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Acetylsalicylic  acid  (aspirin)  suppresses  the  generation  of  prostaglandin  H2,  which  is  the  precursor  of
thromboxane  A2. Aspirin  acts  as an  acetylating  agent  in  which  its  acetyl  group  is covalently  attached  to
a serine  residue  (S530)  in  the  active  site of  the  cyclooxygenase-1  enzyme.  The  exact  reaction  mechanism
has  not  been  revealed  by experimental  methods.

In  this  study  the putative  structure  of human  cyclooxygenase-1  was constructed  from  ovine
cyclooxygenase-1  by homology  modeling,  and the  acetylsalicylic  acid was  docked  into  the  arachidonic
acid  binding  cavity  of  the  enzyme.  To characterize  the  shape  of  the  potential  energy  surface  of  the  acety-
lating  reaction  and  to determine  the  relative  energies  of  the  stationary  points  on  the  surface,  a  series of
ONIOM-type  quantum  mechanical/molecular  mechanical  (QM/MM)  calculations  were  carried  out  at dif-
ferent  QM  levels  of  theories  applying  electronic  embedding  approximations.  The  acetylsalicylic  acid  and
the surrounding  amino  acids  were  included  in  these  calculations.  Frequency  analyses  were  performed  to

prove  the  existence  of  first  order  saddle  points  (representing  transition  states)  and  local  minima  on  the
potential  energy  surface.

It  was  found  that  all  levels  of  theories  predicted  similar  transition  state  geometries.  The activation
energy  values,  however,  demonstrated  significant  dependence  on  the  methods  that  were  applied.  All  the
applied “dependable”  ab initio  and  DFT  methods  predicted  that  the  breakage  of  the  S530  O�  H�  and
formation  of  the  O�  C(acetylsalicylic  acid carbonyl)  bonds  occur  in  a  single  elementary  step.
. Introduction

The first commercially available synthetic antipyretic, anal-
esic and anti-inflammatory drug was aspirin (acetylsalicylic acid
r ASA), which was commercially distributed by the end of the
9th century by Bayer. It was proposed later that aspirin sup-
resses prostaglandin generation in a manner similar to other
on-steroidal anti-inflammatory drugs [1–3]. Because aspirin sup-
resses prostaglandin H2 production, which is a precursor of
hromboxane A2, a potent activator of platelets, aspirin leads to
he inhibition of thromboxane A2 production in platelets. ASA
chieves this effect by acetylating a single serine residue (S530) of
yclooxygenase-1 (COX-1) [4–8]. This mechanism forms the basis
f the protective effect of aspirin against thromboembolic vascu-
ar events [9–12]. The exact reaction mechanism of COX-1 S530

cetylation has not been revealed by experimental methods.

COXs, also known as prostaglandin H synthases (PGHSs), are
ifunctional enzymes [13–16] with two spatially distinct reaction
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centers that are mechanistically coupled [13–15,17].  The cyclo-
oxygenase [18,19] center catalyze the conversion of arachidonic
acid to prostaglandin G2 (PGG2, a hydroperoxide endoperoxide
prostaglandin), while the peroxidase [17] reaction center is respon-
sible for the reduction of PGG2 to prostaglandin H2 (PGH2). PGH2
is then converted to a variety of prostanglandins and thromboxane
A2 by specific enzymes.

Two  main isoforms of COXs, COX-1 and COX-2, have been iden-
tified, although the splice variant of COX-1 is sometimes termed as
COX-3 [20]. COX-1 is known to be responsible for PGH2 production
[13,14,21],  which is the common starting point of prostaglandin
derivatives involved in basic housekeeping functions. Although
COX-2 also plays a role in several “normal” physiological processes
[22], its expression is predominantly induced by pathophysiolo-
gical processes, including inflammation. COX-2 is also a target of
non-steroidal anti-inflammatory drugs [16,23,24].

Both COX-1 and COX-2 are membrane-bound homodimers of
∼70 kDa subunits [25,26] each of which consists of a short EGF

domain, a membrane-binding domain and a large C-terminal cat-
alytic domain. Although the enzymes only share ∼60% amino
acid identity, their structural similarity is remarkable [15,25–27].
One of the characteristic features of COX structures is the long

dx.doi.org/10.1016/j.jmgm.2012.12.013
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
mailto:komaromi@med.unideb.hu
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points were calculated by means of the autogrid 4 software. Both
cheme 1. General scheme for the trans-esterification reaction (R = H, alkyl,
nzyme).

ydrophobic channel with an entrance at the membrane-binding
omain. The active site sits at the bottom of the channel. Residues
120, Y355 and E524 separate the active site from the entrance to
he channel. The structure-based residue numbering scheme gen-
rally applied to both isoforms of cyclooxygenases corresponds to
heep COX-1, from which the first COX 3D structure was resolved
25]. Despite the high structural and sequential similarity at the
ctive site regions, the shapes of the corresponding substrate bind-
ng cavities in COX-1 and COX-2 are somewhat different [22,27–29],
llowing the possibility for the development of selective COX
nhibitors [23,30–35].

It  was noted that the reaction of ASA with nucleophilic reagents
ccurs via a direct nucleophilic attack on the phenolic ester
arbonyl carbon atom (Scheme 1) instead of via an anhydride
ntermediate [36–38].  The same mechanism appears to be straight-
orward for the ASA–COX reaction as well. Molecular modeling
sing the SCC-DFTB method in QM/MM  dynamics supports this
ssumption [39]. From these molecular dynamics simulations and
he subsequent analysis of the reaction path by B3LYP/6-31G(d)
FT calculations Tosco et al. found that first a stable hydrogen bond

orms between the hydroxyl group of Y385 and the carbonyl oxygen
f the acetyl group of ASA. This hydrogen bond formation orients
he S530 O� H� bond in such a way that the H� can migrate to
he ASA carboxylate oxygen which is followed immediately by the
cetyl migration from the ASA to the S530 through a tetrahedral
ntermediate. It was not discussed, however, whether this tetrahe-
ral intermediate exist as a local energy minimum on the reaction
ath or it can be regarded rather as a point on this path which has
ertain geometrical parameters.

Several amino acid residues of COX-1 and COX-2 were found
o be essential in the ASA–COX interactions leading to the
rans-esterification reaction. Experiments using 14C-acetyl-labeled
spirin with the wild-type and the point-mutated COX-2 enzyme
evealed that the role of Y385 is crucial, while R120 and Y348 influ-
nce the trans-esterification reaction to a somewhat lesser extent
8]. Interestingly, Y385 also plays an essential role in the cyclooxy-
enase reaction, while the Y348F, Y355F and R120A mutations only
artially suppress cyclooxygenase activity [40]. The X-ray structure
26] of the complex of the acetylated enzyme and the product, sal-
cylic acid, demonstrate that salicylic acid is ∼5 Å  away from its
ideal” transition-state position. This finding suggests that the role
f R120 is to ensure the proper orientation of ASA, rather than to
irectly participate in the reaction.

Despite the tremendously efficient computers and compu-
ational chemistry software available nowadays, computational
tudies on enzyme mechanism remains still one of the most chal-
enging tasks. The problem resides in the fact that theoretical
escription of enzyme reaction mechanism would require high

evel computation for a large system (including the enzyme, sub-
trate, solvent molecules, ions, etc.) for a proper description of the
iochemical reaction and dynamical or Monte Carlo approach for
ampling. Hybrid methods, where quantum chemistry is applied

or the part of the system where the reaction takes place and low
evel empirical force field is used for the rest of the system in prin-
iple can give a good estimation for the characteristic features of
cs and Modelling 40 (2013) 99–109

the enzyme reaction [41–46]. However, owing to the huge number
of calculations required by proper sampling, high level quantum
chemistry calculation still cannot be used in these computations
routinely.

To resolve this conflict a more approximate (specially param-
eterized) quantum chemical methods can be used for dynamical
description of enzyme reaction [45,46]. Using higher level quantum
mechanics calculations in non-dynamical calculations is a fre-
quently applied complement approach to obtain information on the
shape of potential energy surface of this type of reactions [41,43].
The combination of these approaches also generally accepted to
gain more realistic picture and more quantitative model [39,46].

Regarding the COX enzymes besides the QM/MM  dynamical
studies on the aspirin trans-esterification reaction [39] only a static
QM/MM  study on the arachidonic acid cyclooxygenation has been
found in the literature [47]. In the latter paper the initial hydrogen
abstraction activation free energy was calculated in an excellent
agreement with the experimental value.

Even though the ASA–COX reaction mechanism proposed by
Tosco et al. [39] appears reasonable, it requires validation by sophis-
ticated theoretical and/or experimental methods. Therefore, the
goal of this study was to characterize the reaction mechanism of the
irreversible inhibition of cyclooxygenase-1 by aspirin using static
ONIOM type QM/MM  methods. While “high level” ab initio and DFT
calculations on a model system were intended to use the aim was
to account for the steric and electrostatic effects of the neighboring
amino acids in a relatively large surrounding region as well. The lat-
ter was achieved by using the electronic embedding method [48]
in ONIOM [49,50], which allows polarizing the wave function by
the surrounding partial charges. A further aim was to determine
the “exact” transition state(s) and local minima on the potential
energy surface and prove their existence by vibration analyses.

In addition, HF, B3LYP, B97-D and MP2  calculations using 6-
31G, 6-31G(d), 6-31G(d,p) and, in a few cases, 6-31G+(d,p) basis
sets were carried out to assess the dependency of the results on
the level of theories applied in quantum chemical calculations. We
intended to decide whether the above methods predicted a single-
step elementary reaction or one of multiple steps, connecting the
ASA–COX-1 complex to the salicylic acid and acetylated COX-1
product. As we plan to study the effects of point mutations in COX-
1 on the ASA- human COX-1 reaction in the future, we carried out
the calculations on the model of human COX-1.

2. Methods

2.1. Homology modeling and docking

As there was  no experimental atomic resolution 3D structure
available for the human COX-1 enzyme, it was derived using
the ovine COX-1 (PDB ID 2AYL [51]) as a template by means
of the YASARA software [52]. The side-chain rotamer network
was optimized considering electrostatic and packing interactions.
A simulated annealing type minimization with explicit solvent
molecules was  also carried out according to the homology mod-
eling protocol implemented in the YASARA software. ASA was  then
docked to the active site of human COX-1 using the graphical inter-
face of Autodock 4.0 software [53], Lamarckian genetic algorithm
[54] was applied using a rigid receptor–flexible ligand protocol with
a 0.177 Å grid spacing distance for a grid box (98 × 98 × 122 grid
points) centered at S530 O�. The atom-specific affinity at these
the autogrid 4 and autodock 4 are included in the autodock suite of
docking tools. The number of hybrid GA-LS calculations, the num-
ber of individuals in the population and the maximum number of
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2.3. QM/MM calculations

A series of ONIOM-type [56] QM/MM  [49,50] calculations apply-
ing electronic embedding approximations were carried out at HF,
ig. 1. (A) The whole human COX-1 enzyme derived in this work and the subsys
epresentations, respectively. (B) The stick representation of the subsystem corres
ere  carried out. ASA is shown in violet, while the residues for which relaxation wa

nergy evaluations were set to 100, 150 and 25,000,000, respec-
ively. The other parameters were kept at their default values.

.2. Constructing the model for QM/MM  calculations

The surrounding region of the reaction center was  selected as
 set of residues which had at least one atom located less than 7 Å
rom either the S530 O� or the ASA carbonyl C atoms. This selec-
ion resulted in 23 residues. The actual surrounding region was

uch larger because additional 23 amino acids which were close
o the reaction center and/or to the ASA, especially if they have
olar/charged side chain, were picked out visually as well. There
ere no residues neglected with charged or polar side chains in

he vicinity, closer than 12 Å to reaction center. When the size of
he gap between the residues selected these ways were equal or less
han two residues, the gap was substituted by (one or two) glycine
esidues. When the gaps were longer than two residues, the open N-
nd C-ends of the chain fragments were closed (capped) by either
cetyl or N-methyl groups, respectively. The selected region fea-
ured 81 residues, including 61 “real” amino acids and 20 acetyl and
-methyl groups (Fig. 1A). The Protein Data Bank (PDB) files were
onverted to the Gaussian style of input files with the AMBER force
eld atom type and corresponding partial charges [55] by means of

 small utility program that was written for this purpose.
Two main input groups were created for the 81 residues. In the

rst one (model A), only the S530 and Y385 side chains and the
SA molecule were allowed to relax during optimization. The inner

ayer, on which high-level (i.e., quantum mechanical) calculations
ere carried out, comprised only ASA and the side chain of S530.

n the second series of calculations (models B), the side chains of
120, F198, F205, F209, Y348, V349, L352, S353, F381, L384, Y385,
387, F518, I525, L534 and the whole S530 residue as well as the

SA molecule were ‘active’ during geometry optimization, while all
he other atoms were clamped (Fig. 1B). At this case the selection
riteria for the inner (QM) layer were that the whole S530 residue,
he whole ASA and side chains which form H-bond with the reac-
ion center should be included in QM calculations. Therefore, the
nner layer in this group comprised the side chain of Y385 as well.
n addition, for QM calculations the S530 was completed (capped)

ith the acetyl and N-methyl groups replacing the preceding and

ollowing residues, respectively (Fig. 2A). The effect of other nearby
esidues was taken into account partially at high level in a way that
heir partial charges polarized the 1e Hamiltonian of the QM layer
electronic embedding).
onsidered in our calculations are shown by cartoon-type and transparent surface
 to the transparent surface in Fig. 1A, on which ONIOM-type QM/MM  calculations
wed during optimization are represented by a green carbon skeleton.

In  spite of its highly hydrophobic character, X-ray crystallog-
raphy frequently reveals structural water(s) inside the substrate
binding channel of COX enzymes (see structures with PDB  identi-
fiers 2AYL, 1Q4G, 1EQG). Therefore, calculations were also carried
out on models that included one or two water molecules close
to the S530 residue. It was presumed that water molecules con-
tribute either to the stability of the transition state or to the proton
transfer from S530 O� (Fig. 2A). The model B was then divided into
four subgroups. In model B1, no water was  included in the calcula-
tions, while models B2 and B3 contained one water molecule, and in
model B4, both water positions were filled. When water molecules
were included in the calculations they were always calculated at
high (QM) level.

Besides, models B1′, B2′, B3′ and B4′ were created from the cor-
responding B1, B2, B3 and B4 models allowing all the residues
listed above and additionally the H90, V345, I346, Y356, L360, I523,
G526, A527, P528, F529, L531 ones to move freely during optimiza-
tion. Moreover, the M113, V116, L117, I123, T206, M522, E524 and
L535 residues were fixed only by their peptide bonds at B1′. . .B4′

systems.
Fig. 2. (A) The subsystem on which “high level” (i.e., quantum mechanical) cal-
culations were carried out in the ONIOM method. The two  water positions we
considered are marked by W1  and W2.  (B) Four representative distances used in
the  characterization of the stationary points of the ASA–COX reaction.
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ig. 3. Sequence alignment of sheep and human cyclooxygenase-1 (COX-1) enzym
lso  shown. The �-strands are marked by bands with arrows, while helical structur

3LYP, MP2  and B97-D levels of theories spanning the basis sets
rom 6-31G to 6-31G(d,p), in a few cases to 6-31+G(d,p). Calcu-
ations on model A were carried out to map  the potential energy
urface as a function of the two main internal coordinates, the dis-
ance of the breaking S530 O� H� bond and the forming O� C
acetyl carbonyl of ASA) bond (d3 and d4 distances in Fig. 2B). In
ubsequent calculations, the selection of starting geometries for
he transition state search was based on the shape of the potential
nergy surface.

For model B1, calculations were carried out at the HF, B3LYP
nd MP2  levels of theories using different kinds of standard basis
ets. For the model of the ASA–COX-1 complex, the transition state
nd the “product” optimized geometries were determined at each
evel of theories that were considered. Zero point vibration energy
ZPVE) corrections to these energy values were calculated at all
ut the MP2, HF/6-31+G(d,p) and B3LYP/6-31+G(d,p) levels. The
xistence of first order saddle points and the local energy minima
ere proven by the analytically calculated one or zero imaginary

requencies. The first local minimum found by the optimizer after
he breaking of the C (carbonyl of ASA) O (phenolic) bond was
egarded as the product. For models B2, B3 and B4 only B3LYP
alculations were carried out.

B3LYP/6-31G(d) calculations for B1′. . .B4′ systems were com-
ared to those obtained for B1.  . .B4 ones in order to examine
ow the more extended set of variables influences the correspond-

ng geometries and energies. Grimme’s [57] B97-D functional was
hown [58] to perform well even for intermolecular dispersion
orces. Density functional calculations for B1′. . .B4′ systems using
97-D functional were also carried out from which an estimation on
he dispersion energy correction was expected to obtain. These cal-
ulations, however, require considerably more optimization steps
herefore require considerably longer CPU time. Moreover, the
robability that the systems fall into a local energy minimum “trap”
uring minimizations is also increased. Therefore, only one series
f these calculations, using 6-31G(d) basis, were performed.
The calculations were carried out using the Gaussian 03 [59] and
aussian 09 [60] software suites. Visualizations were performed by

he Molekel [61], Chimera 1.4 [62], VMD  1.9 [63], DPlot [64] and
SPript [65] software packages. Models B1(B1′), B2(B2′), B3(B3′)
 secondary structure elements obtained from the sheep COX-1 X-ray structure are
ents are shown as spring-like figures.

and B4(B4′) comprised 988, 991, 991 and 994 atoms, respectively,
while the QM sub-system without water and with one and two
water molecules comprised 56, 59 and 62 atoms, respectively. The
characteristic geometry parameters of the reaction we studied are
shown in Fig. 2B.

3. Results and discussion

3.1. Homology modeling and docking

The overall residue identity between ovine and human COX-1 is
excellent (more than 90% with additional ∼3% residue similarities),
which very likely means a correct predicted structure (Fig. 3). Espe-
cially high residue identity can be seen at and near the catalytic
site of COX-1. The deletion of the Gln residue at the 4th position
in sheep COX-1 is a characteristic difference between the human
and the sheep enzymes, which explains why  the residue numbers
of human COX-1 above this position can be obtained by subtrac-
ting 1 from the sheep COX-1 residue numbers. As is typical in the
structural studies of COX enzymes, the sheep COX-1 numbering
convention will be used throughout this work. The homology mod-
eling protocol of YASARA includes both simulated annealing type
minimization using explicit solvent molecules and side chain opti-
mization procedure. Owing to these optimizations the homology
modeling finally resulted in a ∼0.53 Å rms  deviation between the
template (X-ray) and the target (theoretical) structure. The pro-
posed protein structure obtained this way  was  validated using both
the PROCHECK [66] and the verify3D [67,68] software tools. Vali-
dations showed that the formal quality of proposed human COX-1
structure is at least as good as the original template 2YAL PDB
structure. Because of the facts mentioned above and because of the
existing functional identity between the target and the template
COX-1 enzymes, no additional molecular dynamics simulations
was carried out to check the stability of the target structure.

The docking protocol resulted in practically two  orientations for

the ASA in complex with COX-1. The most stable and most popu-
lated pose one (∼70%) obtained by docking the aspirin to the active
site resulted in a complex suitable for the next step of the reaction.
In this orientation, the S530 O� atom is sufficiently close to the
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ig. 4. The ONIOM(HF/6-31G(d):AMBER) (A), ONIOM(B3LYP/6-31G(d):AMBER) (B)
530  O�–S530 H� and the S530 O�–C (ASA acetyl carbonyl) distances. The approxi

arbonyl carbon of the ASA acetyl group for a nucleophilic attack,
hile the S530 H� is close to the carboxylate oxygen, which may
elp the H� atom to leave the S530 O� atom. The other, less stable
rientation was populated in a less degree (∼30%). It did not corre-
pond to a position which was required for the trans-esterification
eaction. It should be mentioned that upon carrying out the same
ocking with different docking parameters, the most stable pose
btained by Tosco et al. [39] corresponded to an ion-pair between
he ASA and the R120 residue. They found the orientation derived
n this work only the 2nd most stable one. The reason for this dis-
greement can be that the docking box applied in this study was
ery likely smaller than those one applied by Tosco et al. Neverthe-
ess, both poses should have considerable statistical probabilities.
he ion-pair formation may  play a role in the pre-orientation of
SA in the substrate-binding channel, while the other orientation

s required for the trans-esterification reaction. This latter one was
ccepted as a starting geometry for the ASA–COX-1 reaction. The
eometry of this complex was optimized but no additional molec-
lar dynamics simulations were carried out.

.2. Potential energy surfaces

In the case of the simpler model (model A), the potential energy
urfaces as a function of the S530 O�–C (ASA acetyl carbonyl)
nd the S530 H�–S530 O� distances suggested only a single sad-
le point for all the ONIOM QM/MM  calculations (Fig. 4A–C). The
pproximate positions of these points are marked by “x” on the
aps. Nevertheless, the shapes of the potential energy surfaces
iffer slightly from each other. On the surface calculated by the
3LYP/6-31G(d):AMBER method, a relatively narrow valley leads to
he saddle point. Neither the HF/6-31G(d):AMBER nor the MP2/6-
1G(d):AMBER surface shows a similar property. There is no sign
he ONIOM(MP2/6-31G(d):AMBER) (C) potential energy surfaces as the function of
ositions of saddle points on the surfaces are marked by “x”.

of a distinct reaction step for the H� proton transfer from the O�
atom to the ASA carboxylate and the nucleophilic attack of O� on
the ASA carbonyl carbon atom. Based on these maps, it seems that
the transition state (TS) features a relatively short O�–H� distance.
The potential energy surfaces at or near the saddle point appear
to be remarkably flat. This indicates that even small perturbations
can cause relatively large shifts in the position of the TS. Based on
these maps, it can also be summarized that when the ASA is non-
covalently bonded to the COX-1 enzyme, it has reasonably large
freedom to move without any considerable energy barriers. There-
fore, its carbonyl carbon atom can easily approach the S530 O�
atom, allowing the nucleophilic attack to take place.

3.3. Geometry of the stationary points

The reaction centers of the ASA–COX-1 complex, the transition
state, and the acetylated COX-1–salicylic acid complex are shown
in our model B1 (Fig. 5A–C). In the ASA–COX-1 complex model
(obtained from the docked pose by geometry optimization), a char-
acteristic hydrogen bond (d1, see in Fig. 2B) exists between S530
H� and one of the O atoms of the ASA carboxyl group (Table 1).
The H� proton is bonded at each level of theory that was applied
to the O� atom (d4 in Fig. 2B). The bond between the phenolic O
and the carbonyl C has the usual, ∼1.35 Å bond length. The sepa-
ration between the bridge atoms of the newly formed bond (i.e.,
between S530 O� and carbonyl C of the acetyl group in ASA, see d3
in Fig. 2B) is approximately 3.5 Å; this value only slightly depends

on the applied QM/MM  method. This value appears to be slightly
too long for a subsequent reaction. It was shown, however, that
these bridge atoms can approach each other without experiencing
any significant energy barriers.
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ig. 5. Representative examples for the position of ASA and the Y385 and S530 res
cid  product (C) geometries.

Regarding the transition state geometry parameters we
btained (Figs. 2B and 5B), it is interesting to observe that the
530 H� proton–ASA carboxylic O distances are close to a nor-
al  O H bond length, while the S530 H�–O� distances are much

onger. It seems as if the proton transfer would precede the O C
ond formation. The distances for the newly formed O C bond are

n the range of 1.7–1.9 Å. Investigating the effects of the basis set
lone, substantially fewer variations were observed in the geome-
ry parameters. It is also worth mentioning that the (phenolic) O C
acetyl carbonyl) bond was elongated remarkably in the transition
tate. This is not surprising, as the breaking of this bond yields the
nal product.

Concerning the product geometries (Figs. 2B and 5B),  notewor-
hy variations can be observed in the geometry parameters (S530
�–S530 O� and phenolic O–acetyl carbonyl C distances) associ-
ted with the movement of salicylic acid from the transition state.
hile at the MP2  level, the salicylic acid moves away a little from

he reaction center, its dislocation is remarkable at the HF levels
sing all but the 6-31G basis. Using the 6-31G(d) and 6-31G(d,p)
asis sets, salicylic acid is closer to the position observed by pre-
ious X-ray experiments for the product geometry [26]. B3LYP
ethods resulted in distances that are between those obtained by

he other two applied methods. It is important to note that the
roton position situated on one of the carboxylic oxygens of sal-

cylic acid is in agreement with the position demonstrated in an
arlier modeling study [39]. Theoretical considerations and exper-
mental findings [26] suggest that the proton needs to migrate to
he phenolic oxygen. The migration can be prevented by either an
nergy barrier or by a higher energy for the carboxylate tautomer.
ven the latter case cannot be excluded in the protein environ-
ent, as was observed during the QM/MM  dynamics simulation

sing the SCC-DFTB method at the QM level [39]. The possibility
hat the result might be an artifact of the SCC-DFTB method was
xcluded; after re-optimization of the two isolated tautomers by
he B3LYP/6-31G(d) method, the phenoxy form was found to be a

ore stable conformation.

.4. Activation energies

The results obtained for transition states in the model B1 system
y ONIOM-type QM/MM  calculations are summarized in Table 1.

pplying HF “high level” calculations, the activation energies (i.e.,

he energy differences between the ASA–COX-1 complex and
he transition state models) are systematically higher than those
btained by either B3LYP density functional or by MP2  calculations.
in the ASA–COX-1 complex (A), transition state (B), and acetylated COX-1, salicylic

This is not surprising, as HF methods neglect the correlation energy
that is considerably higher at the transition states than at “nor-
mal” bonding conditions [69–71]. The effect of the basis sets we
applied has less importance, except when the first set of polariza-
tion functions to the non-hydrogen atoms are added. Including the
ZPVE correction in the calculation of activation energies resulted in
lower values (up to 2 kcal/mol), depending on the level of theory
we applied.

The energy differences between the ASA–COX-1 complex and
the complex between salicylic acid and acetylated COX-1 were
also calculated. As shown in Table 1, independent of the method
we used, the product always had substantially lower energy (i.e.,
it was  more stable) than the ASA–COX-1 complex. Therefore, the
inverse reaction pathway has negligible probability. This finding is
in agreement with the irreversible nature of inhibition [16,72] and
the earlier modeling results [39].

We were not able to find any experimental value for the activa-
tion energy in the existing literature. Tosco et al. demonstrated that
the QM/MM  calculation applying the SCC-DFTB QM method most
likely underestimates the activation energy [39]. Using B3LYP/6-
31G(d) to correct the SCC-DFTB potential energy surface, they found
the activation free energy to be ∼10 kcal/mol. Our calculations
resulted in comparably higher ZPVE corrected activation energy
values (∼20–22 kcal/mol at density functional- and MP2  levels of
theories). The reason for this discrepancy may  be caused by the dif-
ference in the computational models used. In this work the exact
transition state geometry were aimed to determine at different lev-
els of theories when only a subsystem of COX-1 was  allowed to relax
during geometry optimization. The model used in this study is very
likely more suitable for the initial complex than the transition state.
The simple optimization (transition state search) method finds the
optimal geometry of the latter one using the constraints applied
in the initial complex. Tosco et al. modeled the dynamical reaction
path of the trans-esterification reaction, applying a more approxi-
mate QM method in QM/MM  calculations, which allowed the entire
COX-1–ASA system to be included in the dynamical simulation.

3.5. Imaginary vibrations

In every case, only a single imaginary frequency was  obtained
for the transition state, and all frequencies for the geometry of

ASA–COX-1 and salicylic acid – acetylated COX-1 complexes were
positive. The normal mode corresponding to the imaginary fre-
quency (Fig. 6) shows that the proton migration between S530 O�
and ASA carboxylate O atoms and the bond breakage/formation
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between S530 O� and carbonyl carbon of the ASA acetyl group
occur in the same elementary step even if they are not fully syn-
chronous events. Considering that in the transition state, the H�
proton migration to the ASA carboxyl group is almost completed,
this is an interesting result.

3.6. Existence of the tetrahedral intermediate

The first step of the reaction resembles the nucleophilic attack
on peptide carbonyl by the serine O� atom in serine proteases. By
analogy a question arose which concerns the existence of the so-
called tetrahedral intermediate. In this case, a local minimum on the
potential energy surface should exist, corresponding to an already-
formed O� C(ASA carbonyl) bond with a simultaneously existing
phenolic O C(ASA carbonyl) bond (Scheme 1). Interestingly, our
efforts to find this intermediate failed. Optimizations started from
geometries, which were taken from the product side but not too
far from the saddle point, resulted in the final product geometry.
Although these type of calculations cannot be regarded as an exact
proof of the non-existence of the tetrahedral intermediate, they are
a good estimation that the intermediate, should it exist, would have
a small energy barrier to prevent bond splitting.

3.7. Position of the negative charge on the salicylic acid

We found that even after the trans-esterification reaction had
been completed, the S530 H� proton was  bonded to the carboxylic
oxygen of the newly formed salicylic acid. Because in water at near-
neutral pH values, the proton should be on the phenolic O instead
of the carboxylic O [73], the same was expected for the system we
studied. Nevertheless, one must consider that the electrostatic field
of proteins can considerably influence the environment. There-
fore, a relaxed potential energy scan moving the proton from
the carboxylic oxygen to the phenolic oxygen was carried out,
and the potential energy curve was calculated at the B3LYP/6-
31G(d):AMBER level (Fig. 7). The protein electrostatic field was
taken into consideration using the electronic embedding method
and was  applied throughout the study. Fig. 7 shows that the proton
prefers to stay near the phenolic oxygen even if the energy gain
is not especially large. The energy barrier purported to prevent
the movement of the proton from the carboxylic oxygen is very
low, less than 0.5 kcal/mol. This barrier can easily be overcome by
thermal motion.

3.8. A possible effect of water molecules on the reaction

As mentioned above, structural (i.e., with resolved oxygen posi-
tion) waters are frequently found in the COX-1 substrate-binding
cavity via X-ray analysis. This discovery raised the question of
whether ASA leaves room for water molecule(s) in the channel
and, if this is the case, whether this/these molecule(s) can influence
the reaction mechanism and/or the activation energies. To answer
these questions, we  carried out calculations for models B2, B3 and
B4. In this case, only the B3LYP method with different basis sets
was used as a high level theory in the ONIOM computations. The
results are summarized in Table 2.

In model B2, the water molecule is in a position that can form an
H-bond with the O� atom; therefore, we  expect that it can facilitate
the proton transfer from O� (W1  in Fig. 2A) to the ASA carboxylate.
Despite the easier proton transfer from the O� atom, the activation
energy remains approximately the same (or a little higher if using
the 6-31G basis) as it was in the case when water was  omitted from

the calculation (model B1). One possible interpretation of this result
is that in the transition state, the proton is almost completely trans-
ferred to the ASA carboxylate, even in model B1. The new H-bond
between the water and the S530 O� contributes only marginally to
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Fig. 6. The vibration mode corresponding to the imaginary frequency at the transition state calculated by the ONIOM(B3LYP/6-31G(d):AMBER) level of theory. The ASA
acetyl  carbonyl carbon, the S530 O� and S530 H� atoms are marked by C, O� and H�, respectively. The vibration mode is shown in light-blue arrows. Parts A and B of figure
represent the forward and backward directions on the reaction path.

Fig. 7. Potential energy graph as a function of proton distance from the phenolic
O  of salicylic acid in the “product” geometry, calculated by the ONIOM(B3LYP/6-
31G(d):AMBER) level of theory.

Table 2
Representative d1, d2, d3 and d4 distances (see Fig. 2) [Å] and relative energy values [kca
calculated by B3LYP DFT method using different basis sets. The activation energies as the 

are  given along with their ZPVE corrected values.

System Basis ASA–COX-1 complex 

d1 d2 d3 d4 

B2 6-31G 1.560 1.379 3.433 1.016 

6-31G(d) 1.622 1.354 3.462 1.001 

6-31G(d,p) 1.591 1.354 3.449 1.001 

B3 6-31G 1.664 1.367 3.546 1.003 

6-31G(d) 1.723 1.344 3.546 0.990 

6-31G(d,p) 1.712 1.344 3.542 0.988 

B4 6-31G 1.590 1.370 3.565 1.013 

6-31G(d) 1.655 1.346 3.555 1.013 

6-31G(d,p) 1.632 1.346 3.550 0.997 
that process. Even this contribution can be compensated because
the H-bonded water decreases the nucleophilicity of the S530 O�,
which can cause slightly increased activation energy. In the tran-
sition state, the Ser O� H� bond length is more elongated than in
model B1. The calculations show that this water molecule does not
considerably influence the geometric parameters of the ASA–COX-
1 non-bonding complex state (Table 2).

In model B3, the water molecule occupies a position where it can
form a H-bond with the carbonyl oxygen of the ASA acetyl group
(W2  in Fig. 2A). Because it is presumed that the transition state
resembles a tetrahedral intermediate, the additional H-bond may
stabilize the transition state. In fact, the Tyr385 residue is found
to be essential in the ASA–COX trans-esterification reaction [8].
We examined this hypothesis by a series of calculations, using the
B3LYP method in ONIOM as a high-level calculation. Our results
do not support this presumption (Table 2) because in this case, the
effect of H-bond stabilization on the transition state energies and
geometries was  only marginal. Similar to the previous results, when
two water molecules (in both of the positions mentioned previ-

ously) were included in the calculations (model B4), neither the
transition state geometry nor the activation energy was substan-
tially influenced.

l/mol] for the B2, B3 and B4 model of ASA–COX-1 complex and the transition state
difference of transition state (TS) energy and the energy of ASA–COX-1 complex (C)

ASA–COX-1 TS TS-C TS-C ZPVE

d1 d2 d3 d4

1.200 1.531 1.730 1.400 25.02 22.01
1.006 1.513 1.756 1.677 24.18 23.44
1.003 1.531 1.708 1.656 24.41 23.61

1.111 1.495 1.777 1.327 18.42 16.80
1.072 1.449 1.831 1.409 24.63 22.80
1.069 1.460 1.780 1.398 24.02 22.36

1.029 1.533 1.720 1.550 20.48 19.44
1.015 1.471 1.801 1.613 24.16 23.19
1.013 1.484 1.746 1.591 24.28 23.27
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Table  3
Representative distances d1, d2, d3 and d4 distances (see Fig. 2) [Å] and relative energy values [kcal/mol] for the B1′ , B2′ , B3′ and B4′ model of ASA–COX-1 complex and the
transition state calculated by B3LYP and B97-D DFT methods using 6-31G(d) basis set. The activation energies as the difference of transition state (TS) energy and the energy
of  ASA–COX-1 complex (C) are given along with their ZPVE corrected values.

System Basis ASA–COX-1 complex ASA–COX-1 TS TS-C TS-C ZPVE

d1 d2 d3 d4 d1 d2 d3 d4

B1′ B3LYP/6-31G(d) 1.694 1.352 3.514 0.992 1.058 1.466 1.823 1.448 23.89 22.05
B1′ B97-D/6-31G(d) 1.669 1.362 3.312 0.999 1.042 1.515 1.787 1.526 20.17 19.00

B2′ B3LYP/6-31G(d) 1.616 1.354 3.507 1.002 1.007 1.492 1.800 1.683 23.31 22.41
B2′ B97-D/6-31G(d) 1.578 1.365 3.303 1.013 1.003 1.547 1.778 1.769 19.06 18.55

B3′ B3LYP/6-31G(d) 1.715 1.345 3.629 0.991 1.068 1.442 1.849 1.422 25.2 23.30
B3′ B97-D/6-31G(d) 1.708 1.353 3.451 0.997 1.046 1.481 1.808 1.515 21.16 20.21

04 1.012 1.463 1.821 1.640 24.78 23.78
08 1.004 1.513 1.766 1.743 20.02 19.59
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B4′ B3LYP/6-31G(d) 1.650 1.357 4.011 1.0
B4′ B97-D/6-31G(d) 1.621 1.355 3.464 1.0

.9. The effect of extended geometry optimization and the
ispersion corrected density functional

B3LYP/6-31G(d) optimization for the B1′, B2′, B3′ and B4′ sys-
ems were carried out in order to examine how the relaxation of the
xtended set of amino acids influences the results detailed above.
n this optimization practically all but the borderline region amino
cids of the B1′. . .B4′ systems and the whole COX-1 enzyme were
llowed to move during optimization.

From Table 3, comparing the B3LYP/6-31G(d) results to the
orresponding ones in Tables 1 and 2 it is clearly demonstrated,
hat the extended set of geometry variables to optimize did not
hange significantly either the values of the representative vari-
bles around the reaction center or the activation energy barrier of
he reaction. A somewhat different situation can be observed when
he results obtained using B97-D functional are compared to those
hat were obtained at B3LYP level of theory. The B97-D method pre-
icts significantly lower (by ∼3–4 kcal/mol) activation energy than
he B3LYP one. The corresponding geometry parameters are quite
imilar except the d4 values for which the B97-D sometime predicts
ubstantially higher value. It underlines the non-negligible nature
f the dispersion interaction energy terms in DFT calculations.

It should be also mentioned that an attempt to find local energy
inima on the potential energy surfaces corresponding to the

tetrahedral intermediate” was also carried out for these B1′. . .B4′

ystems at both the B3LYP/6-31G(d) and B97D/6-31G(d) levels of
heory. Starting from the transition state geometry only the S530
� atom was shifted along the S530 O�–H� or H�–O(ASA–acidic)

nterval by one tenth of the actual distance to the direction of O� or
(ASA–acidic), respectively. Geometry optimization started from

hese points resulted in, with no exception, either the initial com-
lex or the product, respectively. This observation confirmed also
hat a single first order transition state connects the initial complex
o the products and gave additional confirmation for the non exist-
nce of the tetrahedral intermediate-like product as we  proposed
bove.

The result can be summarized schematically as it is shown in
ig. 8. When the ASA approaches the substrate binding cavity of
he COX-1 in a proper orientation it forms an initial complex with
he COX-1 enzyme. In the orientation very likely the R120 while in
he proper binding the Y385 play essential role. This initial complex
an be regarded as the reactants (Fig. 8). In this complex the acetyl
arbonyl carbon of ASA is in a position where it can be attacked
y the O� atom of S530 which results in a transition state shown

n figure. In this TS the C(acetyl carbonyl carbon) O� and O(ASA-
arboxylate) H� bond formation as well as the breakage of S530

�–H� and the C(acetyl carbonyl carbon) O(ASA-phenolic) occur

n one elementary step. It should be noted that it does not mean
hat the bond breakages and formations are fully synchronous pro-
esses. It was demonstrated e.g. that the H� migration preceded
Fig. 8. Schematic representation of the ASA–COX-1 trans-esterification reaction as
can be proposed based on this study. The trans-esterification reaction occurs in one
elementary step where a single TS connects the reactants to the products.

the C(acetyl carbonyl carbon) O� bond formation. Without any
further transition state the products form in which the O� proton
is still on the carboxylate oxygen of the salycilic acid. The O� proton
can, however, easily migrates from the carboxylate to the phenolate
oxygen. The latter process is not shown in Fig. 8.

4. Conclusions

The structure of human COX-1 was constructed from ovine
COX-1 by homology modeling, and ASA was  docked into the
substrate-binding cavity of the enzyme. A series of ONIOM-type
QM/MM  calculations applying electronic embedding approxima-
tions were carried out at different QM levels of theories on ASA
and on the surrounding amino acids to propose a plausible reac-
tion mechanism for the ASA–COX-1 trans-esterification reaction.
Within the framework of the models that were constructed for the
study, the exact transition state, the local minimum geometries and
the corresponding ZPVE-corrected energy values were determined.
The existence of the transition state was  proven by frequency anal-
ysis. By disregarding the ASA–COX-1 complex formation, we found
that this reaction is essentially a single-step elementary reaction.
The imaginary frequency is dominated by the S530 H� proton trans-
fer and S530 O� C (ASA acetyl carbon) “bond stretching” modes,
which also proves the one-step elementary reaction model for pro-
ton transfer and O� C bond formation.
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