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ABSTRACT: Bacteria that cause most of the hospital-acquired infections make use of class Base

and pose a major public health concern. Other than the general features, details of the
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C f-lactamase (CBL) among other enzymes to resist a wide spectrum of modern antibiotics 3 [ Tyr150
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defensive mechanism by CBL, leading to the hydrolysis of drug molecules, remain a matter
of debate, in particular the identification of the general base and role of the active site
residues and substrate. In an attempt to unravel the detailed molecular mechanism, we
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carried out extensive hybrid quantum mechanical/molecular mechanical Car—Parrinello

molecular dynamics simulation of the reaction with the aid of the metadynamics technique. On this basis, we report here the
mechanism of the formation of the acyl—enzyme complex from the Henry—Michaelis complex formed by f-lactam antibiotics
and CBL. We considered two f-lactam antibiotics, namely, cephalothin and aztreonam, belonging to two different subfamilies. A
general mechanism for the formation of a f-lactam antibiotic—CBL acyl—enzyme complex is elicited, and the individual roles of
the active site residues and substrate are probed. The general base in the acylation step has been identified as Lys;, while Tyrs,
aids the protonation of the f-lactam nitrogen through either the substrate carboxylate group or a water molecule.

1. INTRODUCTION

P-Lactam antibiotics target the bacterial cell wall biosynthetic
enzymes called penicillin binding proteins (PBPs) and make
them chemically inert, resulting in bacterial death. Evolutionary
pressure has resulted in the expression of f-lactamases by
bacteria to resist the actions of f-lactam antibiotics by breaking
the amide bond of the f-lactam ring of these antibiotics
through a general-base hydrolysis reaction.' 3-Lactamases bind
to f-lactam antibiotics in a fashion similar to the way the
antibiotics bind to PBPs but hydrolyze them rapidly.”> The
bacterial resistive mechanism has evolved with great sophisti-
cation by their evolution and even shows resistance toward
new-generation antibiotics, posing a great threat to public
health.**

Among the four classes of f-lactamases,® we are concerned
with the class C p-lactamases (CBLs) in this work. These
enzymes are found in most of the Gram-negative bacteria”® and
are clinically important as they have been traced in the
pathogenic organisms responsible for hospital-acquired in-
fections.”'® The mechanism of hydrolysis of a -lactam drug by
these enzymes involves two steps: (a) acylation, where the Serg,
residue covalently binds to the S-lactam C, resulting in f-lactam
ring-opening; (b) deacylation, in which the p-lactam C—
Ser,O, bond is hydrolyzed; see Figure 1. >!! The acylation and
the deacylation steps are irreversible, and k, is considered to be
higher than ky:'*

ky ky ky
E+S—~ES—>ES* SE+P
k-1

It is generally believed that a general-base mechanism is active
in the formation of the acyl—enzyme complex (ES*) and in the
following deacylation step. Discerning the details of the
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mechanism is valuable for the design of novel antibiotics and
In this spirit, much research has been devoted to
unraveling the mechanism, in particular to scrutinizing the role
of the active site residues.”'*~'®

The active site residues that play an important role in the
reaction are Lysg;, Lyss s, Serg,, and Tyr,so." """~ X-ray studies
have proven that Sery, directly participates in the acylation of
the f-lactam ring.24’25 However, the roles of the other residues

and the details of the proton transfer mechanism part of the
5,14

inhibitors.™

acylation and deacylation are still a matter of debate.

To understand the mechanism, it is vital to know the
protonation states of the active site residues Lysq;, Lyss;;s, and
Tyr,5o. There are mainly four possible protonation states of the
active site in class C f-lactamase,* among which the one where
all the residues are in their protonated form and also the one
where Lys;s is in its neutral state with the other two residues
being in their protonated form have been discarded by previous
studies.”"?® The other two protonation states, where (a) Lys,
is protonated, Tyr;s, is anionic, and Lys; s is protonated
(KY") and (b) Lysg, is neutral, Tyr, is protonated, and
Lys;s is protonated (KY), are shown to be separated by free
energy barriers of only 1 kcal mol™ when cephalothin is
noncovalently bound to the enzyme;*® see Figure 2 for the
nomenclature used for various protonation states. This implies
that these protonation states are equally accessible at ambient
conditions. Calculations of aztreonam-bound CBL indicated
the preference of KY over the others.*®

Various mutational, enzyme kinetics, crystallographic, and
computational studies concluded that either Lys4; or Tyr,s, acts
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Figure 1. General mechanism of the acylation (within the dotted box) and deacylation reactions of a f-lactam antibiotic with CBL.
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Figure 2. Various protonation states of Lyss; and Tyr; 5o considered in
this study in the presence of aztreonam (first row) and cephalothin
(second row) drug molecules. See also Supporting Information section
2.

as a base in CBL,'"”****% jlthough conclusive evidence on
the protonation states of these residues has not been obtained.
An anionic form of Tyr,s, was proposed and conjectured as the
general base in the acylation reaction by Winkler and co-
workers* in their pioneering work, where they crystallized CBL
complexed with aztreonam at 2.5 A resolution. Their
interpretation was supported by electrostatic Poisson—
Boltzmann calculations based on the low pK, value estimated
for the Tyr;, group (4.0—8.3) in the apoprotein.®" Site-
directed mutagenesis experiments and kinetics studies also
noted the crucial role of Tyrjs, in enzymatic activities and
proposed a mechanism with Tyr,s, as the general base.”® Knox
and co-workers, on observing a close association of Tyr;5,0,
with Serg,O, in a transition-state analogue of the tetrahedral
intermediate using a phosphonate derivative of a cephalospor-
inase, hygothesized Tyr)so as a general base during the acylation
reaction.”> The same interpretation was also made for the
transition-state analogue of CBL structures with a boronic acid
derivative.'”*® In addition to these, a few other studies®*>* also
supported the same hypothesis and suggested Tyr s, in the
anionic form activates Serg, for the acylation reaction. On the
contrary, the possibility of Lyss; acting as a base was first
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proposed by Page and co-workers,”* according to which Tyr,s,
does not play any direct role in acylation, especially for slowly
hydrolyzing substrates, whereas Lysg;, in its neutral form
activates Serg, by abstracting the proton of the latter. The *C
NMR-based titration experiments observed no change in
chemical shift in the pH range of 6—12, suggesting the
existence of the neutral form of Tyrs, in the apoproteins.’

Chen et al.*® observed a large change in k,, (61-fold) and k,/
K., (2200-fold) for the cephalothin drug with a K67R mutation
of CBL, and these results together with crystallographic data led
these authors to propose a cooperative role of neutral Tyrg,
and neutral Lysq; in the activation of Sery, and water during
acylation and deacylation, respectively. A precomplexed
structure with the cephalothin drug captured crystallographi-
cally shows the interaction between Tyr,s, and the carboxylate
group of cephalothin and hence indicates Tyr,s, in its neutral
state.”® A high-resolution crystal structure of the transition-state
analogue of the deacylation reaction supports the existence of
neutral Tyr,s, during the whole deacylation reaction.*® Other
than these, a third possibility has also been proposed where the
carboxylate group (connected to the ring adjacent to the f-
lactam ring) of the f-lactam antibiotics plays an important role
during acylation reaction, thus indicating a substrate-facilitated
mechanism. >’

Several computational studies on the topic are also available
in the literature, most of which have focused on the mechanistic
aspects of the deacylation reaction. Quantum mechanical/
molecular mechanical (QM/MM) calculations by Gherman et
al”” showed that KY is 1.8 kcal mol™' higher in energy
compared to K'Y~ in the cephalothin—CBL acyl—enzyme
complex. Their calculations also explained why deacylation
proceeds faster in CBL compared to PBPs. Interestingly, they
found that the hydrogen-bonding interactions between the
anionic Tyr;5, and both protonated Lysy; and Lys;, residues
are important for the activity of CBL. Hata et al.**also obtained
a similar difference in potential energy between these two
protonation states in the acyl—enzyme complex and hence
considered Tyrs, in the deprotonated state as the base for
deacylation. They have estimated the potential energy change
along the deacylation reaction, where they simulated the
activation of hydrolytic water by anionic Tyr,s, followed by
proton transfer from Lysg, to Serg,. A molecular dynamics
(MD) study by Diaz et al.*® indicated that, for the aztreonam—
CBL noncovalent complex, KY is ~20 kcal mol™ more stable

dx.doi.org/10.1021/ja405319n | J. Am. Chem. Soc. 2013, 135, 14679—14690



Journal of the American Chemical Society

OH
¥ Yo
/O
NI H
N Nag 3 4
—@)\r( I
2 1
S o / N\
90 SO-3

(a)

Figure 3. Structures of aztreonam and cephalothin drug molecules.
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Figure 4. Equilibrated active site structure of the aztreonam—CBL complex in the (a) KY:AztB and (b) K'Y :Azt protonation states and the
cephalothin—CBL complex in the (c) KY:Cep and (d) K*Y :Cep protonation states. For clarity the drug molecules are rendered in licorice style.

Atom color codes: S (yellow); C (black); O (red); N (blue); H (white).

than K*Y™. They found stable interactions between Lyss, and
Sery,, leading them to conclude Lysg;, as the general base for the
acylation reaction. On the contrary, using a QM/MM-based
MD study, we reported that these two protonation states are
accessible at ambient conditions in the cephalothin—CBL
noncovalent complex.”® Interestingly, in the case of the
apoenzyme, these two protonation states have different free
energies, with deprotonated Tyr,5, being more stable. Sharma
and Bandyopadhyay®” looked at proton transfer of Ser, to the
carboxylate group of the substrate using classical force-field-
based MD (of the fully solvated protein) and gas-phase QM
(with the truncated model) calculations. On the basis of the
pK, calculations, they employed an active site model where
Tyr,so and Lyss; were taken in their protonated forms and thus
suggested a substrate-assisted pathway.

In the present study, we investigate in detail the formation of
the acyl—enzyme complex by two different f-lactam antibiotic

drug molecules with CBL. The two drug molecules considered
belong to two different subfamilies of f-lactam antibiotics: (a)
cephalothin, which is a member of the first-generation
cephalosporins and is known to be hydrolyzed by CBL very
efficiently;* (b) aztreonam, which belongs to the monobactam
subfamily and is known to show better resistance (due to slow
deacylation) toward hydrolysis than cephalothin® (see Figure
3). Although the rates of hydrolysis (k) of these drugs are
known, accurate measurements of the rates of acylation (k,) are
not available, other than estimates of their lower limits."?
To summarize, the outstanding questions on the mechanism
of acylation are the following:
e What is the general base involved in the acylation step?
As discussed above, this could be (a) Lysg;, (b) Tyr;sq, or
(c) the drug molecule itself.
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e What is the mechanism of protonation of the S-lactam
N? The possibilities are through (a) Lysg;, (b) Tyr;s, (c)
the drug, or (d) water.

e What are the crucial drug—enzyme interactions and the
role of the functional groups of the substrate?

Answering the above questions is vital in the fundamental
understanding of the molecular mechanism behind the
antibiotic resistance. Insights into the mechanism would help
in the design of novel antibiotics and inhibitors. Certainly, the
reactions involved here are very complex as they are influenced
by the structure and dynamics of various side chains, the
protein backbone, and the solvent.* Several degrees of freedom
contribute directly and indirectly to the chemical reaction
undergone at the active site.

As mentioned earlier, due to the relatively fast acylation step,
the detailed mechanism of this process is difficult to study
directly through experiments, while molecular simulation is an
ideal tool to address such problems.*" However, no study has
been performed yet to understand the full acylation reaction,
and only a very few static QM and QM/MM studies addressed
the Serg, activation®” and deacylation®”** reactions by CBL. In
this paper, through computationally intensive QM/MM** MD
simulations combined with rare-event sampling,**** we
scrutinize the detailed mechanism of acylation of two subclasses
of f-lactam antibiotics and address the aforementioned open
questions related to the problem.

2. METHODS AND MODELS

2.1. System Setup and Molecular Mechanics Simulation. The
starting structure of the noncovalent complex of CBL and aztreonam
was constructed from the Citrobacter freundii class C enzymes
complexed with a reacted aztreonam molecule (PDB ID 1FR6);**
more details can be found in the Supporting Information. Two initial
structures were constructed with differing protonation states of Tyr;s,
and Lysg, (K'Y :Azt and KY:Azt) and solvated with 14 750 TIP3P
water molecules in a periodic simulation box of dimensions 83 X 81 X
90 A%; see Figure 4. Five Na* and six Cl” ions were also added to
neutralize the whole system. The parm99 version of the AMBER force
field* was used for the protein simulation, while the GAFF force
field*® was employed for describing the aztreonam molecule.
Restrained electrostatic potential (RESP) derived point charges
computed using RED software*” were assigned for aztreonam. In
the case of the K'Y :Azt protonation state, RESP charges of the
anionic Tyr residue were also computed using the RED software using
the NME-Tyr-Ace peptide model.

Similar modeling and simulation strategies were also used in
modeling the cephalothin—enzyme complex. Here the crystal structure
of the wild-type AmpC f-lactamase complexed with a cephalothin
drug molecule (PDB ID 1KVL)>® was used as the starting point. Gly,
mutated in place of Serg, in the crystal structure has been replaced
back to Serg. Two protonation states, K'Y :Cep and KY:Cep, were
modeled in the same fashion as the aztreonam—enzyme complex
discussed above; see also Figure 2 and ref 28. The box size used for the
NVT MD simulation was 79 X 77 X 76 A3, which contained 13 599
TIP3P water molecules.

For the MM calculations, a nonbonded interaction cutoff of 15.0 A
was used. Equilibration MD simulation using the MM force field was
carried out with a time step of 1 fs. After a few steps of initial energy
minimization, 1 ns of NPT MD simulation was performed for both the
protonation states using a Langevin thermostat at 300 K and
Berendsen barostat at 1 atm. Subsequently, a S ns NVT MD
simulation was carried out with a previously equilibrated cell volume.

2.2. QM/MM Simulation. Hybrid QM/MM42 calculations with
the substrates aztreonam and cephalothin were performed using the
CPMD/GROMOS interface*** with the final (equilibrated)
structures obtained from the corresponding classical force field

simulations, unless mentioned otherwise. In these simulations, the
side chain of Sergy, Lysy;, Tyr;so, Lyss s, the drug, and up to four water
molecules within the active site were treated quantum mechanically. In
the case of cephalothin, the thiophene ring was treated using MM as in
ref 28. Whenever a bond was cleaved between a QM and an MM
atom, capping H atoms were used for saturating bonds within the QM
part. Within the protein, capping hydrogen atoms were introduced
between the Car and Cf atoms for Tyr,s, and Serg, and between CS
and Ce for Lysg; and Lyss;s. The capping hydrogen atoms were
constrained to lie along the Ca—Cf/Cé—Ce bond during the QM/
MM MD simulations.

The sizes of the QM box were 21 X 25 X 23 and 18 X 21 x 22 A®
for the simulations with aztreonam and cephalothin substrates,
respectively. The plane-wave density functional theory with the PBE
functional®® and ultrasoft pseudopotentials®® were used to treat the
QM part of the system. A plane-wave cutoff of 25 Ry was used here.

The QM/MM coupling was based on the electronic coupling
scheme proposed by Laio et al.** An MM atom within 15 A of the QM
density was allowed to interact through charge density—point charge
interaction, while the rest of the MM atoms interacted with multipole
expansion (until the quadrapole) of the charge density interaction
potential. Any MM atoms that were part of the QM/MM interaction
exclusion list interacted with the remaining QM atoms through D-
RESP charges of the QM atoms, as computed according to ref S2.
Independent Nosé—Hoover chain thermostats®® were employed for
the QM part, the remaining protein, and the solvent. The dynamics of
the QM part was determined using the Car—Parrinello MD method,**
with a fictitious mass of 700 amu. The electronic wave function was
also thermostated using the Nosé—Hoover chains. The MD time step
for the QM/MM simulation was 0.125 fs.

2.3. Metadynamics. We have employed the extended Lagrangian
metadynamics technique**** to simulate the acylation reaction. In
practice, the method relies on dynamically modifying the potential
through augmenting repulsive potentials along the selected set of
coordinates relevant for the chemical reaction of interest. These
coordinates will be called collective coordinates, CCs, hereafter. Most
crucially, since the augmented biasing potentials compensate for the
free energy, the negative sum of the biasing potentials gives a map of
the free energy surface (within the selected coordinates). This allows
one to find the reaction coordinates (in terms of CCs), minimum
energy pathways (thus the mechanism), and (Helmholtz) free energy
barriers for chemical reactions. The free energy estimates here include
entropic contributions (beyond the harmonic approximation) and
account for finite temperature and finite solvent effects.

In the current work, we have used the extended Lagrangian
metadynamics approach.** Here, the total dimension of the system is
extended by adding additional degrees of freedom (called collective
variables, CVs), each of them coupled harmonically to one of the CCs,
and the biasing potentials are added directly in the CV space. The
harmonic coupling constants were taken as 2.0 au for coordination
number type CCs and 0.5 au for distance difference or distance type
CCs. Definition of the coordination number is given in Supporting
Information section 3. In all our calculations, biasing potentials were
Gaussian functions with their height varied between 1 and 3 k3T and
width fixed at 0.05 unit of CCs. An adaptive metadynamics time step
was used on the basis of the criterion that CVs are displaced at least 3/
2 times the width of a Gaussian before addition of a new Gaussian to
avoid “hill-surfing” problems.*® The total length of the metadynamics
simulations varied from 7 to 82 ps.

2.4. Accuracy. A proper selection of essential coordinates is key to
the successful application of the metadynamics method. This is even
more crucial for modeling reactions involving a protein, where a large
number of coordinates may be directly and indirectly involved in the
progress of the reaction. Since, practically, sampling more than three
or four CCs is a computationally difficult task in metadynamics for
such problems, not all the essential coordinates can be included in the
CCs. This problem can be addressed by combining metadynamics
with parallel tempering®” or by a more eloquent bias exchange
approach.*® However, for the current problem these techniques are
computationally unaffordable to us.
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Figure 5. (a) Reconstructed free energy surface, (b) free energy profile, and (c) snapshots for the acylation reaction of CBL with aztreonam. In (a),
the dotted line is the sketch of the minimum energy pathway. CV1 and CV2 correspond to the collective variables coupled to CC1 and CC2,
respectively; see the text. The minimum 3 was not completely sampled; therefore, the exact relative free energy of 3 was not determined. The depth
of 2 was estimated in an independent metadynamics simulation; see Supporting Information section 9.

To acquire confidence in the saddle point obtained, we have carried
out transition path sampling (TPS) simulations.>® The results of these
simulations are given in Supporting Information section 4. These
results show that the transition-state structures obtained from the
metadynamics simulation are indeed close to the true saddle point and
also confirm the presence of the intermediate $ as represented on the
free energy surface. However, it is noted in passing that the above
experiments do not guarantee that there exits another set of
coordinates for which a pathway with lower free energy can be
obtained. Usually a refinement procedure like the one in ref 60 would
indicate the involvement of other slow coordinates, but is computa-
tionally unaffordable for this work.

Another source of error in the free energy estimates is the PBE
functional used in our calculations. We have carried out error analysis
of the functional and found that the PBE functional introduces errors
of about +1.4 to —2.7 kcal mol™" in comparison with the M06-2X
functional;®" see Supporting Information section 5. A similar error
estimate for the PBE functional was also seen in our previous study.*®
Furthermore, a #+2 kcal mol™" error in the free energy estimates is
expected due to the metadynamics technique.®>

3. RESULTS AND DISCUSSION

3.1. Equilibrium Structures of Henry—Michaelis
Complexes. Equilibrium structures of the noncovalent
complex formed by the drug molecules and the CBL were
obtained through classical force-field-based MD simulations.

3.1.1. CBL—Aztreonam Complex. Two independent classi-
cal simulations were performed starting with aztreonam
precomplexed structures in the K'Y :Azt and KY:Azt
protonation states (Figure 2). The maximum RMSD plots of
the protein backbone for K'Y :Azt and KY:Azt reflect the
stability of these structures (see Figure SI S, Supporting
Information).
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The equilibrated KY:Azt is characterized by a stable Sery,O,
contact with Lyse; N, (d[ Serg,O,Lyss;N;] = 2.74 + 0.14 A);
see Figure 4. During the simulation of KY:Azt, we could
characterize two different conformations of the active site,
namely, KY:AztA and KY:AztB. The major differences between
these two structures are in the interaction of Lysy; with Asn,s,
and Alay,, and the relative positions of Lysg, and Tyrs,. In
KY:AztA, Lysg;H, interacts with both Asn;5;O5 and Alayy,O
and the average distance bﬂetween the Lysg;N, and Tyr;500,
side chains is 4.53 + 0.39 A. On the other hand, in KY:AztB,
Lysg,N; interacts only with Asn;5;05 and the average distance
between the Lysg;N, and Tyr,5,0,, side chains is 3.76 + 0.31 A;
see also Figure SI 6, Supporting Information. In both
configurations, Tyrs, is hydrogen bonded®® with a water
molecule throughout the simulation, with the former being the
hydrogen bond donor. The hydroxyl group of Serg, is hydrogen
bonded with the side chain of Lyss, and no interaction was
observed between Lysy; and Tyrs.

In the case of the K*Y :Azt protonation state (Figure 4 ;
Table SI 3, Supporting Information), Tyr;s, is hydrogen
bonded to Lys;;5 and Lyse, (d[Tyr500,-Lys;;sN;] = 2.85 +
0.11 A and d[Tyr;5,0,-Lys;N;] = 2.91 + 0.17 A). Despite the
anionic state of Tyr s, we observed some transient structures in
the trajectory where Serg,H, interacted with Tyr,5,0,. The
Serg4H, < Azt;6, 04 contact (d[Ser64H},~-Azt36209:| =223 +044
A) was preserved through most of the simulation.

Interestingly, KY:Azt and K*Y :Azt structures resemble well
the precomplexed active site structure reported by Diaz et al.*®
and the apoenzyme active site structure reported by us.”® In
these structures, the aztreonam carbonyl group is well situated
in the oxyanion hole created by Serg,NH and Ser;sNH.
Moreover, the sulfonyl group of aztreonam is hydrogen bonded

dx.doi.org/10.1021/ja405319n | J. Am. Chem. Soc. 2013, 135, 14679—14690
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Figure 6. Mechanism of the acylation reaction of CBL with aztreonam as obtained from our simulations. See also Figure 5.

to the ammonium group of Asns and the hydroxyl group of
Sers 5. Here, Serg,O, is in a good position to attack aztreonam
C, (based on their distance); see Figure 4 and Table SI 3,
Supporting Information.

3.1.2. CBL—Cephalothin Complex. The results of the
empirical force field MD simulation of class C f-lactamase
with cephalothin substrate have been discussed in detail in our
previous paper.”® In the stable conformer KY:Cep, Serg,H,
points toward the carboxylate group of Cepss, and Tyrsg
interacts directly with Lysg,. In the other protonation state,
K'Y ™:Cep, SergH, interacts with the carboxylate group of
Cepsg, and Lysg;H, interacts with both Tyr;5,0, and Sery,O,.
For more details see Figure 4 and Table SI 3, Supporting
Information.

3.2. CBL—Aztreonam Acylation Reaction: Mechanism
and Free Energies. Free energy calculations by Diaz et al.*®
showed that KY:Azt is ~20 kcal mol™"' lower in free energy
compared to K*Y:Azt. Weak interactions of Sery, with other
base residues in K'Y :Azt make it less favorable for the
acylation reaction in comparison with KY:Azt, where Serg,
remains in a good position to delocalize its proton to Lysg,. On
the basis of these facts, we concluded that KY:Azt would be a
good starting structure for the acylation reaction. From the
arbitrarily chosen structure of the solvated aztreonam—enzyme
complex KY:AztB, we carried out a QM/MM metadynamics
simulation to explore the acylation reaction. We chose two CCs
for this purpose: (a) the coordination number of Serg,O, to
Serg,H,, Lyse;H;, and Tyr;ioH, (CC1) and (b) the distance
difference d[Sers,O,—Azt3,C,] — d[Azty4,Cy—Aztyq,N, ]
(CC2). CC1 was selected to accelerate the proton transfer
from Serg,O, to any base, and CC2 is for sampling the
nucleophilic attack of Serg,O, on Azty,C, and the breaking of
the Azty,C,—Azt;,N| bond. The value of CC1 changes from
~1 to ~0 when a base takes a proton from Sery,, and CC2
changes from ~+2 to ~—2 A on the attack of Serg,O, on
Azt;5,C, followed by the breaking of the Azts,C,—Azt;5,N;
bond. A wall potential was applied at 2.65 A along CC2 to
avoid sampling the unbound states of the drug molecule. We
emphasize that the collective coordinates chosen here do not
assume any particular residue as the base, and therefore, the
current simulation will be able to predict which among the
active site residues will act as a general base. Furthermore, we
have not specifically included the coordinates for the proton
transfer to Azt;;, N, and thus, this may take place (as a result of
the breaking of the Azt;s,C,—Azt;,N; bond which was
sampled explicitly) along the minimum energy route.

Using these coordinates, we were able to simulate the
acylation reaction. The reconstructed free energy surface of the
acylation reaction is shown in Figure 5. The net free energy
barrier for this process is calculated to be 22 kcal mol™'. The

reaction from 1 to 3 proceeds through the intermediate 2. The
free energy barriers for 2 — 1 and 2 — 3 are 2 and 4 kcal
mol ™!, respectively. The free energy barrier for 2 — 1 was
estimated by another metadynamics simulation, whose details
are given in Supporting Information section 9.

On analyzing the trajectory, we could dissect the detailed
mechanism of the acylation reaction; see Figure 6. Proton
transfer from Serg,O, to Lyse;N, has occurred first, followed by
the formation of a SergO,—Azty;,C, bond. The Azts,C,—
Azt;,N| bond is elongated but not completely cleaved in the
intermediate structure 2. Ensuing this, the water molecule
which is hydrogen bonded with the Tyr,s,H, reorients toward
Azty,N; and the proton shuttles from Tyrs, to Aztye,N,;
through the bridging water molecule. This is concomitant
with the cleavage of the Azty;,C,—Azt;s,N; bond. On further
carrying out these QM/MM calculations, we observed the
formation of hydrogen bond interactions between Lyss;, and
Tyr s, in agreement with the X-ray structure.”* See also the
movie of the reactive trajectory (starting near the first barrier
crossing) in the Supporting Information.

To further verify the possibility of Tyr;s, as a base, we carried
out simulations starting from the K'Y :Azt state; see
Supporting Information section 11. During the simulations,
we observed that, when a full proton transfer occurs from Serg,
to Tyr, 5, one of the Lysy; protons transfers to Sery,, thus giving
the KY:Azt protonated structure. Then we restricted the
protonation state of Lyss, to sample only the reaction pathway
with Tyrs, as the base. It was found that the acylation reaction
does not take place even after a free energy of 38 kcal mol™ is
reached, which is much larger than the free energy barrier along
the route where Lysg; activates Serg,. On the basis of this result,
we can exclude the possibility of Tyr,g, acting as the base for
the acylation of aztreonam.

We also carried out a metadynamics simulation starting with
the KY:AztA conformer (see Supporting Information section
12). In this case, the free energy barrier for the acylation
reaction was found to be >25 kcal mol™". The reason for this
high barrier, compared to that with the KY:AztB conformer,
can be attributed to the difference in the relative positions of
Tyr,5, with respect to Lysg,. In KY:AztA, Tyrs, remains far
from Lysg; (d[Lyss;NeTyr;500,] = 4.53 A) and thus weakly
stabilizes the cationic Lysg, formed after the withdrawal of the
Serg, proton, unlike in the KY:AztB conformer, where Tyrs is
in a suitable orientation to stabilize the cationic Lysg.

It is interestin§ to note that KY:AztB does deviate from the
X-ray structure,”* especially in the Alayy,-Lyss, interaction, but
has a lower free energy barrier for the acylation reaction
compared to KY:AztA. Therefore, it is concievable that the
active site adapts to the KY:AztB state from its preferred
KY:AztA state during the reaction, especially because the

dx.doi.org/10.1021/ja405319n | J. Am. Chem. Soc. 2013, 135, 14679—14690



Journal of the American Chemical Society

CV5 (A)
© Sl oz

4

201 17 =
=] i 17 3
315- 5 ~
£ jof .
g 5
¢ °F -
4 of O <2 -

T4 3

Bl 6 _

Figure 7. (a) Reconstructed free energy surface, (b) free energy profile, and (c) snapshots for the acylation reaction of CBL with cephalothin. In (a)
the free energy surface is visualized as three-dimensional contour surfaces for various isovalues. CV3, CV4, and CVS correspond to the collective
variables coupled to CC3, CC4, and CCS, respectively; see the text. The minimum 6 was not completely sampled, and therefore, the exact relative
free energy of 6 was not determined. The depth of the intermediate 5 was estimated in an independent metadynamics simulation; see Supporting

Information section 10.

conversion KY:AztA — KY:AztB is faster than the acylation
reaction (section 3.1.1). Thus, we propose that the Ala,y,
Lyss, interaction breaks during the acylation reaction. This
interaction may be re-formed after the formation of the acylated
complex as observed in the X-ray structure.

3.3. CBL—Cephalothin Acylation Reaction: Mechanism
and Free Energies. To explore the full acylation path of the
cephalothin substrate, a metadynamics simulation was
performed with the KY:Cep protonation structure. We chose
three CCs for this simulation: (a) the coordination number of
Serg,O, to SergH,, Lyse;H;, and Tyr;50H, (CC3), (b) the
distance difference d[Serg,O,—Cep;5,Cg] — d[Cep;4,Cy—
Cepss,Ns] (CC4), and (c) the distance of Serg,O, to Lyss N,
(CCS). The first two CVs were similar to CC1 and CC2, as
considered in the previous simulation. CCS was chosen for
sampling different relative orientations of Lyss, with Sergy;
preliminary metadynamics simulations (data not shown)
indicated that this coordinate is crucial to explore the possibility
of the carboxylate group as a general base. Mainly, when the
carboxylate group took the proton from Sergs,O,, we observed a
spontaneous proton transfer from Lyss;N; to Serg,O,. This was
possible because Tyr,s, simultaneously transferred a proton to
the neutral LyseN,. This prevented Serg,O, from further
attacking Cep;5,Cq. Using CCS, we sampled configurations
where Lysg;N, is far from Sery,O, during the proton transfer to
the carboxylate. This was not an issue in the case of aztreonam,
as there are no carboxylate groups present, and moreover, the
neutral Lysy; entity is not hydrogen bonded to Tyr;5, and
therefore cannot act as a proton donor. A wall potential was
placed along CC4 at +2 A to avoid sampling drug-unbound
states. The value of CC3 changes from ~1 to ~0 when Sery,
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gives its proton to a base, and CC4 changes from ~+2 to ~—2
on the formation of the Serg,O—Cep;5,Cs bond and the
breakage of the Cep;45,Cs—Cep;4,Ns bond.

The reconstructed free energy surface after the simulation of
the reaction is shown in Figure 7. The effective free energy
barrier for 4 — 6 is 17 kcal mol™". An intermediate § was also
observed like before. The free energy barrier for 5 — 4 is only 2
kcal mol™ and was obtained from a separate metadynamics
simulation; see Supporting Information section 10.

This metadynamics simulation also sampled both the
protonation states KY:Cep and K'Y :Cep due to the low
free energy barrier separating them;”® see also Figure SI 13,
Supporting Information. We observed transfer of Serg,H, to the
carboxylate group of the drug, Tyr 5,0, (in the K'Y :Cep
state) and Lyse,N;, during the metadynamics simulation; see
Figure SI 14, Supporting Information. However, the proton
transfers from Serg,O, to the carboxylate and Tyr;5,0,, did not
lead to the acylated intermediate. Along the minimum energy
pathway connecting the reactant state to the acylated product
state, from 4 to 6, we observed proton transfer from Serg,O, to
Lyss;N, subsequent to the breakage of the Serg,H, interaction
with the carboxylate group of the drug molecule. Interestingly,
this structure resembles very well the short-lived structure seen
in the classical force field simulation.”® Subsequently, a proton
transfer occurred from Serg, to Lysy;, with a simultaneous
attack of Serg,O, on Cep;4,Cs. These processes resulted in the
formation of the intermediate S. In the following steps of the
reaction, the f-lactam ring opened and protonation of the
Cep;6,N occurred. The carboxylate group of Cepsg, abstracted
a proton from Tyr,s,, which reoriented and hydrogen bonded
with Cep;s, after the rotation of Sery, toward Lysg;, and
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Figure 8. Mechanism of the acylation reaction between CBL and cephalothin and the subsequent R, group release. For cephalothin, the R, group is
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Figure 9. (a) Reconstructed free energy surface, (b) free energy profile, and (c) snapshots during the R, group (acetate anion) release from the
CBL—cephalothin acylated complex. See also Figure 8. CV6 and CV7 are the collective variables corresponding to the collective coordinates CC6
and CC7, respectively. The exact free energy difference between 7 and 6 was not obtained as 7 was not fully sampled. The free energy barriers for 7
— 8 and 8 — 7 have been measured from the simulation and are 4 and 7 kcal mol ™, respectively.

subsequently transferred it to Cep;Ns. In the case of
aztreonam, which lacked the carboxylate group, a water
molecule was used as the proton transfer agent (from
Tyr,500, to the N of the lactam drug). The above protonation
step completes the breakage of the Cep;5,Cs—Ceps4,Ns bond;
see Figure 8. We again stress the fact that no CCs were
explicitly taken for the proton transfer process, and this
occurred spontaneously due to the sampling of other
coordinates. In the product state, the protonated Lyss, is
hydrogen bonded with Tyr;s, and frequent proton transfer
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occurs between the two residues. A movie of this reactive
trajectory (starting near the first barrier crossing) is available in
the Supporting Information.

In the crystal structure of the acylated enzyme,
anion R, group is found released from the substrate. To validate
the R, group exit mechanism, another metadynamics simulation

%5 the acetate

was initiated with the acylated structure 6 as obtained from the
previous metadynamics simulation. Two CCs have been chosen
for this simulation: (a) the coordination number of Cep;;,Cy
to Cepss05 (CC6) and (b) the coordination number of
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CepssNs to the hydrogen bound to Cep;q,Ns and three
hydrogen atoms of Lyss,N, (CC7). CC6 was chosen to
accelerate the breakage of the Ceps4,C3—Cep35,0, bond, and
CC7 was chosen for accelerating the deprotonation of
CepyN; (to verify that a proton transfer from Cep;,Nj to
the carboxylate group can assist the R, group exit).

The reconstructed free energy surface for the R, release is
shown in Figure 9. Three minima can be observed in this
reconstructed free energy surface. The free energy barrier to
reach structure 7 through the breakage of the Cep;s,Cy—
Ceps6,049 bond without deprotonation of Cep;4,Nj is about 7
kcal mol™%; see also Figure 8. We observed a retro-Michaels
addition mechanism for the R, release. Proton transfer from
Ceps4,N; to the carboxylate group of Cepsq, was also observed
(i.e., formation of 8). However, the R, exit process does not
require this to occur; see the minimum energy pathway in
Figure 9. The free energy barrier for this proton transfer (7 —
8) is about 4 kcal mol™, while the reverse barrier (8 — 7) for
the protonation state is 7 kcal mol™". During the R, release, we
observed a rotation of the substrate about the C4—C, bond by
about 45°. Interestingly, we have also observed the diffusion of
a water molecule toward the active site after the R, release. The
R, release is a relatively fast process compared to acylation, and
crucially, it makes the acylation process irreversible by
dissociating the R, group.

3.4. Discussion. 3.4.1. General Base for Activating Sery,.
Simulations were carried out in such a way that a general base
was not explicitly defined in the CCs, while they were able to
identify the general base for acylation without any specific
inputs based on chemical intuitions. We found that Lysg; acts as
the base during the acylation, independent of the drug molecule
and the protonation state of Lysy; and Tyr,s in the starting
structure. Simulations which specifically modeled Tyr,s, as the
base showed that such a reaction route is not energetically
preferred. Moreover, our metadynamics simulation with
cephalothin sampled Serg,H, transfer to the carboxylate
group of the drug, as well as to Tyr;5,0,, and did not lead to
the formation of the acyl—enzyme complex. It may also be
noticed that prediction of the reaction mechanism based on the
interactions in the equilibrium reactant structure may not
always be conclusive.

Our proposed mechanism is in complete agreement with that
proposed by Dubus et al.”*> where Lysg, is considered as a
general base. A similar mechanism was also proposed for the
acylation mechanism in PBPs.%* On the basis of the interactions
between Tyr;5,0, and the carboxylate group of Cepsg, in the
crystallographic precomplexed structure (having an S64G
mutation), Shoichet and his group™ proposed a mechanism
where a proton transfer initially occurs from Tyr s, to Cepsg,
and the former in turn activates Serg,. Although our simulations
(where a wild type is used instead of the S64G mutation) do
not agree with this, and in particular the Cepsgy---Tyriso
interaction was not seen in the equilibrium trajectories of our
simulation, we observed transient structures with the Cepsg,-+-
Tyr,s, interaction after the rotation of Sery, toward Lysg;, in
agreement with their reported crystal structure. Chen et al.*’
reported a significant change in the values of k., and k./K,
after the K67R mutation with cephalothin as the drug molecule.
On the basis of this study, they proposed a conjugate base
mechanism where Lys; activates Sery, and the proton transfer
to Cep takes place through the route Lyss; — Tyr;50 — Cep.
This mechanism agrees with the fact that Lysg; acts as the base;
however, we observed a different proton transfer mechanism

from Lys. MD simulations by Diaz et al.>® also proposed Lysg;
as a base during the acylation of aztreonam.

On the basis of the conjecture that the anionic phenolate
form of Tyr s, is present in the active site, this residue has been
proposed as the general base by many.'7?**%3173%5 Thjs s
ruled out by our studies. Our study also clearly refutes the
possibility of a drug molecule as the general base during the
acylation.

We are also proposing here that the Ala,,,+-Lys; interaction
breaks before the acylation. We found that the presence of this
interaction keeps the Lysq; far from Tyrs, in the noncovalent
complex, resulting in a higher free energy barrier for acylation.
Although this interaction is present in the crystal structures of
several acylated complexes, a distance of 4.35 (3.6) A between
them in chain B (A) of IFR6 (PDB)** is in agreement with our
proposal. There are a few other crystal structures of acylated
complexes where the Ala,,;-Lysg, contact is absent, e.g., IFR6
(435 A in chain B),** 2Q9M (4.59 A),% 1007 (5.33 A),”’
1IFCM (5.05 A),** and 115Q (4.81 A).°® It is likely that this
interaction is re-formed after the acylation, but future
calculations may verify this. Since the mechanisms of formation
of the tetrahedral complex in KY:AztA, KY:AztB, and KY:Cep
are the same, we can also conclude that the mechanism is
independent of the Ala,,,-Lysg, interaction.

3.4.2. Mechanism of Protonation of the f-Lactam Ring.
Protonation of the ring is a necessity for the complete ring-
opening process. Various mechanisms may operate in the
protonation of the N of the f-lactam ring during the acylation.
In our simulations, no explicit coordinates were used to sample
this event; however, we observed it to be spontaneous after the
ring-opening step in the acylation. Therefore, the mechanism
observed for this process is not biased by any chemical
intuitions used in the selection of CCs.

It is shown here that the protonation of N occurs after the
proton transfer from Serg, to Lyss, and the formation of the
C—SerO, bond. Importantly, an intermediate is formed before
the protonation of N, where d[C—N] ~ 1.58 A and d[C—
SerO,] ~ 1.61 A. We observed that Tyr,s, has the role of
protonating N, and it occurs through a proton relay
mechanism. Interestingly, for both the substrates, Tyr,5, does
not directly donate its proton to the lactam N;j instead, it is
transferred through a water molecule in the case of aztreonam
while it is mediated by the carboxylate group in the case of
cephalothin.

Although there is a difference in the detailed mechanisms for
these drugs, a cooperative role of Lyss; and Tyr;s in
transferring the proton seems common to both. The solvent-
mediated proton transfer mechanism detected in the case of
aztreonam could be generalized for other monobactams, as this
subclass of antibiotics lack the bicyclic core with a carboxylate
functional group. Similarly, the substrate-mediated proton
transfer mechanism could be active in all cephalosporin
antibiotics. We note here in passing that this conclusion has
to be further verified for penams and other subclasses of drugs
as the carboxylate group can have different relative
orientations.®

Our findings are in line with the mechanism envisaged by
Dubus et al,,”* where Lysg, activates Serg, and Tyr,s, has the
role of protonating the lactam N. Moreover, Chen et al.** have
conjectured a similar proton transfer from the general base
Lysg, to the substrate through Tyrs,, but via a direct proton
transfer to N from Tyrs.

dx.doi.org/10.1021/ja405319n | J. Am. Chem. Soc. 2013, 135, 14679—14690



Journal of the American Chemical Society

3.4.3. Comparison with Experimental Data. We mentioned
earlier that it is difficult to trace the acylation reaction through
experiments, as this reaction is relatively fast, and the only
accessible information is the rate constant (k,) for the acylation
reaction and the crystallographic structures of the acylated
product in some cases. For aztreonam, the value of k, is
reported to be >150 s7','* which corresponds to a free energy
barrier of <15 kcal mol™". For cephalothin, we are not aware of
any reported k, values; however, for cefotaxime (which also
belongs to the cephalosporin subfamily), it is also reported to
be >150 s~! by the same authors.'” Therefore, the free energy
barrier estimates from the experiments do not differentiate
these two drugs (both <15 kcal mol ™). The estimated k, values
for various other penem and cephem drug molecules
correspond to the free energy barriers in the range of 15—17
keal mol™.'%?® Therefore, our free energy estimate of 17 kcal
mol ™" for cephalothin is in reasonably good agreement with the
experimental data. The free energy barrier for the acylation of
aztreonam is 7 kcal mol™' higher than that from the
experiments and S kcal mol™" higher than that for cephalothin.

The origin of the differential reactivity between the drugs
could be ascribed to the difference in the distance between
Lysgs; and Tyr s, and the orientation of Serg, with respect to
Lyss;. In the case of cephalothin, interactions between the
carboxylate group and Serg, favor the hydrogen-bonding
interaction between Lysg, and Tyr,s,. On the other hand, due
to a lack of hydrogen-bonding interactions between Sery, and
aztreonam, Serg, orients toward Lysg;, and that destabilizes the
hydrogen-bonding interactions between Lyss, and Tyr 5. In
fact, during the equilibrium classical force field simulations of
the noncovalent complex, no hydrogen-bonding interaction was
noticed between Lysy; and Tyr, 5, although this interaction was
present in the initial configuration. The absence of the Lysg;
Tyr,5, interaction was also observed by Diaz et al.*® in their
simulation of the aztreonam—enzyme Michaelis complex. It is
very important to note here that, in all the simulations, the
Lyse; and Tyr,s, interaction is re-formed after the acylation of
aztreonam. This is because Lys; loses its interaction with Serg,
during the acylation reaction when the latter forms a covalent
bond with the drug. The presence of Lys;---Tyr,s, interactions
in the product is in agreement with the crystal structure of the
acylated complex.”* As no precomplexed PDB structures of
CBL are available with aztreonam, a direct comparison of
KY:Azt with the experiments is difficult. The same arguments
as above can also explain the presence of Lysg, -Tyr s,
interactions in the transition-state analogue 2FFY,36 where
Serg, does not have contact with Lysg, since Serg, is covalently
bound to the boron substrate. In the case of cephalothin, the
formation of charged Lysg; is better stabilized in the course of
the acylation due to its interaction with Tyr;5,0, compared to
the case of aztreonam, where these residues do not form direct
contacts. The origin of this difference can also be due to the
artifacts of limited sampling and empirical force field
parameters. We expect that these could only result in
overestimating the free energy barriers and not the mechanism
of acylation, since the presence of the Lysq; - Tyr;s, interaction
is shown to not affect the mechanism of the formation of the
tetrahedral intermediate.

A direct comparison between the structure of the acylated
product obtained from our metadynamics simulations and the
X-ray structure is not straightforward. The QM/MM
metadynamics trajectory of the acylated complex is only
obtained for a less than 3 ps time scale (in the product

minimum), which may not be sufficient to relax the active site
structure to equilibrium. Thus, further simulations are required
to look into the equilibrium structure of the acylated complex.
However, many striking similarities can be observed between
the acylated structure from X-ray and the simulations. As seen
in the crystallographic structure® of cephalothin, we too
noticed a rotation of the acylated drug molecule about the C4—
C, bond, resulting in the diffusion of the deacylating water
close to Oy; see Figure 10. Differences have been found,

Tyr150 Azl Tyr150

Lys315 Lys315

e

Lysg

Ser318 Sersd

Ser64

Ala318
(a) (b)

Figure 10. (a) Average active site structure of the cephalothin—CBL
acyl—enzyme complex from simulation (licorice style) overlapped with
the X-ray structure® (CPK, Corey—Pauling—Koltun) and (b)
snapshot of the aztreonam—CBL acyl—enzyme complex from
simulation (licorice style) overlapped with the X-ray structure®
(CPK). In (a) the deacylating water seen in the X-ray (green
transparent sphere) and in the simulation (red transparent sphere) is
also highlighted.

however, in the puckering of the six-membered ring
dihydrothiazine and the carboxylate group interaction with
Asny,;. Importantly, O, is not located in the oxyanion hole in
the crystal structure, while it is retained in our simulation, and
no rotation about Serg,O,—Cg bond is observed. Similarly, the
acyl—enzyme complex formed by aztreonam in the simulations
showed interactions of deprotonated Tyr;s, with both Lysg,
and Lys,;s, similar to the X-ray structure;”* see Figure 10.
Interestingly, the Tyr so--Lysq,; interaction, which was absent
during the acylation reaction of aztreonam, re-forms after the
formation of the acyl—enzyme complex. Interaction of the
SO;™ group with Lys; s seen in the X-ray structure was not
obzs()erved in our simulations, in line with the results of Diaz et
al.

4. SUMMARY AND CONCLUSION

Through extensive QM/MM metadynamics simulations, we
have unraveled the detailed mechanism of the formation of the
acyl—enzyme complex from the Henry—Michaelis complex of a
P-lactam antibiotic and class C f-lactamase and addressed the
outstanding questions regarding the reaction mechanism. To
verify if the mechanism is drug independent, we have simulated
the acylation reaction with aztreonam and cephalothin drugs
belonging to the cephalosporin and monobactam subclasses,
respectively. We identified that the general base involved in the
acylation of the drug is Lys,; for both the drugs. Proton transfer
to Tyr;so and the drug carboxylate group does not lead to the
acylation reaction, and thus, these residues are ruled out as the
general base.

Acylation of drugs happens through a two-step process: (a)
formation of a tetrahedral intermediate; (b) proton transfer to
the lactam N occurring from Tyr,5,. We found that the proton
transfer from Tyr sy to the lactam N occurs through a water
bridge in the case of aztreonam and via the substrate
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carboxylate group in the case of cephalothin. The R, group
release which proceeds through a retro-Michael reaction is
much faster than the acylation reaction of cephalothin. The free
energy barrier estimated for the acylation reaction for
cephalothin is quantitatively close to the experimental estimate,
while it differs for the case of aztreonam. We have observed a
slower acylation of aztreonam compared to cephalothin, which
is traced back to the relative orientation of the active site
residues as a result of the carboxylate group present in
cephalothin. On the basis of the observation that the Alay,,-
Lyss, interaction keeps the Lyss, far from Tyr)g, in the
noncovalent complex, thus resulting in a higher free energy
barrier for acylation than the case where this interaction is
absent, we are proposing that the Alay,,-Lysy, interaction
breaks before acylation and might re-form after the reaction.

We believe that the molecular details of the mechanism will
greatly help to understand the antibiotic resistance in class C f-
lactamases. In fact, tailoring drug/inhibitor molecules to make
the acylation step reversible is a viable strategy to increase the
efficiency of drugs.”® Thus, the results of this work could aid in
the design of novel drugs and inhibitors with improved
resistance to class C f-lactamases.
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