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ABSTRACT: The two-metal catalysis by the adenylyl cyclase
domain of the anthrax edema factor toxin was simulated using
the empirical valence bond (EVB) quantum mechanical/
molecular mechanical approach. These calculations considered
the energetics of the nucleophile deprotonation and the
formation of a new P—O bond in aqueous solution and in the
enzyme—substrate complex present in the crystal structure
models of the reactant and product states of the reaction. Our
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calculations support a reaction pathway that involves metal-assisted transfer of a proton from the nucleophile to the bulk aqueous
solution followed by subsequent formation of an unstable pentavalent intermediate that decomposes into cAMP and
pyrophosphate (PP;). This pathway involves ligand exchange in the first solvation sphere of the catalytic metal. At 12.9 kcal/mol,
the barrier for the last step of the reaction, the cleavage of the P—O bond to PP, corresponds to the highest point on the free
energy profile for this reaction pathway. However, this energy is too close to the value of 11.4 kcal/mol calculated for the barrier
of the nucleophilic attack step to reach a definitive conclusion about the rate-limiting step. The calculated reaction mechanism is
supported by reasonable agreement between the experimental and calculated catalytic rate constant decrease caused by the

mutation of the active site lysine 346 to arginine.

yclic AMP (cAMP) is a key second messenger in cellular

responses to extracellular stimuli such as hormones and
neurotransmitters. The elevation of the intracellular cAMP level
modulates a diverse set of physiological responses, including
carbohydrate and lipid metabolism, cell differentiation,
apoptosis, neuronal activities, and ion homeostasis.' > Many
infectious organisms secrete virulence factors that increase
cAMP levels within infected host cells, thus disrupting
intracellular signaling pathways. One mechanism is to secrete
toxins with adenylyl cyclase activity that enter host cells and
increase the level of intracellular cAMP. Two better-studied
adenylyl cyclase toxins are edema factor (EF) secreted by
anthrax bacterium Bacillus anthracis”® and CyaA secreted by
Bacillus fertussis, the causative agent of pertussis (or whooping
cough).® EF enters into host cells by anthrax protective antigen-
assisted translocation.” EF can profoundly retard immune
surveillance, particularly on macrophages, dendritic cells, and T
cells, alter functions of endothelial cells, and lead to dysfunction
of the cardiovascular system.”® Consistent with this notion, the
defect in the EF gene leads to reduced virulence of anthrax
bacteria, and an approved drug that blocks the activity of EF
can reduce anthrax-caused mortality in mice.>”

EF consists of two functional domains (Figure 1). The N-
terminal domain is an anthrax protective antigen-binding
domain, which facilitates the entrance of EF into the
intracellular space. The C-terminal domain is a calmodulin
(CaM)-activated adenylyl cyclase domain (ACD). EF adenylyl
cyclase belongs to the adenylyl cyclase toxin family (class II).
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Despite catalyzing the same reaction, this toxin family has no
structural homology with the mammalian adenylyl cyclases.'”"!
The first crystallographic study of the EF-ACD—CaM-3'-
dATP complex [Protein Data Bank (PDB) entry 1K90]"!
showed the presence of one metal ion coordinated to both a-
and fB-phosphates of dATP, as opposed to two-metal catalysis
implied by the structure of mammalian adenylyl cyclase.'”'?
The two-metal ion catalysis, which is a prevalent mechanism in
DNA polymerases and some endonucleases,"”> ™" is used by
mammalian adenylyl cyclase to facilitate formation of cAMP
from ATP. The role of the second metal in facilitating the
deprotonation of the 3'-OH group of ATP seemed to be
performed in EF-ACD by histidine 351, resulting in a catalytic
efficiency, k../Ky, of EF-ACD more than 2 orders of
magnitude larger than that of mammalian cyclase.'® Such a
high level of production of cAMP, a second cellular messenger,
overwhelms the cell signaling pathways leading to its death.
Thus, a detailed knowledge of the EF-ACD catalytic
mechanism is important for preventing and defending against
anthrax outbreaks.

The case for a single-metal general base catalytic mechanism
was weakened by the site-directed mutagenesis of His 351 to
lysine, which had almost no effect on k..'” The role of the
general base could be substituted by the second metal ion. This
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Figure 1. Edema factor toxin (orange, protective antigen-binding
domain; cyan, C, catalytic core; purple, Cy catalytic core; green, helical
domain of the adenylyl cyclase domain, ACD) in cartoon
representation. The simulated part of the enzyme and the ATP
substrate are enclosed in a droplet of water molecules.

ion was observed in a more recent X-ray structure of the EF—
CaM—3'-dATP complex (PDB entry 1XFV)."” However, this
crystal structure had a lower resolution of 3.35 A. Thus, one or
both of the reported Mg*" ions could actually represent Na* or
a water molecule. Molecular dynamics simulations of ATP
binding based on the 1XVF structure'” indicated that His 351 is
unlikely to directly function as a general base but could still play
a role in assisting a water molecule or OH™ ion to deprotonate
the 3’-OH of ATP. Interestingly, the structure of EF-CaM that
was cocrystallized with cAMP and pyrophosphate (PDB entry
1SK6)'® (i.e., with the reaction products) also showed two
metal ions in the active site. However, Mg®* ions were replaced
by Yb*" ions in this structure, and a partial occupancy of
double- and single-ion configurations was needed to reproduce
the observed electron density.

The one-metal reactant (PDB entry 1K90) and product
(PDB entry 1SK6) structures contain substrates and products
in orientations that are similar enough'® to be consistent with
expected concerted or nearly concerted P—O bond forming
and breaking processes during the catalytic reaction.'” The
largest conformational difference between these structures
resides in the adenine moiety that is in the anti orientation in
the structure with bound dATP but in the syn orientation in the
product structure. In contrast, the two-metal reactant (PDB
entry 1XFV) and product structures do not appear to be two
snapshots along the same mechanistic pathway. This is because,
in addition to the difference in the torsional angle of the
glycosidic bond, there is a large difference in the conformation
and orientation of their triphosphate—PP; moieties.'”""*

In this study, we investigate the energetics of two-metal ion
catalysis (Figure 2) of the wild-type (WT) EF-ACD and its
K346R mutant using quantum mechanical/molecular mechan-
ical (QM/MM) computer simulations. We calculated free
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Figure 2. Schematic topology of the active site of EF-ACD with a
bound ATP substrate. The associative mechanism is denoted by
arrows. The initial proton transfer from the 3’-OH nucleophile (O,,.)
to His 351 (general base, GB, mechanism) is indicated by the blue
arrow. An alternative extrinsic (EX) mechanism for the abstraction of a
proton from O,,. may involve OH™ (colored red) that diffuses into
the active site from the aqueous solution.

energy profiles for the conversion of ATP to cAMP and
pyrophosphate (PP;) while considering two different con-
formations of the substrate and two possible mechanistic
options for the deprotonation of the 3’-O nucleophile. First, we
examined a direct proton transfer from the 3’-OH group of
ribose to His 351 (general base mechanism), followed by the
nucleophilic attack and PP; departure steps. Alternatively, we
evaluated the ATP cyclization initiated by the ribose that is
already in its deprotonated state in equilibrium (extrinsic
mechanism) while also taking into account the free energy cost
of forming such a deprotonated nucleophile at pH 7. In this
calculation, we assumed that the protonated and deprotonated
states of the nucleophile are in a fast equilibrium determined by
its calculated pK, in the protein and the pH of the aqueous
solution. To examine the role of substrate conformation, each
reaction mechanism was independently simulated using initial
structures of the EF-ACD—ATP complex generated from the
1XFV and 1SK6 crystal structures.

All reaction surfaces were generated using the empirical
valence bond (EVB) method.”® In a conventional imple-
mentation of this approach, the classical molecular dynamics
(MD) simulations are first driven from the “reactant” to the
“product” state of a single-step reaction using a coupling
parameter A. The EVB energies are then calculated for
geometries sampled by MD simulations, and the EVB-based
free energies are plotted along a collective “Egalpg” reaction
coordinate using the umbrella sampling approach.”*" In this
study, we improved the sampled energy space by “pooling” MD
and EVB energies obtained from independent simulations of
the reaction in the forward (1 =0 — A = 1) and reverse (1 =1
— A = 0) directions. The free energy surfaces calculated using
the pooled EVB approach showed improved stability and
agreement with the observed rate constants.

B METHODS

Calculations of the Free Energy Profiles. To compute
the total free energy differences and activation barriers of the
different reaction steps, the EVB theory'”*° was applied in
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combination with the free energy perturbation (FEP) technique
and MD simulations. In the EVB method, the reaction free
energy profile is calculated on the ground state energy surface,
E. E, equals the lowest eigenvalue of the EVB Hamiltonian, H,
for the studied system. The diagonal elements of matrix H are
represented by classical potential energy functions of the
diabatic valence bond states (i.e., reactant and product states for
the two-state EVB) of the investigated elementary reaction

step:
N‘I
Hy=¢= Z D;{l - exp[—a;(bq - bl,o)]}z

q=1
1 1
2 2kl = o+ K6 = 6o
j=1 I=1

Nt Nnb
+ Z k;,t[l + cos(n,;d)’; - 8]+ z Urilb,ps +a
m ps=1

(1)

where the first term represents a Morse potential of the gth
affected (breaking or forming) bond in the ith state, the second
term is the harmonic potential for the other bonds, the third
and fourth terms are the angle and torsion potentials for the
covalently bonded atoms, respectively, and Urilb,ps is the
nonbonded interaction energy, including the electrostatic and
van der Waals contributions. ¢ is the gas phase energy of the
ith state when the reacting fragments are separated to the
infinity. The off-diagonal elements are usually represented by
simple-exponential functions

Hij = Aij exp[—,ui].(rab - ”ab,o)] (2)
or, as in this work, by constant functions that are activated in
the program input by setting y; equal to zero. In eq 2, 7y,
represents the distance between two atoms characterizing the
affected bond between the ith and jth states, and Ay, p;, and 7,
are empirical constants. The values of @, A and p; are
calibrated on the basis of the computational reproduction of the
experimental free energy profile (or high-level ab initio data)
for the reference reaction in aqueous solution that has the same
mechanism as the reaction in the enzyme. In the conventional
EVB approach (discussed below), the system is driven on a
parameter-free potential. Because the values of o, Ay and pj; are
absent from these forces, their parametrization is conveniently
performed after completion of MD simulations.

To simulate the formation of the chemical bond during the
transition between two EVB states, £; and &, (initial and final
states, respectively), we conduct MD simulations of the system
on an artificial potential (mapping potential, &) that is
determined by a linear combination of the initial and final
states:

en(d) = (1 = ) + Ag, ©)
where A is an order parameter going from 0 to 1 in N + 1
windows (so k takes integer values from O to N) as the initial
state is changed to the final state. The free energy change
between the consecutive steps can be calculated by Zwanzig’s
formula®'

AG_ 41 = _ﬂ_l In(exp{—ﬂ[sm(/lkﬂ) - Sm(/’{k)]}>k
4)
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where the broken brackets mean an averaging over the
trajectory performed on the kth mapping potential and S =
1/(ksT), where ky is Boltzmann’s constant and T is the
temperature in kelvin. The total free energy between the two
states is the sum of AGy_,, perturbations:

N-1

AG(g, — &) = Z AG 41
k=0

©)

After the completion of MD-FEP calculations, we computed
the entire free energy profile (and determined the activation
barrier) using the umbrella sampling (US) method. This
method determines the potential of mean force, Ag, on the
ground state EVB energy surface (Eg) using eq 6:

i—1

Z AGk—>k+1 -

k=0

Ag(X) = <

1
(6)
where the first term on the right-hand side represents the free
energy difference between the first and ith mapping potentials
(MD-FEP, eq S), & denotes Dirac’s delta function, and the
inner broken brackets ({..). ) denote the average over the

% In(3(X — X') exp{—~pIE, - emu,->1}>gm>

trajectory performed on the given (ith) mapping potential (eq
3). The outer broken brackets (...);) symbolize an average over
contributions from all mapping potentials to the free energy
profile. Our general coordinate was evaluated (after the
completion of MD simulations) as the energy difference
between the energies of the initial and final diabatic states

X=E,=¢—-¢&

™)

Using eq 7, a reaction coordinate value was assigned to all
configurations of the reacting system that were sampled during
our MD simulations. This reaction coordinate is usually
subdivided into M equidistant bins. The resolution provided
by this discretization is practically limited by the need for each
bin to include statistically significant numbers of sampled
geometries. Equations 6 and 7 allow us to calibrate the EVB
parameters and reproduce the free energy profile of the
reference reaction after the completion of MD simulations.

Models of the Reacting System in the Enzyme. Models
based on the “reactant” structure were derived from the crystal
structure of EE-CaM with dATP (PDB entry 1XEV'”). Models
based on the “product” structure were generated from the EF-
CaM—cAMP—PP; complex (PDB entry 1SK6'). In the latter
case, the crystallographic structure contained ytterbium ions,
which were replaced with catalytically active magnesium ions,
so all enzymatic models contained two magnesium ions in the
catalytic center. Protein residues were completed with hydro-
gen atoms using the Amber 9 program package.*” Furthermore,
crystallographic water molecules and CaM were removed, and
the crystal structures have been immersed in a sphere of TIP3P
water molecules with a 24 A radius centered on the P, atom of
ATP or cAMP. The positions of ACD atoms that protruded
outside this 24 A simulation sphere (Figure 1) were constrained
at their coordinates observed in the crystal structure.

The 3’-OH group was manually added to dATP; the
resulting ATP and PP; were protonated at the O2y atom
(Figure 1S of the Supporting Information), resulting in a total
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charge of —3 au for ATP and PP;. The use of the triphosphate
moiety that carries a charge of —3 au deviates from the charge
of —4 au employed in our earlier computational stud-
ies."'7237% This methodological change was introduced to
improve the agreement between the calculated and exper-
imental geometries of the arginine 149 residue in the active site
of DNA polymerase f by reducing overestimated electrostatic
interactions between arginine 149 and the nearby y-
phosphate.”® This approach was retained in this study because
we believe that reducing the high charge of y-phosphate
increases the reliability of the computer simulations that do not
examine chemical transformations of this group.

The total charge of the Glu, Asp, Lys, and Arg residues was
set to be consistent with their pK, constants in water; residues
more than 18 A from the P, atom of ATP or cAMP were kept
in their electroneutral form. All His residues were kept in their
neutral Ns-H form. These protonation settings ensured overall
electroneutrality of each simulation sphere that was used to
simulate the reaction mechanism involving the transfer of a
proton to the general base. Therefore, no counterions were
added to the simulated system. An additional glutamate acid
residue (Glu 381) was protonated during simulations of the
mechanism involving the transfer of a proton to the bulk water
(extrinsic mechanism), so that the overall neutrality of the
simulated system could be established after the annihilation of
the proton on the nucleophile. The initial structure of the
mutant protein was generated from the reactant crystal
structure by manually changing side chain atoms of lysine
346 to arginine.

Models of the Reacting System in Water. Models used
to investigate the reference reaction for the general base
mechanism in water included a protonated ATP (or cAMP and
PP; for the product structure), a capped histidine residue, two
magnesium ions, and one chloride ion to achieve overall
electroneutrality. Three models were used to investigate the
extrinsic mechanism: two of them included an adenosine, a
capped histidine residue, and a sodium ion (at different
positions), while the third one contained a protonated ATP, a
capped histidine residue, and two magnesium ions. The third
model was used also for calculations of the two reaction steps
that followed the initial deprotonation of the nucleophile. Each
model was filled with a 24 A radius water droplet centered on
the O3’ atom.

MD Simulations. MD calculations were conducted usin%
the Amber 94 force field”” implemented in Q version 5.06.”
Nonstandard force field parameters for magnesium ion,"*
protonated ATP, adenosine, cAMP, protonated PP, and the
pentavalent phosphorane intermediate are described in the
Supporting Information (Tables 5S—16S).

Production MD trajectories were obtained using a 1.0 fs
integration step. The SHAKE algorithm® was applied to all
hydrogen atoms outside the reacting region. All nonbonded
interactions of the reacting part were considered explicitly,
while the remaining nonbonded interactions were evaluated
using a combination of a 10 A cutoff radius and the local
reaction field (LRF) approximation® for the long-range
electrostatic interactions reaching beyond this cutoff. For the
outer water shell, which included water molecules within 3 A of
the edge of the simulation sphere, a polarization restraint was
applied (with a 20 kcal mol™" rad™* force constant).

The initial relaxation of each protein structure was performed
using the following protocol. First, the system was gradually
heated from 1 to 300 K in a 200 ps simulation, while a 50 kcal
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mol™ A™? harmonic force constant was applied on the solute
atoms to restrain them to their positions in the crystal structure.
This procedure resulted in the equilibration of the solvent
around the solute molecule. During an additional 185 ps, the
system was gradually cooled to 5 K using the same harmonic
force constant to restrain positions of the solute atoms. The
restraining force constants were gradually decreased to 1 kcal
mol™" A™* in a subsequent 30 ps simulation at 5 K. Finally, the
system was gradually reheated to 300 K during a 150 ps
simulation, and an additional 100 ps equilibration was applied
at 300 K (using a 1 kcal mol™" A~ force constant on the solute
atoms; these restraints were removed in production FEP
calculations).

The reference systems in aqueous solution were equilibrated
by being gradually heated from 1 to 300 K in a 150 ps
simulation. At 300 K, an additional 100 ps simulation was
conducted to further relax the simulated system. Calculations of
each reaction step included a 1 ns FEP MD simulation that was
subdivided into 51 windows. In aqueous solution, only a 1 kcal
mol ™" A™* positional restraint was applied to keep the center of
mass of the solute in the center of the water droplet.

Additional distance restraints were applied depending on the
investigated reaction step in aqueous solution or enzymatic
environment. In the reactions involving the transfer of a proton
to the general base, the distance between the proton donor and
acceptor atoms was restrained using a flat-bottom harmonic
potential, which was characterized by a 10 kcal mol™' A~
harmonic force constant applied for distances of <1.0 and >3.0
A. For the P—O bond formation and cleavage reaction steps, a
similar restraint was used between the phosphorus and the
attacking or leaving oxygen atom. In this case, the flat region of
the potential was located between 1.0 and 4.4 A.

EVB Calculations. The reactive (QM) region that was used
in EVB calculations included 26 atoms belonging to the a- and
P-phosphate groups, the imidazole moiety of His 351, and a
part of the ATP sugar (Figure 3 and Figure 1S of the
Supporting Information). This EVB QM region was used in all
calculations in water or protein when ATP or cAMP with PP;
was present. For the reference reaction in water involving
adenosine in place of ATP, the EVB QM region included
imidazole protonated on the Ng atom, and a HOy—HCy H—
CyH—C;H—O;H ribose fragment (total of 19 atoms).
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Figure 3. Definition of the QM EVB region (red) of the simulated
systems.
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Definition of Valence Bond States. We considered two
alternative proton transfer pathways (extrinsic, e, and general
base, g) to deprotonate the O3’ nucleophile. Both protonation
pathways were evaluated in the context of the forward reaction
(ATP — cAMP + PP,) in the WT and mutant enzymes and the
backward reaction (cAMP + PP, — ATP) in the WT. Eleven
valence bond states (resonance structures) that were used in
the EVB calculations of individual reaction steps are presented
in Figure 4. These states include a reactant state for the forward
reaction, le/fw (or equivalently Ig/fw), and the product state of
the backward reaction, Ie/bw (or equivalently Ig/bw). Note
that the Ie/bw state differs from the Ie/fw state in the
protonation state of His 351. Our adoption of this structural
difference was motivated by differences in the crystallographic
position of His 351 that are present in the structures of PDB
entries 1XVF and 1SK6. The studied valence bond states also
include the deprotonated intermediates with a negatively
charged O3’ nucleopbhile for the general base, Ilg, and extrinsic,
Ile, mechanisms, the pentavalent phosphorane intermediates,
IIle and IIlg, the product states of the forward reaction, IVe/fw
and IVg, and the reactant states of the backward reaction, IVe/
bw and IVg.

Pooled Sampling. To increase the efficiency of sampling in
EVB simulations, we introduced a new technique termed
pooled sampling (PS). The main idea is to calculate a single
free energy profile of a given reaction step based on the
configurations sampled in both the forward and reverse FEP
simulations. Instead of calculating a simple average free energy
profile from the forward and reverse profiles, we pooled the
sampled points with the appropriate 1 values together. The
construction of mapping potentials is similar for the forward
and reverse reactions (eq 3), the only difference being the
direction of their change. In the forward FEP simulation, A
changes from 0 to 1 as k increases from 0 to N, whereas in the
reverse simulation, 4, changes from 1 to 0 as k increases from 0
to N. Therefore, to collect the energy points (g,,) that belong
to the same mapping potential, we have combined the forward
and reverse energies as follows:

{4} = e’ (A} U e (1 = 4} ®)

With these merged sets of mapping potentials, we can apply the
standard EVB—US process (eq 6) for the pooled points as if
they were from a single (one-direction) FEP simulation.

B RESULTS

Energetics of the Reference Reaction in Aqueous
Solution. The overall reaction and activation free energies for
the studied reaction in aqueous solution have not been
measured because the hydrolysis of ATP in aqueous solution
occurs preferentially on the y-phosphorus, yielding ADP and
inorganic phosphate, P;. For the ease of calibration of our EVB
model, the ATP — cAMP + PP, reaction was split into three
separate two-state reaction steps: the nucleophile generation
(proton transfer, PT), the nucleophilic attack (NA), and the
departure of the leaving group (DL). A combination of
experimental kinetics and thermodynamics and ab initio
quantum chemical data were used to determine the energetics
of these steps in aqueous solution.

PT Reactions in Aqueous Solution. Reaction free energies
for proton transfer (PT) reactions were determined using the
difference in the experimental pK, of the proton donor and the
conjugate acid of its acceptor
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Figure 4. Valence bond states that were used in our EVB calculations.
Each state is denoted in the text using a combination of a Roman
numeral and g and e, fw, and bw abbreviations that provide
information about mechanistic and computational pathways, in
which this state plays a role. The phrases “forward reaction” and
“backward reaction” refer to the overall ATP — cAMP + PP, and
cAMP + PP; — ATP reactions, respectively, whereas the “reverse
reaction” or “reverse direction” denotes a single reaction step that was
driven by the FEP mapping from a valence bond state labeled in this
figure with a higher Roman numeral to a state labeled by a lower
Roman numeral: I, His with ATP (note that this is the reactant state of
the forward reaction as well as the product state of the backward
reaction); II, deprotonated intermediate state; III, pentavalent
intermediate state; IV, His + PP; + cAMP, i.e, the product state of
the forward reactions and the reactant state of the backward reaction. e
denotes the extrinsic mechanism. g denotes the general base
mechanism (in this mechanism, His becomes doubly protonated
from state II). fw denotes the forward reaction with the imidazole ring
protonated on Nj bw denotes the backward reaction with the
imidazole ring protonated on N,. Note that for IIg, IlIg, and IVg states,
the forward and backward resonance states are identical because the
histidine is doubly protonated.

dx.doi.org/10.1021/bi400088y | Biochemistry 2013, 52, 2672—2682



Biochemistry

AGpr = 2.303RT[pK,(donor) — pK,(acceptor)] (9)

where R and T denote the universal gas constant and the
thermodynamic temperature, respectively. For the general base
mechanism with histidine (pK, = 6.1) being the proton
acceptor and adenosine (pK, = 12.35*") the donor (Figure 2),
AGpr = 8.6 kcal mol™. A small activation barrier for this
reaction was assumed because the PT reactions between N and
O atoms with similar pK, values are very fast in solution,** thus
yielding the overall forward activation free energy of 10 kcal
mol~". The free energy for nucleophile deprotonation by the
extrinsic mechanism at pH 7 was calibrated as 7.3 kcal mol™
using the strategy described in refs 14 and 18.

cAMP Formation in Aqueous Solution. The observed
standard reaction free energy for the ATP — cAMP + PP,
reaction is 1.6 kcal mol "> Because the products stay in
contact in our simulations of the reaction in aqueous solution,
we added to this free energy an estimated entropic penalty of
2.4 kcal mol™" [=RT In(55.56)] to arrive to the reaction free
energy of 4.0 kcal mol™ for the uncatalyzed reference reaction
in aqueous solution.

For the calibration of the activation free energy of the
reference reaction in aqueous solution, we used a rate constant
ky of 7.5 X 107 M " s that was observed for the hydrolysis of
¢TMP by hydroxide ion.>* Here we assumed that the hydrolysis
of cAMP by hydroxide has the same rate constant. After
inserting this rate constant and the corresponding pK, for H,0
(15.5) in the Bronsted linear free energy relationship (LFER)

o)
s ky (10)

with a slope (B,..) of 0.30,>° we estimated the rate constant for
the case in which the attacking nucleophile is PP; [pK,(PP,) =
8.9°°] as k, = 7.8 x 107" M~! s™". This rate constant can be
converted using the transition state theory®’

B [PK, (1) — pK,(2)]

kT
kTST: =

h

Ag:t
exp| ———

kT (11)
where ky and h are Boltzmann’s and Planck’s constants,
respectively, to an activation free energy Ag* of 31.4 kcal mol ™
at 300 K. An additional 2.4 kcal mol™" barrier reduction due to
the “cage” effect’® was also used to account for the
intramolecular character of our reference reaction. The
resulting 29.0 kcal mol™' activation free energy for the
backward reference reaction translates to the activation free
energy of 33.0 kcal mol™" for the ATP — cAMP + PP, reaction
in aqueous solution at pH 7 (Figure S). This activation barrier
applies to the extrinsic mechanism and includes the nucleophile
deprotonation free energy at pH 7.

For the general base mechanism, we assumed that the PT
from the nucleophile is completed prior to the nucleophilic
attack step. Then, because the free energy required to activate
the nucleophile by the transfer of its proton to histidine is 1.3
kcal mol™ larger than for the extrinsic mechanism, the overall
barrier becomes 34.3 kcal mol™' for the general base
mechanism (Figure 6). Finally, the reaction free energy of 5.3
kcal mol ™" is shown in Figure 6 as the free energy of state IVg is
1.3 kcal mol™" larger than that of state IVe (Figure 5) because
the IVg — IVe histidine deprotonation step is not examined by
our EVB calculations.

In addition to supporting our EVB calibration for adenylyl
cyclases by sound estimates of the activation and reaction free
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Figure 5. Calculated relative free energies for the extrinsic mechanism.
Valence bond states involved in this mechanism are shown in Figure 4.
The catalytic reactions of WT EF-ACD and its K346R mutant
calculated using simulations initiated from the 1XFV enzyme structure
are colored black and red, respectively. The free energy profile from
simulations of the catalytic reaction of WT EF-ACD initiated from the
1SK6 structure is colored green. The energetics of the corresponding
reference reaction in aqueous solution is colored blue.
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Figure 6. Calculated relative free energies for the general base
mechanism. Valence bond states involved in this mechanism are
shown in Figure 4. The catalytic reactions of WT EF-ACD and its
K346R mutant calculated using simulations initiated from the 1XFV
enzyme structure are colored black and red, respectively. The free
energy profile from simulations of the catalytic reaction of WT EF-
ACD initiated from the 1SK6 structure is colored green. The
energetics of the corresponding reference reaction in aqueous solution
is colored blue.

energies for the uncatalyzed reaction in aqueous solution, we
needed to establish a realistic free energy profile for this
reaction. In accordance with the shape of the two-dimensional
ab initio quantum surface for the methanolysis of methyl
phosphate in 1 M OH~,*® we placed the barriers for the
nucleophilic attack and departure of the leaving group from the
dianionic phosphorane intermediate at an equal height on a
nearly flat free energy surface (blue profiles in Figures S and 6).
Replacing the methanol leaving group in methyl phosphate
with a better leaving group (PP;) in ATP would likely result in
the disappearance of the shallow minimum for the pentavalent
phosphorane intermediate, thus yielding a fully concerted
reaction. We retained the stepwise character of the reaction
because this mechanism can be more efficiently implemented in
the framework of the EVB methodology. This is because
significantly longer simulations are required to properly sample
the concerted process, in part because of difficulties with the
implementation of the energy gap reaction coordinate for
concerted pathways. Because partial atomic charges in the
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Figure 7. Metal coordination in the intermediate formed by deprotonating the O3’ nucleophile (state II in Figure S). The metal coordination and
the substrate and active site residue conformations vary depending on whether the computer simulations were started from the crystal structure of
EF with bound dATP (A) or with bound cAMP and PP; (B). Hydrogen atoms on the protein and substrate are not shown.

Table 1. Comparison of the Calculated” and Observed'' Rate Constants and Activation Free Energies for the WT and K346R
Mutant of EF-ACD

enzyme AGpr (kcal mol™) K Ag¥ (kcal mol™) k(sh) ke (571 kP (s7h) A (kcal mol™)  Ag®® (kcal mol™)
WT -1.0 54 139 467.8 394.1 1200 14.0 133
mutant —4.5 1897 18.7 0.1490 0.1489 0.00S 18.7 20.7

“To compare the calculated free energy profile with the observed steady state kinetics, we used the kinetic scheme E + S i ES 5— ES’ LA E+P
where K, is the dissociation constant for dissociation of the enzyme—substrate complex (ES) to E and S [K; = ([E][S])/[ES]], K is the equilibrium
constant (K = [ES’]/[ES]) between ES with protonated ATP and its deprotonated form (ES’), and k is the rate constant for the rate-limiting step
whose free energy Ag* is determined by the highest point on the calculated free energy profile and the plateau after the proton transfer step (state I/
ex). Here we used the fact that the calculated reaction intermediate (III/ex in Figure S) is so unstable that its existence does not affect the observed
kinetics. The constants k and K were determined using the transition state theory (eq 11) and the relationship between the e%uilibrium constant and
free energy difference, AGpy = —RT In K. The steady state catalytic constant, k., was calculated as k., = (kK)/(1 + K).*

phosphorane transition state and intermediate are similar and of the calculated results, their discussion, and comparison with
the overall surface retains its high-energy plateau character in experimental kinetics (Table 1) will focus on the extrinsic
both scenarios, the amount of stabilization by the protein mechanism.
environment should also be similar for the concerted and The K346R mutant was also calculated to favor the extrinsic
stepwise mechanisms that proceed via structurally similar mechanism. The deprotonated nucleophile (Figure S, state II)
pentavalent states. Thus, our stepwise model for the is predicted to be more stable than its neutral form (Figure S,
uncatalyzed reaction should be able to adequately capture the state I) in both the mutant and WT. This stabilization is due to
catalytic effects of adenylyl cyclases. direct coordination of the Mg, ion to the O3~ atom of the
Enzyme-Catalyzed Reaction. The calculated free energy ribose (Figure 7A). In contrast, a significant destabilization of
profiles for the uncatalyzed and enzyme-catalyzed reactions are the deprotonated nucleophile [AG = 6.0 kcal mol™" (Figure $)]
presented for either the extrinsic or the general base mechanism was obtained in simulations initiated from the crystal structure
in Figures S and 6, respectively. For each mechanism (Figure of the product. This destabilization can be attributed to the
2), separate free energy profiles are presented for two different repulsive interaction between O3~ and one of the anionic
initial substrate conformations and positions of the two Mg>* oxygen atoms of the a-phosphate (Figure 7B). Because of a
ions. These disparate initial geometries, which cannot be longer O3’—phosphate distance, which can be attributed to
sampled in a single MD simulation,'® were based on X-ray differences in Mg, coordination (cf. panels A and B of Figure
diffraction data obtained from crystals that were grown under 7), this destabilizing electrostatic interaction is weaker in the
different conditions.'®"” simulations initiated from the 1XFV crystal structure (Figure
The overall energetics for the activation of the 3'-O 7A). Thus, the calculated energetic differences can be traced
nucleophile (O,,.) and the subsequent associative PO bond back to significantly different conformational states of ATP in
formation and cleavage (Figure 2) are more favorable when the the two crystal structures.
nucleophile activation occurs via the extrinsic rather than the Because Arg 346 H-bonds with the deprotonated O3’ atom
general base mechanism (cf. Figures S and 6). This is because (03’—N distance of 2.8 A) but Lys 346 does not, the relative
the rate-limiting activation barrier of 12.9 kcal mol™" for the free energy of the deprotonated intermediate in the extrinsic
extrinsic mechanism simulated from the EF-ATP complex'’ mechanism (Figure S, state II) improves from —1.0 to —4.5
(PDB entry 1XFV) is significantly lower than the value of 24.8 kecal mol™ in the K346R mutant. The new H-bonds from Arg
kcal mol™" calculated for the general base mechanism. The 346 to O3’ and a-phosphate are formed along the forward
general base mechanism becomes more favorable than the deprotonation trajectory, while the initial close contact of Arg
extrinsic one only for calculations that were started from the 346 with the y-phosphate disappears. This deprotonation-
crystal structure of the EF—cAMP complex (27.1 and 24.8 kcal induced structural reorganization of the mutant could be a
mol™! for the extrinsic and general base mechanisms, useful structural marker for the assignment of the protonation
respectively)'® (PDB entry 1SK6). Therefore, our description state of the ribose in the crystal structure of the K346R mutant.
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Figure 8. Metal coordination to assist the nucleophilic attack step of the reaction for the WT (A) and mutant EF-ACD (B). Hydrogen atoms on the

protein and substrate are not shown.

In addition, the structural integrity of our calculations could be
verified by cocrystallizing the K346R mutant with an unreactive
ATP analogue, for example, the one with the a—f bridging
oxygen substituted by the NH or CH, group, which would
allow us to observe the predicted Arg 346—03’ interaction.

A notable reorganization of the metal—ligand interactions
was observed during the attack of O3’ on P, in the simulations
of both the WT (cf. Figures 7A and 8A) and the K346R mutant
(Figure 8B). After this reorganization, oxygen atoms of the a-
phosphate and O2'H groups became directly coordinated to
Mg,. The direct coordination of the anionic oxygen atoms on
a-phosphate by both metal ions was retained in the transition
states for the nucleophilic attack (Figure S, state TS2) and the
departure of the leaving group (Figure S, state TS3), and in the
pentavalent intermediate (Figure S, state III).

The ability of our calculations to reveal the reaction
coordinate contribution by the coordinates other than P,—O
bond distances is facilitated by our use of the A-dependent
collective reaction coordinate that specifies the initial and final
EVB states but not the geometric details of their connecting
pathway. However, this rigorous approach to discovering
important mechanistic contributions appear to be more
sensitive to the MD sampling of the configurational space
than the simple geometric reaction coordinate employed by
non-EVB QM/MM studies.

To address this methodological aspect of our calculations we
evaluated the hysteresis of the calculated free energy profile by
running A-based sampling (eq 3) for a given reaction step first
in the forward and then in the reverse direction (Tables 3S and
4S of the Supporting Information). In some cases, we followed
these two simulations by a second forward calculation that was
started from the end point of the reverse simulation. The
energies sampled in the last two calculations (i.e., forward and
reverse or reverse and forward) were also analyzed using the
pooled sampling approach of eq 8 (Tables 3S and 4S of the
Supporting Information).

The comparison of the reaction free energies for the forward
[AG(f)] and reverse [AG(r)] trajectories shows that the initial
state is afforded extra stabilization: for example, AGyy,_,v.(f)
and AGe_v.(r) equal —9.6 and —32.5 kcal mol™},
respectively, in the K346R mutant (Table 3S of the Supporting
Information). In most cases, for example, AGyy._.(f) and
AGyje_ve(r) reaction steps in the WT, this trend is almost
completely compensated by the hysteresis of the same reaction
step in water, which also favors the initial state. Overall, the
calculated hysteresis significantly decreases when the forward
trajectory is calculated for the second time from the end point
of the reverse trajectory simulation [AG(f,)]. For example,
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AGyeme(f), AGpeme(r), and AGy._y(f,) values in the
K346 mutant amount to 40.1, 13.3, and 17.2 kcal mol™},
respectively.

Because the extra stabilization of the free energy of the initial
state is approximately the same in the forward and reverse
directions, it is possible to significantly increase the accuracy of
the calculated free energies by simple arithmetic averaging of
AG(f) and AG(r) values for the same reaction step.
Alternatively, and more rigorously, the EVB accuracy can be
improved by calculating free energies from the joint forward
and reverse energy pool as described in eq 8. For the reactions
examined in Table 3S of the Supporting Information, these
pooled free energies differ from simple averaging by less than 1
kcal mol™ for AG and less than 2 kcal mol™ for AgF.

The stabilization of states TS2, TS3, and III by the enzyme
environment is larger in the WT than in the K346R mutant
(Figure S), but the energetic differences of ~1 kcal mol™ are
too small to be attributable to a single dominant interaction.
The comparison of average geometries of the rate-limiting
transition state (TS3) in the WT and mutant enzymes is shown
in Figure 9. Considering the calculated P—O,,. and P—0O,,
distances of 1.6 and 2.3 A, respectively, this TS occurs late on
the PO bond making and breaking reaction coordinate. The P—
Oy, distances in this TS become longer by an additional 0.16 A
in the mutant enzyme. The redistribution of the negative charge
toward the nonbridging oxygen atoms of a-phosphate and O,

Figure 9. Superposition of the average TS3 geometries for the
extrinsic mechanism in the WT (atom-type colors) and K346R mutant
(purple color) of EF-ACD. Hydrogen atoms and water molecules are
not shown.
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Figure 10. Metal coordination in the product state of the reaction catalyzed by WT (A) and mutant EF-ACD (B). Hydrogen atoms on the protein,

cAMP, and PP; molecules are not shown.

in this high-energy configuration of the substrate is stabilized by
interactions with surrounding positively charged lysine side
chains. In particular, Lys 346 forms a 3.1 A H-bond with Oy
that is partly lost in the mutant. However, this loss is
compensated in the mutant by shorter distances from the
negative oxygen atoms of the substrate to Lys 353 and Lys 372.

The structural and energetic effect of the arginine at position
346 of the mutant enzyme is the most pronounced in the
product state of the reaction (IVe), as this residue allows
pyrophosphate (PP,) in the K346R mutant to drift to a distance
(4.3 A from P of cAMP to the closest oxygen on PP,) that is
longer than that of the WT enzyme (3.3 A) (Figure 10). The
increased separation of the two negatively charged products in
the mutant enzyme is associated with a reorganization of the
first coordination sphere of Mgy, which contains four water
molecules and two oxygen atoms on PP; but no atoms of
cAMP. The free energy of the product state in the mutant is
thus significantly lowered by weaker electrostatic repulsion
between phosphate groups of cAMP and PP;.

B DISCUSSION

We have studied the two-metal ion catalysis of anthrax edema
factor using a combination of FEP—MD and US—EVB
methods. The advantage of our computer simulation protocol
resides in the cancellation of systematic errors in the intrinsic
quantum mechanical bond energies. This cancellation can occur
because energies of equivalent bonds are postulated to be the
same in the enzyme active site and in aqueous solution. This
advantage allows us to focus on the catalytically important
differential solvation effects of the water and enzyme environ-
ments that can be related to the k_,/k,, ratio.*”*° Inspecting
relative free energies in two protein variants, WT EF-ACD and
its K346R mutant, and protein environments from two different
crystal structures further leverages this strength of our
approach.

We chose to study two mechanistic options that differed in
the mechanism of nucleophile activation but shared a
pentavalent phosphorane dianion as a high-energy intermedi-
ate. Although this species appears to be a transition state rather
than intermediate in the uncatalyzed reaction,*®*' the
construction of this intermediate as a distinct valence bond
state allowed us to drive the MD simulation over the barrier
while extensively sampling relevant atomic charges and
geometries near this barrier. The two-state concerted pathway,
in which the system would be driven from state II directly to
state IV, was not examined because the construction of the
mapping potential from these two diabatic states (eq 3) would
not allow the anionic nonbridging oxygen atoms on the a-
phosphate to become more negative in the TS than in state II
or IV. This charge shift is an important feature of phosphate
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diester hydrolysis.*® Additionally, the sampled energy differ-
ences of diabatic states II and IV that define the Eg,, reaction
coordinate (eq 7) for the concerted reaction tend to
significantly fluctuate near the reactant and product structures.
These E,, fluctuations obstruct the location of the reactant and
product minima on the free energy curve. Although this
difficulty can be in principle compensated by more extensive
sampling and perhaps by a clever force field design, we did not
feel that it would provide any advantage over our quasi-
concerted pathway that passes via a high-energy state II. At any
rate, the free energy surface appears to be sufficiently deformed
in the enzyme for the phosphorane to represent the true
intermediate in the enzyme-catalyzed reaction (Figure S).

Our general understanding and acceptance of EVB
applications in enzymology would benefit from a deeper
methodological analysis of this method. Therefore, in addition
to providing extensive information about the parameters of the
diabatic states (Tables SS—16S of the Supporting Information),
we examined the effects and advantages of the pooled sampling
from independent forward and reverse trajectories. This
procedure was designed to better include contributions of the
exchange of metal ligands and conformational changes of the
side chains in the active site to the calculated reaction and
activation free energies. These structural effects can be essential
for enzyme catalysis; for example, a conformational change in
the P-loop of ras GTPase was found to significantly promote
catalysis by this enzyme.*’ Because the simulation of the
reaction path is too short for the huge size of the phase space
and we are not able to control the sampling along the E,,,
coordinate (eq 7) in the conventional EVB/FEP—US method,
it takes several independent forward and reverse simulations to
sample catalytically significant configurational space. Although
for our reaction the use of a simple average of the forward and
reverse free energy profiles provided results similar to those of
pooled sampling, this may not be true for every reaction.
Because the weight of the two profiles is equivalent in the
average profile, it can happen that one of the profiles has a
significantly higher energetics (because of the unfavorable
geometry), so its contribution to the overall free energy may be
overestimated. With the pooled sampling, the irrelevant
geometries automatically have a small weight. Alternatively, a
technique that allows the precise control of the E,,, reaction
coordinate exists,** but this method requires the knowledge of
the completely parametrized EVB ground state energy surface.
In this work, our plan was to increase the extent of sampling
using the conventional EVB strategy and not the precise driving
of the system on the EVB surface. The pooled sampling
approach seems to accomplish this goal.

The two-metal ion active site model of EF-ACD that
contained a conformation of the ATP substrate observed in the

dx.doi.org/10.1021/bi400088y | Biochemistry 2013, 52, 2672—2682
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1XFV crystal showed significant catalysis, which did not require
participation of His 351 as a general base. The catalytic rate
constants of 394.1 and 0.1489 s~ calculated for the WT and
K346 mutant, respectively, agree reasonably well with their
experimental counterparts of 1.2 X 10° and 0.005 s/,
respectively'’ (Table 1). The agreement with the experiment
turther improves when our k_, for WT is compared with a k.,
of 680 + 270 s' that was obtained using a different
biochemical assay.** Previously, we showed that the ATP
binding free energy (—6 kcal mol™') for binding to the two-
metal ion active site of EF-ACD agrees reasonably well with the
corresponding experimental value.'” Because all the reaction
and activation free energies were calculated without introducing
any adjustable parameters for the simulations in the protein
environment, the two-metal active site observed in the crystal
structure of the EF—CaM—3'-dATP complex (PDB entry
1XFV)" represents a viable structural representation of the
ground state of the EF-catalyzed reaction.

We did not examine the transfer of a proton from the 3’-OH
nucleophile to one of the a-phosphate nonbridging oxygen
atoms because such a mechanism is associated with a very high
activation barrier in a related nucleotidyl transfer reaction."*
Although this substrate-assisted mechanism is popular for
enzymatic GTP and phosphate monoester hydrolysis reac-
tions,* it incurs an extra energetic penalty for diester-like
substrates because of the significantly lower basicity of the a-
phosphate compared to that of the y-phosphate. Similarly, the
small k., effect of the His351Lys point mutation in EF-ACD,"”
and our earlier experience with the comparison of the one- and
two-metal mechanisms in BamHI restriction endonuclease,™
pointed to the two-metal mechanism as the most likely
mechanism utilized by EF-ACD. Perhaps more importantly, we
did not explicitly consider the single-metal ion catalysis in this
study because of large computational difficulties associated with
the accurate evaluation of the energetics of the reference
reaction in the absence of the structural Mg>* ion (Mgs**) that
balances large negative charges on the triphosphate chain.
Thus, it is still possible that the enzyme might be versatile
enough to catalyze cAMP formation using both two-metal and
single-metal, general base pathways. Evolutional selection of
such a broader mechanistic arsenal could allow the bacteria to
overcome various cell defenses.

B ASSOCIATED CONTENT

© Supporting Information

Additional details regarding the EVB force field parameters
(Figure 1S and Tables SS—168S), structural properties of models
at the reactant state (Figure 2S and Tables 1S and 2S), and
energetics of individual and commonly sampled reaction steps
(Tables 3S and 4S). This material is available free of charge via
the Internet at http://pubs.acs.org.
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