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Abstract

The catalytic mechanism of carboxypeptidase A (CPA) for the hydrolysis of ester substrates is
investigated using hybrid quantum mechanical/molecular mechanical (QM/MM) methods and
high-level density functional theory. The prevailing mechanism was found to utilize an active-site
water molecule assisted by Glu270 and this so-called promoted-water pathway is similar to that in
the CPA catalyzed proteolytic reaction (D. Xu and H. Guo, J. Am. Chem. Soc. 131, 9780 (2009)).
On the other hand, our simulations indicated the existence of an alternative pathway due to direct
nucleophilic attack of Glu270 on the scissile carbonyl carbon. This so-called nucleophilic
pathway, which is not viable in proteolytic reactions, leads to a stable acyl-enzyme complex.
However, the nucleophilic pathway is non-productive as it is blocked by a high barrier in the
deacylation step. Based on results reported here and in our earlier publication, a unified model is
proposed to account for nearly all experimental observations concerning the catalysis of CPA.

1. Introduction

Carboxypeptidase A (CPA, EC 3.4.17.1) is a monozinc exopeptidase from the pancreas,
specializing in the elimination of a hydrophobic C-terminal amino acid by cleaving the
backbone amide bond.1 In addition to its natural substrates, CPA also hydrolyzes esters with
similar configurations, often with faster rates. Being arguably the most extensively studied
zinc hydrolases,2~4 CPA was one of the first proteins whose high-resolution structures were
ever determined by X-ray diffraction.5 Since then, numerous additional structures of CPA
complexed with inhibitors, substrate analogs, and transition-state analogs have been
determined,6~21 which has shed much light on the mode of catalysis of CPA and other
related zinc hydrolases. It is now well established that the obligatory divalent zinc cofactor
is coordinated by three protein ligands (His69, Glu72, and His196). The fourth ligand is a
water molecule in the apo enzyme, but its identity is less established in the Michaelis
complex. In the second shell, there are several key residues including Glu270, Arg127,
Tyr248, Arg71, Asnl44, and Arg145 and mutagenesis studies have helped to elucidate the
roles of these residues.22726 The ample structural information about CPA has greatly
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benefited the search for inhibitors of zinc peptidases of medicinal importance, such as the
angiotensin-converting enzyme (ACE),27 which regulates blood pressure.

Despite the rich experimental data, the catalytic mechanism of CPA still remains
controversial.374: 28730 Two major pathways have been proposed, as depicted in Scheme
1. The so-called promoted-water (or general base-general acid) pathway assigns Glu270
with a dual role. In the initial nucleophilic addition step, it serves as a general base to
facilitate the attack of the zinc-bound water at the scissile carbonyl carbon by transferring a
water proton to a carboxylate oxygen. In the second elimination step, it acts as a general acid
to transfer this proton to the leaving nitrogen group. The alternative nucleophilic or
“anhydride” mechanism, on the other hand, envisages a direct nucleophilic attack by the
carboxylate side chain of Glu270 at the scissile carbonyl carbon, necessitating an acyl-
enzyme intermediate, which can be eventually hydrolyzed by water.

The promoted-water mechanism is consistent with most X-ray structures and Kinetic data. In
addition, Breslow and Wernick have concluded from their 180 isotope labeling experiments
that the acyl-enzyme complex is unlikely to exist for peptide substrates.30~31 However,
several authors have reported the detection of intermediates for ester substrates at low
temperatures.32736 Although these intermediates were not definitively characterized, they
were believed to be the sought-after acyl-enzyme complex and taken as evidence in support
of the nucleophilic mechanism. Some of the interpretations of the experimental observations
were later questioned by others,3: 37738 but more definitive data were presented
subsequently in support of the existence of the acyl-enzyme intermediate in esterolysis.39~
41

These seemingly conflicting experimental data could be reconciled by assuming that the
proteolytic and esterolytic reactions favor different mechanisms.30 This idea has indeed
some experimental support. Vallee and coworkers have for example found that the catalyzed
hydrolysis of two types of substrates has rather different binding and kinetic behaviors.38
42744 X-ray structures also indicate that esters typically bind with direct metal coordination
by the scissile carbonyl, while such an interaction is considered non-productive for the
peptides.3 On the other hand, Cleland speculated that the two reactions may have the same
mechanism, but with different rate-limiting steps.2 However, little experimental support for
this hypothesis has been found so far.

Given the experimental difficulties in distinguishing the two mechanisms, it is desirable to
address these issues theoretically. Earlier studies have been limited to quantum chemical
models45~49 or molecular dynamics (MD) studies,50 which either ignored the protein
environment or provided no information on the reaction. More recently, the CPA catalysis
has been investigated by several groups using hybrid quantum mechanical and molecular
mechanical (QM/MM) methods.51753 For example, we have reported an extensive
theoretical investigation of the CPA catalysis using both a QM/MM method and density
functional theory.53 This study focused on the proteolytic reaction and found that the
promoted-water mechanism is consistent with structural, kinetic, and mutagenesis data. The
same conclusion was also reached in an independent QM/MM investigation by Klishtain
and Warshel .52

Our recent work also explored the nucleophilic pathway and found it is not viable for the
peptide substrate.53 Detailed analysis of the active-site structure attributed the failure to the
poor alignment of the reactants, the weak nucleophilicity of the carboxylate, and perhaps
most importantly a hydrogen bond formed between the substrate amide group and Glu270
carboxylate, which further reduces its nucleophilicity. Interestingly, the latter feature is
absent in CPA catalyzed esterolytic reactions where the backbone N-C bond of the substrate
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is replaced by an O-C bond, suggesting that the nucleophilic pathway might be viable for
ester substrates. In this work, we present our theoretical analysis of the ester hydrolysis
reaction catalyzed by CPA, which allows us to rationalize the existing experimental
observations and to offer a holistic perspective on the multifaceted catalytic mechanism of
this prototypical enzyme.

2. Methods

2.1 QM/MM models

Hybrid quantum mechanical and molecular mechanical (QM/MM) approach54 has been
widely used to investigate enzymatic reaction mechanisms. (For a recent review see Ref. 55)
The premise of the QM/MM scheme is to divide the system into two parts: the smaller QM
region where the chemical bond breaking and forming take place is treated with quantum
mechanics, while the surrounding region can be sufficiently described by a MM force field.
As a result, large systems such as enzymes can be handled efficiently with reasonable
accuracy.

In most calculations reported here, the QM region is treated with the self-consistent charge-
density functional tight binding (SCC-DFTB) model56 while the MM region by the
CHARMM all atom force field.57 The SCC-DFTB method is an approximate DFT method
and thus much more efficient than ab initio QM/MM approaches. The efficiency is essential
for metallo-enzymes because the active site is often much too large for accurate ab initio
QM/MM free-energy simulations, perhaps with a few exceptions.58759 The SCC-DFTB
model has been extensively tested for enzyme systems,60~64 including active sites with zinc
cofactors.65 In particular, the SCC-DFTB/CHARMM approach has been shown to give a
satisfactory description of several zinc enzymes including carbonic anhydrase66~67 and j3-
lactamases.68772 For instance, the free-energy barrier of for the CphA-catalyzed hydrolysis
of biapenem obtained by the same SCC-DFTB/CHARMM approach69 has recently been
accurately reproduced by a hybrid Car-Parrinello QM/MM study.73

To further confirm the accuracy of the SCC-DFTB/MM model, we have performed single
point calculations at the B3LYP/MM level along the reaction paths determined by the SCC-
DFTB/MM Hamiltonian for the nucleophilic pathway. For the QM region, the standard
6-31G(d) basis set was used for C, H, O and N atoms, while the Lanl2DZ ECP basis set for
the zinc ion. Despite its accuracy, such high-level QM/MM approach is too expensive
computationally to obtain PMFs in systems studied here. These calculations were carried out
using a GAMESS-UK/CHARMM interface.

The model for CPA was adapted from our recent work on the hydrolysis of hippuryl-.-Phe
(HPA).53 The coordinates were modified from the X-ray structure of the wild-type (WT)
bovine CPA complexed with the ZAAP(O)F inhibitor (PDB code 6CPA).16 To study the
catalyzed esterolytic reaction, the peptide substrate (HPA) was replaced by the
corresponding ester, hippuryl-o,.-B-phenyllactate (HPL) (Scheme 2A), which facilitates a
direct comparison with the CPA-catalyzed proteolytic reaction studied earlier.53 Using the
same setup protocol, the system was first solvated repeatedly using a rotating pre-
equilibrated TIP3P74 water sphere with a 25A radius centered at the zinc ion. Stochastic
boundary conditions75 were enforced to reduce computation costs. In particular, the system
was divided into three layers: atoms within the inner reaction zone (r < 22A) were treated
with Newtonian dynamics. Atoms in the buffer zone (22A< r < 25A) were treated using
Langevin dynamics. Those atoms in the reservoir zone (r > 25A) were removed. The link
atom approach76 was employed to cover the covalent interface between the QM and MM
regions. A group-based switching scheme was used for non-bonded interactions.77 All
simulations were performed with the CHARMM suite of simulation codes.78
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For the promoted-water mechanism (Scheme 2A), the QM region includes the entire HPL
molecule, the zinc ion, the zinc-bound water, and side chain atoms of His69, Glu72, His196,
Arg127 and Glu270. For the nucleophilic pathway, the zinc-bound water was removed and
its coordination with the zinc ion was replaced by the scissile carbonyl oxygen (O7). (In
principle, the zinc-bound water could be present for the nucleophilic pathway, but our tests
showed that the barrier is exceedingly high. As a result, this scenario is not considered here.)
Except for the absence of the water molecule, the labeling scheme is identical to that in
Scheme 2A. In the subsequent deacylation step, a nearby MM water molecule was re-
introduced into the QM region to serve as the nucleophile, as shown in Scheme 2B, and it is
located between Glu270 side chain group and the HPL molecule.

Both models were subjected to 1.0 ns QM/MM molecular dynamics (MD) simulations to
investigate the stability of the enzyme-substrate (ES) complex. The systems were first
brought from 0 K to 300 K in 30 ps, and allowed to equilibrate in the next 270 ps. The
subsequent 700 ps MD trajectories were used for data analysis. For the nucleophilic
pathway, the position of the added water for the second hydrolysis step has a large impact on
the reaction barrier. Hence, we also performed a 700 ps MD simulation for the acyl-enzyme
intermediate, with 200 ps equilibration. The integration step for all of MD simulations was
1.0 fs, and the SHAKE algorithm79 was applied to maintain all covalent bonds involved
hydrogen atoms.

To examine the two mechanisms, snapshots were taken from the MD trajectories as the
initial structures for reaction path calculations after minimization. Subsequently, these
structures are driven along the respective reaction coordinate via adiabatic mapping. For the
promoted-water mechanism, the reaction coordinate for the nucleophilic addition (NA) step
was defined by the distance between the water oxygen atom (Oy,) and the scissile carbonyl
carbon atom (Ce): r1 = do,, --- cg- The corresponding reaction coordinate for the elimination
(E) of the leaving group was given by the distance between Cg atom and the ester oxygen
atom (Og), rp = dog --- ¢ For the nupleophilic pathway, the reaction coordinate for the
acylation (A) step was defined as ry = dcg .- 0,(E270); the reaction coordinate for the
deacylation (DA) of the acyl-enzyme intermediate is given by the distance between the
oxygen atom (Oy) of the added water molecule and the carboxylate carbon (Cw) of Glu270,

r; =doy, - C5(E270)-

Potentials of mean force (PMFs) for both mechanisms were computed using umbrella
sampling80 with the reaction paths as initial structures. The harmonic force constant used
here ranged from 100 to 150 kcal/mol-A2. In each window, 60 ps equilibration simulations
were first performed to bring the system to 300K. The distribution function in the reaction
coordinate was then collected in the subsequent 40 ps. The final PMF was obtained using
the weighted histogram analysis method (WHAM).81 For the NA and E steps of promoted-
water pathway, 11 and 13 windows were used, respectively. For the nucleophilic pathway,
13 and 11 windows were used for A and DA steps, respectively.

2.2 Truncated active-site models

To provide an independent check on the QM/MM calculations, we have also examined the
reaction mechanisms using high-level density functional theory (DFT), but with truncated
active-site models. These models are slightly different for the two mechanisms. For the
promoted-water mechanism, it consists of the zinc ion, analogs of its three protein ligands
and Glu270, an analog of the substrate, side chain groups of Arg127 and Arg145 to simulate
the substrate binding environment. For the nucleophilic mechanism, on the other hand, there
are two models. The first model leading to the acyl-enzyme complex is essentially the same
as that for the promoted-water model, minus the water nucleophile. For the hydrolysis of the
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acyl-enzyme, an additional water molecule was introduced between the substrate and
GIlu270 in the second model, as in the QM/MM calculations.

All stationary points were fully optimized without any constraint. Harmonic frequency
calculations were then performed to confirm the minima and transition states. Intrinsic
reaction coordinate (IRC) calculations82 were also carried out to connect the relevant
stationary points. In this work, the hybrid B3LYP exchange-correlation functional83784 and
a standard 6-31G(d) basis set were used for all calculations. The solvent effects were
included using the polarized continuum model (PCM)82 with either the water (¢=80) or
protein (¢=5) environment, respectively. All calculations were carried out using the
Gaussian03 suite of electronic structure programs.85

3.1 Promoted-water pathway

A. Enzyme-substrate complex—The ES complex in the promoted-water pathway is
quite stable in the 1.0 ns SCC-DFTB/MM MD simulation, as evidenced by the root mean
square deviation (RMSD) for the backbone atoms displayed in Fig. 1. It is stabilized after
the first 300 ps of equilibration and the averaged RMSD for the later 700 ps is 0.70+0.04 A.
A snapshot extracted from the MD simulation is given in Fig. 2A, and some selected key
internuclear distances are listed in Table 1.

Throughout the simulation, the zinc ion maintains its tetra-coordination with His69, His196,
Glu72, and the water molecule. The zinc bound water is well positioned for attacking the
scissile carbonyl carbon (Cg), with a O,,-Cg distance of 3.39+0.24 A. The near attack
position of the water is maintained by two hydrogen bonds, provided by the Glu270 side
chain (dy; - 0.y(E270) = 1.45+0.13A) and Ser197 backbone oxygen (dH, - o(s197) =
1.75+0.19 A). The scissile carbonyl oxygen (O7), on the other hand, has no direct contact
with Zn(Il). This arrangement is very similar to that in the ES complex with HPA.53

The substrate interacts with the enzyme via a network of hydrogen bonds. For example, the
substrate C-terminal carboxylate group (O12 and O13) are anchored by the Arg127, Asn144,
Argl145 and Tyr248 side chains groups. The benzoyl carbonyl oxygen of the hippruyl group
is also hydrogen bonded with side chain groups of Arg71 and Arg127, respectively. In
addition, Arg127 can form relatively weak hydrogen bonds with the scissile carbonyl
oxygen (O7), as in the CPA-HPA complex studied earlier.53

B. PMF—As in our previous work,53 the promoted-water pathway consists of two steps. In
the first NA step, the zinc-bound water nucleophile, assisted by the Glu270 general base,
attacks the scissile carbonyl carbon, resulting in a tetrahedral intermediate (TI). In the
second E step, the protonation of the nitrogen leaving group leads to the cleavage of peptide
bond and thus the enzyme-product (EP) complex. The calculated PMFs for the two steps are
displayed in Fig. 3, which shows the TI flanked by two transition states (TS1 and TS2). The
corresponding ES, TS1, TI, TS2, and EP structures are shown in Fig. 4, and some key
geometric parameters are listed in Table 1 as well. These structures indicate that the scissile
carbonyl in the ES complex is polarized by Arg127, which along with the zinc ion, serves as
the “oxyanion hole” to stabilize the fractional charge developed on the carbonyl oxygen (O7)
upon the attack of the hydroxide nucleophile. As in the proteolytic reaction, Glu270 serves
as the general base and general acid in the NA and E steps, respectively.

The calculated free energy barrier for the initial rate-limiting NA step is 12.7 kcal/mol,
while that for the second E step is 5.7 kcal/mol. The overall barrier height is in excellent
agreement with the experimental value of 13.3 kcal/mol (estimated from the kg;=1197 s71
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for a similar ester substrate Bz-Gly-OPhe)),22 and approximately 5.2 kcal/mol lower than
that calculated for the CPA-catalyzed hydrolysis of HPA.53 The lower barrier for esterolytic
reaction is a well-known effect, underscoring the fact that extra energy is needed to break
the conjugated carboxamide (HN-CO) system in peptides.2 These results suggest that the
promoted-water pathway is also viable for ester substrates, as for peptide substrates.

C. Truncated active-site model—The viability of the promoted-water pathway for the
ester substrate was confirmed by the truncated active-site model at the B3LYP/6-31G(d)
level of theory. As in the proteolytic reaction,53 six stationary points (ES, TS1, TI1, TI2,
TS3, and EP) have been identified, and two corresponding to transition states (TS1 and TS3)
for the NA and E steps, respectively. Despite many attempts, the transition state between
TI1 and TI2 could not be located. However, this barrier is conformational in nature and is
not expected to be significant.53 The structures and selected key geometrical parameters of
these stationary points can be found in Supporting Information (Sl), and they are very
similar to the active-site arrangement obtained in the QM/MM calculations.

As shown in Table 2, the DFT energy barriers are 24.4 and 9.23 kcal/mol for the NA and E
steps, respectively. The dominance of the first barrier is consistent with our QM/MM results.
The higher barrier observed in the truncated active-site model is presumably due to the lack
of the enzymatic environment. Indeed, a significant solvent effect is seen in Table 2 to lower
the barrier. Single point calculations at a high level of theory (B3LYP/6-31+G(d,p)) did not
change the qualitative features of the reaction. In addition, SCC-DFTB single point
calculations at the B3LYP optimized geometries yielded energies that are close to those at
the B3LYP level of theory, which further affirms the validity of SCC-DFTB in the QM/MM
simulations.

2. Nucleophilic pathway

A. Enzyme-substrate complex—The 1.0 ns MD simulation for the ES complex for the
nucleophilic pathway yielded a backbone RMSD of 0.72+0.03A, as shown in the Fig. 1.
Selected geometrical properties of the ES complex are listed in Table 3 and a snapshot from
the MD trajectory is displayed in Fig. 2B. Different from the ES structure for the promoted-
water mechanism, the substrate carbonyl binds directly to the zinc ion with a O;-Zn distance
of 2.17+0.08 A. The direct zinc coordination allows the polarization of the carbonyl, making
it more susceptible to nucleophilic attack. In the absence of the zinc-bound water, the
Glu270 nucleophile is in a near attack position with do,, .- ¢ = 3.32+0.17A.

Another major difference between the CPA-HPA and CPA-HPL complexes is the
interaction between the carboxylate side chain of Glu270 and the substrate. In the former, a
hydrogen bond is formed between the backbone NH group and Oy, while no such
interaction exists for HPL substrate because the NH group is replaced by an O atom. Instead,
there is slight repulsion between the two, as evidenced by the distance between Og and Oy
of 3.40+0.33 A. Furthermore, the carboxylate nucleophile and the substrate carbonyl are
much better aligned in the CPA-HPL complex. The O.»(E270)-Cg-O7 angle in the CPA-
ester complex is ~107°, close to a perpendicular (90°) approach, while the corresponding
angle for the CPA-peptide complex is ~142°.

The remainder of the enzyme-substrate interaction is similar. For example, at the substrate
C-terminal, the carboxylate group is hydrogen bonded with Arg127, Asn144, Arg145 and
Tyr248 as well. The benzoyl carbonyl oxygen of hippuryl group is also anchored by Arg127
and Arg71 side chain groups. A difference from the promoted-water ES complex is the
absence of the hydrogen bond between Arg127 and the scissile carbonyl oxygen (O7) atom,
as this oxygen atom has become the fourth ligand of the zinc ion.
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B. Acyl-enzyme intermediate—To gain further insights into the nucleophilic pathway,
we have performed MD simulations for the acyl-enzyme (AE) intermediate with the SCC-
DFTB/CHARMM Hamilotonian. Throughout the 700 ps simulation, the acyl-enzyme
complex is stable, judging from the dcg ... 0o (E270) distance of 1.40+0.06 A. The hydrolysis
of the acyl-enzyme complex requires a water molecule in the active site. Indeed, a water
molecule was identified in the MD simulation, which forms a stable hydrogen bond with
Glu270 with a distance of dy; ... 0.4 (e270) is 1.830.28 A). A snapshot of the active site is
displayed in Fig. 5.

C. Potentials of Mean Force—As shown by the PMFs in Fig. 6, the nucleophilic
addition of the Glu270 carboxylate to the scissile carbonyl carbon (the acylation or A step)
has a free energy barrier of only 2.6 kcal/mol, leading to a stable acyl-enzyme complex with
a depth of 6.4 kcal/mol. This is in sharp contrast to the proteolytic reaction, in which the
nucleophilic attack of Glu270 results in no stable acyl-enzyme complex.53 On the other
hand, the deacylation or DA step, which features the nucleophilic attack of the water to the
Glu270 carboxylate carbon, has a significant barrier of 18.7 kcal/mol. As a result, the
nucleophilic pathway is limited by the deacylation step, and the barrier is about 5.4 kcal/mol
higher than the experimental value of 13.3 kcal/mol.22 The stationary states for the ES, TS1,
AE1, AE2, TS2 and EP are displayed in Fig. 7, and selected key geometrical parameters are
listed in Table 3.

It should be noted here that our model (see Scheme 1) assumes the DA step is initiated by
the attack of the water nucleophile to the Glu270 carboxylate carbon, which is in a sp?
plane. It is thus different from the anhydride mechanism proposed earlier for the proteolytic
reaction,49 in which the nucleophilic attack of OH™ occurs at the sp hybridized Cg in the
acyl-enzyme complex, preceded by proton transfer to the nitrogen leaving group and the
cleavage of the amide bond. According to our calculations (not shown here), the energy
costs are too high for the latter scenario. This is consistent with the results reported in Ref.
49, in which the protonation step has an extremely high (48.2 kcal/mol) barrier. This
observation indicates that the anhydride intermediate is irrelevant for the CPA catalysis, and
the historical notion of the “anhydride” pathway is a misnomer.

D. Single-point BSLYP/MM calculations—To ascertain the reliability of the PMFs
obtained at the SCC-DFTB/MM level of theory, we have computed single-point energies
along the reaction paths determined by the SCC-DFTB/CHARMM Hamiltonian. The
results, shown in Fig. 6 as filled circles, are in qualitative agreement with the PMFs. In other
words, the higher level theory confirmed the low barrier for the formation of the acyl-
enzyme complex, the stability of the acyl-enzyme intermediate, and the high barrier for the
deacylation step. Note here that quantitative agreement between the two is not expected
because no fluctuation was included in the single-point calculations.

E. Truncated active-site model—In our previous work,53 the DFT results for the first
(A) step of the nucleophilic pathway have been reported with a smaller model. The
calculations have now been repeated with a model comparable to that used for the
promoted-water pathway. To simulate the DA step, we have introduced a water molecule
into the truncated active-site model. Like in the QM/MM maodel, this water is hydrogen
bonded to the Glu270 carboxylate group. The calculated energetics of the stationary points
is given in Table 4 and their structures and several important internuclear distances can be
found in SI.

As in our earlier report, the active-site model revealed that a stable acyl-enzyme complex
exists. The DFT barrier height (TS1) for the A step is 16.61 kcal/mol, but it is sensitive to
the environment as indicated the dramatic decrease of barrier and the energy of the acyl
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intermediate (AE1) in polar solvent. The barrier for the DA step is 35.02 kcal/mol. The high
barrier in the second DA step is consistent with the QM/MM results, indicating an
improbable role for the nucleophilic pathway in the hydrolysis reaction.

4. Discussion

Despite the accumulation of experimental data, the catalytic mechanism of CPA is still
under debate. A comprehensive theoretical study, such as the one reported here, provides a
complementary perspective and microscopic insights. Our results reported here and earlier53
paint an interesting picture for CPA catalysis. For proteolytic reactions catalyzed by CPA,
unequivocal evidence from our earlier simulations53 suggests that the promoted-water
pathway is the sole viable mechanism. The situation for esterolytic reactions is, on the other
hand, quite different. According to free-energy simulations reported here, both the
promoted-water and nucleophilic pathways are viable, but the former has a much lower
overall barrier. As a result, the promoted-water pathway would be preferred under normal
reaction conditions. However, at low temperatures, the first step of the nucleophilic
pathway, namely the formation of a stable acyl-enzyme complex, can compete effectively
with the promoted-water pathway. This explains the numerous experimental observations of
a trapped acyl-enzyme complex in CPA catalyzed esterolytic reactions. Despite this
observation, our results do not lend support to the nucleophilic mechanism, because the
second deacylation barrier is too high comparing with both experiment data and the
calculated barrier for the promoted-water pathway. It is conceivable that the trapped acyl-
enzyme complex eventually reverts to the ES complex, given the relative small barrier for
the process (9.0 kcal/mol) and the reaction ultimately takes place via the promoted-water
pathway after a water molecule enters the active site between the Zn cofactor and Glu270. It
should be noted that the active-sites with and without the zinc-bound water represent
different thermodynamic states and the free-energy between the two is unknown, but
probably small. This proposed catalytic mechanism is illustrated in Fig. 8.

Our results further suggest that the availability of the nucleophilic pathway in esterolytic
reactions is likely due to the absence of the hydrogen bond between the amide NH group in
peptide substrate and the nucleophilic carboxylate of Glu270. In addition, the ester O-C
bond can freely rotate while the N-C bond is much more rigid due to delocalization of the ©
orbital in the planar amino carbonyl group. As a result, the attacking carboxylate nucleophile
can readily access the 7* orbital in ester substrates, but might have difficulties for peptide
substrates.

Our conclusion that the prevalent mechanism for both proteolysis and esterolysis does not
involve an acyl-enzyme intermediate is consistent with that reached by Vallee and
coworkers.38' 44 It should be noted that our proposed mechanism differs conceptually from
either Breslow’s speculation that the two reactions have different mechanisms,30 or
Cleland’s proposal that the two reactions may have the same mechanism but different rate-
limiting steps.2 However, there are some common components. For example, Breslow’s
proposal speculated that the nucleophilic pathway is only open for ester substrate, which is
consistent with our observation of the acyl-intermediate reported here. On the other hand,
Cleland’s suggestion that both reactions proceed via the same pathway is in agreement with
our evidence presented here.

This unified picture seems to reconcile almost all experimental observations on CPA
catalysis. Perhaps the only exception is the hydrolysis of the dipeptide glycyl-L-tyrosine,
where an acyl-enzyme complex was detected by Lee et al. at a low temperature.41 This is a
special case as kggt for this reaction is exceptional small86 and the X-ray structure of the ES
complex indicated direct carbonyl coordination to the zinc ion and the absence of water in
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the active site.13 In addition, this observation has not been confirmed with any other peptide

su

bstrate. Studies are underway in our labs and the results will be reported in a future

publication.

5. Conclusions

In

this work, we have investigated the catalytic mechanisms of a prototypical zinc peptidase

(CPA) using hybrid QM/MM methods and density functional theory. The results revealed
that the catalytic reactions for peptide and ester substrates can be quite different. While the
proteolytic reaction proceeds exclusively via the promoted-water pathway, the esterolytic
reaction can visit an acyl-enzyme intermediate along the nucleophilic pathway. This
observation explains the numerous experimental observations of a trapped intermediate with
ester substrates. However, our simulation results do not support the nucleophilic pathway as
the barrier in the second deacylation step is significantly higher than that required by the
promoted-water pathway. This unified model seems to reconcile with most experimental
observations in both proteolytic and esterolytic reactions catalyzed by CPA.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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R71
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Fig. 2.

Snapshots of enzyme-substrate complexes for the promoted-water mechanism (A) and
nucleophilic pathway (B) obtained from QM/MM MD simulations. The substrate is coded
yellow. Black dashed lines represent hydrogen bonds, while purple dashed lines metal-
ligand bonds.
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Potentials of mean force (PMFs) for the CPA catalyzed hydrolysis of the ester (HPL) via the

promoted-water mechanism.
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Fig. 4.
Stationary point structures for the promoted-water pathway obtained by SCC-DFTB/MM
reaction path calculations.
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HPL g |

Fig. 5.

Snapshots of the acyl-enzyme intermediate complex for the nucleophilic pathway obtained
from QM/MM MD simulations. The substrate is coded yellow. Black dashed lines represent
hydrogen bonds, while purple dashed lines metal-ligand bonds.
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Potentials of mean force (PMFs) for the CPA catalyzed hydrolysis of the ester (HPL) via the
nucleophilic pathway. The acylation and deacylation steps are depicted in panels A and B.
Single-point B3LYP/MM//SCC-DFTB/MM results (filled circles) are also shown for
comparison.
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Fig. 7.
Stationary point structures for the nucleophilic pathway obtained by SCC-DFTB/MM
reaction path calculations.
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Fig. 8.
Schematic depiction of the two pathways in the CPA catalyzed esterolysis.
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Two possible reaction pathways, promoted-water pathway (A) and nucleophilic pathway
(B), for ester hydrolysis catalyzed by carboxypeptidase A.
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~[Asn144

Atom definition and corresponding interactions between the ester substrate (HPL) and
active-site residues. Panel A: the ES complex for the promoted-water pathway. Panel B: the

acyl-enzyme complex for the nucleophilic pathway.
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