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The reaction mechanism of the dinuclear zinc enzyme human renal dipeptidase is investigated using
hybrid density functional theory. This enzyme catalyzes the hydrolysis of dipeptides and b-lactam
antibiotics. Two different protonation states in which the important active site residue Asp288 is either
neutral or ionized were considered. In both cases, the bridging hydroxide is shown to be capable of per-
forming the nucleophilic attack on the substrate carbonyl carbon from its bridging position, resulting in
the formation of a tetrahedral intermediate. This step is followed by protonation of the dipeptide nitro-
gen, coupled with C–N bond cleavage. The calculations establish that both cases have quite feasible
energy barriers. When the Asp288 is neutral, the hydrolytic reaction occurs with a large exothermicity.
However, the reaction becomes very close to thermoneutral with an ionized Asp288. The two zinc ions
are shown to play different roles in the reaction. Zn1 binds the amino group of the substrate, and Zn2
interacts with the carboxylate group of the substrate, helping in orienting it for the nucleophilic attack.
In addition, Zn2 stabilizes the oxyanion of the tetrahedral intermediate, thereby facilitating the nucleo-
philic attack.

� 2009 Published by Elsevier Inc.
1. Introduction nated to the dinuclear zinc center. Asp288, situated very close to
Human renal dipeptidase (hrDP) is a glycosyl phosphatidylino-
sitol-anchored cell surface enzyme that catalyzes the hydrolysis of
dipeptides with D-, L-, or dehydro-amino acids at the C-terminus
(Scheme 1) [1–3]. It plays an important role in the in vivo renal
metabolism of glutathione and leukotriene D4, and exhibits hydro-
lytic activities toward b-lactam antibiotics, such as penem and
carbapenem [4–6]. The latter feature has led to the development
of cilastatin as a reversible and specific inhibitor, which can be
used as a probe for colon cancer [7,8].

hrDP is a homodimer, consisting of 369 residues in each sub-
unit, linked by a disulfide [9,10]. It utilizes a dinuclear zinc site
to catalyze the reaction [9,10]. It has a distorted (a/b)8-barrel
structural fold, very similar to those of murine adenosine deami-
nase [11], bacterial Klebsiella aerogenes urease [12], and Pseudomo-
nas diminuta phosphotriesterase [13]. The X-ray crystal structure of
hrDP has been solved in both the unliganded form and in complex
with the dipeptidyl moiety of the cilastatin inhibitor [10]. The two
zinc ions in the active site (Fig. 1) are bridged by a glutamate res-
idue (Glu215) and an oxygen species. In addition, three histidines
(His20, His198, and His219) and an aspartate (Asp22) are coordi-
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Zn2, forms a hydrogen bond to the bridging oxygen. His152, a sec-
ond-shell residue, is hydrogen-bonded to the peptide carbonyl
oxygen, and is believed to contribute to the substrate recognition
[10] Furthermore, the carboxylate terminus of the inhibitor is coor-
dinated to Zn2 and hydrogen-bonded to Arg230 and Tyr255.

On the basis of the X-ray structure and earlier mutational stud-
ies, a plausible mechanistic proposal has been put forward [10].
The first step is the binding of the dipeptide substrate, in which
the N-terminal amino group coordinates to Zn1, and the carboxyl-
ate group coordinates to Zn2, in a similar fashion as the cilastatin
inhibitor in the crystal structure. Such a binding mode has been
supported by molecular docking studies [14,15]. The bridging li-
gand is proposed to be a water molecule that then is deprotonated
by Asp288, forming a bridging hydroxide [10]. This hydroxide in
turn performs a nucleophilic attack on the dipeptide carbonyl car-
bon, leading to a tetrahedral intermediate. His152 is suggested to
stabilize the oxyanion in the tetrahedral intermediate [10]. Subse-
quently, the peptide C–N bond is cleaved. Exactly how this is done
is not known. It is possible that Asp288 shuttles a proton from the
bridging oxygen to the peptide nitrogen, since similar reaction
steps have been suggested for several related dinuclear zinc en-
zymes, such as b-lactamase from Stenotrophomonas maltophilia
[16], methonine aminopeptidase from Escherichia coli [17], amino-
peptidase from Aeromonas proteolytica [18], and dihydroorotase
from Escherichia coli [19].
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Fig. 1. X-ray structure of the active site of hrDP complexed with a dipeptidyl moiety of cilastatin. (coordinates taken from PDB entry 1ITU) [10].

Scheme 1. Reaction catalyzed by hrDP.
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In the above mechanistic proposal, the ionized Asp288 is as-
sumed to accept the proton during the formation of the bridging
hydroxide. However, it is quite conceivable that this proton is re-
leased to solution, and that Asp288 therefore would remain ion-
ized. The protonation state of Asp288 might be crucial for the
kinetics and thermodynamics of the catalytic reaction.

In the present study, we use quantum chemical methods to
model the active site and to investigate the reaction mechanism
of hrDP. With a model designed on the basis of crystal structure
(PDB entry 1ITU) [10], the hybrid functional B3LYP [20,21], was
employed to calculate the potential energy profile for this reaction
with the Asp288 residue in either neutral or ionized state. We also
consider the reaction of the cilastatin inhibitor and provide a ratio-
nalization for its low reactivity. This methodology has been suc-
cessfully applied to study a wide array of enzymes, [22–27]
including several related di-zinc enzymes [28–33].
2. Computational details

All calculations were performed using the hybrid density func-
tional theory method B3LYP, as implemented in the Gaussian03
code [34]. Geometries were optimized with the 6-31G(d, p) basis
set for the C, N, O, H elements and the effective core potential
LANL2DZ [35] basis set for Zn. Based on these optimized geome-
tries, more accurate energies were calculated with the larger basis
set 6-311+G(2d, 2p) for all elements. The solvation effects from the
protein surrounding that was not explicitly included in the quan-
tum chemical cluster model were considered by performing sin-
gle-point calculations on the optimized geometries at the same
theory level as the optimization using the conductor-like polariz-
able continuum model (CPCM) method [36–39] with the default
UA0 radii (united atom topological model). In this approach the
surrounding protein is treated as a homogenous macroscopic con-
tinuum with some dielectric constant. Here, we used the standard
value e = 4.

Frequency calculations were performed at the same level of the-
ory on all stationary points along the reaction path to calculate the
zero-point energy (ZPE) effects. Some atoms are fixed to their X-ray
positions (see below), which gives rise to several small imaginary
frequencies, all below 50i cm�1. These do not contribute signifi-
cantly to the ZPE and thus can be ignored. However, they make
the calculations of harmonic entropy effects inaccurate. Therefore,
entropy was not considered in the present study.
3. Model of active site

To investigate the reaction mechanism, a quantum chemical
model of the hrDP active site was designed on the basis of the X-
ray structure solved for the enzyme in complex with cilastatin
(PDB code 1ITU) [10]. The first coordination shell of the di-zinc site
was represented by three methyl-imidazoles that mimic the His20,
His198, and His219 residues and two acetates that represent the
Asp22 and Glu125 residues. A hydroxide was used as the bridging
nucleophile oxygen species. The important Asp288 was modeled in
either the neutral (called Case I) or the ionized (called Case II)
forms, using either acetate or acetic acid, respectively. Five impor-
tant second-shell residues (Ser66, His152, Arg230, Asn250, and
Tyr255) were also included, and modeled by methanol, methyl-
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imidazole, N-methyl-guanidine, acetamide, and phenol, respec-
tively. The inhibitor of the crystal structure was manually replaced
with a dehydro Ala-Ala dipeptide substrate (see Fig. 2), which is
Fig. 2. Optimized structures for the active site model of hrDP in both neutral (React) and
ray structure positions during the geometry optimizations. Distances are given in angst
adequate for the purpose of this mechanistic study. Hydrogen
atoms were added manually. To keep the optimized structures
close to the experimental one, the truncation atoms were kept
ionized (React0) forms of Asp288. Atoms marked with asterisks were fixed at their X-
rom (Å).
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fixed at their X-ray positions during the geometry optimizations.
The fixed atoms are marked with asterisks in the figures below.
The total size of the model with a neutral Asp288 is thus 136 atoms
with a total charge of +1, while with the ionized Asp288 it is 135
atoms with a total charge of 0.
4. Results and discussion

In this study, we consider two scenarios in which Asp288 is
either in the neutral or ionized form. The optimized structures of
the active site models in complex with the model substrate for
these two cases (here referred as React and React0, respectively)
are displayed in Fig. 2. We first note that the N-terminal amino
group is coordinated to Zn1, while the C-terminal carboxylate
group is coordinated to Zn2 through one of its oxygens. This
Zn1–amino interaction seems to be of importance for the hydroly-
sis, since the cilastatin inhibitor lacks both an amino group (as in
dipeptide) and a hydroxyl group (as in b-lactam antibiotics) that
might coordinate to Zn1. This is possibly a common feature for
dinuclear zinc aminopeptidases, as it has also been suggested in
three related enzymes, namely aminopeptidase from Aeromonas
proteolytica (AAP) [29,40], methonine aminopeptidase from Esche-
richia coli (MetAP) [41], and bovine lens leucine aminopeptidase
(blLAP) [42].

The substrate carboxylate group interacts with the side chains
of the Arg230 and Tyr255 residues through three hydrogen bonds.
Furthermore, His152 forms a hydrogen bond to the dipeptide car-
bonyl oxygen. These interactions help orienting the substrate, so
that it is ready for subsequent nucleophilic attack. The Zn–Zn dis-
tance is calculated to be 3.43 Å and 3.40 Å in React and React0,
respectively, which is in good agreement with the distance found
in the crystal structure (3.29 Å).
4.1. Hydrolysis with a neutral Asp288

From React, the structures of the nucleophilic attack transition
state (TS1) and the resulting tetrahedral intermediate (Inter) have
been optimized (shown in Fig. 3). The barrier is calculated to be
11.6 kcal/mol, which upon inclusion of solvation (e = 4) decreases
somewhat to 9.7 kcal/mol. We notice that the nucleophilic attack
occurs directly from the bridging position, similarly to other dinu-
clear zinc enzymes that we have studied previously, such as phos-
photriesterase (PTE) [28], AAP [29], dihydroorotase (DHO) [30],
glyoxalase II (GlxII) [31], acyl-homoserine lactone hydrolase (AHL
lactonase) [32], and RNase Z [33]. At TS1, the nascent Ol–C bond
is 1.81 Å, which is decreased from 2.54 Å in React, and the peptide
C–N and C–O bonds are elongated from 1.36 and 1.24 Å, to 1.41
and 1.29 Å, respectively. At Inter, these two bonds are further elon-
gated to 1.47 Å and 1.33 Å, respectively, while the Ol–C is short-
ened to 1.53 Å. Due to the development of negative charge at the
peptide carbonyl oxygen, the interaction between Zn2 and this
oxygen becomes stronger, as seen from the bond distance, which
is shortened considerably from 2.67 Å in React to 2.20 Å in TS1
and 2.08 Å in Inter. This implies that Zn2 ion provides catalytic
power by stabilizing the transition state and the tetrahedral inter-
mediate, thereby lowering the barrier for the nucleophilic attack.
In addition, His152 forms a slightly stronger hydrogen bond to
the carbonyl oxygen, as indicated by the decrease of hydrogen
bond distance (1.94 Å in React and 1.88 Å in Inter, see Figs. 2
and 3). This supports previous suggestions based on crystal struc-
ture analysis, that the His152 residue provides further stabilization
to the transition state and the tetrahedral intermediate. Compared
to React, Inter has a calculated energy of 11.3 kcal/mol, which de-
creases to 9.1 kcal/mol when solvation is added. Inter is thus only
0.6 kcal/mol below TS1.
The following steps involve the protonation of the peptide
nitrogen by Asp288 and the cleavage of the C–N bond. The calcula-
tions show that these two events take place in one concerted tran-
sition state (TS2), which is shown in Fig. 3. Similar proposals have
been put forward for other zinc enzymes, thermolysin [43–45],
carboxypeptidase A [46,47], glutamate carboxypeptidase [48],
AAP [29], DHO [30], MetAP [41]. In these enzymes, an aspartate
or a glutamate helps the protonation of the amide nitrogen. At
TS2, the key distances of the proton to the peptide nitrogen and
the Asp288 oxygen are 1.20 Å and 1.36 Å, respectively. The scissile
C–N bond is 1.62 Å, slightly increased from 1.47 Å in Inter. It turns
out that concomitant with this proton transfer and the C–N bond
cleavage, the proton of the bridging oxygen transfers to Asp288,
with the distances of the proton to Ol and the Asp288 oxygen
being 1.07 and 1.42 Å, respectively. The calculated energy of TS2
is +14.3 kcal/mol compared to React. However, it decreases by
5 kcal/mol, to +9.3 kcal/mol, when solvation effects are added.
The resulting structure corresponds to the dinuclear zinc cluster
in complex with two amino acid products (Prod, Fig. 3). It is calcu-
lated to be 11.2 kcal/mol (8.6 kcal/mol including solvation) lower
than React.

The energies are summarized in Fig. 4. As seen from the figure,
the calculated energy difference between TS1 and TS2 is too small
to allow us to unambiguously determine which one of them corre-
sponds to the rate-limiting step. The experimental rate constants
are found to be in the range of 8–1600 s�1 for various dipeptide
substrates [49]. These can be converted to barriers in the range
of 13–16 kcal/mol using classical transition state theory. Our calcu-
lated barriers are thus somewhat underestimated. Several sources
of error can be envisioned here, such as the underlying DFT ener-
gies, the size of the model and the use of the coordination locking
scheme, the homogeneous solvation model, and also the inherent
inaccuracy in the X-ray crystal structure.

4.2. Hydrolysis with an ionized Asp288

The above calculations assume that the Asp288 residue is in the
neutral form and can be used as a general acid to protonate the
peptide bond, leading to its cleavage. However, it can be envi-
sioned that this residue might instead be in the ionized (deproto-
nated) form. We therefore explored the hydrolysis mechanism
also for this scenario (called Case II).

In React0, the Asp288 residue, now being negatively-charged,
forms stronger hydrogen bonds to the bridging hydroxide and
the neighboring Asn250 compared to React. In addition, there is
a weak hydrogen bond between the Asp288 oxygen and the pep-
tide NH (2.32 Å). Due to the lack of hydrogen bond between
Asp288 and the carboxylate group of the substrate, the carboxylate
oxygen in React0 binds more strongly to Zn2 as compared to React.

The optimized structures of the transition state for the nucleo-
philic attack (TS10) and the resulting tetrahedral intermediate
(Inter10) are displayed in Fig. 5. The critical geometric parameters
of TS10 are quite similar to those of TS1. The nucleophilic attack oc-
curs directly from a bridging position and the C–Ol distance is 1.85
Å (1.81 Å in TS1). The energy barrier is calculated to be 10.8 kcal/
mol, which after solvation is slightly increased to 11.0 kcal/mol.
This barrier is comparable to that of Case I (9.7 kcal/mol after sol-
vation). The resulting tetrahedral intermediate Inter10 lies at
+9.7 kcal/mol relative to React0 (7.1 kcal/mol with solvation). It is
interesting to note that the hydrogen bond between the bridging
hydroxide and Asp288 in Inter10 is considerably shorter than that
in Inter (1.43 vs. 1.72 Å).

In Case I, we found that the proton transfer from the bridging
hydroxide to Asp288, the proton transfer from Asp288 to the pep-
tide nitrogen, and the C–N bond cleavage occur in the same transi-
tion state. For Case II, the calculations suggest that two more steps



Fig. 3. Optimized geometries of stationary points along the reaction pathway in Case I with a neutral Asp288. For clarity, some residues and hydrogen atoms are not shown,
and the imidazole ligands are represented by only a nitrogen atom in the figures.

R.-Z. Liao et al. / Journal of Inorganic Biochemistry 104 (2010) 37–46 41
are needed. First, the proton of the bridging hydroxide is trans-
ferred to Asp288. We have optimized the transition state, and
the resulting intermediate (TS20 and Inter20, respectively, see
Fig. 5). This step is calculated to be very fast. In fact, TS20 is calcu-
lated to be 0.3 kcal/mol lower than Inter10, which of course is an
artifact of the technical procedures employed. It most likely origi-
nates from the fact that the geometries are optimized with a smal-
ler basis set and the final energies are then calculated with a larger
basis set. The potential energy profiles of two basis sets could be
somewhat shifted relative each other, and when the barrier is ex-
tremely low, this could result in a slightly negative barrier. We
have previously observed this for other dinuclear zinc enzyme [29].

The subsequent step is cleavage of hydrogen bond between the
Asp288 oxygen and peptide NH and the inversion of the configura-
tion of the peptide nitrogen, which prepares it to accept a proton
from Asp288. The transition state (TS30) and resulting intermediate
(Inter30) were also optimized and are depicted in Fig. 6. The dihe-
dral angle of H–N–Ca–Ccarbonyl is �123.2� at Inter20, and becomes
179.9� at TS30 and 152.9� at Inter30. Like the previous step, this
inversion is found to be very fast. The calculated barrier is
0.2 kcal/mol without solvation and �0.9 kcal/mol when solvation
is included. Again, this is an error of the optimization and solvation
procedures. The important result here is that these two steps are
very fast.

The final step is the protonation of the peptide nitrogen, which
turns out to be coupled with the C–N bond cleavage. The transition
state was located, with a C–N distance of 1.76 Å (TS40, Fig. 6). The
barrier is calculated to be 2.4 kcal/mol relative to Inter30 (3.0 kcal/



Fig. 4. Calculated potential energy profile for dehydro Ala-Ala dipeptide hydrolysis
by hrDP in Case I with a neutral Asp288.

Fig. 5. Optimized geometries of the transition states and intermediates for the nucleophi
of an ionized Asp288.
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mol without solvation). In contrast to Case I, which is largely exo-
thermic (8.6 kcal/mol), Case II is slightly endothermic, as the
resulting enzyme–product complex (Prod0) is 1.0 kcal/mol higher
than React0. The energies are summarized in Fig. 7.

As seen from Figs. 4 and 7, both cases, with Asp288 being neu-
tral or ionized, have quite feasible and comparable barriers. This is
quite different from two other dinuclear zinc enzymes, namely
DHO [30] and MetAP [41]. In DHO, besides the bridging hydroxide
and the Asp250 residue (which corresponds to Asp288 in hrDP),
the two zinc ions have only one additional negatively-charged
first-shell ligand, a carboxylated Lys102. Calculations have shown
that if the Asp250 is neutral, the nucleophilicity of the bridging
hydroxide may not be sufficient enough to perform the nucleo-
philic attack, and the barrier therefore is quite high. Therefore, an
ionized Asp250 is preferable in DHO [30]. In MeAP, besides the
bridging hydroxide and the Glu204 residue, the two zinc ions have
three additional negatively-charged first-shell ligands, Asp97,
Asp108, and Glu235. When Glu204 is ionized, Zn2 can not provide
lic attack and the proton transfer from the bridging hydroxide to Asp288 in the case



Fig. 6. Optimized geometries of the transition states, intermediates and product along the reaction pathway in the case of an ionized Asp288.
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enough electrostatic stabilization on the oxygen anion during the
nucleophilic attack. Hence, a neutral Glu204 is preferable for MeAP
[41]. The situation for hrDP seems to be between DHO and MeAP,
since there are two additional negatively-charged first-shell li-
gands (Asp22 and Glu125) bound to the dinuclear zinc center.
The protonation state of the Asp288 is not crucial for the enzymatic
activity, as shown from the calculations presented above.
Fig. 7. Calculated potential energy profile for dehydro Ala-Ala dipeptide hydrolysis
by hrDP in Case II.
4.3. Hydrolysis of cilastatin inhibitor

Based on the crystal structure, it was suggested that the inter-
actions between the cyclopropyl group of cilastatin and Tyr68
and between the alkyl group of cilastatin and Tyr252 prevent
departure of the leaving group from the tetrahedral intermediate.
Therefore, cilastatin is an inhibitor and not a substrate for hrDP
[14]. Here we use the same active site model as above, with a neu-
tral Asp288, and a model of cilastation (see Fig. 8) to study the
hydrolysis reaction of this compound. The quantitative computa-



44 R.-Z. Liao et al. / Journal of Inorganic Biochemistry 104 (2010) 37–46
tional treatment of these effects requires of course a much larger
model of the active site. Many more groups need to be included
in order to obtain a proper description of the steric effects of the
active site.

The reaction mechanism is very similar to that for natural sub-
strate hydrolysis as shown above. However, the barrier for the
Fig. 8. Optimized geometries of stationary points alon
nucleophilic attack (15.6 kcal/mol with solvation and 24.2 kcal/
mol without), and the barrier for the second step (15.9 and
26.6 kcal/mol with and without solvation correction, respectively)
are significantly higher (Fig. 9). From the calculations, we can see a
couple of reasons. First, the repulsion between Zn1 and the cyclo-
propyl group of cilastatin becomes stronger in going from React0 0
g the reaction pathway for cilastatin hydrolysis.



Fig. 9. Calculated potential energy profile for cilastatin hydrolysis by hrDP.
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to TS10 0 and TS20 0, as seen from the Zn1–C1 and Zn1–C2 distances
(see Fig. 8). Second, the repulsion between Zn1 and the cyclopropyl
group of cilastatin make the carbonyl group of cilastatin slightly
further away from the bridging hydroxide in the reactant (O–C is
2.93 Å in React0 0 compared to 2.54 Å in React). These results ex-
plain, in part, why cilastatin is an inhibitor and not a substrate.
Considerably larger models are required to get a more complete
picture, which is beyond the scope of this study.
5. Conclusions

In the present paper, we have investigated the reaction mecha-
nism of the dinuclear zinc enzyme hrDP using a quantum chemical
model of the active site. Two mechanistic scenarios based on the
protonation state of Asp288 were considered. The optimized
geometries of the stationary points are displayed in Figs. 2, 3, 5
and 6, and the calculated potential energy profiles are shown in
Figs. 4 and 7. The calculations support the previously proposed
mechanism and provide a more detailed picture of the chemical
steps involved in the reaction. To summarize, the following mech-
anistic features can be established from the calculations.

Both zinc ions are involved in substrate binding, with the amino
group binding to Zn1 and the carboxylate group binding to Zn2.
The Zn–amino interaction might be a common feature for dinucle-
ar zinc aminopeptidases. Hydrogen bonding to His152, Arg230, and
Tyr255 also helps orienting the substrate.

The bridging hydroxide performs the nucleophilic attack on the
peptide carbonyl carbon directly from its bridging position, with-
out the need to become terminal first. This is similar to several
other dinuclear zinc enzymes studied previously, such as, PTE
[28], AAP [29], DHO [30], GlxII [31], AHL lactonase [32], and RNase
Z [33].

Zn2, along with His152, stabilize the oxygen anion during the
nucleophilic attack, thereby lowering the energy barrier. Asp288
helps the protonation of the peptide nitrogen, facilitating the
C–N cleavage. One of the important conclusions of the present cal-
culations is that both the nucleophilic attack and the C–N bond
cleavage can take place with Asp288 being either neutral or ion-
ized. The energy barriers for both cases are quite similar (Fig. 4
and 7).

Furthermore, the barriers for the nucleophilic attack and the C–
N bond cleavage are too close to make a safe conclusion about
which one is the rate-limiting step.

Finally, despite the relatively small size of the active site model,
the calculations were able to reproduce the fact that the cilastatin
inhibitor has significantly higher barrier than the substrate. A cou-
ple of reasons for this were discussed.

6. Abbreviations

hrDP human renal dipeptidase
CPCM conductor-like polarizable continuum model
ZPE zero-point energy
AAP aminopeptidase from Aeromonas proteolytica
MetAP methonine aminopeptidase
blLAP bovine lens leucine aminopeptidase
PTE phosphotriesterase
DHO dihydroorotase
GlxII glyoxalase II
AHL lactonase acyl-homoserine lactone hydrolase
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