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ABSTRACT: The fast and constant development of drug-
resistant bacteria represents a serious medical emergence. To
overcome this problem, the development of drugs with new

structures and modes of action is urgently needed. In this .12 -?o
context, avibactam represents a promising, innovative inhibitor -15 -15
of beta-lactamases with a novel molecular structure compared to :‘5’ :g
previously developed inhibitors, showing a promising inhibitory 30 -30

activity toward a significant number of beta-lactamase enzymes.
In this work, we studied, at the atomistic level, the mechanisms
of formation of the covalent complex between avibactam and
TEM-1, an experimentally well-characterized class A beta-
lactamase, using classical and quantum mechanics/molecular
mechanics (QM/MM) simulations combined with metady-
namics. Our simulations provide a detailed structural and
energetic picture of the molecular steps leading to the formation of the avibactam/TEM-1 covalent adduct. In particular, they
support a mechanism in which the rate-determining step is the water-assisted Glul66 deprotonation by Ser70. In this mechanistic
framework, the predicted activation energy is in good agreement with experimental kinetic measurements. Additionally, our
simulations highlight the important role of Lys73 in assisting the Ser70 and Ser130 deprotonations. While based on the specific
case of the avibactam/TEM-1, the simple protocol we present here can be immediately extended and applied to the study of
covalent complex formation in different enzyme—inhibitor pairs.
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he steady increase in the number of multidrug resistant
bacteria is a serious threat for human health worldwide.

approved for therapy. This situation calls for the urgent
development of new and potent BL inhibitors for antibiotic

One of the mechanisms used by Gram-negative pathogens to
develop drug-resistance involves the expression of beta-
lactamases (BLs), a class of enzymes that hydrolyzes the lactamic
ring of common antibiotics such as penicillins, cephalosporins,
monobactams, and carbapenems, making them inefficient for
bacterial killing." > BLs have been divided into four subclasses
(A, B, C, and D) based on sequence.” In class A, C, and D, a
serine residue is directly involved in the hydrolytic reaction,”
while class B enzymes exploit metal cofactors, in particular zinc
ions, to carry out the enzymatic hydrolysis of beta-lactamic
drugs.’

In general, a combination of one beta-lactam drug and one BL
inhibitor is commonly employed to overcome resistance to beta-
lactam antibiotics. However, the excessive use of these
therapeutic combinations, especially in hospital settings, has
generated an evolutionary pressure that is accelerating the
emergence of resistant bacteria.' At present, only three beta-
lactam inhibitors (clavulanic acid, tazobactam, and sulbactam)
are clinically used against the resistance induced by BL classes A,
C, and D, while no inhibitor of class B metal-BL has been
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therapy.®”

In this context, avibactam (Avi, previously known as
AVEI1330A or NXL104, Figure 1A) is a new wide-spectrum
non-f-lactamic BL covalent inhibitor (Figure 1B) under
evaluation in advanced clinical trials (Phase III) for use in
combination with the third-generation cephalosporin ceftazi-
dime.*” Avi has been rationally designed to be a true enzymatic
inhibitor of BLs with a structure based on a diazabicyclooctane
(DABCO) scaffold, different from a classical beta-lactam, thus
representing a new molecular entity in the development of
antibiotic treatments. In vitro studies have shown that Avi may
restore the broad-spectrum activity of cephalosporins against
class A, class C, and some class D lactamases.

Thanks to its promising activity combined with its structural
novelty, Avi can potentially become the first BL inhibitor brought
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Figure 1. (A) Avi structure in the Michaelis complex with TEM-1 enzyme, (B) TEM-1 in the acylated state. Spheres represent amino acids defining the
catalytic site of the enzyme. Atoms belonging to avibactam are numbered for the sake of clarity and immediacy in the discussion of the results.

into common clinical use after 20 years. For all these reasons,
extensive work has been carried out to structurally'®'' and
kinetically”'>'® characterize the interaction between Avi and BLs
from different bacteria. The structures of the inhibitor bound to
different BLs revealed similar binding modes.'”** Moreover,
kinetic characterizations have recently shown Avi to be a
reversible, covalent inhibitor."®

Prompted by these results and by the potential implications of
understanding the inhibition process for the design of new
generation antimicrobial agents, we have carried out a series of
classical molecular dynamics (MD) and hybrid quantum
mechanics/molecular mechanics (QM/MM) simulations with
the aim of garnering atomistic insights into the mechanisms of
Avi/BL complex formation. At the start of this work, a high
resolution protein structure'* and detailed kinetic data'? for Avi
inhibition were available only for TEM-1, a class A BL (Figure 2).

Figure 2. Structural representation of TEM-1.

We thus selected this system as an ideal model to undertake
computational investigations of Avi inhibition mechanisms, also
considering a number of reported computational studies on the
interaction and reactivity of TEM-1 with well-known classical
beta lactamic drugs.'>"

One of the main goals of the paper was to use a multiscale'®
computational approach to define the structural and dynamic
features of the different (putative) intermediates formed along
the pathway leading to the formation of the Avi/TEM-1 covalent
complex, as well as the differences in free energies among distinct
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reaction steps and their underlying mechanisms. It must be
underlined that our simulations and analyses were limited to this
part of the enzymatic cycle. Thus, in the present paper, no
mechanistic investigation was carried out on the events following
the formation of the covalent intermediate. We have used a
combination of approaches ranging from classic molecular
mechanics (MM) MD simulations to hybrid quantum QM/
MM."*"%" In particular, we calculated the activation free energy
barriers for the different steps necessary for the formation of the
Avi/TEM-1 covalent complex using metadynamics
(MTD),**™* a computational technique designed to enhance
the rate of rare events during MD simulations, recently applied
also to the study of enzymatic systems.*' ~>*

Overall, our results allowed generation of a detailed, atomic-
resolution mechanistic model of the structural and energetic
determinants of the steps leading to the formation of the Avi/
TEM-1 covalent complex. Importantly, the results of the
calculations proved to be in good qualitative and quantitative
agreement with available experimental data. Specifically, we
found overt correspondences with the hypothesis on the reaction
mechanism proposed by Docquier and co-workers on the basis of
X-ray structure of Avi in complex with one class A and one class C
BLs."" Our results, combined with those from X-ray structural
and in vitro biochemical studies, will contribute to the design of
novel derivatives of Avi, opening up the possibility to expand the
molecular diversity space of BL inhibitors to overcome resistance
phenomena.

B MATERIALS AND METHODS

Model System and MD Setup. At the start of our project,
no crystal structure of Avi/BL complex was publicly available.
The model for the TEM-1/Avi complex was then built starting
from the structure of TEM-1/M182T (PDB code 1JWP)'* in its
apo form. Then, Thr182 was mutated into a methionine residue
to restore the wild-type enzyme. Notably, Met182 is located far
from the catalytic site, and the overall RMSD between our model
(1JWP) and 1M40, the X-ray solved structure of TEM-1 with the
highest resolution, was only 0.195 A.

This 1JWP structure was chosen considering that the other
available structures solved by X-ray diffraction are cocrystallized
with different covalent inhibitors and, consequently, the
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conformations of the catalytic sites are adapted to cocrystallized
ligands with a chemical structure different from Avi. The protein
protonation state was determined using the H++ Web server.*®

The selected structure was prepared for the simulations
through the following steps: (i) the phosphate ions included in
the X-ray structure and all the water molecules, except water
molecule 346 (Wat-R), postulated to be involved in the
enzymatic reaction,**>” were deleted. (i) After structural
alignment, Avi was manually placed inside the catalytic site
considering the orientation assumed in the X-ray structure of a
BL from Mycobacterium tubercolosis (PDB code 4DF6).>® Avi was
preliminarily minimized by Gaussian09°” at the DFT/B3LYP/6-
31G(d)***" level of theory. The partial charges of the Avi atoms
were assigned with the RESP** method and, in accordance with
its pK,, the net charge was set to —1. (iii) The complex was placed
in a periodic box large enough to guarantee a minimum distance
of 10 A between the protein and any face of the box. This resulted
in a system with about 30000 solvent atoms, and a box volume of
405144 A’. The TIP3P™ model was employed to explicitly
represent the solvent.

The resulting complex was optimized by molecular mechanics
minimization and molecular dynamics (MD) simulations by the
sander and pmemd modules of the AMBER12*** package. ff12
and GAFF™ force fields were applied for the protein and the
ligand, respectively. Neutrality was ensured by rescaling the
charges of the @ carbon atoms by a factor obtained from the ratio
between the system net charge and number of Ca atoms.*
Considering the superficial position of the catalytic site, and the
presence of negatively charged residue, this approach avoided the
presence of positively charged ions in close proximity of the
reactive center and running simulation with an unrealistic salt
concentration.**~%°

A first minimization step was carried out on water molecules,
keeping the atoms of the protein frozen. Then a minimization of
the whole system was performed by setting a convergence
criterion on the gradient of 10™* kcal mol™ A7

Prior to starting the production MD simulations, the system
was equilibrated for 40 ps at 300 K in isocore conditions (NVT).
Subsequently, a 70 ns of MD simulation in isothermal—isobaric
ensemble (NPT) was carried out at 300 K with a 2 fs time-step.

All the simulations were performed in periodic boundary
conditions (PBC). van der Waals and short-range electrostatic
interactions were estimated within a 10 A cutoff, whereas long-
range electrostatic interactions were assessed using the particle
mesh Ewald method.”'

The SHAKE®” algorithm was applied to all bonds involving
hydrogen atoms. Once the complex model reached equilibration
and structural stability (RMSD of protein Ca in the range of 1.5—
2 A), the trajectories were further examined by visual inspection
with VMD,* thus ensuring that the thermalization did not cause
any structural distortion.

QM/MM Calculations. The study of an enzymatic reaction
mechanism requires computational methods able to take into
account the formation and breaking of covalent bonds in solvated
ligand—protein complexes.'”**>* Despite recent hardware and
software advancements, QM calculations capable of treating a
tully solvated biological system at a high level of theory are still
too expensive. A common solution to this limitation is the
application of mixed QM/MM potential, in which only the
residues and solvent molecules involved in the reaction are
simulated at the QM level, whereas the residual part of the system
is simulated at the MM level.2>**%®57 All the QM/MM
calculations were performed by means of Amber12.*%*°
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During the preliminary QM/MM simulations, the QM region
of the system was formed by Avi, residues Ser70, Glul66, and a
water molecule, namely, Wat-R, closely interacting with both
amino acids. The QM zone was simulated using the PM3-
PDDG*® Hamiltonian that, as reported by Pierdominici-Sottile
and Roitberg,® permitted estimation of the protonation energy
in Trypanosoma cruzi trans-sialidase with a difference below 0.5
kcal/mol with respect to the value obtained using the
computationally more expensive MP2 level of theory, while the
MM part of the system was simulated using the same parameters
employed during the MM-MD simulations (see previous
section).

The choice of this Hamiltonian is thus justified by the quality
of previous benchmarks and is expected to allow the extension of
a study like the present one to small-medium size libraries of
designed inhibitors, which represents one of the possible
evolutions of our endeavor.

The link atom approach implemented in Amberl2 s
employed to obtain the correct theoretical description of the
bonds crossing the boundaries between QM and MM portions.
The last frame of the MM-MD was used as a starting point of the
QM/MM MD simulations.

The system was equilibrated for 10 ps considering the new
potential. This simulation was carried on with a time step of 0.05
fs in a NVT ensemble. The temperature was set to 300 K using a
Langevin thermostat with a collision frequency of 5.0 ps~.%
Short and long-range electrostatic interactions were estimated in
the same manner of classical MD.*>!

The activation free energy of the different steps necessary for
the formation of the Avi/TEM-1 covalent complex was estimated
using MTD 2% an enhanced sampling methodology that similarly
to other computational methods such as the local elevation (LE)
technique,29 conformational ﬂooding,61 and the Monte Carlo
method of Wang and Landau accelerates rare events using
history-dependent biasing potentials.”> In this work, Gaussian
shape repulsive potentials are deposed in the space described by
one or more collective variables (CVs) to disfavor the system
from revisiting the same region of the CVs space. The MTD
method not only enables observation of rare events in an
accessible, reduced (with respect to the real time scale)
simulation time, but it also allows researchers to obtain the
free energy surface associated with the investigated phenomenon
as the negative of the deposed bias. In this work, different MTD
simulation runs using different CVs were employed to define the
model reaction path with the minimum activation free energy
approach. The residues forming the QM region and the CVs for
the description of each reaction step were selected on the basis of
the chemical properties of the substrate and of the knowledge
(based on existing literature) of the possible reaction
mechanisms of the enzyme (Tables 1 and 2).

44,4
’swa

Table 1. Residues Included (I) in the QM Part during MTD1,
MTD2, MTD3, and MTD4

Residues MTD1 MTD2 MTD3 MTD4
Ser70 I I I I
Glul66 1 1 1 1
Wat-R 1 1 1 1
Avibactam I 1 1 1
Lys73 I I
Ser130 I I I
Lys234 I I
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Table 2. Collective Variables Considered in the Four MTD Simulations

MTD1
CVI1=A4-B A= The distance between the hydrogen atom abstracted from Wat-R and one of the oxygen atoms of the side chain
belonging to Glul66
B= The distance between the hydrogen abstracted from Wat-R and O@Wat-R.
CV2=C-D C= The distance between the hydroxyl hydrogen atom of Ser70 and O@Wat-R.
D= The distance between the oxygen and the hydrogen atoms of the hydroxyl group of Ser70.
cvs3 E= The distance between the nitrogen atom of Lys73 side-chain and the carbon atom of the carboxylic group of Glu166.
MTD2
Ccv1 A= The distance between C7@Avi and N6@Avi
CV2=B-C B= The distance between the hydrogen abstracted from Ser130 and N7@Avi.
C=The distance between the hydrogen and the oxygen of the hydroxyl group of Ser130.
MTD3
CVI=A4-B A= The distance between the hydrogen abstracted from Ser130 and N7@Auvi.
B= The distance between the hydrogen and the oxygen atoms of the hydroxyl group of Ser130.
Ccr2 C= The distance between the oxygen atom of the hydroxyl group of Ser130 and the nitrogen atom of Lys73 side chain.
MTD4
CVI=4-B

A= The distance between the hydrogen atom abstracted from Glul66 and the nitrogen atom of Lys73.

B= The distance between the hydrogen atom abstracted from Glul66 and the oxygen bound to it.

Arg 243

Figure 3. Representative configuration of the Avi binding geometry extracted from the last 10 ns of the MM MD simulation. For the sake of clarity, the
protein is represented as ribbons, while Avi and key residues are represented as ball and stick. The main hydrogen bonds made by AVI and Wat-R are

represented as dashed yellow lines.

The free energy activation barriers (AF*) crossed during the
simulations were estimated considering only the bias deposited
until the phenomenon under investigation was observed,
according to the methodology suggested by Laio and Gervasio®
and in analogy with other reports.***

Especially when chemical reactivity is considered, the
backward process (i.e., from product to reactants) could not to
be well described by the same set of CVs used for accelerating the
reactants to product transition.*® Then, considering their
computational costs, QM/MM MTD calculations are frequently
stopped when the forward transition or one recrossing event was
observed.***”%® In this case, the AF* values reported for the
single reaction steps are the average of the values obtained from
three independent simulation runs. The statistical uncertainty
was expressed as the standard deviation of the three values
resulting from the independent simulations.

During MTD simulations, in order to limit the computational
costs of the calculations, the space of the CVs to be explored was
limited using harmonic constraints.

In all our simulations, we added repulsive Gaussian potential
with a height of 0.50 kcal/mol and a width of 0.1 A every 40 MD
steps (20 fs). During our computational studies, we used MTD in
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its multiple walker version, to improve the computational
efficiency of the computation.69 Practically, more replicas of the
system are simulated considering the same CVs and computa-
tional setup; then, at a predefined time interval, the replicas
exchange information about the deposed bias, significantly
reducing the time necessary to explore the free energy surface
(FES). This computational scheme allows the use of more
processors also in the case of the serial code of QM/MM
implemented in Amber12.*** In our calculations, we considered
12 replicas of the system, and the MTD simulations were
extended until all the investigated steps were completed in one or
more replicas.

In the multiple walkers approach, the number of replicas
affects the hills deposition rate. In particular, if the single replicas
are characterized by a slow diffusivity, hills could be deposited in
similar places of the FES, practically increasing the rate of
deposition.

In this case, we verified that the replicas rapidly evolved to
different positions in the CV space, then ensuring a correct
exploration of the FES. Finally, we also performed test
calculations increasing/decreasing the number of replicas

dx.doi.org/10.1021/bi500589x | Biochemistry 2014, 53, 5174—5185
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Figure 4. Graphical representation of the reaction path explored by QM/MM MTD simulations; the reaction steps are progressively numbered using
roman numbers written in blue bold character. In the right column 3D structures (obtained by our simulations) corresponding to the steps displayed in

the scheme. Nonpolar hydrogen atoms are not reported for clarity.

without any significant difference in the estimation of the
activation barriers (not shown).

B RESULTS AND DISCUSSION

MD Simulation of the TEM-1/Avibactam Complex.
Structural investigation of the preliminary 70 ns long classical
MD simulations of TEM-1 and of the TEM-1/Avi complex did
not highlight any major macroscopic changes or distortions of
the active site geometries and of the global secondary structures.
The RMSD for the backbone atoms of TEM-1, calculated with
respect to the starting structure during the entire simulation, was
0.91 + 0.08 A (Figure S1). Avi remained firmly placed in the
catalytic site for the entire simulation time, conserving the same
orientation and interactions observed in the starting complex. In
particular, the binding of Avi within TEM-1 was reinforced by
two H-bonds, the first one between the sulfate group and the side
chain of Ser130 (occupancy 60%, average distance 2.7 + 0.12 A,
average angle 14.28 + 8.21°) and the second one between the
O8@Avi and the NH group of Ala237 (occupancy 100%, average
distance 2.9 + 0.11 A, average angle 18.65 + 9.29°). Moreover,
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the oxygen atom of the side chain of Ser70 conserved a proper
position to carry out the nucleophilic attack on C7@Avi with an
average distance of 3.15 + 0.16 A (Figure 3).

A water molecule (from now on indicated as Wat-R; see also
Figures 3 and 4) conserved its starting position in the catalytic
site for the entire simulation time, forming stable H-bonds with
residues Glul66 (occupancy 100%, average distance 2.7 + 0.11
A, average angle 17.60 + 9.10°) and Ser70 (occupancy 92%,
average distance 2.80 + 0.14 A, average angle 31.60 + 12.95°).

Modeling of Reaction Steps. To investigate the reaction
mechanism leading to the formation of the Avi-TEM complex,
we hypothesized that the first acylation step involves Avi, Ser70,
Glul66, and Wat-R, while residues Lys48, Ser130, and Ser234 are
involved in the reaction steps subsequent to the first. This choice
was initially determined by both analysis of the Avi interaction
during the 70 ns long MM MD simulation and by the proposal of
Blanchard and co-workers '’ for Avi inhibition in a Mycobacterium
tuberculosis BL.

The overall reaction mechanism is reported in Figure 4.
Initially, the proton of Ser70 is transferred to Glu166, shuttled by

dx.doi.org/10.1021/bi500589x | Biochemistry 2014, 53, 5174—5185
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a water molecule (Wat-R, steps I and II, Figure 4). The resulting
serinate anion attacks the f-lactam carbonyl group of Avi leading
to the tetrahedral intermediate (T, step III). Then, the f-lactam
ring opening occurs (step IV), and the N6 atom of Avi is
protonated by Lys73, through Ser130 (steps V and VI). Finally,
Glul66 transfers its acid hydrogen to Lys73, restoring the
starting protonation state of the complex (step VII).

Importantly, while this work was ongoing, this mechanism was
further supported and confirmed by the X-ray structure solved by
Lahiri et al."!

QM/MM MTD Calculations. Reaction Path Identification.
The study of the reaction mechanism by which Avi covalently
inhibits TEM-1 was carried out using MTD simulations with a
QM/MM potential. Notably during these simulations, the QM
part of the system was described using the PM3-PDDG’®
Hamiltonian, for which good performances in describing
biocatalytic reactions were reported (see also Material and
Methods).>

In particular, the formation of the complex was investigated
splitting up the reaction steps (form I to VII, Figure 4) in four
separate MTD calculations. The free energy barriers for the steps
from I to III were calculated in metadynamics simulation 1
(labeled MTD1), from IV to V in MTD2, from V to VI in
MTD3, and VII in MTD4 (Figure 5).

Preliminary studies considering a number of alternative
mechanisms were carried out. However, only those addressed
here were found consistent with structures available in the PDB'*
and the kinetic data.'?

As stated in the Methods section, and reported for previous
applications,*** MTD requires the definition of relevant
collective variables to estimate the free energy differences.
Figure S pictorially defines the collective variables that are
expected to recapitulate the relevant chemical steps of the
reaction under exam, while Table 2 describes the types and
definitions of CVs.

Wat-R Assists the Ser70 Deprotonation by Glu166,
Steps | and Il. MTD1 started from a region of the FES in which
two isoenergetic minima, corresponding to the flipping of the
Glu166 side chain, were identified (Figure 6). In agreement with
previously reported computational*®’® and experimental stud-
ies,'! the water molecule (Wat-R) acts as a proton shuttle in the
deprotonation of Ser70 by Glul166 (I—II). The resulting serinate
makes a nucleophilic attack (III) on C7@Avi.

In theory the first two steps, I-II, could be properly described
using only two CVs (CV1-CV2).

Previously reported computational studies by Herman et
al.>*7° as well as visual inspection of equilibration QM/MM MD
simulation suggested that Lys73 could play an important role in
regulating the acidity/basicity of both Ser70 and Glu166. For this
reason, during MTD1, the distance between CD@Glul66 and
NZ@Lys73 was considered as a collective variable (CV3).
Notably, during all the replicated MTD calculations, CV3 freely
oscillated between 2.5 and 5.5 A. This behavior should guarantee
that all the basins in the free energy space were filled and that the
free energy space was well explored with respect to CV3. Thus,
the acquired free energy surface (FES) can be confidently
employed for qualitative considerations.

In depth analysis of the free energy surface (Figures 6 and S2)
substantially confirmed the importance of Lys73 in Ser70
deprotonation. Indeed, we observed an increase of the CD@
Glul66-NZ@Lys73 distance, together with a concomitant
shortening of the OG@Ser70-NZ@Lys73 distance in all of the
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replicated MTD simulations in which Ser70 deprotonation was
monitored.

Going into further detail, the optimal CV3 value for the Ser70
deprotonation process turned out to be between 3 and 4 A,
whereas in the X-ray structure (PDB code: 1JWP) the same
distance was 2.8 A.

Simulation MTD1 also permitted a complete energetic
evaluation of Ser70 deprotonation by Glul66. In the first step,
a proton was first transferred from Ser70 to Glul66 (I) via a
bridging water molecule (Wat-R), overcoming an estimated
activation free energy barrier (AF") of 19.3 + 0.3 kcal/mol
(Figure 6A,B). In the subsequent step (II), Ser70 was
deprotonated by the hydroxide ion derived from Wat-R with a
significantly lower barrier of almost 5—6 kcal/mol (Figure 6C).
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It should be noticed in passing that in the one-dimensional
plot of CV1 in Figure 6A, CV1 values lower than —1A are
incidentally sampled. However, since we stopped the simulations
once the deprotonation was observed, such regions of CV1 were
not sampled enough to give a significant estimate of the free
energy and the associate geometries of the complex.

Summarizing, the emerging picture for this first part of the
reaction model is a water-mediated deprotonation by Glul66 in
which Lys73 acts as a switch regulating acidity/basicity of the two
residues involved (Ser70 and Glul66).

Ser70 Nucleophilic Attack to Avibactam and Ring
Opening. During MTD1, no CVs (Figure S) were explicitly
considered for describing the nucleophile attack of Ser70 to C7@
Avi (IIT) and the formation of the tetrahedral intermediate (TT).
The nucleophilic attack of Ser70 took place in coordination to
the evolution of the system along the chosen relevant CVs, which
do not include a bias involving Ser70. In this respect, it can be
considered as a spontaneous nucleophilic attack. Literature
described the TI (Figures 4 and 6) as a relatively stable chemical
entity."””" Nevertheless, Tripathi and Nair> recently postulated
a spontaneous four-member ring aperture, estimating AF" values
of 2—4 kcal/mol for cephalotin and aztreonam.

Therefore, in order to test the stability of our TI in a
reasonable time interval, we performed a 40 ps QM/MM MD
simulation (in this simulation the same computational setup of
MTD1 was used). The obtained trajectory showed that the
spontaneous ring opening did not occur, and the geometry of the
TI was stable during the whole simulation time. Moreover, we
observed that Wat-R mainly conserved its position forming a
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stable H-bond interaction with Glul66, while Lys73 formed
analogous interactions with the side chain oxygen of Ser70 and
the backbone carbonyl group of Ser130.

For this reason, we performed MTD2 calculations in which the
C7—N6@Avi bond breakage (IV) and the proton transfer from
Ser130 to N6@Avi (V) were explored. The choice to consider
Ser130 as a putative hydrogen donor emerged from both visual
inspection of our simulation trajectories and structural studies
reported by Docquier and co-workers.""

In all the replicated MTD2 simulations, started from the TI («
in Figure 7A), we first observed the reaction evolution to a free
energy minimum in which the C7-N6@Avi bond was
completely broken (/3 in Figure 7A), overcoming a AF* of 18.1
+ 0.6 kcal/mol. It is to be stated that in this case no recrossing
event was observed, and the average value plus standard
deviations were calculated on the basis of 3 simulations as stated
in Materials and Methods. Next, the proton transfer between
Ser130 to N6@Avi took place overcoming an estimated AF* of
~21 + § kcal/mol (y in Figure 7B).

It is important to underline that a high measured standard
deviation, such as the one observed for the formation of y, is
usually due to rare events not properly taken into account during
MTD simulations. Thus, we evaluated the possibility to consider
different/additional CVs in supplementary MTD calculations
(MTD3).

N6@Avi Protonation and Final Adduct Formation.
Docquier and co-workers!? suggested that in Avi/CTX-M-15
and Avi/AmpC complexes, residue Lys73 facilitates the
deprotonation process of Ser130. Consequently, we carried out
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MTD simulations (MTD3) in which Lys73 was included in the
QM part of the system, together with Lys234 similarly adjacent
to Ser130. For the same reason, in MTD3 we considered as CV
the distance between NZ@Lys73 and OG@Ser130 (CV2,
Figure S and Table 2). The calculations started from a
conformation of the complex in which the C7—N6@Avi bond
was already broken, thus only the activation free energy for the
proton transfer from OG@Ser130 to N6@Avi (V) was
estimated.

From the calculations, CV2 emerged as necessary for the
optimal description of the reaction step under investigation.
Specifically, the proton transfer occurred overcoming a AF* of
13.2 + 0.9 kcal/mol when the CV2 value was between 2.5 and 2.8
A, the ideal distance needed to generate a H-bond between two
heavy atoms (Figure 8). Notably, in this set of simulations, by
means of three CVs a better description of the processes under
investigation was obtained and a lower AF* value was estimated,
21 + S kcal/mol by MTD2 vs 13.2 + 0.9 kcal/mol by MTD3.

Strikingly, Lys73 spontaneously transferred one of its proton
to the Ser130 anion form (VI), indicating that this step is
barrierless, and it is very likely to be concerted with the previous
reaction step. Therefore, at the end of MTD3, Avi, Lys73 and
Glu166 assumed their neutral forms (Figure 8).

Also in this case it is worth noting that Lys73-Ser130 proton
transfer is not explicitly considered in the CVs, and it happens as
a function of the sampling along the other relevant CVs.
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In brief, the outputs from MTD2 and MTD3 support a
reaction model in which, starting from a stable TI, the breakage
of the C7—N6@Avi bond is first observed with a AF* of 18.1 +
0.6 kcal/mol, and then a proton is transferred to N6@Avi by
Lys73 through Ser130 overcoming a barrier of 13.2 + 0.9 kcal/
mol.

Proton Transfer from Glu166 to Lys73. Finally, to
investigate mechanisms taking the protein back to its original
protonation state, the proton transfer from Glul66 to Lys73
(VII) was evaluated. To this aim, in MTD4 (Figure 5) the main
CV was defined as the difference of (i) the distance between the
proton bound to Glul66 and NZ@Lys73, and (ii) the distance
between that hydrogen atom and OE@GIlul66. With these
parameters, MTD4 we estimated a AF" value of 29.5 + 3.2 keal/
mol (Figure 9).

For the same reaction step, Hermann et al.”® reported a
problematic estimation of the activation barrier, when both DFT
and semiempirical methods were applied. However, in our case,
considering the similarity of the estimation over all the replicated
simulations, the average AF* value is sufficiently accurate to be
utilized at least for qualitative considerations.

Recent studies'® indicated that the Avi inhibition profile is
compatible with a reversible covalent inhibition. In this respect,
on the basis of our model and estimates, due to the high barrier of
the last investigated step, the inhibition process involving Avi was
complete when its five-membered ring was cleaved and Glu166/
Lys73 were in their neutral form. In this framework, Lahiri et al."!
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suggested that the anionic form of Glul66, able to activate a
water molecule coming from the bulk, could be required for the
hydrolytic release of Avi. The high AF* value estimated for the
proton transfer from Glul66 and Lys73 could help explain the
reason why the deacylation ring-closure event is favored over the
hydrolytic release of the inhibitor. However, investigating Avi
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reversibility is beyond the goal of this study, and additional
computational investigations would be necessary to clarify this
and other aspects of the inhibition process.

B CONCLUSIONS

This study has been primarily aimed at contributing to clarify the
mechanism and the energetic aspects of formation of the
complex between TEM-1 BL and the novel generation inhibitor
avibactam. We approached this problem using classical MD
simulations and metadynamics based QM/MM calculations to
model the systems representing the different stages involved in
the formation of a covalent bond between avibactam and TEM-1.
Through this approach, we reproduced activation energy values
for the formation of relevant intermediates, which are in good
agreement with experimentally determined parameters. In
particular, we were able to identify the minimal activation free
energies (AF") reaction pathway.

The estimated values were in line with previously reported
kinetic data,'? and the favored mechanism was compatible with
structural data.'’ The formation of the avibactam/TEM-1
covalent complex started with the deprotonation of a catalitycally
active water (Wat-R) by Glul66 (I, AF* 19.3 + 0.3 kcal/mol),
followed by Ser70 deprotonation (II) with a lower AF* ~5—6
kcal/mol. Consequently, we observed the spontaneous for-
mation of a tetrahedral intermediate (III) followed by the
opening of the five-membered ring of avibactam (IV, AF* 18.1 +
0.6). Then, once the five-membered ring of Avi was completely
open, Ser130 transferred its proton atom to N6 (V) with a AF*
value of 13.2 + 0.9 kcal/mol, and next the neutral form of Ser130
was restored by a spontaneous proton transfer from Lys73 (VI).
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Finally, the deprotonated form of Glul66 was regenerated via
a proton transfer from Glul66 to NZ@Lys73 (VIL, AF* =29.5 +
3.2 kcal/mol).

On the basis of these computational results and their
comparisons with experimental evaluations, combined with the
consideration that the rate-determining step (having the highest
activation free energy barrier) determines the overall rate of a
complex reaction mechanism, we hypothesize that the water-
assisted Glul66 deprotonation by Ser70 represents the limiting
step for the enzymatic reaction under investigation. For this step,
we estimated a AF" value of 19.3 + 0.3 kcal/mol, while the
corresponding expected value calculated applying the Eyrin§
equation on the experimental kinetic data was 18.8 kcal/mol.!

Additionally, our simulations confirmed the essential role
played by Lys73 in lowering the free energy barrier that have to
be overcome to favor the Ser70 and Ser130 deprotonation
precesses.

When our study was in an advanced phase, two structures of
Avi in complex with a class A and a class C BL were solved and
made available in the PDB.'" Interestingly, our findings are
substantially supported and corroborate the mechansistic
hypotheses derived from these structural data.

As an important caveat, it has to be noted that our results
represent only a semiquantitative evaluation of the reaction
energetics: indeed, our aim is to provide an estimate of the
activation energy barriers and, in this context, we are neither
considering the full sampling of the product state nor
consequently recrossing events taking the system back from
the products to the reactants. Statistics and error bars are
obtained here through multiple simulations. However, the use of
this relatively simple, but computationally less expensive, level of
theory enabled us to accomplish a reasonably exhaustive
sampling of the conformational space of the systems on one
hand and to evaluate different reaction pathways on the other.

Importantly, the use of a simplified and computationally
tractable Hamiltonian, whose performance has been carefully
benchmarked here and in previous papers by others,*”* holds
promise for future applications in the study of different analogues
of avibactam, opening up the possibility to include explicit
mechanistic calculations and enzyme—substrate dynamics
correlations in the design of novel derivatives with improved
profiles, in the development of new chemical entities able to
target and inhibit a wider spectrum of BLs and in understanding
the determinants of different inhibition profiles across BLs.

Specifically, our approach can represent a viable method for
obtaining atomic-resolution insights into the principal mecha-
nism of action of a novel generation, highly promising antibiotic,
whose novel structure and mode of action could be key to solving
problems related to the development of drug resistance in Gram-
negative bacteria. The information on the inhibitor—enzyme
cross-talk, and modulation of the active site structural dynamics,
can in fact be exploited to define the positions where the
addition/variation of specific chemical functionalities on the
existing scaffold allows for the optimization of the interactions
with a specific stereochemical and electrostatic environments
(that would not be accessible in single-structure models or
classical MD simulations), as well as for the extensions of binding
interactions into previously uncharacterized regions or pockets.

Indeed, the formation/disappearance of pockets due to the
conformational response of the protein to the first-generation
inhibitor can be used to define the stereochemical properties of
functional groups that need to be linked to the scaffolds, to
facilitate optimal fitting to the variations in the shape and
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properties of the active site. In perspective, the concepts and
methods developed in this paper could be used to carry out
extensive comparative studies considerinig the X-ray structures of
Avi/class A and a class C BL complexes.!’ Complementarily, one
may envisage studying the inhibition of more than one member
of BLs, as Avi may bind to any BLs and not only to that studied
here.

These two latter points clearly represent goals that are well
beyond the scope of this first study, and they would require a
computational effort, which would still be massive even for
today’s standards. However, we are confident that the steady
improvement in software and hardware performance will
facilitate obtaining these ambitious goals in the near future.

In conclusion, we envisage that our approach together with the
protocols herein adopted may represent a relevant example of the
application of QM/MM free energy calculations to the study of
complex biochemical reactions, which in principle could be a
valuable tool in the broader context of drug discovery and
development.

B ASSOCIATED CONTENT
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RMSD over the 70 ns of MD simulation (Figure S1) and the 3D
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