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Phosphothreonine lyase
SpvC, a virulence effector injected through type III secretion system by some Salmonella serovars, belongs to
the newly discovered enzyme family, phosphothreonine lyase. Previous experimental studies have
demonstrated that SpvC irreversibly inactivates mitogen-activated protein kinases by removing the
phosphate group from phosphothreonine-containing substrate through a β-elimination mechanism, and
results in a β-methyldehydroalanine product. Interestingly, further biochemical investigations also indicated
a secondary reaction occurring other than elimination, where a covalently bound complex is formed. Here, we
employed molecular dynamics simulations and quantum mechanics calculations to gain insights on the
microscopic details of such novel reaction mechanisms. Our theoretical results are consistent with the
experimental observations, in which the critical stages of SpvC catalyzed reaction are revealed and the roles of
several important binding site residues are reconciled. The deprotonation and precise position of the catalytic
base K136 are facilitated by the formation of the fully desolvated active site upon substrate binding. The
abstraction of the alpha hydrogen by K136 and the elimination of the phosphate group occur nearly
simultaneously, promoted by the proton donation from the catalytic acid H106, and thus strongly supports an
E2-like mechanism. K104, which is not directly involved in the enzymatic reaction, stabilizes the transition
state and facilitates the reaction to occur. Remarkably, the subsequent deprotonation of K136 happens to be a
natural sequel of the primary elimination reaction, restores its nucleophile capacity to attack the double bond
containing elimination product, and leads to a covalently bound complex via a Michael-addition mechanism.
The reaction mechanism used by phosphothreonine lyases might serve as a method of programmed
regulation to fine tune their enzymatic activity.
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1. Introduction

Mitogen-activated protein kinases (MAPKs) play an important role
in activating immune responses, which are evolutionally conserved in
both plants and animals [1–4]. Pathogenic bacteria inactivating host
MAPK signaling pathway can repress host innate immunity [5,6]. A
newly discovered enzyme family – phosphothreonine lyase – belongs
to Gram-negative bacterial pathogenic type III Secretion System
(TTSS) effectors, including SpvC from nontyphoid Salmonella species,
HopAI1 from plant pathogen Pseudomonas syringae and OspF from
Shigella spp [6–10]. These enzymes can permanently inactivate the
host MAPKs by cleaving the Cβ―Oγ bond from phosphothreonine
(pT) containing MAPK activation loop and produce the unnatural
amino acid β-methyldehydroalanine (Mdha) [9–12]. Such catalytic
activity, without involving any cofactors or metal ions, is unique in
current known enzymes with respect to their function of carrying out
β-elimination of phosphothreonine or phosphoserine (pS) containing
peptide substrates. Moreover, phosphothreonine lyases may hold
promise as drug targets in fighting against the pathogenic bacteria,
and understanding of their catalyzed reactions will facilitate the
discovery of novel antibiotics (i.e. transition state analog design).

Crystal structures of SpvC itself and its inactivemutants complexed
with substrate peptides clearly reflect the conformational changes
upon substrate binding, where strong electrostatic interactions
between positively charged binding site residues (i.e. K104, H106,
R148, R213 and R220) and phosphate group of pT183, as well as the
hydrophobic interactions between residues F86 and V149 and methyl
group of pT183 contribute to forming a fully desolvated substrate
binding pocket (Fig. 1) [9,11]. Lysine has a pKa near 7 (pKa=6 to 7 in
most cases). The two protonatable groups of the imidaloze ring can
function as hydrogen bond donors and acceptors over a wide range of
pH, and play roles as both catalytic acid and base [13–15]. In previous
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Fig. 1. Specific recognition of phosphothreonine by SpvC. K136 is modeled according to
the crystal structure of apo SpvC (PDB: 1Z8M). Protein is represented as gray ribbon and
substrate peptide in red ribbon, binding site residues are highlighted as pink ribbon and
shown in stick representation. Hydrogen bonds between phosphate moiety of pT183
and binding site residues are represented by dashed lines. C, O, N, H and P atoms are
colored in gray, red, blue, white and cyan, respectively. All H atoms except Hα of pT183
are omitted for clarity. Images generated with Chimera [44].
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studies of SpvC and its family members, the structural evidence
combined with biochemical assays strongly support a β-elimination
reaction mechanism, in which the highly conserved residue K136 acts
as catalytic base to abstract the Hα from pT183 and H106 acts as a
catalytic acid to donate a proton to phosphate group, thus, the Cβ―Oγ

bond is broken and a Cα Cβ double bond is formed [9,11].
However, SpvC was also reported to react with a dehydroalanine

(Dha) containing peptide, but insensitive to Mdha, and K136 was
proposed to act as anucleophile to attack theunsaturatedCβ atomofDha
and form a covalently bound complex via nucleophilic addition
mechanism [9]. Similarly, we detected a covalently bound SpvC–peptide
complex in addition toprimaryβ-eliminationproduct (theexperimental
procedure and results are described in supporting information). The
amount of covalently linked complex was progressively increased over
time, whereas both SpvC and substrate peptide were decreased, and
larger amount of product was produced from a T183S substrate mutant
compared to the wild type substrate (Fig. S1). Apparently, SpvC is
suicidally inhibited by covalently interacting with the substrate and
terminating the enzymatic cycle, which may provide additional
information for developingnovel antibiotics in inhibiting thepathogenic
bacteria. A similar suicide inhibition mechanism has been found in
several cases, such as alpha-oxamine synthases [16] and lysine 5,6-
aminomutase [17].

Over the last couple of decades, computational chemistry techniques
have improved dramatically due to the rapid advances in computer
power and extensive efforts in algorithm development [18]. Quantum
mechanics (QM) in combination with molecular mechanics (MM) have
been increasingly applied in elucidating the mechanism of enzyme
catalyzed reactions [19–24]. Here, we employed molecular dynamics
(MD) simulations and QM calculations to elucidate the SpvC catalyzed
reactions, including the precise reaction mechanisms underlying such
novel functions, the critical stages occurring along the reaction
pathwaysand thedetailed structural events andenergetic consequences
contributed by the important binding site residues.
2. Methods

2.1. MD simulations

From experimental estimation, K136 of SpvC plays a crucial role
as the key catalytic residue. In order to explore the behavior of K136
during the enzymatic reaction, a total of four reactant complexes
were constructed for both SpvC-Erk2 and its T183S mutant with the
consideration of K136 in both protonated and deprotonated forms.
The wild type enzyme-substrate complex (referred to as SpvC-Erk2
hereafter) was modeled using the crystal structure of inactive SpvC
K136A mutant complexed with a phosphothreonine containing Erk2
peptide (PDB ID 2Z8P), in which the coordinates of K136 are
assigned according to the SpvC ligand-free structure (PDB ID 2Z8M)
[11]. The Erk2 T183Smutant complex (SpvC-T183S) was modeled by
replacing the methyl group of pT183 with a hydrogen atom. All
treatments are essentially the same in SpvC-Erk2 and SpvC-T183S
systems, and thereafter only the SpvC-Erk2 system will be described
in this subsection unless otherwise noted. The protonation states of
other titratable residues were carefully checked by visual analysis
based on their local environment (e.g. the putative catalytic acid
H106 was protonated). SpvC-product complexes (referred to as
SpvC-Mdha and SpvC-Dha hereafter) were also constructed by
simply replacing the substrate with the elimination product. The
force field parameters for unnatural amino acids Mdha and Dha were
generated by assigning the closely related atom types from
CHARMM General force field [25].

MD simulations were performed using the CHARMM program
(version c34b1) [26] with the all-hydrogen protein force field [27]
including the dihedral cross-term corrections (CMAP) [28], the TIP3P
water model [29], the phosphothreonine and phosphoserine param-
eters [30] and sodium parameters [31]. MD simulations applied 2 fs
integration time step, SHAKE of covalent bonds involving hydrogen
[32], periodic boundary condition (PBC) and particle mesh Ewald
(PME) method [33]. All calculations used an atom-based truncation
scheme updated heuristically with a list cutoff of 16 Å, a nonbond
cutoff of 12 Å and with the Lennard-Jones (LJ) smoothing function
initiated at 10 Å.

Any missing atoms were added using the built-in modules in
CHARMM based on the topology file. The hydrogen atoms were added
using HBUILD module in CHARMM. The complex system was overlaid
with a 70 Å cubic water box, orientedwith respect to the center of mass
of protein complex; ions were added to obtain electrical neutrality. All
four systems each contain approximately 37,000 atoms without
considering the periodic boundary condition. The equilibration of
solvated system was started by energy minimization and a 20 ps NVT
MD simulation with heavy atoms of solute restrained using a force
constant of 2 kcal/mol/Å2. Following this, restraints were removed and
the system was fully equilibrated by energy minimization, a 40 ps NVT
MD simulation and a 20 ps NPT MD simulation using the Nosé–Hoover
temperature coupling scheme. Finally, a production run of 10 ns MD
simulation was performed in constant-NPT ensemble.

2.2. Truncated active-site model and QM methods

MD simulation results for SpvC-Erk2 complexed with K136 in the
deprotonated state show a stable binding site including all the key
residues (Fig. S4), which enable us to strike the balance between
accuracy and efficiency by carrying out QM calculations with a
truncated active-site model [19,34,35] to investigate the SpvC
catalyzed reaction mechanisms. This model consists of all essential
moieties of the substrate and key binding site residues involving in
substrate binding and enzymatic reaction explicitly or implicitly,
including methyl capped pT183, methylbenzene, methylammonium,
4-methylimidazoium, n-butylamine, ethane and p-methylphenol to
represent substrate, and binding site residues F86, K104, H106, K136,



Fig. 2. Truncated active site model. The model consists methyl capped pT183,
methylbenzene, methylammonium, 4-methylimidazolium, n-butylamine, ethane and
p-methylphenol to represent substrate, and binding site residues F86, K104, H106,
K136, V149 and Y158. The frozen terminal atoms during geometry optimization are
marked with asterisk. C, O, N, H and P are colored in gray, red, blue, white and cyan,
respectively. All non-polar hydrogen atoms except Hα of pT183 are omitted for clarity.
Images generated with Chimera [44].

Fig. 3. A: RMSD of binding site residues and substrate in SpvC-Erk2 and SpvC-T183S
with K136 in both protonated and deprotonated states. Binding site residues include
F86, K104, H106, K136, R148, V149, Y158, R213, R220 and pT183. B: Distance between
Nζ of K136 and Hα of pT183 in SpvC-Erk2 with K136 in protonated (orange line) and
deprotonated (turquoise line) states. C: Superimposed structures of SpvC-Erk2 with
K136 in both protonated and deprotonated states. Carbon atoms are colored in orange
in protonated K136 system and colored in turquoise in deprotonated K136; O, N, H and
P atoms are colored in red, blue, white and cyan, respectively. Images generated with
Chimera[44].
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V149 and Y158, respectively (Fig. 2). The arginine residues interacting
with phosphate moiety (i.e. R148, R213 and R220) were mimicked
implicitly by neutralizing and fixing the position of the Oθ atom of the
phosphate group, which results in the net change of binding site
residues. The terminal carbon atoms of each truncated sidechain and
methyl groups capped on pT183 were frozen throughout the QM
geometry optimization, because the QM system is in gas phase and
therefore the necessary interactions with water molecules required to
hold the position of residues are not present. The initial coordinates of
active-site model were based on MD simulation snapshot, containing
106 atoms in SpvC-Erk2 system (103 atoms in SpvC-T183S,
correspondingly) with total charge of 1.

The SpvC catalyzed primary β-elimination reaction is the removal
of the Hα from pT183, the cleavage of the Cβ―Oγ bond, and results in a
Cα Cβ double bond containing product. The reaction mechanism was
investigated by the reaction coordinates rHα―Nζ and rHε―Oγ (Fig. 2),
defined as the distance between the proton Hα of pT183 and the basic
atom Nζ of K136, and the distance between the acidic proton Hε from
H106 and the acceptor atom Oγ from pT183, individually. The
employed reaction coordinates represent the abstract of proton Hα

by the putative catalytic base K136, and the donation of the proton Hε

by the putative catalytic acid H106. This designation of reaction
coordinates does not specifically assign the reaction coordinate for the
cleavage of Hα―Cα bond or Cβ―Oγ bond.

To study the secondary reaction, the product complex of the primary
elimination reaction was used. K136 was manually deprotonated and
the active-site model was minimized, which leads to the reactant
complex for secondary reaction. The reaction coordinate rNζ―Cβ was
defined as the distance between Nζ atom of K136 and Cβ of Mdha,
represents the formation of covalently bonded complex through a
Michael-addition reaction mechanism [34].

The reaction energy surface was determined by adiabatic mapping,
where the reaction coordinatewas varied by 0.1 Å increments. All of the
other geometrical variables were optimized during energy surface
scanning except the reaction coordinates and the positional constraints
mentioned above. Geometrical optimization was done using density
functional theory (DFT/B3LYP/6-31G(d)) method [36–38]. Energy
refinement was then carried out on identified key intermediate
structures usingMP2/6-31G(d) [39], and all the energy values reported
in this manuscript were calculated using MP2 method. All QM
calculations were carried out using Gaussian 03 program [40].

image of Fig.�2
image of Fig.�3


Fig. 4. A: Superimposed structures of SpvC-Erk2 and its mutant SpvC-T183S.
Hydrophobic interaction between V149 and methyl group of pT stabilizes the Oγ

atom poising toward the catalytic acid H106. Carbon atoms are colored in blue in SpvC-
Erk2 and colored inmagenta in SpvC-T183S; O, N, H and P atoms are colored in red, blue
white and cyan, respectively. Images generated with Chimera [44]. B: Distance between
Oγ and Hε of H106 in simulations of SpvC-Erk2 (blue line) and SpvC-T183S (magenta
line) with K136 in the deprotonated state.
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3. Results and discussion

3.1. Deprotonation of K136 coupled with the binding site reorganization

One of the outstanding questions for understanding the action of
SpvC is how the positively charged lysine K136 is deprotonated in
order to act as a catalytic base. We performed 10 nsMD simulations of
SpvC-peptide complexes with K136 in both deprotonated and
protonated states, and undertook extensive structural and energetic
analyses with emphasis on the atomic events. Note that the analysis is
only presented for SpvC-Erk2 if similar behaviors are observed for the
T183S mutant.

Examination of the Root mean square deviation (RMSD) of the
binding site residues and substrate peptides with respect to the crystal
structure indicates that SpvC-peptide complex structures are stable in all
four simulations (Fig. 3A); however, critical structural perturbations are
observed. The most notable event occurring in the deprotonated K136
system is that thedeprotonatedK136 is greatly stabilized inside the fully
desolvated binding pocket surrounded by conserved hydrophobic
residues F86 and V149 aswell as the substrate peptide, forming a stable
hydrogen bond with substrate peptide (carbonyl O of A182 adjacent to
pT183) and rarely interacts with solvent waters (Fig. S2). This
observation is supported by a recent paper that describes a lysine that
is favorable as neutral state when it is buried in a less polar
microenvironment inside the protein [41]. As shown in Fig. 3B, these
interactions help to stabilize the lone pair of electrons of K136 poising
toward theHα of pT183 (rHα―Nζ=2.8±0.3 Å). In contrast, the charged
ammonium group of K136 is exposed to the solvent, forming averagely
two hydrogen bonds with water molecules and rarely interacting with
substrate or other binding site residueswith significantly longer rHα―Nζ

distance (4.6±0.5 Å) (Fig. 3C). F86DandV149Dmutantswere shown to
significantly decrease their enzymatic activity [11], it seems that these
two hydrophobic residues not only contribute to substrate recognition,
but are also involved in catalysis by stabilizing K136 in its deprotonated
form. The present results suggest the deprotonation of K136 is coupled
with the reorganization of the substrate binding pocket, and the
deprotonated K136 is stabilized in the fully desolvated binding pocket,
poises at the ideal position to abstract the alpha hydrogen atom of
pT183. A similar scenario was observed for a catalytic lysine in
acetoacetate decarboxylase [42].

Previous biochemical studies have demonstrated that substitution
of phosphothreonine with phosphoserine compromises both peptide
substrate recognition and catalytic efficiency [9]. Based on the
crystallographic structures, it is evident that important interactions
occur between binding site residue V149 and methyl group of pT183,
which supports the binding preference of phosphothreonine over
phosphoserine in this enzyme family [9,11]. Consistent with experi-
mental observations, ourMD simulations on SpvC-Erk2 and itsmutant
T183S reveal the atomic details in depth (Fig. 4A–B). In SpvC-Erk2, the
presence of methyl group of pT183 facilitates longer lifetime of the
existence of the strong interaction between Hε of putative catalytic
acid H106 and Oγ of pT183 (ca. 1.89 Å) comparing to SpvC-T183S (ca.
2.40 Å). Such strengthening of interactionmight enhance the donation
of Hε atom of H106 to Oγ of pT183, thus promote the β-elimination
reaction. Those coupled variations suggest that the hydrophobic
interaction between the methyl group of pT183 and binding site
residue V149 not only contributes to substrate binding, but also
actively participates in primary β-elimination reaction.

3.2. The primary β-elimination reaction mechanism

The QM results of minimal energy surface along the designated
reaction coordinates in SpvC-Erk2 suggest a concerted E2-like mecha-
nism (Fig. 5A). The optimized structures of the active-sitemodels in the
reactant complex (RC), transition state (TS) and product complex (PC)
states are included in Fig. 5B, and the key geometric parameters and
energies of these stationary structures are listed in Table 1. The overall
reaction mechanisms are essentially the same in SpvC-Erk2 and its
T183Smutant (Fig. 5C–D). The calculated activation energy is 2 kcal/mol
less in SpvC-Erk2 than in the SpvC-T183Smutant (18.22 and 20.36 kcal/
mol, respectively), therefore, the eliminate reaction becomes consider-
ably more difficult in phosphoserine containing substrate peptide,
which agrees qualitatively with previous experimental observation [9].
In wild type SpvC-Erk2, the calculated activation energy is 18.22 kcal/
mol, which is also close to the suggestion by experimental kcat values
measured in this enzyme family (~16–18 kcal/mol) [9]. Thus, the
detailed analysis is onlypresented for SpvC-Erk2unlessotherwisenoted
in this subsection.

Because all hydrogen atoms were added in silico and K136 is
mutated in the crystal structure of SpvC complexedwith Erk2 peptide,
we could not compare the distances related to the hydrogen atoms
and K136 in the optimized structure of our truncated model to the
crystal structure. However, the optimized structure of the reactant
complex (Fig. 5B) has essentially identical geometry to its initial
structure truncated from the MD snapshot. Catalytic base K136 is
oriented toward Hα of pT183 (rNζ―Hα=2.33 Å), and catalytic acid
H106 interacts favorably with pT183 (rOγ―Hε=2.11 Å). The elimi-
nation reaction is initiated from the abstraction of the Hα by K136,
however, the loss of Hα and the removal of the phosphate group from
pT183 do not occur until the reaction reaches the TS, where the Hα is
largely transferred to K136 (rNζ―Hα=1.13 Å) with a nearly broken
Hα―Cα bond (rCα―Hα=1.79 Å), and the Cβ―Oγ bond starts to cleave
(rCβ―Oγ=1.59 Å) coupledwith a partially forming Cα Cβ double bond
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20 Q. Pei et al. / Biophysical Chemistry 157 (2011) 16–23

image of Fig.�5


Table 1
Key geometrical parameters and relative energies at RC, TS and PC states in the primary β-elimination reaction, individually. The improper dihedral angle ϕ1 is defined as
Cσ―Hβ―Cα―Cβ in SpvC-Erk2 and Hβ1―Hβ2―Cα―Cβ in SpvC-T183S.

Systems Distance
(Å)

Improper dihedral
(°)

Energy (kcal/mol)

rNζ―Hα rOγ―Hε rCβ―Oγ rCα―Cβ rCα―Hα rNε―Hε rO183―Hζ104 ϕ1 MP2/6-31G(d)

SpvC-Erk2
(K104 included)

RC 2.33 2.11 1.46 1.55 1.10 1.03 1.95 −36.82 0
TS 1.13 1.51 1.59 1.50 1.79 1.12 1.97 −32.43 18.22
PC 1.04 1.03 3.02 1.34 2.81 1.59 3.99 0.33 −11.19

SpvC-Erk2
(K104 excluded)

RC 2.46 1.79 1.48 1.56 1.10 1.05 −36.42 0
TS 1.37 0.99 1.60 1.51 1.36 1.83 −31.41 24.85
PC 1.07 0.99 2.54 1.34 2.79 1.78 0.67 −3.58

SpvC-T183S
(K104 included)

RC 2.41 2.01 1.46 1.54 1.10 1.03 1.93 −35.22 0
TS 1.11 1.81 1.54 1.48 1.94 1.05 1.87 −31.98 20.36
PC 1.06 1.02 2.86 1.34 2.77 1.59 4.37 3.42 −11.66

SpvC-T183S
(K104 excluded)

RC 2.38 1.78 1.46 1.55 1.10 1.05 −34.77 0
TS 1.29 1.08 1.56 1.49 1.48 1.66 −30.61 30.42
PC 1.08 0.99 2.59 1.34 2.91 1.77 3.83 2.03
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(rCα Cβ=1.50 Å). H106 seems to stabilize the TS by strengthening the
interaction with the phosphate group (rOγ―Hε=1.51 Å), yet without
losing the Hε proton (rNε―Hε=1.12 Å). Once the transition state is
crossed, the proton donation from catalytic acid H106 to phosphate
group (rOγ―Hε=1.03 Å) greatly promotes the cleavage of Cβ―Oγ

bond (rCβ―Oγ=3.02 Å) and the complete loss of alpha hydrogen
(rCα―Hα=2.81 Å), results in the double bond containing product
(rCα Cβ=1.34 Å). The formation of the Cα Cβ double bond is also
indicated by the planar improper dihedral angle centered with Cβ
(ϕCδ―Hβ―Cα―Cβ=0.33°), and forms a conjugated system with the
backbone carbonyl of pT183.

Binding site residues K104A mutant significantly decreases the
phosphothreonine lyase activity of SpvC [9]. A recent QM study [43]
proposed a SpvC catalyzed eliminationmechanismwith the calculated
activation energy of 24.34 kcal/mol, however, their active-site model
didn't include K104, andmight lead to inaccurate TS determination. In
our calculation, K104 forms a stronghydrogenbondwith the backbone
carbonyl O of pT183 (O183) in both reactant and TS structures
(Table 1), involves in stabilizing the TS and facilitates the reaction to
occur. To assess the role of K104, we scanned the 2D QM surfaces with
the K104 excluded in truncated active-sitemodel. The key geometrical
parameters and energies are included in Table 1, and minimal energy
surfaces are presented in Fig. S3. Without the presence of K104, the
activation energy rises to 24.85 kcal/mol in SpvC-Erk2 system, and the
TS structure presents striking contrast. The reaction is initiated from
the donation of proton Hε fromH106 to phosphate (rHε―Oγ=0.99 Å),
and results in the nearly broken Cβ―Oγ bond (rCβ―Oγ=1.60 Å) in TS
state. Clearly, K104 plays a crucial role in determining the structural
and energetic properties of TS state in SpvC catalyzed elimination
reaction process.

3.3. The nucleophilic addition mechanism

In addition to the primary β-elimination product, we also detected
a covalently bound complex (Fig. S1). Based on examining the
structures of simulated SpvC-Erk2 complexes (Fig. 2), it is evident that
the well aligned alpha hydrogen atom of pT183 blocks the path of
K136 to directly attack Cβ atom via a substitution reactionmechanism.
Fig. 5. A: 2D energy landscape (left), rCα―Hα (middle) and rOγ―Cβ (right) of the primary β-e
Erk2. B: Optimized structures of truncated SpvC-Erk2 model at RC, TS and PC states along the
role of stabilizing the TS to facilitate the reaction to occur. The distance can be found in Tab
reaction coordinates (rNζ―Hα and rOγ―Hε) in SpvC-T183S. D: Optimized structures of truncate
plays the role of stabilizing the TS to facilitate the reaction to occur. The distance can be foun
Images generated with Chimera [44].
Instead, K136 has potential to act as nucleophile to attack the
unsaturated Cβ atom of primary elimination product (PC structure at
Fig. 5). Similarly, we performed MD simulations on SpvC-product
complexes with K136 in both protonated and deprotonated states.
The similar behaviors were observed as in SpvC-Erk2 reactant
complexes, where the deprotonated K136 is stabilized inside the
desolvated active site and positioned toward the Cβ atom (Fig. S4).

To investigate this nucleophilic addition reaction, the reaction
coordinate was designed as the distance between the nucleophile
K136 and unsaturated Cβ atom of elimination product (rNζ―Cβ). The
energy profiles and the reactant, TS and product state structures are
presented in Fig. 6, the key geometric parameters and energies of
these stationary structures are listed in Table 2. The presence of the
methyl group in Mdha introduces unfavorable steric hindrance for
K136 to attack the Cβ atom, as evidence in both reactant structures
and the calculated activation energies. The catalytic residue K136 is
located 5.12 Å away from the Cβ atom in SpvC-Mdha comparing with
3.67 Å in SpvC-Dha (Fig. 6), and the calculated activation energy is
3.6 kcal/mol higher in SpvC-Mdha than in SpvC-Dha (16.6 and
12.92 kcal/mol, respectively). Clearly, the nucleophilic addition
reaction is considerably more difficult to occur in SpvC-Mdha system,
which is in good agreement with our experimental results and the
previous observation [9].

As the nucleophilic addition reaction mechanism is essentially the
same in SpvC-Dha and SpvC-Mdha systems, the detailed analysis is
only presented for SpvC-Dha. The addition reaction is initiated from
the nucleophilic attack of the unsaturated Cβ of Dha by catalytic
residue K136. In TS structure, the newly forming single bond Nζ―Cβ
(rNζ―Cβ=1.90 Å) is coupled with the increasing bond length of Cα Cβ
double bond (rCα Cβ=1.40 Å) and the increasing improper dihedral
angle (ϕHβ1―Hβ2―Cα―Cβ=21.42°), which indicates that the hybridi-
zation of Cβ is changing from sp2 to sp3. A delocalized π system is
forming between bond Cα―C (rCα―C=1.44 Å) and the neighboring
carbonyl group. In our present calculation, only a product-like
structure was produced as we didn't explore the rearrangement of
proton Hζ1 further. It is likely to involve a keto-enol tautomerization
due to the formed hydrogen bond between Nζ of K136 and carbonyl O
of pS183. Although the biological consequence of this suicidal reaction
limination reaction as a function of reaction coordinates (rNζ―Hα and rOγ―Hε) in SpvC-
β-elimination reaction pathway. K104 was omitted in the figure for clarity; it plays the

le 1. C: 2D energy landscape (left), rCα―Hα (middle) and rOγ―Cβ (right) as a function of
d SpvC-T183Smodel at RC, TS and PC states. K104was omitted in the figure for clarity, it
d in Table 1. C, O, N, H and P are colored in gray, red, blue, white and cyan, respectively.



Fig. 6. Energy profiles of the secondary addition reaction with respect to the reaction coordinate rNζ―Cβ in SpvC-Mdha and SpvC-Dha complexes. Optimized structures of truncated
model in RC, TS and PC states are presented for both systems. C atoms are colored in gray in SpvC-Mdha and colored in green in SpvC-Dha; O, N and H are colored in red, blue and
white, respectively.
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is not clear, such processive reaction mechanism used by phospho-
threonine lyases might serve as a programmed regulation to fine tune
their enzymatic activity.

4. Conclusions

In combination of theoretical calculations and experimental obser-
vations, a complete enzymatic pathway for SpvC catalyzed reactions is
illustrated (Scheme1). Our calculated results are in goodagreementwith
the experimental measurements, reveal the critical stages of SpvC
catalyzed reactions and reconcile the roles of several important binding
site residues in catalytic reactions. Firstly,molecular dynamics simulation
results indicated that the deprotonation of the catalytic residue K136 is
facilitated by the formation of the fully desolvated active site upon
substrate binding, thus the deprotonated K136 is stabilized andprecisely
located to act as a catalytic base. The hydrophobic binding site residues
F86 andV149arenot only involved in substrate recognition, but also play
important roles in stabilizing the deprotonated K136. Secondly,
truncated active-site model was applied to explore the elimination
reaction pathway using quantum mechanics method. The 2-D minimal
potential energy surface, resulted from thoroughly scanning the reaction
coordinates of alpha hydrogen abstraction by catalytic base K136 and
proton donation by catalytic acid H106, suggests that the β-elimination
occurs via an E2-like mechanism. The activation energies for the wild
type substrate and its T183S mutant were estimated to be 18.22 and
20.36 kcal/mol, respectively. In this β-elimination reaction, binding site
residue K104 was identified to play critical role in determining the
Table 2
Reaction coordinates, bond distances, dihedral angles and relative energies at RC, TS and P
dihedral angle centered with Cβ determined for Cσ―Hβ―Cα―Cβ in system SpvC-Mdha a
Cβ―Cα―C―O in both SpvC-Mdha and SpvC-Dha.

Systems Distance
(Å)

rNζ―Cβ rCα―Cβ rCα―C

SpvC-Mdha RC 5.12 1.34 1.50
TS 1.91 1.40 1.43
PC 1.41 1.52 1.38

SpvC-Dha RC 3.67 1.34 1.50
TS 1.90 1.40 1.44
PC 1.55 1.47 1.39
structural and energetics of transition state. Finally, the subsequent
deprotonation of K136 happens to be a natural sequel of the primary
elimination reaction, restores its nucleophile capacity to attack the
unsaturated Cβ atom of elimination product, and leads to a covalently
bound complex via a Michael-addition mechanism. The activation
energies in this step for corresponding wild type substrate and its
T183S mutant were calculated to be 16.0 and 12.92 kcal/mol, respec-
tively. In contrast to its favorable role in β-elimination reaction, the
methyl group in wild type substrate introduces steric hindrance for
nucleophilic addition reaction to occur. Since such SpvC catalyzed
enzymatic reactions are novel, our present studies may provide
additional structural and mechanistic information to facilitate the
development of novel antibiotics in inhibiting the pathogenic bacteria.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bpc.2011.04.002.
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Scheme 1. Schematic diagram of the complete SpvC catalyzed reactions; the primary
reaction is a β-elimination reaction via E2 mechanism; the secondary reaction is a
Michael-addition initialized from the product of the primary reaction and suicidally
breaks the enzymatic cycle. Both reactions use deprotonated K136 as catalytic residue,
however, K136 acts as catalytic base in primary elimination reaction while a
nucleophile in secondary addition reaction.
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