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The results of quantum mechanicsmolecular mechanics
calculations of electron density changes upon oligopeptide
hydrolysis by the matrix metalloproteinase-2 are utilized to
discriminate between reactive and non-reactive enzyme—
substrate complexes. Electron density depletion regions on
the carbonyl carbon atom attacked by a catalytic water
moleculearefound on the2D mapsof electron density L aplacian
in thereactive complexes. Also, the computed Fukui function
quantitatively describes reactivity of the nucleophilic and
electrophilic sites.
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A peptide bond is inert in aqueous solutions and hydrolyzes with
a half-life of centuries.! However, upon binding to a protease
active site reaction rate constants increase to tens or even
hundreds of reciprocal seconds.? Main reasons of such enormous
hydrolysis acceleration are carbonyl group activation and
shortening the nucleophilic attack distance in enzyme—substrate
complexes. Depending on a particular protease, activation of the
carbonyl bond occurs differently. Many enzymes include a
fragment called an oxyanion hole that polarizes the >C=O
fragment and stabilizes the forming negatively charged tetrahedral
intermediate by hydrogen bonds.? In case of metalloenzymes,?
the carbonyl group forms a weak coordination interaction with a
metal cation that strengthens upon the formation of reaction
intermediates. The short distance of nucleophilic attack is
supported by the tight spatial organization of enzyme active site.

In this work, we focus on the matrix metalloproteinase-2
(MMP-2), a zinc-dependent endopeptidase responsible for peptide
bond cleavage in the extracellular matrix. As shown previously,*®
the quantum mechanics/molecular mechanics (QM/MM) method
is a proper tool to characterize reaction mechanism in this zinc-
dependent enzyme. The first step in the hydrolysis reaction is a
nucleophilic attack of a Zn?*-coordinated water molecule on the
peptide carbonyl group. It starts from an enzyme—substrate complex
(ES) and leads to the formation of a tetrahedral intermediate (TI)
(Scheme 1).

Benchmark studies® showed that not every equilibrium molecular
structure of an enzyme—substrate (ES) complex corresponds to a
reactive state. More specifically, not every potential energy
profile initiated from one of these ES complexes, i.e., from one
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of the competing minima on the potential energy surface, could
reach a minimum energy point corresponding to a tetrahedral
intermediate. Each profile can be quantified by the stabilization
energy of Tl relative to the corresponding transition state (TS) as
shown in Figure 1. This observation is in line with the idea of the
equilibrium between the reactive (ESR) and non-reactive (ESN)
populations of the enzyme-substrate complexes.”® The ESR
initiates a productive potential energy profile of the chemical
reaction, and ESN corresponds to a non-productive one. The
attempts to discriminate ES complexes by their reactivity using
selected sets of ES geometry parameters were not successful.®
Apparently, their reactivity appears as a balance of multiple
contributions.

Herein we suggest to apply electron density analysis to a set
of ES complexes of a model system composed of MMP-2 and an
oligopeptide substrate® to classify them as reactive or non-
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Scheme 1 Nucleophilic attack mechanism on the substrate carbonyl
carbon atom in active site of MMP-2.
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Figure 1 Leftand right panels illustrate potential energy profiles of the first
step of the peptide bond hydrolysis reaction in the active site of MMP-2
showing (a) non-productive and (c) productive cases. The Ers g, values
shown in the central panel (b) refer to the stabilization energy of Tl relative
to TS as computed for seven different profiles in ref. 6. Profiles 1-4 are non-
productive, 5 is intermediate and 6—7 are productive.

reactive.” We utilized the Fukui function that categorizes sites for
nucleophilic and electrophilic attack and analyzed electron density
Laplacian to establish differences between two groups of energy
profiles.

The available data on seven potential energy profiles of the
first step of oligopeptide hydrolysis in the active site of MMP-26
allows one to classify them by T stabilization energy relative to the
transition state TS [Figure 1(b)]. The Tl in profiles 6 and 7 is more
than 1 kcal mol stable relative to the corresponding TS. Therefore,
we suppose that ESs from these profiles are reactive. Profile 5 is
characterized by a smaller stabilization energy (0.5 kcal mol™)
and it holds an intermediate position. The tetrahedral intermediates
in profiles 3and 4 have almost the same energy as the corresponding
TSs. This means that such Tls decay back to the ES as only they
are formed. Minima in profiles 1 and 2 corresponding to the
tetrahedral intermediates are not located. Thus, profiles 6 and 7
are productive, the profile 5 is intermediate and profiles 1-4 are
non-productive.

Key interatomic distances that can determine ES reactivity are
the distance of nucleophilic attack C-0O,,, and two coordination
interaction distances, Zn?*-0,, and Zn?**~O (Figure 2). Only
Zn?*-0,, distance gradually changes according to productivity
attributed to each profile. However, variation of this parameter is
very small and does not exceed 0.15 A and it can hardly be utilized
to classify the ES complexes.

We analyzed electron density features of ES and T states for
seven available potential energy profiles® to better understand
the determinant of their different productivity. It is known that
electron density Laplacian reveals the areas of electron concentration
[V2o(r) < 0] and depletion [V (r) > 0] and can be utilized for

T Computational protocol. The equilibrium geometry configurations
obtained with the quantum mechanics/molecular mechanics (QM/MM)
method, QM(PBEOQ-D3/6-31G**)/MM(CHARMM), in ref. 6 were utilized
for the electron density analysis. Those correspond to seven potential
energy profiles.® Electron densities of a set of QM subsystems of seven
ES and TI complexes were calculated at the PBEQ-D3/6-31G** level of
theory using the Firefly quantum chemistry package!’ partially based on
the GAMESS (US)'® source code. The 2D maps of electron density
Laplacian were calculated in the plane of atoms O,,, C and O. The values
of Fukui function® were estimated for the O,, and C atoms as an average
value on a local molecular surface corresponding to a selected atom. The
molecular surface was determined at the isovalue of p = 0.01 a.u. Fukui
functions for the sites of nucleophilic (f *) and electrophilic (f ) attack
were calculated according to the formulae: f *(r) = ppsa(r) —pn(r), F(r) =
= pn(r) —pn-i(r), where py(r) is the electron density of an N-electron ES
system under consideration. The py.1(r) and py_1(r) electron densities
were calculated at the same geometry configuration by adding or
withdrawing an electron and changing electronic state from singlet to
doublet. Electron density features were calculated using Multiwfn
program,’® equilibrium geometry configurations were visualized in the
VMD package.?°
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Figure 2 Molecular model of the ES complex fragment involved in the
reaction. The arrow depicts direction of the nucleophilic attack on substrate
carbonyl group; dashed lines correspond to coordination interactions with
Zn?*, Ranges of interatomic distances in profiles 1-7 are given in A. Atoms
marked with asterisks form a plane for the electron density Laplacian
calculations shown in Figure 3.

activated double bond reactivity prediction.®2 It is also applied
to characterize tetrel bonds in molecular complexes which are of
the same nature as interatomic interactions discussed previously.1415
The Laplacian of electron density in the O=C-0,, plane (see
Figure 2) is presented in Figure 3. The differences between
reactive (ESR) and nonreactive (ESN) complexes and corresponding
tetrahedral intermediates are the following. In ESR, the electron
depletion area on the carbon atom at the side of nucleophilic
attack is larger than that in ESN. The corresponding quantitative
estimate may be taken as the diameter of the electron-density
hole limited by V2p = 0 isolines in the plane under consideration.
It is higher than 0.3 A for ESR and lower than 0.2 A in ESN. The
electron density features of the newly formed C-0,, covalent bond
are also different. In case of stabilized intermediate (TIR) we
observe a remarkable area of V?p < 0, indicating formation of a
stable covalent bond. By contrast, the electron density concen-
tration region along C-O,, direction is narrow in non-stabilized
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Figure 3 Electron density Laplacian V2o (r) in the plane of O,, C and O
atoms. Reactive ES and T1 states (ESR and TIR) are shown in the upper row,
non-reactive ES and T states (ESN and TIN) are shown in the lower row. The
contour lines for V2p(r) are (1, 5)x10" a.u., -1<n<1. Dashed contour
lines indicate the electron density depletion areas and solid lines identify the
electron density concentrations. The arrow points to the direction of
nucleophilic attack.
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Figure 4 Fukui functions, (a) f *(C) and (b) f ~(O,,) calculated for a set of
seven ES complexes considered in ref. 6.

TIN as the covalent bond is unstable and can easily be broken,
returning the system back to the ESN state.

We also used the Fukui functions f * and f ~ to predict reactivity
of nucleophilic and electrophilic sites, respectively,’® and to
quantify the reactivity of sites for nucleophilic (C) and electro-
philic (O,,) attack in the ES complexes (Figure 4). The ES complexes
in profiles 1-4 are non-reactive from both f* and f - analyses.
Profile 5 is assigned to the intermediate case by the stabilization
energy Eqg.1. The f *(C) function has the value similar to those
for reactive ES from profiles 6 and 7, indicating that carbonyl
atom is activated. The f ~(0,,) function of profile 5 ES shows the
same value as the non-reactive ES complexes. Thus, the origin of
the intermediate nature of profile 5 ES is that the carbon atom is
activated and the oxygen atom O,, is not. Both C and O,, atoms
are activated in reactive ES species from profiles 6 and 7, forcing
the first stage to proceed with considerable TI stabilization.

In conclusion, we demonstrate electron-density features of
ES complexes that can be used to classify them to reactive and
non-reactive. Electron density Laplacian indicates that electron
depletion area near the carbonyl carbon atom increases at the
side of nucleophilic attack in reactive species. The newly formed
C-0,, covalent bond is more pronounced in stabilized intermediates,
i.e,, the electron concentration region is wider. The Fukui function
discriminates the reactive ES complexes by determination of
reactivity sites for nucleophilic and electrophilic attack. Importantly,
these conclusions are obtained for the complex referring to a highly
polarized system that includes doubly charged metal cation
participating in the chemical reaction.
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