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ABSTRACT: We present a plausible productive conformation obtained by docking calculations for the binding
of prostaglandin G2 (PGG2) to the peroxidase site of prostaglandin endoperoxide H synthase-1 (PGHS-1,
COX-1). The enzyme-substrate complex stability was verified by molecular dynamics. Structural analysis
reveals the requirements for enzyme-substrate recognition and binding: the PGG2 15-hydroperoxide
group is in the proximity of the heme iron and participates in a hydrogen bond network with the conserved
His207 and Gln203 and a water molecule, whereas the carboxylate group forms salt bridges with the
remote Lys215 and Lys222. Site-directed mutagenesis showed that a single mutation of Lys215 or Lys222
does not affect enzyme activity, whereas dual mutation of these residues, to either alanine or glutamate,
significantly decreases turnover. This indicates that the conserved cationic pocket is involved in enzyme-
substrate binding.

Prostaglandin endoperoxide H synthase (PGHS)1 is a
bifunctional membrane enzyme of the endoplasmic reticulum
that converts arachidonic acid into prostaglandin H2 (PGH2),
the precursor of all prostaglandins, thromboxanes, and
prostacyclins (1-3). These lipid mediators are intricately
involved in normal physiology, namely, in mitogenesis, fever
generation, pain response, lymphocyte chemotaxis, fertility,
and contradictory stimuli such as vasoconstriction and
vasodilatation, as well as platelet aggregation and quiescence.
PGHS is implicated in numerous pathologies, including
inflammation (4), cancers of the colon (5), lung (6), and
breast (7), Alzheimer’s disease (8), Parkinson’s disease (9),
and numerous cardiovascular diseases (10) including ath-
erosclerosis, thrombosis, myocardial infarction, and stroke.
Two isoforms of PGHS with different expression patterns
(11), PGHS-1 and PGHS-2, have been cloned (12-14) and
extensively characterized over the past 2 decades (15). The
enzyme possesses two spatially and functionally distinct

catalytic sites (16, 17). The cyclooxygenase site activity
catalyzes the conversion of arachidonic acid to the lipid
peroxide prostaglandin G2 (PGG2) by stereoselective addition
of two oxygen molecules (18, 19) and is the target for
nonsteroidal antiinflammatory drugs (NSAIDs) (20). The
peroxidase site activity catalyzes the two-electron reduction
of the hydroperoxide bond of PGG2 to yield the correspond-
ing alcohol prostaglandin H2 (PGH2).

A simplified mechanistic scheme for the cyclooxygenase
and peroxidase catalytic cycles is shown in Figure 1 (21,
22). The formation of a phenoxyl radical on Tyr385 couples
the activities of the two sites (23, 24). The Tyr385• radical
is produced via oxidation by compoundI , an oxoferryl
porphyrinπ-cation radical, which is generated by reaction
of the hemin resting state with PGG2 or other hydroperoxides.
The tyrosyl radical homolytically abstracts the 13proS
hydrogen atom of arachidonic acid which initiates a radical
cascade that ends with the stereoselective formation of PGG2.
PGG2 then migrates (18) from the cyclooxygenase (COX)
site to the peroxidase (POX) site where it reacts with the
hemin group to generate PGH2 and compoundI . The
heterolytic oxygen-oxygen bond cleavage is assisted by the
conserved distal residues His207 and Gln203, mutation of
which has been shown to severely impair enzyme activity
(25). Compound I , upon reaction with Tyr385•, gives
compoundII , which in turn is reduced to the hemin resting
state by one-electron oxidation of reducing cosubstrates (26)
or undergoes reactions that result in enzyme self-inactivation
(27, 28).

The stereochemical aspects of the cyclooxygenase process
are well established (18, 29). X-ray crystallography (16, 18)
and site-directed mutagenesis (19, 30), in combination with
computational studies, have allowed the identification of the
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enzyme residues involved in substrate binding and position-
ing (18) as well as the elucidation of the productive
conformation of arachidonic acid (31), other substrates,
metabolites, and inhibitors. This structural knowledge has
been applied to the rational design of potent inhibitors of
the cyclooxygenase activity, including numerous with iso-
form selectivity (20). The cyclooxygenase pocket is deeply
buried within the protein at the end of an essentially
hydrophobic channel, the entrance of which is at the
membrane binding domain and continues to Tyr385, adjacent
to the heme group (16). In contrast, the peroxidase pocket
is a broad cavity on the surface of the protein. This allows
small molecules to rapidly diffuse in and out of this pocket,
which, together with the hemin reactivity, explains the lack
of reported crystal structures of substrates or products bound
to the iron. Peroxidase catalysis can continue independently
of the cyclooxygenase site activity (28) (see Figure 1) and
is a source of free radicals and reactive oxygen species
(ROS), which may contribute to tissue damage or thrombosis
(32). However, it is impossible to genetically eradicate both
isoforms of PGHS in a living organism (33), and thus a
pharmacological approach is necessary to elucidate the role
of this peroxidase in pathophysiology. To facilitate the
rational design of potent and selective inhibitors of this site
(34, 35), we decided to elucidate the catalytically active
conformation of PGG2 in PGHS-POX.

To gather relevant information on the structural features
necessary for enzyme-substrate recognition and binding at
the peroxidase site, we combined docking and molecular
dynamics (MD) in silico studies with site-directed mutagen-
esis experiments. The recent publication of a theoretical
docking-MD study (36) using a nonnatural PGG2 analogue
and a different docking methodology has prompted us to
report our results with the natural substrate. Our computa-
tional and mutagenesis studies, correlated with previous
knowledge in the field, provide a plausible binding model
of PGG2 within the peroxidase site of PGHS-1.

EXPERIMENTAL PROCEDURES

Reagents.Unless otherwise stated, all reagents were
obtained from Sigma-Aldrich.

Docking Studies.Ligands were constructed using the
SYBYL software package version 6.91 (Tripos Inc.) and
geometry-optimized with MOPAC at the PM3 level of
theory. A 2.0 Å resolution crystal structure of ovine PGHS-1
(37) (PDB code 1Q4G) was used for the docking and
molecular dynamics experiments. All molecules except chain
A and heme A were removed. Hydrogens were then added
and minimized. The carbon atoms of the protoporphyrin ring
were defined as aromatic, C.ar in the Tripos Force Field
notation, and the four nitrogen atoms as N.pl3, to obtain a
smooth homogeneous distribution of charges. Kollman all-
atom charges were assigned to the protein, and Gasteiger-
Hückel charges were computed for the protoporphyrin group.
A 1.0 formal charge was assigned to the iron atom (similar
docking results were obtained with a charge of 1.6; values
of 2.0 and 3.0 resulted in overestimation of the electrostatic
term of the docking energies). Docking experiments were
carried out using the Lamarckian genetic algorithm imple-
mented in the automated docking program Autodock, version
3.0.5 (38). The ligand and the protein were prepared for
docking with Autodock Tools. Autogrid was used to generate
the grid maps for an approximately 23× 23 × 23 Å3 cell
box centered above the heme iron. Autodock stochastically
generates a population of conformational, rotational, and
translational isomers from any given starting structure of the
ligand and docks them within the active site of the protein,
represented by a series of fixed-coordinate grid maps. Each
ligand conformation is represented by a chromosome con-
stituted by genes representing ligand conformational, rota-
tional, and translational degrees of freedom. The individuals
are evaluated by a fitness function which assesses the total
interaction energy between the protein and the ligand
molecule, the internal energy of the ligand, and the desol-
vation/solvation energies for the formation of the protein/
ligand complex (the sum of these three terms is referred to
as “docking energy” in this paper). Individuals in the
population are selected for reproduction in accordance with
their fitness and undergo mutation and crossover reproduction
operators to generate new individuals. A number of genera-
tions are permitted (see below), and the fittest individual is
chosen. The whole evolutionary process was repeated 256
times (genetic algorithm runs), which resulted in a database
of 256 individuals. To ensure that the results were indepen-
dent from the starting conformation of the ligand, a stochastic
conformational database of PGG2 was created using the
Tripos force field, and the docking calculations were repeated
10 times using the minimum energy conformer and another
10 times using 10 different conformers randomly chosen
from the database as starting structures for Autodock. Default
parameters were employed except for the following: number
of GA runs, 256; maximum number of energy evaluations,
2.5 × 106; maximum number of generations, 2.7× 105;
internal electrostatic energy computed. A more in-depth
experiment was performed with 2.5× 107 energy evaluations
and 2.7 × 106 generations. The distances and energies
reported here are those obtained in this later experiment
unless otherwise stated. The two possible protonation states
for distal histidine 207 were also considered, and the docking
results obtained were similar in all cases.

Homology Modeling.Ovine PGHS numbering is used. A
homology modeling structure of human PGHS-1 was con-
structed using the Swiss-Model server (39) and the ovine

FIGURE 1: Cyclooxygenase and peroxidase catalytic cycles of
PGHS.
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crystal structure 1Q4G as template. After preparation of the
human protein in SYBYL, the heme group was merged into
the POX site, and the complex was hydrated with∼16000
explicit water molecules using the Molecular Silverware
algorithm in an approximately 90× 90 × 90 Å3 cell box.
The system was minimized using the Tripos force field,
allowing 1000 iterations, and the solvent was removed. The
results of the docking experiments with the modeled human
enzyme were identical to those with the ovine crystal
structure. PGHS homologues from all mammalian species
for which a homologue exists were aligned using the
ClustalW (45) program (Figure 5). Protein sequences were
obtained from the National Centre for Biotechnology Infor-
mation (NCBI) GenBank database and are listed in the
Supporting Information.

Molecular Dynamics.The PGG2 conformer with the most
favorable docking energy was merged into the PGHS-1 ovine
structure. The complex was hydrated as described above and
then minimized in two steps: first, the water molecules were
minimized using 1000 iterations with the coordinates of the
protein fixed, and, second, the whole system was minimized
using 1000 iterations. A 500 ps molecular dynamics experi-
ment was carried out in SYBYL using the Tripos force field
and the NTV ensemble (constant number of particles,
temperature, and volume) at 300 K with periodic boundary
conditions. Default parameters were used and snapshots
recorded every 0.5 ps.

Site-Directed Mutagenesis.Site-directed mutations in
human PGHS-1 were prepared using the QuikChange site-
directed mutagenesis kit supplied by Stratagene (La Jolla,
CA) as described previously (46). Initially, a hexahistidine
tag was inserted between the signal peptide and mature
peptide chain of human PGHS-1 (12) in the mammalian
expression vector pcDNA3-hCOX-1, using primers described
elsewhere (43). This template (pcDNA3-H6COX-1) was then
sequentially mutated using the following primers (5′ to 3′):
K211A, ACCCACCAGTTCTTCGCAACTTCTGGCAA-
GATG; K215A, TTCAAAACTTCTGGCGCGATGGGTC-
CTGGCTTC; K222A, GGTCCTGGCTTCACCGCGGCCT-
TGGGCCATGGG; K211E, ACCCACCAGTTCTTCGAAA-
CTTCTGGCAAGATG; K215E, TTCAAAACTTCTGGC-
GAGATGGGTCCTGGCTTC; K222E, GGTCCTGGCT-
TCACCGAGGCCTTGGGCCATGGG; and the reverse/
complementary sequences thereof. Each mutation was verified
by DNA sequencing, using either forward, GGGAAC-
CAAAGGGAAGAAGC, or reverse primers AAAGCTGCT-
CATCGCCCCAG (5′ to 3′). All DNA sequencing was done
commercially (AGOWA, Germany), the results of which
appear in the Supporting Information, Figure S1. Single
mutants were used as templates for the subsequent successive
construction of double and triple mutants. Transfection grade
DNA was isolated from transformedEscherichia coliusing
an alkaline lysis and anion-exchange method, as per the
manufacturer’s instructions (Qiagen). Plasmid size was
verified by separation in a 0.8% (w/v) agarose TAE gel, after
digestion withBamHI andXhoI and intercalation by ethidium
bromide (data not shown).

Transient Expression of Human PGHS-1 Mutants.Wild-
type and mutant pcDNA3-hCOX-1 constructs were tran-
siently expressed in COS-1 cells as described previously (46).
Parental vector pcDNA3 was used as a control for all
transfection experiments. COS-1 cells (400000 per well) were

grown in 2 mL of Dulbecco’s modified Eagle’s medium,
10% fetal bovine serum, 100 units of penicillin, and 100
µg/mL streptomycin in six-well plates at 37°C and 5% CO2.
Purified plasmid DNA (2.0µg) was transfected into COS-1
cells using 10µL of LipofectAMINE (Invitrogen) for 24 h,
in duplicate, as described in the manufacturer’s protocol. The
DNA/LipofectAMINE mixture was allowed to settle for 5 h
prior to 1:2 dilution with 20% fetal bovine serum.

Assay of Prostaglandins Synthesized by Transfected COS-1
Cells. Forty-eight hours after transfection the cells were
assayed for PGHS-1 activity by stimulation with 60µM
arachidonic acid for 15 min in HEPES-buffered Hank’s saline
solution. The PGE2 product was assayed using an enzyme-
linked immunoassay for PGE2 (Assay Designs, Ann Arbor,
MI). Assays were performed using 100µL of 1:50 diluted
samples, as per the manufacturer’s instructions. The cells
were harvested with 1 mL of 1% C10E6 (Albion), 100 mM
NaCl, 25 mM Na2HPO4 (pH 7.8), 20 mM imidazole, and
1× EDTA-free protease inhibitors (Calbiochem).

Western Blotting.Standard Western blotting was per-
formed, as described previously (47). Equal volumes (24µL)
of each cell lysate sample were separated in a reducing 10%
acrylamide SDS-PAGE gel, transferred to PVDF mem-
branes, and probed using an anti-human PGHS-1 monoclonal
antibody (Cayman Chemicals) and a horseradish peroxidase-
linked anti-mouse IgG secondary antibody (Amersham).
West-pico chemiluminescence reagents (Pierce) were used
to illuminate the PGHS-1 protein, the autoradiography of
which is shown.

Molecular Graphics.Molecular graphics images were
produced using the UCSF Chimera package (48) from the
Computer Graphics Laboratory, University of California, San
Francisco. UCSF Chimera computes solvent-excluded mo-
lecular surfaces using MSMS (49).

RESULTS

Docking Studies.The first X-ray structure of ovine
PGHS-1 (oPGHS-1) cocrystallized with a ligand, a seren-
dipitous glycerol molecule, in the peroxidase site has recently
been reported (37) (PDB code 1Q4G). This 2.0 Å resolution
structure was used for the docking and dynamics experiments
reported here. The structure of natural PGG2 was docked
into the peroxidase pocket of the protein using the Lama-
rckian genetic algorithm implemented in the automated
docking program Autodock (38) (see Experimental Proce-
dures). For analysis of the results, docked ligand conformers
within 0.5 Å root mean squared deviation (RMSD) were
assumed to be identical and grouped into the same cluster,
and the docking energy of the best fit individual was assigned
to each cluster. The clusters were arranged in ascending (less
negative) docking energies, and only those within 6.0 kcal/
mol from the minimum were considered in the analysis.
Similar clustering distributions were consistently observed
in all of the experiments. A refined experiment with a 10-
fold increase in the number of generations was also
performed, providing a similar cluster distribution but
improved by∼1.0 kcal/mol. The docking energies obtained
were-15.7 kcal/mol for the in-depth experiment and-15.3
kcal/mol for the best standard experiment.

A conserved binding mode was identified. The structure
of the conformer of PGG2 with the most favorable docking
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energy, consistently obtained from all the docking experi-
ments, and the active site residues that interact most directly
with the substrate are shown in Figure 2A. Solvent-accessible
surfaces are displayed to enhance the three-dimensional
perception of the peroxidase pocket. More detailed informa-
tion on the enzyme-substrate interactions is shown in Figure
3.

A model of human PGHS-1 (hPGHS-1) was constructed
using the Swiss-Model server (39) and oPGHS-1 as a
template as there is 91% overall sequence identity between
the ovine and the human enzymes and the POX site residues
are entirely conserved. The standard docking experiment was
repeated three times with the human model providing

essentially identical results to those obtained with the ovine
structure.

The terminal oxygen of the 15-hydroperoxide group (O26)
is ∼3.0 Å from the heme iron, the same distance as the
oxygen atom of the glycerol molecule present in the crystal
structure, and at a hydrogen bond distance from the carbonyl
oxygen of the Gln203 side chain. The inner oxygen of the
hydroperoxide (O25) is located at a hydrogen bond distance
from the nitrogen of His207. These two residues have
previously been mutated and are known to be essential for
the catalytic activity of the enzyme (25). On the other hand,
one of the oxygen atoms of the carboxylate group (O22) of
PGG2 is in the proximity of the positively charged nitrogen
of Lys222, while the other (O21) is in the proximity of
Lys215 and the backbone nitrogen of Gly214 (not shown
for clarity). The implication of these remote lysine residues
in substrate binding has not previously been addressed.

The 9,11-endoperoxycyclopentane moiety of PGG2 is
inserted between the two propionate side chains of the heme
(Figure 3A), while the C13-C15 fragment of PGG2 lies
parallel to the tetrapyrrole plane (Figure 2A). The side chain
comprising carbons C2-C7 of PGG2 is inserted between
Val291 and, more importantly, the lipophilic segment of
Lys211. The C16-C20 side chain is positioned in the
hydrophobic pocket defined by residues Val291, Leu294, and
Phe409 and the methylene carbon of His274.

Two additional catalytically competent conformations of
PGG2, with higher docking energies, were identified. Panels
B and C of Figure 2 represent the two conformers (carbons
in gray) superimposed with the structure of the minimum
docking energy conformer (carbons in blue) within the active
site of the enzyme (molecular surfaces). Catalytically com-
petent or “productive” conformations were defined as those
in which the terminal hydroperoxide oxygen atom of PGG2

(O26) is located within 4.0 Å of the iron. The computed
docking energies for conformers in (B) and (C) are-13.3
and-13.7 kcal/mol, respectively (Figure 2).

The high degree of complementarity between the three
conformers and the peroxidase pocket is noteworthy (Figure

FIGURE 2: Model of PGG2 bound to the PGHS-1 peroxidase site. (A) Model of the catalytically competent conformation of PGG2 bound
to the PGHS-1 peroxidase site. (B, C) Minimum docking energy PGG2 conformer (carbons in blue) superimposed on other possible productive
conformations (carbons in gray) within the PGHS-POX active site, represented by molecular surfaces.

FIGURE 3: PGG2-PGHS-1 peroxidase interactions. (A) Schematic
dissection of the most important PGG2-PGHS-POX interactions.
(B) Salt bridges and hydrogen bond networks. Distances (Å) before
(italics in parentheses) and after minimization.
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2). Indeed, all fulfill four structural requirements: (i) the
hydroperoxide group is in the vicinity of the heme iron,
His207, and Gln203, an established prerequisite for catalytic
activity (25); (ii) the carboxylate group is near the cationic
pocket comprising Lys215 and Lys222; (iii) a lipophilic
moiety points toward the Val291, Leu294, His273, and
Phe409 hydrophobic pocket; and (iv) another lipophilic
moiety is inserted between Val291 and Lys211. Furthermore,
the distance between the two polar anchor points, the iron
on one side and Lys215 and Lys222 on the other, forces the
substrate to adopt an extended conformation, approximately
14 Å between the terminal hydroperoxide oxygen (O26) and
the more distant carboxylate oxygen (O22). This limits the
possible productive conformations of PGG2 to the three
reported here (Figure 2).

It is noteworthy that the docking model reported by
Seibold et al. (36) for a PGG2 analogue in some way
resembles one of the conserved binding modes found by us
for the natural substrate (Figure 2C), except for the fact that
the carboxylate group of the PGG2 analogue points outward
from the pocket and is solvated by water molecules, whereas
in our model the carboxylate group of the native substrate
interacts with Lys215 and Lys222 in all cases.

Molecular Dynamics.To account for protein flexibility
and the possible participation of water molecules in substrate
binding, the most favorable complex structure (Figure 2A)
was hydrated with∼16000 explicit water molecules and
energy minimized, and a 500 ps molecular dynamics
simulation was performed at 300 K using the Tripos force
field, the NTV ensemble, and periodic boundary conditions.
Although native PGHS is a membrane-bound homodimeric
protein inserted into one leaflet of the lipid bilayer, we think
that the dynamics conditions employed are adequate because
(1) the detergent needed to extract the enzyme is not
necessary for enzyme assays (25), indicating stable enzyme
activity in detergent-free water; (2) a 2 ns molecular
dynamics simulation carried out previously (36) showed that
the enzyme is stable as a monomer in aqueous media; (3)
the peroxidase site is located distal to the membrane binding
domain and the dimerization domain; and (4) the crystal
structure of the monomeric (31) enzyme does not signifi-
cantly differ from those of the dimeric and multimeric crystal
structures.

Particularly significant protein-ligand distances are shown
in Figure 3B both before (in parentheses) and after minimi-
zation. Slight conformational modifications that optimize
substrate binding take place in the complex upon minimiza-
tion. The distances between the positively charged nitrogen
atoms of Lys215 and Lys222 and the negatively charged
oxygen atoms of the substrate carboxylate are shortened. The
Fe-O26 distance also shortens, mainly due to the realign-
ment of the heme iron into the protoporphyrin plane. This
is likely to be a computational artifact due to the lack of
adequate bending parameters for a pentacoordinated heme
iron in the Tripos force field (Sybyl version 6.9). However,
this approximation should not appreciably affect the accuracy
of the simulation for the purposes of this work.

Interestingly, the hydrogen bond network between PGG2

15-hydroperoxide, His207, and Gln203 is modified upon
minimization to incorporate a water molecule, almost
equidistant between PGG2-O26, His207, and Gln203.
Gln203 retreats backward to allow the insertion of the water

and interacts with the substrate only indirectly through this
water molecule. This hydrogen bond network incorporating
the water molecule is maintained along the dynamics
experiment and is therefore unlikely to be a computational
artifact (Figure 4). In fact, it has been hypothesized (40) that
the ability to immobilize a water molecule in the vicinity of
the catalytic center might be an intrinsic structural feature
of peroxidases, responsible in part for the different catalytic
mechanisms of peroxidases (one-electron oxidants) and
catalases (two-electron oxidants).

The overall folding of the protein is maintained along the
dynamics experiment, and the enzyme-substrate complex
is stable, with a CR RMSD of 1.33 Å for the last 90% of the
dynamics simulation. The evolution of various relevant
enzyme-substrate distances along the 500 ps dynamics
simulation is shown in Figure 4. Interestingly, a water
molecule and the terminal hydroperoxide oxygen (O26)
alternately occupy a position close to the iron (Figure 4A).
We hypothesize that before ligand binding this water
molecule, immobilized by the hydrogen bond network with
highly conserved His207 and Gln203 (Figure 5) and weakly
coordinated to the heme iron, might occupy the same position
at the distal side of the peroxidase pocket as the glycerol
oxygen atom bound to iron in the 1Q4G crystal structure
(37). The water molecule would be displaced by the
hydroperoxide group of the substrate and, instead of diffusing

FIGURE 4: Molecular dynamics of PGG2 bound to the PGHS-
POX site. Most relevant enzyme-substrate distances (Å) along the
500 ps molecular dynamics simulation.
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away from the pocket, would be pushed toward Gln203,
forcing this residue to retreat backward, initiating a rear-
rangement of the hydrogen bond network (Figure 3B). This
is corroborated by the finding that both the O26 of PGG2

and the water molecule tend to stay at a hydrogen bond
distance from His207 during the dynamics simulation (Figure
4B).

Significantly, the salt bridges between Lys215 and Lys222
and the PGG2 carboxylate group are tightly conserved
throughout the dynamics experiment (Figure 4C), suggesting
that this interaction plays a critical role in enzyme-substrate
binding.

Site-Directed Mutagenesis.The presence of positively
charged residues in the environment of the active site of a
protein facilitates the binding of negatively charged substrates
(41, 42). Indeed, Arg120 has been demonstrated to play a
crucial role in substrate binding at the cyclooxygenase site
of PGHS-1, and the mouth of the hydrophobic channel that
directs substrates to the cyclooxygenase site is rich in
positively charged residues, namely, Arg79 and Arg83.
However, to the best of our knowledge, the roles of Lys215
and Lys222 at the PGHS peroxidase site in PGG2 binding
have not previously been demonstrated. In accordance with
our model, the loss of the salt bridges between the PGG2

carboxylate group and these two lysines, due to mutation,
should result in a significant decrease of enzyme-substrate
affinity and thus reduced enzyme efficiency.

Lys211 is also located near Lys215 and Lys222 (Figure
2A). Despite the fact that our modeling studies do not suggest
participation of Lys211 in establishing a polar interaction

with PGG2 carboxylate, it is geometrically conceivable that
a catalytically competent conformation of the substrate may
form an ionic linkage with this residue. We therefore
included Lys211 in our mutagenesis studies.

Site-directed mutagenesis of human PGHS-1 was per-
formed sequentially, producing all combinations of single,
double, and triple mutations. Thus, 14 mutants of the enzyme
were constructed: 3 single mutants with a lysine to alanine
replacement (K215A, K222A, and K211A), 3 single mutants
with a lysine to glutamic acid replacement (K215E, K222E,
and K211E), 3 double mutants with lysine to alanine
replacements (K215A/K222A, K211A/K215A, and K211A/
K222A), 3 double mutants with lysine to glutamic acid
replacements (K215E/K222E, K211E/K215E, and K211E/
K222E), 1 triple mutant with the three lysines replaced by
alanine (K211A/K215A/K222E), and 1 triple mutant with
the three lysines replaced by glutamic acid (K211E/K215E/
K222E). The mutants were produced in the mammalian
expression vector pcDNA3 containing recombinant human
histidine-tagged PGHS-1 (12, 43). COS-1 cells were tran-
siently transfected with the human PGHS-1 mutants, and
equal volumes of cell lysate fractions were analyzed by
Western blotting (Figure 6). These data indicate that all
mutants were similarly overexpressed by the human cytome-
galovirus immediate-early enhancer-promoter in the pcD-
NA3 mammalian expression vector and translated into
proteins showing the same relative molecular weight as the
wild-type enzyme (Figure 6).

To test the enzymatic activity of the PGHS-1 mutants, the
transiently transfected COS-1 cells were allowed to react with
arachidonic acid substrate for 15 min before the media were
removed and assayed for PGE2 accumulation using an
enzyme-linked immunosorbent assay. COS-1 cells trans-
fected with parental pcDNA3 vector DNA showed no
activity. Furthermore, preincubation of wild-type transfected
cells with aspirin, which covalently inactivates the COX site
of PGHS at Ser530 (44), shows baseline activity, verifying
that PGE2 accumulation seen in this assay is PGHS depend-
ent. The assays were performed in duplicate wells, with PGE2

accumulation in each well assayed in duplicate, on three

FIGURE 5: Evolutionary conservation of the cation pocket. All
available mammalian PGHS sequences were aligned using ClustalW
(45). See Supporting Information for full species name and
GenBank accession numbers. The consensus line indicates identity
in all sequences (*) or the occurrence of either conserved (:) or
semiconserved (.) substitutions. Catalytic residues Glu203 and
His207 are in italics, Lys211, Lys215, and Lys222 and positive
substitutions thereof are in bold, and human PGHS-1 and -2 are
underlined. Original open reading frame numbering is shown.

FIGURE 6: Western blot analysis of PGHS-1 mutants. Cell lysates
of COS-1 cells transiently expressing mutant forms of His-tagged
PGHS-1 were subjected to Western blotting and probed using an
anti-PGHS-1 monoclonal antibody. Wild-type human PGHS-1 and
control cells transfected with the parental vector are shown for
comparison. (A) Lys-Ala. (B) Lys-Glu. Mutant abbreviations are
as follows: 215A222, K215A/K222A; 215A211, K211A/K215A;
222A211, K211A/K222A; K3A, K211A/K215A/K222A; 215E222,
K215E/K222E; 215E211, K211E/K215E; 222E211, K211E/K222E;
K3E, K211E/K215E/K222E.
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separate occasions, thus accounting for possible slight
variations in PGHS-1 or PGE2 synthase expression levels.
The amount of PGE2 produced by each of the mutants was
converted to a percentage of that produced by the wild-type
enzyme (Figure 7A). The most striking effect is the complete
abolition of activity in all mutations involving Lys211. It is
also clear that single mutations involving Lys215 and
Lys222, to either alanine or glutamic acid, do not impair
PGHS activity, with these mutants showing essentially wild-
type conversion of PGG2 to PGH2, which is in turn converted
by synthases to the PGE2 measured in our experiments.
Importantly, when both of these residues are simultaneously
mutated, a significant reduction of 27% and 58% was noted
for alanine or glutamate, respectively. This reduction is
statistically relevant, with variance between the Lys222 and
Lys215/Lys222 double mutants showing paired Student’s
t-test P values of 0.038 and 0.021 for the alanine and
glutamate mutants, respectively.

DISCUSSION

Our docking and molecular dynamics studies have shown
that there are two polar anchor points for PGG2 within the
PGHS-1 peroxidase pocket. First, in agreement with the
commonly accepted mechanism, the location of the 15-
hydroperoxide group within the iron coordination sphere is
a requirement for catalysis. Second, the carboxylate group
of PGG2 establishes salt bridges with Lys215 and Lys222.
Furthermore, the concomitant binding of PGG2 hydroper-
oxide in the vicinity of the iron and the carboxylate close to

the lysines requires the substrate to adopt an extended
geometry that narrows the set of possible productive
conformers to the ones reported here, with minor variations.

The results in Figure 7A show the importance of Lys211,
Lys215, and Lys222. Mutation of Lys211 completely impairs
the activity of the enzyme. This effect is too dramatic to be
attributed to a perturbation of ligand binding and is more
consistent with a severe alteration of the structure of the
enzyme. Indeed, this residue is totally conserved across both
PGHS isoforms sequenced from species spanning a broad
taxonomic range (Figure 5) and structurally is found near
the end of helix H2 (16), which also contains the catalytic
Glu203 and His207 residues. Figure 8 shows how, through
formation of ionic linkages with the similarly conserved
residues Asp236 and Glu290, Lys211 acts as a bridge
between three poorly organized regions of the protein in the
vicinity of the peroxidase pocket (16). In addition, the N-O
distances between the ammonium group of Lys211 and the
carboxylate groups of Asp236 and Glu290 are completely
conserved along the molecular dynamics simulation (Figure
9A,B), whereas the N-O distance between the ammonium
group Lys211 and the carboxylate group of PGG2 is never
less than 8 Å (data not shown).

The binding energies obtained after docking PGG2 into
the peroxidase catalytic pocket of each of the reported
mutants are shown in Figure 7B. In all cases the lowest
energy catalytically competent conformer is similar to that
observed for the wild-type protein (note that the carboxylate
group of PGG2 is still able to form a hydrogen bond with

FIGURE 7: Activity of PGHS-1 mutants in transiently transfected mammalian cells. (A) Transiently transfected COS-1 cells were assayed
for PGE2 production following arachidonic acid stimulation. PGE2 produced was converted to a percentage of wild-type activity (n ) 3,
SD). A preincubation with acetylsalicylic acid (aspirin) was used to show COX dependence in this assay. The asterisk indicatesP < 0.05.
Mutant abbreviations are as in Figure 6. (B) Docking energies (kcal/mol) for the best productive conformation of PGG2 bound to the
peroxidase site of each of the reported mutants.
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the backbone NH of Gly214). However, in a few cases, the
lowest energy catalytically competent conformer is not the
absolute lowest energy conformer. In no case was the PGG2

carboxylate found close to the Lys211 ammonium. It is
noteworthy that the trend in predicted docking energies for
the single and double mutants involving Lys215 and Lys222
(Figure 7B, solid bars) is similar to that found in the
biological activity assays. For 215A222 and 215E222, in
which the two salt bridges are lost, the decrease in docking
energies is approximately 2.0 and 2.5 kcal/mol, respectively,
which translates into a 30-60% decrease of enzymatic
activity. In all cases, including all of the Lys211 mutants
for which the enzymatic activity is completely impaired
(Figure 7B, empty bars), the substrate can still access the
active site and the binding energies are comparable. For
instance, the affinity of the substrate toward K211E should,
according to our docking data, be as good as that for the
wild-type enzyme. However, like all other mutants involving
Lys211, it is completely inactive. These results indicate that
(i) in terms of substrate affinity, any of the mutations should
have either a moderate (as empirically demonstrated for
215A222 and 215E222) or negligible (as empirically dem-
onstrated for K215A, K222A, K215E, and K222E) effect
on enzyme activity; and (ii) a complete abolition of the
enzymatic activity (as observed in all of the K211 mutants)
is, in this particular case, unlikely to be the result of a mere
perturbation on substrate binding.

Importantly, the Phe209-Leu230 segment, which contains
Lys211 and connects helix H2 to H3, includes Thr212, which
forms hydrogen bonds with the C13 heme propionate
(Figures 8 and 9C) and is likely to be crucial for heme
binding (37). Lysine 211 is, therefore, likely to have a
structural function, and its replacement could prevent the
correct folding of the peroxidase site and thus its ability to
recruit the heme group. Furthermore, we consider that the
conformational change required for Lys211 to participate in
ligand binding is unlikely to be compatible with its apparent
structural role. Final proof of the involvement of Lys211 in
cross-linking and stabilization of the large loop comprising
the distal “roof” of the peroxidase site awaits further
characterization and testing. It would be informative to

attempt to restore enzyme activity by mutating the residues
involved in salt-bridging interactions with Lys211, namely,
Asp236 and Glu290, to the positively charged lysine in the
K211E mutant. If activity is restored, this would imply that
the structure of the K211E mutant is now reestablished and
further prove that this residue is not directly involved in
PGG2 binding.

Single mutation of Lys215 and Lys222, either to alanine
or glutamic acid, does not affect enzyme activity (Figure
7A). However, simultaneous mutation of these residues
causes a significant decrease in activity. We propose that
the presence of these two compensatory residues is a “safety
mechanism” which highlights the importance of a positively
charged region for substrate binding (41): if one of the
lysines is mutated, the enzyme would still be fully functional
as a substrate host due to the presence of the other lysine.
Indeed, both residues are highly conserved in both isoforms
of numerous species, and at least one of the two amino acids
is always a lysine in mammals (Figure 5). Furthermore, this
effect could not have been predicted from homology align-
ments as neither residue is entirely conserved. The average

FIGURE 8: Structural role of Lys211. The backbone of PGHS-1 is
shown in ribbon diagram, while the heme and side chains of Lys211,
Asp236, Glu290, and Thr212 are depicted as sticks.

FIGURE 9: Molecular dynamics showing conservation of salt
bridges. The preservation of the salt bridges between the ammonium
nitrogen of Lys211 and the carboxylate oxygens of Asp236 (A)
and Glu290 (B) during the molecular dynamics simulation is
illustrated by monitoring interatomic bond lengths (Å). The
maintenance of a hydrogen bond between the hydroxyl group and
the backbone amide of Thr212 and the C13 heme propionate was
also monitored (C).
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40% decrease in activity of the double mutants with respect
to the wild type correlates well with the∼2.0 kcal/mol
decrease in binding energy due to the loss of the salt bridges
predicted by docking calculations (Figure 7B).

It could be argued that the effect of simultaneous mutation
of Lys215 and Lys222 may be due to nonspecific effects
unrelated to ligand binding. Inspection of the crystal structure,
however, indicates that Lys215 does not show significant
interactions with any other residue of the protein, while
Lys222 is only involved in hydrogen bonding with the poorly
conserved Ser213 side chain. Furthermore, the fact that single
mutations have no effect on enzyme activity indicates that
these mutations do not have serious implications for enzyme
folding.

The proposed binding model is, thus, fully consistent with
the commonly accepted mechanism of catalysis as well as
with our, and other previously reported, site-directed mu-
tagenesis studies. On the basis of the binding model presented
here, which defines the minimal pharmacophore for specific
enzyme-substrate recognition, we have designed a first
generation of PGHS-peroxidase inhibitors which are ex-
pected to be highly selective and become valuable chemical
tools for exploring the implication of this peroxidase in
pathophysiology. The synthesis and testing of these com-
pounds are currently underway.

SUPPORTING INFORMATION AVAILABLE

GenBank accession numbers for proteins used in Figure
5 and the DNA sequencing data for the mutants. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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