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Modelling of the first step of the deacylation reaction
of benzylpenicllin in the E. coli TEMI1 B-lactamase (with
B3LYP/6-31G + (d)//AM1-CHARMM22 quantum mechan-
ics/molecular mechanics methods) shows that a mechanism
in which Glul66 acts as the base to deprotonate a conserved
water molecule is both energetically and structurally consis-
tent with experimental data; the results may assist the design
of new antibiotics and -lactamase inhibitors.

Bacterial resistance against antibiotics is a severe and growing
problem in antibacterial therapy.! p-Lactamases, and particularly
the class A family of these enzymes, are the most common form
of resistance against the very important group of B-lactam antibi-
otics. Breakdown of the B-lactam bond (the defining structural
element of these drugs, indispensable for their antibiotic effect)
happens in two main steps. The first step is acylation of Ser70?
by the antibiotic, to form an acylenzyme intermediate. The next
stage is deacylation, in which the acylenzyme (AE) is hydrolysed.
The former B-lactam compound—now cleaved and without any
antibiotic potency—is then released.’ Depending on the antibiotic,
either acylation or deacylation can be the rate-determining step
for the whole enzymic reaction.* For the widely-studied model B-
lactam antibiotic, benzylpenicillin (which is investigated here), the
kinetic constants of acylation and deacylation are believed to be
similar for the E. coli TEM1 class A enzyme, indicating that both
reaction steps contribute to the overall rate of the reaction.*
Combined quantum mechanics/molecular mechanics (QM/
MM) methods are a good approach to the investigation of
enzyme-catalysed reaction mechanisms. We have recently applied
QM/MM methods to establish the mechanism of acylation of
the TEM1 B-lactamase with benzylpenicillin: the calculations
identified Glul66 as the base.>® Here we have applied similar,
well-tested methods to the first step of the proposed deacylation
mechanism, the formation of the tetrahedral intermediate (TT).”
In this deacylation mechanism, Glul66 removes a proton from
a structurally conserved water molecule, activating it for nucle-
ophilic attack on the acylenzyme (AE) (Scheme 1). We find that
Glul166 activates the nucleophile for attack on the carbonyl group
in deacylation, as it does in acylation. The catalytic water molecule
is vital in both steps, either as a ‘proton transfer station’ (in
acylation; it accepts a proton from Ser70 while being deprotonated
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Scheme 1 Deacylation mechanism leading from the acylenzyme (AE)

to the tetrahedral intermediate (TI) and to the cleaved antibiotic. The
reaction processes of the first step, which is modelled here, are marked A
and B, and atom numbers are shown for some important atoms (see text
for details).

by Glul66) or as the nucleophile (in deacylation). A tetrahedral
intermediate (TI) is formed in both steps.

The TI reacts to give the cleaved benzylpenicillin and the free
enzyme. Formation of the TI is likely to be the process with the
highest energy barrier in deacylation, in analogy to acylation.®
In acylation, the AE is formed from the TI by several proton
transfers, which regenerate unprotonated Glul66. These involve
Lys73 and Ser130 as proton shuttle residues, and have relatively
low barriers. The TIs of both reaction steps, and the transition
states for their formation, are structurally similar, and are (as we
show here) stabilized by analogous interactions with the protein.

The starting point for QM/MM modelling of deacylation was
the crystal structure of E166N mutant TEM1 B-lactamase from
E. coli in complex with benzylpenicillin (PDB? code 1FQG®).
This was altered to regain the wild type. It was relaxed, solvated
and truncated to an 18 A radius sphere (as described in detail
in ref. 6). QM/MM calculations' were then performed with the
CHARMM software package (version 27b2)." In a QM/MM
calculation, it is necessary to select atoms for treatment at the
quantum mechanical level. The QM region in this case was
large (70 atoms, with a charge of —1 in total). It contained the
entire substrate (benzylpenicillin), the catalytic water molecule
and sidechain atoms of Ser70, Lys73, Ser130 and Glul66. The
remainder of the system (3216 water and protein atoms) was
described at the molecular mechanical level by the CHARMM?22-
forcefield."? Structures were optimized (see below) at the semiem-
pirical AMI-CHARMM?22 QM/MM level® Electrostatic, van
der Waals and bonded interactions between the QM and MM
regions are included. The AE (the product of acylation and the
starting geometry for deacylation) was generated by QM/MM
modelling as described in ref. 6. This optimized structure should
be representative of the reaction: no large scale conformational
changes are believed to occur.® High-level energy corrections
(using hybrid density functional theory) were applied to obtain
more reliable reaction energetics, as described below.”® This
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QM/MM method has been found to perform well, in our studies
of the acylation reaction, and for other enzymes." Four hydrogen
(HQ-type) ‘link atoms’* were introduced to saturate the shells of
QM-atoms covalently bonded to MM-atoms.

We modelled the reaction by calculating potential energy
surfaces, an approach we have shown to be useful in this and
other enzymes.>*"* The potential energy surface for TI formation
was calculated by restraining two reaction coordinates. The first
was defined as the distance between the attacking water oxygen
and the ester carbonyl carbon (R, = d[O*.C'"), see Scheme 1).
The second coordinate modelled abstraction of a proton from
the catalytic water by Glul66: it was defined as the difference
of the distances between the donating and the accepting oxygen
atoms and the transferring proton (Ry = d[O*:H’] — d[O°:H’)),
see Scheme 1). Both reaction coordinates were varied in steps
of 0.1 A and restrained with a force constant of k = 5000
keal mol~' A-2. At every point of the potential energy surface,
the geometry was optimized (with the adopted basis Newton—
Raphson'® (ABNR) method, to a gradient of 0.01 mol~' A-).
All heavy atoms further than 14 A from the reaction centre were
harmonically restrained to their relaxed crystal coordinates with
force constants based on model average B-factors.”” All other
atoms were free to move, apart from the restraints applied to the
reaction coordinates. The structure of the protein is thus free to
respond to changes during the reaction. The energy at every grid
point was recalculated, removing any energy contribution from
the reaction coordinate restraints. Finally, quantum mechanical
energy corrections similar to ref. 6 were performed to obtain
the B3LYP/6-31G + (d)//AM1-CHARMM?22 surface (for DFT
calculations the Jaguar program was used'®). This procedure has
been shown to give results comparable to full ab initio QM/MM

f.'.-f-.-aefaJ't_/--[a

calculations.” We have shown® it is important in the B-lactamase
reaction to account for potential shortcomings of AMI, such
as inaccurate basicities.”® The QM/MM method also allows
analysis of changes in electronic distribution during the reaction.
We calculated Mulliken charges of QM atoms at the AMI-
CHARMM?22 QM/MM level. While Mulliken atomic charges
have some well-known limitations, changes in charge indicate the
most important electronic changes during the reaction (charges
are quoted in atomic units, i.e. in units of e).

The B3LYP/6-31G + (d)//AM1-CHARMM?22 potential en-
ergy surface (Fig. 1a) indicates a concerted reaction mechanism,
i.e. the proton transfer is concerted with nucleophilic attack of
the water molecule on the AE ester. The lowest energy path from
the AE [a0;b0] to the TI [a9;b15] goes approximately through the
middle of the surface with a potential energy barrier of 7.2 kcal
mol™' (indicated by the energy of the approximate transition
state (TS) at [al;b8]; the TS is the highest energy point along
the minimum energy path from the AE to the TI). The height
of the barrier for formation of the TI is similar to the barrier
for acylation® calculated in the same system at the same level
(8.7 kcal mol™"). This is consistent with experimental results that
show that the rates of acylation and deacylation of TEMI by
benzylpenicillin are of similar magnitude.* Pure density-functional
theory calculations underestimate barriers for some reactions, in
particular for proton transfer, and hybrid DFT methods such
as B3LYP are also known to give barriers that are too low in
some cases.”! It may be that the barriers calculated here are
a little too low. It should also be remembered that these are
potential energy barriers, not free energy barriers. Zero-point,
proton tunnelling and entropic effects are not included. Non-
chemical steps (e.g. binding, conformational changes, product

Fig.1 (a) B3LYP/6-31G + (d)//AM1-CHARMM?22 potential energy surface for TI formation in deacylation described by reaction coordinates Ra and
Rb (energies are given relative to the acylenzyme (AE) in kcal mol™'; for clarity the reaction coordinates are labelled with the increment numbers and not
with the reaction coordinate values (e.g. ‘0’ is the starting point of a particular coordinate); (b) structure of the TS (point [al;b8] on the surface) showing

some important hydrogen bonds [(b) was generated using VMD]®.
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release) can also contribute to the overall rate of an enzyme
reaction. The barrier calculated here is consistent with (lower
than) the experimental activation energy of ca. 12 kcal mol™
for deacylation derived from experiment* (estimated by transition
state theory?).

In the TS (Fig. 1b), proton abstraction from the water molecule
to Glul66 is almost complete: the distance of the moving proton to
the oxygen of Glul66 (H*-O)is 1.10 A (0.99 A at the TI), whereas
the distance to the water oxygen is 1.40 A. The distance of the
water oxygen to the carbonyl carbon is decreased from 2.41 A in
the AE to 2.30 A at the TS, indicating that the nucleophilic attack
is just beginning. The C'-O* distance (see Scheme 1) shortens
continuously from the TS to the TI, where it reaches its equilibrium
distance of 1.50 A.

Analysis of the interaction of the reacting system with the
protein environment can identify key groups involved in stabilizing
transition states and intermediates in enzymes.®!*82* The interac-
tion energies of protein residues in the environment (treated by
molecular mechanics) with the reacting system (treated quantum
mechanically) are calculated for each of the crucial species in the
reaction (AE, TS and TI). Residues that significantly stabilize the
TS or Tl relative to the AE are predicted to have a significant effect
on the reaction. These are purely interaction energies, and do not
allow for dielectric shielding, so must not be viewed as estimates
of effects due to mutation, for example. The aim is not to establish
the causes of catalysis (which would require comparison with the
equivalent reaction in solution), but simply to identify strongly
stabilizing interactions within the enzyme.

The TS and TI are stabilized by the same amino acids but
to a different extent. The TI is stabilized by 37 kcal mol™’,
whereas the TS is stabilized by 12 kcal mol™'. The same amino
acids are important in both cases, so we focus here on the TI,
which is stabilized more. Fig. 2a shows the influence of single
residues on the stability of the TI, relative to the AE; those
identified as most important here (see below) were previously
found to contribute in the equivalent step in acylation.® This
indicates comparable stabilization mechanisms in both reaction
steps, which is reasonable, given that the key processes in acylation
and deacylation are analogous.

The biggest effects (Fig. 2a) are due to several conserved amino
acids, located on the opposite side of the active site to Glul66
(Fig. 2b): Lys234 contributes 15.5 kcal mol™', Arg244 12 kcal
mol~" and Arg275 10 kcal mol! to the stabilization of the TI (see
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Fig. 2a). These charged residues compensate for the electronic
rearrangement at the active site in deacylation. As in acylation,
a proton is transferred to Glul66 during the deacylation step.
The negative charge of the Glul66 carboxylate group is thus
transferred towards these residues. The atomic charges of the
Glul66 carboxylate oxygens in the AE (O° = —0.66 and O’
—0.66; see Scheme 1) are lower in the TT (O° = —0.47 and O’ =
—0.35), reflecting the protonation of O°. The negative charge in
the TI is mainly on the oxygens of the AE ester group, whose
charges in the TI (O* = —0.74 and O* = —0.41) are higher than
they were in the AE (O* = —0.46 and O? = —0.26). These atoms
are closer to the positively charged residues and therefore the
electrostatic interaction is improved, which stabilizes the TI. The
TT is further stabilized by the so-called oxyanion hole (by 15 kcal
mol~', see Fig. 2a). The oxyanion hole is formed by two backbone
peptide bonds (between Met69 and Ser70 and between Gly236
and Ala237; Fig. 2b). The backbone NHs of these two peptide
bonds donate hydrogen bonds to the ester carbonyl oxygen, which
becomes more negatively charged in the TI. These hydrogen bonds
are stronger with the TI (they shorten from 1.67 to 1.79 A and
from 1.96 to 1.91 A, respectively; hydrogen bond lengths are
given throughout as H to acceptor distances). Less obvious is
the stabilization of the TT (by 2.1 kcal mol™! relative to the AE) by
the conserved Asnl32. The sidechain carbonyl oxygen of Asn132
accepts a hydrogen bond from Lys73. This stabilizes the positively
charged Lys73 particularly in the TI, in which its salt bridge to
Glu166 has been lost. The increased strength of the Lys73-Asn132
interaction is indicated by a slight shortening of the already very
short hydrogen bond from 1.70 A in the AE to 1.66 A in the TI.
In the TS, the negative charge is mostly on the water oxygen
(O* has a charge of —0.62 in the TS compared to —0.47 in the
AE), and is apparently stabilized by Lys73. Lys73 donates a short
hydrogen bond to the water oxygen with a length of 1.9 A in the TS
(decreased from 2.4 A in the AE). Stabilization of the deacylation
TS is likely to be another crucial function of Lys73 (it also has
proton shuttle functions in acylation, see ref. 6 and below), and
is only possible if it is positively charged (it has been suggested
that neutral Lys73 is the base,”* but experiments and calculations
support the protonated state).>** This hydrogen bond is very
likely to lower the barrier and might be the reason why this
transition state structure could not be found in a QM/MM study
using neutral Lys73.% The importance of Lys73 for deacylation is
demonstrated by experimental studies of a K73 mutant, for which
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Fig.2 (a)Contributions of individual MM residues to the QM /MM energy difference between the tetrahedral intermediate and the acylenzyme (E(TI) —
E(AE)), showing residues that stabilize the TI relative to the AE; (b) structure of the tetrahedral intermediate showing important stabilizing residues.
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decreased deacylation rates were observed.**® The importance
for deacylation of Lys73 (in stabilizing the TS) that we find is
consistent with experiment.

Combined with our previous findings for the acylation
mechanism,® we are now able to present the energy profile for
the whole reaction from the Michaelis complex to the formation
of the TT for deacylation (TI2). The energy profile for the cleavage
of benzylpenicillin by TEM1 to the deacylation TI is shown
in Fig. 3. The potential energy profile indicates the exothermic
character of the enzymic reaction, with an energy decrease from
the substrate complex to the deacylation TI of around 47 kcal
mol~'. This energy change may be overestimated somewhat (e.g.
due to long-range electrostatic interactions), but the profile is
in line with proposals that well-evolved enzymes that catalyse
thermodynamically favourable reactions should have overall de-
scending energy profiles.”” The results indicate that the various
steps in antibiotic breakdown have comparable barriers, with no
step being clearly rate-limiting. The step with the highest barrier
in acylation is formation of the first tetrahedral intermediate, TI1
(TS1 is the transition state for this step, with an energy relative
to the Michaelis complex of 8.7 kcal mol~"). The second process
in acylation forms the acylenzyme (AE), by proton transfer from
Glul66 to the nitrogen of the thiazolidine ring, involving Lys73
and Ser130 as proton shuttle residues.® This has a slightly lower
barrier (TS2 is 7.1 kcal mol™" higher in energy than TI1), similar
to the barrier for deacylation (TS3 is 7.2 kcal mol~! above the AE).
These results suggest that k., depends on several reaction processes
with similar barriers, instead of one dominant rate-determining
step. Formation of the tetrahedral intermediate is likely to have
the highest barrier in both steps.®
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Fig.3 B3LYP/6-31G + (d)/AM1-CHARMM?22 QM/MM energy pro-
file for the cleavage of benzylpenicillin by the TEM1 class A B-lactamase.
MC is the Michaelis (substrate) complex; TS1, TI1, TS2, are transition
states and the tetrahedral intermediate for acylation; TS3 and TI2 are the
transition state and the tetrahedral intermediate for deacylation.

In conclusion, the results here demonstrate how the entire com-
plex sequence of reactions can take place efficiently in the active
site, without major structural rearrangement. They identify all the
catalytic groups and key interactions. The calculated barrier for
formation of the tetrahedral intermediate in deacylation (7.2 kcal
mol™") is consistent with the experimental reaction rate. The results
provide a structurally detailed mechanism, and complete energy
profile, for the reaction starting from the substrate (Michaelis)
complex, through to formation of the TI for deacylation. The
results show the importance of including (at least key parts of)

the protein environment to obtain reasonable energetics for the
enzyme reaction. The finding here that tetrahedral intermediate
formation has the highest barrier in deacylation is in agreement
with DFT calculations on small models,* and also QM /MM mod-
elling of the deacylation reaction of a serine protease (elastase).

The active site of the class A B-lactamase is clearly well adapted
to allow electronic changes during formation of the tetrahedral
intermediate. Firstly, Lys73 stabilizes the transition state by
donating a hydrogen bond to the hydroxide-like water molecule,
lowering the barrier for the deacylation reaction. Secondly, the
enzyme compensates very effectively for the increase of negative
charge on the oxygens of the acylenzyme/tetrahedral intermediate
during the reaction. Stabilization is provided by the charged
amino acids Lys234, Arg244 and Arg275, the residues forming the
oxyanion hole, and Asn132 (all of which are conserved within the
class A B-lactamases). Almost identical stabilization mechanisms
(involving the same residues) are found for the formation of the
tetrahedral intermediate in the acylation step.® This suggests that
the development of the enzyme’s active site in the evolution has
benefited from the similarity of the tetrahedral intermediates in
both reaction steps. The similarity is based on the initiation of each
reaction step: the abstraction of a proton from the nucleophile by
Glul66, and the relocation of the general base’s negative charge
in the active site to a more central position (to atoms of the
carbonyl group of the B-lactam substrate). The resulting similar
distributions of charges in the active site during the reactions
have allowed an economical optimization of the active site for the
stabilization needed to catalyse both acylation and deacylation.
These detailed insights into the stabilizing interactions of specific
residues could assist the design of new, more stable, antibiotics (e.g.
by creating interactions with crucial amino acid functionalities and
so prevent the stabilizing interactions), which then would ideally
affect acylation and deacylation. This mechanistic knowledge may
therefore be useful in the development of new drugs to overcome
bacterial antibiotic resistance.
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