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ABSTRACT An increasing number of proteins
are being shown to have an N, -carboxylated lysine
in their structures, a posttranslational modification
of proteins that proceeds without the intervention
of a specific enzyme. The role of the carboxylated
lysine in these proteins is typically structural (hydro-
gen bonding or metal coordination). However, car-
boxylated lysines in the active sites of OXA-10 and
OXA-1 B-lactamases and the sensor domain of BlaR
signal-transducer protein serve in proton transfer
events required for the functions of these proteins.
These examples demonstrate the utility of this un-
usual amino acid in acid-base chemistry, in expan-
sion of function beyond those of the 20 standard
amino acids. In this study, the ONIOM quantum-
mechanical/molecular-mechanical (QM/MM) method
is used to study the carboxylation of lysine in the
0OXA-10 B-lactamase. Lys-70 and the active site of the
OXA-10 B-lactamase were treated with B3LYP/6-
31G(d,p) density functional calculations and the
remainder of the enzyme with the AMBER molecu-
lar mechanics force field. The barriers for unas-
sisted carboxylation of neutral lysine by carbon
dioxide or bicarbonate are high. However, when the
reaction with CO, is catalyzed by a molecule of
water in the active site, it is exothermic by about 13
kcal/mol, with a barrier of approximately 14 kcal/
mol. The calculations show that the carboxylation
and decarboxylation of Lys-70 are likely to be accom-
panied by deprotonation and protonation of the
carbamate, respectively. The analysis may also be
relevant for other proteins with carboxylated
lysines, a feature that may be more common in
nature than previously appreciated. Proteins 2005;
61:246-257. ©2005 Wiley-Liss, Inc.
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INTRODUCTION

Carboxylated lysine residues have been observed in
about a dozen or so proteins.’~® This unusual amino acid is
typically involved in structural functions, such as hydro-
gen bonding to the protein or coordination to metal ions. In
contrast to such structural roles, carboxylated lysine has
been shown to have an essential mechanistic function in
the class D B-lactamase OXA-10 from Pseudomonas aerugi-
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nosa.* It has also been observed in the catalytic site of
OXA-1 B-lactamase from Escherichia coli.® More recently,
a carboxylated lysine has been implicated in the reaction
of the B-lactam sensor domain of the BlaR signal trans-
ducer protein from Staphylococcus aureus.®>” The carboxy-
lated lysine removes a proton from the side chain of the
active-site serine of the class D B-lactamases and the BlaR
protein, promoting its acylation by the substrate. The
same carboxylated lysine activates a water molecule in the
second step of the catalytic process in B-lactamases, which
involves deacylation of the acyl-enzyme species. In the
BlaR protein, decarboxylation traps the acyl-enzyme com-
plex, ensuring signal sensing and message transduc-
tion.®” The involvement of the carboxylated lysine in the
mechanisms of these proteins is an excellent example of
how evolutionary forces have expanded the repertoire of
the side-chain functionalities beyond the twenty com-
monly found amino acids.

The class D OXA B-lactamases are members of the
family of bacterial resistance enzymes that have evolved to
destroy B-lactam antibiotics.® Class D B-lactamases con-
fer high levels of resistance to a broad spectrum of
B-lactam antibiotics, but are the least understood® of this
family of enzymes. The X-ray crystal structures of the
OXA-10* and OXA-1° B-lactamases have recently been
solved. The asymmetric unit cell of the former consists of
two equivalent dimers, while the latter has a unit cell with
two equivalent monomers. Lys-70 is carboxylated in both
proteins; in contrast, the corresponding lysines in the
active sites of class A and class C B-lactamases are not
carboxylated. Previously, carboxylated lysine residues have
been found to occur in D-ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (rubisco),'® in urease from Klebsiella aero-
genes,! and in phosphotriesterase from Pseudomonas
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diminuta,'* along with a few other proteins,'®'? but in

these cases the carbamate is stabilized by interactions
with metal cations and/or it serves a structural role.'~®
The carboxylated Lys-70 of the OXA-1 and OXA-10 3-lacta-
mases are not coordinated to a metal ion.

The lysine in the active site of class D B-lactamases sits
in a hydrophobic pocket that should favor the free base
form when not carboxylated.'* This deduction is supported
by Poisson—Boltzmann calculations, which indicate that
the active-site lysine has a much lower pK, than the
equivalent lysine in the active site of class A B-lactamase
TEM.'® Specifically, the calculated pK, values of Lys-70 in
the uncarboxylated form of OXA-10 are 6.8 and 7.0 for the
non-equivalent monomers. The hydrophobic environment
should also favor carboxylation by carbon dioxide rather
than by bicarbonate. The carboxylate group of the carboxy-
lated lysine is stabilized by hydrogen bonding interactions
with Ser-67 O, by the side chain nitrogen of Trp-154, and
by a crystallographic water molecule.* The crystal struc-
ture of the OXA-10 B-lactamase has been examined at four
different pH values: 6.0, 6.5, 7.5, and 8.5.1® One subunit of
each dimer was carboxylated at all pH values studied; the
other subunit was carboxylated at high pH but decarboxy-
lated at low pH.

Studies with *CO, and *CO, showed that carboxyla-
tion in OXA-10 is reversible and essential for catalytic
activity.'® The fully decarboxylated form is inactive, and
the degree of carboxylation (as measured by the uptake of
1C0,) correlates with the degree of recovery of activity.
Independent nuclear magnetic resonance (NMR) experi-
ments with *CO, confirmed the presence of a carboxy-
lated lysine in the active enzyme.'® The mechanistic role of
carboxylated Lys-70 is further supported by the fact that
the Lys-70-Ala mutant is entirely inactive.

The dissociation constant for CO, in OXA-10 enzyme
was measured to be in the micromolar to submicromolar
range (K, = 12.4 = 0.01 pM for the monomeric form, K, =
0.23 + 0.05 pM for the dimer).'® The in vivo concentration
of CO, has been reported at 1.3 mM,'” indicating that
Lys-70 is fully carboxylated in its native state. Under
certain conditions, the OXA-10 B-lactamase shows bipha-
sic kinetics, with an initially high reaction rate followed by
a slower one. Earlier studies attributed this to a dimer/
monomer equilibrium.'®® However, recent work has
shown that the biphasic kinetics of the monomer simplify
to monophasic upon the addition of excess bicarbonate as a
source of carbon dioxide. This suggests that the second and
slower phase is associated with decarboxylation of lysine
during the course of catalysis, a process that has to be
reversed for catalysis to resume and reach its conclusion.®
Since carboxylation/decarboxylation is crucial to under-
standing the activity of the OXA-10 B-lactamase and other
enzymes that would use carboxylated lysines in their
catalytic mechanism, we have undertaken the first compu-
tational study of this process using a mixed quantum/
molecular (classical) (QM/MM) approach.

QM/MM methods are valuable tools for computational
investigations of biologically interesting molecules.?°~22
Although classical force-field calculations work well for
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investigating the dynamics and non-covalent binding of
biomolecules, they are of limited use in describing chemi-
cal reactions, since parameters are not defined for transi-
tion structures in which bonds are partially formed. Molecu-
lar orbital (MO) calculations can describe transition
structures well, but they are computationally expensive,
and only a small portion of the biomolecule can be treated
at the quantum level. Studying enzymes by MO methods
would necessitate the removal of most of the protein from
the model system. This may eliminate the structural
framework required to keep the active site aligned prop-
erly for the enzymatic process,?® and it could also remove
necessary electrostatic interactions that play an important
role in catalysis. QM/MM techniques can employ the
strengths of both of these approaches. The active-site
region can be treated using high-level molecular orbital
theory, while the more distant parts of the enzyme can be
treated using low-cost molecular mechanics. In this study,
we have used the ONIOM QM/MM method?*72¢ to study
the energetics of carboxylation of Lys-70 in the OXA-10
B-lactamase. The findings reported herein have direct
implications for other enzymes that possess carboxylated
lysine residues in their structures and should be of general
interest.

MATERIALS AND METHODS

Molecular orbital calculations were carried out using a
development version of the GAUSSIAN series of pro-
grams.?” Optimized geometries for the gas phase reactions
were computed using the Hartree—Fock,?® MP2,29-3% and
B3LYP3'"33 levels of theory, with the 6-31G(d),3*3°?
6-31G(d,p)®>*2® and 6-311G(d,p) basis sets.?®3” High-
accuracy energies were computed using the CBS-APNO
method,® which uses QCISD/6-311G(d,p)-optimized geom-
etries®® and several higher-order corrections to the en-
ergy.®® Solvation effects were included using the conductor-
like polarizable continuum model (CPCM).*°

The high-resolution (1.39 A) structure of the OXA-10
B-lactamase was obtained from the Research Collabora-
tory for Structure Bioinformatics database (RCSB; http:/
www.rcsb.org/pdb/index.html) with accession number
1K55. Manipulation of the structure was carried out with
the Sybyl 6.7 package.*! The enzyme was protonated using
the program Protonate, part of the AMBER 6 suite of
programs,*? and corresponds to pH7 for the standard
residues. Force-field parameters and atomic charges for
standard protein residues were obtained from the “parm99”
set of parameters.*® Atomic charges of the carboxylated
lysine were computed using the restrained electrostatic
potential (RESP) fitting procedure.** A HF/6-31G(d) single-
point energy calculation was used to determine the electro-
static potential around the molecule, which was subse-
quently employed in the two-stage RESP fitting procedure.
No counterions were added, and electrostatics were calcu-
lated using particle mesh Ewald (PME).*® The protein was
then immersed in a box of TIP3P water with at least 10 A
between any face of the box and the enzyme, resulting in a
box with dimensions of 84 X 77 X 76 A. The solvated
enzyme system consisted of 31,270 atoms. Water mol-
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ecules were equilibrated by running a 30-ps molecular
dynamics simulation while holding the protein fixed, which
was followed by 20,000 steps of conjugate-gradient energy
minimization of the entire system. The resulting structure
was then used to prepare the system for QM/MM calcula-
tions by extracting the solute and all water molecules
within 12 A of the carboxylated lysine and 3 Aof any other
residues. To confirm the presence of a key non-crystallo-
graphic water found in the active site during the equilibra-
tion, the system was also subjected to 2 ns of molecular
dynamics simulations. The simulation was carried out
using PME electrostatics*® and the SHAKE algorithm,*®
which afforded the use of a 2-fs time step. The evolution of
the root mean square deviation from the X-ray structure
over the course of the trajectory is shown in Figure 1 of the
Supplementary Material, revealing that the protein is
fully equilibrated after 500 ps of molecular dynamics. The
radial distribution function for the water—carbamate oxy-
gen distance was computed for the subsequent 1.5 ns of the
simulation (Fig. 2 of the Supplementary Material). The
large peak at 2.8 A confirms the continued presence of a
water molecule within hydrogen-bonding distance of the
carbamate oxygen over the course of the trajectory and
validates the use of the equilibrated structure for the
QM/MM calculations.

The two-layer ONIOM method?*?® with electrostatic
embedding®” was used for mixed QM/MM calculations.
This method divides the calculation of the enzyme system
into a QM computation in a model region and MM calcula-
tions on both the real system and the model region.

ER = EXl — Entia + Edtaa (1)

Link atoms are used to cap any bonds that are cut in
forming the model region. The quantum calculations on
the model system were carried out at the B3LYP/6-
31G(d,p) level of theory, which is generally more accurate
than BLYP density functional calculations and more afford-
able than MP2 calculations. The AMBER force field was
used for the molecular mechanics computations. The Gauss-
ian code uses the “parm96” set of parameters,*® but this
should not affect the results. The partial charges are the
same as in “parm99,” and the differences in parameters for
bonded atoms have very small effects because most of the
MM region of the protein is held fixed in the ONIOM
calculations. Although the AMBER force field cannot
describe the transition states, this does not cause difficul-
ties when the force field is used as the low level in an
ONIOM calculation. The distorted bonds in the transition
state contribute equally to the low-level calculations on the
model system (EMM ) and the real system (EMM) and
these contributions cancel exactly when differences are
taken in computing the ONIOM energy using eq. (1).
Electrostatic embedding allows the wavefunction of the
quantum layer to be influenced by the electrostatic field of
the classical layer, using the partial charges defined in the
AMBER force field. Both the MM and the QM calculations
on the model system are calculated in the presence of these
charges. A covalent bond at the interface between the two
layers required special consideration. In this circum-
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stance, large MM charges close to the QM region may
cause overpolarization of the wavefunction. This problem
is overcome by scaling the MM embedding charges to zero
for atoms less than four bonds from the QM region.
Because this scaling is done for the charges in both the QM
model system and the MM model system, the total charge
interaction is balanced (for a more detailed discussion, see
ref. 26). In addition, the link atoms added to the model
system were assigned a charge of zero.

In QM/MM calculations, the C;, C_, and N, atoms (and
associated H atoms) of the Lys-70 side chain, as well as the
atoms of the CO, or HCO; molecule with and without a
catalytic water, C,, Cg, and O, of Ser-67, methylindole for
the side chain of Trp-154, and a crystallographically
conserved water molecule, were incorporated into the
quantum layer. An additional water molecule, which was
found to be conserved over the course of a 2-ns molecular
dynamics simulation, was included in the active site for
carboxylation by CO, but not for HCO; . The rest of the
protein was held fixed in Cartesian space at its equili-
brated geometry. Since the carboxylation reaction takes
place in a localized part of the enzyme, this reduced the
numerical noise in the relative energies due to conforma-
tional changes at a distance from the active site.

RESULTS AND DISCUSSION

The investigation of lysine carboxylation in the OXA-10
B-lactamase involved several stages. First, the analogous
small-molecule reactions were studied in the gas phase to
determine what level of theory in the quantum region is
sufficient to describe the chemistry with acceptable accu-
racy, yet efficient enough to be practical in the QM/MM
calculations. The gas-phase carboxylation of methylamine
was chosen for this purpose, since methylamine is the
smallest model compound that can adequately mimic the
lysine side chain. Carboxylation by both CO, and HCO3
were considered. Because the barriers for the proton
transfer involved in the gas phase carboxylation are rather
high, we explored the possibility of a molecule of water
participating in the proton relay. Then, to assess the
importance of environmental effects, a simple solvation
model was included in addition to the catalytic water
molecule. Finally, carboxylation of Lys-70 within the ac-
tive site of the OXA-10 B-lactamase was studied with the
ONIOM QM/MM method. Reactions with both carbon
dioxide and bicarbonate were examined with and without
the participation of a water molecule.

Carboxylation of Methylamine in Gas Phase

The carboxylation of amines has been of interest for over
a century.*® More recently, the interaction of CO, with
ionic liquids containing amine groups has attracted consid-
erable attention in connection with gas purification.5°—57
Nevertheless, physical chemical data on the gas-phase
carboxylation of simple amines are limited. A number of
theoretical studies indicate that the carboxylation of amines
by CO, involves high barriers associated with 1,3 proton
transfers.®®°® Although early experimental literature sug-
gested a zwitterionic intermediate in aqueous solution,
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Fig. 1. Reactant complexes, transition states and products for methylamine carboxylation (A) by carbon

dioxide and (B) by bicarbonate calculated at the B3LYP/6-31G(d,p) level of theory (key bond lengths in
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angstroms; energies without ZPE relative to isolated reactants in kilocalories per mole).

recent calculations found no evidence for such struc-
tures.®®

TABLE I. Gas-Phase Enthalpies for CH;NH,, + CO, +
HCO;~ System"

Since our goal is to study lysine carboxylation in the  Method TS12 TSP Pe D4
active site of OXA-10, both carbon dioxide and bicarbonate HF/6-31G(d) 54.3 370 6.8 6.4
have been considered in the reaction with methylamine.  NPp2/6-31G(d) 38.3 226 8.0 37
Reliable gas-phase experimental barrier heights are not  B3LYP/6-31G(d) 35.3 22.8 46 5.6
available for either of these reactions. Hence high-level = B3LYP/6-31G(d,p) 33.5 21.2 3.1 41
theoretical calculations have been carried out as a stan-  B3LYP/6-311G(d,p) 37.8 18.1 6.4 3.3
dard for comparison with lower levels of theory. In particu-  CBS-APNO 35.6 20.7 2.8 0.4
lar, the CBS-APNO method has been extensively tested  Enthalpies in kcal/mol at 298.15 K and 1 atm relative to CH,NH, +
and yields reliable geometries and accurate gas-phase  CO, + HCO,.
energy differences (mean absolute deviation 0.5 kcal/  “addition of CO,
mol).38 *addition of HCO,~

As shown in Figure 1, the reactants for the carboxylation
of CH;NH,, by CO,, form a weakly bound complex between
neutral monomers, R1. The transition state, TS1, is rather
high in energy, and the migrating hydrogen is roughly
halfway along the reaction path. Similar structures have
been found previously for this reaction.’®¢° During the
course of the reaction in the protein, the carboxylated
lysine is deprotonated. If bicarbonate is chosen as the
proton acceptor, the gas-phase deprotonation reaction,
CH;NHCO,H + HCO; — CH;NHCO, + H,0 + CO,, (P
— D) has a heat of reaction of —2.4 kcal/mol. The corre-
sponding reaction transferring the proton to acetate is also
slightly exothermic (—1.4 kcal/mol).

When bicarbonate is used to carboxylate methylamine,
the gas-phase transition state, T'S2, is significantly lower
in energy than TS1 relative to isolated reactants. The
HO—CO, bond in the transition state has dissociated, and
the resulting hydroxide abstracts a proton from methyl-
amine to form CH;NHCO, + H,0 as a product. Following
the reaction path downhill from the transition state con-
firms that there are no additional transition states or
intermediates along the path between the reactant com-
plex R2 and the product complex D2. The CBS-APNO
calculated energies for the carboxylation reactions are
compared to more cost-effective calculations in Table I.

*CH,NHCO,H + HCO,"
4CH,NHCO, + CO, + H,0

The Hartree—Fock (HF) method overestimates the barrier
height significantly;?® MP2 and B3LYP/6-311G(d,p) differ
by 2—6 kcal/mol from the CBS—APNO results. Since den-
sity functional calculations reproduce the CBS-APNO
relative energies quite well, the BSLYP/6-31G(d,p) level
was chosen for the quantum region of the QVM/MM calcula-
tions.

Carboxylation of Methylamine in Water

The mechanism of carboxylation of amines in solution is
somewhat controversial.*® Reaction orders between 1 and
2 in the amine have been observed. This has been inter-
preted as a competition between zwitterion formation and
amine deprotonation. Alternatively, the rate data can be
described equally well by a base-catalyzed carboxylation
reaction in which either the amine or the solvent water can
act as the base.’® Calculations show that one or more
molecules of water®® or a second molecule of the amine®!
can assist in the proton transfer process and lower the
barrier significantly. Explicit interaction with a molecule
of water also calalyzes the hydrolysis of amides®?>~%® and
the hydration of CO,”%"* and carbonyls.”?>78
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TABLE II. Energies for Carboxylation Reactions in QM/MM Models of Active Site for OXA-10 Compared to

Fig. 2. Reactant complexes, transition states and products for water catalyzed methylamine carboxylation
(A) by carbon dioxide and (B) by bicarbonate calculated at the B3LYP/6-31G(d,p) level of theory (key bond
lengths in angstroms optimized in the gas phase; bond lengths in parentheses are optimized with CPCM
solvent; gas energies relative to isolated reactants are in kilocalories per mole).

Gas-Phase and Solution’

Model TS1 P TS2 D TS3 P3 TS4 D4

Gas phase 38.7 54 39.6 -1.0 17.7 0.7 32.5 -6.1
Solution 324 —-5.6 374 —24 12.0 —10.6 36.6 -5.0
QM/MM 37.9 -12.0 25.6 —36.1 13.8 —12.7 42.8 —51.8

"Energies without ZPE in kcal/mol, computed at BSLYP/6-31G(d,p) relative to the corresponding reactant complexes.

Figure 2 shows the participation of H,O in the carboxy-
lation of methylamine by CO, and by HCO;. A proton
shifts from the water to the carbon dioxide or bicarbonate
at the same time as the amine hydrogen moves to the
water. The N—C and C—O bond lengths in the transition
states TS3 and T'S4 are nearly identical to the correspond-
ing unassisted transition states, TS1 and TS2. However,
the barrier height for carboxylation by CO, is decreased
much more by the catalytic water molecule (Table II, TS3
vs. TS1) than the barrier height for HCO5 (T'S4 vs. TS2).
Compared to the unassisted reaction for carboxylation by
CO,, the catalytic water molecule decreases the gas-phase
barrier by 18 kcal/mol at the CBS-APNO level and 21
kcal/mol at BSLYP/6-31G(d,p). However, for carboxylation
with bicarbonate, the catalytic water molecule decreases
the barrier by only 7 kcal/mol.

Since zero-point energies are difficult to compute for
QM/MM calculations on systems the size of OXA-10, Table
II and Figures 1 and 2 list the energies without zero-point
energy (ZPE) for the various reactions. Inclusion of ZPE
decreases the barrier heights by 1-6 kcal/mol, but TS3 is
still 10—20 kcal/mol lower than the other transition states.
In the active site, translation and rotation are very lim-
ited, but vibrational motion contributes to the entropy and
to the free energy. The vibrational component of the free
energy changes the barrier heights by less than 4 kcal/mol,
and TS3 remains the lowest transition state. Thus, the

qualitative picture is the same when ZPE and vibrational
entropy are considered — carboxylation with CO, assisted
by a water molecule is preferred.

The effect of solvation by bulk water on the energy
along the carboxylation reaction path can modeled using
the CPCM self-consistent reaction field method. Table II
lists the energies relative to the corresponding reactant
clusters. For carboxylation of methylamine by carbon
dioxide with and without catalysis by an explicit water
molecule, TS1 and TS3, modeling the bulk solvent
causes a 6 kcal/mol decrease in the barrier compared to
the gas phase. A barrier of 12 kcal/mol is calculated for
TS3, in good agreement with the experimental activa-
tion energies of 9.2-13.0 kcal/mol obtained for the
carboxylation of a variety of primary and secondary
amines.®79783 Solvation also stabilizes the protonated
products P and P3 by 10 kcal/mol. For carboxylation
with bicarbonate, bulk solvent decreases the relative
energy of the uncatalyzed transition state, TS2, and the
deprotonated products, D, by only a small amount, but it
increases the barrier by 4 kcal/mol in the presence of the
catalytic water, TS4. In summary, the polarizable envi-
ronment of the solvent lowers the energy the transition
states and products relative to the reactant clusters for
carboxylation by carbon dioxide but not for carboxyla-
tion by bicarbonate.
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QM/MM Carboxylation of Lys-70 in OXA-10
B-Lactamase

The calculation of the carboxylation reactions in the gas
phase and in solution provides a calibration for structures
and energetics along a reaction path in the protein. The
protein environment contributes to enzyme catalysis
through electrostatic and steric interactions with the
active site and substrate. In the QM/MM calculations, the
portions of the structure relevant to the making and
breaking of bonds in the transition structure are included
in the quantum region. The C;, C_, and N, atoms (and
associated H atoms) of the Lys-70 side chain, as well as the
atoms of the CO, or HCO; molecule with and without a
catalytic water, C,,, Cg, and O,, of Ser-67, methylindole for
the side chain of Trp-154, and a crystallographically
conserved water molecule, were selected for the quantum
region. The molecule of water that catalyzes the carboxyla-
tion by CO,, was first observed in the active site during the
equilibration step; its presence was confirmed in a 2-ns
fully solvated molecular dynamics simulation, which re-
vealed that a water molecule consistently occupies this site
over the course of the trajectory. A radial distribution
function between the carbamate oxygen and the water
oxygen (shown in Fig. 2 in the Supplementary Material)
further establishes the presence of this water molecule, as
a large peak is observed around 2.8 A. Figure 3 shows
stereo views of the active site of the OXA-10 B-lactamase
for the most promising pathway for carboxylation, water-
assisted addition of CO, to Lys-70. Details of the struc-
tures are shown schematically in Figure 4.

For three of the four carboxylation reactions considered,
the reactant complex, transition state, and product could
be readily fitted into the active site. Table II lists the
energies of the transition states and product complexes
relative to the reactant complexes. For unassisted carboxy-
lation by CO, or HCO5, TS1 and TS2, the barriers in
QM/MM calculations are reduced from the gas phase, and
are similar to or lower than those in solution. When a
molecule of water assists the carboxylation by CO,, the
barrier for TS3 is 14 kcal/mol. This pathway could also be
reached by the interaction of bicarbonate with protonated
Lys-70. The neutralization step involving a proton transfer
from the protonated lysine to the bicarbonate should have
no enthalpy barrier and yields a neutral Lys-70, CO,, and
a water molecule in position for the subsequent carboxyla-
tion step.

Various attempts to place TS4 into the active site have
encountered difficulties. In particular, there is not enough
room for the catalytic water molecule. The hydroxyl group
of Ser-67 is in a good position to participate in the proton
relay between Lys-70 and the hydroxyl group of the
bicarbonate, as shown in Figure 5. However, in this
configuration only one of the two oxygens of the bicarbon-
ate can hydrogen-bond to Trp-154 and the crystallographic
water. Optimization of the transition state yields an N—C
bond length that is longer than that of the unassisted
bicarbonate transition state in the enzyme, but much
shorter than that of TS2 or TS4 in the gas phase. The
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resulting barrier is 5-10 kcal/mol higher than in the gas
phase or solution calculations of TS4.

To summarize, the barrier for TS3 is significantly lower
than for TS1, TS2, or TS4 in QM/MM -calcuations. If
bicarbonate is involved in the carboxylation reaction, it
must first be neutralized so that the reaction can proceed
via CO, and neutral Lys-70 catalyzed by a water molecule,
TS3. The product complexes for all four pathways are
stabilized significantly by the active-site environment, and
the reactions are more exothermic than in the gas phase or
in the model solvent. Since the transition state for the
water-assisted carboxylation by CO,, TS3, is significantly
lower than for the other reactions, the discussion will
concentrate on this pathway.

In the reactant complex, QM/MM-R3 in Figure 4, the
oxygen atoms of the CO,, are hydrogen bonded to the side
chain N of Trp-154 (2.93 A), the crystallographically
conserved water molecule (2.95 A), and the catalytic water
molecule (2.86 A). The Ox of Ser-67 is hydrogen bonded to
the catalytic water (2.89 A) and N, of the Lys-70 side chain
(2.96 A). The O-C-O angle is 140°, and the distance
betweozen the N, and the CO, carbon is 1.71 A (o:ompared to
2.70 Ain the gas phase (R3 in Fig. 2) and 2.60 A in solution
(R3 optimized with the CPCM solvent model). This indi-
cates the reactant complex has substantial amount of
zwitterion character, and is supported by the Mulliken
population analysis. The CO, group in QM/MM-R3 has a
charge of —0.29 compared to —0.55 for the carboxylate in
QM/MM-D. In contrast to the gas phase, we were unable
to find a reactant complex involving neutral groups. In the
transition structure QM/MM-TS3, the catalytic water
forms a six-membered ring with N and O of the carboxy-
lated lysine. The shift of the proton from N to the catalytic
water is more advanced than in the gas phase, but the
transfer of the proton to the carboxylate oxygen is not as
far along the reaction coordinate. When TS3 was opti-
mized with the CPCM solvent a similar effect was seen,
but to a lesser degree. The O, of Ser-67 remains hydrogen
bonded to the free hydrogen atom of the catalytic water
(2.63 A) but moves away from the side chain nitrogen of
Lys-70 (3.90 A) to make room for the catalytic water. The
bond lengths in the product structure, QM/MM-P3, are
very similar to those found in the gas phase calculations.
Deprotonation of this structure leads to QM/MM-D, which
is the most stable structure of this scheme; however, a
good estimate of the actual energy difference is hard to
obtain. If bicarbonate or acetate is chosen as the proton
acceptor the reaction (QM/MM-P3 + HCO; — QM/MM-
D + CO, + H,0) is exothermic by 20.5 kcal/mol. The
hydrogen bonding in QM/MM-D is similar to QM/MM-P3,
involving Ser-67 (2.85 A), Trp-154 (2.75 A), the crystallo-
graphically conserved water molecule (2.77 A) and the
catalytic water molecule (2.69 A).

In the X-ray structure, within the level of confidence
inherent in the method (approx. 0.1 A for 1.39 A resolution
structure of 1K55), the C—O bond lengths are equivalent
(1.23 and 1.25 A) and the N—C bond is 1.37 A. This more
closely resembles the bond lengths of the deprotonated
product, QM/MM-D. The hydrogen-bond distances be-
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Fig. 3. Stereo view of the reactant, transition state, and product along the Lys-70 carboxylation reaction
pathway. Atoms in the QM region are rendered in capped sticks and color-coded according to atom type (white,
blue, and red correspond to carbon, nitrogen, and oxygen, respectively). These include carbon dioxide, the
catalytic water molecule (labeled as 1), C, C;, and N, of Lys-70, C,,, Cg, and O, of Ser-67, methylindole for the
side chain of Trp-154 and a crystalograpically conserved water (labeled as Il). The backbone of the OXA-10
B-lactamase is shown as a yellow ribbon. A solvent-accessible surface is constructed in blue around Lys-70.
(A) Reactant species showing the complex formation of carbon dioxide and water with Lys-70. (B)
Transition-state species showing the six-membered ring formation. (C) Product species showing carboxylated

Lys-70 in its protonated form.

tween the carbamate nitrogen and Ser-67 (2.85 A vs. 3.03
A), and between the carbamate oxygen and the crystallo-
graphic water (2.77 A vs. 2.78 A) are also in good agree-
ment. In the X-ray structure, the carbamate oxygen closest
to Ser-67 is hydrogen bonded to the serine (2.72 A) and to
Trp-154 (2.98 A). In the calculated structure, QM/MM-D,
the distance from the carbamate oxygen to the Trp-154

nitrogen (2.71 A) is similar to its X-ray value, but the space
between the carbamate oxygen and O, of Ser-67 is occu-
pied by the catalytic water. There are no crystallographi-
cally conserved water molecules adjacent to these atoms,
but the X-ray structure shows that there is ample space
close to these residues for water molecules to occupy.
During the protein solvation step in preparation for
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Fig. 4. Bond lengths (in angstroms) between heavy atoms in the OXA-10 B-lactamase active site
carboxylation by CO, catalyzed by water. QM/MM-optimized geometries are in normal text; X-ray structure
values are in italics; the catalytic water is in gray. [Color figure can be viewed in the online issue, which is
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available at www.interscience.wiley.com. The catalytic water is in red.]

QM/MM calculations, the system was fully immersed in a
water box and subsequent molecular dynamics simula-
tions enabled water molecules to equilibrate in the local
active-site environment. One of these water molecules lies
between the Trp-154, Ser-67, and Lys-70 residues. Over
the course of the 2-ns dynamics simulation of the fully
solvated carboxylated enzyme, a water molecule consis-
tently occupied this site. In QM/MM-D, the Ser-67 hy-
droxyl hydrogen is bonded to this water molecule, while
one of its hydrogen atoms is bonded to a carbamate oxygen
atom (Fig. 4). Furthermore, kinetic data and X-ray struc-
tural information for a judiciously designed inhibitor with
a hydroxyl group as a spatial surrogate for this water
molecule recently documented its existence.®* This water
molecule not only assists in the carboxylation of lysine, but
it also serves as the hydrolytic water molecule in the
second step.®*

To facilitate activation of Ser-67 for acylation by the
substrate, its side-chain hydroxyl hydrogen must be trans-
ferred, and the active-site structure argues that the depro-
tonated Lys-70 carbamate is the best residue to receive
this proton. While the X-ray structure shows a direct
contact between the side chains of Ser-67 and Lys-70
carbamate, the calculations indicate there is an interven-

ing molecule of water. This is the water molecule that
assists the lysine carboxylation reaction, and it remains
hydrogen bonded to the Lys-70 carbamate oxygen and the
Ser-67 hydroxyl (Figs. 3 and 4). The orientation of the
hydrogen atoms in this network suggests that the activa-
tion of Ser-67 for the acylation step could occur by proton
transfer through this hydrogen-bonded water molecule
rather than directly to the carbamate oxygen. The implica-
tion of our finding is that the carboxylated lysine promotes
Ser-67 for the acylation via this intervening water mole-
cule. This very same water molecule—seen in the dynam-
ics simulation but not observed in the X-ray structure—is
the proposed hydrolytic water molecule that is also acti-
vated by carboxylate lysine for the second step of catalysis,
the deacylation of the acyl-enzyme species.®* The X-ray
structure of the OXA-10 B-lactamase acylated by 7j3-
hydroxypropylpenicillanate is revealing in this respect.5*
This structure showed that on acylation, the hydroxyl of
the 78 moiety occupied the space that the water molecule
would occupy within the active site; in essence, it replaced
it. This acyl-enzyme species was devoid of ability to
undergo the second step (deacylation) of the enzymic
catalysis. Hence, we deduce that the same water molecule
is intimately involved in both active-site acylation and
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deacylation chemistries, as well as in the carboxylation
step.

At pH 7.0, the OXA-10 B-lactamase exhibits biphasic
kinetics for a number of B-lactam substrates.'® This could
be due to decarboxylation of the lysine carbamate partway
through catalytic turnover. For catalysis to resume, the
enzyme must experience recarboxylation, hence the slower
second step. Protonation of the lysine carbamate is a
necessary step in decarboxylation. Decarboxylation via
protonation at one of the terminal carbamate oxygen
atoms encounters a barrier of more than 30 kcal/mol,
which is essentially the reverse of the reaction path
studied above. However, previous calculations show that
protonation at the carbamate nitrogen atom leads to a
barrierless decarboxylation reaction.” The latter case pro-
vides a scenario in which removal of a proton from Ser-67
to activate it for enzyme acylation could lead to decarboxyl-
ation via protonation of the carbamate nitrogen and
formation of an inactive enzyme in mid-catalysis. For the
enzyme to complete its catalytic cycle, the lysine would
need to be carboxylated again, giving rise to the biphasic
kinetics observed for OXA-10 B-lactamase with some

substrates. This finding is consistent with the experimen-
tal observation that supplementation of the reaction me-
dium with excess bicarbonate, as a source of carbon
dioxide, simplifies the kinetics to a monophasic process by
readily facilitating recarboxylation of the lysine residue.*®

CONCLUSIONS

The QM/MM calculations show that the carboxylation
reaction changes from endothermic in the gas phase to
exothermicin the enzyme, demonstrating that the carboxy-
lated lysine is stabilized by the active site. A water
molecule in the active site participates in a proton shuttle,
lowering the barrier to approximately 14 kcal/mol. The
deprotonated lysine carbamate structure exhibits addi-
tional stabilization within the enzyme environment, sug-
gesting that it is the most stable species of those investi-
gated. Of the various structures on the reaction path, the
deprotonated product most closely resembles the X-ray
crystal structure. Therefore, we propose that the deproto-
nated lysine carbamate is the active species observed in
the X-ray crystal structure. The water molecule that
catalyzes the first step is likely also to be involved in the
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acylation and deacylation steps. The proton transfer for
activation of Ser-67, the acylation reaction, and the subse-
quent deacylation of the enzyme-substrate complex are
beyond the scope of this work, and will be followed up
subsequently. The biphasic kinetics observed for the
OXA-10 B-lactamase can be explained by a barrierless
decarboxylation through a protonation on the carbamate
nitrogen atom.

Carboxylation of lysine enriches the side chain function-
alities of the twenty normal amino acids and may be more
widespread than previously thought. Carboxylation is
favored when the lysine sits in a hydrophobic pocket that
lowers its pK, and when the local environment stabilizes
the deprotonated carbamate. Processes similar to those
discussed above may hold for other enzymes that incorpo-
rate carboxylated lysine in their structures.
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