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ABSTRACT. The cyclooxygenase (COX) enzymes are responsible for the committed step in prostaglandin
biosynthesis, the generation of prostaglandinAs a result, these enzymes are pharmacologically important
targets for nonsteroidal antiinflammatory drugs, such as aspirin and newer COX-2 selective inhibitors.
The cyclooxygenases are functional homodimers, and each subunit contains both a cyclooxygenase and
a peroxidase active site. These enzymes are quite interesting mechanistically, as the conversion of
arachidonic acid to prostaglandin Hequires two oxygenation and two cyclization reactions, resulting in

the formation of five new chiral centers with nearly absolute regio- and stereochemical fidelity. We have
used molecular dynamics (MD) simulations to investigate the equilibrium behavior of both COX-1 and
COX-2 enzyme isoforms with bound arachidonate. These simulations were compared with reference
simulations of arachidonate in solution to explore the effect of enzyme on substrate conformation and
positioning in the active site. The simulations suggest that the substrate has greater conformational freedom
in the COX-2 active site, consistent with the larger COX-2 active site volume observed in X-ray crystal
structures. The simulations reveal different conformational behavior for arachidonate in each subunit over
the course of extended equilibrium MD simulations. The simulations also provide detailed information
for several protein channels that might be important for oxygen and water transport to or from active sites
or for intermediate trafficking between the cyclooxygenase and peroxidase active sites. The detailed
comparisons for COX-1 versus COX-2 active site structural fluctuations may also provide useful information
for design of new isozyme-selective inhibitors.

Cyclooxygenase (COXor prostaglandin H synthase) is associated largely with the inducible isoform, COXZ3.(
the enzyme responsible for the committed step in prostag- Inhibition of COX-2 produces the analgesic, antipyretic, and
landin biosynthesis, generating the product prostaglangdin H antiinflammatory effects typical of nonsteroidal antiinflam-
(PGHy). Various prostaglandin synthases then convert PGH matory drugs (NSAIDs), while inhibition of COX-1 is
into several different prostaglandins and thromboxanes. responsible for the antithrombotic effects of aspirin and other
These prostaglandins and thromboxanes target specific Gnonselective NSAIDs, as well as many of their side effects,
protein-coupled receptors and play major roles in regulation such as gastric ulcer formation. The many therapeutically
of renal function, platelet aggregation, protection of the useful effects of COX inhibition have made the NSAIDs
stomach lining, and numerous other homeostatic tasks, asamong the most widely used drugs of the past century. Since
well as mediation of the cellular inflammatory responbe ( selective COX-2 inhibition can provide analgesic and anti-
The former “housekeeping” functions are attributed to the inflammatory effects with reduced undesirable gastric side
first of two established COX isoforms, the constitutively effects, COX-2 selective inhibitors such as celecoxib and
expressed COX-1, while the inflammatory response is rofecoxib have become some of the most widely used
prescription medications in the developed world. However,
an;Tﬁile \;ngrli Wﬁi Sgppgtéd':inv\?:étsby Ncl)':t eC;f%ntﬁr gisn?;rs:29grgn-tp+lé% recent reports that COX-2 selective inhibitors may increase
GM08320 fror’r(1 the l\i?a'tio.nall I‘nstitutel{spgf Healtf){ and bygthe Warren the risk of hea,rt attack !n Some pfitlents h,as caused great
Fe”owsnip_ D.A.P. was supported by NSERC Canada and the Warren ?é)nc)ern and stimulated increased interest in these enzymes
Fellowship. , 4).
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geometry enables the enzyme to hold unsaturated fatty acid
substrates, like AA, in the bent L-shaped conformation that
facilitates conversion to PG5, 7). The generally accepted
cyclooxygenase reaction mechanism (see Scheme 1) involves
generation of a tyrosyl radical at Tyr-385 in the cyclooxy-
genase active site by the oxidized heme cofactor. This tyrosyl
radical then stereospecifically abstracts the Qir®-S
hydrogen of AA 6, 8, 9), forming a pentadienyl radical that
extends from C11 to C1510Q, 11) and restoring the Tyr-
385 hydroxyl group. In the X-ray crystal structure of AA
bound to COX-112), the AA C13pro-Shydrogen atom is
well positioned for radical attack by Tyr-385, while the C13
pro-R hydrogen atom is fully shielded from Tyr-385.

A number of MD simulations have been performed for
COX with a variety of different bound substrates or inhibi-
tors, in an effort to better understand mechanistic details of
COX-mediated prostaglandin biosynthesis and to provide
insight that might facilitate the design of COX-2 selective
inhibitors. Structural fluctuation information obtained from
MD simulations complements high-resolution X-ray crystal
structure data and can provide additional insight for strueture
function relationships. Useful simulations for large systems
such as the COX homodimers are quite expensive and time-
consuming, so many simulations performed to date have
involved approximations or system simplifications that
reduced the computational expense. Some simulations have
involved only one monomed@—15) or focused on an even
smaller fragment of the protein, such as the membrane-
binding domain 16) or the membrane-binding domain and
the helices comprising the cyclooxygenase active 4i#. (
Ficure 1: Side (A) and top (B) views of the COX-1 dimer with Many simulations have been performed in vacuo with a

arachidonate bound. Panel A shows the side view, parallel to the . . - -
membrane, with the, axis relating the monomers indicated by a distance-dependent dielectric constant to mimic an aqueous

vertical black line. Panel B is rotated @@ward the viewer, looking ~ €nvironment {3, 17—19). Still other simulations have used
straight down theC, axis toward the membrane. Monomer A is  steered or targeted MD to accelerate configurational sam-

rendered in cyan and monomer B in green with both membrane- pling, so that events occurring over longer time scales

binding domains (helices AD) highlighted in magenta. Arachi- ; e ;
donate molecules are rendered as red CPK Structures. hemémmrosecond to millisecond) could be simulated reasonably

cofactors as orange tubes, and detergent molecules as gray tube&fficiently (14). All of these approaches strike a balance
This figure and Figures 4 and-11 were generated using the DINO  between computational expense and incorporation of enough

program 85). physical detail to model the relevant biochemical or physi-
ological features.
peroxy endoperoxide product prostaglandin(BGG) via We have performed detailed molecular dynamics (MD)

two highly regiospecific and stereoselective oxygen additions Simulations for both COX-1 and COX-2 homodimers with
and two cyclization reactions (Scheme 1). The hydroperoxide bound AA, including water, crystallographically resolved
intermediate PG@then migrates to the peroxidase site, detergent molecules, and counterions explicitly, to investigate
where it is reduced to the final product P&Rihe membrane-  the equilibrium baseline behavior of the enzyrseibstrate
binding domain in each monomer consists of four amphip- complexes. Comparison of these simulations with reference
athic helices (helices AD) arranged in a box-like config-  simulations of AA free in solution demonstrates the effect
uration that anchors the protein to one leaflet of the lipid of the enzymes on substrate conformation and positioning
bilayer. The relatively large space enclosed by these fourin the active site over time. The simulations also provide
helices has been referred to as the “lobby” regin This detailed information for several protein channels that might
membrane-associated domain provides a logical pathway forbe important for oxygen and water transport or possibly even
fatty acid substrates to travel from the membrane into the for trafficking of the intermediate, PGS between the
cyclooxygenase active site through a “gate” constriction, cyclooxygenase and peroxidase active sites. These detailed
consisting of arginine, tyrosine, and glutamate residues (Arg- simulations also allow us to compare dynamical features (i.e.,
120, Tyr-355, and Glu-524 using the ovine COX-1 number- structural fluctuations) for COX-1 versus COX-2 isoforms
ing). This gate region engages the carboxylate of fatty acid and may provide useful information for future design of
substrates in a charge-reinforced hydrogen bond network thatinhibitors with increased isoform selectivity. This possibility
anchors the substrate in the active site. is especially significant, given the recent problems and

From the gate, the largely hydrophobic active site extends concerns regarding the risk of heart attack associated with
upward away from the membrane, bending in a right angle many COX-2 selective inhibitors used as antiinflammatory
and continuing toward the dimer interface. This active site drugs 8, 4).
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Scheme 1: Conversion of Arachidonic Acid to P&iby COX Enzymes
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MATERIALS AND METHODS

Parameter Deelopment.AA (Figure 2) contains four

homoconjugated double bonds, and this system is not well
represented by parameters available in the standard AMBER

ff99 force field 20), so new parameters were derived. A

new atom type, CE, was created for the homoconjugated

carbons in AA. A gas-phase minimum energy structure for
AA was generated by Hartred-ock calculations with a
6-31G* basis set using Gaussian2d)( Equilibrium bond
lengths and angles were taken directly from this minimum
energy structure, and force constants were interpolated usin
reference values in the ff99 force fiel@Q). The torsional
parameters for the standard AMBER double bond were
adopted for the new CECE bond. New torsional parameters
were needed to properly model the dihedral angles for AA
fragments CE-CE-CT-CE and CE-CE-CT-CT (where CT is
the standard AMBER sSgarbon atom type). Torsion energy
profiles over the range-836C° for (Z,2)-2,5-heptadiene and
(2)-2-pentene, which mimic the AA fragments CE-CE-CT-
CE and CE-CE-CT-CT, respectively, were calculated using
density functional theory at the B3LYP/6-31G* level of
theory @2). Potential function parameters for the CEE—
CT—CE and CE-CE—CT—CT torsion angles were then

adjusted to reproduce the quantum mechanical torsion

profiles. A molecular electrostatic potential for AA was
calculated over a grid of points using the Hartré@ck

optimized geometry and a 6-31G* basis set. Partial charges

for AA were derived by fitting the electrostatic potential to
an atom-centered point charge model according to the
procedure of Cornell et al2@).

HR

CH,CH,COOH

Ficure 2: Arachidonic acid (8,8Z,11Z,14Z-eicosatetraenoic acid).
The C13pro-R and pro-S hydrogen atoms are highlighted.

Homodimer Model Setup and Simulatiofihe 3.0 A
resolution X-ray crystal structure of the ovine COX-1/AA
complex (2), PDB entry 1DIY, was used to generate the
initial model. The cobalt atom present in the 1DIY crystal
structure porphyrin was replaced with iron, and the heme
groups were tethered to the axial histidine ligand (His-388)
with a weak harmonic restraint [20 kcal/(m8)] to prevent
dissociation from the homodimer complex during the long
simulations. The crystal structure also includes four octyl
p-glucoside (BOG) detergent molecules per monomer sur-
rounding the membrane-binding domains. While detergent

Ynolecules do not appear to be essential to stabilize the

membrane-binding domain during simulations, we included
the BOG molecules to better mimic the aqueous detergent
solution conditions used for many experimental studi®s (

All crystallographic waters were retained in the homodimer
model. Hydrogen atoms were added using the LEaP module
in AMBER 7.0 (24).

For the COX-2 simulations, the 2.4 A resolution X-ray
crystal structure for the mouse COX-2/AA complezb),
PDB entry 1CVU, was used to generate the initial model.
However, in this crystal structure, AA is bound in a
catalytically unproductive, inverted orientation, with the
carboxylate interacting with Tyr-385 and Ser-530 in the
middle of the cyclooxygenase active site and the hydrocarbon
chain positioned just above the gate region. A previous
theoretical model for COX-2 with a properly oriented AA
molecule does exist (PDB entry 1DCX), but the docked
conformation of AA in this complex appears to be incon-
sistent with the proposed reaction mechanism. The first step
in the cyclooxygenase reaction involves stereospecific ab-
straction of the C13ro-S hydrogen atom by the catalytic
tyrosyl radical Tyr-385 §, 8, 9). Both the C13pro-R and
pro-S hydrogen atoms are directly accessible to Tyr-385 in
the theoretical model 1DCX. By contrast, only the Qit8-S
hydrogen atom is accessible to Tyr-385 in the COX-1/AA
crystal structure 1DIY, because the substrate adopts a
different conformation in this structure. We therefore decided
to use the COX-1/AA crystal structure to guide our construc-
tion of a catalytically viable COX-2/AA complex.

The COX-2 construct used to obtain the 1CVU crystal
structure has a point mutation, His-207-Ala, which was
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incorporated to prevent heme binding and thus inactivate theions were held fixed. Then, the water and ion positions were
enzyme. A BOG detergent molecule occupies the peroxidaseminimized for 1000 steps while the proteisubstrate
active site in this crystal structure in the absence of the hemecomplex was restrained. Finally, the full system was
cofactor. To create a “catalytically competent” COX-2 minimized for an additional 300 steps.
homodimer model, the detergent molecule was removed from Next, each enzymesubstrate complex was restrained
the peroxidase active site, the His-207 residue and hemeduring a 20 ps, constant volume MD simulation, while water
groups were restored, and AA was repositioned in the and sodium ions were allowed to move freely to relax the
cyclooxygenase active site in a catalytically viable orienta- protein hydration shell. A thermalization procedure was then
tion. To facilitate positioning of the heme group and substrate used to prepare each full system for equilibrium MD
molecule in the COX-2 complex, the COX-1 and COX-2 simulation. Initial velocities for each atom were assigned
active site regions were superimposed using the graphicsfrom a Boltzmann distribution at 298 K, followed by a 0.2
program PSSHOWZ26). The RMSD for the COX-1 versus  ps, constant pressure dynamics simulation. This procedure
COX-2 active site region backbone atoms is 0.44 A, and was repeated 10 times with a different Boltzmann velocity
0.65 A for backbone plus side chain atoms, so the two active distribution in each cycle. This thermalization procedure
sites are structurally nearly identical. Both heme and AA in serves to distribute atomic velocities more uniformly,
the COX-2 model were overlaid on their corresponding eliminating potential “hot” and “cold” zones in the system.
positions in the COX-1 complex to generate the final COX-2 Isothermat-isobaric ensemble MD simulations were then run
substrate complex. The reorientation of AA in the COX-2 for 10 ns for each complex.
active site and reinsertion of the heme group were quite An additional 10 ns MD simulation was run for AA in a
simple and straightforward procedures. Neither generated anyperiodic water box with a sodium counterion to establish
unfavorable steric interactions with protein residues, and the baseline equilibrium behavior for the substrate molecule free
only structural modification necessary during the entire in solution. All covalent bonds containing hydrogen were
model-building procedure was adjustment of the reintroduced fixed at equilibrium lengths using the SHAKE algorith28].
His-207 side chain so as to ligate the heme iron atom. A 1 fs integration time step was used for all simulations,
One of the four BOG detergents surrounding the membrane-and configurations were collected every 1 ps for subsequent
binding domain in the COX-1 crystal structure is also present analysis. Constant temperature and pressure were maintained
in the COX-2 crystal structure; the other three detergent via weak coupling to a thermal reservoir (tautpl.0 ps)
molecules were added to the COX-2 model to ensure thatand Berendsen piston (tagp1.0 ps) 29). A 9 A real-space
differing numbers of detergent molecules in the two com- nonbonded cutoff was used in all simulations, and a particle-
plexes did not induce different structural fluctuations during mesh Ewald summation method was used to compute long-
the simulations. Two crystallographic water molecules oc- range electrostatic energy and force correcti@. All MD
cupying the upper channel of the cyclooxygenase active sitetrajectories were analyzed visually using MDDISPLAXL).
in the COX-2 1CVU crystal structure overlapped with the The ptraj module of AMBER was used to perform most
new AA position, and these waters were deleted along with numerical analyses of the MD trajectories.
three additional water molecules present in the “empty”  Channel AnalysisA new protocol for channel analysis
peroxidase site in the 1CVU crystal structure; reinsertion of was developed for this work. In previous simulation work
the heme group in the 1CVU structure precludes the presencewith acetylcholinesterase, Tai et al. demonstrated that itera-
of these three water molecules in the peroxidase site. All tive calculations of solvent-accessible surfaces with varying
remaining crystallographic waters were retained in the final probe radii could be used to estimate the radius of a channel
COX-2 homodimer model. As with the COX-1 model, in a protein 82). The basic concept underlying the “chan-
hydrogen atoms were added using the LEaP program, andnel_finder” algorithm developed in this work is quite similar
the heme groups were tethered to the axial histidine (His- and differs primarily in the criteria used to differentiate open
388) with a weak harmonic restraint [20 kcal/(rmb)]. and closed states for a chanfef.the probe sphere used
MD simulations were run using AMBER 7.@4) with for a molecular surface calculation is forced to initially touch
the AMBER ff99 force field 20) and the SPC/E water model an atom inside an interior cavity, it will not escape the cavity
(27). Both COX-1 and COX-2 complexes were solvated in as long as the probe radius is larger than the radius of the
a truncated octahedron periodic box, with a minimum 11 A channel leading to the exterior of the protein. If, however,
distance from any protein complex atom to the closest box the probe radius is smaller than the radius of the channel, it
edge. Sodium counterions were added to each solvatedwill escape and generate a molecular surface for the entire
complex to establish charge neutrality for the systems. The protein, yielding a large total surface area and volume. The
resulting COX-1 system consisted of the homodimer, 2 heme largest probe sphere radius that can enable successful “exit”
groups, 2 AA molecules, 8 detergent molecules, 28401 waterfrom the protein interior corresponds quite closely with the
molecules, and 6 sodium counterions, for a total of 104234 associated channel radius. To use this method to measure a
atoms. The COX-2 system consisted of the homodimer, 2 specific channel radius, alternate possible escape routes from
hemes, 2 AA molecules, 8 detergent molecules, 32776the internal cavity must be blocked. This can be ac-
waters, and 12 sodium counterions, for a total of 118858 complished through the placement of “blocker” spheres in
atoms. Each homodimer complex was then energy minimizedall but the channel of interest. For probe spheres smaller than
using a steepest decent gradient method to relieve any0.7 A, it becomes increasingly difficult to block all of the
residual unfavorable steric interactions introduced during the potential escape routes in a robust manner, and the channel
model building and solvation procedures. First, the protein,
substrates, heme cofactors, and detergent molecules were 2 petajled instructions and scripts necessary to run the channel_finder
minimized for 300 steps while water molecules and sodium utility are available from the corresponding author upon request.
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FiGure 3: Root mean square deviations for configurations taken at 1 ps intervals from the COX&) ghd COX-2 (D-F) simulations

relative to their respective crystal structures 1DIY and 1CVU. Panels A and D show superposition of the backbone atoms (C, CA, N) of
monomer A (black) and monomer B (red). Panels B and E show superposition of the backbone atoms of the membrane-binding domains
alone, residues 73123. Panels C and F show superposition of the backbone atoms of the active site residues, Arg-120, Phe-205, Phe-209,
Val-344, Tyr-348, Val-349, Leu-352, Tyr-355, lle-377, Phe-381, Tyr-385, Trp-387, lle-523, Gly-526, Ala-527, Ser-530, Gly-533, and
Leu-534.

mapping results may be ambiguous. However, any channel The COX-1 complex starting model posses§assym-
whose maximum radius observed over the course of a longmetry, but this symmetry is broken during the simulation.
dynamics trajectory is less than 0.7 A is too small to permit The structural deviations for monomer A versus monomer
passage of water and most ions, much less typical enzymeB are more noticeable for the COX-1 homodimer compared
substrates, products, or cofactors, and we classify these aso COX-2, although the differences are not dramatic: COX-1
closed channels. Molecular surfaces needed for the channemonomer A exhibits an average backbone RMSD relative
analysis were calculated with the MSMS prograB8)( to the starting crystal structure ofL.5 A, while the monomer
Channel analysis was performed over the fin@.5 ns of B average backbone RMSD value is nearly 1.7 A. The
each trajectory, and the procedure was repeated several time€0OX-2 homodimer complex displays more modest RMSD
for each channel using different initial probe sphere place- values relative to the crystal structure reference (average
ments to ensure that results were not dependent upon théackbone RMSD is~1.25 A). Monomer A in the COX-2

probe starting position in the channel. complex appears to undergo a small conformational change
Electrostatic Potential Calculation€lectrostatic poten-  after approximately 7 ns (Figure 3D), but this change has
tial maps were calculated using GRASB4), All co- no impact on the active site structure (Figure 3F). Overall,

factors, ligands, ions, water, and detergent molecules werethe COX-1 and COX-2 complexes display only modest
removed from the structures, so that the electrostatic potentialdeviations from the reference crystal structures during the
maps reflect the apoprotein properties. Atomic charges for entire 10 ns simulations, suggesting that the models, which
the GRASP calculations were taken from the AMBER include both detergent molecules and counterions, are quite
“all_amino94.lib” library file. Molecular surfaces were stable.
calculated using MSMS3@) with a 1.5 A probe radius. The Average structures for both COX-1 and COX-2 complexes,
electrostatic potential was displayed on the molecular surfacecomputed over the latter half of the trajectories, are shown
using DINO @5). in Figure 4, together with the reference crystal structures.
RESULTS AA displays considerably more conformational flexibility
in the COX-2 complex, evident in the different bound
Stability of ComplexesRoot mean square deviations conformations in monomer A vs B. Two COX-2 average
(RMSD) for backbone atoms of each complex relative to structures were computed, reflecting subtly different major
the initial crystal structure models are shown in Figure 3. (Figure 4B) and minor (Figure 4C) conformations along
The two monomers of each homodimer are referred to asC11-C15 of AA observed over the final 6 ns of the
monomers “A” and “B”. The plots illustrate that the structural trajectory. The AA molecule adopts a conformation and
fluctuations for each complex are well behaved and consis-orientation in the COX-1 crystal structure 1DIY that are
tent over the entire trajectory. The structural fluctuations for completely consistent with the proposed reaction mechanism
the membrane-binding domains (Figure 3B,E) are somewhatdescribed above, and this AA position is duplicated in our
more pronounced and irregular than the rest of the protein, COX-2/AA model. The AA carboxyl group forms a hydro-
but relatively modest nonetheless, with an average RMSD gen bond network with gate residues Tyr-355, Arg-120, and
slightly above 1.5 A. The active site regions deviate only Glu-524, and this hydrogen bond network remained intact
minimally from the reference crystal structures, with average throughout both the COX-1 and COX-2 trajectories. In both
RMSD values around 0.5 A. monomers of the COX-1 simulation the AA carboxyl group
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Ficure 4: Stereoviews of identical orientations of the COX-1 (A) and COX-2 (B, C) active sites. In each panel, the X-ray crystal structure
is shown in gray, the average structure of monomer A in blue, and monomer B in red. For COX-2, major (B) and minor (C) average
structures are shown, representing two slightly different arachidonate conformations alon@15llcompared to the crystal structure
1CVU, with the productive conformation of arachidonate from the COX-1 crystal structure replacing the inverted arachidonate from the
original 1CVU structure.

maintained a bifurcated, charge-reinforced hydrogen bond monomer B results in an2 A backbone shift around Ser-
with Arg-120 (Figure 4A), while in the COX-2 simulation, 530, and an~2 A shift of lobby helix D (residues 108
this interaction was often reduced to a single charge- 121, includes Arg-120) toward the dimer interface. The shift

reinforced hydrogen bond (Figure 4B,C). In COX-2 mono-
mer A, the AA carboxyl group simultaneously interacted with
Arg-120 and Arg-513 (His-513 in COX-1) on the opposite
side of the gate region.

While AA shows greater positional and conformational
variability in COX-2, the COX-2 enzyme structure remains

of helix D expands the lobby and widens the gate without
disrupting the gate hydrogen bond network. These two helix
shifts may be coupled, as the lobby helix D and the active
site helix containing Ser-530 make significant van der Waals
contact in this region. The local expansion of the upper active
site channel in monomer B appears to allow an AA

very consistent, evident in the RMSD plots as well as the conformational change that reorients the @i&Shydrogen
average structures. For COX-1, on the other hand, a small,atom away from Tyr-385 (Figure 4A), resulting in what

local helix backbone distortion around residues-5393 of

appears to be a catalytically unfavorable conformation that
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Ficure 5: Color-coded histograms showing torsion angle sampling for arachidonate homoconjugated methylene torsion angles simulated
free in solution (Soln) as well as bound to COX-1 and COX-2. Colors indicate the percentage of the trajectory spent in each torsion angle
range. The numbers on the left indicate the torsion described; e-@.réfers to the C5C6—C7—C8 torsion angle. Vertical black lines

indicate the torsion angle value observed in the COX-1 crystal structure complex (1DIY), and the crystallographic structure of arachidonate
is shown on the left for reference.

is similar to that observed in the X-ray crystal structure for ture of COX-1 with an inhibitor bound3g). Apart from the
a COX-1/eicosapentaenoic acid compl@6)( Malkowski cofactor, this structure is quite similar to the 1DIY structure,
et al. suggested that this misaligned conformation could with an overall backbone RMSD of only 0.51 A. In 1Q4G,
account for the inefficient oxygenation of eicosapentaenoic the more buried of the two heme propionate arms forms two
acid by COX-1. hydrogen bonds with the enzyme; one oxygen atom interacts
Visual analysis of the COX-1 trajectory revealed a factor with residue Asn-382 and the other with Thr-212. In the
that appears to explain the local helix distortion in monomer 1DIY structure, this propionate arm adopts a different
B. After ~500 ps, a water molecule penetrated past the gateconformation in which a single cofactor oxygen interacts with
region in monomer B and entered the active site. This water both residues. In both monomers of the COX-1 and COX-2
molecule remained in the active site for several nanosecondssimulations, the propionate arm moved to a conformation
forming a bridging hydrogen bond between the Ser-530 similar to that in the 1Q4G crystal structure, establishing
hydroxyl side chain and the AA carboxyl group, before the same hydrogen bond pattern. This change was ac-
finally exiting back to bulk solvent. No water molecules ever companied by a shift and slight rotation of the heme group
penetrated into the monomer A active site, and no compa-that resulted in an overall position more like that observed
rable local backbone distortion around residue Ser-530 wasin 1Q4G.
observed for monomer A. Instead, the Ser-530 side chain Arachidonate Conformational Dynamic®ptimal posi-
formed a hydrogen bond with the Gly-526 carbonyl oxygen, tioning of the C13pro-Shydrogen atom of AA for abstrac-
comparable to an interaction observed in a COX-1/dihomo- tion by Tyr-385 is strongly dependent on the bound substrate
y-linolenic acid crystal structure3y). The tighter upper  conformation, especially the C+C12—C13—C14 torsion
channel diameter in monomer A appears to help to maintain angle. To obtain a more complete picture of AA conforma-
AA in a “productive” orientation vis-avis Tyr-385. tions within the cyclooxygenase active site, we monitored
The position of the C&-protoporphyrin IX cofactor in torsion angles for all six rotatable bonds of the homocon-
the COX-1/AA X-ray crystal structure (1DIY) is displaced jugated double bond fragment during each trajectory, and
~0.8 A relative to the heme position observed in other the results are shown in Figure 5. The torsion angles
COX-1 structures, including 1Q4G, a high-resolution struc- monitored include C5C6—C7—C8 (hereafter labeled C6
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lobby region into the active site, panel B displays the primary dimer interface channel (D1), panel C shows the second dimer interface
channel (D2), and panel D displays the side channel or I/V523 side pocket.
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C7 for convenience), C6C7—C8—C9 (C7-C8), C8-C9— Cl3 angle (215 225, and 237, respectively) and the C13
C10-C11 (C9-C10), C9-C10-C11-C12 (C16-C11), C14 torsion angle (169195, and 180) (12, 36, 37).
C11-C12-C13-C14 (C12-C13), and C12C13-C14- In the COX-2 simulation, the AA molecules in both

C15 (C13-C14). We also monitored these six torsion angles monomers exhibit much larger conformational fluctuations
for simulations of AA free in solution. We used density than observed in the COX-1 simulation (Figure 5). The €12
functional theory calculations to compute a reference torsion C13 torsion angle sampled both £24nhd 240 local minima
angle energy profile for 2,5Z-heptadiene to identify local  extensively, and as a result, many AA conformations
minima and torsion barrier heights. The torsion angles for observed in the COX-2 trajectory appear to shield the C13
homoconjugated double bonds display degenerate localhydrogen atoms from Tyr-385, although detailed analysis
minima at 120 and 240. The computed energy barriers are reveals that the C1Bro-R hydrogen is shielded to a much
~1.4 kcal/mol at 180 and~3.8 kcal/mol at 0, suggesting  greater extent (see Supporting Information for plots of the
facile interconversion between 128nd 240 local minima distances between Tyr-385 and the two C13 hydrogen atoms
is likely. As seen in Figure 5, all six torsion angles do sample as a function of time in both COX-1 and COX-2 simulations).
both local minima extensively in the simulations of AA free Unlike COX-1, the COX-2 active site does not constrain the
in solution, while AA is conformationally constrained to C13—C14 torsion angle near 180
varying extents in the different enzyme complexes. Channels.Four distinct channels connect the cyclooxy-
Most of the AA torsion angles sampled similar ranges in genase active site to the exterior of the protein. We profiled
both COX-1 monomers, on average remaining near crystal-all four channels in the average structures from the COX-1
lographic values. The primary exception was the €C23 and COX-2 simulations and used the channel_finder utility
torsion, which was restricted to different local minima in to monitor structural fluctuations in these channels during
monomer A vs B, resulting in the distinct bound AA the final 8.5 ns of each trajectory (Figure 6). The chan-
conformations in the average structure (Figure 4A). In nel_finder protocol determines the largest spherical particle
monomer A, the AA C12C13 torsion angle fluctuates that can transit the entire channel in each trajectory config-
around 240 (near the crystallographic value of 2)5which uration and reveals channel constriction or opening as a
orients the C1®ro-Shydrogen atom directly at Tyr-385. In  function of time.
monomer B, however, the C+Z 13 torsion angle fluctuates The main channel (M1) leads from the lobby through the
around 120, which orients both C13 hydrogen atoms away gate constriction into the cyclooxygenase active site and is
from Tyr-385. Interestingly, in both COX-1 monomers, the the proposed entrance/exit route for the substrate. The
C13-C14 torsion angle adopts an equilibrium value near average structure of COX-1 monomer A closely resembles
18C° despite the small energy barrier, highlighting the the COX-1/AA crystal structure, with a constricted (i.e.,
conformational constraint the COX-1 active site imposes on closed) gate region and an empty pocket below Ser-530
the substrate. X-ray crystal structures for COX-1 complexed (Figure 7A). The presence of this pocket may be mechanisti-
with several fatty acids of varying chain lengths and degree cally important, as it is the proposed staging site for
of saturation, arachidonic, linoleic, and dihomsdinolenic molecular oxygen before addition at C11 of the AA penta-
acids, all display similar conformational trends for the €12  dienyl radical {2). The COX-1 monomer A gate region
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Ficure 7: Solid surface side views showing three of the four active site channels for COX-1 (A, B) and COX-2 (C, D) average structures
calculated from the MD trajectories. In each panel, arachidonate is shown in red with the two C13 hydrogens highlighted in white and
heme cofactors in orange. Each structure has been sliced with a vertical clipping plane (cut surface is white) to show the interior cavity
surface (gray) generated with a 1.0 A probe sphere. The portion of the surface corresponding to the side chain atoms of Tyr-385 is highlighted
in cyan since the residue itself is not visible through the solid surface rendering. The D1 channel in COX-2 monomer B is closed to this
probe, as is the side channel in COX-1 monomer A. A separate clipping plane was used for arachidonate in order to show the entire
molecule. Panel E shows a ribbon rendering of the view used in pandsalong with the global orientation of the dimer, with coloring

as described in Figure 1. Surfaces for this figure and Figurekl8vere generated using MSMS3.

remained closed throughout the trajectory, with a radius of had a wider radius of 1.2 0.2 A, on average, and frequently
0.9 + 0.1 A, on average. The carboxylate and first few opened to a radius greater than 1.6 A (Figure 6A). More
methylene groups of AA were retained in the active site for than 1% of all configurations analyzed were opened suf-
all M1 channel measurements, so the value reflects the sizeficiently wide to permit water or molecular oxygen passage,
of probe spheres that can transit the M1 channel while AA but there was less room for oxygen inside the active site,
is bound. If molecular oxygen is considered to be an ellipsoid and access to AA atom C11 was more hindered.
molecule with radii of approximately 1.6 and 2.2 A along In the COX-2 average structure, M1 of monomer A is
its two principal axes, no channel openings large enough to essentially closed (average radius of &®.1 A), with the
allow molecular oxygen passage were observed for COX-1 gate residues Arg-120 and Tyr-355, along with Val-116,
monomer A. closely packed, completely blocking the active site opening
Early in the COX-1 simulation, a water molecule entered (Figure 7C). However, we did observe transient openings in
the active site of monomer B through the M1 channel, the gate region to radii of 1:31.6 A (~0.01% of the
apparently causing a structural perturbation (Figures 4A andconfigurations sampled). The average COX-2 monomer B
7B). Residue Ser-530 shifted2 A toward the membrane-  structure (Figure 7D) has a partially opened gate region
binding domain, reducing the volume of the hydrophobic (average radius of 1.1 0.2 A), with 0.01% of the
pocket beneath Ser-530 (i.e., the putative molecular oxygenconfigurations opened wide enough for passage of molecular
staging site), and helix D shifted2 A toward the dimer oxygen. Unlike COX-1 where structural differences in the
interface. As a result of these structural changes, this channeM1 channel arose from movement of helix D, in COX-2
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Ficure 8: Solid surface top views (rotated Otbward the viewer along a horizontal axis relative to Figure 7) of the channels leading from

the cyclooxygenase active site into the dimer interface for COX-1 (A, B) and COX-2 (C, D) average structures calculated from the MD
trajectories. The D2 channel is closed to the 1.0 A probe sphere in COX-1 monomers A and B, and the D1 channel is closed in COX-2

monomer B. Panel E shows a ribbon rendering of the view used in pardlsatong with the global orientation of the dimer. The coloring
scheme is as described for Figure 7.

the differences between monomers were primarily due to channel opening on a nanosecond time scale. Both COX-1
the orientation of side chains in the gate region, especially and COX-2 monomer A D1 channels displayed nearly
Tyr-355, relative to the AA carboxylate, suggesting that identical fluctuations over the trajectories, and both have an
smaller local movements should be sufficient to allow average radius of 1.& 0.1 A (Figure 6B). The D1 channel
molecular oxygen to enter the active site. in COX-2 monomer B exhibited slightly larger fluctuations
Two narrow channels extend from the upper, distal end during the simulation, with an average radius of £1.2
of the cyclooxygenase active site into the dimer interface A, while the D1 channel in COX-1 monomer B was slightly
(Figure 8). These channels often contain water molecules inwider, with an average radius of 1420.2 A, due mainly to
X-ray crystal structures and have been proposed to act aghe conformational changes triggered by penetration of a
“release valves” for water upon substrate bindiB§)( as water molecule into the M1 channel.
has been observed in simulation studies for other proteins A second small channel, D2, extends at a right angle from
(40). The first of these channels, D1, is bounded by two the distal end of the cyclooxygenase active site and away
conserved glycine residues, Gly-227 and Gly-533, near thefrom the D1 channel (Figure 8). In the X-ray crystal
distal end of the active site (Figures 7 and 8). These two structures of both COX-1 and COX-2, the D2 channel splits
glycine residues do not make van der Waals contact in crystalinto two separate arms, with one arm leading to the dimer
structures or the current simulations but, instead, form a interface and the other leading to the protein surface. This
narrow constriction site just at the junction with the dimer channel became constricted in the COX-1 simulation, due
interface. The AA hydrocarbon chain packs tightly in the to the movement of residues Ser-126 and Pro-127 in the loop
terminus of the D1 channel, completely filling the available extending from the end of helix D. This constriction remained
volume. To probe the intrinsic channel radius with our tightly closed in both monomers throughout the COX-1
channel_finder utility, we removed AA atoms C1€20 simulation, with an average radius of 180.1 A. In the
from each trajectory prior to analysis. In general, the average COX-2 simulation, monomer A maintained the more open
width and structural fluctuations of the D1 channel were configuration observed in the X-ray crystal structures, with
remarkably consistent for both A and B monomers in both an average radius of 12 0.1 A, while monomer B sampled
enzyme isoforms, and there was no evidence of significantboth open and closed states leading to a slightly broader,
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Ficure 9: Electrostatic potential surface views for COX-1 (A, B) and COX-2 (C, D) average structures calculated from the MD trajectories,
along with a crystal structure of human myeloperoxidase, MPO (E, F). Panels A, C, and E show top views looking down on the dimers
from above the plane of the membrane (as in Figure 1B). Panels B, D, and F show side views of the dimers (as in Figure 1A), which are
related to the top views by a 9@otation about the horizontal axis indicated in panel A. Surfaces were generated using a standard 1.5 A
probe sphere radius and color-coded (red for negative, blue for positive) according to an electrostatic potential map generated using GRASP
(34). Each hollow surface has been sliced with a vertical clipping plane (cut surface appears black) to show the solvent-accessible interior
cavity surfaces (gray/red/blue), as well as the position of the substrates located in the interior of the protein inaccessible to the 1.5 A probe
sphere.

nearly bimodal distribution, averaging 11 0.2 A. These relative to COX-1, lle-523-Val, Arg-513-His, and lle-434-
simulation results suggest that the D2 channel is capable ofVal. This is a region of key isoform-specific differences, as
interconverting between two states on a nanosecond timethe COX-2 selectivity of diarylheterocyclic NSAIDs, as well
scale; however, both are still quite narrow, with the more as the difference in activity for COX-1 versus COX-2
open state roughly equivalent to the D1 channel describedisoforms after acetylation of Ser-530 by aspirin, has been
above. attributed to the larger side pocket volume in COX44,(
COX-2 has an active site side pocket (S1) that is 42).
insignificant in COX-1, and this pocket can open to forma  Dimer Interface.Several architectural features observed
channel to the protein surface (Figure 7). There was little in X-ray crystal structures for both COX-1 and COX-2
structural fluctuation in this pocket during the COX-1 homodimers12, 25) suggest possible mechanisms for direct
simulation, the average pocket radius was smal.0 + transfer of the intermediate PG&om cyclooxygenase to
0.1 A), and there was no evidence of transient channel peroxidase active sites. We conducted electrostatic potential
opening (Figure 6D). In the COX-2 simulation, however, calculations and mapped them to solvent-accessible surfaces
both monomer A and monomer B side pockets are larger, of the apoenzymes to evaluate the dimer interface as a transit
and this channel radius frequently increased-th6 A in route between active sites. Using a top view of the dimer, it
both monomers (0.06% of configurations). The existence of is possible to trace a direct path from the cyclooxygenase
the COX-2 side pocket is due to three conserved mutationsactive site through the D1 channel and across the dimer
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Ficure 10: Close-up views of Figure 9AD with acidic and basic residues lining the solvent-filled cavity in the dimer interface explicitly
shown. The views and surface are as described for Figure 9 (panels B and D are related to panels A and @thjid®0about a
horizontal axis). For COX-1 (panels A and B), the displayed residues are Arg-374, Arg-376, Lys-532, and Glu-543 (GIn in COX-2) from
each monomer. For COX-2 (panels C and D), the displayed residues are GIn-374, Arg-376, Lys-532, and Asp-125 (Pro in COX-1) from
each monomer.

interface to the peroxidase active site of the opposing Two more water-filled channels are visible near the dimer
monomer (Figure 9A,C). The dimer side view (Figures 9B interface in the COX crystal structures, although there is little
and 10B) illustrates another possible PGéathway from previous discussion of them in the literature. These channels
the lobby of the cyclooxygenase active site up through the extend from the lobby, up through the interface region
dimer interface region and onto the peroxidase SiB&. ( between the EGF-like domain and the catalytic domain
The results of the electrostatic potential calculations indicate of each monomer, and end at the peroxidase active sites
a strong, positive potential in the dimer interface region that (Figure 11). The EGF-like domain forms the amino terminus
results from a cluster of positive charges present in both in each monomer and is tethered to the catalytic domain
COX-1 and COX-2. In the COX-1/AA crystal structure, four by a disulfide bond near the top surface of the enzyme. There
arginine residues (Arg-374 and Arg-376 from each monomer) is no well-defined function for the EGF-like domain in
flank the central reservoir, while two lysine residues (Lys- COX enzymes, although EGF domains frequently mediate
532) and two glutamate residues (Glu-543) are positioned protein—protein interactions in other systems. This chan-
just below the reservoir region and exposed to the undersidenel also appears to provide a direct, logical transit path-
of the dimer (Figure 10). These are the only charged residuesway for PGG from the cyclooxygenase site to the per-
in the COX-1 dimer interface. The COX-2 crystal structure oxidase site. The largest probe spheres able to traverse this
displays a similar pattern of charged residues, although two channel in the COX-1 and COX-2 crystal structures have
arginine residues (Arg-374) are replaced by glutamine, andradii of 1.6 and 1.7 A, respectively. We observed notice-
electrostatic potential calculations indicate a slight decreaseable structural fluctuations in this channel during our
of the positive potential in the central reservoir. simulations, with transient constrictions as small as a 1.1 A
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group can make contact with both Arg-120 and Arg-513,
with only minor changes in the active site side chain
conformations. An AA binding configuration that involves
simultaneous interactions with both COX-2 Arg-120 and
Arg-513 has been suggested for several AA derivatives,
namely, 2-arachidonylglycerol§), arachidonylethanolamide
(46), andN-arachidonylglycine47). The authors suggest that
direct interaction of these derivatives with Arg-513 is critical
for proper positioning of the substrates in the COX-2 active
site and subsequent efficient oxygenation, thus explaining
the COX-2 selectivity for these compounds. All of these
experimental results suggest that Arg-513 can form important
stabilizing contacts with ligands, and our simulations indicate
that such interactions are even plausible for AA in wild-
type COX-2 without any significant enzyme conformational
changes.

The simulations reported here reveal considerable vari-
ability in AA-bound conformations between COX-1 and
COX-2 isoforms and individual monomers. In the COX-1
simulation, AA in monomer A maintained a “catalytically
productive” conformation throughout the trajectory, with the
C13 pro-S hydrogen atom well positioned for abstraction
by the Tyr-385 radical. These simulation results demonstrate
clearly how COX-1, by controlling the AA C12C13 and
C13-C14 torsion angles, can effectively control the ste-
reospecificity of hydrogen abstraction and facilitate radical
intermediate formation in AA oxygenation. In COX-1
monomer B, however, this control mechanism appeared to
break down, likely due to perturbation of the active site
resulting from introduction of a water molecule. AA became
trapped in what appears to be an unproductive conformation,
with both C13 methylene hydrogen atoms shielded from
residue Tyr-385. While this particular AA conformation is

Ficure 11: Solid electrostatic potential surface views of COX-1 probably not (.:at.alytlcally relevantz these S'mmfmlons do
(A) and COX-2 (B) crystal structure dimers showing the tunnel suggest that distinct AA conformations are possible in the
between the EGF-like domain and the catalytic domain, which COX-1 cyclooxygenase active site. Previous experimental
connects the cyclooxygenase and peroxidase active sites of a singleesults suggest that there are at least three distinct, catalyti-
monomer. An analogous tunnel exists in the opposite monomer cally competent AA conformations possible in the COX-1

(not shown). The view is rotated 9@long the verticalC, axis of : . . . .
the dimer relative to the side views shown in Figure 9 (panels B aCtive site, each leading to a different product: RGH-

and D). The inset shows a ribbon rendering of the view and clipping hydroperoxy-%,8Z,12E,147-eicosatetraenoic acid (11-H-
plane used in this figure to clarify the global orientation of the PETE), or 15-hydroperoxyZA82,117,13E-eicosatetraenoic
dimer. Surfaces were generated using a small, 0.7 /3\ probe spheregcid (15-HPETE) 48). PGG is the predominant product
radius in order to show the entire tunnel with a single vertical (~95%) for native COX-1, but the product ratio can be
clipping plane (cut surface appears white). shifted to produce greater amounts of one or more of the
radius in COX-1 and expansion & 2 A radius in COX- rr_1in0r products through mutagenesis of various key actiye
2 site residues. Thuresson_ etal. propo_sed that these mutations
might affect product ratios by altering the preferred AA
conformation in the active sitel®), just as the perturbation

we observed in monomer B altered the preferred AA

peroxidase
active site

cyclooxygenase
active site

A

DISCUSSION

Experimental studies have shown that while Arg-120 is
important for high-affinity AA binding to COX-1 43),
COX-2 can tolerate loss of the ionic component of the
interaction (e.g., Arg-120-GIn) but not loss of both ionic and
hydrogen-bonding components (e.g., Arg-120-Léd4).(Our
simulation results provide a plausible explanation for this

conformation in our simulation.

In COX-1, acetylation of Ser-530 by aspirin irreversibly
inhibits AA oxygenation, but acetylated COX-2 can still
produce 1R-HPETE, a product that exhibits inverted ster-
eochemistry at C15 compared to the products of the
unmodified enzyme49). Experimental studies have also

observation. In COX-1, the His-513 side chain will likely shown that occlusion of the COX-2 side pocket via substitu-
be only partially protonated at intermediate pH values and tion of the corresponding COX-1 residues (V434I/R513H/
is too small in any case to form an optimal hydrogen bond V523l) yields a mutant COX-2 enzyme that is inactivated
with AA unless the substrate molecule shifts significantly by Ser-530 acetylation, suggesting that the ability of wild-
in the active site. While the COX-2 Arg-513 residue was type COX-2 to tolerate acetylation is intimately coupled to
also thought to be too distant to interact directly with the the larger COX-2 active site volume and the presence of the
AA carboxyl group, our simulations show that the carboxyl side pocket 42). Site-directed mutagenesis studies have
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shown that Ser-530 substitution with valine, threonine, or another within or between enzymes, may be a common
methionine also inactivates COX-1, but the analogous phenomenon, providing enhanced reaction control and
substitutions in COX-2 yield an active enzyme that produces catalytic efficiency for multifunctional enzymes and multi-
predominantly 1R-prostaglandins, i.e., products with in- enzyme complexe$gp). In the COX enzymes, the primary
verted stereochemistry at C150]. In our simulations, the  cyclooxygenase site product, PgQGnust travel to the
AA carboxylate occupies multiple different positions in the peroxidase site where it is reduced to the hydroxide product,
COX-2 gate region and exhibits variable degrees of interac- PGH,. PGG is a relatively unstable hydroperoxide, and since
tion with the side pocket residue Arg-513, while in COX-1, cells work to control the spread of lipid oxidation products,
the AA carboxylate position is remarkably consistent, even it seems logical that the COX enzymes would evolve some
despite nontrivial structural perturbation in monomer B. mechanism to efficiently channel the PgiGtermediate to
While AA displays greater conformational fluctuations when the peroxidase active site. However, the requirement for
bound to COX-2 relative to COX-1, the COX-2 homodimer peroxidase-dependent activation of the cyclooxygenase active
deviates only modestly from the reference crystal structure, site has prompted the suggestion that initial activation of
and the structural fluctuations are generally smaller than thosesome COX enzymes leads to the production of RGéich
observed for the COX-1 homodimer. Therefore, enzyme can then go on to activate neighboring COX enzyni®s (
structural fluctuations cannot explain the greater AA con- This dispersal theory would argue against perfect, 1:1
formational flexibility in COX-2. However, it is clear that  channeling of the intermediate between active sites. In 1991,
the COX-2 active site is larger than the COX-1 active site; Eling et al. reported that exogenous PGeduld compete
in addition to the larger COX-2 side pocket, the COX-2 with endogenously generated P&€r reduction at the
central channel region volume is 17% larger than the peroxidase site in purified, detergent-solubilized COX prepa-
corresponding region in COX-151). These simulations rations but that endogenous P@@as reduced preferentially
clearly demonstrate the inherent flexibility of AA within the in microsomal membrane preparatiors3); Their results
larger COX-2 active site. These larger substrate conforma-suggest that if PG&is indeed being channeled between
tional fluctuations observed in COX-2, along with the active sitesin the COX enzymes, the mechanism is dependent
addition of Arg-513 to the gate hydrogen bond network, on the interaction with the membrane, and channeling would
appear to explain why COX-2 can better tolerate some activenot be observed in detergent-solubilized systems.
site mutations (e.g., R120Q or S530M) or acetylation of Ser-  The juxtaposition of the cyclooxygenase and peroxidase
530, as well as accept a wider variety of substrates thanactive sites of opposing monomers across the dimer interface
COX-1. is compelling, suggesting an efficient route for trafficking
The analysis of protein channel structures and structural of the intermediate through the D1 channel. However,
fluctuations in these simulations suggest interesting, and previous COX mutagenesis studies involving Gly-533 argue
potentially mechanistically important, possibilities. Our against this proposed ligand-trafficking mechani&#) (In
simulations show that movement of lobby helix D opens the COX-2, Rowlinson et al. found that G533V or G533L
gate region sufficiently to permit molecular oxygen access mutations completely abolished arachidonate oxygenation but
to the cyclooxygenase active site, without disruption of the only partially affected oxygenation for shorter fatty acids
structurally important gate region hydrogen bond network. such as linolenic and stearidonic acids, suggesting that the
The X-ray crystal structure of a COX-2 complex with a mutations caused a steric occlusion at the end of the substrate
zomepirac-pyridazine inhibitor displays a unique helix D binding pocket that could be overcome by shortening the
orientation that results in a larger gate region opening, fatty acid chain $4). The valine and leucine mutations at
demonstrating the potential for conformational diversity in Gly-533 would not only reduce the volume of the cyclooxy-
the gate region without significant conformational change genase active site but would also presumably occlude the
elsewhere in the binding sit®&1). While helix D residues D1 channel at the dimer interface junction. Rowlinson et al.
118-122 are disordered in an unliganded COX-2 crystal concluded that the D1 channel does not function as a product
structure, these residues display much smaléactors in exit route, since the G533V and G533L mutations did not
COX-2/ligand complexes, demonstrating that ligand binding inhibit oxygenation of the shorter fatty acids. Additionally,
reduces helix D disorded(). These crystal structures and our simulations showed the D1 channel to have the least
our COX-1 simulation results suggest that gate opening or variability in structural fluctuations, suggesting it would
closure appears to be determined primarily by the relative rarely open wide enough to permit Pg@ exit into the
shift of lobby helix D toward the dimer interface. However, dimer interface reservoir, even in the absence of additional
the COX-2 simulation demonstrated that smaller scale steric occlusion. It will be important to analyze the D1
channel opening, sufficient for passage of molecular oxygen, channel fluctuations in the COX/PGGimulations currently
could also be achieved through more local side chain in progress to see if larger channel openings are observed
movement in the gate region. The latter observation might for that complex.
be isoform specific, related to the increased number of In 2000, Kiefer et al. proposed that PGEobuld exit the
possible configurations for the hydrogen bond network cyclooxygenase active site through the main channel past
provided by the addition of Arg-513 to the gate region in the gate region and enter the dimer interface from the lipid
COX-2. bilayer, before migrating up through the dimer interface to
The transit pathway for intermediate products from the either peroxidase active sit25). Protein side chains occlude
cyclooxygenase active site to the peroxidase active sitethis pathway in the COX-1 and COX-2 crystal structures,
remains an intriguing question39). There is growing but the average structure computed from our COX-1 trajec-
evidence that substrate channeling, the direct or facilitated tory shows an open channel beginning to form (Figures 9B
trafficking of a reaction intermediate from one active site to and 10B). Electrostatic potential calculations indicate that
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