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ABSTRACT. The tyrosyl radicals generated in reactions of ethyl hydrogen peroxide with both native and
indomethacin-pretreated prostaglandin H synthase 1 (PGHS-1) were examined by low-temperature electron
paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) spectroscopies. In the
reaction of peroxide with the native enzyme &) the tyrosyl radical EPR signal underwent a continuous
reduction in line width and lost intensity as the incubation time increased, changing from an initial, 35-G
wide doublet to a wide singlet of slightly smaller line width and finally to a 25-G narrow singlet. The
25-G narrow singlet produced by self-inactivation was distinctly broader than the 22-G narrow singlet
obtained by indomethacin treatment. Analysis of the narrow singlet EPR spectra of self-inactivated and
indomethacin-pretreated enzymes suggests that they reflect conformationally distinct tyrosyl radicals.
ENDOR spectroscopy allowed more detailed characterization by providing hyperfine couplings for ring
and methylene protons. These results establish that the wide doublet and the 22-G narrow singlet EPR
signals arise from tyrosyl radicals with different side-chain conformations. The wide-singlet ENDOR
spectrum, however, is best accounted for as a mixture of native wide-doublet and self-inactivated 25-G
narrow-singlet species, consistent with an earlier EPR study [DeGray et al. (19B®)I. Chem. 267
23583-23588]. We conclude that a tyrosyl residue other than the catalytically essential Y385 species is
most likely responsible for the indomethacin-inhibited, narrow-singlet spectrum. Thus, this inhibitor may
function by redirecting radical formation to a catalytically inactive side chain. Either radical migration or
conformational relaxation at Y385 produces the 25-G narrow singlet during self-inactivation. Our ENDOR
data also indicate that the catalytically active, wide-doublet species is not hydrogen bonded, which may
enhance its reactivity toward the fatty-acid substrate bound nearby.

The two isoforms of prostaglandin H synthase (PGHS) involves an initial abstraction of hydrogen from C13 of the
PGHS-1 and PGHS-2, are integral membrane hemoproteinsfatty acid to form a radical, followed by reaction with two
that catalyze the first steps in the biosynthesis of prosta- oxygen molecules and cyclization to form P&@). Forma-
glandins (PGs) and thromboxane from fatty acids (for review, tion of arachidonate radicals in the cyclooxygenase reaction
see refsl and 2). Both PGHS isoforms have two distinct has been demonstrated indirectly by spin-trapping experi-
catalytic activities, as illustrated: ments with PGHS-14) and by direct EPR observations of
PGH, (1) both isoforms §, 6). | _ _ -

At least four organic-radical EPR signals, with distinct line
The mechanism proposed for PGHS cyclooxygenase activity shapes, have been detected in PGHS-1 reactions. Addition
of arachidonate or hydroperoxides to native PGHS-1 initially
"This research was supported by NIH Grants GM57323 and produces a doublet EPR signal with a peak-to-trough line
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indomethacin (line width~ 22 G) (1L0). These spectra are  results shows that the wide singlet is not a distinct species
often referred to as narrow-singlet signals. Experiments with but is rather a sum of varying contributions from the native

PGHS-1 containing deuterated tyrosine have demonstratedvide doublet and the reaction-inactivated, narrow singlet.
that the hydroperoxide-induced radicals are all tyrosyl Moreover, we find that the two narrow-singlet species, the

radicals (1). Other evidence indicates that similar radicals reaction-inactivated radical and the indomethacin-inhibited
in PGHS-2 are also tyrosyl radical$2Z—14). radical, differ conformationally.

The possible role of tyrosyl radicals in PGHS catalytic

activity has been under intensive study. There is evidenceMATERIALS AND METHODS

that the cyclooxygenase activity occurs through a peroxide-
initiated free radical mechanism and that the wide-doublet

; ; ; ; hased from Polyscience Inc. (Warrington, PA).
tyrosyl EPR signal is present during cyclooxygenase catalysls"v"j‘S purcha X . . g
(7, 8, 10. Chemical modification and site-directed mutagen- Indomethacin and hemin were obtained from Sigma. Arachi-

esis studies have demonstrated that a specific tyrosine residugonic acid was purchased from NuChek Preps (Elysian, MN).
in PGHS-1, Y385, is essential for cyclooxygenase activity ©c5-1 was purified to electrophoretic homogeneity from

and for generation of the wide-doublet signdll{ 15. sheep seminal vesicles,.as des_cribed previously The
Results from single-turnover experiments have provided holoenzyme was reconstituted with heme, excess heme was

direct evidence that the wide-doublet tyrosyl radical, gener- €moved by DE-52 adsorption, and the holoenzyme was

ated in the peroxidase cycle, can oxidize the cyclooxygenaseStored at=70 °C with 30% glycerol as cryoprotectari)(

substrate, arachidonic acid, to a fatty acyl radi&al€). It Samples with cyclooxygenase activity ranging from 40 to

is, therefore, clear that the wide doublet tyrosyl radical has 90#mol of O min—* mg™* were diluted 3-fold Witg‘ 50 mM
a functional role in cyclooxygenase catalysis. In contrast, POtassium phosphate, pH 7.4, containing 0.02% qéyt

the narrow-singlet species that is observed with enzymeglucoside (with or without preincubation with equimolar

complexed with indomethacin does not oxidize arachidonic indomethacin at #C for 1 h) and concentrated to150

acid and is ineffective in normal cyclooxygenase activey ( uM (heme concentration) in an Amicon concentrator with a
. . . . . . - it 2.5 0,
The catalytic importance of the wide-singlet species is YM-30 membrane. After addition of glycerol to 230%,

unclear. Although it is able to oxidize arachidonic ac, ( samples were transferred to EPR tUbeSO.H)ZO solvent

accumulation of the wide singlet lags the production of €Xchange was carried out by concentrating 5 mL of the

PGG/PGH; (16, 17). enzyme €10 uM) in 50 mM ph'ospha'te/ 0.0'2'% octy-p-
glucoside to 30@.L by ultrafiltration. Eight milliliters of 50

mM phosphote/0.02% octyld-p-glucoside in RO was then

added and the solution was incubated for-14 h at 8°C.

For the indomethacin treatment, the inhibitor was then added

at 1:1 stoichiometry and incubated for an additional 30 min.

The samples were then concentrated to 2D0deuterated

(1) Sample PreparationtEthyl hydroperoxide (EtOOH)

A closely related issue is the number of structurally distinct
radical species involved. Lassman et 4b)(and Degray et
al. (9) observed the wide-doublet, the wide-singlet, and the
26-G narrow-singlet tyrosyl EPR signals sequentially in the
reaction of the native enzyme. Using computer simulation,
DeGray et al. concluded that the wide singlet is a
compogite of thg)wide doublet and the 26-G narrgw singlet. glycerol was added to 30%, and the samples were transferred
However, the relationship between the two narrow-singlet ©© EPR tubes for subsequent measurements.
signals, the 26-G radical obtained in the native enzyme and (2) Spectroscopie®reliminary EPR measurements were
the 22-G signal obtained with the indomethacin-treated made with a Varian E6 spectrometer equipped with liquid-
enzyme, was not discussed. Kulmacz et m) @nd Tsai et helium and quuid-nitl’ogen transfer SyStemS, as described
al. (17) have reported that narrow-singlet signals were (17). Each sample was reacted atfO with a 5-10-fold
observable both in indomethacin-pretreated enzyme and in€xcess of EtOOH and freeze-trapped in acetone/dry ice. Spin
the reaction between concentrated PGHS-1 and a large excesgoncentrations were quantified by using a cupric sulfate
of arachidonate, without detectable accumulation of either standard 11). The wide-doublet tyrosyl-radical sample was
wide-doublet or wide-singlet tyrosyl radicals. They concluded ©obtained by freeze-trapping at the earliest time point available
that the three types of signals represent distinct tyrosyl-radicaimanually ¢-5 s). The wide-singlet and narrow-singlet
species. samples were prepared by thawiffgeezing cycles until the

The previous assignments of tyrosy|_radica| Species in desired EPR SpeCtral type was obtained. These Samples were
PGHS-1 were based almost exclusively on analysis of line Stored in liquid nitrogen for further spectroscopic charac-
widths and line shapes of the radical EPR signals. The terization.
conclusions from these studies are potentially ambiguous, Detailed EPR spectra were recorded-ét55 °C on a
because anisotropic line-broadening effects on the EPRBruker ER-200D X-band spectrometer equipped with aJ E
spectra prevent an accurate determination of the hyperfinecavity. The modulation frequency was 100 kHz, and the
structure of each species. To address these issues mormodulation amplitude was 1.5 G. The instrument was also
directly, we have conducted a detailed study of native used in conjunction with a Bruker ER-250 ENDOR accessory
PGHS-1 during reaction with substrate peroxides. A 25-G and an ER-250ENB TMo cavity for conventional frequency-
narrow-singlet radical, which displays an EPR line shape modulated ENDOR spectroscopy. A custom-built helical
different than that of the 22-G narrow singlet of inhibitor- ENDOR 18-turn coil, similar in design to those described
treated enzyme, is obtained in the final stages of the substrateby Hurst et al. {8) and by Bender et al1Q) was used. Radio
inactivation process. We present results from a proton frequency power was provided by an ENI 3100L amplifier
ENDOR investigation of the wide doublet, wide singlet, and driven at frequencies generated by a Wavetek Model 3000-
the 22-G narrow singlet to identify and characterize these 446 frequency synthesizer. Because the radical concentrations
three tyrosyl-radical species. Analysis of the spectroscopic were relatively low (typically 3670 uM), two fast-scan
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with peroxide, as shown by spectra-& in Figure 1, which
confirms the report by DeGray et aB)( The EPR signal
underwent a continuous change in line width from the wide
doublet through the wide singlet to a narrow singlet (Figure
1). The narrow-singlet signal (25 G) in our final EtOOH
reaction sample, which we designate the reaction-inactivated
narrow singlet (spectrum K in Figure 1), is somewhat
narrower than the 26-G singlet reported earl@r presum-
Ficure 1. Selected EPR traces (spectralq) during reaction of  gply because the reaction was allowed to continue longer in

native PGHS-1 (21a@M heme) with 5 equiv of EtOOH. Spectrum : :
A was recorded after reactionrfé s at 0°C. Thaw/freeze cycles the present study. The line shape of the 25 G signal generally

were used subsequently to achieve cumulative reaction times (in"@S€mbles the narrow-singlet signal produced in the EtOOH
minutes), as follows: B, 0.25; C, 0.5; D, 3; E, 10; F, 24; G, 67; H, reaction of the inhibitor-pretreated enzyme, but the latter,
181; 1, 280; J, 310; and K, 376. Spectrum L is the narrow-singlet which we designate the inhibited narrow singlet, has a nar-
signal observed in indomethacin-treated enzyme (2@0heme) rower line width, 22 G (spectrum L in Figure 1), and forms

reacted with 5 equiv of EtOOH fo7 s at 0°C. EPR conditions: . . . -
for spectrum A, microwave power 1 mW, modulation amplitude without earlier accumulation of a doublet radica| (0.

= 2 G, and temperature 95 K; for spectra B-L, microwave power (2) Simulations of EPR Spectréihere are two plausible
= 0.2 mW, modulation amplitude= 1.5 G, and temperature explanations for the wide-singlet signals of variable line
115 K. All spectra have been center-aligned for easier comparison.idth observed in Figure 1, as follows: (a) the wide singlets

) ) represent distinct tyrosyl-radical species that are generated
ENDOR methods (transient and rapid-passage ENDOR) werepy for example, continuous variation in the dihedral angle
employed to detect the signals from strongly coupled protons. phetween the phenol ring carbon and the protons bonded to
The custom-built transient ENDOR apparatus and proceduralihe B-methylene carbon (Scheme 1); or (b) only the wide
details are described elsewhei20) Briefly, a transient  gouplet and the reaction-inactivated narrow singlet represent
ENDOR signal is induced by a pulsed radio frequency gjstinct tyrosyl-radical species with well-defined conforma-
magnetic field and is captured by a gated integrator. The tjons, with the wide singlets comprising variable mixtures
rapid-passage ENDOR, operating in dispersion mode, isof the two. DeGray et al.9) provided evidence for the
similar to published design&{, 22. Precise measurements second explanation, as they reproduced the wide-singlet
of microwave frequencies and magnetic-field strengths were spectra with a simple weighted sum of the 26-G narrow
made by using a Hewlett-Packard 5255A/5245L frequency singlet and the initial wide-doublet spectra.

converter/counter and a Bruker ER-035M gaussmeter, re- |, Figure 2, we consider these possibilities. The EPR
spectively. All ENDOR experiments were performed at @ gnecra of the wide doublet and the inhibited narrow singlet,
temperature of approximately 4.2 K, which was maintained \hich are indisputably discrete species, were simulated
with an Oxford ESR900 liquid-helium flow cryostat. (Figure 2A,B), and theilg and A tensor components are
RESULTS summarized in Table 1. The experimental wide-singlet
spectrum is shown in Figure 2C. A simulation was carried
(1) EPR Kinetics StudyEPR spectroscopy was used to out with the assumption that the wide-singlet spectrum arises
monitor tyrosyl-radical signals as a function of time after from a discrete species (Figure 2C, sim). TendA tensor
EtOOH addition to native PGHS. Spectrum A in Figure 1 is components obtained from this simulation are given in Table
from a sample that was trapped at a reaction time-6fs 1. The assigned hyperfine coupling constants for the ring
and shows the initial wide-doublet tyrosyl-radical signal protons are essentially identical to those for tyrosyl radicals

Scheme 1
/H
. O
H H
B
C
H H ‘:
D ‘.
Ci— i
E Hb/ iB Ha .
F R
/’; Tyrosine numbering CB-Ha Dihedral angle
H
ﬁ centered aty = 2.005 (splitting of~ 20 G; overall line width
! of ~ 33 G). The doublet quickly gave way to a singlet with
a slightly narrower line width, as shown in spectrum B. A
K further reduction in line width of the wide-singlet EPR signal
/v“' is observed upon prolonged incubation of the native enzyme
L

| | | 1
Magnetic Field (Gauss) —
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Wit doubiot (3) ENDOR Study. (A) Strongly Coupled Methylene
Protons and the Identity of the Wide-Singlet EPR Signal.
Previous ENDOR studies on model and protein tyrosyl
radicals have shown that resonances frgamethylene
protons that are strongly coupled to unpaired electron-spin
density in the phenol ring can be detected in the 20 MHz
radio frequency range at X-band frequenci&8, (23, 24,
Inhibited narrow singlet 26, 27 (see Scheme 1 for the tyrosyl-ring numbering

scheme). Because tfffieproton couplings are sensitive to the
Exp. C1-Cs—Hap dihedral angles (Scheme 1 and &8), this
sim. frequency region is useful in detecting tyrosyl-radical con-
formational differences in PGHS-1. For the four tyrosyl EPR

A

Exp.

Amplitude

signals observed in reactions of PGHS-1 and indomethacin-
treated PGHS-1 with EtOOH, the line width of the wide
singlet is narrower than that of the wide doublet but wider

. than those of the two narrow singlets. This difference in line
oy width is reflected in the EPR simulations in Table 1. Thus,
if the wide singlet originates from a conformationally distinct
‘/\\ﬁ species, the ENDOR peaks due to the methylene protons in
1 1 1 L 1 1 1 L 1

this conformation are expected to lie between the ENDOR
3360 3380 3400 3420 3440 signals of the wide-doublet and narrow-singlet species.
Alternatively, if the wide-singlet EPR signal is a mixture of

FiGURe 2: X-band and simulated EPR spectra of tyrosyl free the wide-doublet and the narrow-singlet signals, then its
radicals broduced during reaction of PGHS-1 with 10 equiv of methylene proton ENDOR S|gnaIS_W|II be a composne. of
EtOOH at 0°C. (A) Radical trapped at reaction timé ® s with those of the two contributing species. Thus, a comparison
native enzyme (15@M heme). (B) Same as spectrum L of Figure  of the ENDOR spectrum of the wide-singlet species with
1. (C) Radical trapped after 27 s of reaction of the native enzyme those of the wide-doublet and the two narrow-singlet species

(164 M heme) with 10 equiv of EtOOH. Spectra labeled exp are gpq|q distinguish the two possibilities above for the origin
experimental spectra; those labeled Sim are simulated by using the

parameters in Table 1. Spectrometer conditions: microwave of the wide-singlet species.

frequency= 9.5 GHz, microwave powet 0.2 mW, modulation The frequency-modulated (FM) ENDOR spectrum of the
amplitude= 1.5 G, and temperature 118 K. wide-doublet sample in the 215 MHz region is shown in
Figure 3. The inset shows the corresponding EPR signal,
Table 1: Best-Fit Parameters of Tyrosyl-Radical EPR Signals in with an arrow indicating the field at which the ENDOR
PGH Synthase spectrum was recorded. The features designated as g and h

B
C Wide singlet

Magnetic Field (Gauss)

wide  wide narrow in the ENDOR spectrum are centered around 43 MHz and
parameters componentoublet _singlet _singlet comprise an axial line shape, although the signal-to-noise
g-tensor Ox 2.0089 2.0064 2.0074 ratio in this frequency region of the conventional continuous-
9 2.0044  2.0044 2.0044  \ygve spectrum is poor. The axial character was confirmed
3,5-ring protons %\Zxa 2%‘_2023 23'9023 252_'?023 by other E_N DOR experiments presented below. The appear-
A, 7.4 75 7.8 ance of signals g and h, as well as e (24 MHz) and f (27

A 19.5 19.5 20.9 MHz) resemble those of the tyrosyl radicals found in

methylene proton (GH.) Ao 58.2 450 270 ribonucleotide reductasd ) and photosystem 1124, 27,
A 616 50.0 33.0 29). Conventional FM-ENDOR spectroscopy failed to detect
a Absolute values foA components are given in megahertz. signals in the 2645 MHz radio frequency range for the

reaction-inactivated or the inhibited narrow-singlet samples
in other radical enzymes28). The hyperfine coupling  or for the wide singlet, owing to the lower radical concentra-
constants for the strongly coupled methylene protons in the tions that were trapped.
simulated wide-singlet spectrum also have values within the  To improve the signal-to-noise ratio, we employed two
limits experimentally determined for other tyrosyl radicals fast-scan ENDOR techniques. One is the transient ENDOR
(23, 29. Thus, a reasonable simulation of the PGHS-1 wide- developed recently2Q), and the other is a rapid-passage
singlet spectrum can be achieved within the context of the ENDOR approach. Figure 4A displays the transient-ENDOR
first explanation above. We also found, however, that we spectrum of the wide-doublet radical species. Two peaks,
could reproduce the wide-singlet EPR spectrum reasonablycentered at 24 (e) and 27 (f) MHz, are apparent in the 20
well by taking a weighted sum of wide-doublet and narrow- 30 MHz region. The first derivative of this spectrum (not
singlet spectra, as suggested by DeGray et9l. These shown) reveals that the line shape in the-30 MHz region
results indicate that a more definitive approach than EPR is analogous to that in the FM-ENDOR experiment of Figure
spectral simulation is needed to decide between the two3. The peaks at e and f in Figure 4A are assigned to ring
plausible explanations for the wide-singlet spectrum. Double- protons (see below). Also evident are ENDOR signals
resonance spectroscopy has the potential to do this, as theentered at 44 MHz (g and h), which together comprise a
EPR parameters in Table 1 for a discrete wide-singlet specieswell-defined axial line shape and are assigned to the strongly
predict the presence of specific resonances in the ENDORcoupleds-methylene protons. This assignment is consistent
spectra. with the general expectation that the hyperfine couplings of
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Wide doublet
Frequency modulated

A € Wide doublet
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B Wide doublet g
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= |¢ £ Wide singlet
[ . .
£ Dispersion
<
g
h
I . , ’ T . T . T . , D e Inhibited Narrow singlet
40 41 42 43 44 45 i Dispersion
Frequency (MHz)

Ficure 3: X-band, frequency-modulated ENDOR spectra of the
wide-doublet radical species (same sample as for the EPR spectrum
in Figure 2A). Spectrometer conditions: microwave frequescy

9.4 GHz; microwave power 2 mW, magnetic field= 3348 G, rf
power= 80 W at 10 MHz for the 230 MHz portion and 70 W at

20 MHz for the 46-95 MHz portion of the spectrum, and rf Frequency (MHz)
modulation= 100 kHz (206-30 MHz) or 150 kHz (46-45 MHz).
The corresponding EPR spectrum is shown in the inset. FiGURe 4: Transient and dispersion ENDOR spectra of PGHS-1

radicals. Insets show the corresponding EPR spectra. (A) X-band
the methylene protons should be close to axial, as is the casdransient-ENDOR spectrum of the wide-doublet species (same

- - . sample as for the EPR spectrum in Figure 2A). Spectrometer
for tyrosyl radicals in ribonucleotide reductadé) galactose Lo nel microwave frequency 9.4 GHz, microwave power

oxidase g6), and photosystem 1124, 27, 29). From the § = 0.6 mw, scan steg 50 kHz; 6000 scans. (BD) X-band, rapid-
and h turning points, apparent in Figure 4A, we calculated passage, dispersion ENDOR spectra of three PGHS-1 radical
axial tensor components 8f; = 58 MHz andA, = 62 MHz samples (same samples as for the EPR studies in Figure 2): (B)

_ ; A ; wide doublet, (C) wide singlet, and (D) inhibited narrow singlet.
for the strongly couple@-proton in the wide-doublet species Spectrometer conditions: ~microwave frequeney 9.4 GHz,

(Table 2). Moreover, both the ring-protons and the strongly  icrowave power= 2 mW, magnetic field= 3341 G, field
coupledp-methylene proton resonances are sharp and well modulation amplitude= 2.0 G, scan steg 50 kHz; 600 (B), 10 000
defined, which indicates that there is little dihedral angle (C), or 20 000 (D) scans.
dispersion in the tyrosyl radical that gives rise to the wide
doublet £9—-32). The wide-doublet spectrum, obtained by =~ The dispersion ENDOR spectrum of the wide-singlet
using the rapid-passage dispersion ENDOR technique (Figuresample is shown in Figure 4C. This spectrum provides a good
4B), is essentially identical to the transient spectrum in Figure test of the two explanations for the origin of the radical. If
4A, indicating that the two detection methods yield consistent the wide singlet arises from a discrete species, then the EPR
results. spectral simulation parameters in Table 1 predict ENDOR
The reaction-inactivated narrow-singlet species was promi- resonances near 27.5, 24.5, and 18.5 MHz for the 3,5-ring
nent only after long reaction times, when the signal intensity protons and near 39.7 and 37.2 MHz for the strongly coupled
was too small for ENDOR measurements (Figure 1). The S-protons. These latter resonances, however, are not evident
inhibited narrow singlet could be prepared in much higher in the ENDOR spectrum (Figure 4C). Alternatively, if the
concentrations, however, and was used for ENDOR. Owing wide singlet is a composite spectrum, then resonances of
to the overall similarity in EPR line shapé, (16, 17), the the wide doublet and the narrow singlet should be apparent
ENDOR properties of the inhibited narrow singlet are in its ENDOR spectrum. The features characteristic of the
likely to resemble those of the reaction-inactivated narrow wide doublet at 24 (e), 27 (f), 44 (g), and 46 (h) MHz are
singlet. The dispersion ENDOR spectrum of the inhibited clearly seen in the dispersion-detected experimental spectrum
narrow-singlet sample in the 260 MHz frequency re-  from the wide singlet (Figure 4C), with no discrete reso-
gion, shown in Figure 4D, lacks the 44 MHz peak observed nances in the 3540 MHz region. The amplitude of the peak
for the wide-doublet sample; moreover, the high-frequency centered at 44 MHz is smaller than those at 24 and 27 MHz,
tail of the 27 MHz peak is more prominent (see below), and in contrast to the wide-doublet spectrum, where the relative
the low-frequency shoulder on the 24 MHz peak is more intensities of the 44 and 46 MHz features and those at 24
intense. and 27 MHz are comparable (Figure 4B). This suggests that
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Table 2: Proton Hyperfine Coupling Constants Estimated by the signals at 24 and 27 MHz, which are J_USt apperent above
Different ENDOR Methods the broad background and also present in the wide-doublet
spectrum, to the 3,5-ring protons. The broad, underlying
feature of the ENDOR spectrum in the-285 MHz region

then can be assigned to a methylene proton. This assumption

wide doublet narrow singlet
peak FM tran® disg A FM disp A  assignmerit

a 15.9 3.1  H-bond is consistent with the very similar, long-tailed feature that
b 160 3.5 163 39 WA overlaps sharp signals in the ENDOR spectra of model
c 168 49 16.8 49  2,6-H) > S

d 179 7.1 18.2 7.5  2,6-HY%) tyrosyl radicals 81, 32) and of the ¢ radical in manganese-

e 240 238 242 195 24.7 209 3,5M) depleted photosystem Il preparation9)( The spectral

f %‘% ié'% 31227 %%72 2711 25.7 35K broadening in this region, which was assigned to the
% " 457 459 616 ;{2‘3) methylene protons.in .the model tyrosine species' andzi'n Y

i 278 27.0 H(A) from isotopic substitution experiments, reflects orientational
i 30.8 33.0 H(A) disorder in the methylene-group dihedral angle. The orien-

aConventional continuous-wave, frequency-modulated ENDOR; tational disorder produces a less-resolved line shape in the
absolute X-band, ENDOR frequendyTransient ENDOR; absolute ENDOR spectrum, compared to signals from tyrosine

X-band, ENDOR  frequency.Rapid-passage ENDOR operated in  resjdues whose geometries are constrained by the surrounding
dispersion mode; absolute X-band, ENDOR frequeddyyperfine

coupling constantsh, are presented as absolute values in megahertz. polypeptlde 61' 33'
¢ Proton and corresponding hyperfine tensor component assignments. The assignment of the 28 (i) and 31 (j) MHz resonances

in the inhibited narrow singlet (Figure 4D) to methylene

some of the intensity in the 25 MHz region in Figure 4C Proton hyperfine coupling constants was achieved in con-
comes from a species that does not contribute at 44 MHz.junction with the parameters obtained from simulation of
In addition, two other features in the wide-singlet spectrum the EPR spectra. The proton hyperfine parameters obtained
are noticeably different from the wide-doublet ENDOR for the wide doublet and the inhibited narrow singlet are
spectrum. First, there is a long tail on the high-frequency listed in Table 2. The EPR spectra that were calculated by
side of peak f; second, a weak shoulder appears on the low-Using these parameters are shown in Figure 2AB for
frequency Side of peak e. Features in th|s region are presenpomparison W|th the eXperimenta| Wide-doublet and |nh|b|ted
in the ENDOR of the narrow singlet (Figure 4D) and make Narrow-singlet spectra. Thevalues, obtained by simulation,
the ENDOR spectrum of the wide singlet broader in the 20 ~ are consistent with previously published results for tyrosyl
30 MHz region than that of the wide doublet. radicals 86, 37) and can be used to provide insight into the

Thus, there are no features in the wide-singlet ENDOR hydrogen-bonding status of the radicals_, as discussed below
spectrum that distinguish it from the wide-doublet and the (38—41). The agreement between the simulated spectra and
narrow-singlet spectra (Figure 4). This comparison offers the experimental data is good, despite the omission, in the
direct evidence that the observed EPR signal with a wide- Simulations, ‘of the smaller proton hyperfine couplings
singlet line shape does not originate from a distinct tyrosyl- considered in the next section.
radical species. Rather, it is clearly consistent with the wide  (C) Other Weakly Coupled Protonishe hyperfine tensor
singlet being a mixture of the signals from two distinct components of the 2,6-ring protons and the weakly coupled
tyrosyl radicals that show wide-doublet and narrow-singlet methylene proton are relatively small. Thus, the ENDOR
EPR line shapes. signals from these protons will reside in the wings of the

(B) 3,5-Ring ProtonsAn extensive series of EPR, EN- matrix proton signal in the 2020 MHz region of the X-band
DOR, and electron spirecho measurements have shown spectra. The ENDOR spectra of the matrix proton region
that the spin-density distribution in neutral tyrosyl radicals for the inhibited narrow-singlet and the wide-doublet species
is essentially constant and insensitive to the local environ- are shown in Figure 5. For the wide doublet (Figure 5B),
ment near the radical sit@3, 24, 27, 29, 30, 33—35). The three lines (b-d) are resolved in the FM-ENDOR spectrum
line width and line shape variations that do occur in this in derivative mode. As mentioned above, the analogies in
class of radicals are primarily attributable to variations in peak shape and frequency of these features to those of known
the dihedral angle between the normal to the phenyl ring tyrosyl radicals 19, 23, 24, 26, 2/make the assignment of
and the bond to the methylene proton (Scheme 1). Thethese lines straightforward. The resultant tensor components,
similarities between the EPR and ENDOR spectra of the although not complete, are summarized in Table 2. The
PGHS-1 wide-doublet and narrow-singlet signals and thoseinhibited narrow-singlet ENDOR spectrum (Figure 5A)
of tyrosyl radicals in ribonucleotide reductase and photo- shows the same set of resonancesdj but, in addition,
system Il provide a basis for a straightforward assignment shows a fourth feature, a, which is apparent in the inset at
of the resolved PGHS ENDOR signals. Accordingly, the 12.8 and 15.9 MHz and corresponds to a hyperfine coupling
signals at 24 (e) and 27 (f) MHz in the dispersion ENDOR of 3.1 MHz. The amplitude of a was reduced, although not
spectrum of the wide-doublet sample (Figures 3 and 4) caneliminated, in the ENDOR spectrum of PGHS is(Figure
be assigned to two of the hyperfine tensor components of 5A, inset). This suggests that a arises from a hydrogen-
the 3,5-ring protons. bonded proton to the phenol headgroup of the tyrosyl radical

For the inhibited PGHS-1 narrow-singlet species, the broadin the inhibited enzyme4@, 43). In contrast, the ENDOR
features in the 2035 MHz region in the dispersion ENDOR  spectrum of the wide-doublet radical shows no feature in
spectrum (Figure 4D) make determination of corresponding this region and its spectrum is insensitive tgdDexchange
proton hyperfine splittings more difficult. To proceed, we (Figure 5B, inset), indicating that the active form of the
draw on the general behavior of tyrosyl radicals to assign radical is unlikely to be hydrogen bonded.
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FIGURE 6: Arithmetic analysis of PGHS-1 EPR spectra. Spec-
trum A is the arithmetic composite that results when 40% of the
wide doublet is subtracted from the wide singlet. Spectrum B is
the experimentally observed, self-inactivated narrow singlet (Figure
1K). Spectrum C is the inhibited narrow singlet (Figure 1L).
Frequency (MHz) The vertical lines align they, and g, components of all three
spectra.

Ficure 5: X-band, frequency-modulated-ENDOR spectra in the
matrix proton region for PGHS-1 radicals. (A) Inhibited narrow- . ) .
singlet tyrosyl radical. (B) Wide-doublet tyrosyl radical. Spectrom- Cconsiderably broader than the narrow singlet observed in
eter conditions: microwave frequeney 9.4 GHz, microwave indomethacin-treated enzyme 22 G) (Figure 6C).

power= 2 mW, magnetic field= 3348 G, rf power= 80 W at 9.5 In further arithmetic manipulation of the EPR spectra, we

MHz, rf modulation= 60 kHz. Insets show higher-resolution - - . - .
ENDOR spectra obtained with lower rf modulation amplitude (f c°MPined the wide-doublet signal with variable amounts of

power= 80 W at 11.75 MHz and rf modulatios 40 kHz). the inhibited narrow-singlet signa-@2 G). In all cases, the
resultant was narrower than the observed wide-singlet signal

(4) EPR Line Width StudyWe have shown above that (not shown). The combination that came closest to fitting
the PGHS-1 wide-singlet EPR signal does not reflect a the line shape of the observed wide singlet had equal portions
distinct tyrosyl radical species and that this signal decays Of the wide doublet and the inhibited narrow singlet. How-
with time, ending up with a line shape similar to, but slightly €ver, even this optimal composite spectrum was about 3 G
wider than, the narrow singlet of indomethacin-treated en- harrower than the experimental wide-singlet signal (Figure
zyme. In this section, we present evidence that this reaction-1B). This implies that the narrow-singlet component of the
inactivated 25-G narrow-singlet EPR signal represents aobserved wide-singlet signal has to be about 3 G broader
tyrosyl-radical species that is distinct from the inhibited 22-G than the 22-G signal observed for inhibited enzyme, or 25
narrow-singlet species. G. There was no indication that the 25-G reaction-inactivated
narrow-singlet signal could be further narrowed by extended
reaction (Figure 1). We conclude, consequently, that the two
narrow-singlet species arise from conformationally distinct
tyrosyl radicals.

Since the wide-singlet signal is a combination of the initial
wide doublet and the final reaction-inactivated narrow singlet,
as originally suggested by DeGray et &) &nd confirmed
by the ENDOR results above, arithmetic subtraction of the
vyide doublet _from the wide §inglet sho_uld give _rise to the DISCUSSION
final narrow singlet. Subtractions of various fractions of the
wide doublet (Figure 1A) from the wide singlet (Figure 1B) Several tyrosyl-radical signals of different line widths are
were tried, and the composite spectrum resulting from detected during PGHS-1 reaction with hydroperoxide by
subtraction of 40% of the wide doublet (Figure 6A) was conventional EPR, as shown in Figure 1. However, only the
found to give the best agreement with the inactivated narrow radical showing the wide doublet from reaction of the native
singlet observed in the kinetic studies (Figures 6B and 1K). enzyme with peroxide substrates and the radical from
During these subtractions, the spectra were kept aligned atinhibited enzyme, showing a narrow singlet, have distinct
their g, andg;, values, as high-frequency EPR spectroscopy conformations, as judged by the ENDOR signals that arise
has shown that these twpvalues are essentially constant from the strongly coupled tyrosy-methylene protons. The
among various tyrosyl radicals, wheregschanges signifi- ENDOR results show that wide-singlet-type EPR spectra
cantly (7, 44, 45). A key point is that the composite result from a mixture of the initial, native wide-doublet
spectrum A in Figure 6 has a line width of 25 G, identical species and the reaction-inactivated narrow-singlet species;
to the final signal in the kinetic study (Figure 6B) and they do not arise from distinct conformational entities.
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Ficure 7: Conformations of thg-methylene group of the tyrosyl
radical that gives rise to (left) the wide-doublet EPR spectrum and
(right) the indomethacin-inhibited narrow-singlet spectrum, as
determined from the ENDOR data. See text for details.

The conformation of the tyrosyl-radical methylene group

with respect to the ring plane can be determined from the

strength of the hyperfine coupling to the two methylene
protons, H and H, (Scheme 1). These couplings originate

from through-bond interactions between these nuclei and the
ring sz-electron system and are dependent upon the spin

density on ring carbon 1p€;) and the dihedral anglé
(Scheme 1) for each proton, according to the modified
McConnell relationship:

Aso= pc1(By t B, cos 6) (2)
whereBy and B, are constants3, is close to zero, and the
value ofB, appropriate for alkyl radicals is162 MHz (46);
Bender et al. 19) derived similar values for these two

parameters for the tyrosyl radical in ribonucleotide reductase.

For the wide doublet in PGHS-1, we observe only a single,
strongly coupled methylene protoAd, = 59.3 MHz), so
an independent assessment @f; is not yet possible.
However, detailed analysis of radical spin densities in both

Biochemistry, Vol. 39, No. 14, 20001119

average orientation of the methylene group with respect to
the phenaol ring.

Tyrosine residues are functionally important, redox-active
cofactors in a number of enzymez6( 35, 47-64). Although
the protein environments around the tyrosines are quite
different in these enzymes, the EPR signals of their radical
forms fall into two major categories. The first is characterized
by a wide-doublet-type EPR spectrum, with a peak-to-trough
width of about 33 G; representatives include ribonucleotide
reductase, galactose oxidase, the wide-doublet species that
occurs at early times following peroxide reaction in PGHS,
and, possibly, the recently uncovered wide-doublet species
in linoleate diol synthase. The second category is character-
ized by a narrower line shape, with a peak-to-trough width
of about 24 G. Representative species in this class include
Yp* and Yz in photosystem Il, model tyrosine radicals in
alkaline glasses3(l, 69, the tyrosyl radical inSalmonella
typhimuriumribonucleotide reductas&1), and the inhibitor-
induced and reaction-inactivated tyrosyl radicals in PGHS.
PGHS is the only protein found, so far, where both types of
tyrosyl-radical species are evident.

The radicals in these two general conformational classes
differ in their side-chain energetics. From magnetic-resonance
work with tyrosyl radicals in solution, Sealy et al65)
estimated that the rotational barrier between different con-
formations about the C1CS bond can be as high as 10 kcal/
mol. Using a computational approach, we performed semiem-
pirical AM1 calculations on tyrosine in the gas phase and
found the rotational barrier to be about 3 kcal/mol (unpub-
lished data; see, also, ré6 and67). In these calculations,
the narrow singlet corresponds to the lower-energy confor-
mation; the wide-doublet conformation lies near the top of
the energy barrier. In more rigorous calculations, Qin and

model and enzyme systems shows that the spin-densityWheeler 68), O'Malley and Ellson §9), and Himo et al.

distribution for tyrosyl radicals is almost invarian23).
Therefore, we assume for PGH$@& of 0.38 and &, value
of 162.4 MHz (9) and obtain & value of 1F for the G—
Ha. bond in the wide-doublet conformation. With this dihedral
angle for G—H, and assuming that the two;€H bonds
and the G—R bond are related by 120otations, charac-
teristic of sp hybridization, two geometries for4-and the
R group are possible. In one, the dihedral angles fprid;,
and G—R are 72 and 49, respectively. In the second, these
two dihedral angles are reversed, i.e.; 48 Cs—Hy and
71° for Cs—R. The second of these two geometries predicts
a significant hyperfine coupling to theg€H, proton, 27
MHz, which we do not detect in the ENDOR nor require in
the simulations in Figure 2. Thus, we conclude that the
second geometry is unlikely and that the orientation @f H
Hp, and R around gin Figure 7 (left) is more consistent
with our data.

For the inhibited narrow-singlet conformation, we detect
a methylene proton coupling withi, of about 29 MHz.
Analysis within the context of eq 2 yields a dihedral angle
of 47° for Cs—Ha. As with the wide doublet, there are no
indications of a second, relatively larggmethylene proton

(25 have applied density-functional methods to tyrosyl
radicals. In the latter work, which involved the gas-phase
radical, a rotational barrier ofv1 kcal was observed.
Interestingly, the rotational surface has a local minimum near
the geometry we predict for the wide-doublet conformation
(Figure 7, left) and a global minimum at the geometry
deduced for the narrow singlet (Figure 7, right). Thus, we
conclude that high-energy conformations of enzymatically
active tyrosyl radicals are found in protein systems, which
indicates that these tyrosyl species are subjected to steric
constraints imposed by the protein. Moreover, the fact that
the loss of the high-energy conformation accompanies self-
inactivation in PGHS-1 implicates the maintenance of
conformational fidelity in enzyme function. The computa-
tional work cited above is consistent in demonstrating that
rotation about the C2Cs bond has no observable effect on
the electronic properties of the radical nor on its spin-density
distribution. Thus, we can eliminate such factors in consider-
ing conformation control of radical reactivity, which suggests
that the geometry of the tyrosyl oxygen lone pairs is the
physical property that the ring conformation is designed to
preserve. Consistent with this, Ingold and coworké&i@) (

coupling and, accordingly, we conclude that the geometry have implicated the spatial orientation of the oxygen lone
shown in Figure 7 (right) describes the orientation abgut C pairs relative to the hydrogen atom in an abstraction process
in the inhibited, narrow singlet conformation. As noted as an important factor in determining the overall reaction

above, however, thg protons in the inhibited narrow singlet
have ENDOR line shapes indicative of dispersion in their
dihedral angles31). Figure 7 (right) thus presents only the

efficiency.
These considerations, and the tyrosyl geometries deduced
in Figure 7, suggest that a plausible rationale for enzyme
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inhibition upon self-inactivation or inhibitor binding involves  for the inhibited narrow-singlet suggest that the tyrosine that
perturbations to the active conformation of the catalytically gives rise to this spectrum is hydrogen-bond&d @8, 40,
essential Y385 residue. The mutagenesis work shows clearly41).
that the functionally relevant, wide-doublet species is Lack of hydrogen bonding to the phenolic oxygen of the
uniguely associated with a native Y385 sitél), The wide-doublet tyrosyl radical may have important functional
alternative, however, that the location of the radical switches implications for catalysis by PGHS. Considerable experi-
from Y385 in the wide-doublet species to other tyrosines in mental evidence indicates that the cyclooxygenase reaction
the inhibited or self-inactivated protein requires consideration. starts with removal of thero-S hydrogen atom of the fatty
This is especially so because tyrosyl radicals in ribonucle- acid to produce a carbon-centered radical that attagks O
otide reductaser(l, 79 and in other radical-enzyme systems form a cyclic endoperoxide intermediat®).( The wide
(35) have been shown to migrate and locate at alternate sitesdoublet accumulates in parallel with cyclooxygenase product
under certain circumstances. There is evidence that similarand is, thus, kinetically competent for catalyss ¢, 9-11,
alternate-site phenomena occur in PGHS. In Y385F mutants,78). The reactivity of a tyrosyl radical in abstracting hydrogen
cyclooxygenase activity is lost, and the wide-doublet signal atoms from substrate is a function of the orientation of the
is replaced by a narrow singlet that is essentially identical donor/acceptor pair, as noted above, and the approach of the
to the signal observed when the enzyme is inhibited with substrate and Y385, in its wide-doublet conformation, is
indomethacin 11). This result indicates that while Y385 is  likely to be facilitated by the absence of a hydrogen-bond
necessary for cyclooxygenase activity, it is not required to donor and its associated steric bulk. These considerations
produce the 22-G, narrow-singlet signal. Moreover, the also likely have relevance for hydrogen-atom abstraction
spectral similarities between the singlets observed in the mechanisms in myeloperoxidasg9) and in linoleate diol
Y385F mutant and indomethacin-inhibited PGHS-1 suggest synthase §9).
that indomethacin inhibits PGHS by redirecting radical ~ To summarize, the magnetic-resonance data presented here
formation to a side chain other than Y385. The nearly provide new information on the hyperfine tensors and
identical microwave power saturation behavior of the wide g-values for the tyrosyl radicals that occur in PGHS-1. These
doublet and the narrow singletsQ 11) indicates that these  results indicate that there are two distinct narrow-singlet
species have very similar magnetic environments. The X-ray radical species. Moreover, we can conclude that the wide-
structure {3) reveals several tyrosine residues in the vicinity singlet EPR is a sum of the wide doublet and the reaction-
of the PGHS-1 heme that are candidates for the alternativeinactivated narrow singlet. With these ambiguities resolved,
tyrosine-radical site in the Y385F mutant. A further mu- the complexity of tyrosyl radicals present in PGHS-1 is
tagenic study to identify the tyrosyl residue responsible for reduced, and attention can now be focused on the precise
the narrow-singlet signal, however, was not conclusi4.( roles that these radicals play in catalysis and self-inactivation.
The origin of the narrow singlet that occurs upon self-
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