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Prostaglandin H2 Synthase (PGHS) is responsible for the conversion of arachidonic acid (AA)
to prostaglandin H2, the first committed step in the biosynthesis of the prostanoids.1a Two
different isoforms of PGHS have been identified. PGHS-1 is constitutively expressed and
appears to function as a housekeeping enzyme, while PGHS-2 can be induced by a wide variety
of stimulants and is thought to participate in such diverse physiological and pathological
processes as reproduction, cardiovascular function, atherosclerosis, tumorigenesis, and
inflammation.1b The two isoforms have approximately 60% sequence identity and very similar
three-dimensional structures, as well as similar kinetic profiles, indicating that they probably
share the same basic mechanism. PGHS has two distinct active sites, which are functionally
connected by the generation of a radical on Y385 (PGHS-1 numbering). The radical is
generated by the heme-containing peroxidase site and is used to initiate the catalytic cycle of
the cyclooxygenase (COX) site via abstraction of the 13 pro-S hydrogen of AA.

The Y385 radical (Y385•), which forms in ovine PGHS-1 (oPGHS-1) within ~10 s after
reacting the substrate-free enzyme with hydroperoxides, initially produces a characteristic
“wide doublet” EPR spectrum (WD1, 19 G splitting, 35 G overall peak-to-trough width) when
measured at X-band frequencies (9 GHz). On the order of seconds, the WD1 spectrum converts
to a “wide singlet” (WS1, 35 G width) and finally to a “narrow singlet” (NS1b, 25–28 G width)
before decaying to zero intensity.2 Preincubating the enzyme with COX inhibitor produces a
narrow singlet spectrum (NS1a) which has better resolved hyperfine features than those of
NS1b.3 The human PGHS-2 isoform displays a similar set of EPR spectra, but with different
time scales (e.g., the initial WD2 signal converts to a WS2 in ~50 ms,1 and no NS1b was
observed).

The structural characterization of these various radical species remains a crucial aspect of
determining the mechanisms of catalysis and self-inactivation of PGHS. All of the species
described above have been identified as tyrosyl radicals.2,3a However, identification of the
specific tyrosine residue and/or the structural details of that residue, and thus the explanation
for the evolution of the EPR spectrum, remain unresolved. One possibility for conversion of
the WD to WS to NS is the migration of the radical from Y385• to another tyrosine residue.
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The second residue would have different phenyl ring orientation with respect to the methylene
β-protons, leading to a smaller hyperfine coupling and narrower EPR spectrum. An alternative
mechanism is that the WD tyrosyl radical undergoes a ring rotation itself, and that all spectra
arise from the Y385•. The WS spectra have been shown to be arithmetic sums of WD and NS,
2e,4,5 but this does not differentiate between the radical hopping and ring-rotation mechanisms.

To further characterize PGHS-1 tyrosyl radical structure, two studies have been conducted to
detect a hydrogen bond to Y385• in ovine PGHS-1 (oPGHS-1), with conflicting results. In the
first, continuous wave (CW) EPR of WD at 9 GHz gave a gX value consistent with that of a
tyrosyl radical lacking a hydrogen bond.4 Also, 1H CW ENDOR showed no features affected
by solvent exchange with 2H2O, and thus, it was concluded that no hydrogen bond was present
in the WD.4 The second study, however, examined WD using high-frequency (HF) EPR and
determined that the gX value was in the range associated with a hydrogen-bonded tyrosyl
radical, and that a distribution in gX values was required to simulate the data.5 In this study,
we directly detect the presence of a hydrogen bond to the WD radical, as well as the distribution
in gX values. We also determine the geometry of the hydrogen bond, propose a hydrogen bond
partner, and show that there is sufficient disorder in the hydrogen bond to account for the
distribution in gX observed in the HFEPR spectrum.

The X-band CW EPR spectrum of the oPGHS-1 WD is shown in Figure 1 (inset). The spectrum
can be simulated using a gX value of 2.0066, which indicates the presence of a hydrogen bond
to the tyrosyl radical.6 At 9 GHz, the spectrum is dominated by hyperfine interactions, and it
is not possible to distinguish between the simulations with and without a gX distribution.
Because the hyperfine interactions are, to first order, independent of applied field and the
Zeeman interactions are proportional to the field, the g values and any distribution in gX will
be more resolved at higher frequencies. Figure 1 shows the HF echo-detected EPR spectrum
of a WD sample exchanged in 2H2O. The same g tensor was used for both the X-band and HF
simulations. However, the HF simulation could only be fit to the data if a distribution
wasincorporated in gX. This distribution was assumed to be Gaussian in shape, centered at
2.0066, with a full-width at half-height (fwhh) of 0.0020.

To directly examine the hydrogen bond and to determine the position of the hydrogen bond
proton, HF 2H Mims ENDOR was carried out on the same sample used for the HF EPR
spectrum. The resulting ENDOR spectrum is shown in Figure 2. Simulations of the ENDOR
spectrum yielded a significantly better fit when a distribution was included in the hydrogen
bond length. On the basis of these simulations, the proton is located in the plane of the aromatic
ring of Y385, forming a 120° bond angle with the C–O bond. The distribution of O···H distances
was centered around 1.5 Å, with a fwhh of 0.2 Å. It is notable that a recent X-band ENDOR
study of Mn-depleted PSII also detected disorder in the hydrogen-bonding environment of the
tyrosyl radical Yz.7

It is valuable to use the HFENDOR results presented here to determine if this H-bond
distribution can explain the observed gX distribution. This can be done using a simple empirical
formula that has been proposed to relate the gX values of tyrosyl radicals to hydrogen bond
lengths: gX = 2.0094–0.0033/(r – 0.5)2, where r is the O···H distance in angstroms.6a,8 From
our data, we have independently obtained values for gX and r (from the HFEPR and HFENDOR
spectra, respectively). The r values predict a gX distribution whose fwhh is 2.0053–2.0067; the
central r value corresponds to a gX value of 2.0061. These results agree well with the observed
gX values, and thus, we propose that the distribution in gX arises primarily from the structural
disorder in the H bond.

The crystal structure of oPGHS-1 has been solved with AA bound in the COX active site.9 In
this structure, Y385 is located at the edge of the hydrophobic channel that forms the

Wilson et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cyclooxygenase active site. Its side chain is directed into the channel, such that the phenoxyl
oxygen is 2.7 Å from C13 of the AA, a finding consistent with the proposed catalytic
mechanism. Y348 is found on the opposite side of the channel, with its side chain oriented
toward that of Y385. The oxygen–oxygen distance is 2.4 Å, and the angle between the line
connecting the two oxygen atoms and the Y385 C—O bond is 128°. This geometry is highly
favorable for hydrogen bonding, and Y348 has, therefore, been proposed as a hydrogen bond
partner for the Y385•.9,10 The ENDOR data in this work have located the hydrogen bond proton
to be in a position consistent with the presumed location of the phenoxyl proton of Y348, based
on the crystal structure. It is important to note that while the crystal structure was not determined
from the WD form of oPGHS-1, the dihedral angles between the β-carbon protons and the ring
of Y385 are consistent with angles predicted on the basis of the observed hyperfine couplings
arising from these protons. A recent crystal structure of oPGHS-1 in a complex with the
cyclooxygenase inhibitor, α-methyl-4-biphenylacetic acid, reveals a water molecule in a nearly
symmetrical arrangement on the other side of Y385, at a slightly longer distance from the
phenoxyl O of Y385 (2.84 Å, as opposed to 2.66 Å for Y348 in this structure).11 The ENDOR
simulation cannot determine to which side of the symmetric tyrosyl residue the hydrogen bond
is directed, but the determination of the O···H distance as 1.5 Å is more consistent with a
hydrogen bond to Y348.

Hydrogen-bonding networks have been shown to provide pathways for proton-coupled
electron transfer in enzymes.12 The demonstrated ability of Y385• to participate in a hydrogen
bond suggests that such a network may be involved in the mechanism of self-inactivation and/
or regeneration of neutral Y385. Recent EPR studies using site-directed mutants have provided
evidence for the radical migration mechanism to explain the EPR spectral changes that occur
upon inactivation of PGHS-2.13 However, the data presented here cannot rule out tyrosine ring
rotation as an explanation for the evolution of the EPR spectra. Further study of wild type and
mutants will help clarify the role of the tyrosine residues and the hydrogen bond to Y385• in
PGHS inactivation.
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Figure 1.
Derivative of the HF echo-detected EPR absorption spectrum of 2H-exchanged WD1 (–), and
simulations with (- - -) and without (···) a distribution in gX. Experimental parameters: 9 K;
EPR frequency = 130.00 GHz; pulse widths ) 50 ns; tau = 120 ns; repetition rate = 100 Hz;
shots per scan = 100; total scans = 7. Inset: X-band EPR spectrum (–) and simulations with (-
- -) and without (···) a distribution in gX. Experimental parameters: 77 K; EPR frequency =
9.101 GHz; power = 0.5 mW; modulation amplitude = 0.25 mT; time constant = 1 s; scan time
= 4 min; total scans = 4.
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Figure 2.
Mims HFENDOR of 2H WD1. Experimental spectrum (–) and simulations with (- - -, gray)
and without (–, gray) a distribution in hydrogen bond length (see text). Experimental
parameters: 7 K; EPR frequency = 130.00 GHz; magnetic field = 4635.8 mT; EPR pulse widths
= 40 ns; ENDOR pulse width = 20 ms; tau = 100 ns; T = 21 μs; repetition rate = 100 Hz; shots
per scan = 30; total scans = 1320; RF power output ~1 kW.
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