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ABSTRACT: Edema Factor (EF) is one of three major toxins of anthrax. EF is an
adenylyl cyclase that disrupts cell signaling by accelerating the conversion of ATP
into cyclic-AMP. EF has a much higher catalytic rate than that of mammalian
adenylyl cyclases (mACs). Crystal structures were obtained for mACs and EF, but
the molecular basis for diﬀerent catalytic activities remained poorly understood. In
particular, the arrangement of the active site in EF is unclear in what concerns the
number of ions present and the conformation of the substrate. Here, we use
quantum mechanics−molecular mechanics simulations to estimate the free-energy
proﬁles for the reaction catalyzed by EF and a mAC. We found that EF catalysis is
possible, and faster than that of mACs, in both one and two Mg2+-ion-binding
modes, providing adaptive plasticity to host-cell environments. In both enzymes, the
reaction mechanisms are highly associative. However, mechanistic diﬀerences exist.
In the mAC, the nucleophile oxygen (ATP-O3′) is consistently coordinated to one
of the Mg2+ ions, increasing its acidity. In EF, on the other hand, this coordination is
eventual and not essential for the reaction to proceed. The persistent coordination of O3′ to the ion is favored in mACs by a
greater ion partial charge. In EF, the reduced acidity of the O3′ oxygen is compensated by the presence of the His351 residue for
proton abstraction. As proton transfer in EF does not require persistent attachment of the substrate to an ion, the substrate
(ATP) and transition state display greater conformational ﬂexibilities. These greater ﬂexibilities allow the sampling of lowerenergy conformations and might represent an entropic advantage for catalytic eﬃciency.

■

(cAMP and pyrophosphate, PDB id: 1SK6).3,4,6 The structures
with the ATP mimic were obtained under diﬀerent conditions:
ﬁrst, with a single ion in the active site (Figure 2A), although
this ion was an Yb3+.3 Later, a product-bound structure (Figure
2C) was also obtained in the presence of Yb3+ and,
interestingly, multiple ion occupancies were observed. Electron
densities were observed in positions which could correspond to
the presence of either one or two ions in the active site.4 As
mAC mechanisms, as well as the mechanisms of DNA
polymerase and some endonucleases,5,8 were recognized to
depend on two catalytic ions (Figure 2D), an eﬀort was made
to obtain an EF structure in the presence of the actual catalytic
ion, Mg2+.6 A two-ion binding site was obtained (Figure 2B)
from a solution with inhibiting concentrations of Mg2+.6
However, substrate conformation and ion coordinations
suggested an inactive structure.7,9
Structures 1K90 (with the ATP analogue) and 1SK6 (with
products) also indicated that a histidine residue (His351) could
act as the catalytic base, accepting a proton from ribose O3′.3,4
However, the distances between the potentially reactive groups
was large in ATP-analogue-bound models (Figure 2)possibly
because the ATP mimic used for crystallization lacked the

INTRODUCTION
The anthrax edema factor (EF) is one of the three major toxins
secreted by Bacillus anthracis. It consists of an adenylyl cyclase
(AC), converting ATP into cyclic-AMP (cAMP) (Figure 1).
cAMP overproduction leads to the disruption of host cell
signaling. EF is a Class II AC, and as such, it requires host
cellular factors for activation, notably Calmodulin. Similar Class
II ACs are found in whooping cough and plague bacteria,
among other important pathogens.1,2 EF has a catalytic rate at
least 100-fold higher than that of mammalian adenylyl cyclases
(mACs).3,4 EF and mAC enzymes require Mg2+ ions in the
catalytic site to be active. The arrangement of the active site of
mACs was consistently determined from several crystal
structures and supporting functional data and has been
shown to depend on the binding of two metal ions to the
active site (Figure 2D).5 On the other hand, EF structures were
obtained with diﬀerent substrate conformations and active-siteion-binding modes,3,4,6 suggesting either crystallographic
artifacts or some degree of promiscuity concerning the catalytic
mechanism.7 Therefore, the number of ions required for
maximum eﬃciency in EF was not completely understood from
the analysis of crystallographic models and is an important
subject of debate.
Three crystal structures of the EF−Calmodulin complex
were obtained (Figure 2A−C): two bound to ATP analogues
(PDB id:1K90 and 1XFV) and the other bound to products
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Figure 1. Schematic representation of the conversion of ATP into cAMP catalyzed by EF or mACs.

Figure 2. Schematic representation of the catalytic site organization observed in crystallographic models of (A, B, and C) EF and (D) mACs. Ioncoordination distances smaller than 3 Å are represented as dashed lines. The position of the O3′ nucleophilic oxygen is marked in green. It was
lacking in the ATP analogues used to obtain EF substrate-bound models. (A) Structure of EF bound to an ATP analogue with one ion in the active
site. (B) EF bound to an ATP analogue and two ions. (C) EF bound to reaction products with two diﬀerent ion-binding modes. The position of
His351 is consistent with its role as a base in the product-bound model but not in substrate-bound structures. (D) mAC bound to an ATP analogue.

reactive ribose hydroxyl.6 Only in the product-bound structure
is the His351-Nε atom close enough to the ribose O3′ to
suggest a potentially reactive proton transfer.4 Experimentally,
the mutation of His351 to alanine knocks down EF activity.

However, its mutation to lysine (H351K) causes only 2-fold
slow-down in its activity (from 3500 to 1500 s−1), and the
optimum pH (8.5) does not change. Thus, His351 could help
in increasing the local concentration of hydroxyl but would not
6505
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necessarily act as a general base.6 Therefore, it is unclear if and
how His351 acts as key residue responding to the highest
catalytic rate of EF relative to mACs.
Therefore, a precise description of the EF reaction
mechanism is needed, especially regarding ion-binding modes
and the nature and role of the catalytic base. The EF
crystallographic structures are also inconclusive about the
reactive conformation of ATP. It is unclear, as a whole, how EF
achieves such high reaction rates as compared to those of
mACs.
A few computational studies were performed for describing
the reaction mechanisms of EF and mACs.8,10 Mones et al.
performed a quantum mechanics−molecular mechanics (QM/
MM) study of EF using the empirical valence bond method.
They estimated the activation barrier of the two-metal ionbinding mode on the basis of two reaction proposals: the
general base and the speciﬁc base mechanisms. The authors did
not test the one-metal ion-binding mode due to computational
limitations but argued that EF might be versatile enough to
catalyze the reaction using both metal ion-binding modes.8
Likewise, the mAC reaction mechanism was also studied using
computational methods.10 Hahn et al. explored diﬀerent
reaction pathways using QM calculations with a polarizable
continuum model of solvation (PCM). A QM model
represented the active site, and the PCM model, the rest of
the system. Accurate activation energies for the catalytic
reaction of a mAC were obtained but ignoring the entropic
contributions of the rest of proteins and conformational
variability of the active site.
Here, we propose a dynamical description of the catalytic
mechanism of EF, mainly focused on determining the ionbinding mode of its active site. In addition, we were interested
in ﬁnding the molecular basis for the large catalytic eﬃciency of
EF. Free-energy proﬁles for EF and mAC catalyses were
obtained by sampling nonequilibrium reaction paths with
steered-molecular QM/MM simulations. We found that the
reaction catalyzed by EF displays similar free-energy barriers in
any of the two possible ion-binding modes and that
intermediate states display greater conformational ﬂexibility in
EF than in mACs. Therefore, EF might adapt to diﬀerent ionbinding modes and achieve higher catalytic rates by means of
an entropic advantage. The molecular basis for these diﬀerences
between EF and mACs are discussed.

from Canis lupus, whereas C2a is an AC type II from Rattus
norvegicus. The active site of AC was crystallized with an ATP
analogue (adenosine-5′-rp-α-thio-triphosphate), one Mn2+ ion,
and one Mg2+ ion. For the simulation, the Mn2+ ion was
replaced by a Mg2+ ion. The complex is bound to a forskolin
molecule, which is a terpene that helps in the stabilization of
the heterodimer interface.11 The crystal of the subunit Gsα was
obtained with a GTP analogue (5′-guanosine-diphosphatemonothiophosphate) in its active site, which was replaced by
GTP. The crystallographic structure lacks two loops: one in the
C2a subunit and the other in the Gsα subunit. The models of
the missing loops were built using Modeller 9.14.12 Ten reﬁned
loops for each model were generated, and the loop models with
the most favorable DOPE energy were selected. The whole
protein was kept rigid during loop modeling. The complete
ﬁnal structure was relaxed by molecular dynamics (MD)
simulation.
Parametrization, Force Field, and Simulation Setup.
The AMBER ﬀ99sb force ﬁeld was employed to describe the
protein.13 Ligands and cofactor molecules were modeled using
the AMBER GAFF force ﬁeld.14 The parameters for describing
ATP, Mg2+, and H3O+ were taken from refs 15−17. GTP,
cAMP, pyrophosphate, and forskolin structures were optimized
using Gaussian09 with the B3LYP/6-311+G(d,p) level of
theory.18 The parameters for these ligands were determined by
the antechamber program in the AMBER 14 package.19,20
Partial charges of ligands were calculated using the AM1-BCC
method.21 Hydrogen atoms were modeled according to the
most probable protonation state of each residue, that is, Asp
and Glu were negatively charged and Lys and Arg were
positively charged. Histidine protonation states were assigned
favoring hydrogen bond formation. The protein was solvated in
a box of TIP3P water molecules.22 The ﬁnal system dimensions
were 157 × 108 × 108 Å. The systems contained about 180000
atoms. AmberTools1520 and VMD were used for visualization
and analysis.23 The plots were generated using GNUPLOT and
XMGRACE.
Classical MD. Energy minimization and equilibration
simulations were performed with NAMD, which is convenient
for performing MD simulations with ﬁxed atoms.24 All MD
simulations were conducted under isobaric−isothermal conditions (NPT) at 300 K and 1 atm. Equilibrium runs were
performed with temperature rescaling at every 100 fs, and
Langevin pistons were used to control pressure at 1 atm with a
coupling period of 0.2 ps and a decay of 0.1 ps. Periodic
boundary conditions were used. Bonds involving hydrogen
atoms were constrained to their equilibrium length using the
RATTLE algorithm.25 Electrostatic interactions were computed
using the Particle Mesh Ewald (PME) method with a cutoﬀ of
10 Å.26,27 Equilibration was performed with the following
protocol: (1) 2000 steps of conjugate-gradient energy
minimization with all protein atoms, ligands, and active-site
ions ﬁxed, (2) 300 ps of MD with the same atoms ﬁxed, for
solvent relaxation, (3) 150 ps MD, ﬁxing only the α-carbon
atoms and active-site atoms (ATP, Mg2+, coordination sphere,
and base), (4) 100 ps MD, ﬁxing only α-carbon atoms of the
protein, and (5) 100 ps MD without restraints. Production runs
were 15 ns long and were performed using the PMEMD
program, which is part of the AMBER 14 package.20,28 In this
case, the temperature was set to 300 K and the pressure to 1
atm using the Berendsen thermostat and barostat, with
coupling constants of 2 and 1 ps, respectively.29 A 2 fs time
step was used, and bonds involving hydrogens were constrained

■

MATERIALS AND METHODS
EF Structure. Two crystallographic models of the EF of
anthrax were used for the simulations: (a) EF with one Mg2+
ion in the active-site (PDB id: 1K90)3 and (b) EF enzyme with
two Mg2+ ions in the catalytic site (PDB id: 1SK6).4 1K90 was
obtained with EF bound to an ATP analogue (3′deoxyadenosine-5′-triphosphate) that lacks the O3′ hydroxyl
in the pentose moiety. ATP was formed by adding the lacking
hydroxyl group to this inhibitor. The crystal structure of 1SK6
was solved in complex with reaction products cAMP and
pyrophosphate. In both crystals, 1K90 and 1SK6, metal ions
were present in the active site, which were identiﬁed as Yb3+
instead of the catalytically active Mg2+. Therefore, we replaced
the Yb3+ ions with Mg2+ ions.
mAC. The mAC crystallographic model, PDB id: 1CJK, was
used.5 The protein is a complex between the catalytic core of
AC (which consists of two homologous cytoplasmic domains,
C1a and C2a) and the α subunit of stimulatory G protein (Gsα).
The C1a domain of the heterodimer complex is an AC type V
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Figure 3. QM region used in the QM/MM simulations for EF with one or two Mg2+ ions (EF·1Mg and EF·2Mg, respectively) and for the mAC.
Only heavy atoms and polar hydrogens are shown.

with SHAKE.30 A cutoﬀ of 10 Å was used for nonbonded
interactions, and electrostatic interactions were computed using
the PME method. The classical production simulation was used
to select representative frames for the QM/MM/multiplesteered molecular dynamics (MSMD) simulations.
Reaction Coordinate. The reaction involves a phosphoryl
transfer and a proton transfer (Figure 1). Phosphoryl transfer
was described by the O3A−Pα and O3′−Pα distances (Figure
1). Proton transfer was described by the distances between
ribose atoms O3′ and H3′ and between ribose-H3′ and His351Nε or water-Ow atoms. We used the −d(O3′−Pα) + d(O3A−
Pα) − d(H3′−Nε/Ow) reaction coordinate. An alternate
reaction coordinate which included explicitly the O3′−H3′
distance was considered, but this inclusion proved to be
unnecessary and apparently decreased the rate of productive
trajectories.
QM/MM Simulations. The QM/MM simulations were
performed with a modiﬁed version of Sander program from the
AMBER12 package31 in which the HyDRA algorithm on
MSMD simulations is implemented.32,33 This algorithm
signiﬁcantly improves the convergence of the free-energy
proﬁles obtained from nonequilibrium trajectories. The
quantum mechanical level used was the semiempirical
density-functional-based tight-binding (DFTB) method using
the self-consistent charge (SCC) approach34−36 as implemented in the sander module of AMBER.37 SCC−DFTB
parameters were obtained from ref 36 and were used with
second-order corrections. The use of third-order PR extension
results in instabilities in the calculations of the Amber QM
module and, therefore, were not used. The SCC−DFTB
parameter for Mg2+ was provided by Prof. Quiang Cui and
consists of the parameters reported in ref 35. Lysine and
arginine residues were included in the QM subsystem to
neutralize the total QM charge (Figure 3). The MM region was
modeled with the AMBER ﬀ99SB force ﬁeld. The simulations
were run using periodic boundary conditions and PME
electrostatics, for both regions. The electrostatic cutoﬀ was
set to 15 Å.
Free-Energy Proﬁles. The forward and backward freeenergy proﬁles were obtained from MSMD simulations and the
application of the Jarzynski nonequilibrium equality for freeenergy diﬀerences (parts A and B in Figures S1−S3).38,39 The
free-energy proﬁles of the reaction were obtained by a
combination of the forward and backward free-energy proﬁles
of the reaction (parts C and D in Figures S1−S3). Each MSMD

simulation consisted of 48 000 QM/MM steps, with a pulling
speed of 0.5 Å ps−1, using a Diﬀerential Relaxation Algorithm
ratio of 4,32 a force constant of 300 kcal mol−1 Å−2, and a time
step of 1 fs.32 The conﬁgurations used for MSMD simulation
were selected from classical MDs. Therefore, frames were QM/
MM-optimized, with 2000 steepest descent iterations, and
equilibrated for 30 ps at the QM/MM level before productive
runs. All of the QM/MM simulations were performed in a
canonical ensemble. The temperature was set to 300 K using a
Berendsen thermostat29 with a coupling constant of 2 ps. At
least 30 independent MSMD simulations were used to build
each free-energy proﬁle (forward or backward). Harmonic
restrictions were applied for N−H bonds of lysines and
arginines and for the O−H bond of the second pentose
hydroxyl group to avoid undesirable side reactions. A harmonic
restriction of 100 kcal mol−1 Å−2 was used to restrain the Mg−
NεH577 distance to 2.5 Å in EF systems, to preserve the
coordination sphere observed in the crystallographic model.
Restrictions were introduced to keep water molecules in place
whenever necessary. The error of the free-energy estimates was
computed assuming the independence of each trajectory. It was
estimated by computing the standard error of the Jarzynski
exponential mean, propagated to ﬁrst order to the free energy.
DFT Corrections on Free-Energy Barriers. SCC−DFTB
is a semiempirical method based on DFT. It reproduces
geometries which are in good agreement with those obtained
with DFT and is reliable for obtaining structural properties for
metal sites and reaction dynamics. We applied higher-level QM
corrections to estimate the dependence of free-energy estimates
with the level of theory. Two DFT functionals were used,
B3LYP40,41 and M06.42 The basis set used was 6-31G(d).
B3LYP was selected because it produces structures in good
agreement with MP2 for phosphate reaction hydrolysis.36 M06
is recommended to study the thermodynamics for both main
group elements and transition metals.42,43 The correction of
free energies, ΔGDFTB→DFT, is obtained as suggested in ref 44,
using the following thermodynamic cycle:
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The free energies of steps A and B were calculated using a
one-step free-energy perturbation (FEP) scheme. When the
computation is performed for the forward reaction, states A and
B are the reactants and the transition state, respectively. A and
B are the products and the transition state, respectively, if the
activation free energy of the backward reaction is considered.
This strategy is based on the idea that the structures of the QM
subsystem of reactants, products, and transition states can be
satisfactorily obtained with a lower-level QM method. Thus, the
QM corrections were applied by performing QM/MM singlepoint calculations using a higher-level theory on representative
SCC−DFTB structures obtained from a QM/MM MD
simulation. The QM/MM single-point calculations used DFT
and electrostatic embedding and were performed using an
Amber interface45 to external QM software package. In this
case, Gaussian09 was used.18 Then, the free-energy diﬀerences
provided by each method are obtained using a Free-Energy
Perturbation approach, in which the sampling of conformations
is performed only for the classical part, with the SCC−DFTB
structure of the QM subsystem ﬁxed46−48
⎡ −(UDFT − UDFTB) ⎤
ΔG DFTB → DFT = −RT ln exp⎢
⎥
⎣
⎦
RT

Figure 4. Free-energy proﬁles for the conversion of ATP into cAMP
catalyzed by EF and a mAC. The activation energy is higher for the
mAC, consistently with the higher catalytic eﬃciency of EF. Activation
energy for EF is only marginally dependent on the ionic content of the
active site, but the presence of two ions greatly stabilizes reaction
products. Labels 1 and 2 indicate the reaction coordinate ranges in
which proton transfer occurs in EF and the mAC, respectively. Label 3
indicates the reaction coordinate of phosphate transfer in all systems.

hand, the activation barrier of the reaction catalyzed by the
mAC is signiﬁcantly greater (33 kcal mol−1; see Figure 4). The
diﬀerence in activation free energies between EF and the mAC
is in qualitative agreement with the higher catalytic rate of EF.4
In the presence of two metal ions, the reaction products are
notably stabilized relative to the substrates, both for EF and the
mAC. The stabilization of the products is of ∼16 kcal mol−1 for
EF and ∼12 kcal mol−1 for the mAC (Figure 4 and Table 1).

DFTB

We estimated these diﬀerences for the reactants, transition
states, and products of the SMD trajectories of lowest energy.
The correction was computed using at least 250 snapshots
extracted every 1 ps from 15 independent QM/MM MD
simulations in which the QM subsystems were ﬁxed.
Convergence of the correction was observed after ∼200
snapshots. Ideally, the correction should be computed for all
reactant, product, and transition-state structures obtained with
SCC−DFTB, but this would be computationally prohibitive.
The obtained estimates, using only the lowest-energy SCC−
DFTB curves, are only indicative of the nature of correction
that a higher level of theory would provide. Similar schemes
were applied to adjust free-energy values from semiempirical
methods49,50 and MM methods to higher-level QM.51,52

Table 1. Estimates of the Free-Energy Parameters of the
Reaction, Using SCC−DFTB (All Values in kcal mol−1)a
system

ΔG°

ΔfG#

ΔbG#

EF·1Mg
EF·2Mg
mAC

−0.5 (1.6)
−15.8 (1.9)
−11.6 (1.4)

22.0 (0.6)
24.1 (0.9)
33.4 (0.9)

22.1 (1.0)
40.6 (1.0)
45.1 (0.5)

ΔG°: overall reaction free energy; ΔfG#: activation free energy of the
forward reaction. ΔbG#: activation free energy of the backward
reaction. The estimated deviations are in parenthesis and are
computed as described in the Materials and Methods section.
a

■

This implies that backward reactions are, in the presence of two
ions, slower than the corresponding forward reactions. This is
consistent with the experimentally known rates for forward and
backward reactions: For mACs, the forward reaction is 30 times
faster than the backward reaction, consistently with the
stabilization of the reaction products in the two-metal-ion
active site.53 By contrast, EF displays similar forward and
backward reaction rates, as reported in ref 4. In our simulations,
there is virtually no free-energy diﬀerence between substrate
and reaction products in the single-Mg2+ EF mechanism.
Therefore, this fundamental diﬀerence between EF and mACs
might be explained by the possibility of EF catalyzing the
reaction with a single ion.
As the nature of the base can play an essential role in the
reaction free energy, we studied the EF·2Mg system assuming a
water molecule as the base. However, we could not obtain
consistent ATP-H3′ transfers to water. Furthermore, the

RESULTS AND DISCUSSION
Free-Energy Proﬁles. Figure 4 displays the free-energy
proﬁles of the reactions catalyzed by EF with one and two Mg2+
and for the mAC (with two Mg2+). In EF, His351 is considered
as the catalytic base, removing the ribose H3′ proton. There is
no His351 counterpart in mACs; therefore, a water molecule
was used as the catalytic base for proton abstraction. The freeenergy barriers for the forward reaction catalyzed by EF were
similar in both ion-binding modes, of the order of 22−24 kcal
mol−1. On the basis of these results, EF would be able to
catalyze the reaction in the presence of one or two ions with
similar rates. This is consistent with the experimental
observation that EF activity is close to maximal in a wide
range of Mg2+ concentrations,9 suggesting an adaptation of this
enzyme to diﬀerent environmental conditions. On the other
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Figure 5. Distances involved in proton transfer and phosphate transfer for (A and D) EF·1Mg, (B and E) EF·Mg, and (C and F) the mAC. The
distances are as follows: (His351)Nε−H3′, H3′−O3′, Pα−O3A, and Pα−O3′ (black, gray, orange, and red lines, respectively). In the molecular
representation, the atoms involved are shown in CPK. The ﬁrst two distances describe proton transfer and the last two, phosphate transfer. Proton
transfer takes place at the crossing point between the gray and black lines. Phosphate transfer takes place at the intersection between the orange and
red lines. Brown curves show the forward or backward free-energy proﬁles for each system, and the blue bar indicates the transition state region.
Plots A−C concern the forward reaction, and D−F, the backward reaction.

smaller works obtained for the trajectories under all conditions
tested were higher than 30 kcal mol−1 (Figure S4). This result
supports the conclusion that His351 is essential for the
reaction.
Therefore, the transition-state free energies obtained are in
qualitative agreement with the experimental reaction rates.
However, the actual experimental barriers are much smaller.
The experimental kinetic parameters available, extrapolated to

transition state energies through the Eyring equation, indicate
that the transition state free energies for the forward reaction
are ∼1553 and 13−143,4,54 kcal mol−1 and for the backward
reaction are ∼1753 and 14−153,4,54 kcal mol−1 for the mAC and
EF, respectively. Because SCC−DFTB is not as accurate as ab
initio methods to reproduce experimental values, the activation
free energies were recomputed using one-step free-energy
perturbation with a higher-level QM method (see Table
6509
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Table 2. Geometric Parameters of the Transition Statesa
system

RC at TS

EF·1Mg

−1.20

EF·2Mg

−1.30

mAC

−1.12

d(O3′−Pα) (Å)
2.01
2.05
2.12
2.15
2.01
2.09

d(Pα−O3A) (Å)

(0.08)
(0.13)
(0.11)
(0.12)
(0.12)
(0.20)

1.84
1.88
1.85
1.99
2.09
2.07

(0.06)
(0.10)
(0.09)
(0.21)
(0.21)
(0.24)

ψ(PO3) (deg)
−1.58
−1.56
−4.30
0.02
−0.60
2.51

(3.17)
(3.38)
(3.92)
(3.24)
(3.26)
(4.52)

θ(OPO) (deg)
171.6
171.4
171.8
171.1
172.7
170.5

(3.84)
(4.28)
(3.67)
(4.44)
(4.36)
(3.96)

a
RC: reaction coordinate at the transition state; d(O3′−Pα): distance between O3′ and Pα (forming bond in the forward reaction); d(Pα−O3A):
distance between Pα and O3A (breaking bond in the forward reaction); ψ(PO3): improper dihedral angle of the phosphate moiety (O2A−O5′−
O1A−Pα); θ(OPO): O3′−Pα−O3A angle. The ﬁrst and second values in each cell correspond to the forward and backward reactions, respectively.
The standard deviations of the means are shown in parentheses.

Figure 6. On top: More-O’Ferrall−Jencks diagram of bond formation (x-axis) and bond breaking (y-axis) for EF·1Mg, EF·2Mg, and the mAC.
Labels 1, 2, and 3 represent the typical examples for associative, concerted, and dissociative mechanisms, respectively. The EF reaction is highly
associative, according to our results. Labels R, TS, and P represent the locations of reactants, transition states, and products. On bottom: transition
state structures for EF·1Mg, EF·2Mg, and the mAC. The distances involved in phosphoryl transfer (black) and the improper dihedral angle of the
phosphoryl group (green) are indicated.

S1).48,55 Unfortunately, as here the QM subsystem is ﬁxed, this
methodology has an important limitation that its entropy is not
taken into account.44 As we will see, this component appears to
be essential for the EF mechanism. All free-energy barriers
decreased in the FEP calculations relative to SCC−DFTB, as
reported in Table S1. The barriers became closer to
experimental free-energy barriers. The more-accurate relative
free energies of the reactions supported the conclusions
obtained from SCC−DFTB calculations that are as follows:
(1) EF is more eﬃcient than mACs in both ion-binding modes.
(2) The two-metal ion-binding mode stabilizes reaction
products relative to reactants, thus reducing the rate of reverse
reaction. At the same time, these new estimates might indicate
that EF with two ions is more eﬃcient than that with a single
ion. Similar results were obtained using M06 and B3LYP (see
Table S1).
Description of the Mechanism. The reaction catalyzed by
ACs involves a proton and a phosphoryl transfer. The
phosphoryl transfer depends on the attack of the ATP-O3′
oxygen to Pα and the rupture of the Pα−O3A bond. The

formation of the O3′−Pα bond is dependent on the transfer of
the proton bound to O3′ (H3′) to some base. Here, His351 is
considered as the catalytic base in EF. A water molecule is
considered as the catalytic base in the mAC (Figures 4 and 5).
The proton transfer is described by distances d(NεH351/Ow−
H3′) and d(H3′−O3′). Likewise, the phosphoryl transfer is
represented by two distances: d(Pα−O3′) and d(Pα−O3A).
Proton and phosphate transfers occur at the crossing points of
each pair of distances (when the forming bond has the same
distance as the breaking bond). Therefore, in Figure 5,
phosphoryl transfer occurs at the crossing point of the orange
and red lines, and proton transfer occurs at the crossing point
of the black and gray lines. The mechanisms are similar for the
three systems, except for the nature of the catalytic base. Proton
abstraction from O3′ precedes phosphate transfer (Figure 5).
For EF, proton abstraction takes place earlier than for the mAC
and also in a greater range of reaction coordinates (Figure 4
and 5). This variability was observed in both directions (see
Figure 5). Therefore, our results suggest that the EF
mechanism involves an earlier proton transfer than that in
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mechanistic possibilities. Label “1” indicates an associative
mechanism in which the O3′ (nucleophilic atom) approaches
Pα before the Pα−O3A bond starts breaking, forming a
phosphorane group in the limiting case. The completely
opposite scenario is labeled “3”, in which the Pα−O3A bond is
broken before the formation of the O3′−Pα bond, resulting in
a metaphosphate TS structure. Finally, label “2” represents a
concerted mechanism, in which the formation and breaking of
phosphate bonds are simultaneous, that is, O3′−Pα is formed
at the same time when Pα−O3A is broken.59 In the present
work, all reactions were observed to be highly associative, such
that transition states display clearly distinguishable pentacoordinated Pα phosphate groups (Figure 6). This result is in
agreement with the description of the transition state structure
described in ref 8.
Conformational Flexibility of the Transition States. In
a previous work, classical MD simulations of EF structures
suggested that the ﬂexibility of the active site, including ATP
and ions, could play an important role in the catalytic
eﬃciency.7 ATP was observed to display diﬀerent ﬂexibilities
depending on the crystallographic model used. Here, we
performed an analysis of the ﬂexibility of the transition state in
EF and mACs (Figure 7). The structure of the transition state
displays greater conformational ﬂexibility in EF than that in the
mAC, specially in the ribose and phosphate groups (Figure 7B).
The conformational variability of the TS structure in mACs is
much smaller than that in EF, as a consequence of the limited
mobility of the O3′ oxygen, which is tightly coordinated to the
Mg2+ ion. This coordination increases O3′−H3′ acidity,
assisting proton transfer to the water molecule acting as a
base. However, it restricts the conformational ﬂexibility of the
substrate, hence resulting in an entropic penalty. EF appears to
retain its catalytic eﬃciency even with a looser attachment of
the ribose oxygen to the ion because the proton transfer is
assisted by His351, which is more basic than water. Therefore, a
greater conformational ﬂexibility of the transition state of EF
might allow the sampling of lowest-energy structures and
possibly increases TS entropy.
Charge Analysis. The charges of the QM subsystems were
computed along the reaction coordinate. The ribose O3′ has a
greater (less-negative) charge in the mAC than in EF·2Mg
(Figure S7) because it shares part of its negative charge with
the MgA ion (Figure 8). This is in agreement with the tight
coordination of the O3′ to the MgA ion described above for the
mAC. The MgA ion itself is less positive in EF possibly because
of the coordination of the His577 residue. The greater charge
of the O3′ oxygen in the mAC contributes to a greater acidity
of the H3′ proton, allowing its eﬀective transfer to water
molecules.
In EF, residues K346 and K353 take some of the negative
charge of the phosphates, likely stabilizing the transition state
(Figures S8 and S9). In the case of the mAC, the residues
R1029 and K1065 participate in the reaction by stabilizing the
reactants, but only R1029 seems to interact with the transition
state (Figure S10). Interestingly, these residues are part of the
C2a monomer that conforms with the heterodimer complex, but
the residues that participate in the coordination of the Mg2+
ions are part of another unit, C1a (the catalytic core of this mAC
consists of two homologous cytoplasmic domains: C1a and
C2a5). This is in agreement with the fact that the active site is
shared between the two monomers and their association is
necessary for the catalytic activity of the mAC.61,62

mACs. In the mAC mechanism, the O3′ ribose oxygen
systematically coordinates to Mg2+ at the A-site (MgA) before
proton transfer. Finally, in EF·2Mg, a water molecule
(coordinated to the MgA ion) stabilizes the negative charge
emerging on the O3′ oxygen by temporarily transferring a
proton to it (described in more detail in the Charge Analysis
section). This was not observed for EF·1Mg.
Two-metal-aided catalysis is involved in many enzymatic
phosphoryl-transfer reactions. In these enzymes, the cooperative motion of the two ions appears to be an important feature
of reaction mechanism. For instance, De Vivo et al. described a
cooperative motion of Mg2+ ions in Ribonuclease H. The
distance between the two ions decreases from 4.1−4.2 Å in the
reactant state to 3.8−3.9 Å in the transition state, and it is
restored in the product state.56,57 Similar cooperative movements were observed here for EF·2Mg, as shown in Figure S5.
The interionic distance decreases from ∼4.2 Å in reactants to
∼3.5 Å in the transition state, being restored to ∼4.0 Å in the
products. However, the ion distances in the mAC did not
display the same behavior. The distance between the ions (∼3.5
Å) is smaller than that in EF·2Mg (4.2 Å) and increases slightly
along the reaction, reaching ∼3.75 Å in the products (see
Figure S5).
Ion coordination can also be essential in enzymatic
phosphoryl-transfer reactions.57,58 In our simulations of EF·
2Mg, both ions display stable octahedral coordination along the
reaction (Figure S6). The same happens with the MgA ion in
the mAC. However, the Mg2+ ion in the B-site of the mAC
(MgB) is hexacoordinated in the reactant state and becomes
pentacoordinated (with trigonal bipyramidal geometry) at the
transition state. This occurs because one of the Pγ oxygen
atoms leaves the ion coordination sphere. In the mAC product
state (Figure S6), the coordination of the ions is noncanonical:
a water molecule interacts with both ions, coordinating more
tightly the one at the A-site.
Associative Character of the Reaction and Description of the Transition State. The conversion of ATP into
cAMP consists of a phosphoryl transfer reaction. This kind of
reaction may be associative, dissociative, or concerted.59 One
way to determine the associative/dissociative (A/D) character
of the reaction mechanism is measuring the O−P distances at
the TS. The A/D percentage is determined by correlating the
bond distance to the fractional bond number from Pauling.60
Therefore, an analysis of transition states was performed using
the average distances of the transition-state structures of all of
the productive trajectories (Table 2). The transition state is
located in the region where the phosphate moiety is transferred,
occurring after proton transfer, as discussed. The distances that
characterize phosphate transfer in the transition state are as
follows: Pα−O3′ = 2.0 Å and Pα−O3A = 1.9 Å (Table 2). The
proximities of Pα and O3′ suggest that the reactions are
associative, in all cases.60 The improper dihedral angle (deﬁned
by O2A−O5′−O1A−Pα) of the phosphate was close to 0°, as
expected for the transition states of SN2 reactions. In addition,
the angle formed between the breaking and forming bonds
(O3′−Pα−O3A) is close to 170°. Figure 6 shows a
representative structure of the transition state ensemble for
each system.
To conﬁrm the associative character of the reactions, we
computed More-O’Ferrall−Jencks diagrams. These diagrams
are two-dimensional plots of the free-energy surface as a
function of the two O−P distances associated with phosphate
transfer.59 The ﬁrst panel of Figure 6 depicts the three diﬀerent
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Figure 8. Mulliken charge distributions of the Mg2+ ions coordinated
to O3′ in EF·2Mg (black) and in the mAC (red). The histogram
represents the charges at the reactant region of the reaction
coordinate, averaged over the three SMD trajectories of smaller
works. The ﬁgure shows that the ion charge is more positive in the
mAC than in EF·2Mg, increasing the acidity of the coordinated O3′.

reaction in any of the two ion-binding modes, a solution to the
controversy of the number of ions present in the EF active site.
This mechanistic ﬂexibility might be an adaptation to ion
availability of infected host cells. Given the accuracy of our
calculations, we cannot rule out the possibility that rates of
catalysis are greater with two Mg2+ ions in the EF, but there is
enough evidence to assert that EF displays higher catalytic rates
than mACs in both ion-binding modes. EF can be more
eﬃcient than mACs because the binding site ion is not required
for proton abstraction from the ribose O3′ hydroxyl. Indeed,
EF appears to avoid this interaction by having an additional
basic residue to coordinate the catalytic ions. The reduced
acidity of the O3′ oxygen is compensated by the presence of
the basic His351 residue that can act as a general base.
Indirectly, the looser attachment of the substrate to the ions
allows for a greater conformational ﬂexibility of the transition
state, possibly favoring the reaction via entropy.

■

Figure 7. Conformational variability of the transition state structures
of EF·2Mg and the mAC: (A) Flexibilities (computed as RMSFs) of
the transferring phosphate and ribose (for simplicity, only C5′ and O3′
are shown). (B) Conformational diversity of the transition state
structures of EF and the mAC. The increased ﬂexibility of the substrate
in EF facilitates the approach of O3′ to Pα and possibly the sampling
of lower-energy conformations.
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The evolution of charges in EF·2Mg also reveals the
participation of a water molecule, coordinated to the MgA
ion, in the reaction. After H3′ is transferred to His351, this
water molecule (which is acidic because of its coordination to
the ion) gains electron density, and its charge goes from
positive (+0.2e−) to negative (−0.2e−). This occurs because of
the temporary transfer of one of its protons to the O3′ atom of
ATP .
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CONCLUSIONS
We have performed QM/MM calculations to address
fundamental questions about the catalysis mechanism of the
EF of anthrax. Our calculations indicate that EF can catalyze the
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