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ABSTRACT:. The aminopeptidase ofheromonas proteolyticdAAP) belongs to the group of metallo-
hydrolases that require two divalent cations for full activity. Such binuclear metal centers are found in
several aminopeptidases, raising the question whether a common mechanism, at least partly, is likely. We
have used a quantum mechanical/molecular mechanical (QM/MM) approach to investigate the reaction
mechanism of AAP. Among several possibilities, one reaction path was found to be clearly the most
favorable. Beside the chemical transformation steps, effects of the enzyme environment and the influence
of the solvent on the catalytic reaction were included in the study. The results are in good agreement with
experimental studies and correspond to a high degree to our previous QM/MM calculations on the reaction
mechanism of the related binuclear bovine lens leucine aminopeptidase (bILAP), which, although related
to the AAP, has different Zi-coordination spheres and a different catalytic residue. The mechanisms of
the two enzymes as suggested in the literature differ on the mode of coordination of the nucleophile and
the identity of the general base. However, the results of this and our previous work on bILAP allow us
to identify a common mechanism for the two enzymes. This mechanism is probably quite general for
binuclear zinc enzymes.

Computational studies on enzyme reaction mechanismspart, they show MichaelisMenten kinetics4). The largest
may serve two purposes, either to reproduce the kinetics ofgroup, about two-thirds, are metallo-aminopeptidases that
the enzymatic reaction as closely as possible and to identifyneed at least one divalent cation, most frequentl§/Z5),
the exact source of the enzymatic catalysis or, as in the cases a cofactor. Some, such as Escherichia colmethionine
of the present study, to identify the most likely reaction aminopeptidase6j, containing two C&" ions, and thekE.
mechanism and to try to find common mechanistic principles coli aminopeptidase A (PepA), containing two ZA' ions,
for classes of enzymes. This work is designed to provide a have binuclear metal centei®)( The active site of PepA is
general mechanistic framework for the binuclear zinc hy- isostructural to the active site of leucine aminopeptidase from
drolases by studying two examples of these enzymes. In abovine lens (bILAF, 9). The aminopeptidases 8romonas
previous paper, we examined the reaction mechanism of theproteolytica (AAP) and Streptomyces griseUSGAP) are
bovine lens leucine aminopeptidash,(and we have now  also related to bILAP. These enzymes display high thermo-
examined the aminopeptidase fréxaromonas proteolytica  stability, and their activity is strongly inhibited by bestatin.

Aminopeptidases catalyze the cleavage of the N-terminal  The Protein Data BankL.() includes several 3D structures
amino acid residue of proteins and peptides. They are widely of AAP: the native enzyme (1AMP,1), the complex with
distributed in bacteria, yeast, plant, and animal tissues andihe metal chelatorp-iodo-b-phenylalanine hydroxamate
are of critical biological and medical importance. Their func- (1/GB, 12), the complex with 1-butaneboronic acid (1CP6,
tions include protein maturation and degradation, hormone 13)  and the complex with the transition-state analogue
level regulation, and cell-cycle control. Abnormal aminopep- | -leucine phosphonic acid (1FTZ4). AAP is a small,
tidase a.CtiVity has been associated with pathological disorderSrnonomeriC enzyme (32 kDa) with a substrate Spec|f|C|ty for
such as cataracts, inflammation, cancer, and leuke®)ia ( hydrophobic residues. It folds into a singté globular
The inhibition of leucine aminopeptidase by bestatin, a domain. A central twisted-sheet sandwiched between
naturally occurring peptide analogue inhibitor, was shown g helices forms the hydrophobic core of the protein. Despite
to decrease human immunodeficiency virus (HIV) viral load 5 |ow level of amino acid identity, AAP and the catalytic
(3). An understanding of the catalytic mechanism of these gomain of bILAP have homologous folds. The well-defined

important enzymes would help to develop effective inhibitors. catalytic pocket is located at the surface of the protein and
Bacterial aminopeptidases are of interest to the agro and

dairy industries. Almost half of these enzymes are monomers,
while the remainder have oligomeric structures. For the most
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to the stabilization of the complet?). Because of the wrong
stereochemistry (the inhibitor has tieconfiguration and
AAP cleaves N-terminal-amino acids), it is questionable
whether the binding mode of IPH allows conclusions about
the binding mode of natural substratési)

The complex with the competitive inhibitor 1-butanebo-
ronic acid (BuBA) (PDB entry 1CP6, see Figure 2b) can be
regarded as a snapshot of the proteolytic reaction at a stage
between the Michaelis complex and the transition state.
BuBA only binds to Znl. Interestingly, the boron atom
clearly is not sp- but sg-hybridized. A water molecule that
is not present in the native structure was found at a distance
of 2.4 A from the boron, but no water is coordinated to the
Zn?* ions. The new water is suggested to be the former
FIGURE 1: Active site of the AAP taken from PDB entry 1AMP.  pridging ligand that first lost its Zn2 coordination and was
The distances are given in A. then released from Zn1 as a result of the inhibitor binding.

I Presumably, it also changes the hybridization of the boron

o atom from sp to sp by interacting with the unoccupied
N o \g boron porbital (13).
"""" $ The complex with_-leucine phosphonic acid (LPA) (PDB

Gluls

o7 N / \ 1881? 20 250? entry 1FT7) is a transition state analogue complex (see Figure

,c') ) 449? /,'Q\g,_m 2c). The phosphonate group is coordinated via one oxygen
21| s AN ies1 N\ j2om to each of the Z# ions. The Zn2-bound oxygen has a

Znl 2 Zn2 Znl b Zn2 Znl c hydrogen bond to Glul51. There is no single ligand atom

bridging the two metal ions. Additionally, the N-terminal

henylalanine hydroxamate (IPH), (b) 1-butaneboronic acid (BuBA), amino group 1s coordinated to Zn2. LPA blndlng, I|I_<_e the
gnd ()(/:)L-Ieucingphosphonifz aci)d((L)PA). The distances ar(e give% binding of IPH and BuBA, does not induce significant
in A and are taken from the X-ray structures. conformational changes in the proteit¥).

Kinetic (14, 16) and spectroscopicld, 17—20) studies

its hydrophobic character reflects the preference of AAP for have been performed on AAP. A catalytic mechanism was
hydrophobic amino-terminal residues. An uncommon feature proposed on the basis of these and the crystallographic data
is the appearance of a cis peptide bond between Aspl17(see Figure 3). The substrate peptide binds to Zn2 with its
which is a part of the active site, and Asp118Y N-terminal amino group and to Zn1 with the carbonyl oxygen

The active site (see Figure 1) is located in a loop region of the scissile peptide bond. Additionally, the N-terminus
near the edge of the binding pocket. It consists of twétZn interacts with Asp179. Upon substrate binding, the bridging
ions, each coordinated with a histidine and an aspartate or avater molecule loses its coordination to Zn2 and becomes
glutamate. Additionally, an aspartate and a water molecule terminally bound to Znl. The coordination cleavage is
or hydroxide ion bridge the two metal ions. These have assisted by a hydrogen bond from Asp99 @1Nf the Zn2-
equivalent structural environments, suggesting a symmetricalligand His97. Such carboxylatéistidine—metal triads can
role in catalysis. Both Z&t ions have approximately tetra-  be found in several zinc-containing enzym&$)( Further-
hedral coordination polyhedra if the weak interaction to the more, Glu151 is also suggested to contribute to the regulation
second oxygen atoms of the carboxylate ligands is neglectedof the Lewis acidity of Zn2 by a hydrogen bond to the Zn2-
(11). The coordination stereochemistry for allZn-ligand coordinated His97-&2 (14). However, the active site topol-
interactions (syn and in-plane for carboxylate and head-on ogy suggests that Glu151e# of the protonated glutamate
for histidine) is in agreement with observed zinc binding must be perpendicular to the carboxyl plane to be reasonably
preferences15). An additional glutamate residue (Glu151) positioned for a hydrogen bond. This would be a very
is located near the active site, in structural analogy to the unlikely conformation. A hydrogen bond between the
metallo-peptidases thermolysin and carboxypeptidase A. Itterminal water molecule and Glul51 allows deprotonation
has been suggested to play the role of a general base in thef the former to give a hydroxide ion as nucleophile. The
catalytic reaction. This residue is hydrogen bonded to the nucleophilic attack results in the tetrahedral intermediate,
bridging water/hydroxide1(2). which is coordinated to Znl. The neutral Glul51 may act

The inhibitor-binding mode (see Figure 2a) in the complex as a proton donor for the peptide nitrogen. The rate-limiting
with p-iodo-b-phenylalanine hydroxamate (IPH, PDB entry step is probably the €N-breaking step, that is, the product
1IGB) shows similarities to that of mononuclear metallo- formation (L4, 16). Studies on thiol- or aliphatic alcohol-
peptidase-hydroxamate complexes, because the hydroxam- containing inhibitors Z2—24) and on the hydrolysis of
ate is a bidentate ligand to Zn1 via its carbonyl and hydroxy thionopeptides 45) indicate that the initial step of the
oxygens. At the same time, the deprotonated hydroxy groupsubstrate binding is the interaction of the N-terminal amino
replaces the bridging water/hydroxide and in this way is acid moiety with the hydrophobic pocket followed by
coordinated to Zn2. Additionally, the hydroxamate hydroxy carbonyl binding to Zn1. Subsequently, the N-terminal amino
oxygen interacts with Glu151, which must be protonated to group interacts with Zn2.
allow a hydrogen bridge. A hydrogen bond between the The catalytic mechanism suggested for the AAP by
amino group of the inhibitor and Tyr225 contributes further Stamper et al. 14) corresponds for the most part to the

Ficure 2: Inhibitor binding modes of AAP with (ap-iodo-b-
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Ficure 3: Scheme of the catalytic mechanism suggested by Stamper et al.

results of our previous study on the reaction mechanism of the investigation of chemical reaction mechanisms, they are
the related bILAP ), which also requires two 2n ions nonetheless still the best way to treat a model system large
for full activity (26). However, the coordination sphere of enough to allow the study of important geometrical changes
the DbILAP is different from that of the AAP. Most of  within the coordination sphere of the metal-containing active
the ligands are carboxylates, one is a lysine, and one is asite of an enzyme. Their speed allows far more comprehen-
backbone carbonyl oxygen. Moreover, unlike the AAP, the sive investigations of alternative reaction paths and the use
Zn?* ions in the bILAP occupy different environments, and of a large quantum mechanical system that moves the QM/
there is a catalytic lysine (Lys262) in the active sR&)( In MM boundary away from the active site. Nevertheless, the
the suggested reaction mechanism, which is based onpossible inaccuracies of the semiempirical methods should
structures of transition state analogue complexes, the nu-be kept in mind. In a study of the hydrolysis mechanism of
cleophilic water attacks the carbonyl carbon of the substrate formamide with various theoretical methods, Antonczak et
from a position bridging the two metal ion28). Because al. showed that AM1 overestimates the activation energies
the X-ray structure of the homologous PepA shows a but gives qualitatively similar results to higher level methods
carbonate ion near the active site, this ion was suggested tq31). Investigations intended to give a quantitative picture
play the role of the general base that deprotonates the wateiof a chemical reaction require the free energy to be cal-
molecule and protonates the peptide nitrogé@n ys262, culated. One such approach based on calibrated and validated
which we found to correspond to Glul51 in the AAP, was parameters for the corresponding reaction in wa3®) {s
not favored as the proton donor for the peptide nitrogen. Note Warshel's empirical valence bond (EVB) method@3)
that, despite the fact that the decomposition of the tetrahedralHowever, our study is not intended to predict exact energies
intermediate is proposed to be rate-limiting, this intermediate but rather to investigate the probability of different reaction
has not been observed experimentally because no erzyme paths by comparing the semiempirical energies. In this way,
substrate complexes are stable. systematic errors cancel to a high degree, although the

The aim of this study is to gain insight into the catalytic accuracy of the calculated activation barriers certainly is not
mechanism of the AAP on a molecular level. Comparison adequate.
with the related binuclear zinc-hydrolase bILAP allows us  Computational Details.A detailed description of the
to propose a common mode of action for this class of QM/MM method is given in our earlier paper on the reac-
enzymes. A further aim is to investigate the entire reaction, tion mechanism of the bILAP1j. The QM and MM part
including the coordination of the substrate to and the jnteractions include the Coulomb and van der Waals
decoordination of the products from the metal ions, rather contributions. The QM polarization by the MM environ-
than only the chemical transformation. As for the catalytic ment is taken into account by the perturbation of the one-
reaction, the system offers various possibilities for the center Fock matrix. There are no covalent bonds across the
formation and cleavage of the Zncoordination, which can ~ QM/MM boundary. If not denoted otherwise, the energies
be re_garded as the initial and final steps of the chemical given are the total energies, which include the QM and MM
reaction. energies of the two subsystems, the Coulomb interaction

energy, and the van der Waals interaction energy.
METHODS . . - .
All calculations were performed with the semiempirical

QM/MM techniques, first introduced and developed by program package VAMP 7.53§). The Tripos force field
Warshel and co-workers in 19789), have been widely used  (35) implemented in VAMP was used for the treatment of
to investigate enzyme reaction mechanis8®.(They allow the MM part. Parameters that were missing in the original
a quantum mechanical description of the active site, which implementation were set using the published algoritB6).(
is essential for investigating chemical reactions, and a Missing atom parameters were taken from the Sybyl
simultaneous consideration of important long-range effects program. No cutoff values were used for the calculation of
of the enzyme environment. A reasonable active site modelvan der Waals and Coulomb energies because this can cause
of the AAP, even without any substrate, includes six residues energy discontinuities during geometry optimizations. The
(120 atoms). High-level ab initio or DFT calculations give QM part was treated with the AM1 Hamiltonia8%) and
accurate results, but the computational costs required for athe zinc parameters of Dewar and Mer@8), The zinc
comprehensive investigation of a model system of this size parameters were tested for their suitability for multinuclear
are far too high. Therefore, we chose a semiempirical/ centers in our earlier study), For the QM/MM calculations,
molecular mechanical approach. Although semiempirical MO we chose an alternating optimization strategy, allowing the
techniques are not generally regarded as state-of-the-art folMM part to relax to the changes in the QM part to avoid



QM/MM Study on the Mode of Action of AAP Biochemistry, Vol. 43, No. 18, 2006417

too many time-consuming QM calculations. All structures Znl g Znm2 Znl g .Zn2
were optimized to consistency of both subsystems (0.4 kcal \N“’ N Y

mol-* A-1 for the QM part). For the MM optimization, we Ola/ 5 01\\P//o‘12

used a low-memory Broydetletcher-Goldfarb—Shanno | H | a
(BFGS) algorithm 89), and for the QM optimization, we 03\H oe1 om 03 b1 om
used the eigenvector following methodOf. The local

minima and transition states were characterized by calculating Gluls1 Gluls1

the normal modes. Further details of the parameters used to
perform the calculations are available from the authors.

For the stationary points along the most favorable reaction LPAC LPA(2
path obtained with the QM/MM method, higher level
energies were calculated using DM{1) implemented in Znl g .Zm2 Znl g .Zm2
the program package Materials Stud4?), We used the NS \Nx"/
Perdew-Wang 91 functional and a double numerical plus O/ a2 01/ 6
polarization basis set (PW91/DNR)I( 43). This combina- | m I|) M §
tion of functional and basis set should give reliable results O3 el o2 03 o b
and is computationally more economical than hybrid density-
functional techniques4d). Gluls1 Giul51
System PreparationSybyl 6.6 @6) was used for the
preparation of the input files. Both the QM and the MM LPAG LPA(4

parts must be intact systems, so the total system must beF 4 Schematic representation of the active site of the LPA
divided and the fragments saturated with hydrogen link ''SURE- >matl 1| ve si
. P | diff t tonat tatesRA(1—4)).

atoms. The QM part contains the substrate model, the metalAA complex in different protonation statesRA(1—4))
lons, andbthli actévtehsne reilcljuest; the N:M plart C?rg]am;é%ec-terminal carboxyl or carboxylate group, which is not
enzymeh u'k an b € crystal water mo ecudesbo e h present in a natural substrate, the C-terminus was blocked
Em% The t.‘t’ﬁc.) fﬁ sys.tgms wertet stehparatg y_é:u_ttmlgdt gwith a methyl group after the alanine carbonyl carbon. The

ackbone within the residues next to the amino aclas INCIUded3py_qrctyres of the model systems are available from the

in the QM system. The cut was made between the©m authors.

and the peptide nitrogen at the N-terminus or the carbonyl . .
] : . : The QM system for most calculations on AAP includes
carbon at the C-terminus of the fragment, leaving the peptldethe two Zr#* ons, the inhibitor LPA or the methyl-blocked

bonds in the QM part. The &£ and H,-atoms in the MM . . )
: : . Leu-Ala dipeptide, His97, Asp117, Glul51, Glul52, Aspl179,
part were deleted, and the resulting amino acid fragments nd His256. For some studies, a system extended by Asp99,

and the remaining side chains that are no longer connecte S
to the protein backbone were saturated with hydrogens (aCy3227’ and Ser228 or by Tyr225 was also used, which is

schematic representation of the separation procedure is giver{hen denoted in the text.

in the Supporting Information as Figure S1). The electrostatic RESULTS

and van der Waals interactions to the surrounding protein,

together with weak harmonic constraints (with force con- QOptimization of the LPAAAP Complex

stants of 16-20 kcal mot! A2 on the peptide C- and

N-atoms of the backbone to their X-ray positions, ensure  The X-ray structure 1FT7 does not show the protonation

that the resulting QM model system retains its position within state of the phosphonate group of the inhibitor LPA. Because

the MM part. Additionally, to avoid artificial repulsive the second K. value of phosphonic acid is 6.47), the

interactions between MM and QM parts causing large forces, L-leucine phosphonate probably has a charge 2fat pH

the radii of the link hydrogens were reduced to 0.1 A. The 8. However, this [, value depends on the environment and

separation procedure has been validated and used successubstituents to a high degree. Therefore, to investigate the

fully in studies on phospholipase,A45) and bILAP (1). protonation state of LPA and to validate our calculational

The point charges of the MM environment were generated approach especially with respect to the?Znligand coor-

by the GasteigerMarsili method 46). The total charge of  dination distances, the LPAAAP complex was optimized

the MM part should ideally be zero to avoid large forces on as described above. Because Tyr225 is involved in inhibitor

charged active site residues. Therefore, as many glutamatéinding in the IPH-AAP complex (PDB entry 1IGB), this

or aspartate residues as necessary positioned at the proteiresidue was included in the QM system. However, no

surface as far away from the binding pocket as possible wereinteraction of Tyr225 to LPA or any other active site residue

protonated to neutralize the charge. To ensure that there weravas found in either of the calculated systems.

no large initial gradients, the environment was relaxed with  The short distance (2.380 A) between the Zn2-coordinated

the tetrahedral intermediate in the QM part. The relaxed phosphonate oxygen and Glu15%40n the X-ray structure

environment was then used as a starting geometry for furtherindicates a hydrogen bridge, so either the phosphonate or

calculations. the carboxylate oxygen must be protonated. Four systems
The QM/MM Model System3he inputs were based on  with reasonable protonation states were optimized (see Figure

the X-ray structure 1FT7. The tetrahedral intermediate of a 4). LPA(1) can only be compared directly wittPA(4) and

Leu-Ala dipeptide as a substrate model can be generatedPA(2) with LPA(3) because these pairs are exactly

easily from the transition state analogutucine phospho-  isomeric. Although we calculate the systems with the

nate. To avoid interactions of active site residues with the unprotonated phosphonate oxygen O2 to be 20.3 kcal'mol
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FIGURE5: Active site of the optimized LPAAAP complexLPA- R2 NH, R2_ NH,
(4). Distances are given in A. h N
0.0 Rl Oy O RI
(LPA(1)) and 26.8 kcal mol* (LPA(2)) lower in energy
than the corresponding structures, the RMS deviations of the Gist 3 Glist 4
systemsLPA(4) and LPA(3) with a protonated O2 are
considerably smaller. Furthermore, the X-ray structure shows Znl Zn2
a difference of 0.369 A in the coordination distances o Znl Zn2
Zn1-01 and Zn2-02, indicating strongly that O2 is pro- o W o
tonated. The X-ray structure also shows that LPA-O2 R2. NH, - 4
interacts with Glul51-@l and, although more weakly, N "N H
with Glu151-G:2, but there is no hydrogen bond between Oy -OH R1 Oy OH g4
LPA-O3 and Glu-@2. LPA(3) reflects this pattern well, but
in LPA(4), the interaction between LPA-O2 and Glul51- Glulst 3 Glulst 6
Oe2 is missing. Instead, there is a hydrogen bond between
LPA-O3 and Glul51-€2. However, the RMS deviation of i
LPA(4) is slightly smaller than that dfPA(3), and taking Znl Zn2 Z\‘T\I #n
Glul51 as a possible proton donor into accowRA(4) i
represents the most likely protonation state. The optimized HO O i Ho O ¢
systemLPA(4) (see Figure 5) shows two hydrogen bonds R2\N NH, R\ e
between the phosphonate group and the protonated Glu151. 0w OH R o o R
AM1 tends to overestimate the Zr-Zn?* and the ZA™—
ligand distances to oxygen atoms, whereas tH¥éZnitrogen Glul51 7 Gluis1 8
distances are slightly smaller for the histidine ligands. These
results are in good agreement with our earlier study on
multinuclear ZA* complexes 1). The coordination distance Zn1 Zn2 Znl £n
to the N-terminal amino group is larger. However, the ; '
corresponding distance in the LPAILAP complex (PDB o |0 ;
entry 1LCP) is 0.208 A longer than that in the LPAAP N X, HO NH,
complex, suggesting some error in the X-ray structure. Rz\NHO “NH, RI
Furthermore, the hydrogen bonding distances of the opti- o._‘onRl Oy O
mized structure are longer than the corresponding X-ray
Gluis1 9 Gluis1 10

structure distances. This effect is known and has been
investigated by Zheng and Mer4§). Ficure 6: Notation of possible structures occurring during the

T talyti ti ths.
The optimizations of the LPAAAP complexes show caialyfic reaction paths

that, within the scope of known systematic deviations, the
QM/MM method and the AM1 Hamiltonian are suitable for
describing the AAP active site. Furthermore, they indicate
thatLPA(4) with O2 and Glul51-@2 protonated probably
represents the protonation pattern found in the X-ray structure
of the LPA—AAP complex. A detailed list of relevant atomic
distances of the optimized systemBA(1—4) is given in

the Supporting Information (Table S1).

structures occurring during the alternative reaction paths is
given in Figure 6.

For a coordination to Zn2, the usually positively charged
N-terminal amino group of the substrate must be deproto-
nated. The [, value of the amino group is usually about
8.0 @9), but it is likely that the interaction with the 2h
ion lowers it considerably. The deprotonation may occur in
the solvent before the substrate enters the binding pocket or
Optimization of the Leu-AlaAAP Complex in the active site, where the bridging hydroxide ion or the

carboxylate ligands Glul51 or Aspl79 may act as proton

Although some assumptions concerning the reaction acceptors. Because of the structural conditions, a deproto-
mechanism of the peptide hydrolysis (e.g., that it is a generalnation by Asp117 or Glul52 is unlikely. A major point of
base mechanism that proceeds via a tetrahedral intermediatelnterest is the coordination pattern of the hydroxide/water
can be considered as true, there are a number of reactiorsubstrate complex. If the future nucleophile is a water
possibilities to be investigated. The notation used for molecule, it must be deprotonated to increase its nucleophi-
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Ficure 8: Possible proton acceptors for the deprotonation of the
His97 N-terminal ammonium group: (1) Glul51; (2) the hydroxide ion;
(3) Aspl79.

Table 1: Relative Energie£), Activation Barriers Es), and
Energy Differences from the Previous Minimum Structufé=) in
kcal mof?* for the Coordination of the Substrate to the?Zions
(for the Notation of the Structures See Figuré 6)

substrate
O—=—=(, backbone structure E Ea AE

AN (1) Proton Transfer to Glu151<Q and
Subsequent Coordination of the N-Terminus to Zn2

Ficure 7: Active site with the protonated substratB fot yet 1 0
coordinated to Zn2. Only the functional groups of the active site TS (H-transfer) 3.0 3.0
residues and essential protons are shown; the side chains of the 2 —-19.9 -19.9
substrate are omitted. The distances are given in A. TS (coordination) —12.2 7.7
—28.7 —8.8

licity. Again, Glul51 is an obvious candidate for the proton (2) Proton Transfer to the Hydroxide lon,
acceptor. The next step is the nucleophilic attack of thieZn Subsequent Coordination of the N-Terminus to Zn2,
bound hydroxide ion on the carbonyl carbon resulting in a and Proton Transfer from the Water Molecule to Glu151
tetrahedral in_termediate. The open guestion concerning _this TS (H-transfer) 31.1 211
reaction step is whether the hydroxide attacks from a bridging 3 10.9 10.9
or a terminal position. For the decomposition of the TS (coordination) 11.2 0.3
tetrahedral intermediate, a proton must be transferred to the 4 —7.1 —-18.0

TS (H-transfer) 2.2 9.3

peptide nitrogen. A likely proton donor is Glul51 if it was
protonated in an earlier step. However, the possibility of a
proton transfer from thgemdiolate group to the peptide 1

~11.4 -43
(3) Proton Transfer to Asp17962
0

must also be considered. When the peptide cleavage is Ts (H-transfer) 26.7 26.7
finished, the release of the N-terminal residue may only occur 2 (Asp179 instead of 11.0 11.0
after a reprotonation of the amino group to facilitate its Glu151 protonated)

release from Zn2. Furthermore, possible interactions of the 2 A graphical representation is given in the Supporting Information
carboxyl or carboxylate group of the cleaved amino acid to (Figure S2).
the Zr?* ions or other active site residues can also make

product release difficult. However, the binding pocket is Qc2 (path 1) has a very low activation barrier and is very
accessible to the solvent and an incoming water molecule exothermic. Subsequently, the N-terminal amino group can
can assist the cleavage of the products from th& Zons. easily coordinate to Zn2 with a further gain in energy. This
These various reaction possibilities were investigated andis by far the most favorable path for the binding step. The
compared to determine the most likely. For clearness, theactivation barrier for a proton transfer to the hydroxide ion
reaction steps are described individually. The discussion is (path 2) is 21.1 kcal mok; to Asp179-®2 (path 3), it is
confined to the reaction paths of the methyl-blocked Leu- 26.7 kcal mot®. Path 3 was not followed further because of
Ala dipeptide via a tetrahedral intermediate in tRe the high activation energy. The product of the hydroxide
configuration. Reaction paths via a tetrahedral intermediate protonation in path 2 includes a bridging water molecule that
in the Sconfiguration are not reported because only ones takes up a terminal Zn1-coordinated position as soon as the
with unreasonably high activation energies were found.  N-terminus of the substrate is coordinated to Zn2 with
Coordination of the Substrate to ZrRven if the substrate  virtually no activation barrier.
is not coordinated to Zn2l( see Figure 7), it is held in place The results indicate that path 1 is the most likely, although
by a number of hydrogen bonds. The protonated N-terminus the large gain in energy after the proton transfer to Glu151
interacts with both Glul51 carboxylate oxygens and with is surprising. However, this reaction step calculated for the
Aspl79-®2. Furthermore, Glu151-€2 is hydrogen-bonded  Cys227-Ser228-containing system has a slightly higher
to the peptide hydrogen of the scissile peptide bond. A very activation barrier (5.6 kcal mot) and is less exothermic
similar binding scheme was found in the X-ray structure for (—13.4 kcal mot?), indicating that Ser228 quenches the
the leucine complex of the relateStreptomyces griseus  basicity of Glu151. The very low activation barrier for the
aminopeptidase (SGAP; PDB entry 1F2&D). coordination step in path 2 gives rise to the assumption that
For the deprotonation of the N-terminus, three proton the proton transfer to the hydroxide ion, the coordination of
acceptors are likely: Glul51, the hydroxide ion, and Asp179 the N-terminus, and the coordination cleavage of the water
(see Figure 8). The energies are given in Table 1 and themolecule to Zn2 may occur as a concerted process. In this
structure notation in Figure 6. The proton transfer to Glu151- case, a considerably lower activation energy may be required.
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Table 2: Relative Energie€), Activation Barriers EJ), and
Energy Differences from the Previous Minimum Structufés) in
kcal mol* for the Nucleophilic Attack (for the Notation of the
Structures See Figure®)

Aspll17

His97 stucture E E, AE
o, -7 Asp179 (1) Nucleophilic Attack of the
XN Q Metal-Bridging Hydroxide lon
LN 2 0
TS (nucleophilic attack) 21.9 21.9
Glul52 7 10.1 10.1
(2) Cleavage of the Zn2 Coordination and
Attack of the Terminal Hydroxide lon
2 0
TS (coordination cleavage) 12.4 12.4
6 6.1 6.1
substrate Glu151 TS (nucleophilic attack) 23.1 17.0
backbone 7 10.1 4.0
},129 (2a) Cleavage of the Zn2 Coordination
b
Ficure 9: Enzyme-substrate complex including the bridging ‘ZI'Sb (coordination cleavage) 013 1 13.1
hydroxide ion §). Only the functional groups of the active site b 75 ' 75

residues and essential protons are shown; the side chains of the
substrate are omitted. Distances are given in A. a A graphical representation is given in the Supporting Information
(Figure S3)P Extended QM system including Asp99, Cys227, and

Although we did not find a corresponding transition state, Ser228.

this possibility should not be excluded. To regenerate the

more nucleophilic hydroxide ion, the water can be depro- We found the same situation for the formation of the
tonated by Glu151. In the resulting struct@ehe hydroxide tetrahedral intermediate in the bILAP, where the nucleophilic
ion is coordinated terminally to Znl. This reaction step is attack of a bridging hydroxide ion affords an about 10 kcal
exothermic. mol~! higher activation energy than that of a terminally

To investigate the influence of the protonation state of coordinated onelj. The structures of the terminal hydroxide
Glul51, a further variant of path 2 with Glu151 protonated complex6 and the tetrahedral intermediateare shown in
from the beginning was calculated. The proton transfer now Figure 10.
requires an activation barrier of 14.3 kcal mband is only The terminal hydroxide in the structuées stabilized by
1.3 kcal mof! exothermic. However, the protonated Glu151 a hydrogen bond to the N-terminal amino group. AsSor
forms a hydrogen bond to Aspl79%@. As a consequence a variety of minima depending on the starting structure for
of the resulting electron deficiency on Zn2, the water 6were found. The most stable one shows the hydrogen bond
molecule occupies the vacant binding position and inhibits between Glul51-ER and Ala-Qo observed before in the
the coordination of the N-terminal amino group to Zn2. most stable structurd. Furthermore, some conformers are

The conformation of the coordinated substrétesee stabilized by a weak interaction between the carbonyl oxygen
Figure 9) is stabilized by a hydrogen bond from Glul51- of the scissile peptide bond and His2561H The structure
He2 to the C-terminal alanine carbonyl oxygen B shown in Figure 10a is more favorable for a nucleophilic
distance 2.129 A). Depending on the conformation of the attack than the most stable one. Because the activation energy
C-terminus, the total energy of this structure varies by up to of a Zn2-hydroxide coordination is only half as high as that
17 kcal mof?. Although the structure shown in Figure 9 for the coordination cleavage, the equilibrium lies on Fhe
was found to be the most stable, minimum structures without side and the terminal hydroxide compléxan be considered
the Glul51-H2—Ala-Oco interaction are more appropriate  as an activated intermediate. Asp99 has been suggested to
for further reaction steps. This is justified because the extra contribute to the regulation of the Zn2 Lewis acidity via
stabilization of the most stable C-terminus conformation is His97. Thus, its influence on the bridging/terminal hydroxide
a consequence of the attenuated substrate model. Largecomplex equilibrium was studied on an extended model
protein substrates should not adopt this conformation. Partly, system including Asp99, Cys227, and Ser228 in the QM part
the C-terminus conformations are stabilized by hydrogen (path 2a in Table 2). However, the activation barrier for the
bonds between His25644 and the carbonyl oxygen of the coordination cleavage is 0.7 kcal mélhigher and the
scissile peptide bond or Aladg. The conformational relative energy of the terminal hydroxide complex is 1.4 kcal
changes are proposed to occur within the scope of the normaimol~* higher, indicating that Asp99 slightly favors the
protein movement. bridging hydroxide complex.

Nucleophilic AttackThe nucleophilic attack of the bridg- The tetrahedral intermediatéis stabilized by the coor-
ing hydroxide ion on the peptide carbonyl carbon requires dination of thegemdiolate group to Zn1 as a bidentate ligand
an activation energy of 21.9 kcal mdl(path 1 in Table 2). and hydrogen bonds between tpemdiolate hydrogen and
However, an alternative and more favorable reaction pos- Glul151-G-1 and between His25644 and the unprotonated
sibility is the cleavage of the Zrzhydroxide coordination  gemdiolate oxygen. Furthermore, there is a hydrogen bond
and the attack of the resulting terminally bound hydroxide between Aspl117-G2 and the N-terminal amino group.
on the carbonyl carbon (path 2). For this path, the activation Decomposition of the Tetrahedral Intermediat€he
barriers are 12.4 kcal mol for the breaking of the following step in the hydrolysis reaction, the decomposition
coordination and 17.0 kcal mdifor the nucleophilic attack.  of the tetrahedral intermediate, requires the protonation of
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Ficure 11: Possible paths for the decomposition of the tetrahedral
intermediate? to the product structur®: (1) formation of the
zwitterionic intermediatd via protonation of the peptide nitrogen
by Glul51, subsequent cleavage of theNGbond resulting inL0,

and proton transfer from the leucine carboxyl group to Glul51;
(2) protonation of the peptide nitrogen by tgemdiolate group;

(3) decomposition 08 by a proton transfer frorgemdiolate group

to Glul51.

12; the relative energies of all decomposition possibilities
are given in Table 3.
The other alternative for the decomposition step is a proton

transfer from thegemdiolate group to the peptide nitrogen
(path 2). Simultaneously with the transfer reaction, theN=

FiGurE 10: Enzyme‘substrate Complex (a) |nC|Ud|ng the term|na”y bond |S broken, ang |S formed However, th|s poss|b|l|ty

coordinated hydroxide ion6f and (b) with the tetrahedral inter-

mediate 7). Only the functional groups of the active site residues

requires an activation energy nearly twice as high as that

and essential protons are shown; the side chains of the substratdOr the decomposition vié. The formation of the zwitterionic

are omitted. Distances are given in A.

intermediate is the rate-determining step of the chemical
reaction with an activation barrier of 26.9 kcal mbl

the former peptide nitrogen. The possible proton donors areAlthough it is possible to mediate this proton transfer by a

the protonated Glul51 (path 1 in Figure 11) and glee
diolate group (path 2).

water molecule resulting in a hydronium ion as a very
unstable additional intermediate, the activation barrier for

The proton transfer from Glu151 results in a zwitterionic this path is by 8.4 kcal mot higher.

structure8 that is stabilized by hydrogen bonds between

Coordination Cleaage of the Product to the Zh lons.

Glu151-G2 and the peptide ammonium group and between The C-terminal fragment interacts with the active site

Glul51-G2 and thegemdiolate hydrogen. The €N bond

residues only by hydrogen bonds, but the N-terminal leucine

is already elongated and is subsequently cleaved to form theis much more tightly bound, especially if it is negatively

product structurel0. Now the coordinated leucine can for

charged. A neutral leucine is unlikely because it is calculated

its part protonate Glu151 with a very low activation barrier to be 26.1 kcal mof less stable than the anion. Glu151 is
leading to a negatively charged leucine, which is still the only available proton donor for the N-terminal amino
coordinated to Zn1 via the carboxylate group and to Zn2 group in9. However, a proton transfer is only possible if

via the N-terminus. Structur® can also be obtained di-
rectly by a proton transfer from thgemdiolate group to
Glul51 in structure8 (path 3 in Figure 11). The transfer is
accompanied by the cleavage of the-i€ bond. The

the coordination to Zn2 is detached first, which requires an
activation energy of 14.8 kcal mdl The subsequent proton
transfer has an activation barrier of 22.0 kcal mahnd
results in a leucine zwitterion that is still coordinated tightly

N-terminal end of the remaining peptide chain is hydrogen to both Zi¥* ions via one carboxylate oxygen.

bonded via the amino nitrogen to His25&3or the carboxyl

An additional water molecule added to the solvent-ex-

group of Glu151 and via one of the amino hydrogens to the posed active site improves the overall situation (the nota-
leucine carboxylate oxygens. Although the release shouldtion of the water-containing structures is given in Figure 13).
be more difficult for a charged leucine, the low activation Four possibilities for the formation of the structu2é are

barrier suggests that structu®e rather than structuréo,

theoretically possible (see Figure 14 and Table 4). The pep-

should be considered as the product of the chemicaltide fragments in structur2l are not coordinated to the
transformation. The structures 8 and 9 are shown in Figure Zn?" ions. The N-terminus of the leucine is positively
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@ Table 3: Relative Energie€), Activation Barriers EJ), and

|| Asp117

Energy Differences from the Previous Minimum Structufés) in
kcal mol* for the Decomposition of the Tetrahedral Intermediate
(for the Notation of the Structures See Figuré 6)

structure E Ea AE

Aspl79 (1) Proton Transfer from Glu151 to the Peptide Nitrogen,
C—N Bond Cleavage, and Proton Transfer from the
Leucine Carboxyl Group to Glu151
0

7
TS (H-transfer to peptide N) 26.9 26.9
8 20.9 20.9
TS (C—N bond cleavage) 315 10.6
SEX 10 34 -17.4
X .\r\ TS (H-transfer to Glu151) 6.7 3.3
substrate ,.951-._'%151 9 ~222 ~26.7
a backbone (2) Proton Transfer from thgemDiolate
q% Group to the Peptide Nitrogen
7 0
N

(Asp117 TS (H-transfer to peptide N) 46.9 46.9
,/@\Q 9 —22.2 —22.2

3 (3) Proton Transfer from thgemDiolate

Normm 277 Aspl179 Group to Glu151-@1
@ 8 20.9
G TS (H-transfer to Glu151) 33.6 12.7
9 —22.2 —-43.1
J" leucine His97 a A graphical representation is given in the Supporting Information
& backbone (Figure S4).
“7 the cleavage of the Zr2N-terminus coordination signifi-
C alanine 17 K‘ Glul51 cantly. A subsequent proton transfer from Glul51 to the
b backbone N-terminal amino group forming the target struct@®is

the rate-limiting step in path 2. In path nd 4, the first
Ficure 12: Complex (a) with the zwitterionic intermedia® énd © rate g step In pa paths 3 and 4, the firs

(b) product complex with a negatively charged leucig Only step is the cleavage of the ZaRl-terminus coordination,

the functional groups of the active site residues and essential protongVhich is endothermic by 22.7 kcal mél However, we could
are shown; the side chains of the substrate are omitted. Distanced10t optimize a transition state for this system. Again, a

are given in A. possible support of the release by the His97-mediated
interaction of Asp99 with Zn2 was studied by using the
charged, and the C-terminus is neutral. This protonation extended system including Asp99, Cys227, and Ser228 in
pattern ensures that the peptide does not coordinate to onghe QM part. Now a transition state was found, and
of the Zr¥* ions and facilitates the product release. The active furthermore, the reaction step is 7.3 kcal mdess endo-
site is then ready for the next catalytic cycle. Nevertheless, thermic than that in the smaller system. Although Asp99 was
it is not clear whether the N-terminal amino group must not found to have a significant effect on the Zrt#ydroxide
necessarily be protonated for the leucine to leave the bindingcoordination cleavage i, it does influence the cleavage of
pocket. the product from Zn2 by regulating the electronic conditions
The additional water molecule is bound to Znl and on Zn2. In path 3, a proton is transferred from the water
occupies the coordination site of the leucine carboxyl or molecule to the amino group with a very low activation
carboxylate oxygens, which are in return hydrogen-bonded energy, and the resulting hydroxide ion occupies a bridging
to the water molecule. As a consequence, the stabilizationposition automatically to form systed®. The final proton
of the negatively charged leucine by the?Zions decreases, transfer from Glu151 to the leucine carboxylate group is rate-
as does the activation energy for the formation of a neutral limiting. In path 4, the Glul51-H is transferred to the
leucine. Therefore, the proton transfer from the Glul51 uncoordinated N-terminal amino group. Subsequently, the
carboxyl group in structurdl (path 1 in Figure 14) now leucine carboxylate group is protonated by the water
requires 12.5 kcal mot and the return reaction 6.3 kcal molecule, and the hydroxide ion coordinates to Zn2.
mol~1. Thus, a neutral leucine may be stable enough to leave The results suggest strongly that the dissociation of the
the binding pocket. The additional water molecule is a products from the Z&# ions must be assisted by a water
potential donor for the protonation of the N-terminal amino molecule. The activation barriers of the rate-limiting steps
group. However, again this must first be dissociated, which for the various possibilities are similar, so it is likely that
is the rate-limiting step for path 1 (see Figure 14). The there is more than one reaction path. However, the final
resulting hydroxide ion is terminally bound to Zn1 and can protonation of the amino group (which probably has a lower
take up the bridging position easily. The positively charged pK, value than the usualky of 8 because it interacts with
leucine in structur@1 interacts with the active site only by  Zn2 and thus may not be protonated within the active site)
hydrogen bonds to Glul151, Asp179, and the hydroxide ion. in path 2 or of the leucine carboxylate group in path 3 may
In path 2, the release is initiated by a proton transfer from not be necessary or may be assisted by the solvent. In both
the water molecule to the leucine carboxyl group. The cases, the proton donor is Glul51. The remarkable basicity
resulting hydroxide ion coordinates to Zn2 and facilitates of this residue in its negatively charged form must be
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Ficure 13: Notation of structures (including an additional water molecule) occurring during the possible product release processes.

quenched by additional solvent water molecules. As a con- continuum on reduced substrate structures were performed
sequence, the activation barriers for proton-transfer reactions(see Figure 15). These systems contain the dipeptide, Glu151,
with Glul151 as the donor should be lowered. which is represented by an acetate ion, and the tw& Zn
Electrostatic Effectsin the classical picture of enzyme ions with a coordination shell of three water molecules each.
catalysis, the electrostatic effect of the enzyme environment To describe a more realistic picture, the water molecules were
is suggested to make the largest contribution favoring the allowed to relax while the rest of the system was frozen to
catalytic reaction§1). A dielectric constant ot = 4 was the conformation obtained by the QM/MM calculation. The
used for all calculations described above. resulting energy profile agrees very well with the conclusions
However, we can assume that the influence of the solventthat we have drawn from the calculations with the enzyme
for the monomeric AAP may not be described adequately, @nd continuum environment. The rate-limiting formation of
because the interactions between polar groups across théhe zwitterionic intermediat8 is more favorable in solvent,
QM/MM boundary do not take the back-polarization of the emphasizing its importance for this step. All other reaction
MM part by the QM part into account. A better description Steps are favored by the enzyme active site residues and
requires the inclusion of a water cap in the QM part of the environment. The relative energies are listed in Table 5.
system or the use of a polarizable continuum model instead Energetic Comparison of the Semiempirical Calculations
of the MM environment. Therefore, single point calculations to DFT.To confirm the reaction mechanism obtained by the
of the QM part were performed using COSM&2) with a semiempirical method, we calculated the PW91/DMR, (
dielectric constant of 78.54 for water as solvent. The shape43) energies for the QM/MM stationary points along the
of the QM system including a large part of the active site reaction path. Figure 16 shows the comparison between the
ensures that the major effect of the continuum affects the DFT energies and AM1 gas-phase single point energies on
substrate at the solvent-exposed side and the enzyme-orientethe same systems.
side is shielded by the active site residues. A comparison of The agreement of the relative energies between the two
the energy profiles is shown in Figure 15. methods for the structures 10, and9 is as expected and
The continuum has a stabilizing influence on the transition found previously for the bILAP. The energies of the terminal
state of the rate-limiting formation of the zwitterionic hydroxide complex6 and the transition state for the nucleo-
intermediateB; the activation barrier is lowered significantly  philic attack are probably underestimated and the transition
(by 7.1 kcal mot?). With the exception of the proton transfer — states for the proton-transfer reactions and the energy of the
to Glul51 in structurd.0, the barriers for the other reaction  zwitterionic intermediat® overestimated by AM1. The DFT
steps are also lowered slightly. Furthermore, the large energyprofile for the decomposition of the tetrahedral intermediate
changes found for the decomposition of the zwitterionic suggests that the zwitterionic intermediate may be an artifact
intermediate using the QM/MM method are quenched by of the method and that the proton transfer and the bond
the effect of the polarizable continuum. To prove whether cleavage are concerted reactions, as similar calculations also
the enzyme environment catalyzes the chemical transforma-suggested for the bILAPL}. Furthermore, the DFT calcula-
tion at all, single point energies within a COSMO polarizable tions support the hypothesis that a neutral leucine as a product
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FiGurRE 14: Possibilities for the water-assisted dissociation of the
products from the zinc ions: (1) protonation of the leucine
carboxylate group by Glul51, ZaN coordination cleavage,
protonation of the N-terminus by the water, and Zn2 coordination
of the hydroxide ion; (2) protonation of the leucine carboxylate
group by the water, Zn2 coordination of the hydroxide ion, Zh2
coordination cleavage, and protonation of the N-terminus by
Glul51; (3) Zn2-N coordination cleavage, protonation of the
N-terminus by the water (the Zn2 coordination of the hydroxide
ion takes place automatically), and protonation of the leucine
carboxylate group by Glul51; (4) Zr2 coordination cleavage
as in path 3, protonation of the N-terminus by Glu151, protonation
of the leucine carboxylate group by the water, and Zn2 coordination
of the hydroxide ion.

is not likely. Overall, the AM1 calculations give a good
qualitative description. However, we have noted previously
(53) that the balance between ZN and Zn-0 coordination

is extremely difficult to reproduce with either DFT or

tively, is evident from our results.

DISCUSSION

The results of the QM/MM study confirm the mechanism
proposed by Stamper et all4) to a high degree. After the
coordination of the N-terminal amino group to Zn2, the

Schirer et al.

Table 4: Relative Energie€), Activation Barriers EJ), and

Energy Differences from the Previous Minimum Structufés) in

kcal moi* for the Water-Assisted Dissociation of the Products from
the Zrt* lons (for the Notation of the Structures See Figure?13)

structure E Ea AE

(1) Protonation of the Leucine Carboxylate Group by Glu151,
Cleavage of the Zn2N-Terminus Coordination,

Proton Transfer from the Water Molecule to the Amino Group,
and Coordination of the Hydroxide lon to Zn2

11 0

TS (H-transfer) 125 125

12 6.2 6.2
TS (coordination cleavage) 26.0 19.8

13 25.9 19.7
TS (H-transfer) 38.4 125

16 31.8 5.9
TS (coordination) 33.3 15

21 15.4 —16.4

(2) Proton Transfer from the Water Molecule to the Leucine
Carboxylate Group, Hydroxide Coordination to Zn2,
Zn2—N-Terminus Coordination Cleavage,

and Protonation of the Amino Group by Glu151
0

11

TS (H-transfer) 154 154

15 45 4.5
TS (coordination) 11.8 7.3

17 2.2 —-2.3
TS (coordination cleavage) 5.6 3.4

18 —5.8 -8.0
TS (H-transfer) 16.9 22.7

21 16.6 224

(3) Cleavage of the Zn2N-Terminus Coordination, Proton Transfer
from the Water Molecule to the Amino Group (the Coordination
of the Hydroxide lon to Zn2 Takes Place Automatically),

and Protonation of the Leucine Carboxylate Group by Glu151

11b 0

TS (coordination cleavage) 18.2 18.2

14 15.4 15.4
TS (H-transfer) 18.4 3.0

19 4.4 —-11.0
TS (H-transfer) 24.0 19.6

21 25 -19

(4) Proton Transfer from Glu151 to the Amino Group,
Protonation of the Leucine Carboxylate by the Water Molecule,
and Coordination of the Hydroxide lon to Zn2

14 15.4

TS (H-transfer) 37.7 22.3

20 29.0 13.6
TS (H-transfer) 39.8 10.8

16 33.3 4.3
TS (coordination) 36.1 2.8

21 235 -9.8

a A graphical representation is given in the Supporting Information
(Figure S5)P Extended QM system including Asp99, Cys227, and

Ser228.

bridging hydroxide ion becomes terminally bound to Znl
and, although there is probably an equilibrium between the
structuress and5 with the latter favored, attacks the peptide
carbonyl carbon out of this position. Our earlier study on
/ -~ _ i . bILAP (2) revealed the same situation. The terminally bound
semiempirical methods, so systematic errors in our energiesyyqroxide complex can be regarded as an activated inter-
may result from this source. The tendency of AM1 and DFT |\ ediate. Recently, on the basis of molecular dynamics
to over- and underestimate proton-transfer barriers, respecimulations, Merz et al. suggested a similar breaking of a

hydroxide bridge to facilitate the nucleophilic attack for the
binuclear zine-f-lactamase ofBacteroides fragiliscom-
plexed with imipenem&34). As in our earlier bILAP study
and in contrast to the mechanism proposed by Stamper et
al., the substrate carbonyl oxygen in the struct@esid5

is not coordinated to Znl. The substrate is merely held in
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Ficure 15: Comparison of the energy profiles obtained with the FiGure 16: Comparison between AM1— ®) and PW91/DNP
MM environment AAP directly generated from the PDB entry 1FT7 (— — —, <) gas-phase single point energies on the stationary points

(e = 4, —, @), with a COSMO continuum model instead of the of the reaction path.
MM environment ¢ = 78.54,-:+, x), and with a model system
containing the substrate and the two?Znons with three water it contributes to the regulation of the Lewis acidity of Zn2
molecules each within a COSMO continuum model 78.54, and assists the breaking of the hydroxide bridge in this way.
— — =, V). The water molecules were optimized, while the rest of '\ye cannot confirm an effect on this reaction step, but the
the system was frozen in the conformation obtained by the QM/ . . S
MM calculations. triad clearly has an influence on the coordination cleavage
of the product to Zn2. However, a look on the topology

place by hydrogen bonds to Glul51 or His256. The nucleo- shows that the position of Asp994Q is not ideal because
philic attack is accompanied by the coordination of the itis notin plane with the His97 imidazole ring. The dihedral
carbonyl oxygen to Zn1l. The resulting tetrahedral intermedi- angle describing the aspartateistidine orientation (Asp99-
ate is stabilized by interactions of the twgemdiolate 061, His97-Ny1, His97-G1, His97-N:-2) ranges from 128
oxygens to Zn1, but conformations with similar energy were in the PDB entry 1IGB to 146in 1CP6. Christianson et al.
also found with only the unprotonated oxygen coordinated examined carboxylatehistidine-zinc interactions in protein
to the metal ion or with an additional interaction of the structures Z1). The average value of the corresponding
protonated oxygen to Zn2. In agreement with Stamper et dihedral of seven protein structures is 1% given in the
al., the donor for the subsequent protonation of the peptide publication and 176taking into account that the PDB entry
nitrogen is Glul51, which was protonated in an earlier step. 1CAC, which was the by far worst outlier, has meanwhile
The breaking of the peptide bond and a proton transfer from been superseded by 1CA2. The asparthistidine interac-
the gemdiolate group or leucine carboxyl group, respec- tion is therefore not optimal in AAP, and thus, the impact
tively, finish the chemical transformation. As suggested in on Zn2 is lower than expected.
the literature, we found the decomposition of the tetrahedral The negatively charged Glu151 shows enhanced basicity
intermediate by the proton transfer from Glul51 to the compared to the free amino acid. The corresponding acid
peptide nitrogen to be the rate-limiting step. has a [K, value of about 4.449), so a glutamate residue is

A minor difference from the literature is the importance expected not to be protonated at physiological pH. However,
of the Asp99-His97—2Zn2 triad. Stamper et al. suggest that the low activation barriers for proton-transfer reactions to

Table 5: Relative Energie€]), Activation Barriers Ej), and Energy Differences from the Previous Minimum StructdE)(in kcal mol? of
the Most Likely Reaction Path with Different Environments

AAP AAP(cosmo) solvent(cosmo)
structure E Ea AE E Ea AE E Ea AE

2 -10.1 —16.3 —20.9
TS (coordination 2.2 12.3 -7.1 9.2 -7.0 13.9

cleavage)
6 -4.0 6.1 —-11.4 4.9 —-5.3 15.6
TS (nucleophilic 13.0 17.0 4.6 16.0 17.0 24.0

attack)
7 0.0 4.0 0.0 11.4 0.0 5.3
TS (H-transfer 26.9 26.9 19.8 19.8 23.6 23.6

to peptide N)
8 20.9 20.9 11.3 11.3 20.3 20.3
TS (C—N bond 315 10.6 21.7 104 32.1 11.8

cleavage)
10 35 —-17.4 —2.8 —-14.1 25.1 4.8
TS (H-transfer 6.7 3.2 2.3 5.1 17.4 7.7

to Glul151)
9 —22.2 —25.7 —22.6 —19.8 —12.0 —37.1

a AAP, The MM environment AAP directly generated from the PDB entry 1FI# @); AAP(cosmo), a COSMO continuum model instead of
the MM environmentd = 78.54); solvent(cosmo), a reduced model system containing the substrate and thé"twoaZwith three water molecules
each within a COSMO continuum model € 78.54). For AAP(cosmo) and solvent(cosmo) single point calculations on the stationary points
obtained with the AAP environment were performed. Please note that the \&j@esl AE in the COSMO models have no physical meaning
because the geometries are not necessarily minima or transition states and are only given for comparison. For AAP, the total energies are given;
for AAP(cosmo) and solvent(cosmo), the heat of formation is given (for the notation of the structures, see Figure 6).
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Glul51, the rather high barriers for transfers from this ACKNOWLEDGMENT
residue, and the stability of the structures with Glu151
protonated (e.g.9) indicate that its actual K, value is
considerably higher. In the X-ray structureg of the free SUPPORTING INFORMATION AVAILABLE

enzyme (PDB entry 1AM) and the complex with 1-butane-

boronic acid (1CP6), a water molecule is positioned closely A schematic representation of the system separation
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via hydrogen bond donation. Calculations on a model systemtations of Tables +4 (Figures S2S5). This material is
including Ser228, which is hydrogen-bonded to Glul51 in available free of charge via the Internet at http://pubs.acs.org.
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