide linkage between oligosac- 
charide and asparagine (Scheme l).l11 The mutations of the 
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Scheme 1 .  

AGA amino acid sequence are responsible for the human genet- 
ic disease aspartylglucosaminuria, which causes severe mental 
retardation.", The X-ray crystal structure of human AGA 
complexed with the natural reaction product aspartate has been 
recently determined.['] AGA belongs to the newly recognized 
structural superfamily of N-terminal nucleophilic (Ntn) ami- 
dohydrolases, which use the side chain of the N-terminal amino 
acid as the nucleophile in the catalytic attack on the carbonyl 
carbon of the substrate.[41 The crystal structures of three other 
Ntn hydrolases-penicillin acylase (PA),"] proteasome 

and glutamine PRPP amidotransferase (GAT)[']- 
have been recently determined. Ntn hydrolases share a similar 
three-dimensional fold in which the nucleophile and other cata- 
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lytic groups occupy equivalent sites. The common catalytic 
framework of these enzymes suggest that the four enzymes share 
a common catalytic mechanism.t41 Based on the three-dimen- 
sional structures and biochemical data, the well-known serine 
protease-like catalytic mechanisms['- "I have been proposed 

for the  enzyme^.^^.^^ The N-terminal 
threonine of AGA and PRO. the serine of 
PA, and the cysteine of GAT act as the 
nucleophile and the a-amino group of the 
N-terminal amino acid as the base in the 
catalytic reaction, corresponding to serine 
and histidine, respectively, of the serine 
proteases. Furthermore, the oxyanion 
binding site, the oxyanion cavity, has been 

identified from the structures of Ntn hydrolases. The pH optima 
for the rate of the catalytic reactions are between 7-9 for Ntn 
hydro lase^.^'. ''9 131 This is consistent with the suggestion that 
the a-amino group, where the pK, in aprotein is 6.8-7.9,['"] acts 
as a base in the catalytic reaction. 

In this paper we present the first detailed theoretical study on 
the catalytic mechanism for the hydrolysis of a peptide bond by 
an enzyme utilising an N-terminal amino acid as a catalytic 
group. Specifically, we report the catalytic mechanism for the 
acylation and deacylation steps of AGA-catalysed reactions, 
based on ab initio quantum mechanical model calculations and 
the three-dimensional structure of AGA. Active-site models of 
two different sizes were used. First, the mechanisms of the acyl- 
ation and deacylation steps of the catalytic reaction were calcu- 
lated with a model that comprised the model substrate for- 
mamide, the N-terminal threonine as modelled by 2-amino- 
ethanol, and the oxyanion cavity, as modelled by 3-hydroxypro- 
pionamide (Figs. 1 a and 1 b). Second, to make a more represen- 
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acts here as a base and enhances the nucleophilic char- 
acter of the hydroxyl group. The transfer of the proton 
from the oxygen to the amino group is completed at the 
transition state. TS l a  was calculated to be the highest 
point in the acylation step and the corresponding struc- 
ture TS 2d the highest point in the deacylation step. The 
energetics in Figure 1 are values for isolated active-site 
models, and it is therefore probable that inclusion of 
protein environment in the calculations would lower 
the reaction barriers. In the case of penicillin acylase it 
has been proposed that the transfer of the proton from 
the nucleophilic oxygen to the a-amino group is mediat- 
ed by a bridging water molecule.[s1 In the case of the 
crystal structure of AGA no such water was found in 
the active-site. Furthermore. modelling of the enzyme 
reaction suggested that there is no room for a bridging 
water molecule in the active site. The tetrahedral inter- 
mediate ST2a loses NH, from the model substrate and 
collapses in the acylated enzyme intermediate through 
the transition state TS2a. At TS2a the proton is be- 
tween the nitrogens, and the C-N distance is slightly 
elongated. TS2a was identified at the HF/6-31 +G* 
level. but it disappeared when electron correlation and 
AZPE energies were added. In contrast, the correspond- 
ing transformation (ST2d --* TS Id) in the deacylation 
part of the overall reaction has a small barrier, and the 
C - 0  bond between the oxygen of the attacking water 
and the carbonyl carbon is significant1 longer (1.80 A) 

deacylation step of the reaction is analogous to the acyl- 
ation step, and the energies of the corresponding points 
are rather similar. Inclusion of solvation energies sta- 
bilises the transition states and the intermediates 
ST2a(d) by 10-40 kJ mol-I. The stabilised species 
have ionised catalytic groups and are presumably sta- 
bilised by the protein environment as well. 

2.1. Substrateassisted catalysis: To further elucidate 
the reaction catalysed by AGA we optimised the ge- 
ometry (HF/6-31G*) of the tetrahedral intermediate 

at TSld  than the C-N bond (1.53 x ) at TS2a. The 

= ‘-1 i’ o g -  

20 \0L 

L 

- 
Reaction coordinate 

Reaction coordinate 

Fig. 1. Structures and the relative energies (MP2/6-31 +G*//HF/6-31 +G* + AZPE) of sta- 
tionary points in a) the acylation step and b) the deacylation step of the model catalytic 
reaction of AGA in the gas phase (- - - )and  in solution (-. e =78.3. water). The oxyanion 
cavity in the model is omitted from the Figure. 

tative model of the active site and to include the most important 
interactions in the calculations. we used Nd-methylasparagine as 
the substrate. 

It must be stressed here that, owing to the model nature of the 
calculations, the results reported do not aim to reproduce the 
catalytic reaction within the enzyme. However, the qualitative 
features of the reaction mechanism presented in this paper are 
thought to be representative for the AGA-catalysed reaction. It 
will be shown that a serine protease-like catalytic mechanism is 
feasible both energetically and structurally for the Ntn ami- 
dohydrolases and that the protonated a-amino group of the 
substrate may play an important role in the AGA-catalysed 
reaction. 

2. Results and Discussion 

2.1. Catalytic mechanism: The energies of the stationary points 
and the selected key geometric parameters of the model enzyme 
reaction are shown in Figure 1 a for the acylation step and in 
Figure 1 b for the deacylation step. Both the gas-phase energies 
and the energies including solvation contributions are shown in 
the Figures. In the acylation step of the enzyme reaction the 
nucleophilic oxygen (Oy of Thr183 of AGA) first attacks the 
carbonyl carbon of the substrate (TSla). The a-amino group 

corresponding-to’ ST’2a by using a larger substrate model, Na- 
methylasparagine. The optimized structure is shown in Fig- 
ure 2. top, and the corresponding amino acid residues and the 
reaction product aspartate as taken from the AGA- aspartate 
X-ray structure[31 in Figure 2. bottom. 

As can been seen from Figure 2, the atoms of the N-terminus 
and the oxyanion cavity of the calculated model and the X-ray 
structure are in similar positions. Furthermore, the NH: and 
CO; groups of the model and the aspartate of the X-ray struc- 
ture are located in a similar fashion. It can be seen that all the 
direct interactions between the amide bond, which is cleaved in 
the reaction, and the enzyme are present in the tetrahedral inter- 
mediate model of Figure 2, top. This structure nicely reveals the 
key catalytic interactions and the perfectly arranged catalytic 
machinery of AGA. In addition to the anionic oxygen of the 
tetrahedral intermediate being hydrogen-bonded to the NH and 
OH groups of the oxyanion cavity, it makes a close intramolec- 
ular contact with the protonated a-amino group of the sub- 
strate. The distance between the anionic oxygen and the NH: 
nitrogen is 2.71 A. Such an intramolecular interaction between 
charged groups probably provides a significant amount of tran- 
sition-state stabilisation. A similar intramolecular transition- 
state stabilisation may be important for other asparaginases 
having a free a-amino group. as well. In addition, the NH: 
group of the substrate is close to the nucleophilic oxygen and 
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Fig. 2. Stereo representation of the optimised geometry (HF/6-31 G*) of the tetrahedral intermediate of the acylation step 
using Nd-methylasparagine as a substrate (corresponding to ST2a of Fig. 1 a) (top) and the selected active-site residues 
and the reaction product as taken from the X-ray structure of the AGA-aspartate complex (bottom). 

therefore may enhance the catalysis by lowering the pK, of the 
oxygen by electrostatic effects. Such a role has been proposed 
for the NH; group of lysine of other amidohydrolyses. In the 
active site of proteasome a Lys 33 is in close proximity to the Oy 
of the catalytic threonine. Lys33 is conserved in the proteasome 
family, and the mutation of Lys33 to alanine or arginine pro- 
duces a catalytically inactive enzyme.i6. s] In the case of L-as- 
paraginase the nucleophile threonine[16* 171 and in the case of 
N-carbamoylsarcosine amidohydrolase the nucleophile cys- 
teine["' are probably hydrogen-bonded to NH; group of 
lysine. Figure 2, top, also shows that in the tetrahedral interme- 
diate the N-Ca-Cp-Oy atoms of the N-terminus, and the Cy and 
NG (designation of the atoms is taken from the corresponding 
amino acids) of the substrate form a six-membered ring in a 
chair conformation. The two nitrogens of the ring are in close 
proximity with an N-N distance of 2.76 A. This arrangement 
facilitates the proton transfer between the nitrogens and the 
cleavage of the Cy-NG bond (ST2a + TS 2a + ST 3a). In anal- 
ogy, the addition of H,O to the carbonyl carbon of the acylated 
enzyme intermediate (TS Id) is catalysed by the perfectly posi- 
tioned a-amino group of the N-terminus, which acts as a base, 
and the protonated a-amino group of the substrate which 
stabilises the oxyanion that is formed in the reaction 
(STld+TSld+ST2d) .  

3. Conclusion 
The ab initio quantum mechanical calculations presented here 
suggest that the catalytic mechanism of AGA, and propably 

those of the other Ntn hydrolases, 
too, resembles closely the well- 
know reaction mechanisms of ser- 
ine proteases. However, in the case 
of Ntn hydrolases there is no cata- 
lytic triad present in the active site, 
but an N-terminal amino acid, 
which functions as a nucleophile 
and a catalytic base. In the case of 
AGA, the protonated a-amino 
group of the substrate plays an ac- 
tive part in the catalytic mechanism 
by stabilising the oxyanion that is 
formed in the reaction and, pre- 
sumably, by lowering the pK, of 
the nucleophilic oxygen of the N- 
terminal threonine by electrostatic 
effects. This special feature of the 
catalytic mechanism of AGA, 
which can be described as sub- 
strate-assisted cataly~is,"~~ may be 
responsible for the high catalytic 
activity of AGA, even in acidic pH. 
At pH 5,70% of the AGA activity 
remains.["] This may be important 
for the function of AGA in lyso- 
somes, because although AGA ex- 
hibits a broad pH maximum be- 
tween 7 and 9, the lysosomal 
enzymes usually have an acidic pH 
optimum. 

Computational Methods 
The geometries of the minima and the transi- 
tion states of the model enzvme reaction were 

minimized at the HF/6-31G* and HF/631 +G* level with the Gaussian 94 program 
[21]. The starting structures were constructed by using the X-ray structure of AGA 
[3] as a model. No significant geometrical changes occurred in the geometries during 
the optimisations. Vibrational frequencies were calculated at the HF/6-31 G* level 
to conform with the nature of all the stationary points and to achieve zero-point 
vibrational energies (ZPE). Frequencies were scaled by 0.89. Energies were further 
calculated at the MP2/6-31 +G*//HF/6-31 +G* level. To account for the effect of 
solvation on the energies of the models, the electrostatic solvation energies were 
calculated with the solvation model of Tomasi (22,231 as implemented in the Gaus- 
sian 94 (IPCM-option) [24]. Gas-phase geometries were used in these calculations. 
In the solvation calculations a dielectric constant ( E )  of 78.3 was given for the solvent 
(water) and a value of 0.0004 eB-' was used for the charge density in the determi- 
nation of the cavity boundary. Coordinates and the energies of the optimised struc- 
tures are available from the authors upon request. 
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Deposition of Data from X-ray Structure Analyses 

In order to make life easier for authors and referees, the Cambridge Crystallographic Data 
Centre (CCDC) and the Fachinformationszentrum Karlsruhe (FIZ) have unified their proce- 
dures for the deposition of data from single-crystal X-ray structure analyses. 
From now on, prior to submitting your manuscripts please deposit the data for your 
compound(s) electronically at the appropriate data bank, that is, at CCDC for .organic 
and organometallic compounds and at FIZ for inorganic compounds. CCDC provides a 
checklist (available at fileserv@chemcrys.cam.ac.uk or http:\\www.ccdc.cam.ac.uk); the 
data requested should be sent to deposit@chemcrys.cam.ac.uk. The address for FIZ is 
crysdata@fizkarlsruhe.de. Both data banks will be pleased to provide help (addresses are in 
our Notice to Authors in the July issue of this year). In general, you will receive a depository 
number from the data bank within one working day of electronic deposition; please include 
this number with the appropriate standard text (see Notice to Authors) in your manuscript. This 
will enable the referees to retrieve the structure data quickly if they need the information to 
reach their decision. 
This is now the uniform procedure for manuscripts submitted to the journals Angewandte 
Chemie, Chemische Berichte, Chemistry-A European Journal, and Liebigs Annalen. 
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