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Abstract: Ab initio quantum mechanical (QM) and molecular dynamics (MD) methods have been used to study the
catalytic mechanism of aspartylglucosaminidase (AGA)-catalyzed hydrolysis of an amide bond. QM active-site
models were used to calculate the reaction sequences of the acylation and deacylation parts of the catalytic reaction
at the MP2/6-31G*//HF/6-31G* level. MD simulations, in which the structures of the active sites were constrained
to the geometries obtained from the QM model calculations, were carried out for all the species of the reaction
sequence. Structural information from the MD simulations was used in the subsequent QM calculations in which
the charge distribution of the protein environment and solvent was included as a set of atomic point charges. These
QM calculations provided an estimate of the effects of the protein environment on the energetics of the catalytic
reaction. The reaction mechanism was also simulated using a continuum model for the aqueous solvent, in order to
differentiate general stabilization of polar and ionic groups from specific stabilization by enzyme groups. Using the
results of our QM and MD simulations, we present a detailed mechanism of AGA-catalyzed hydrolysis reactions.
The catalytic mechanism of AGA was found to be similar to the well-known mechanism of serine proteases. A
novel feature of the mechanism of AGA is that AGA useg @ N-terminal threonine as a nucleophile and the
o-amino group of the terminus as a base in the catalytic reaction. These calculations showed that the protein
environment differentially stabilizes the transition states of the reaction. The key transition state-stabilizing residues
were Asp47, Lys207, and Arg211. Water molecules made a large contribution to the stabilization of the deacylation
part of the reaction. In addition, we discuss how the catalytic nucleophile is activated in the case of AGA and other
enzymes with similar catalytic machineries.

Introduction detailed catalytic mechanism of AGA is still largely unknown.
AGA belongs to the newly-recognized structural superfamily
of N-terminal nucleophile (Ntn) amidohydrolas&sThe other

Ntn hydrolases identified so far are penicillin acylase (PR),
proteasome (PRGY, and glutamine-PRPP-amidotransferase
(GAT).12 The enzymes of the superfamily share similar three-
dimensional folds and have analogies in their functional mode.
They also have similar architectures of their active sites with
corresponding catalytic elements arranged in analogous tvays.
On the basis of the X-ray structures and biochemical studies,
the well-known serine protease-like catalytic mecha#tst

fias been suggested for Ntn amidohydrold8és.A recentab
initio quantum mechanical study on the AGA-catalyzed reaction
supported the idea that the serine protease-like catalytic mech-
anism is feasible for Ntn amidohydrolasés.

Aspartylglucosaminidase (AGA) is a lysosomal enzyme that
catalyzes the cleavage Nflinked oligosaccharide chains from
asparaginé.
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AGA is a medically interesting enzyme because mutations in
the protein amino acid sequence cause the genetic diseas
aspartylglucosaminurig? A recently determined X-ray struc-
ture® and mutationdt® and other biochemical studies® have
shed light on the functional properties of AGA. However, the

T Permanent address: Department of Chemistry, University of Joensuu,
P.O. Box 111, FIN-80101, Joensuu, Finland.

® Abstract published idvance ACS Abstractdanuary 1, 1997.

(1) Mononen, |; Fischer, K. J.; Kaartinen, V.; Aronson, N. N.FASEB
J. 1993 7, 1247-1256.

(2) lkonen, E.; Aula, P.; G, K.; Tollersrud, O.; Halila, R.; Manninen,
T.; Syvanen, A.-C.; Peltonen, LProc. Natl. Acad. Sci. U.S.A.99], 88,
11222-11226.

(3) Oinonen, C.; Tikkanen, R.; Rouvinen, J.; Peltoner\&ture, Struct.
Biol. 1995 2, 1102-1108.

(4) Tikkanen, R.; Riikonen, A.; Oinonen, C.; Rouvinen, J.; Peltonen, L.
EMBO J.1996 15, 2954-2960.

(5) Riikonen, A.; Tikkanen, R.; Jalanko, A.; PeltonenJLBiol. Chem.
1995 270, 4903-4907.

(6) Fisher, K. J.; Klein, M.; Park, H.; Vettese, M. B.; Aronson, N. A,,
Jr. FEBS Lett.1993 323 271-275.

(7) Kaartinen, V.; Mononen, T.; Laatikainen, R.; MononenJ.|Biol.

(9) Brannigan, J. A.; Dodson, G.; Duggleby, H. J.; Moody, P. C. E;
Smith, J. L.; Tomchick, D. R.; Murzin, A. QNature1995 378 416-419.

(10) Duggleby, H. J.; Tolley, S. P.; Hill, C. P.; Dodson, E. J.; Moody,
P. C. E.Nature 1995 373 264-268.

(11) Lowe, J.; Stock, D.; Jap, B.; Zwickl, P.; Baumeister, W.; Huber, R.
Sciencel995 268 533-539.

(12) Smith, J. L.; Zaluzec, E. J.; Wery, J.-P.; Niu, L.; Switzer, R. L,;
Zalkin, H.; Satow, Y.Sciencel994 264, 1427-1433.

(13) Warshel, A.; Naray-Szabo, G.; Sussman, F.; Hwang, Bik-
chemistry1989 28, 3629-3637.

(14) Daggett, V.; Schmer, S.; Kollman, PJ. Am. Chem. Sod 991,
113 8926-8935.

(15) Warshel, A.; Russell, S. Am. Chem. S04986 108 6569-6579.

(16) Nakagawa, S.; Yu, H.-A.; Karplus, M.; Umeyama,foteins1993
16, 172-194.

(17) Kraut, J.Annu. Re. Biochem.1977, 46, 331—358.

Chem.1992 267, 6855-6858.
(8) Kaartinen, V.; Williams, J. C.; Tomich, J.; Yates, J. R. lll; Hood, L.
E.; Mononen, 1.J. Biol. Chem.1991 266, 5860-5869.

S0002-7863(96)02896-X CCC: $14.00

(18) Fersht, A. REnzyme Structure and Mechanisd. H. Freeman &
Co.: New York, 1985.
(19) Per&yld, M; Rouvinen, JChem. Eur. J1996 2, 1548-1551.

© 1997 American Chemical Society



1190 J. Am. Chem. Soc., Vol. 119, No. 6, 1997 Rgtaand Kollman

a)
i 1515
1.332 0 1.388 O 0 0 1.207
ANH 1.220 RNH 1.269 1.488 ANH o R
. i \:<R‘ ANH - 1:320 13671 ~~ /1312 ANH,
— o\ gz T 1449 R — o4 }" ta32| R e 1.299
NH, HO NH A NHyst O NH,t O NH, O
1,893
1a TS1a I2a TS2a i3a
1.879
b) 1197 wo o 0 1.346 O 1326 0
R .. 1.442 :
mo © 1.412H/ . /1336 HO 1.300 HO\'<1A'222 HO 1182
1314] —eta18) 1361 R raz| R e P e R
NH, O NHy* O NHy* O NH,* 4 ~0 NH, HO
\__ 1923 \_/
d TS1d 12d Tsa2d 13d

Figure 1. Reaction sequences of the (a) acylation and (b) deacylation steps of the AGA-catalyzed hydrolyses of an amide bond. Selected geometric
parameters calculated at the HF/6-31G* level are shown.

A novel feature of the catalytic machineries of the Ntn a) \co
amidohydrolases is that the nucleophile, which attacks the I
carbonyl carbon of the scissile amide bond, and the base, which NH 2 Gly2as
facilitates the attack by accepting the proton from the nucleo- CHa WN/CHz_
phile, are located in the sani:terminal amino acid. In the Thr234 o |

case of AGA and PRO the nucleophilic residue iskheerminal
threonine, in the case of PA, serine, and in the case of GAT, s
the N-terminal cysteine. The neutral-amino group of the
N-terminal amino acid, corresponding to histidine of the serine
proteases, is thought to act as a base in the catalytic mechanisms
of Ntn amidohydrolases. This is supported by the fact that the
pH optima of the rate of the catalytic reactions are between 7
and 9 for these enzymé&492° The oxyanion binding site (i.e.,
oxyanion hole) has also been identified from the structures of
Ntn amidohydrolases. Since PRO catalyzes the hydrolyses of
amide bonds of structurally diverse peptid&=? this type of
catalytic machinery represents a new fifth type of protedke
earlier discovered serine protease, cysteine protease, metallo-
protease, and aspartic protease being the first¥our.

In this work we have investigated the catalytic mechanism
of the AGA-catalyzed hydrolysis of an amide bond by applying
ab initio quantum mechanical (QM) and molecular dynamics H.
(MD) methods. We have first calculated the reaction sequences
of the acylation and deacylation parts of the enzyme-catalyzed
reaction (Figure 1) utilizing a QM model of the protein’s active
site (Figure 2). The QM model consisted of the model substrate,
N-terminal amino acid, and oxyanion hole. This model is large
enough to include all the direct interactions that are present atFigure 2. (a) A schematic picture of the active site of the AGK-
the active site of AGA between the scissile amide bond and ace_g"%'qcofﬁm'”‘?'alspt"?"ag'”? (t:r?mpllex.t Atc:”t'.s S.h‘t)wn 'tr.' bold were

. . omitted In € calculations o € electrostatic Interaction energies
the _enzyme. Second, in order to stu_dy the effect pf the protein between the active-site atoms and the protein environment. (b) Acgtlive-
e.nVIron.ment on the .enzyme .reactlon, we ,C,amed out MD site model used in the QM calculations of the enzyme reaction.
simulations for all the intermediates and transition states of the

reaction. Structural information from the MD simulations was  and detailed description of the protein environment, we present
used in the subsequent QM calculations in which the charge 3 getajled model of the mechanism of AGA-catalyzed cleavage
distribution of the protein was included as a set of atomic point of an amide bond. Since the Ntn amidohydrolases share similar
charges. These calculations provided an estimate of the effectgynctional and structural properties, this study, in addition to

of the protein environment and water on the energetics of the revealing the mechanism of the AGA-catalyzed reaction, can

enzyme-catalyzed reaction. be taken as a representative model for the enzymes belonging
On the basis of the computer simulations, which included a to the Ntn amidohydrolase superfamily.

reasonably accurate QM description of the active-site region
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The initial coordinates of AGA were obtained from the X-ray crystal
structure of human lysosomal AGA complexed with the natural reaction
product aspartate determined at 2.0 A resolutiofihe quaternary
structure of AGA is a heterotetramer with two identical heterodimer
halves. In order to reduce computer time, MD simulations were done
using a heterodimer half of the protein. QM calculations of the enzyme
reaction were done using an active-site model which was comprised
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of the model substrat®d-methylasparagineN-terminal threonine Thr183 and attack the carbonyl carbon of the acyl-enzyme intermediate.
(Thril83), as modeled by 2-aminoethanol, and the oxyanion hole, as This was done by constraining the distance between the water hydrogen
modeled by 3-hydroxypropionamide (Figure 2). The starting structures and N of Thr183 to 2.0 A and the distance between the water oxygen
of the QM calculations were based on the active-site geometry of the and carbonyl carbon of the covalent intermediate to 2.0 A. Earlier
X-ray structure and the earli@b initio QM calculations of the AGA- three-dimensional Laue crystallography studies of tryidsamd MD
catalyzed reactiof? Ab initio quantum mechanical calculations were  simulations of the acyl-chymotrypsin intermedidteave indicated the
done with the Gaussian 94 progrdThe geometries of the species  attacking water would be located at this position prior to attacking the
studied (Figure 1) were optimized at the HF/6-31G* level, and the carhonyl carbon of the acyl-enzyme intermediate. Finally, in the
energies were further calculated at the MP2/6-31G*//HF/6-31G* level. enzyme-reaction product complex3d) the product was kept in the

Earlier calculations on the AGA-catalyzed reaction have shown that gctive site by a distance constraint of 3.0 A between theoDThr183
this level produces results that are similar to those found at the MP2/ ;g G of the product asparagine.

6-31+G*//HF/6-31+G* level *° Although the earlier calculations were
done with a substrate model lacking the Ntand CQ™ tails of the

substrate, the geometries and the locations of the transition states ar A spherical 20 A £ TIP lecul q
similar in the two studies. The effect of aqueous solvation on the © MOve. A spherica cap of TIPSRwater molecules centere

energetics of the model enzyme reaction was estimated by using the®" the & of Thr183 was added, and harmonic forces of 1.5 kcal/(mol
continuum solvation model of Toma&i as implemented in Gaussian ~ A-) Were applied to any water leaving the 20 A boundary. The
94 (IPCM option of Gaussian). In these calculations the solute cavity SHAKE®*°algorithm was used to constrain the positions of hydrogens
is determined from the electron density of the solute. A dielectric i the MD simulations. The simulations were performed at 300 K using
constant¢) of 78.3 (water) and the gas-phase geometries were used in @ Nonbonded cutoff of 10 A and time step of 1 fs. The protein system,
the solvation calculations. which had a total charge 6f7.0, was neutralized by adding Nans

The MD calculations were done for all the species of the acylation in the positions of the largest negative electrostatic potential using
and deacylation pathways with the AMBER version23.dsing the program CION of the AMBER package. All the Néons were located
Cornellet al. force field20 Parameters faK-acetylglucose, which was ~ at least 20 A from the active site.
used as a glycan moiety of the substrate, were taken from the work of  The optimized gas-phase structureslaf andl1d, the first structures
Woodset al3* The van der Waals and torsion parameters of the active- of the acylation and deacylation parts of the reaction, respectively, were
site atoms, which were comprised of the same atoms as in the gas-first built at the active site of AGA. After Naions and the waters
phase calculations (Figure 1b), were taken from the corresponding were added, the energy of the system was minimized for 2000 cycles
amino acids of the Cornedt al. force field. The point charges of the  using the conjugate gradient method. The initial MD simulations of
active-site atoms were calculated with the RESP method using the gas-30 ps at 300 K were done for the models. These structures were used
phase optimized geometri#s. In the MD calculations the bond  as starting points in the 130 ps MD simulationslb& andi1d. The
distances and angles of the active-site atoms were constrained to thestructure ofila from the 30 ps simulation was used in building the
corresponding quantum mechanically calculated values with large force initial models for the other species of the acylation part of the catalytic
constants (1000 kcal/(mol#for bond distances and 200 kcal/(mol  reaction. In analogy, the 30 ps structurelbd was used in building
raf) for angles). In addition, in order to keep the substrate in a proper mqdels for the species of the deacylation part. These initial models
position at th(_e active site during the MD S|mu|at|ons,_ several distances \qre first minimized, and 30 ps equilibrium simulations were run. After
were constrained iflla, I3, 11d, andI3d by harmonic forces of 10,51 130 ps MD simulations were performed. Structures at 70, 90,

kcal/(mol A9). In the Michaelis complex Qf the enzymeubstrate 110, and 130 ps were taken from the 130 ps simulations and used in
system [1a) the substrat§-N-acetylglucosamine-asparagine was kept the subsequent QM calculations in which the electrostatic interaction

n aproductlvg_blndlng geometry by constraining the distances between energies between the active site and the protein environment were
the nucleophilic oxygen (@ of Thr183) and the carbonyl carbon of calculated

the substrate to 2.5 A and the distance between the hydroxyl hydrogen ) ) o .
and a-amino nitrogen of Thr183 to 2.1 A. In this position, the The active-site models, similar to those used in QM gas-phase
nucleophilic O is ready to attack the carbonyl carbon and the hydrogen Calculations but lacking the GHgroup bonded to the amide nitrogen

is suitably positioned to be transferred to the basegtanino group of the model substrate (Figure 2b), were cut from the enzyligand

of Thr183. Inl3a the distance corresponding to the cleaved amide Systems and terminated with hydrogens. All the residues which had
bond was constrained to 3 A. The purpose of this constraint was to atoms within 12 A and water molecules which had atoms within 14 A

In the MD simulations only the residues which contain atoms within
élz A of the nucleophilic oxygen of the-terminal Thr183 were allowed

prevent the glycan moiety from leaving the active sitel1ththe water from the O/ of Thr183 were included as point charges in the QM
molecule which hydrolyzes the covalent intermediate was kept in a calculations. In order to avoid artifacts which might arise from the
position where it is ready to deliver its proton to lkeamino group of short distances between the QM atoms and point charges, several protein

atoms which were directly bonded to the atoms of the QM active site
(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;  were not included as point charges in the quantum mechanical
Johnson, B. G.;. Robb, M. A; Cheeseman, J. R.; Keith, T. A.; Petterson, G. caicylations. These were the main chain amides (CONH) of Thr183

£+ Montgomery, J. 2. Rachavacharl, K Al Laham, M. A Zakizewsk, 54 234, @H, group of Gly235, and C1, H1, and 06 atoms of the

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, w.: carbohydrate ring. These atoms are shown in bold in Figure 2a.
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Charges from the Cornedit al. force field® were used for the protein
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head- atoms. The point-charge model had a total charge 2D which was

ﬁgrd‘igé'\s/"; Gonzales, C.; Pople, J. Baussian 94Revision B.3., Gaussian e tralized by increasing the charges on the carboxylate oxygens of

(26) Tomasi, J.; Persico, MChem. Re. 1094 94, 2027-2094. Glu42, Asp81, and Asp238 by 0.5e. The carboxylate groups of these

(27) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117— amino acids were the negatively charged groups furthest awag (
129. _ ) A) from the active site in the point-charge model. Point-charge

(28) Wiberg, K. B.; Rablen, P. R.; Rush, D. J.; Keith, T.JAAm. Chem. calculations were done with Gaussian®2The electrostatic interaction

Soféé?%i;r};aiz61%—4,62\7'Oéase D. A: Caldwell. J. W Ross. W. S.- energies of the protein environment with the quantum mechanical

Cheatham, T. E., Ill; Ferguson, D. M.; Seibel, G. L.; Singh, U. C.. Weiner, fragments AEgs) are presented in Table 1. It should be noted that
P. K., Kollman, P. A AMBER 4.1, University of California, San Francisco,

1995. (33) Singer, P. T.; Smalas, A.; Carty, R. P.; Mangel, W. F.; Sweet, R.
(30) Cornell, W. D.; Cieplak, P.; Bayly, C. |.; Gould, I. R.; Merz, K. M. Sciencel993 259 669-673.
M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; (34) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Kollman, P. A.J. Am. Chem. Sod 995 117, 5179-5197. Klein, M. L. J. Chem. Phys1983 79, 926-935.
(31) Woods, R. J.; Dvek, R. A.; Edge, C. J.; Fraser-ReidJ.BPhys. (35) Van Gunsteren, W. F.; Berendsen, H. JM8l. Phys.1977, 1311~
Chem.1995 99, 3832-3846. 1327.
(32) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys. (36) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJOComput. Phys.

Chem.1993 97, 10269-10280. 1977, 23, 327-341.
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Table 1. Electrostatic Interaction EnergieAes) between the
Active-Site Atoms and the Protein Environment at Points 70, 90,
110, and 130 ps of the MD Simulations

Rgtaand Kollman

were found to be 1815% smaller than the corresponding energies
calculated using the QM active site, the latter of which included
electronic polarization.

AEgs(kcal/molp
70 ps 90 ps 110 ps 130 ps av Results
I1a ~1091 —119.2 -1284 -123.6 —120.1 The reaction sequences for the acylation and deacylation steps
TSla —1432 —1450 —1345 -136.1 —139.7 of the AGA-catalyzed reaction, with selected geometric param-
I2a —139.1 -130.8 1238 1457 —134.8 eters optimized at the HF/6-31G* level, are shown in Figure 1.
ITssza _gg-g _g%-g _ﬁg-g _iig-g _igig The relative energies of the intermediates and the transition
a e vy voe e vy states in the gas-phasAH(gas)) and with solvation energies
11d 136.2 136.0 131.3 149.4 138.2 : . -
Tsid  —-177.7 —161.2 —1791 —166.7 —171.2 included AE(aq)) are presented in Table 2. Energies
12d -167.7 —160.2 —173.2 -179.8 —170.2 (AE(enz,av)) which include the electrostatic interaction energies
TS2d  -148.0 —-170.3 —150.0 —1544 —155.7 between the active site and the protein environment are also
13d —-122.0 -—147.0 —135.4 —1429 -—136.8

@ AEes = Eqm (with point charges)- Eqm (without point charges).

Table 2. Relative Energies of the AGA-Catalyzed Reaction in the
Gas PhaseAE(gas)), in Agueous SolutiomE(aq)), and within the
Enzyme AE(enz)= AE(gas)+ AEgsg)

presented in Table 2. In TableAE(enz,av) values are reported
both by using fullAEgs and half of AEgs values. Our use of
the electrostatic point charges directly in the quantum mechan-
ical Hamiltonian enables the inclusion of both electrostatic and
polarization effects of the reacting species due to the environ-
ment. However, this approach does not take into account the

AE(gas) AE(aq) AE(enz,av} energy cost on the environment of reorienting its partial charges
I1a 0.0 0.0 0.0 (0.0) to stabilize the reactant/transition state/product. For example,
TSla 313 15.7 11.7 (21.5) when an ion is solvated in water, its solvation energy (and free
12a 134 8.9 —1.3(6.0) energy) is about 1/2 that of the iefwater interaction energy
TS2a 12.7 13.7 1.5(7.1) .
132 10.0 196 ~25(3.8) because the watemwater energy nse@ The factor 1/2 comes
11d 0.0 0.0 0.0 (0.0) from classical electrostatics and linear responce th&s30f
TS1d 22.2 28.1 —10.7 (5.7) course, enzyme active sites are “preorganized” so the factor 1/2
|T2§2d gi 22-3 _18959(?12é5g) is likely to be the upper bound for the magnitude of the energetic
34 110 183 123 (117) cost of environmental reorientational polarization. That is why

a2 AE(enz,av) is calculated using the averageAdics values from
four snapshots of the MD simulation. Values in parentheses are
calculated using half of thAEgs values.

AEgsincludes both the electrostatic interaction of the rest of the protein
with the active site atoms and the electronic polarization of the active-

site atoms due to the electrostatic interaction with the rest of the protein

atoms. The fluctuations ohEgs values of Table 1 are 120 kcal/
mol. In order to check the magnitude of the fluctuations of the
electrostatic interaction energies during the MD simulations, we took

10 snapshots separated by 10 ps from the MD simulations of each of
the reaction intermediates (total of 100 points) and calculated Coulombic

interaction energies for the structures using the CARNAL module of
AMBER 4.1. The fluctuations of the electrostatic interaction energies

in these calculations were in the same range as in Table 1. Thus,

although the total energy of the whole protein system fluctuates
considerably during the MD simulation, the variations in the electrostatic

we present both the full inclusion of the enzyme environment
(AEgsg) and multiplication of this value by 1/2 (in parentheses)

in Table 2. Figure 3 shows the relative energies of the reaction
sequences in the gas phase, in aqueous solution, and within the
enzyme in which we use the electrostatic interaction energies
multiplied by 1/2.

Model Enzyme Reaction. The first step in the AGA-
catalyzed enzyme reaction is the attack of the nucleophiic O
of Thr183 on the carbonyl carbon of the substrate’s amide bond.
At the transition state of this attack$1a Figures 1 and 4)
the hydrogen of @ is almost fully transferred to the proton-
accepting base, the-amino group of Thr183, and the distance
between @ and the carbonyl carbon is 1.84 A. ASlathe
nitrogen of the amide bond has its lone-pair electrons anti-
periplanar to the developing-80y bond4! This transition state
is similar to the one found by Daggedt al.»4 in the QM model

interaction energies are as expected much smaller. In addition, it mustcalculations of the trypsin-catalyzed reaction. In the cases of
be noted that the variations in the intramolecular energies of the solutespA and PRO, it has been suggested that proton transfer from

are not exactly zero with the constraints used. However, the effect of the nycleophile to the base could be bridged by a water
this on the relative electrostatic interaction energies is assumed to be

small. Table 2 presents the relative quantum mechanical energies for,

the active site atoms in vacuo (first column), with the continuum model
of solvation (second column), and including the average protitive-
site interaction energy from Table 1.

The contribution of each of the amino acid residues to the active-

moleculel®2l However, the calculations presented here indicate
that there is no room for such bridging water at the active site
of AGA. Next in the reaction sequence, the tetrahedral
intermediatel2a collapses to the acyl-enzyme intermediate
through transition statdS2a At TS2a the nitrogen of the

site—enzyme interactions was estimated by calculating the electrostatic amide bond has its lone pair pointing toward thamino group
interaction energies between the individual amino acid residues and of Thr183, and the proton, which protonates the leaving amine
the active-site atoms. Such residue-by-residue analyses were carriedyroup, is between the two nitrogens.

out forlla, TS1a I1d, andTS1d. The electrostatic interaction energies

The deacylation step of the catalytic reaction is the reverse

of the residue analyses are classical Coulombic energies between thg, {he acylation. In this part of the reaction water first attacks

active-site region and the amino acid residues and are averages of th
four structures taken from the MD trajectory. Atomic charges of the
active-site region were calculated with the RESP method for each of

the structures. These purely Coulombic electrostatic interaction energies!

(37) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. &aussian 92Revision G.4, Gaussian, Inc.,
1992.

§he carbonyl carbon of the acyl-enzyme intermedite (—

TS1d). At the transition statdS1d (Figures 1 and 5), the
proton from the attacking water is almost completely transferred
to thea-amino group and the bond which is formed between

(38) Sun, Y.; Kollman, P. AJ. Am. Chem. S04995 117, 3599-3604.

(39) Hansson, T.; Aqvist, Protein Eng 1995 8, 11371144,

(40) Aquist, J.; Medina, C.; Samuelsson, JPEotein Eng 1994 7, 385~
391.

(41) Dutler, H; Bizzozero, S. AAcc. Chem. Red 989 22, 322-327.
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stateTS2d. This step corresponds structurally to the step from
I1a to TSlaof the acylation reaction.

During the gas-phase optimizations the relative orientations
of the N-terminus, substrate model, and oxyanion hole part of
the model stayed close to the structure that the catalytic amino
acids have at the enzyme’s active site. The only major
geometrical change occurred in the position of the oxyanion
hole in the structures in the deacylation part of the reaction. In
these structures the carbonyl oxygen binding hydrogen bond
of the oxyanion hole made by NH of Gly235 was significantly
longer than found either in the X-ray structure or in the structures
found in the acylation reaction.

Energetically the first transition state of the acylation step,
TS1a is the species that has the highest gas-phase reaction
barrier, 31.3 kcal/mol, of the model enzyme reaction. In the
gas phasel2a, TS2a and I3a, which follow TSla in the
reaction sequence, are-181 kcal/mol more stable tharS1a
The inclusion of aqueous solvation energies with the continuum
solvation model changes the order of stability of these species.
Solvation stabilize§ Slaand the tetrahedral intermedida
while destabilizingTS2aby 1.0 kcal/mol and3a by 9.6 kcal/
mol. As a consequence, the energies of the transition states
TSla and TS2a are within 2 kcal/mol and3a becomes the
least stable structure. In the deacylation part of the reaction
the two transition state§,S1d andTS2d, have high gas-phase
energy barriers of 22.2 and 27.4 kcal/mol, respectively. Since
solvation destabilizes transition stafeS1d and stabilizes
tetrahedral intermediat2d the two barriers are somewhat larger

Figure 3. Calculated relative energies of the (a) acylation and (b) ;, aqueous solution than in the gas phase. The model calcula-

deacylation steps of the AGA-catalyzed reaction in the gas phase
(AE(gas)), in aqueous solutiorAE(aqg)), and within the enzyme
(AE(enz,av).

tions indicate that the deacylation part would be the rate-limiting
reaction step in the aqueous phase.
Enzyme Reaction. The electrostatic interaction energies

the water oxygen and carbonyl carbon is 1.88 A. Tetrahedral (Table 1) between the QM active site and the enzyme environ-
intermediatd2d can go on to reaction product via the transition ment reveal how the protein environment can electrostatically

Y%‘ﬂ ASP)

YS%W ASP)

Figure 4. Stereo presentation diSlaat the end point of the 130 ps MD simulation.

}m
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—
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Figure 5. Stereo presentation dfS1d at the end point of the 130 ps MD simulation.
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It can be seen from Figure 6 that most of the residues stabilize
transition state§S1laand TS1d relative to ground statelda
andlld or have only a very small effect on the energetics of
the two reactions. This is especially notable for the step from
I1d to TS1d. The charged groups have, as expected, the largest
interactions with the active-site region. Asp214, which binds
the o-amino group of the substrate and is close to the
nucleophilic oxygen and the oxyanion of the substrate, has an
unfavorable interaction of 7 kcal/mol with the active-site atoms
in TS1as compared ttla and 3 kcal/mol inTS1das compared
to11d. In contrast to Asp 214, Asp47, which is located at the
mouth of the active-site funnel and is close to thamino group
of the N-terminal threonine, makes a favorable contribution to
transition-state stabilization. Arg211, which binds the carboxy-
late end of the substrate, has the single most favorable
differential interaction with the transition state. When the
residue contributions of the steps frddm to TS1aand from
11d to TS1d are compared, two main differences can be seen.
First, the magnitudes of the individual residue contributions are
Figure 6. Contributions of the amino acid residues to the energies of clearly smaller in the latter step. However, when the total
the step fronila to TS1a(upper curve) and frorid to TS1d (lower contribution of the protein residues are compared, they are of
curve). Amino acid residues are arranged in the order of the distance comparable magnitude in the two cases. In the step fiam
between their center of mass tg ©f Thr183. Contributions of allthe {5 TS14 the protein atoms stabilize the transition state by 9
water molecules to the energies of the two steps are added togethey ., \/mo| and in step fronild to TS1d, the stabilization is 7
(points "water” in the figure). kcal/mol. Second, while water molecules make a slightly
. . . unfavorable contribution to the step frotha to TS1a they
cont_rl_bute to enzyme catalyses. Th_e electrostatic interactions,, iitate the step fronild to TS1d by 7 kcal/mol. The larger
stabilize the transition staféSla(.:onade.rably. In contrast o\ ater contribution in the step belonging to the deacylation part
the effect of the aqueous solvation, which destabilizes SPecies ¢ 1o reaction is due to the fact that in the acylation step the
following TS1aconsiderably, the enzyme environment stabilizes glycan moiety prevents water from entering the active site,

I2a,| ISZa ar;pl |3_a. ':'hel '[te;r?hidrﬂadlgénlierwedllalte of.the whereas in the deacylation part of the reaction the active-site
acylation reaction 1s caiculated to be calimot lower in funnel is filled with water (Figure 5). We can see from Figure

energy thariTS1aand s_eparated from the acyl-enzyme INter- 5 that several water molecules make hydrogen bonds with the
mediate by a small barrier of-13 kcal/mol. In the deacylation - .o group of Thri83 and the attacking water, which
reaction the tetrahedral intermediated) is cglculated to be delivers proton to the--amino group. Analyses of the co’ntribu-
_elz_?]ertgetlcz.atllly ast Stt ablef ?ﬁ ti:je acyll-?nzyntw@e méermf_?gl;ﬁ ( tion of individual water molecules on the transition-state energies
€ transition states of the deacyiation s Bldan " 9 of the two steps revealed that-86 water molecules closest to
are stabilized by the enzyme environment. The transition stateo 5 jve-site atoms are responsible for the major part of the
T'S2d, which separate!;Zd and the reaction produ¢3d, has more favorable water contribution in the step frétd to TS1d
the largest barrier (2228 kcal/mol) in the deacylation step. as compared to the step froiia to TS1a A similar
The calculations predict that the transition-state barriers of the observation was made by Jensral#in computer simulation
acylation and deacyIann parts C.)f the enzym_e-catalyzed reaction,y o on ferredoxin, an ironsulfur protein. In that case specific
are comparable, with the acylation step having a slightly larger water molecules were found to make an important contribution

barrler.. ) ] ) ] ] to the redox potential of ferredoxin. As discussed by Jeesen
The interactions between the active site and protein environ- 5| ' the explicit modeling of water molecules is clearly important
ment showed that the protein environment differentially stabi- i, the systems where waters play a specific role in the structures

lizes the transition states in a way that enhances the enzymeyng energetics; the deacylation reaction studied here also appears
reaction. We thus analyzed the contribution of the individual {5 pe such a system.

amino acid residues to the transition-state stabilization. This

was done by calculating the electrostatic interaction energies piq.,ssion

between each of the amino acid residues and the active site.

This kind of analysis has been earlier used in studying the The results from computer simulations presented here support
mechanisms of chorismate mutéseand triosephosphate  the earlier suggestidhll2lthat a serine protease-like catalytic
isomerasé® Results from residue analyses are presented in mechanism is feasible for AGA-catalyzed hydrolyses of amide
Figure 6. The figure shows how the electrostatic interactions bonds. The chemical steps of the mechanism presented here
between individual amino acid residues and the active-site atomsare almost identical to those presented in earlier theoretical
affect the energy barriers of steps frata to TSlaand from studies of serine protease-catalyzed reactléni§:*®> The

I1d to TS1d. The former step has the highest energy barrier calculated energetics of the catalytic mechanism show that the
of the acylation part of the reaction, and in the latter step, water transition-state barriers are similar for the acylation and deacy-
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attacks the acyl-enzyme intermediate. The structurésSdfa
and TS1d with the most important transition state-stabilizing
amino acid residues are shown in Figures 4 and 5.

lation parts of the overall catalytic mechanism. Energetically,
the highest point in the acylation step is the attack of nucleo-
philic Oy to the carbonyl carbon of the substrate. In the

(42) Lyne, P. D.; Mulholland,A. J.; Richards, W. G.Am. Chem. Soc.
1995 117, 11345-11350.

(43) Bash, P. A,; Field, M. J.; Davenport, R. C.; Petsko, G. A.; Ringe,
D.; Karplus, M.Biochemistry1991 30, 5826-5832.

(44) Jensen, G. M.; Warshel, A.; Stephens, PBilochemistry1994
33,10911-10924.

(45) Weiner, S. J.; Seibel, G. L.; Kollman, P. Rroc. Natl. Acad. Sci.
U.S.A.1986 83, 649-653.
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deacylation step the corresponding transformation, the formationwith the energetics of the reaction within the enzyme shows
of the reaction product from the tetrahedral intermediate, has that the enzyme considerably enhances the hydrolyses reaction.
the highest barrier. The calculated transition-state energies wereThis allowed us to address the question of how AGA achieves

for acylation 12-22 kcal/mol and for deacylation 228 kcal/ its catalytic properties. The reaction rate-accelerating properties
mol. The acylation value is in the range of the experimental of serine proteases have been largely attributed to the oxyanion-
transition-state free energhG*) of 16.4 kcal/mol for the AGA- stabilizing oxyanion hole and the catalytic triad which is formed
catalyzed hydrolyses @FN-acetylglucosamine-asparagine (it by amino acids Ser-His-Asp(Glu). Experimental mutagenesis
has been estimated from the measukggof 5.5 s 7 using studies and earlier computational works have shown that one

the transition-state theory approximation with a transmission hydrogen bond from the oxyanion hole stabilizes the transition
factor of unity), and the calculated deacylation barrier is state by 3-5 kcal/mol3-56 Since we included the oxyanion
reasonable but a bit too large. The calculations also predictedhole in QM part of the enzyme system, it is difficult to separate
that, in the acylation part of the reaction, the tetrahedral its contribution to the enzyme catalysis. In light of structural
intermediate would collapse to an acyl-enzyme intermediate data on AGA and the vast amount of data on serine proteases,
through a small barrier of-23 kcal/mol. In the deacylation there is no doubt that the oxyanion hole has an important role
part, the tetrahedral intermediate is almost as stable as the acylin enhancing the catalytic activity of AGA as well. In addition,
enzyme intermediate and it is separated from the acyl-enzymein all the MD simulations the oxyanion hole, which was not
intermediate by a barrier of 7 kcal/mol. constrained intermolecularly to bind the carbonyl oxygen,
Although our calculations only include the environmental maintained two hydrogen bonds with the oxygen. In addition
effects of the enzyme in a semiquantitative way, we feel the to two hydrogen bonds from the OH of Thr234 and the main
compromise is reasonable because it is still too computationally chain NH of Gly235, the carbonyl oxygen of the scissile amide
difficult to simulate a complex, multistep reaction in an enzyme bond makes an additional intramolecular hydrogen bond with
with fully coupledab initio QM/MD or MC/FEP, as has been the protonatedx-amino group of the substrate. These three
done by Jorgensé#*’ (ab initio MC/FEP) and by Gaet al 4849 hydrogen bonds are arranged tetrahedrally around the oxygen
(semiempirical MC/FEP) for organic reactions and by Warshel (Figures 4 and 5). A similar kind of oxyanion hole with three
et al1315:505%0r more limited reaction profiles. lItis clear that ~ Oxyanion-stabilizing neutral hydrogen bonds was recently found
our calculations show enzyme stabilization by about the in the structure of bacterial esterdelt was suggested that
appropriate magnitude so that our activation energy barriers aresince the esterase has a Ser-His dyad in its active site and lacks
in the right range of experiment. What is particularly intriguing  the third member (Asp of Glu) of the catalytic triad of a typical
about our results is that a simple continuum model gives an serine protease, the well-developed oxyanion hole has evolved
excellent representation of “enzyme-like” stabilization of the to compensate for the lack of carboxylic acid in the triad. Itis
acylation transition state, but actually leads to a higher barrier possible that in the case of AGA the oxyanion hole with three
than in the gas phase for deacylation, whereas the explicitcomponents serves a similar function. It has also been suggested
enzyme model indicates significant barrier lowering for both that theo-amino group of AGA® and the NH* groups of
acylation and deacylation. This can be understood through thelysines located in the vicinity of the nucleophilic atom can
essential role of explicit water molecules in the latter case. enhance the catalysis by lowering th&pf the nucleophilé!-2t
Although the calculation with enzyme environment suggest that This question was not addressed in our calculations, but it seems
12d, the tetrahedral intermediate for deacylation, is more stable @ reasonable assumption. Furthermore, the arrangement of the
than the acyl-enzyme with 4@, 11d, the accuracy of our  protonatedx-amino group of the substrate and Asp214 is similar
calculations are not definitive enough to suggest it can be to the Lys-Asp(Glu) pairs found in the active site of proteasbme
observed. However, this issue is worth exploring at a higher and several other enzymes with corresponding enzymatic
level of theory. activities?58-60 S, it seems that together theterminal base
The present calculations allow us to conclude that the single @nd the Lys-Asp(Glu) pair form a catalytic motif which activates
N-terminal amino acid of AGA, and the Ntn amidohydrolases th_e catalytlc_: center in a manner similar to_that o_f th_e catalyt|c_
in general, can function as a nucleophile and a base in a Waytrlad of serine proteases. Thes_e comparisons |no!|cate that in
similar to that of serine and histidine residues in the active sites the case of AGA the substrateamino group plays an important
of serine proteases. The fact that the neutramino group of role in catalysis and can'be related to se\{eral other enzymes
an N-terminal amino acid functions as a base in a way similar that have protonated amine groups of lysines as a structural
to that of histidine cannot be regarded as a surprise due to thejréounterpart to the-amino group at their active sites.
similar pK, values: thex-amino group of alN-terminal amino .The catalytic properties of AGA are certainly Ie}rgely deter-
acid has a K, value of 6.8-7.9, and histidine’s first g, is mined by the exact arrangement of the catalytiterminal
6.252 Also, as the simulations of the reaction within the enzyme Thr183, the oxyanion hole, and the amino acid residues which
showed, theN-terminal threonine of AGA can function ef- directly participate in binding of the substrate. The favorable
fectively as a single catalytic amino acid from the structural e]ectrostatic interactionlenerg.ies (Table 1) between the active-
point of view as well, with both acid and base functionalities. site model and the protein environment and water located further

; ; (53) Bryan, P.; Pantoliano, M. W.; Quill, S. G.; Hsiao, H.-Y.; Poulos,
The comparison of the energetics of the model enzyme T. Proc. Natl. Acad. Sci. U.S.A98683 37433745,

reaction in the gas phase and with solvation energies included  (s4) Rao, S. N.: Singh, U. C.; Bash, P. A.; Kollman, P.Mature1987,

328 551-554.
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away from the active site also make a large reaction rate- of the aspartylglucosaminidase (AGA)-catalyzed hydrolyses of
enhancing contribution. The analyses of the residue contribu- an amide bond. The catalytic mechanism of AGA was found
tions on the energy barriers of the steps frtim to TS1aand to be similar to that of the serine proteases. Thus, both from
from I1d to TS1d (Figure 6) show that stabilization of the two  structural and energetic points of view tNeterminal threonine
transition states is a result of a large number of small favorable of AGA can function as a nucleophile and a base in a way
interactions. However, a large part of the electrostatic interac- gimilar to that of the serine and histidine residues of the serine
tions can be attributed to charged residues Asp47, Lys207, andygeases. Residue analyses, in which the electrostatic interac-
Arg211. These residues are located in the protein in such ay,, energies between the amino acid residues and the active-
way that_ they favorably interact with the active site. Arg211, site atoms were calculated, were done in order to reveal the
which binds thea-carboxylate group of the substrate, and contribution of each of the residues to the transition-state

Lys207, which is located near Arg2l1l, are closer to the e
nﬁcleophilic oxygen and the oxyaniogl than te@mino group stabilization. These analyses showed that charged Asp47,
Lys207, and Arg211 are the most important transition state-

of the N-terminus. This evidently favors the ionized transition - i : . . .
states and intermediates relative to nonionized states. In aStabilizing amino acid residues. These amino acids are located

similar way Asp47, which is located in the mouth of the active- N the protein in such a way that they electrostatically stabilize
site funnel, interacts favorably with theamino group. Charged  the ionized states of the catalytic reaction. Furthermore, in the
Asp214 makes, however, an unfavorable contribution to the deacylation step water molecules can enter the active site and
energies of the transition stat€§1laandTS1d. Asp214 was fill the space which in the acylation part of the reaction was
even found to be the only residue that has clearly unfavorable occupied by the glycan moiety of the substrate. The water
contribution to the stabilization ofS1d. As discussed above, molecules were found to make several hydrogen bonds with
Asp214 may serve an important functional role by binding the the catalytic amino acid and in this way contribute significantly
substrate and especially itsamino group at a proper location  to the stabilization of the ionized species. Further, it was found
at the active site. In addition, residue analyses revealed that,that 4-6 active-site water molecules made the major part of

once the glycan moiety of the substrate has been cleaved in thehe favorable water contribution in the deacylation step.
acylation step and left the active-site funnel, water can replace

it and significantly contribute to the stabilization ®61d. Thus,
in the deacylation step AGA achieves considerable catalytic
power by solvating part of the active site.
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