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The combined quantum mechanics/molecular mechanics inves-
tigation followed by the detailed electron density analysis for 9
cephalosporin-L1 metallo-B-lactamase complexes revealed
correlation between the N---H hydrogen bond strength in the
transition state at the limiting step and the reactivity of
cephalosporin compounds. The stronger interactions were
typical of the less reactive species.
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Ongoing developments of the both supercomputers and combined
quantum mechanics/molecular mechanics (QM/MM) techniques
provide new opportunities for studies of the enzymatic reaction
mechanisms.! The main attention in this area is usually paid to
atomic rearrangements during the elementary steps and energy
profiles of the entire processes,” while an analysis of the reaction
driving forces remains usually beyond the scope of a work. In
particular, local properties of the active sites of enzymes, which
determine features of the reaction mechanism, are not commonly
discussed. However, this is of particular importance for a
comparison between reactivities of different substrates inside an
enzymatic active site or reactivities of the same substrate with a
set of similar proteins.

Thus, this work was aimed at bridging this gap via focusing
on the practically important reaction of hydrolysis of
cephalosporin antibiotics inside the active site of L1 metallo-3-
lactamase (ML), which is one of the mechanisms of bacterial
drug resistance.? It proceeds in three elementary steps and results
in the hydrolysis of C-N bond of the B-lactam ring of cephalo-
sporin compound.* The last elementary step is a limiting one and
presumes a hydrogen bond transfer from the catalytic aspartic
acid to the nitrogen atom of cephalosporin accompanied with the
cleavage of N---Zn?* coordination bond (Scheme 1).#

We selected a set of nine cephalosporin compounds with
available experimental data on their Michaelis—Menten kinetics,
viz. catalytic constants k,.°> Their observed catalytic properties
are similar, and the k_,, values fall in the range of 7.5-80 s~!. This
corresponds to differences in the activation energy of
1.5 kcal mol~! between the slowest and fastest reactions.
According to a recent benchmark work® on various DFT
protocols, the most reliable functional possesses the RMSD of
1.68 kcal mol~! that is larger than the considered energy variation.
Thus, the straightforward calculations of energy barriers are not
enough accurate for the range of cephalosporin compounds
according to their reactivity in the MBL active site, i.e. some
computational alternatives should be found. Therefore, we had to
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analyze a possibility of finding the local properties or atomic
interactions in the model systems, which mainly determine the
observed macroscopic parameter k., and can be applied for
ranging various cephalosporins according to their reactivity.

We employed a molecular model of transition state at the limiting
step, the nitrocefin-MBL complex* as the template and substi-
tuted the substrate with 8 cephalosporin compounds: cefsulodin,
CGP-17520A, cefepime, cephaloridine, CGP-31523A, cephalo-
sporin C, cefotaxime and cefuroxime. Thus, the nine model
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 See Online Supplementary Materials for the computational details.
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Figure 1 Dependencies of the experimental k., values on (a) the calculated
equilibrium N---H distances and (b) estimated enthalpy of the hydrogen bond.

systems were considered’ according to the known computational
protocol.®

We selected the transition state at the limiting step and
preceding intermediate that most likely characterize the reactivity
of the system (see Scheme 1).% The concept of key interaction or
property was suggested and tested as the local atomic interaction
or property correlating with the observed quantity (k. in our
particular case). The only correlations between the macroscopic
parameters k., for the compounds and equilibrium distances at
the stationary points on the potential energy surfaces were found
for the N---H hydrogen bond distances in the transition states at
the limiting step (Figure 1). The model systems corresponding to
the less reactive species (i.e., with the lower k., values) possess
shorter N---H distances.

The most of QM/MM studies on the reaction mechanisms
analyze only equilibrium geometry parameters, whereas shorter
hydrogen bond distances are usually associated with the stronger
hydrogen bonds.” However, the modern quantum chemistry
provides various advanced methods to estimate bond energies or
some other descriptors related to the bond strength.® These methods
are successfully employed to characterize molecular clusters and
crystals, although their applications to biological systems are
scanty (e.g., see ref. 9). Thus, we have consistently analyzed the
N---H hydrogen bond for the set of considered systems using the
known (e.g., ref. 10) descriptors based on the electron density.

Various correlations suggested to estimate the hydrogen bond
energy (as well as their other parameters) from the electron density
at the bond critical point, p(rgcp), were tested.'"!? First of all,
we used the relationship obtained for the great diversity of
dimers, which reflects the correlation between hydrogen bond
enthalpy AHyypong and IR intensity of the hydrogen bond stretching
vibration in a wide range of bond strengths.!3 Combining it with
dependency of p (rgcp) on the above IR intensity,!> we obtained
the relationship between the AHyyy,,nq and p (rgcp):

AHy yona = 286.8 p (rpcp) (),

where AHy pong @and p(rgcp) are expressed in kcal mol~' and
arbitrary units (a.u.), respectively. The Arrhenius type dependency
between the experimental k., values and estimated AHyong
values was found. Figure 1 shows that complexes possessing the
weaker hydrogen bonds, i.e. smaller AHy .4 Values, are more
reactive. Importantly, the AHyp,,q varies in the range of

(@) 1.0

0.8

= 0.6
=

04

0.2

N
0.0
0.2 0.6 1.0 1.4 1.8

®) 181

" AHypona = 6.387 CVB + 1.16
R*=0.972

a
=

—_
[V e
T

~
T

AH,y pona/kcal mol™

—_
N W
T

0.06 0.09

0 0.03
CVB

Figure 2 (a) ELF distribution along the N---H bond for (/) the fastest
substrate, cefuroxime, and (2) the slowest one, cefsulodin. Points on the
horizontal axis show positions of N and H atoms. (b) Dependency of the
calculated hydrogen bond enthalpies on CVB indexes.

1.2-1.8 kcal mol™! that is comparable to the activation energy
range of 1.5 kcal mol~!, which indicates that it can be responsible
for the observed reactivity variations.

Another descriptor allowing one to estimate the hydrogen bond
strength is the electron localization function (ELF).!* Figure 2(a)
shows the ELF profiles along the N---H hydrogen bond for the
fastest (cefuroxime) and slowest (cefsulodin) substrates. The core
regions of nitrogen atom, C(N), are the same for the both systems,
and the values at the ELF minima between the core C(N) and
valence V(N) regions are almost equal as well. In the case of
cefuroxime, small variations were observed for the V(N) maxima
of atom exhibiting the higher electron localization. The minima
between the N and OH valence regions differ significantly, and the
deeper minimum corresponds to the fastest substrate. This is a clear
indication of the weaker hydrogen bond interaction for the cefur-
oxime as compared to the cefsulodin. The core—valence bifurcation
(CVB) index was suggested as a measure of the H-bond strength for
small molecular systems.' Figure 2(b) demonstrates the relation-
ship between the hydrogen bond enthalpy estimated according to
equation (1) and CVB index. For all the considered systems, the
CVB indexes are positive and linearly growing along with the
increase in the hydrogen bond enthalpy.

The electrostatic potential (ESP) is one more characteristic
used widely to explain the reactivity or interactive behavior,
especially if the interactions between two distant pieces are
mainly of the electrostatic nature.'® The ESP measures the
potential energy that is a positive test unit of charge external to a given
molecule, acquired or lost upon the transportation from infinity to
point r, while all the geometric and electronic deformations are
ignored. The ESP is useful for the assignment of partial atomic
charges in a parametrization of the classical force fields,'” however
its usefulness in bonding analysis inside the existing molecular
systems is questionable.'® The potential acting on an electron in
the molecule (PAEM) quantifies the total interaction energy of
any one electron with the rest (n—1) electrons of a molecule and
with all the nuclei, thus being more informative in this context.!?

We considered the PAEM picture in the N---H hydrogen bond
region starting from an analysis of the 3D maps of PAEM and
taking the transition state at the limiting step containing CGP-
17520A substrate as an example (Figure 3). The PAEM
isosurfaces of —0.51 a.u. covering the N and H atoms cross in the
region of N---H hydrogen bond line. Therefore, the PAEM profiles
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Figure 3 (a) 3D map of the PAEM at the isovalue of —0.51 a.u. for the
system containing CGP-17520A substrate and (b) dependency of the
experimental k., values vs. calculated Dy, ones.

along the N--H hydrogen bonds should be informative. The
PAEM is always negative, whereas the less negative values
correspond to the regions that are less preferable for electrons, and
the absolute value of PAEM at its maximum, D, characterizes
the system reactivity or the bond strength.?> We have found that
the plot of Dy, values at the N--H hydrogen bond vs. experimental
k., shows a linear correlation. It demonstrates that the systems
possessing the higher Dy, values (i.e., weaker N---H interactions)
are less reactive. This conclusion is in agreement with the above
mentioned results acquired using other descriptors based on the
electron density.

To conclude, we have demonstrated that it is possible to discri-
minate the local calculated properties or atomic interactions that
mainly contribute to the entire process even in the case of complex
enzymatic reactions. The descriptors based on the electron density
previously applied mainly to small model systems or crystals con-
taining a limited number of interactions have been herein expanded
for the broader range of considered systems. In our particular
case of hydrolysis reaction of cephalosporin compounds inside
the ML active site, the N---H hydrogen bond at the limiting step
of reaction determines the experimental rate constant k.. We have
also revealed that the hydrogen bond strength determines the
reactivity of particular cephalosporins, viz. the stronger O-H---N
hydrogen bonds at the transition state of limiting step correspond
to the less reactive species and, vise versa, the weaker bonds, to
the more reactive ones. We suppose that the approach proposed
and illustrated herein on the particular example may be
successfully applied to other enzymatic reactions, which should
open new horizons in the rational design of novel compounds or
mutated enzymes possessing the desired reactivity.
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