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ABSTRACT: Pyruvate carboxylase (PC) catalyzes the carboxylation of pyruvate to
produce oxaloacetate. Its activity is directly related to insulin release and thus PC has
recently attracted great interest as a potential target for diabetes treatment. In this
article, the catalytic mechanism of the carboxyl transferase domain of PC from
Staphylococcus aureus was investigated by using a combined quantum-mechanical/
molecular-mechanical approach. Our calculation results indicate that the catalytic
reaction starts from the decarboxylation of carboxybiotin to generate an enol-BTI
intermediate, followed by two consecutive proton-transfer processes (from T908 to
enol-BTI and from PYR to T908). During the catalytic reaction, the main-chain amide
of T908 plays a key role in catching CO2 and preventing its diffusion from the active
center. A triad of residues, R571, Q575, and K741, contributes both to substrate binding
and enol-pyruvate stabilization. The oxyanion hole, consisting of the side-chain hydroxyl
of S911 and the side-chain amino of Q870, plays an important role in stabilizing the
hydroxyl anion of BTI. The coordination of the metal cation by pyruvate is a second sphere, rather than an inner sphere,
interaction, and the metal cation stabilizes the species through the medium of residue K741. The decarboxylation of
carboxybiotin corresponds to the highest free energy barrier of 21.7 kcal/mol. Our results may provide useful information for
both the regulation of enzyme activity and the development of related biocatalytic applications.

Pyruvate carboxylase (PC, EC 6.4.1.1) is a biotin (BTI)- and
MgATP-dependent multifunctional enzyme that catalyzes

the carboxylation of pyruvate (PYR) to produce oxaloacetate
through a two-step reaction, as shown in Scheme 1.1−5 Two
reaction stages take place in two physically distinct active sites.
First, the tethered biotin is carboxylated through a reaction with
HCO3

− and MgATP occurring in the N-terminal biotin
carboxylase (BC) domain. The formed carboxybiotin (CA-
BTI) then translocates to the active site of the central carboxyl
transferase (CT) domain on the neighboring polypeptide chain
via the movement of the C-terminal biotin carboxyl carrier
protein (BCCP) domain. Subsequently, in the CT domain, the
carboxyl group transfers to PYR to generate oxaloacetate, with
concomitant proton transfer from PYR to BTI.
PC is an important enzyme found in a wide range of

organisms,6,7 such as prokaryotes, plants, and vertebrates. In
mammals, PC is crucial in various cellular anabolic
processes,8−12 including gluconeogenesis, lipogenesis, glycer-
oneogenesis, glucose-induced insulin secretion, and neuro-
transmitter biosynthesis, and it is relevant to tumor cell
proliferation.13,14 In particular, PC activity is directly related to
insulin release15−18 and thus has recently attracted considerable
interest as a potential target for diabetes treatment.19,20 PC
deficiency can lead to serious diseases.21−23 Therefore, a
comprehensive understanding of the enzymatic mechanism of
PC is meaningful and may also be of pharmacological value.

PC has two homologues that are also biotin-dependent:
oxaloacetate decarboxylase (ODC), which catalyzes the transfer
of an oxaloacetate carboxyl group to the membrane-bound β-
subunit to facilitate sodium transport,24−26 and transcarboxylase
(TC), which catalyzes the transfer of a carboxyl moiety
between two organic molecules.27 These enzymes catalyze
different overall reactions, but they show many obvious
similarities in their active site architectures and partial
reactions.28 For example, the PC CT domain and TC 5S
subunit catalyze the exact same reaction: carboxyl group
transfer from CA-BTI to substrate PYR. Thus, structural and
mechanistic information for ODC and TC are also significant
for the understanding of PC.
To date, several reaction mechanisms of the PC CT domain

have been proposed.29−31 Ret́ey et al. proposed a concerted
mechanism in which the methyl of PYR is deprotonated by the
ureido oxygen of biotin.32 Stubbe et al. and Sueda et al.
suggested that the reaction proceeds via a carbanion
mechanism and that the deprotonation of the PYR methyl
group occurs prior to the decarboxylation of CA-BTI.33−35 In
addition, another mechanism involving the formation of a cage

Received: January 6, 2014
Revised: June 10, 2014
Published: June 25, 2014

Article

pubs.acs.org/biochemistry

© 2014 American Chemical Society 4455 dx.doi.org/10.1021/bi500020r | Biochemistry 2014, 53, 4455−4466

pubs.acs.org/biochemistry


intermediate by attack of sulfur on the ureido carbon atom was
also proposed.36 However, according to the 13C deuterium
isotope effect data37,38 and the structural geometries,39 all of the
mechanisms mentioned seem unlikely. Recently, a generally
accepted mechanism has been formulated, as shown in Figure
1.40−42 First, an anionic enol-BTI intermediate is formed by the
decarboxylation of CA-BTI. Subsequently, a general base/acid
group donates a proton to enol-BTI, which then abstracts a
proton from PYR in a concerted manner to generate an enol-
PYR. Finally, enol-PYR is carboxylated by the previously
formed CO2. This reaction mechanism has been supported by
crystal structures and mutational studies.40−44 In PC from
Rhizobium etli and Staphylococcus aureus, mutagenesis studies
revealed that a Thr residue may act as the general base/acid
group and that some other residues may play important roles in
the binding of PYR and CA-BTI.40−43

The complete crystal structure of PC, from R. etli, was first
reported by St. Maurice in 2007.45 Subsequently, a holoenzyme
structure of PC from S. aureus was reported by Tong,39 which is
the first full-length structure binding with PYR, BTI, and metal
cation. This complete structure provided significant informa-
tion about the interaction between domains, the structure of
the active sites, and the binding mode of substrates and
cofactors. On the basis of the structural and mutagenesis
studies, a domain termed the allosteric domain, or PC
tetramerization (PT) domain, was suggested to be important
for oligomerization and binding of the allosteric activator,
acetyl-CoA.31,45 S. aureus PC is a tetramer with a roughly cubic
shape. In the active site pocket of the CT domain, the BCCP
domain in the catalytic conformation was first observed, and a
divalent cation that is coordinated by residues D572, H771,
H773, and K741 (the residues are numbered according to their
human PC equivalents) was found in the CT domain. In the
active site, BTI is anchored by residues S911, K912, and T908
by hydrogen bonds. The methyl group of PYR is located 4.7 Å
from the nitrogen atom of biotin, and its carbonyl group is
positioned within 3.5 Å from the metal cation.
Although the CT domain of PC has been extensively

explored by experiments and a rough framework of the catalytic
mechanism has been sketched, a full atomistic and thermody-
namic characterization still remains to be determined. For
example, the detail of each elementary step is absent. Is the
decarboxylation of AC-BTI concerted with the proton transfer

from the general base/acid group to BTI? If this decarbox-
ylation step occurs alone, then how do the subsequent two
proton-transfer processes proceed? Second, some key residues
and the divalent cation have been proved to be crucial for the
catalytic reaction of PC40−46 and ODC,47 but there is no
detailed explanation about their roles. In addition, the
energetics of the entire catalytic cycle is also not fully
understood. It is known that a clear understanding of an
enzymatic mechanism is helpful for regulating the enzyme’s
activity and for exploring the biocatalytic applications of
enzymes and that some information cannot be acquired by
experiments alone. Therefore, theoretical studies at the
atomistic level are necessary. Yoshizawa et al. investigated the
reaction mechanism of the BC domain by using the hybridized
density functional theory method (B3LYP).48 However, it is
somewhat surprising that there is no theoretical study
concerning the reaction mechanism of the CT domain.
Here, we employed the combined quantum-mechanics/

molecular-mechanics (QM/MM) method to explore the
catalytic mechanism of the CT domain of PC. In this
methodology, the whole system is divided into a QM region
that is treated quantum mechanically and a MM region that is
described by a MM force field. The QM region involves the
formation and cleavage of chemical bonds, whereas the MM
region represents the surrounding environment. Thus, in the
QM/MM method, not only can the chemical reaction
occurring in the active site be described but also the effect of
the environment can be considered.49−52 Recently, the QM/
MM method has become increasingly popular and was
successfully applied in the field of extended systems, including
enzymes.53−57 Herein, the enzymatic reaction mechanism of
the CT domain was systematically studied using the QM/MM
method. The binding structure, reaction mechanism, detailed
energetic profile of the overall reaction, and structures of all of
the intermediates and transition states along the reaction
pathways are presented.

■ COMPUTATIONAL METHODS

Models. Because our present study aims to understand the
catalytic mechanism of the PC CT domain, the calculations
should begin with the enzyme−substrate complex. However, it
is generally difficult to crystallize a structure of an enzyme−
substrate complex by experimental methods under regular

Scheme 1. Catalytic Reaction of PC

Figure 1. Proposed catalytic mechanism of CT domain of PC.
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conditions because the enzyme−substrate complex usually
converts directly to the enzyme−product complex. Therefore,
our initial computational model was constructed from a S.
aureus CT domain that binds with PYR, Mn2+, and BTI (PDB
code: 3BG5).39 Although several crystal structures of the PC
CT domain have been obtained, this is the only full-length one
and is thought to be suitable for the mechanical study of the PC
CT domain. In this crystal structure, only the active site of
chain C of the CT domain is bound with the BTI tethered to
chain D of the BCCP domain. Thus, these two domains are
included in our model. The crystal structure and active site are
shown in Figure 2. It should be noted that in this crystal

structure the metal cation binding residue, K741, is not
carbamylated (which is different from the equivalent lysine side
chain in R. etli PC structures that is carbamylated45) in the
human PC structure39 and in the transcarboxylase structure.58

Thus, the conclusions obtained in this article may be limited
only to S. aureus PC and might not be universal for all PCs.
However, these results may also provide some basic
information for the catalytic mechanism of PCs from other
species.
To recover the enzyme to its wild-type form, BTI was

manually modified to CA-BTI. It has been known that in most
vertebrate PCs the active site predominantly binds to Mn2+,
whereas in that of yeast and bacteria PCs, Zn2+ cation is the
preferred metal cation.6,42,59 Thus, the Zn2+ cation, instead of
the Mn2+ cation, was used in our enzyme−substrate complex
model. The protonation states of ionizable residues were
determined according to the experimental conditions, and the
pKa values were predicted by PROPKA 3.1 program.60 Two
Zn-coordinated histidine residues (H771 and H773) were
determined to be their singly protonated states on δ sites,

whereas Zn-coordinated residues K741 and D572 were set to
their deprotonated states. Two other ionizable residues, R571
and R644, involved in the binding of PYR were modeled in
their protonated states. The protonation states of all residues
were checked carefully by the VMD program.61 HBUILD in the
CHARMM package was used to add hydrogen atoms of the
residues.62 Then, the obtained enzyme−substrate complex
model was solvated into a water sphere with a 45 Å radius
centered on the carboxyl carbon atom of CA-BTI to mimic the
aqueous environment. The solvent was relaxed by a short MD
simulation, and all of the other atoms were fixed. The final
model thereby consists of 40 790 atoms after several Na+ ions
were randomly added to neutralize the system. To equilibrate
the prepared system, a series of minimizations and a final 5 ns
MD simulation were performed with stochastic boundary
conditions63 at 298 K and 1 atm. Such boundary conditions
acts as a thermal bath to prevent the escape of water molecules
from the dynamic region, preserving the properties of the
system. The leapfrog integration scheme64 was employed in all
simulations with a time step of 1 fs. During the MD simulation,
the system was divided into two regions: an outer buffer region
(39 Å < r < 45 Å), where the atoms were treated by Langevin
dynamics with friction and random force, and an inner reaction
region (r < 39 Å), where the simulation was performed by
Newton’s equations of motion. The system can be kept at
thermal equilibrium by using this hybrid method that couples
the water molecules in the buffer region to a heat bath. The
CHARMM22/CMAP all-atom force field65 for the protein and
the TIP3P model66 for water molecules were employed.
Because it is difficult to properly describe the zinc coordination
shell by a MM force field,67−69 the Zn2+ cation was modeled
with Stote’s scheme,70 and the Zn-coordinated residues were
fixed to retain the zinc coordination structure during the MM
minimizations and dynamics simulations.71

QM/MM Calculations. In the QM/MM calculations, the
whole system was partitioned into two subsystems: QM and
MM subsystems. As illustrated in Figure 3, the QM subsystem
consists of those fragments that are potentially involved in the
catalytic reaction, including residue T908; the side chains of
R571, Q575, R644, T908, S911, K1144, and four Zn-coordinate
residues (D572, H771, H773, and K741); CA-BTI; substrate
PYR; and Zn2+ cation. The QM region has a total of 133 atoms.
In the description of the zinc coordination shell, the strategy
utilized the Stuttgart ECP/basis set72 (SDD) for the zinc atom
and 6-31G(d) basis set for all other atoms, which has been
previously tested and widely employed.71,73−75 Because two
proton-transfer processes are included in the catalytic reaction,

Figure 2. (a) Crystal structure of the CT domain of PC in complex
with the BCCP domain (PDB code: 3BG5). (b) Active site pocket of
the CT domain of PC.

Figure 3. Selected quantum mechanics (QM) subsystem in the QM/MM calculations.

Biochemistry Article

dx.doi.org/10.1021/bi500020r | Biochemistry 2014, 53, 4455−44664457



a higher level of B3LYP(SDD,6-31G(d,p)) was used in our
calculations. All other residues and surrounding water
molecules were set as the MM part and described by the
CHARMM22 force field. The QM/MM boundaries were
described by the link atom approach with a charge shift
scheme.76,77 The prepared QM/MM system was first
minimized and then employed to map out the optimal energy
paths with the reaction coordinate. The MM atoms within a
distance of 16 Å from the substrate PYR were completely
relaxed and fully optimized, whereas the remaining atoms were
kept frozen. To avoid hyperpolarization of the QM wave
function, the electronic embedding scheme was used to
incorporate the MM point charges into the one-electron
Hamiltonian of the QM calculation.78 The QM/MM
calculations were performed by the ChemShell package,79

which incorporates the Turbomole module80 and DL-POLY
program81 for the QM and MM regions, respectively.
Geometry optimizations were implemented by the hybrid
delocalized internal coordinates (HDLC) optimizer.82 During
the optimizations, the limited memory Broyden−Fletcher−
Goldfarb−Shanno (L-BFGS) algorithm83,84 was used to search
for minima, and the partitioned rational function optimization
(P-RFO) algorithm85 was used for transition state search. The
L-BFGS algorithm is a quasi-Newton method, and it
approximates to the inverse Hessian matrix using a limited
memory variation of the BFGS update. It is an excellent
method for large-scale optimization and is well-suited for
optimization problems with many variables. The P-RFO
algorithm is Hessian eigenmode-following, and each found
transition state is characterized by an unique negative
eigenvalue.79 There was no cutoff for the nonbonding MM
and QM/MM interactions. Finally, high-level single-point
electronic energy calculations were performed to obtain
accurate energies at a larger basis set: B3LYP(SDD,6-31+
+G(d,p)) for the QM region and the CHARMM22/CMAP
force field for the MM region. The frequency calculations were
carried out at the level of B3LYP(SDD,6-31G(d,p)) for the
QM region and CHARMM22/CMAP for the MM region using
a two-point displacement method with analytical calculation of
gradients.86 During the frequency calculations, only the atoms
of the QM region were included. However, the electronic
polarization of the environment (MM region) is also
considered, following the adiabatic approximation via complete
self-consistent shell relaxation in the active MM region.86 All
reported energies are free energies from the large basis set with
zero-point vibration energy corrections.

■ RESULTS AND DISCUSSION
Structure of Enzyme−Substrate Complex. Previous

studies showed that the active sites of the PC and ODC CT
domains are rearranged during substrate binding,42,47,87 i.e., the
active site adopts an open conformation in the absence of
substrate and changes to a closed conformation upon PYR
binding. The biotin binding pocket can be formed only after
PYR binding.88,89 In the present study, the initial model for the
MD simulation was constructed on the basis of a structure in
which the BTI of the BCCP domain is embeded into the CT
domain, which is a catalytic state for PYR carboxylation. In this
closed state, the binding site is relative stable and unlikely to
undergo an obvious conformational change. This was also
confirmed by our MD simulation. The root-mean-squared
deviation (RMSD) of the protein during the MD simulation
was derived and is shown in Figure S1. The dynamics trajectory

was stable after 2 ns, with a RMSD value of 2.1 Å, which reveals
that the backbone of the protein changes only slightly.
It has been known that the initial structure can greatly

influence the results of QM/MM calculations;90−92 thus, its
reasonable selection is a prerequisite for reliable results. A series
of snapshots was taken as the QM/MM models from the MD
simulation at intervals of 100 ps from 4 to 5 ns. These 11
models were first optimized by using the QM/MM method. As
shown in the superposition of the optimized active sites (Figure
S2), all of the changes of the protein residues are very small.
From these geometries, a representative structure was chosen as
the computational model for the following studies of reaction
pathways, and the optimized solvated model and structure of
the active site are shown in Figure 4. Compared with the crystal

structure, there are some slight deviations in the positions of
the residues in the optimized structure. These differences are
reasonable considering the fact that the crystal structure is the
CT domain in complex with BTI rather than CA-BTI. During
the QM/MM optimization, the Zn2+ cation is always
coordinated with D572, K741, H771, and H773. In the
optimized QM/MM model, the distances between the Zn2+

cation and the binding atoms of D572, K741, H771, and H773
are 1.90, 2.13, 2.05, and 2.03 Å, respectively, indicating a strong
interaction of the Zn2+ cation with the coordinated residues,
which is similar to that in the crystal structure. The carboxyl
group of CA-BTI forms hydrogen bonds with the hydroxyl
group of T908 and amino group of Q575, with lengths of 2.62
and 2.29 Å, respectively. Between the ureido group of CA-BTI
and surrounding residues, three hydrogen bonds are formed.
The lengths of these hydrogen bonds formed by the ureido
oxygen atom with Q870, T908, and S911 are 2.44, 2.16, and
1.96 Å, respectively. These three residues may play important
roles in stabilizing the negative charge of the ureido oxygen
atom during the reaction.

Figure 4. (a) QM/MM optimized solvated model. (b) Binding
structure of BTI. (c) Binding structure of the Zn2+ cation and PYR.
For clarity, only the residues that directly interact with BTI or Zn2+

and PYR are shown in the stick models, whereas the other residues are
shown in line models. The key distances are shown in angstroms.
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It can be seen from Figure 4 that several residues are
positioned in close proximity to substrate PYR. The glutamine/
arginine pair (R571 and Q575) is conserved in all CT domain
structures,28 indicating their possible roles in stabilizing the
substrate. Furthermore, mutagenesis experiments have pro-
vided some evidence about the roles of these residues. Mutating
R644 in S. aureus PC43 resulted in a complete loss of enzyme
activity, and mutation of Zn-binding lysine in PC, TC, and
ODC abolished or greatly reduced the activity of pyruvate
carboxylation.35,41,45,47,58 In our QM/MM optimized structure
of the S. aureus PC CT domain, residue R571 forms hydrogen
bonds with the carboxyl group and carbonyl group of PYR, with
lengths of 2.34 and 2.30 Å, respectively, and residue Q575
interacts with the PYR carboxyl group by hydrogen bond, with
a length of 1.90 Å. In addition, the Zn-binding residue K741
also forms a hydrogen bond with the PYR carbonyl group, with
a bond length of 2.12 Å, and residue R644 forms a bidentate
interaction with the PYR carboxyl group, with hydrogen bond
lengths of 1.98 and 2.11 Å. Thus, a residue cluster consisting of
R571, Q575, R644, and K741 contributes to the substrate
binding in the S. aureus PC CT domain. In addition, in our
optimized structure, there is a weak hydrogen bond between
the carboxyl group of PYR and the main-chain amide of residue
A610. These hydrogen bonds form a large hydrogen-bonding
network in the active site.
Binding Mode of Substrate with Metal Cation. By

comparing the optimized enzyme−substrate complex with the
crystal structure, we found that the interaction mode of
substrate PYR with the metal cation changes slightly. In the
crystal structure from S. aureus (Figure 5a), the carbonyl

oxygen atom of PYR (OPYR) interacts weakly with the Mn2+

metal cation, with a distance of 3.39 Å. However, in our
optimized enzyme−substrate complex, the distance between
OPYR and the Zn2+ cation increases to 4.51 Å, and a hydrogen
bond is formed between PYR and K741, with a length of 2.12
Å. This change may be caused by the flexibility of zinc
coordination.75,93 Our optimized structure suggests that the
coordination of the metal cation with PYR is a second sphere
rather than an inner sphere interaction, indicating that the

metal cation plays an insignificant role in polarizing PYR, and
the resulting negative charge on the carbonyl oxygen in the
following step will be stabilized by K741. In the previous
experimental studies,94,95 the interaction between PYR and
metal cation in the PC−PYR complex has been investigated by
using a series of experimental technologies, such as electron
paramagnetic resonance and nuclear magnetic resonance.
These results also indicated that this enzyme forms a second
sphere enzyme−metal−ligand−substrate complex, in which a
water molecule inserts between the metal cation and substrate.
In our optimized structure (Figure 4), due to the absence of a
water molecule, the K741 residue mediates the interaction
between the metal cation and the substrate.
Whether the metal cation directly interacts with PYR

depends on the individual enzyme from different species.39,45,58

Currently, the crystal structures of the PC CT domain and its
homologous TC 5S subunit binding with the substrate PYR
from four species have been solved, including S. aureus PC
(PDB code: 3BG5),39 human PC (PDB code: 3BG3),39 R. etli
PC (PDB code: 4JX5),45 and Propionibacterium shermanii TC
(PDB code: 1RQH).58 The interaction modes of PYRs with the
metal cations and their surrounding residues are shown in
Figure 5. In human PC (Figure 5b), the OPYR is 3.87 and 3.68 Å
from the metal cation and the nitrogen atom of carbamylated
lysine, respectively, which is similar to that in the crystal
structure of S. aureus PC (Figure 5a). In these two crystal
structures, the coordination of metal cation with PYR is an
inner sphere interaction. However, in the crystal structures
from R. etli and P. shermanii (Figure 5c,d), PYRs were found to
interact directly with the metal cation-binding water molecules
(W), with distances of 2.69 and 2.85 Å, respectively, and the
distances between the OPYR atoms and metal cation are 4.57
and 4.45 Å, respectively, which means that the coordination of
the metal cation with PYR is a second sphere interaction. It is
similar to our optimized structure in which PYR forms a
hydrogen bond of 2.12 Å with the amino group of zinc-binding
lysine instead of directly interacting with the Zn2+ cation.

Reaction Pathways. In this article, three possible pathways
were investigated. In the first pathway, the reaction starts from
the deprotonation of PYR methyl, and the corresponding
pathway is called the “deprotonation first mechanism”. Because
no titratable residue is found nearby to abstract the hydrogen
atom of PYR methyl, T908 is assumed to be deprotonated first
by either the ureido group or the carboxyl group of CA-BTI,
and it serves as the general base. The second pathway is called
the “cage intermediate mechanism”, in which a cage
intermediate is formed by the attack of sulfur on the ureido
carbon atom. Schemes of these two pathways are shown in
Figure S3. The last pathway is the “decarboxylation first
mechanism”, which is the generally accepted mechanism, as
shown in Figure 1. On the basis of the structure of the
enzyme−substrate complex, the reaction pathways were
systematically studied using QM/MM calculations. On the
basis of our calculations, the deprotonation first mechanism and
the cage intermediate mechanism have been ruled out, and the
decarboxylation first mechanism is suggested to be the most
possible pathway.
In the deprotonation first mechanism, the sole residue

responsible for the deprotonation of PYR methyl is T908.
Therefore, T908 should be first deprotonated by either the
ureido group or the carboxyl group of CA-BTI. These two
proton transfers may occur in a concerted or stepwise manner.
Thus, starting from the initial optimized structure, we scanned

Figure 5. Interaction modes between PYR, metal cation, and some
surrounding residues from four species: (a) S. aureus (PDB code:
3BG5), (b) human (PDB code: 3BG3), (c) Rhizobium etli (PDB code:
4JX5), and (d) Propionibacterium shermanii (PDB code: 1RQH). The
key distances are given in angstroms.
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two reaction coordinates defined as RCr(OBTI−HT908) and
RCr(O1BTI−HT908) for the deprotonation of T908 in the
stepwise mechanism and two reaction coordinates defined as
RCr(CPYR−HPYR)−r(HT908−OBTI) and RCr(CPYR−
HPYR)−r(HT908−O1BTI) for the concerted mechanism. For
the cage intermediate mechanism, we scanned the reaction
coordinate defined as RCr(CBTI−SBTI). In these two
pathways, along the reaction coordinates the calculated energies
were continuously increased, and no saddle points were found
(as shown in Figure S4−S8). In the decarboxylation first
mechanism, we found that the two proton-transfer processes
(from T908 to enol-BTI and from PYR to T908) proceed in a
stepwise manner. Thus, the entire reaction contains four
elementary steps, as shown in Figure 6. To clearly elucidate the
catalytic cycle, the reaction is described as three parts: (1) the
decarboxylation of CA-BTI, (2) the proton-transfer processes,
and (3) the carboxylation of enol-PYR. They will each be
discussed in turn in the following sections. The optimized
structures and key parameters of the reactant (R), transition
states (TS1−TS4), intermediates (IM1−IM3), and product
(P) are shown in Figure 7. For the sake of clarity, CA-BTI,
PYR, and T908 are given in ball and stick models in the figure.
The atomic coordinates of the QM region of all optimized
structures are given in the Supporting Information.

Decarboxylation of CA-BTI. As proposed previously, the
decarboxylation of CA-BTI in the CT domain occurs prior to
the proton transfer,29−31,40−42 and a enol-BTI intermediate is
formed first. As shown in Figure 7, from reactant R to transition
state TS1, the CBTI−NBTI bond is gradually weakened, with the
bond length changing from 1.45 to 2.14 Å. Downhill from TS1
to IM1, this bond length further increases to 2.90 Å, which
means that the CBTI−NBTI bond has been completely cleaved
and the anionic enol-BTI intermediate has been formed.
Previous experimental studies suggested that the decarbox-
ylation of CA-BTI is at least partially rate limiting.37,96 In our
calculations, this step is calculated to be rate-limiting, with the
highest free energy barrier of 21.7 kcal/mol (Figure 8), which

agrees well with the experimental suggestion. The calculated
free energy changes (ΔG), enthalpies and enthalpy changes (H,
ΔH), and entropies (S) are given in Table S1. In this
elementary step, the contribution of the entropic effect to the
free energy barrier is negligible. However, in intermediate IM1,
ΔG is 1.6 kcal/mol lower than that of ΔH, indicating that the
entropic effect has a minor influence on ΔG of the species
where CO2 is present. Overall, the contributions of the entropic
effect to the free energy changes are very small, as can be seen
in the following elementary steps.
In addition, the enol-BTI intermediate is 18.1 kcal/mol

higher than R in energy, indicating that this intermediate is a
highly reactive species. The formation of the enol-BTI
intermediate is mainly due to the hydrogen bonds between
the ureido oxygen atom, OBTI, and surrounding residues. In the
enzyme−substrate complex, residues Q870 and S911 form
hydrogen bonds with CA-BTI, with bond lengths of 2.44 and
1.96 Å, respectively. Both of these hydrogen bonds are
strengthened in the enol-BTI intermediate, with their bond
lengths decreasing to 1.91 and 1.83 Å, respectively. Thus,

Figure 6. Proposed catalytic mechanism of the CT domain of PC based on our calculations.

Figure 7. Optimized geometries for various species. For clarity, CA-
BTI, PYR, and T908 are shown in ball and stick models. The key bond
distances are given in angstroms.

Figure 8. Free energy profiles of the CT domain of the PC catalytic
reaction.
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residues Q870 and S911 contribute significantly to the
stabilization of anionic enol-BTI, which is in accordance with
the experimental suggestions.39,41

Because this decarboxylation process corresponds to a high
energy barrier and generates a highly reactive intermediate,
IM1, we further investigated a concerted mechanism in which
the decarboxylation of CA-BTI occurs in concert with the
proton transfer from T908 to CA-BTI. The concerted reaction
was scanned with the reaction coordinate as a combination of
two bond lengths: RCr(CBTI−NBTI)−r(NBTI−HT908). Inter-
estingly, during the scanning of r(CBTI−NBTI) from 1.45 to3.50
Å, only the CBTI−NBTI bond changed along the reaction
coordinate, whereas the hydrogen atom of T908 was always
attached steadily, indicating that these two processes take place
step by step and that the decarboxylation takes place prior to
the proton transfer. Furthermore, to deeply understand this
stepwise mechanism, the potential energy surface (PES) as a
function of distances r1 (CBTI−NBTI) and r2 (HT908−NBTI) was
also mapped out using the adiabatic mapping approach at the
level of B3LYP(SDD,6-31G(d,p)) for the QM region and using
the CHARMM22/CMAP force field for the MM region, as
shown in Figure 9. To save computational resources, residues

R571 and Q575, which do not directly participate in the
reaction but only form hydrogen bonds with the substrate, were
not included in the QM region. The PES characterizes the
cleavage of the CBTI−NBTI bond and the proton transfer from
residue T908 to the NBTI atom of CA-BTI. The vertical and
horizontal axes describe the cleavage of the CBTI-NBTI bond and
the proton transfer from T908 to CA-BTI, respectively. The
reaction coordinates are changed by a decrement of 0.05 Å for
r1 (CBTI−NBTI) and increment of 0.08 Å for r2 (HT908−NBTI).
From Figure 9, three energy minima can be recognized on the
entire PES. A careful examination of the geometrical parameters
reveals that the minima in the upper-left and lower-right
corners correspond to the reactant R and intermediate IM2,

respectively, and that the other minimum corresponds to the
intermediate IM1. Thus, from R to IM2, the reaction should
undergo two transition states, i.e., the cleavage of the CBTI−
NBTI bond and the proton transfer, which proceed in a stepwise
manner.

Proton-Transfer Processes. After the formation of enol-BTI
intermediate, the reaction undergoes two proton-transfer
processes (from T908 to enol-BTI and from PYR to T908).
From the optimized structure of IM1 in Figure 7, one can see
that HT908 is 1.82 Å away from the NBTI atom of enol-BTI,
which changes to 1.22 Å in TS2. In IM2, this distance further
shortens to 1.03 Å, indicating the complete formation of the
NBTI−HT908 bond. In this intermediate, the proton of T908 has
transferred to the NBTI atom of BTI, whereas the hydrogen
atom of the PYR methyl group is still attached. Subsequently,
from IM2 to IM3 via TS3, the distance between HPYR and
OT908 decreases from 2.12 to 0.96 Å via 1.27 Å, indicating the
completion of two proton-transfer processes to form an enol-
PYR intermediate characterized by sp2-hybridized carbon
atoms. Our calculation results indicate that the two proton-
transfer processes follow a stepwise mechanism. Zeczycki et al.
once suggested that an unstable threonine alkoxide inter-
mediate can be avoided if the two proton-shift processes occur
concertedly.41 However, from the optimized structure of the
threonine alkoxide intermediate (IM2) in Figure 7, one can see
that residue T908 forms two hydrogen bonds with the methyl
groups of PYR and BTI, with bond lengths of 2.12 and 1.69 Å,
respectively. These hydrogen bonds stabilize the highly reactive
T908-alkoxide intermediate, thereby leading to the formation of
IM2.
As shown in Figure 8, the first proton-transfer process is

calculated to occur easily, with an energy barrier of 9.1 kcal/
mol. The formed T908-alkoxide intermediate is 22.5 kcal/mol
higher than R in energy, and the following proton-transfer
process corresponds to a low energy barrier of 13.0 kcal/mol,
indicating that this intermediate is a stable but highly reactive
species. Thus, it is possible to experimentally observe a
concerted, but highly asynchronous, two proton-transfer
process. In addition, the energy of IM3 is 18.5 kcal/mol
lower than that of IM2 and 14.1 kcal/mol lower than that of
IM1. Thus, IM3 is a stable intermediate in the course of the
reaction. From Table 1, it can be seen that in intermediate IM3
all hydrogen bond lengths formed by PYR and residues K741,
R571, and Q575 are shortened, whereas those formed by PYR
and R644 are nearly constant, indicating that residues K741,
R571, and Q575, rather than R644, play important roles in
stabilizing the enol-PYR intermediate. Therefore, we conjecture
that mutating the glutamine/arginine pair (R571 and Q575)
may not influence the substrate binding but will significantly
affect the stability of the enol-PYR intermediate, which agrees
with the experimental studies on R. etli PC.44 In addition, the
relative energy of TS3 is 35.5 kcal/mol higher than that of R,
which is the highest point in the energy profile, indicating that
the calculated energy barrier of the entire reaction is 35.5 kcal/
mol. This value is much larger than that estimated from the
experimental data (kcat = 6.5 s−1), 16.3 kcal/mol,43 which may
be caused by the limitations of the computational methods used
here. First, only one configuration of the reactant was used to
map out the reaction pathway. Second, the obtained energy of
each species is based on a single structure without including
conformational sampling. In addition, the functional that was
used may also influence the energetics of the reaction. Thus,
the predicted energetics may not provide a direct comparison

Figure 9. PES calculated at the level of B3LYP(SDD,6-31G(d,p)) for
the QM region and using the CHARMM22/CMAP force field for the
MM region, using distances r1 (CBTI−NBTI) and r2 (HT908−NBTI) as
reaction coordinates.
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with the experimental value. However, as referenced in some
literature,97−100 these limitations can not change the reaction
pathways, implying that these calculated results are still
meaningful for us to understand the catalytic mechanism.
To further understand proton-transfer processes, PES as a

function of the distances of r3 (HT908−NBTI) and r4 (CPYR−
HPYR) was also mapped out, which is shown in Figure 10.
During the scanning, residues R571 and Q575 were also not

included in the QM region. The vertical axis describes the
proton transfer from PYR to T908, and the horizontal axis
designates the proton transfer from T908 to enol-BTI. The
reaction coordinates were changed by a decrement of 0.05 Å for
r3 (HT908−NBTI) and an increment of 0.05 Å for r4 (CPYR−
HPYR). In Figure 10, the lower-right corner represents
intermediate IM1, whereas the lower-left and upper-left corners
correspond to intermediates IM2 and IM3, respectively. Form
Figure 10, a stepwise mechanism for the two proton-transfer
processes can be easily concluded.

Carboxylation of PYR. The last step of the overall reaction is
the nucleophilic attack of enol-PYR on the carbon atom of
CO2. In IM3, the carbon atom of CO2 is located at 3.76 Å from
the CPYR atom of PYR. The last transition state (TS4) was
characterized by a CBTI−CPYR distance of 2.36 Å, as shown in
Figure 7. Beyond transition state TS4, the product is generated
with a single CBTI−CPYR bond of 1.56 Å. This nucleophilic
attack corresponds to an energy barrier of 14.6 kcal/mol. The
product P is 9.2 kcal/mol lower than the reactant R in energy,
indicating that the overall reaction is exothermic.

Role of Key Residues and Zn-Binding Site. Previous
experimental studies suggested that the side-chain hydroxyl of
S911 and the main-chain amide of K912 form hydrogen bonds
with the carbonyl oxygen of BTI (OBTI).

39 In the crystal
structure (PDB code: 3BG5), OBTI is 2.54 and 3.10 Å from the
oxygen atom of the side-chain hydroxyl group of S911 and the
nitrogen atom of the main-chain amide group of K912,
respectively. In addition, the nitrogen atom Nε of Q870 is in
close proximity to the OBTI atom, with a distance of 3.96 Å. In
our optimized enzyme−substrate complex, the hydrogen atom
(HK912) attached to the N atom of the main-chain amide of
K912 is located in an unfavorable orientation for forming a
hydrogen bond with BTI. As shown in Figure 11, the distance
(d3) between OBTI of BTI and HK912 of K912 is 4.65 Å.
However, the other two residues, Q870 and S911, interact with
OBTI of BTI by hydrogen bonds, with lengths (d1 and d2) of
2.44 and 1.96 Å, respectively. For comparison, the values of
d1−d3 in the optimized structures of all species are listed in
Table 1. During the reaction course, the hydrogen bonds
formed by S911 and Q870 with BTI remain stable, but K912
always weakly interacts with BTI. Nevertheless, d1 and d2 are

Table 1. Key Distancesa in the Optimized Structures of All Species Involved in the Reaction

R TS1 IM1 TS2 IM2 TS3 IM3 TS4 P

d(HK741−OPYR) 2.12 2.07 2.20 2.23 2.26 2.36 1.91 2.02 2.07
d(HR571−OPYR) 2.30 2.41 2.21 2.19 2.16 2.08 1.86 1.95 2.42
d(HR571−O1PYR) 2.34 2.26 2.47 2.49 2.55 2.62 2.41 2.38 2.17
d(H1Q575−O1PYR) 1.89 1.89 1.90 1.88 1.87 1.85 1.82 1.85 1.95
d(H1R644−O2PYR) 2.11 2.12 2.11 2.12 2.11 2.02 2.26 2.27 2.37
d(H2R644−O2PYR) 1.98 2.00 2.01 1.97 1.97 1.90 1.94 1.98 2.14
d(HQ870−OBTI) 2.44 2.09 1.91 2.04 2.03 2.33 2.53 2.43 2.43
d(HS911−OBTI) 1.96 1.89 1.83 1.94 2.01 2.02 2.03 2.01 2.00
d(HK912−OBTI) 4.65 4.51 3.73 3.67 3.65 3.66 3.70 3.70 3.72
d(HNQ870−O1BTI) 3.36 3.62 4.59 4.67 4.78 4.97 5.07 4.70 3.45
d(HNQ870−O2BTI) 3.64 3.72 3.44 3.59 3.67 3.42 3.64 3.97 3.84
d(H2Q575−O2BTI) 2.29 2.55 3.66 3.69 3.68 3.95 3.76 3.26 2.24
d(HNT908−O1BTI) 3.53 3.42 2.54 2.45 2.42 2.53 2.69 3.42 5.37
d(Zn−OD572) 1.90 1.90 1.89 1.90 1.89 1.90 1.90 1.90 1.92
d(Zn−NK741) 2.13 2.13 2.15 2.15 2.15 2.16 2.10 2.11 2.10
d(Zn−NH771) 2.05 2.05 2.04 2.04 2.04 2.04 2.06 2.05 2.07
d(Zn−NH773) 2.03 2.03 2.03 2.04 2.04 2.05 2.06 2.04 2.02

aDistances are given in angstroms.

Figure 10. PES calculated at the level of B3LYP(SDD,6-31G(d,p)) for
the QM region and using the CHARMM22/CMAP force field for the
MM region, using distances r3 (HT908−NBTI) and r4 (CPYR−HPYR) as
reaction coordinates.

Biochemistry Article

dx.doi.org/10.1021/bi500020r | Biochemistry 2014, 53, 4455−44664462



clearly shortened in the structures of intermediates and
transition states where BTI is in its hydroxyl anion form.
Thus, we can conclude that the oxyanion hole, consisting of the
side-chain hydroxyl of S911 and the side-chain amino of Q870,
plays an important role in stabilizing the hydroxyl anion of BTI
in the reaction, which can facilitate proton transfer from T908
to the NBTI atom of BTI. This agrees well with the suggestion
based on the experimental data.39,41

The CO2 formed in the first step should be trapped to
prevent its escape from the active site. In the optimized
enzyme−substrate complex, several residues may play this role,
including Q575, Q870, and T908. The distances between the
hydrogen atom (HNQ870) of the main-chain amide of Q870 and
two carboxyl oxygen atoms (O1BTI and O2BTI) of CA-BTI are
3.36 and 3.64 Å, respectively. The hydrogen atom (H2Q575) of
the side-chain amide of Q575 is located 2.29 Å from the oxygen
atom (O2BTI) of CA-BTI, and the hydrogen atom (HNT908) of
the main-chain amide of T908 is 3.53 Å from the oxygen atom
(O1BTI) of CA-BTI. These distances in the species of the
reaction pathway are given in Table 1. One can see that in the
species with the presence of CO2 the distance d(HNT908−
O1BTI) is obviously shortened, the distances of d(HNQ870−
O1BTI) and d(HNQ870−O2BTI) are nearly constant, and the
distance d(HQ575−O2BTI) is lengthened, which means that the
main-chain amide of T908 plays a key role in stabilizing CO2.
The metal cation-binding site in the CT domain has been

proved to be critical in PC, ODC, and TC. For these three

enzymes, mutation of coordinated residues can greatly reduce
or completely eliminate their activity,35,41,45,47,94,95 and removal
of the metal cation can lead to the dissociation of the
enzyme.101−103 Thus, the whole metal cation-binding site may
play an important role in stabilizing the structure of the
enzyme. In this article, the role of the Zn-binding site in the PC
CT domain was further explored. The ESP charges of the zinc
cation and its ligands are given in Table 2. During the entire
reaction process, these charges remain unchanged, indicating
that the zinc cation does not function as a Lewis acid to
influence the reaction. In the previous studies of the P.
shermanii TC 5S58 and R. etli PC CT domains,46 the consistent
conclusion that the metal cation does not act as a Lewis acid
was also obtained. In addition, the distances between the Zn2+

cation and its coordinated atoms are listed in Table 1. It can be
seen that the coordination bonds between the zinc cation and
its ligands are unperturbed during the reaction but that the
length of hydrogen bond formed by PYR and K741 changes
along the reaction coordinate and has a minimum in enol-PYR
intermediate IM3. Thus, we can conclude that the metal cation
may play a role in stabilizing the reaction species through
mediator residue K741 in the S. aureus PC CT domain.

■ CONCLUSIONS

In this article, the catalytic mechanism of the CT domain of PC
from S. aureus was investigated using a combined QM/MM
approach. The calculation results indicate that the entire
catalytic cycle contains four elementary steps. The reaction
starts from the decarboxylation of CA-BTI to generate an enol-
BTI intermediate, which is followed by two stepwise proton-
transfer processes (from T908 to enol-BTI and from PYR to
T908). Then, the product, oxaloacetate, is formed by the
nucleophilic attack of enol-PYR on the previously generated
CO2. Residue T908 acts as the general acid/base to protonate
enol-BTI and to abstract the hydrogen atom of the PYR methyl
group. In addition, the main-chain amide of T908 plays a key
role in catching CO2 and preventing its diffusion from the
active center. A triad of R571, Q575, and K741 contributes
both to substrate binding and enol-pyruvate stabilization, and
residue R644 contributes only to substrate binding. The
oxyanion hole, consisting of the side-chain hydroxyl of S911
and the side-chain amino of Q870, plays important role in
stabilizing the hydroxyl anion of BTI, which facilitates the
proton transfer from T908 to enol-BTI. The coordination of
the metal cation by PYR is a second sphere, rather than an
inner sphere, interaction, and the metal cation plays a
stabilizing function by a mediator residue, K741. At the level
of B3LYP(SDD,6-31++G(d,p))//B3LYP(SDD,6-31G(d,p))
for the QM region and using the CHARMM22/CMAP force
field for the MM region, the decarboxylation of carboxybiotin
corresponds to the highest energy barrier of 21.7 kcal/mol,
which agrees with the experimental suggestion. Our results may

Figure 11. Interactions of the ureido oxygen atom with the side-chain
hydroxyl of S911 and Q870 and the main-chain amide of K912 in the
optimized enzyme−substrate complex. The key distances are given in
angstroms.

Table 2. ESP Charges of the Zn2+ Cation and Zn-Coordinated Residues in the Optimized Structures of All Species Involved in
the Reaction

R TS1 IM1 TS2 IM2 TS3 IM3 TS4 P

Zn2+ 0.98 0.98 0.97 0.97 0.97 0.96 0.96 0.97 0.98
D572 −0.92 −0.91 −0.91 −0.91 −0.92 −0.92 −0.91 −0.92 −0.91
K741 0.09 0.08 0.08 0.09 0.09 0.11 0.10 0.17 0.11
H771 0.05 0.06 0.05 0.07 0.05 0.06 0.06 0.04 0.02
H774 0.09 0.08 0.08 0.09 0.08 0.08 0.07 0.08 0.10
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provide useful information for the regulation of enzyme activity
and for the enzymatic redesign of biocatalytic applications.
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