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Herein, we present theoretical results aimed at elucidating the origin of the kinetic preference
for penicillins over cephalosporins characteristic of the TEM/SHV subgroup of class A
p-lactamases. First, we study the conformational properties of cephalothin showing that the
C2-down conformer of the dihydrothiazine ring is preferred over the C2-up one by ~2 kcal/mol
in solution (0.4—1.4 kcal/mol in the gas phase). Second, the TEM-1 f-lactamase complexed
with cephalothin is investigated by carrying out a molecular dynamics simulation. The AGpinding
energy is then estimated using molecular mechanics Poisson—Boltzmann surface area
(MM-PBSA) and quantum chemical PBSA (QM-PBSA) computational schemes. The preferential
binding of benzylpenicillin over cephalothin is reproduced by the different energetic calculations,
which predict relative AAGuinging €nergies ranging from 1.8 to 5.7 kcal/mol. The benzylpenicillin/
cephalothin AAGhyinging energy is most likely due to the lower efficacy of cephalosporins than
that of penicillins in order to simultaneously bind the “carboxylate pocket” and the “oxyanion

hole” in the TEM-1 active site.

Introduction

Production of -lactamase enzymes is the most im-
portant mechanism through which bacteria have be-
come resistant to S-lactam antibiotics.!2 The f-lacta-
mases are usually grouped into four classes, A, B, C,
and D, following a molecular structure classification
proposed in the early 1980s although other functional
classification schemes have been proposed.? Classes A,
C, and D are serine hydrolases whose catalytic action
is characterized by a simple acyl—enzyme pathway. In
the first step, an acyl—enzyme intermediate is formed
between the -lactam moiety and the conserved active
site serine residue. In the second step, the acyl—enzyme
intermediate is hydrolyzed by a water molecule, and
finally, the active site is regenerated for the next
turnover by product loss. The class B enzymes are zinc-
metalloenzymes which catalyze the hydrolysis of nearly
all g-lactams including the versatile broad-spectrum
antibacterial carbapenem derivatives. However, the
serine f-lactamases outnumber the zinc-enzymes and
are considered a more immediate threat that compro-
mises the future therapeutic usefulness of the g-lactam
antibacterial agents.* Moreover, many extended-spec-
trum serine f-lactamases, which have emerged during
the past decade, are able to efficiently hydrolyze third-
generation cephalosporins and carbapenems.

The class A enzymes are the major culprits when it
comes to destroying f-lactams, and therefore, they have
been intensively studied.® Initially, the class A S-lacta-
mases were thought to be better penicillinases than
cephalosporinases. However, it has become apparent
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that class A f-lactamases are responsible for extended-
spectrum antibiotic resistance in an increasing number
of pathogenic bacteria including the Serrattia, Entero-
bacter, and Pseudomonas genera. Thus, it has been
proposed that class A enzymes should be categorized
into three subgroups according to their kinetic and
structural properties as penicillinases (TEM/SHV group),
cephalosporinases (PER group), and carbapenemases
(NMC-A).% All these enzymes possess the same catalytic
machinery in which the nucleophilic residue Ser70 is
surrounded by several conserved residues including
Lys73, Ser130, Glu166, and Lys234 and a water mol-
ecule (Watl) bridging the Glu166 carboxylate with the
Ser70 hydroxyl group (the sequence numbering of
Ambler et al. is used”).

In an effort to increase our understanding of the
structure and function of the class A -lactamases, many
X-ray structures of the apoenzymes have been solved,
like TEM-18 and TOHO-1° from Escherichia coli, BS3
from Bacillus licheniformis,'° PC1 from Staphylococcus
aureus,t12 PSE-413 and PER-16 from Pseudomonas
aeruginosa, NMC-A from Enterobacter clocae,'* and so
forth. In addition, high-resolution crystal structures for
the acyl—enzymes have been reported. All these crystal-
lographic structures complemented with kinetic mea-
surements have provided structural explanations for the
broadened substrate profile of the class A group of
pB-lactamases. For example, it has been shown that two
of the most conserved structural motifs lining the active
site of class A enzymes (the Q loop and the 3 strain)
are significantly altered in the PER-1 enzyme.® The new
fold of the Q loop and the insertion of four residues at
the edge of the -strand 3 generate a large cavity in
the PER-1 enzyme that can easily accommodate the
bulky substituents of extended-spectrum cephalo-
sporins. Similarly, the TEM-like -lactamase SHV-2,
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which exhibits activity against third-generation cepha-
losporins, accomplishes this via a Gly238Ser mutation
(relative to the SHV-1 case) which displaces the -strand
3 away from the Q loop and results in an expansion of
the B-lactam binding site.!> However, there are other
structures in which either structural changes or residue
substitutions appear at regions relatively distant from
the active site (e.g., the presence of an extra disulfide
link in the NMC-A enzyme,!% the Glu240Cys mutation
of the TEM-1 enzyme,!7 etc.). In these cases, structural
information alone has not provided a solution to the
question of the origin of extended-substrate capabilities
of these enzymes. Moreover, the origin of the kinetic
preference for penicillins over cephalosporins in the
TEM/SHV group of -lactamases is still an open ques-
tion as shown in a crystallographic study of the acyl—
enzyme complexes of the S. aureus PC1 enzyme with
benzylpenicillin and cephaloridine,'? showing that sub-
strate specificity is not determined at the acyl—enzyme
state. This result suggests that the preference for
penicillins is determined prior to the cleavage of the
pB-lactam ring, when the rigid fused-ring systems of the
penicillins and cephalosporins form different inter-
actions with the active site.!?

Clearly, the specificity for one -lactam antibiotic or
another may largely depend on the structural and
dynamical properties of the Michaelis complexes formed
between the class A enzymes and the substrate mol-
ecules. Hence, molecular dynamics (MD) simulations
constitute a valuable tool capable of determining the
mobility of the active site residues, the nature and
relative stability of the enzyme—substrate contacts, the
location of the catalytic water molecules, the abundance
of prereactive conformations, the enzyme—substrate
binding energy, and so forth. In a previous work, we
analyzed MD simulations of the TEM-1 f-lactamase in
aqueous solution.!® Both the free form of the enzyme
and its complex with benzylpenicillin were studied
showing that the conformation of the Q loop, the
interresidue contacts defining the dense H-bond net-
work in the active site, and the enzyme—substrate
interactions were very stable during the simulation
time. Our simulations also gave insight into the possible
pathways for proton abstraction from the Ser70 hy-
droxyl group.

In a continuation of our previous work,!® we under-
took studies to compare the mode of binding of penicil-
lins and cephalosporins to class A enzymes belonging
to the TEM/SHYV group (penicillinases). We considered
the Michaelis complexes of the TEM-1 enzyme with
benzylpenicillin (BP) and cephalothin (CEF) (see Scheme
1). Both substrates are negatively charged and have
neutral side chains at the C6 (BP) or C3 and C7 (CEF)
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positions; that is, they mainly differ in the presence of
the thiazolidine ring in BP, which is replaced by the
dihydrothiazine ring in CEF. Nevertheless, the overall
catalytic efficiency kc.t/Km of the TEM-1 enzyme is
decreased by a factor of ~50 for cephalothin hydrolysis
with respect to benzylpenicillin.'’-1 In this article, we
have investigated the structural and dynamical differ-
ences between benzylpenicillin and cephalothin interac-
tions with the TEM-1 S-lactamase from E. coli taking
advantage of the availability of MD trajectories!® of the
TEM-1/benzylpenicillin complex (TEM1—BP trajectory).
First, we developed and tested a new molecular me-
chanics (MM) representation for cephalothin that takes
into account the conformational properties of its dihy-
drothiazine ring and its C3 and C7 side chains. The new
set of parameters for cephalothin was used to carry out
an MD simulation of this antibiotic in aqueous solution.
Subsequently, we computed an MD trajectory of the
TEM-1/cephalothin complex (TEM1—-CEF trajectory)
from which the enzyme—substrate interactions were
characterized and compared with those observed in the
TEM1—-BP complex. Relative binding free energies of
the TEM1—CEF system with respect to the TEM1—-BP
one were obtained using the so-called molecular me-
chanics Poisson—Boltzmann surface area (MM-PBSA)
approach that combines molecular mechanics and Pois-
son—Boltzmann solvation energies with molecular me-
chanics normal mode calculations, which account for
entropic effects.20 We also considered a variant of the
MM-PBSA approach by using semiempirical quantum
chemical methodologies (AM1 and PM3) to compute
enthalpies and solvation energies for protein sub-
systems.2122 Comparative analyses of the enzyme—
substrate contacts and binding energies in the TEM1—
CEF and TEM1-BP MD trajectories allowed us to
elucidate the origin of the thermodynamic effects as-
sociated with the benzylpenicillin — cephalothin sub-
stitution at the TEM-1 active site. Overall, these results
give insight into the structural and dynamical changes
that evolution has selected to broaden the substrate
spectrum of the class A f-lactamases.

Results

Conformational Properties of Cephalothin: QM
and MD Calculations. The bicyclic system of the
cephalosporins can adopt two different conformations,
termed C2-up and C2-down, because the C2 atom of the
dihydrothiazine ring can flip between an up and a down
position with respect to the plane formed by the other
atoms in the ring.?32* The C2-up and C2-down confor-
mations are equivalent to the axial and equatorial
conformations of penicillins, respectively. For penicillins,
both the crystallographic data and theoretical calcula-
tions indicate that the equatorial conformer of penicil-
lins is biologically active. Similarly, the majority of X-ray
structures of cephalosporins adopt the C2-down confor-
mation, which suggests the biological relevance of this
conformation.

To better understand the actual impact of the C2-
down <> C2-up conformational equilibrium on the
biological activity of the cephalosporins, we character-
ized the dihydrothiazine puckering using different
theoretical approaches. Thus, we located two series of
C2-down/C2-up conformers of CEF at the HF/6-31G*
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Figure 1. View of the HF/6-31G* optimized structures for the C2-down/C2-up equilibrium of cephalothin. Quantum chemical
(HF/6-31G* and MP2/6-31+G**//HF/6-31G*), molecular mechanics (in italics), and SCRF solvation (AG:.) energies (in kcal/mol)
are given with respect to 1c2—down. The Cohen distance (c, in A) and the dihydrothiazine S1—-C2—C3—C4 puckering torsion angle
(w, in degrees) are also indicated for the calculated minima and for the crystallographic structures (in parentheses) of cephaloridine,

cephaloglycine, and cefuroxime.%5-66

level (i.e., four structures), differing in the orientation
of the two side chains at the C3 and C7 atoms (see
Figure 1). The 1c2-down and 2¢z—yup structures, in which
the C3 and C7 side chains are in a relatively compact
conformation, are very close in energy (the C2-up form
is 0.4 kcal/mol above the C2-down one at the MP2/6-
31+G**//HF/6-31G* level). When the side chains adopt
an extended form, the C2-down conformer is 1.4 kcal/
mol (MP2/6-31+G**//HF/6-31G*) more stable than the
C2-up conformer (see 3c2—down and 4cz2—up in Figure 1).
Hence, it turns out that the energy preference for the
C2-down conformation in the gas phase is moderate and
depends on the conformation of the antibiotic side
chains. We used the ab initio data of the four CEF
conformers to derive the corresponding AMBER param-
eters for CEF (RESP charges and structural data). Of
course, the resulting CEF parametrization was tested
by minimizing the geometry of the four conformers, the
optimized MM structures being similar to the HF/6-
31G* ones. For example, the root-mean-square deviation
of the heavy atoms in the bicyclic nucleus between the
AMBER and HF/6-31G* structures is 0.31, 0.27, 0.26,
and 0.23 A for 1c2-down, 202—up7 3c2-down, and 402—llp7
respectively. Similarly, the Cohen distance?’ (c) between
the S-lactam 09- and C15-carboxyl atoms agrees rea-
sonably well at the AMBER and HF/6-31G* levels of
theory (see Figure 1). Figure 1 also shows that the
structural parameters ¢ and w for both C2-down con-
formers compare reasonably well with the values ob-
tained from the crystallographic structures of selected
cephalosporins. Energetically, the AMBER AE terms
are in good agreement with the MP2/6-31+G**//HF/
6-31G* calculations.

Single-point self-consistent-reaction-field (SCRF) cal-
culations on the gas-phase geometries offer an estimate
of solvent effects on the conformational properties of
CEF: the computed solvation energies (AGsy in kecal/
mol) of the CEF conformers were —72.7 (1c2—down),

—70.4 (202—up), —77.6 (302—down)7 and —75.1 (4C2—up)-
These figures suggest that the intrinsic preference of
cephalosporins to adopt the C2-down conformation is
reinforced by ~2—3 kcal/mol in aqueous solution and
that the extended form of the antibiotic side chains
would be stabilized preferentially. To further investigate
the influence of solute—solvent interactions, we carried
out a 5 ns MD simulation of CEF fully solvated by a
box of water molecules. The system was described
classically using our AMBER-like force field for CEF
and the TIP3P potential for water molecules. The large
majority of the analyzed MD snapshots present the CEF
molecule in its C2-down conformation (97%). In fact the
C2-up structures were observed only in a short time
segment (~135 ps) at the beginning of the production
run. The free energy of the C2-up conformer with
respect to the C2-down one (AGc2—upic2-down) Can be
directly estimated from the population of each conformer
(Nc2—up and Nc2-down) along the MD simulations by
using the following equation:

NCZ—u
AGeyupic2-down = —RT 1D(N—p)

C2—down,

which gives a AGc2-upic2-down Value of 2.0 kcal/mol in
aqueous solution at 300 K. This result is in agreement
with the ab initio data, confirming that solvent effects
and the dynamic behavior of the puckering motions of
CEF preferentially stabilize the C2-down conformation.

In contrast to the relatively rigid C2-down conforma-
tion of the dihydrothiazine ring, more conformational
states for both the C3 and C7 side chains were popu-
lated as revealed by the superposition of the most
important “representative clusters” of CEF in solution
(see Figure 2). On the basis of their root-mean-square
similarity, the representative structures account for 60%
of the sampled snapshots (the thickness of the indi-
vidual models is proportional to the population of the
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CEF in aqueous solution

CEF bound to the TEM-1 enzyme

Figure 2. Superposition of the most populated representative structures derived from the clustering analyses of the free and
TEM-1-complexed simulations of CEF in solution. Thickness of the models corresponds to the number of snapshots represented

by each model.

Table 1. Summary of the Root-Mean-Square Deviations,
Radius of Gyration, and Root-Mean-Square Fluctuations®

TEM1-CEF TEM1-BP
Root-Mean-Square Deviation
total 1.30 + 0.04 1.27 £ 0.04
backbone 0.81 + 0.05 0.82 4+ 0.06
subdomain o/f8 1.13 £ 0.06 1.20 £ 0.07
subdomain o 1.34 £ 0.06 1.21 +0.05
Q loop 0.98 +0.13 1.00 £+ 0.09
Radius of Gyration®
17.79 £ 0.04 17.79 £ 0.04
Root-Mean-Square Fluctuation
total 0.90 £ 0.05 0.75 £+ 0.05
backbone 0.68 + 0.05 0.55 + 0.05
subdomain o/ 0.81 + 0.06 0.70 £+ 0.06
subdomain o 0.88 + 0.07 0.74 £+ 0.06
Q loop 0.64 + 0.08 0.62 + 0.10

@ All data are in angstroms. ® X-ray value = 18.1.

corresponding clusters). In these structures, the two
CEF side chains adopt “extended” conformations.

MD Simulation of the TEM1-CEF Complex.
Table 1 collects the heavy atom root-mean-square
deviations (rmsd) of the TEM1—CEF trajectory relative
to the 1BLT crystal structure as well as the rms
flexibility (rmsf) of the TEM-1 protein as calculated by
comparing the instantaneous protein structure to the
average one.?6 Both the rmsd and rmsf values were
segregated into distinct structural elements (the o and
o/f domains, the Q loop, etc.). For comparative pur-
poses, data from the TEM1—BP simulation!® are also
included. In general, we note that the structural changes
in the protein were not large during the course of the
TEM1—-CEF simulation and that the overall protein
architecture of the TEM1—-BP and TEM1—CEF models
was practically identical. Furthermore, the TEM1—-CEF
simulation gives rmsf’s that hardly differ from those
observed for the TEM1—BP model.

Figure 3 shows the structure of the active site region
in the TEM-1 enzyme complexed with cephalothin and
schematically identifies the most significant H-bond and
hydrophobic contacts between the substrate and the
enzyme residues. In Table 2, the enzyme—substrate
H-bond contacts were characterized in terms of dis-
tances between heavy atoms and their percentage of
occurrence.

The overall architecture of the active site in the
presence of cephalothin is very similar to those of the
free and benzylpenicillin-complexed forms of the en-
zyme. For example, the polar cluster around the Lys73-
Glul166 pair including the Glu166-Wat1-Ser70 bridge
as well as the Ser130-Lys234-Ser235 H-bonding se-
quence was stable in the presence of the substrate (see

Figure 3a). Similarly, a water bridge connects the
Arg244 guanidinium group with the carbonyl group of
Val216 throughout the MD simulation. These and other
contacts in the active site region have been thoroughly
discussed.!® However, it is interesting to note that the
TEM1—CEF simulation shows a shorter average dis-
tance between the catalytically important Glul66 car-
boxylate and the nucleophilic hydroxyl group of Ser70
(Oy@Ser70---0e2@Glul66 is 3.88 + 0.36 in TEM1—-BP
and 3.40 £+ 0.39 in TEM1—-CEF).

Figure 2 displays the most important “representative
clusters” for the accessible conformations of the cepha-
lothin molecule during the TEM1—-CEF simulation,
which accounts for 75% of the sampled snapshots. Thus,
we see in Figure 2 that the active site of the TEM-1
enzyme does not alter the preference of the dihydrothi-
azine ring to adopt the C2-down conformation. It is
interesting to note that, as in the case of the equatorial
conformation of penicillins, the C2-down form of the
CEF substrate avoids a possible steric clash with the
methyl group of Ala237 and simultaneously favors the
direct interaction between the substrate carboxylate and
Arg244. On the other hand, the flexibility of the C3 and
C7 side chains of CEF is significantly reduced upon
substrate binding (see Figure 2). The C3 side chain is
mainly oriented toward the solvent with its carbonyl
group interacting with the Arg244 guanidinium group.
The C7-acylamino side chain is partially confined by
H-bond interactions with important residues (Asn132
and Ala237, see below), but flip motions of the five-
membered thiophene ring occur frequently during the
TEM1—-CEF trajectory. In fact, the relatively large
mobility of the thiophene ring prevents the CEF C7 side
chain from forming a stable 7—x complex with the
aromatic ring of Tyr105 as that observed in the TEM1—
BP trajectory.!®

As shown in Figure 3, three parts of the CEF
antibiotic (i.e., the dihydrothiazine ring, the four-
membered f-lactam ring, and the C7-acylamino side
chain) contribute to anchor the substrate within the
active site cleft. Remarkably, the negatively charged
carboxylate group interacts with an array of polar and
charged residues that constitute the “carboxylate pocket”.
Thus, the O16@CEF and O17@CEF atoms give direct
H-bond interactions (X:--Y distances = 2.7—3.0 A,
~100% abundance) with Ser130, Ser235, and Arg244,
while the weakest interaction corresponds to the CEF—
COO---*3HN-Lys234 contact (~3.4 A), which is present
in only 64% of the computed snapshots. On the other
hand, the Ala237 NH group and the Ser70 backbone
constitute the so-called “oxyanion hole”. In the TEM1—
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Figure 3. (a) Schematic representation of some interresidue contacts characterizing the active site of the TEM1—CEF model, (b)
snapshot of the TEM1—-CEF active site (CEF not shown), (¢) schematic representation of the enzyme—substrate binding
determinants between CEF and the TEM-1 enzyme, (d) snapshot of the TEM1—CEF active site with cephalothin shown in dark

cyan.

Table 2. Summary of the Average Distances between Heavy Atoms (A) and Percent Occurrence Data of Important Hydrogen

Bonding Interactions between Cephalothin and the TEM-1 Protein®

TEM1-CEF TEM1-BP
H-bond XY % H-bond XY %
CEF-016---H—0Oy-Ser130 2.68 +0.12 99.0 BP-012---H-0Oy-Ser130 2.65 4+ 0.11 100.0
CEF-016---H—0Oy-Ser235 2.94 4+ 0.24 98.8 BP-012---H-0Oy-Ser235 2.82 +0.18 100.0
CEF-016---H—N¢-Lys234 3.42 +0.33 63.8 BP-012:--H—N¢-Lys234 3.59 +0.29 53.0
CEF-017---H—-0Oy-Ser235 2.98 +0.22 99.3 BP-013---H—0Oy-Ser235 2.914+0.19 100.0
CEF-017---H—Ny1-Arg244 2.99 4+ 0.32 97.5 BP-013---H-Nn1-Arg244 2.79 +0.12 100.0
CEF—-09---H—N-Ser70 3.80 +0.15 36.7 BP—-08---H—N-Ser70 3.38 +0.27 96.4
CEF—-09---H—N-Ala237 2.84 +0.11 99.9 BP—-08---H—N-Ala237 2.86 +0.11 100.0
CEF-09---H-0-Wat1l 3.52 +0.25 4.1 BP—-08---H-0-Watl 3.26 +0.31 0.9
CEF—020---H—N05-Asn132 2.984+ 0.18 99.8 BP—-016:-*H—No-Asn132 2.98 4+ 0.20 95.3
CEF-020---H—0-Wat1 3.61+ 0.34 14.0 BP-016---H—0O-Wat1l 3.514+0.40 22.1
CEF—-N18H:--0O=C-Ala237 3.08 4+ 0.22 93.3 BP—N14---0=C-Ala237 3.10 4+ 0.22 48.0

@ Data from the TEM1—BP simulation are also included for comparison. Fluctuations correspond to standard errors of mean values.

CEF trajectory, the CEF carbonyl group interacts only
with Ala237 through a stable C=0---H—N bond (see
Figure 3 and Table 2), whereas the Ser70 main chain
amino group hardly contributes to the orientation of the
substrate carbonyl. The two specific interactions CEF—
C=0---H—N0-Asn132 and CEF-NH:--O=C-Ala237
H-bonds bind the C7 side chain of CEF.

To address the prereactive character of the Michaelis
complex represented by the TEM1—-CEF model, we
monitored the distance between C8@CEF of the S-lac-
tam carbonyl group (electrophile) and Oy@Ser70 (nu-
cleophile). The mean value for this distance was low,
3.30 + 0.30 A, with the closest distance being only 2.63
A. The average Ser70@CS-Oy---C8@CEF angle is 100.8
+ 7.2°, which is close to those observed for typical
C—0O—C bond angles. Thus, the nucleophilic group in
the TEM1—CEF simulation is well positioned to attack
the carbonyl carbon of the substrate.

Computation of Binding Energies. To better un-
derstand the origin of the relative penicillinase/cepha-

losporinase specificity of the TEM-1 f-lactamase, we
carried out a thermodynamic analysis of the BP/CEF
binding to the TEM-1 enzyme by applying the MM-
PBSA protocol as described in Computational Details.
Equivalent sampling was performed in the two 1-ns MD
trajectories, TEM1—BP and TEM1—CEF, and statistical
convergence of the mean values of the free energies was
verified. The free energies of binding and energetic
components are collected in Table 3. The MM energy
terms and PB solvation energies were computed on
snapshots containing the full enzymatic system (TEM-1
+ f-lactam substrate), while entropic contributions were
computed from selected subsystems comprising the
active site region. However, by recomputing the AMBER
(Eviv) and PBSA (AAGs.y and AGgy,t) energy terms on
the subsystems, we were able to estimate the model
dependence of the MM-PBSA free energies.

The average AGhyinding energies for CEF and BP
amount to —22.4 + 7.1 and —26.8 + 7.4 kcal/mol,
respectively, when the full system is considered in the
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Table 3. Average MM-PBSA Free Energy Components® in the TEM-1/3-Lactam Complexes®

AEMM AEelec AEvdW AAGSO]VPB AGsurf _TASbindingc AGbindingc
TEM1-BP full system -909+75 —-525+71 —354+29 43.2 +4.8 -3.3£0.1 —26.8 + 7.4¢
subsystem  —149.1+7.0 -119.7+5.1 -295+28 107.5+4.5 —29+0.1 229+43 -202+7.0
TEM1-CEF full system —79.2 £ 8.8 —404+£89 —38.7+27 374+74 —3.6+0.2 —22.4 4+ 17.1¢
(11.7) (12.1) (=3.3) (—5.8) (—=0.3) 4.4)
subsystem  —1383+8.7 -1076+88 -306+29 100.2+8.2 —3.0£0.1 212+46 —181+7.0
(11.0) (12.1) (—1.1) (=7.3) (=0.1) (=1.7) @2.1)

@ In kilocalories per mole. ¢ Relative differences of the TEM1—CEF mean values with respect to the TEM1—BP ones are in parentheses.
Fluctuations correspond to standard errors of mean values. ¢ The standard state is to be taken as 1 M. ¢ Using the entropy corrections
from normal mode calculations on subsystems.

Table 4. Average AM1- and PM3-Based Free Energy Components® in the TEM-1/8-Lactam Complexes®

AHbyinding AGhinding®
AHyinding including LJ/R¢ AAGoly AGhinding® including LJ/R¢
TEM1-BP AM1 —-79.6 + 6.1 —154.0 + 8.3 100.3 4.3 43.2 +£6.0 —-31.2+ 8.5
PM3 —86.7 + 5.1 —-161.1 + 6.7 106.2 + 4.1 42.1+5.8 —-323+79
TEM1-CEF AM1 —78.6 + 6.9 —148.7 + 8.8 1019+ 7.6 45.0 £ 5.5 —25.6 +7.5
(1.0) 5.3) (1.6) (1.8) (5.6)
PM3 —82.8 +6.7 —152.9 + 8.5 105.1 £ 7.7 44,0 £ 6.6 —26.6 +4.8
(3.9) 8.2) (=1.1) (2.0) 5.7)

@ In kilocalories per mole. ® Both data without and with the dispersion energy correction as estimated by the AMBER Lennard-Jones
term are shown. Relative differences of the TEM1—CEF mean values with respect to the TEM1—BP ones are in parentheses. Fluctuations
correspond to standard errors of mean values. ¢ Including the entropy corrections from MM normal mode calculations on subsystems.

The standard state is to be taken as 1 M.

MM-PBSA calculations. Truncation effects decrease the
absolute AGyinging energies to —18.1 + 7.0 (CEF) and
—20.2 £+ 7.0 (BP) kcal/mol. Nevertheless, the mean
AGhinging values obtained from both the full system and
subsystem MM-PBSA calculations predict that the
relative binding affinity of CEF is lower than that of
BP by 4.4 (full system) and 2.1 (subsystem) kcal/mol.
Inspection of the free energy components shows that the
relative binding ability of the penicillin and the cepha-
losporin is governed by a balance of intraprotein and
solvent effects: benzylpenicillin establishes stronger
enzyme—substrate interactions, while binding of CEF
is favored by a lower desolvation penalty than BP.

The thermodynamic analyses were repeated for the
protein subsystems in the TEM1—-BP and TEM1—-CEF
trajectories by applying the quantum chemical meth-
odologies Poisson—Boltzmann surface area (QM-PBSA)
computational scheme, which is based on extensive
linear scaling QM SCRF calculations on structures that
were partially relaxed by means of QM/MM energy
minimizations. Both the AM1 and PM3 semiempirical
Hamiltonians were used. The average values of some
QM/MM distances between the CEF/BP substrate and
important residues in the TEM-1 active site are collected
in Table S5 (see Supporting Information). In general,
the QM/MM TEM-1 complexes were structurally similar
to those generated during the MD simulations using the
MM force field representation.

The QM-PBSA results are collected in Table 4. In the
absence of the Lennard-Jones energy term (see Com-
putational Details), we found that the QM-PBSA abso-
lute values of the AGyinging €nergies were largely positive
(~42 kcal/mol) for the two semiempirical methods.
Nevertheless, the relative AGypinging values estimated by
the QM-PBSA calculations point out that benzylpeni-
cillin is a better TEM-1 ligand than cephalothin by 1.8
(AM1) and 2.0 (PM3) kcal/mol in agreement with the
prediction made by the standard MM-PBSA approach.
It may be noteworthy that the AM1 and PM3 methods
differ in the relative importance of enzyme—substrate
(AHpinding) and desolvation (AAGly) effects that deter-

mine the relative penicillin/cephalosporin affinity of
TEM-1. While the lower desolvation penalty in the
TEM1—-CEF system cannot be compensated by the
weaker enzyme—substrate interactions according to the
PM3-PBSA calculations, both the enzyme—substrate
forces and the desolvation penalty contribute to the
reduced cephalosporin binding to the TEM-1 enzyme
according to the AM1-based energies (see Table 4).

When the attractive Lennard-Jones energy term is
included (account for the dispersion interactions not
included in uncorrelated QM methods), the QM-PBSA
AGhinging energies become clearly negative and have
values close to the MM-PBSA ones (—25, —31 kcal/mol;
see Table 4), showing the importance of the dispersion
energy to the total AGuinding. The relative AAGuinding
energies were also altered by the inclusion of the LJ/R
term, the binding energy of the BP substrate being
favored by 5.6 kcal/mol over CEF.

Discussion

Comparison between Theoretical and Experi-
mental Binding Energies. The significance of k¢./Kn
and Ky in the acyl—enzyme mechanism characteristic
of the class A f-lactamases has been examined by
Christensen et al. in their study of f-lactamase as fully
efficient enzymes.2” These authors have found that the
similarity of all the first-order rate constants that
characterize the general acyl—enzyme kinetic mecha-
nism makes Ky approximately equal to the true dis-
sociation constant Kgs. Kinetic parameters of the TEM-1
pB-lactamase reacting with benzylpenicillin and cepha-
lothin under comparable experimental conditions are
available from two previous works. First, Raquet et al.
have reported that the thiazolidine — dihydrothiazine
substitution affects both the rate of catalysis and the
mode of substrate binding.1® These authors obtained the
following kinetic parameters: ket = 1600 s~! and Ky
= 19 uM for BP; k.t = 160 s~ and Ky = 246 uM for
CEF. The absolute binding energies derived from the
Ky values amount to —6.5 and —4.9 kecal/mol for BP and
CEF, respectively (using AGuinding = RT InKg). In a
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more recent work, Cantu et al. have studied cepha-
losporin binding to the TEM-1 $-lactamase.l” The cor-
responding kinetic parameters for BP and CEF obtained
in this work (kcyt = 1284 + 20 s™! and Ky = 75 + 8 uM
for BP; keat = 115 £ 3 s7! and Ky = 347 £+ 14 uM)
roughly reproduce those previously reported by Raquet
et al. and lead to AGyinding values of —5.6 and —4.7 kcal/
mol for BP and CEF, respectively. Hence, according to
Cantu et al., BP is a better TEM-1 ligand than CEF by
0.9 kcal/mol.

When the theoretical and experimental AGhyinding
energies are compared, it turns out that the MM-PBSA
and QM-PBSA energies overestimate the binding en-
ergy by 15 or more kcal/mol. This is not surprising given
that absolute binding free energy calculations are still
very demanding and provide a stringent test to the
underlying methodology used to obtain energy contribu-
tions.?8 In practice, the estimation of relative AAGhinding
values of related systems can be carried out with much
more confidence using the MM-PBSA and QM-PBSA
methods (see below). Thus, the preferential binding of
BP over CEF predicted by our energetic analyses, which
ranges from 1.8 to 5.7 kcal/mol (see Table 4), is in
reasonable agreement with the experimental estimates
of 0.9—1.5 kcal/mol. Particularly, both the MM-PBSA
and pure QM-PBSA (i.e., no LJ/Rf energy terms in-
cluded) calculations on protein subsystems give small
AAGhjinging energies around 2.0 kcal/mol, which are close
to the experimental estimates.

The observed difference in the free energies can be
now interpreted in terms of the energy components and
the observed TEM-1 substrate binding interactions. In
this respect, we note that the larger energy differences
between BP and CEF arise either in the molecular
mechanical AEg.. terms or in the semiempirical
AHyinging energies. This indicates that the penicillinase
ability of TEM-1 is a consequence of better electrostatic
and hydrogen-bond interactions when BP binds to the
active site.

Consistency of the MM-PBSA and QM-PBSA
Calculations. In recent years, the combination of MD
simulations with a subsequent analysis of energetic and
entropic components has been applied to compute
absolute binding energies and relative binding affinities
between diverse ligands. These are very important
problems in computational biochemistry because of their
potential impact on rational drug discovery and design.
In this respect, the results presented herein can be of
methodological interest because they further confirm the
robustness and reliability of the MM-PBSA method in
order to predict small energy differences (~1—2 kcal/
mol) in the binding energy of dissimilar substrate
molecules. This ability of the MM-PBSA/QM-PBSA
calculations to reproduce small AAGyinging effects likely
stems from three different factors. First, the computa-
tionally efficient particle—mesh—Ewald (PME) algo-
rithm and the extended simulations result in realistic
average structures of biomolecules in aqueous solution.2°
Second, the computation of free energies combining a
well-balanced description of specific electrostatic inter-
actions throughout the whole protein system with the
robustness and reliability of the electrostatic continuum
methods is based on the linearized Poisson—Boltzmann
equation in order to take into account solvent effects.20
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Figure 4. Superposition of the average structures derived
from the TEM1—-BP (in CPK colors) and TEM1—-CEF (in
brown) simulations showing important active site residues and
the bicyclic nucleus of the CEF (in dark cyan) and BP (in green)
antibacterial agents.

Third, systematic errors in the computed molecular
mechanical energies/heats of formation and solvation
free energies of one complex (e.g., TEM1—BP) are likely
to partially cancel those of the other complex (TEM1—
CEF).

Our results show that QM-based energies can be used
to account for enzyme—substrate interactions using
standard semiempirical Hamiltonians with only a mod-
erate computational cost. In effect, the sampling and
computational protocols, which favor cancellation of
errors, appear to attenuate the well-known limitations
of the semiempirical Hamiltonians (too low rotational
barriers around the amide bonds, poor binding energies
for hydrogen bonds, lack of dispersion interactions,
etc.)?230 so that the pure QM-PBSA method can predict
AAGhinging energies. It is also interesting to note how
the QM calculations, which incorporate charge-transfer
and polarization effects, provide a softer description of
the energy changes involved in the binding process than
the MM-PBSA calculations. Additionally, the QM-PBSA
approach provides a complete description of the struc-
ture and electrostatics of many classes of ligands and
protein active sites, including metalloenzymes or reac-
tive intermediates which are difficult to accurately
model using molecular mechanics. Overall, the present
results and former results on the development of a
QM-based scoring function?? indicate that the use of
QM methodologies will allow us to go beyond the
limitations of molecular mechanical force fields when
evaluating protein—ligand interactions.

Comparison between the BP and CEF Binding
Determinants. Figure 4 displays the superposition of
the f-lactam antibacterial agents and several active site
residues obtained from the average TEM1—-BP and
TEM1—CEF MD structures. Interestingly, the average
positioning of the important residue side chains (Ser70,
Lys73, Ser130, Lys234, etc.) was very similar in the two
MD trajectories, reflecting the stability of the hydrogen-
bond network that constitutes the architecture of the
TEM-1 catalytic site (the rms deviation for the selected
protein residues is 0.28 A). Only the Glu166 carboxylate
and the hydroxyl groups of Ser130 and Ser235 were
slightly shifted on going from TEM1-BP to TEM1—
CEF. We also see in Figure 4 that the bicyclic skeleton
of the CEF molecule is significantly rotated with respect
to BP, and consequently, the substrate carboxylate and,
particularly, the f-lactam amide groups occupy slightly
different positions in the active site. Nevertheless, this
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different location of BP and CEF does not affect the
binding of their respective carboxylate moieties, which
give comparable long-lived hydrogen bonds with the
polar residues constituting the “carboxylate pocket”
throughout the TEM1—-BP and TEM1—-CEF MD simu-
lations (see Table 2). In contrast, the orientation of the
pB-lactam carbonyl group within the “oxyanion hole” is
different when comparing the average TEM1—-BP and
TEM1—CEF structures. Moreover, the CEF substrate
does not give the C=0---HN-Ser70 interaction, while
BP gives a stable H-bond with the backbone amino
group of Ser70 during the TEM1—-BP simulation (see
Table 2 and Figure 4). Therefore, it can be concluded
that the lower AGyinding energy of CEF with respect to
BP is likely related to the worse interaction of CEF with
the TEM-1 “oxyanion hole”.

A closer examination of the superimposed fS-lactam
structures shows that the different orientation of cepha-
losporin with respect to penicillin is due to their
different geometrical properties. Thus, cephalosporins
have the carboxylate group closer to the -lactam amide
group than penicillins as measured by their correspond-
ing Cohen distances,? which have typical values of ~4.5
(08---C11) and ~3.4 (09---C15) A for penicillins and
cephalosporins, respectively. This suggests that cepha-
losporins are less capable than penicillins to simulta-
neously bind the two anchorage points in the TEM-1
active site (i.e., the “carboxylate pocket” and the “oxy-
anion hole” for the f-lactam carbonyl). This is indeed
the case according to our simulations and energy
analyses: the strength and flexibility of the “carboxylate
pocket” dominate over the “oxyanion hole” in the
TEM1—-CEF configuration, resulting in a good inter-
action between the CEF carboxylate and the protein at
the cost of weakening the interaction between the CEF
carbonyl group and the “oxyanion hole”. From these
results, a clear structure—activity relationship regard-
ing the penicillin/cephalosporin affinity exhibited by the
TEM-1 -lactamase can be outlined: the poorer binding
of cephalosporins with respect to penicillins to TEM-1
is due to unbalanced interactions of the “carboxylate
pocket”/“oxyanion hole” with the -lactam carboxylate/
amide groups determined by the molecular geometry of
the cephalosporins.

Penicillinase versus Cephalosporinase Activity
of the Class A -Lactamases. In their X-ray structural
study of acyl—enzyme complexes of mutant forms of
the S. aureus pB-lactamase with benzylpenicillin and
cephaloridine, Chen and Herzberg concluded that the
acyl—enzyme structures do not account for the more
rapid hydrolysis of benzylpenicillin.!? Consequently,
these authors suggested that the relative penicillinase/
cephalosporinase activity of the class A f-lactamases
must be determined prior to acyl—enzyme formation
and that, apparently, the structural framework of the
S. aureus enzyme is better suited to accommodate both
the reactive amide group of penicillins and the S-lactam
carboxylate group interacting with the “oxyanion hole”
and the Lys234 ammonium group, respectively.

The theoretical results discussed above give support
to the hypothesis proposed by Chen and Herzberg and
shed further light on the subtle molecular details
determining the preferential penicillinase activity of the
class A f-lactamases. Thus, comparisons of the com-
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Table 5. Summary of Some Significant Interatomic Distances
(A) between “Carboxylate Pocket” Groups and the Backbone N
Atom at the 237 Position in the Active Site of Various Class A
pB-Lactamases As Observed in the Corresponding X-ray
Structures®

TEM-1 BS3 TOHO-1 NMC-A TEM-64
(1BLT) (112S) (1IYS) (1BUE) (1JWZ)

N({@Lys234:--N@237 7.30 17.06 6.82 6.64 6.96
0y@Ser130---N@237 6.64 6.81 6.56 6.51 6.47
Nyl@Arg244---N@237 4.03  4.24 4.46° 4.22
Oy@Ser235---N@237 6.31  6.24° 6.12 5.64¢ 6.03

distance

@ PDB ID codes are shown in parentheses. ® Ala237 is replaced
by Thr in the BS3 enzyme. ¢ In the NMC-A enzymes, Ser235 is
replaced by Thr, while Arg220 is placed at the “carboxylate pocket”
instead of Arg244.

puted AGhinging energies of BP and CEF bound to the
TEM-1 active site as well as the different “oxyanion
hole”—substrate interactions emphasize the nearly per-
fect match between the penicillin skeleton and the
TEM-1 active site crevice, which results in optimum
enzyme—substrate interactions and in a carbonyl group
well poised for nucleophilic attack. For cephalosporins
such as cephalothin, we found that the more compact
arrangement of the f-lactam amide and carboxylate
groups changes the orientation of the S-lactam group
within the oxyanion hole and decreases AGyinding. This
theoretical observation relevant to the Michaelis com-
plexes rationalizes the experimental data on the dif-
ferential binding of benzylpenicillin and cephalothin to
TEM-1. However, it has also direct mechanistic implica-
tions because during nucleophilic attack of the Ser70
hydroxyl on the -lactam carbonyl C atom the stabiliza-
tion of the developing negative charge at the carbonyl
O atom of the -lactam by the backbone amide groups
of Ala237 and Ser70 could be lower in the case of
cephalosporins, which weakly interact with the NH
group of Ser70, relative to the penicillins. This could
explain the experimentally observed decrease in k., by
a factor of ~10 when comparing BP and CEF.
Finally, we comment on the small structural changes
and/or point residue mutations that presumably perturb
the substrate specificity of class A f-lactamases in a
subtle way by modifying the “carboxylate pocket” and
the “oxyanion hole” binding sites. Particularly, we
analyzed some selected interatomic distances in a series
of X-ray structures of class A carbapenemases in order
to measure the relative location of the “carboxylate
pocket” with respect to the backbone N atom at position
237. In doing so we found that the “carboxylate pocket”
is similarly rearranged in enzymes such as BS3,10
TOHO-1,° NMC-A,* and the TEM-64 mutant.3! Thus,
Table 5 indicates that the guanidinium group of Arg244
(Arg220 in NMC-A) is consistently moved away ~0.2—
0.5 A from the backbone amide group of residue 237,
while the Lys234 ammonium group is 0.3—0.7 A closer
relative to the equivalent Arg244 and Lys234 residues
in the TEM-1 enzyme (in TOHO-1 the guanidinum
group is deleted by the Arg244Thr mutation). The
spatial rearrangement experienced by the “carboxylate
pocket” seems to be due to the accumulation of several
changes: point mutations at the 235—237 positions, the
presence of a disulfide bridge connecting the cysteine
residues at positions 69 and 238, and so forth. Hence,
the spatial rearrangement of the “carboxylate pockets”,
which implies the projection of the Lys234 ammonium
group toward the “oxyanion hole” and the separation of
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Arg244/Arg240, would be a prerequisite for a good
binding of the carboxylate group of penems/carba-
penems/cephalosporins while simultaneously preserving
the optimal strength and orientation of the interaction
between the $-lactam carbonyl and the backbone amino
groups of the “oxyanion hole”.

Computational Details

Quantum Mechanical Calculations. Initial coordinates
for cephalothin were built by using the crystallographic
structure of cephaloridine as a template. Subsequently, HF/
6-31G* optimizations were carried out in the gas phase
followed by single-point MP2/6-31+G** energy calculations
using the Gaussian 98 suite of programs.32 To take into account
condensed-phase effects,?® we carried out single-point MP2/
6-31+G** Poisson—Boltzmann self-consistent-reaction-field
(SCRF) calculations using the local MP2 and SCRF methods
implemented in the Jaguar program.3435

Molecular Mechanical Parametrization of Cephal-
othin. Four different conformers of CEF differing in the
puckering of the dihydrothiazine ring and/or the conformation
of the side chains at C3 and C7 were considered in the
computation of the atomic point charges using the RESP
methodology.?® Most of the bond, angle, and dihedral param-
eters of CEF were available from the AMBER force field.
However, some structural data required to represent the
equilibrium geometry of the bicyclic skeleton of CEF were
extracted from the HF/6-31G* optimized structures. The van
der Waals (vdW) parameters were taken from the closest
existing AMBER atom types using electronic similarity as a
guide.

To further test our CEF parametrization, we computed a
5.0 ns MD trajectory of CEF fully solvated in a periodic box of
3885 TIP3P waters using the SANDER program of the
AMBER 5.0 package.?” The time step was chosen to be 1.5 fs,
and the SHAKE algorithm?® was used to constrain all bonds
involving hydrogen atoms. Periodic boundary conditions were
applied, and the pressure (1 atm) was controlled by Berends-
en’s method. To include the contributions of long-range
interactions, the particle—mesh—Ewald (PME) method®® was
used with a grid size of 54 x 48 x 48 (grid spacing <1 A)
combined with a fourth-order B-spline interpolation to compute
the potential and forces in between grid points. A cutoff of 10
A was used to compute the vdW forces.

Sampled conformations from the MD trajectory were clus-
tered using the NMRCLUST program.*’ This program uses
the method of average linkage to define how clusters are
constructed, followed by application of a penalty function which
simultaneously minimizes (1) the number of clusters and (2)
the spread across each cluster. A minimum distance of 1.5 A
was used to select representative structures from each cluster.

MD Simulation of the TEM1—-CEF Complex. The de-
termination of an initial TEM1—CEF complex was necessary
to obtain a starting configuration for the MD studies. We
employed the algorithm developed for AutoDock*"*? which uses
a Monte Carlo simulated annealing technique to explore the
configuration space of the enzyme—ligand complex in conjunc-
tion with a rapid energy evaluation using grid-based molecular
interaction potentials (built from van der Waals and electro-
static contributions). The CEF substrate was docked in the
static binding site of the TEM-1 f(-lactamase. During the
docking process, the internal bonds of the CEF side chains
were allowed to rotate. The coordinates of the protein atoms
were taken from the TEM-1 1.85 A crystal structure of Jelsch
et al. (PDB ID 1BTL).*3

The most stable enzyme—substrate complex predicted by
AUTODOCK showed enzyme—substrate contacts that were
favorable for binding and catalysis (e.g., the -lactam carboxy-
late and carbonyl groups pointed toward Lys234 and the
Ala237 amino group, respectively). This enzyme—substrate
complex and the crystallographic water molecules were sur-
rounded by a periodic box of TIP3P water molecules,** which

Diaz et al.

extended 10 A from the protein and substrate atoms. Six Na*
counterions were placed by the LEaP program in order to
neutralize the simulation box, which was then minimized
using the parm96 version of the AMBER force field (2500 steps
for the water molecules followed by 2500 steps for the entire
system).4

MD simulations were carried out using the SANDER
module of the AMBER 5.0 suite of programs.?” The time step
was 1.5 fs, and the SHAKE algorithm?® was used to constrain
all bonds involving hydrogen atoms. A nonbonded cutoff of 10
A was used, and the nonbonded pair list was updated every
25 time steps.*8 Periodic boundary conditions were applied to
simulate a continuous system. The pressure (1 atm) and the
temperature (300 K) of the system were controlled during the
MD simulation by Berendsen’s method.*’” To include the
contributions of long-range interactions, the particle—mesh—
Ewald (PME) method?® was used with a grid size of 64 x 64 x
64 (grid spacing of ~1 A) combined with a fourth-order B-spline
interpolation to compute the potential and forces in between
grid points. The estimated root-mean-square deviations of the
PME force errors*® during the simulation were lower than 1074,

For the TEM1—CEF model, an equilibration period of 200
ps resulted in a stable trajectory as evidenced by the conver-
gence of the dimensions of the simulation box and the evolution
of the total energy of the system. Subsequently, a 1 ns
trajectory was computed and coordinates were saved for
analysis every 50 time steps. All of the MD results were
analyzed using the CARNAL module of AMBER 5.0 and some
other specific trajectory analysis software developed locally.
The root-mean-square (rms) coordinate deviations between two
structures I and J (o15) and the radius of gyration (Rgy,) of the
protein complexes were computed according to the following
formulas:?®

where N is the total number of atoms, w; is the atomic mass
of the i-atom, and Rc is the center of mass of the protein—
substrate complex.

MM-PBSA Energetic Analyses. The molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA) approach in
principle can perform several types of AGyinging calculations
(enzyme—substrate, protein—protein, DNA—protein).2*-2849 Ba-
sically, MM-PBSA calculations predict mean values of interac-
tion free energies as estimated over a series of representative
(~50—100) snapshots extracted from classical MD simulations.
The snapshots are postprocessed through the removal of all
solvent and counterions. Then, one calculates the average free
energy of the set of structures according to the following
equation:

G ~ Eyy; + 3RT + Gpgsa — TSy (2)

where G is the calculated average free energy, and Eyy is the
average molecular mechanics energy,
EMM = Ebond + E + E + EvdW + Eelec (3)

angle tors

where these correspond to the bond, angle, torsion, van der
Waals, and electrostatic terms in the molecular mechanics
force field. The term 3RT in eq 2 corresponds to the enthalpy
of the six translation and rotational degrees of freedom in the
classical limit. Gpgsa is the solvation free energy obtained from
Poisson—Boltzmann electrostatic calculations augmented with
an estimate of the nonpolar free energy via molecular area,
and TSuu is the solute entropy which can be estimated by
molecular mechanics normal mode calculations and standard
statistical mechanical formulas.?’ Subsequently, one can es-
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timate the AG for ligand association to proteins using the
following equation:

AG =G, - Gprotein - Gligand (4)

complex

where the three G terms are usually evaluated using the
snapshots from a single MD trajectory of the complex (the one
trajectory approximation). Here, the binding free energies are
computed for a standard state of 1 M. As a consequence, the
translational entropy for each component (complex, protein,
ligand) is 6.4 cal mol™! K! smaller than the entropy value
obtained for the standard state of an ideal gas owing to the
change in concentration from 0.045 M (ideal gas) to 1 M
(solution).?8

In this work a set of 50 representative structures extracted
every 20 ps along the TEM1—CEF MD trajectory and a second
set of equivalent snapshots from the TEM1—BP simulation!®
were postprocessed to calculate the binding free energies of
cephalothin and benzylpenicillin, respectively, using the MM-
PBSA approach. For each system, two series of MM-PBSA
calculations were performed: the first array of calculations
included the entire enzyme—substrate system, while the
second one deals with a protein subsystem. This subsystem
was formed by all residues within a distance of 9 A to
Oy@Ser70 including most of the residues in the Q loop
(residues: 68-76, 103—107, 125—135, 161—174, 234—248).
Terminal N-methylamine or acetyl groups were placed at the
C and N backbone atoms of those residues cleaved from the
protein main chain by the truncation process. In addition, the
BP/CEF substrate and the Wat1 molecule were also extracted.

In the MM-PBSA calculations, the AMBER force field was
used to compute (no cutoff) the Eyy terms defined in eq 3.
The electrostatic contribution to the solvation free energy
(AG°)y) of the TEM1-BP and TEM1-CEF states were
determined with the Poisson—Boltzmann approach which
represents the protein—substrate complexes as a low dielectric
continuum (a value of €,; = 1 was used in the calculations)
with embedded charges and the solvent as a high dielectric
continuum (eq,; = 80) with no salt. Atomic charges were taken
from the AMBER MM representation of the TEM1—-BP and
TEM1-CEF states. Because of the small size of the hydrogen
atoms in the AMBER force field, the van der Waals surface
used in the PB calculations was constructed using DREIDING
van der Waals radii for C, H, N, O, and S atoms.?® The
dielectric boundary is the contact surface between the radii of
the solute and the radius (1.4 A) of a water probe molecule.
The DELPHI 2.0 program was employed to solve the linearized
PB equation on a cubic lattice by using an iterative finite-
difference method (500 iterations were performed for each
calculation).5! The cubic lattice had a grid spacing of 0.5 A and
was scaled such that its dimensions were 80% larger than the
longest dimension of the solute. The points at the boundary
of the grid were set to the sum of Debye—Huckel poten-
tials.

Solute entropic contributions were estimated only for the
subsystem series (~1100 atoms) using the nmode module of
the AMBER 5.0 package. This program uses the normal modes
and standard statistical thermodynamic formulas to estimate
entropic contributions. Prior to the normal mode calculations,
the geometries of the TEM1-BP/TEM1—-CEF subsystems
described by their AMBER representations were minimized
until the root-mean-square deviation of the elements in the
gradient vector was less than 1075 kcal/(mol A). The ROAR
2.0 program®? was used to carry out the geometry optimiza-
tions driven by a limited memory BFGS minimizer.5® All
minimizations and normal mode calculations were carried out
with a distance-dependent dielectric constant (¢ = 4r) to mimic
solvent screening with no cutoff for the nonbonded inter-
actions. As noted in previous work,> this normal mode analysis
only approximately estimates solute entropy.

Semiempirical QM-PBSA Calculations. Semiempirical
QM calculations can also be used to estimate the relative
energies of the different protein configurations. This can be
done by using linear scaling QM methodologies.’® Thus, the
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free energy of the enzyme—substrate systems can be estimated
according to the following equation:
G ~ Hepy + AG., — TSy (5)

solv

where G is the calculated average free energy, Hqu is the
average QM heat of formation of the solute which accounts
for intraprotein and enzyme—substrate effects, AGgy is the
average solvation energy, which can be calculated using the
QM Hamiltonian coupled to a continuum model, and TSy is
the solute entropy which can be estimated by molecular
mechanics normal mode calculations. To complement the
semiempirical QM energy, dispersive nonpolar interactions can
be accounted for?? by adding the attractive part of the Lennard-
Jones potential using the AMBER force field to eq 4,

- LJ _ _
G~ Hop + 5+ AGuany ~ TS (6)

6 solv

Both eqs 5 and 6 were considered in the QM-PBSA energy
calculations.

Prior to the QM-PBSA calculations, the selected set of
TEM1-BP and TEM1—-CEF snapshots were subject to QM/
MM energy minimization in which the BP/CEF substrates, the
Wat1 molecule, and the side chains of Ser70, Ser130, Glu166,
Lys73, Lys234, and Arg244 (QM region) were relaxed, while
the rest of the protein and a solvent cap of 1500 water
molecules centered on the Oy@Ser70 atom (MM region) were
held fixed. In these calculations, both the AM1°% and PM357
Hamiltonians were used to describe the QM region, and the
AMBER force field was used for the rest of the system.
Hydrogen link atoms were placed at the corresponding Cj3
atoms to cap exposed valence sites due to bonds which cross
the QM—MM boundary. The ROAR 2.0 program®? was used
to carry out the QVM/MM minimizations.

From the QM/MM relaxed structures, we built the enzyme—
substrate subsystems described above. Then single-point AM1
and PM3 calculations were performed on these subsystems
using the divide and conquer (D&C) approach.?-%° Incorpora-
tion of solvent effects within a QM methodology was ac-
complished by merging the D&C algorithm with the PB
equation.®! In these QM-PB calculations, the solute was
represented by charge model 2 (CM2) atomic charges.®? The
set of DREIDING atomic radii was used again in the QM-PB
calculations. An additional “nonpolar” contribution due to the
creation of a solute cavity in the continuum was accounted
for by a term proportional to the solvent accessible surface area
of the solute as in the MM-PBSA approach. The DivCon99
program® was employed to perform the D&C semiempirical
calculations using the dual buffer layer scheme (inner buffer
layer of 4.0 A and an outer buffer layer of 2.0 A) with one
protein residue per core. This D&C subsetting with a total
buffer region of 6.0 A gives accurate relative energies.® A
cutoff of 9.0 A was used for the off-diagonal elements of the
Fock, one-electron, and density matrices. Solute entropic
contributions were taken from the AMBER normal mode
calculations on the subsystems taken from the trajectories.
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