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ABSTRACT. Coral allene oxide synthase (AOS), a hemoprotein with weak sequence homology to catalase,
is the N-terminal domain of a naturally occurring fusion protein with BAiBoxygenase. AOS converts
8R-hydroperoxyeicosatetraenoic acid to the corresponding allene oxide. Theisille absorption and
magnetic circular dichroism spectra of ferric AOS and of its cyanide and azide complexes, and the electron
paramagnetic resonance spectra of native AOS (high-gpinG.56, 5.22, 2.00) and of its cyanide adduct
(low-spin,g = 2.86, 2.24, 1.60) closely resemble the corresponding spectra of bovine liver catalase (BLC).
These results provide strong evidence for tyrosinate ligation to the heme iron of AOS as has been established
for catalases. On the other hand, the positive circular dichroism bands in the Soret region for all three
derivatives of ferric AOS are almost the mirror image of those in catalase. In addition, the cyanide affinity
of native AOS Kq = 10 mM at pH 7) is about 3 orders of magnitude lower than that of BLC. Thus, while
these results conclusively support a common tyrosinate-ligated heme in AOS as in catalase, significant
differences exist in the interaction between their respective heme prosthetic groups and protein environments,
and in the access of small molecules to the heme iron.

Interest in the enzymology underlying the high prosta- et al., in 1997, isolated the cDNA of arR8ipoxygenase
glandin content of the Caribbean sea whip coRPd&xaura from P. homomallaand found it to occur with an extra
homomalla has been the impetus for several biochemical sequence in the open reading frame that encodes the allene
investigations. Arachidonic acid is metabolized in extracts oxide synthase (AOSP|. This natural fusion protein in coral
of P. homomallaand related corals by a lipoxygenase (LOX) consists of a LOX C-terminal domain (79 kDa) and an AOS
pathway that appeared initially to relate to the production N-terminal domain (43 kDa). The truncated (AOS) construct
of cyclopentenone prostaglandiris 2). An 8R-lipoxygenase catalyzes an identical reaction to the AOS domain in the
converts arachidonic acid tdehydroperoxyeicosatetraenoic  fusion protein, converting 8R-HPETE solely to the allene
acid (8R-HPETE), and the fatty acid hydroperoxide is then oxide. The truncated construct exhibits very high turnover
enzymatically dehydrated to an allene oxide, an epoxide with number (1400/s)}), although, due to the weaker expression
a propensity to cyclize to cyclopentenone derivatives. Brash of the fusion protein irE. coli, the comparable values for
the fusion protein remain to be determirfedithough allene
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growth regulator g, 10). In coral, the recent discovery of dialyzed against water (4 Lx5) at 4 °C, then against 20

the AOS/LOX fusion protein marks the first characterization mM potassium phosphate buffer (2 L, pH 7.0), and centri-
of an AOS enzyme in animal8). The coral LOX domain  fuged to remove precipitates. For some EPR measurements,
has sequence similarities to other mammalian and plantBLC containing 0.1% thymol was dialyzed 3 times against
lipoxygenases; the coral AOS domain has significant se- 250 volumes of 0.1 M MES, or 0.4 M potassium phosphate,
guence homology to catalase, albeit with very low (30%) pH 7.0. The BLC samples thus prepared haddaq 4Ass0
sequence identity3]. It has been shown recently that coral (purity index) value of 0.830.87, similar to that reported
AOS cannot disproportionate hydrogen peroxide like cata- by Browett and StillmanZ?2). Attempts to further purify BLC
lases, and catalase cannot convert 8R-HPETE to allene oxidausing ion exchange chromatograpt3) in this study did

(4). not significantly alter the purity index value.

To gain further information about the structuinction Preparation of U\+-Visible Absorption, MCD/CD, and
relationship for the coral AOS domain, in this study we have EPR AOS Samples in the Presence or Absence of Heme
probed the heme active site and its environment for the Ligands.Stock solutions of purified and concentrateed(71
N-terminal domain expressed separately from the C-terminalto ~0.30 mM) ferric AOS in 50 mM TRIS (pH 8.0)
domain, inEscherichia coli(3, 4). For this purpose, we have  containing 106-150 mM sodium chloride were used after
employed UV\~visible absorption, magnetic circular dichro- appropriate dilution for a series of UWisible absorption,
ism (MCD), circular dichroism (CD), and electron paramag- MCD/CD, and EPR spectral measurements and for parallel
netic resonance (EPR) spectroscopic technigues. MCDligand binding studies. Potassium cyanide stock solutions
spectroscopy is used to record the magnetically induced(1 M) were prepared in water by adjusting the pH with
optical activity that correlates with the electronic transitions phosphoric acid85%) or n 1 M TRIS at pH 8.0. Stock
in the heme group that can be detected with-tiN&ible solutions ¢ 1 M sodium azide ath 5 M potassium fluoride
absorption spectroscopyd 14). Moreover, MCD spectra  were prepared in 100 mM potassium phosphate buffer (pH
are difference spectra and consist of considerably more6.0). Ligands were added to native AOS samples by titration
detailed spectral band patterns than the corresponding UV at 4 °C by monitoring with U\~visible absorption spec-
visible absorption spectra. As a consequence, MCD spectratroscopy until near (8695%) saturation of the ligand binding
are much more sensitive than UVisible absorption spectra  was observed. For EPR studies, sodium cyanide (1 M in 1
to electronic structural changes in the heme that are causedV TRIS) was added at once to a final concentration of 0.05
by changes in spin state, coordination number, and theM. A stock solution of peracetic acid was prepared by a 20-
coordinating ligand. Thus, MCD can be used as a powerful fold dilution of a 4.1 M commercial sample (Aldrich) into
“fingerprinting” method for determining the identity of axial 0.1 M MES buffer and adjusting the pH to 5.5. The peracetic
ligands in structurally uncharacterized heme proteins by the acid solution was pretreated for 30 min with a trace of BLC
comparison of their spectral properties with those of known to remove hydrogen peroxide impurity, as described by Jones
structurally defined heme system®3( 14). This spectro- and Middlemiss Z4).
scopic method has been extensively employed in the pastto Determination of the Equilibrium Dissociation Constants
characterize numerous heme proteih83-<19). EPR spec-  (Kq4 Values) for AOS Ligand ComplexesThe Kq values for
troscopy provides information on spin states and can be usedthe AOS-cyanide and AOSazide complexes were deter-
as a fingerprint technique for comparison with other proteins mined by spectrophotometric titrations. Data analysis was
containing heme iron. The EPR spectra of low-spin adducts, done by using a double-reciprocal plotAK vs 1/[L]) with
cyanide adducts for instance, can also be used to compare ghe equation: WA = KJAAG[L] + 1/AA., where [L] is
protein of unknown proximal ligand to ones where the ligand the free ligand concentration andh andAA., are absorbance
is known @0). The results reported herein reveal that the changes caused by ligand at<0[L] < o and [L] = oo,
MCD and EPR spectroscopic properties of various ferric respectively. For competitive binding between cyanide and
AOS derivatives are very similar to those of the analogous azide to the AOS heme, the apparent equilibrium dissociation
forms of bovine liver catalase (BLC), whose crystal structure constant for cyanideiy ken app] in the presence of azide is
has been established at 2.5 A resolutidt)( This provides expressed as a function of [NglNoy using the individual
strong evidence for tyrosinate ligation to the AOS heme iron Ky values for cyanide Kgkcn) and azide Kgwnan) as:
as in BLC @1). Interestingly, we have also found that Kgkcn @pp)= Kaken{1 + ([NaNs]/Kgnang)}. From this equa-
significant differences exist between AOS and BLC in their tion, Kynan, Can be calculated asKgnan, = [NaNs)/
active site heme environments as revealed by their distinct{ (Kqxcn @ppfKaxen) — 1}
heme-related CD spectra (with opposite signs) and consider- Protein ConcentrationsAOS protein concentration was
ably lower heme ligand binding affinities for AOS than BLC. determined in two ways: by colorimetric protein assay (BCA
These differences likely account for, at least in part, the reagent, BSA as standard) and based on the molar extinction
functional difference between the two enzymes. coefficient calculated from the amino acid sequence at 280

nm (€ = 57 300 Mt cm™Y). These methods generally agreed
EXPERIMENTAL PROCEDURES to within 15% (e.g., 0.99 and 0.90 mg/mL, respectively, for

Materials. All chemicals were purchased from Sigma or the BCA and 280 nm methods). BLC concentration was
Aldrich, except for potassium cyanide, which was obtained determined based on heme (subunit) ugiggs= 100 mM*
from Mallinckrodt, and used as received. The coral AOS cm ! for native enzyme at pH-67 (22).
domain (44 kDa) was overexpressedh coli and purified UV—Visible Absorption, MCD/CD SpectroscopyV —
(Agod/A2g0 = 1.31 at 4°C at pH 8.0) as described previously visible absorption spectra were recorded using a Varian/Cary
(3). For MCD studies, the crystalline suspension of BLC 219 spectrophotometer interfaced to an IBM PC for data
(Sigma, in water containing 0.1% thymol) was extensively acquisition. MCD and CD spectra were measured using a
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Jasco J500-A spectropolarimeter equipped with a Jasco- g e ' .
-value =

MCD-1B electromagnet operated at a field strength of 1.41
T. The J500-A was interfaced to a Gateway 2000 4DX2-
66V computer by a Jasco IF-500-2 interface unit. Data
acquisition and manipulation have been described elsewhere
(25). All these spectral measurements were carried out in a
0.2 or 0.5 cm quartz cuvette immediately after sample
preparation. Sample temperature was kept at4@.2 °C

with a circulating ethanol/water (50% v/v) bath. BVisible
absorption spectra recorded before and after each MCD/CD
measurement were essentially the same.

EPR SpectroscopEPR spectra at X-band-0.2 GHz)
were recorded on a Varian E 109 spectrometer equipped with
an Oxford Instruments ESR9/10 pumped, gas flow cryostat . 1 N ,
for liquid helium temperatures and aboas). W-band EPR 100 200 300 400
(~94 GHz) spectra were recorded on a Bruker E6G00 EleXsys Magnetic Field (mT)

heterodyne spectrometer equipped with a TE 011 mode _ _
Ficure 1: The X-band EPR spectra of native allene oxide synthase

cylindrical resonfitor, a Sp“t_cql superconductlng magnet (AOS) and the cyanide complex. (A) Native AOS (0.71 mM, buffer
(Magnex) which is capable of linear field sweeps from 0 to A pH'8.0). The EPR signal (9.279 GHz) was recorded K with

6 T, and an Oxford Instruments automatic helium gas flow modulation amplitude 2 G, microwave power 1.0 mW, time constant
cryostat. A current jump method is used to obtain a linear 0.128 s, scan time 30 min, and gain 4000. (B) CyaA®@S (buffer
field sweep for W-band measuremeng¥), and specific A, pH 8.0). The cyanide complex was prepared by addition of 20

- - . - . ) uL of sodium cyanide stock solution (0.5 M) to 130 of AOS,
instrument settings are given in the figure legends. W-band', v, i"htfer A, giving final concentrations of 50 mM cyanide

spectra are the average of spectra recorded alternately withang 0.35 mM AOS. The EPR signal (9.273 GHz) was recorded at
increasing or decreasing field sweeps. High-frequency noise8 K with modulation amplitude 10 G, microwave power 1 mW,

was removed from the W-band spectra by application of an time constant 1.0 s, scan time 1 h, and gain 8000. The amplitude
exponential filter to the Fourier transform of the field swept ©Of Spectrum B was scaled approximately to that of spectrum A by

) . multiplying by appropriate ratios of concentration, temperature,
spectrum. The-values reported are, from low to high field, modulation amplitude, and gain from each experiment, so that the

9y, 9 andg; for high-spin ferric heme [Blumberg coordinate  amplitudes of the two spectra as they appear in the figure can be
system 28)] andg,, gy, andgy for low-spin heme. The highest  compared directly.

and lowestg-values were measured at the low-field maxi-
mum and high-field minimum, respectively. The middle measured as 100 3, values of 98, 99, and 102). Thus,
g-value was taken at the point at which the middle spectral throughout this study, the value ef= 100 mM* cm™* for
line crosses the baseline. The field modulation frequency in the Soret band was used for quantitation of the native ferric
recording X-band spectra was 100 kHz, and it was 10 kHz AOS at pH values 68.
for W-band. Quartz sample tubes were of 0.4 cm outer ~Characterization of the AOS Spin Statésband EPR
diameter for X-band and 0.5 mm inner diameter for W-band, spectra of the coral AOS domain in two forms are shown in
and sample sizes were 0.2 and 0.001 mL, respectively. ~ Figure 1. The native enzyme as isolated displays a rhombic,
EPR spectra at both frequencies were obtained with Nigh-Spiniron 6= 5/2) signal with features &, g.-, and
samples of 0.30.71 mM AOS in buffer A: 50 mM TRIS, ~ 9-values of 8.56(1), 5.22(0), and 2.00(2)0.005 @y, g
100-150 mM sodium chloride, and 25% (v/v) glycerol at 2nd=0.001 @), respectively (Figure 1A). Samples of BLC
pH 7.9-8.0, or in buffer B: 0.1 M MES at pH 7.0 (peracetic N buffer A gave the samg-values, although impurities make
acid treatment). Samples treated with peracetic acid (1.4 orddditional contributions to BLC EPR signals, especially at
14 mM) in buffer B were at either pH 7.0 or pH 5.5, oW field (30). [Based on calculated EPR spect@8)( the
respectively, after the peracetic acid addition, and they were fraction of high-spin iron giving rise to the low-field impurity
frozen in the spectrometer cryostat within-3020 s after ~ Signals is approximately 0.L] At 4 K, the intensity of the
the addition was made at%C. The EPR spectra of AOS X-band EPR spectra _of native A_OS is linear vylth the square
were compared with those of BLC (0.15 mM) in buffer A root of the power of incident microwave radiation *d.0

for native BLC, or in buffer B for peracetic acid treatments. MW, and it drops to 50% of the linear extrapolatiqsof at
~200 mW. The EPR spectrum of AOS in the presence of

RESULTS 50 mM cyanide (pH 8.0) is given in Figure 1B. This
spectrum demonstrates that the heme iron in 0.35 mM AOS
Heme Content and the Molar Extinction Coefficient of is predominantly in a low-spin ferric state (cyanide adduct).
AOS.The heme content of the coral AOS was determined The EPR signal of cyanide-free AOS is also seen as a minor
using the pyridine hemochrome assag)( For 2.2 nmol of species under these conditions. Tde gy-, and g.«-values
protein, 1.8 nmol of heme was found. This indicates that of the cyanide adduct are 2.85(6), 2.23(8), and 1.66{4)
the holoenzyme (heme-saturated enzyme) contains 1 mol 0f0.005, respectively. Thegpvalues are the same as those of
heme/mol of enzyme considering that partial heme loss is the BLC—cyanide complex formed under similar conditions
not unusual for highly purified proteins. Using the calculated (the BLC EPR spectra, not shown, were recorded for a 0.15
molar extinction coefficient at 280 nm based on the amino mM BLC sample in 100 mM cyanide, pH 8.0).
acid composition of the expressed protein, the millimolar ~ The apparent EPR line widths, based on computer simula-
extinction coefficient for the main Soret band at 406 nm was tions 28) of the EPR spectra in Figures 1 (simulated spectra
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Ficure 2: Low-field region of the high-frequency (W-band, 94.234 5
GHz) EPR spectrum of allene oxide synthase (AOS). The spectrum
of AOS (0.6 mM, buffer A, pH 8.0) was recorded at 12 K and is -8

the average of scans with increasing and decreasing field sweeps 4,
(one each). Instrument settings were as follows: modulation

amplitude, 10 G; microwave power&V; time constant, 0.082 s; 20 -
and scan rate, 0.74 mT/s.

£
not shown), arise predominantly from distributions in zero- é —
field splitting values (1A) og-strain (1B) rather than from 4 0 \ "
relaxation. The high-spin AOS spectrum, Figure 1A, is \ /
notable in having @ ~ 2 (g,) feature that is as sharp as the 20 \ /
lower field features. High- and low-field regions of Figure 30 A , . . .
1A are fit (fit spectra not shown) better by a Gaussian line 30 35 400 450 500 550 600 650 70O

width that is constant over the field range than by the Wavelength (nm)

theoretical Lorentzian line width that increases over the field Ficure 3: UV-—visible (UV—Vis) absorption (A), MCD (B), and
range by Ig-factor in a relaxation-determined line shap8)( CD (C) spectra of the native ferric state of allene oxide synthase

Contributions of zero-field splitting distributions to low- (AOS) overplotted with the corresponding spectra of bovine liver

temperature heme EPR line shapes have been examined
detall for hemoglobin and myoglobiBZ), and similar factors

.catalase (BLC). Solid line, AOS (100M) at pH 8.0 in 50 mM
IFRIS buffer, n a 2 mmcuvette; dashed line, BLC (34/M) at
pH 6.0 in 50 mM potassium phosphate bufferai 5 mmcuvette.

evidently are important contributors to the high-spin iron Both species were recorded at’@. The spectra of BLC are in
AOS line shape. The low-spin AOS spectrum (Figure 1B) good agreement with those reported by Browett and Stillr2@h (
displays normal line widths that increase ag-fHctor.
However, a Gaussian shape fits better than a Lorentzian one
suggesting that the width has a contribution from distributions
in-factor (g-strain). A small background signal in the region
300-320 mT can be seen in both spectra of Figure 1. Heme Ligand Binding Properties of Ferric AOBinding

The EPR spectrum of native AOS was also obtained at ©f three typical heme ligands, cyanide, azide, and fluoride,
W-band (94 GHz) (Figure 2). The observgg andg,-values to native ferric AOS was examined with UWisible
are not measurably different from those at X-band (9.2 GHz), absorption spectroscopy (Figures-§). Among the three
confirming the expectation that the frequency of the zero- ligands, cyanide binds relatively readilit{= ~10 mM at
field splitting for the heme iron in AOS is substantially larger PH values of 7-8 at 4°C) to AOS accompanying a large,
than 94 GHz. The zero-field splitting of ferric iron in heme high-spin to low-spin type spectral change (Figure 4A). The
proteins is usually in the range-3.0 cnt! (D = 150-300 binding of azide to AOS is spectrophotometrically less easily
GHz) (28). The spectrum of BLC at W-ban@®2) is similar detected than that of cyanide, especially in the visible region.
to the AOS spectrum, although the low-field peak of the AOS Nevertheless, a small spectral change in the Soret region
spectrum is the narrower of the two. This may reflect a more upon addition of azide to AOS (Figure 5A) as well as
homogeneous heme geometry in AOS than in BLC, as the equilibrium binding experiments for competition between
latter is known to contain a small amount of degraded heme azide and cyanide for the AOS heme confirmed the formation
(21, 22). The width at half-height of the low-field feature in  of the AOS-azide complex. More detailed descriptions of
AOS spectra is 3.4 mT at X-band and 34 mT at W-band. the UV—visible absorption spectra of AOS and its ligand
The linear increase in the apparent line width with microwave adducts will be given below in correlation to their MCD
frequency, together with no shift im-values, is also  spectra.

tonsistent with a line shape dominated by distributions in
zero-field splitting parameters.
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FiGure 4: UV—visible (UV—Vis) absorption (A), MCD (B), and
CD (C) spectra of the ferric cyanide complex of allene oxide
synthase (AOS) overplotted with the analogous form of bovine liver
catalase (BLC). Solid line, AOS (9,6M) at pH 7.0 in 50 mM
potassium phosphate buffer, plus 0.2 M potassium cyani®®%
saturation); dashed line, BLC (214M) at pH 7.0 in 50 mM
potassium phosphate buffer, plus 0.01 M potassium cyanide. In

panel B, the left-hand and right-hand side scales are used for the

MCD spectra between 300 and 455 nm (vertical line) and between
455 and 700 nm, respectively. The spectra of BLC are in good
agreement with those reported by Browett and Stillni2&2). (Both
species were recorded at’@ in a 5 mmcuvette.

The Ky value for the AOS-azide complex was indirectly
determined by competitive binding between azide and
cyanide to be~50 mM at pH 6.0 by the equationKq nan,
= [NaNs}/{ (Kakcn@ppiKaken) — 1} (see Experimental
Procedures), where experimental values were [{jlah200
MM, Kg kengppy= ~50 mM, andKgken = ~10 mM. Direct
titration of AOS with azide also yielded a simil&y value
(~60 mM). In the case of fluoride, no detectable spectral
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Ficure 5: UV—visible (UV—Vis) absorption (A), MCD (B), and
CD (C) spectra of the ferric azide complex of allene oxide synthase
(AOS) overplotted with the analogous form of bovine liver catalase
(BLC). Solid line, AOS (20.7M) at pH 6.0 in 20 mM potassium
phosphate buffer, plus 0.2 M sodium azide80% saturation);
dashed line, BLC (27.9%M) at pH 6.0 in 50 mM potassium
phosphate buffer, plus 0.2 M sodium azide. The dotted line
represents spectra of the fully azide-saturated AOS which is
obtained by calculation (see text footnote 3) based on the spectra
(solid line) of ~80% azide-saturated AOK{ = ~50 mM) (solid

line) and azide-free AOS (dodot—dash line, not included in panels

B and C). The spectra of BLC are in good agreement with those
reported by Browett and Stillma22). Both species were recorded
at 4°C in a 5 mmcuvette.

UV—Visible Absorption, MCD, and CD Spectral Char-
acteristics of Natie AOS and Its Heme Ligand Adducts.
UV —visible absorption, MCD, and CD spectra of native
ferric AOS and its adducts with the two typical heme ligands
cyanide and azide are shown in Figures 3 (native), 4 (ferric-
cyanide), and 5 (ferric-azide) in panels A (YVisible

changes were observed upon addition of a high concentrationabsorption), B (MCD), and C (CD). Corresponding spectra

(up to 1 M) of KF to native AOS at pH-68. Furthermore,
the Ky value for the AOS-cyanide complex did not
significantly change in the presence of avke M fluoride,
indicating that the affinity of AOS for fluoride is very low
under the conditions used. In comparison, aesalues for
ferric catalase (bovine liver, horse and human erythrocyte)
complexes with cyanide, azide, and fluoride under similar
conditions have been reported to be 1.5«M), 10-100uM,
and~20 mM, respectively 33, 34).

of the BLC species, which were recorded in this study and
are in good agreement with those reported previously by
Browett and Stillman Z2), are also plotted for direct
comparison. We have not attempted here to give detailed
assignments of the MCD spectra because such a study is
outside the scope of this work.

Native AOS exhibits four major UV visible absorption
bands in the 306700 nm region (406, 500, 534, and 619
nm) which closely correspond to those of BLC in both their
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positions and intensity (Figure 3A). The500 and~620 120-]
nm peaks for the two enzymes are high-spin charge-transfer
[porphyrin (pt) to iron (dr)] bands 22), indicating that
native AOS is also high-spin, in agreement with the EPR
data (see Figure 1A). The other two absorption bands (406 £ 0+
and 534 nm) arise from—s* transitions in the heme system. 40
Native AOS and BLC exhibit MCD spectra that are remark- | .
ably similar to each other in both detailed band pattern and
band intensity (Figure 3B). In the Soret region (35150 0300 o
nm), BLC shows split MCD troughs (400 and 430 nm) with

quite low _int_ensities|@e/H| <5 Mil Trem™) W.hiCh are FIGURE 6: UV—visible absorption spectrum of the CO complex
characteristic of other mammalian and bacterial catalasesof githionite-reduced allene oxide synthase (AOS). Solid line, the
(35). This spectral characteristic is also exhibited by AOS, CO complex of dithionite-reduced AOS at pH 7.5 in 50 mM TRIS-
although the resolution of the two troughs is less pronounced HCI buffer recorded at room temperature in a 10 mm cuvette;
for AOS. In the visible region (456700 nm), the MCD dashed line, ferric AOS prior to CO treatment. Prior to reduction

- - with dithionite, the solution of ferric AOS was bubbled with CO
spectral features at480 (positive band);-540 (derivative to facilitate trapping of the ferrous enzyme as the CO complex.

shape), and~620 nm (derivative shape) appear at the Reduction in the absence of CO results in some degradation of the
approximate wavelength positions where the -txsible heme chromophore.

absorption bands are seen. It has been shown by Browett
and Stillman that the likely contamination by the bile Much larger changes are detected upon azide binding to AOS
pigment, a heme degradation product, in BLC samples hasWith MCD spectroscopy in the Soret region (Figure 5B). This
a negligible effect on the MCD spectra of BL@Zj. Thus, clearly demonstrates coordination of azide to the heme iron.
these MCD data strongly indicate that the electronic structure The unique double-trough Soret MCD feature in the -390
of the heme group, and therefore the coordination structure,430 nm region (Figure 3B) completely disappears, and a
is the same for AOS and BLC. simple derivative-shaped band pattern is formed in this region
Upon addition of cyanide~200 mM) to native AOS, the ~ Upon azide binding to AOS (Figure 5B). Nevertheless, similar
high-spin marker charge-transfer bands at 619860 nm UV —visible spectral band assignments and correlation
disappear in the UVvisible absorption spectrum, and new between the MCD features and WVisible spectral bands
bands emerge at 550 and 578 nm (Figure 4A). The Soretcan be made for the AGSazide adduct as have been made
peak shifts from 406 to 420 nm concomitant with the @above for native AOS. The resulting overall MCD spectrum
appearance of a new band 870 nm. These spectral Of Fhe AOS-azide complex is very similar to that of BLEC
changes are indicative of spin state conversion from a high- 8zide adduct, except that the Soret band for ACS is blue-
to a low-spin state, again in agreement with the EPR resultsShifted by~10 nm as compared with that of BLC. This
(see Figure 1). The resulting absorption spectrum of the difference may be attributed, at least in part, to the likely
AOS—cyanide adduct is almost superimposable to that of difference in the heme vicinity environmental structure for
the BLC—cyanide complex (Figure 4A). The MCD spectra AOS and BLC (see below for their CD spectra). .
of the cyanide adducts of AOS and BLC are also very similar  Coral AOS and its ligand complexes exhibit CD bands in
to each other (Figure 4B). Both exhibit a simple derivative- the Soret region (358450 nm) (Figures 35, panel C) with
shaped [i.e peak (410 nm)-crossover~420 nm)-trough a positive sign at positions close to the_lr corresponding-UVv
(~435 nm)] spectral pattern in the Soret region and two Visible absorption spectral bands (Figures53 panel A).
major peaks €475 and~540 nm) and one major trough ThIS.CD. band pattern forAQS is in contrast to that fo.r BLC
(~600 nm) in the visible region. As is the case of BLZ2), and its ligand complexes which have negative sif) with
the MCD Spectra' features between 400 and 450 nm andsimilar intenSitieS. ThUS, the CD Spectra Of AOS and BLC
between 525 and 625 nm (two partially overlapping deriva- in the Soret region are nearly mirror images of each other.
tive-shaped bands) appear to be associated with the Sorelt i also noted that BLC has another, but weaker CD band
(420 nm) and the visible (550 and 579 nm) absorption bands (& trough) at~450 nm in its native and ligand complexes
(Figure 4A). while a correspond!ng CD band for_ AQS is apparently absent
Binding of azide to native AOS does not cause a large €xCept for its cyanide complex (Figure 4C). The reason for
UV —visible absorption spectral change except that the Soretthese CD spectral differences has not been examined further
peak shifts from 406 to 408 nm (Figure 5A) as already N this study. The visible region (456700 nm) CD spectra
mentioned above. To demonstrate the very small spectral©f POth AOS and BLC were not studied in this work since
change, the spectrum of native AOS (shown in Figure 3A) their intensities are much weaker than those of the Soret
is also overplotted (detdot—dash line) in Figure 5A. ~ r€gion spectra. _
Because of the relatively low azide affinity of AOS(= UV—Visible Absorption Spectra of the Ferrous States of
~50 mM at pH 6.0), we prepared the A©&zide complex ~ AOS. The spectral characteristics of the enzyme were
at~80% azide saturation by adding 200 mM Na(Rigure examined after reduction with dithionite and treatment with
5, solid lines). Calculated spectra for fully azide-saturated €arbon monoxide (Figure 6). Addition of dithionite alone
AOS® are shown in Figure 5 by dotted lines. The charge-
transfer bands~500 and~620 nm) remain even for the 3 The observed spectrum for an 80% saturated complex is made up

fully azide-saturated AOS, indicating that the AO&ide of four parts of the spectrum of the fully saturated complex plus one
: part of the spectrum of the native protein. Therefore, the calculated

complex is largely high-s_pin as is the case of BLA2)( In spectrum for the fully saturated complex equals 5/4[observed spectrum
contrast to the small U¥visible absorption spectral change, — (1/5) native spectrum].

100

80~
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T
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‘ ‘ ' ' signal, AOS was examined further by treatment with a large
g-value = 2.0xx excess of peracetic acid (0.36 mM AOS; 15 mM oxidant;
o2 10w ] final pH 5.5), followed by immediate~30 s) freezing in
liquid nitrogen. In this case, most of the high-spin ferric EPR
signal was abolished, but the details of the radical EPR signal
(Figure 7A) were the same as those obtained with less
oxidant. No evidence of an EPR signal wighvalues that
correspond to those of BLC or bacterial catalase Compound
| (g-value range 3.52.1) (37, 38) was found in AOS samples
trapped 30 s after mixing. For comparison, the EPR spectrum
of BLC, treated similarly (BLC, 0.15 mM; oxidant, 14 mM),
was also measured (Figure 7B). The spectrum of the BLC
radical is also centered gt~ 2.004, and is similar to that
reported earlier by Ivancich et aB9).

Line shape calculations (not shown) of the center of the
! ! ! w AOS radical signal fit the experimental spectrum well if the
326 328 330 332 334 336 hyperfine splittings of the hydrogens are taken as similar to
s those of neutral tyrosine radicalé(), but the AOS spectrum
Mag.netlc Field (n_ﬂ-) overall is broader than the BLC one. Simulations (not shown)
FiGURE 7: X-band EPR signals of radicals formed upon treatment 44 not easily account for the outer edges of the AOS radical

with peracetic acid. Allene oxide synthase (AOS) and bovine liver : .
catalase (BLC) were treated with an excess of peracetic acid (14spectrum. There may be an underlying second spectrum in

mM) and rapidly frozen. The final sample pH values for both this region, but it is not they, feature of high-spin heme
enzymes were 5.5. (A) AOS (0.386 mM) and (B) BLC (0.17 mM). because the peracetic acid treatment almost completely
The EPR spectra were recorded at 68 K. Instrument settings: abolished the low-field heme signal in the sample reported
modulation amplitude, 1.6 G; microwave power, 1 mW; time j, Figure 7

constant, 0.25 s; scan time, 30 min; gain, &0 )

DISCUSSION

led to a shift in the main Soret band from 406 to 436 nm,
along with a reduction to about two-thirds of the original ~ The close spectral similarities between the coral AOS
peak absorbance value (spectrum not shown). The reducedlomain and BLC as demonstrated in this study using three
peak absorbance reflects some degradation due to instabilitydifferent spectroscopic techniques (BVisible absorption,
of the ferrous enzyme, as is known for catalase it%4j.( MCD, and EPR) provide strong evidence for tyrosinate
When CO was bubbled through this solution, the 436 nm ligation to the AOS heme iron as has been established with
chromophore shifted to 427 nm with a recovery of the peak BLC (21). It should be pointed out that none of the particular
absorbance value to about 75% of the original 406 nm signal UV —Visible absorption bands (e.g., the520 nm charge-
of the ferric enzyme. This is indicative of CO binding to the transfer band) or MCD spectral features can be directly
remaining ferrous enzyme. To protect the enzyme from the @ssigned to the tyrosinate coordination to the heme iron.
dithionite-induced degradation, the solution of native enzyme Rather, the close similarity in the overall AOS MCD spectral
was first saturated with CO. When dithionite was then added, band patterns to those of parallel BLC derivatives leads to
the 406 nm band immediately shifted to 427 nm, with a 10% this conclusion. Based on the crystal structure by Fita and
increase in the peak absorbance. CO binding thus helpsRossman Z1) as well as on an MCD study of BLC by
stabilize the ferrous form of the enzyme vielding the ferrous- Andersson et al. 35), it is reasonable to attribute the
CO state that exhibits the Soret peak at 427 nm. characteristic UV-visible absorption and MCD spectra of

EPR Spectra of AOS After Treatment with Peracetic Acid. native BLC to the five-coordinate heme having a tyrosinate
Because AOS reacts with its natural substrate, 8R-HPETE,axial (fifth) ligand with the vacant sixth coordination position
at almost diffusion-controlled rate§)( the reaction of the (35 rather than to a six-coordinate heme having a water
AOS heme center with an oxidant was examined with a molecule as the sixth ligandZ). Thus, we conclude that
potential slow substrate, peracetic acd)( BLC and other native AOS also has a tyrosinate-ligated five-coordinated
catalases are known to react slowly enough with this substrateferric heme group. The MCD spectral band pattern similarity
that Compound | can be trapped by freemench methods for each of the two additional Iigation states, ferriC'Cyanide
(37, 38). The BLC Compound | undergoes further reactions and ferric-azide, provides further support for tyrosinate
to yield, eventually, a tyrosine radica8§ 39). Treatment ligation to the AOS heme in these states. The indistinguish-
of AOS (0.36 mM) with 1.4 mM peracetic acid by manual able EPR spectra for AOS and BLC in their respective native
mixing and quick freezing gave a sample in which the heme a_nd cyanide-bound states even further strengthen this conclu-
EPR signal had been largely replaced by a free radical signalS!on.
centered at ay'-value of ~2.004. Thisg-value and the The AOS domain has been shown to have weak (30%)
appearance of some hyperfine structure are similar to featuresut significant amino acid sequence homology with catalase
of neutral tyrosine radicals in frozen glassé6)( When the including the two corresponding residues (numbering for
sample prepared in this manner was stored’a 4vernight, catalase), His-74 (distal His) and Asn-147 in the distal side
and then refrozen for EPR, much of the heme EPR signal of the heme, and the two proximal side residues, Tyr-357
(see Figure 1A) was recovered, and some of the radical signal(proximal heme ligand) and Arg-353)( All these active
remained. In efforts to obtain a higher yield of the radical site amino acids are considered to play important catalytic
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or structural roles in catalase functio?lj. Thus, the fourth domain provides many of the residues forming the
proximal tyrosinate ligation to the AOS heme iron is not channel leading to the hem21j.
necessarily unexpected. The establishment of the axial ligand Even though plant AOS utilizes the thiolate-ligated heme
identity (tyrosinate) and the coordination structure (five- prosthetic group and the enzyme belongs to a cytochrome
coordinate) of the heme prosthetic group of coral AOS from P450 gene family4), the reaction it catalyzes is not a typical
its spectroscopic properties is fundamentally important as aP450 reaction; plant AOS does not require either a reductant
first step in understanding the mechanism of action of the [NAD(P)H] or molecular oxygen. According to a proposed
enzyme. In addition, the present finding is especially mechanism47), ferric AOS reacts with fatty acid hydro-
significant and interesting since plant AOS, which catalyzes peroxide to generate initially an alkoxy radical and exo
the same reaction as coral AOS, has been shown to have derryl [O=Fe(IV)] heme by homolytically cleaving the-GD
cysteinate axial ligand rather than a tyrosinat#) bond of the peroxide. This reaction is distinct from that of

Furthermore, we have found not only the above spectral heme peroxidases which carry out heterolytie @ bond
similarities but also considerable differences in the Soret cleavage of hydroperoxide<l). It is proposed that the
region CD spectra (opposite signs) and in the heme ligand alkoxy radical species thus produced by AOS rearranges to
affinities between AOS and BLC. Soret (and visible region) an epoxide and a carbon radical, the latter of which is
CD spectra of heme proteins arise from interactions betweensubsequently oxidized by the oxéerryl heme of the enzyme
the heme and the asymmetric protein environmémy (The to generate, upofi-proton elimination, a &C bond adjacent
heme exhibits no optical activity (i.e., no CD signal) in an to the epoxide group and ferric heme (resting enzyme) plus
isolated state because of its high symmetry. Several envi-water. Thus, the overall reaction catalyzed by AOS is
ronmental factors have been shown to influence the sign of dehydration of a fatty acid hydroperoxide. It is interesting
Soret CD spectra of heme proteins. Thus, the mirror image to note that even though plant and coral AOS belong to
Soret CD spectra of AOS and BLC can likely be attributed completely different families of protein, both enzymes
to differences in the size or hydrophobicity of their active catalyze the same reaction by utilizing anionic axial heme
site heme environments4?, 43). The Soret CD sign ligands, cysteinate and tyrosinate, respectively, rather than
difference could also be explained as a result of flipping of histidine which is more common to heme peroxidases.
the heme by 180about an in-plane axistf). At low concentrations (0510 «M), mammalian catalases

In addition, the drastically lowered affinity of AOS for are known to be oxidized by peracetic acid {3D uM) or
heme ligands (cyanide, azide, fluoride) as compared with alkyl hydroperoxides 100 uM) to form an oxo-ferryl
that of catalase by a factor ef500 could also be attributed  porphyrinz-cation radical (Compound 1) as judged by "BV
to probable differences in the active site heme environmentsvisible absorption spectroscop®? 49, 50). The same
of the two enzymes. Since these ligands are relatively small derivative has also been observed with EPR spectroscopy
and ligate to the heme iron in their anionic form, the polarity for bacterial Microccocus luteuscatalase (0.5 mM) fol-
of the active site environment or the availability of a lowing addition of peracetic acid (3 mMBY). However,
residue(s) that would stabilize the heme iron-bound ligands addition of a large excess amount of peracetic acid-¢Z®
such as through a hydrogen bond would significantly mM) to BLC (0.01-0.5 mM) has been shown to generate a
influence the ligand affinity of the AOS domain. Steric Compound Il (oxe-ferryl)-type derivative as judged by
factors at the distal side vicinity of the heme group might UV —visible absorption spectroscopyd); a free radical
also influence the ligand affinity of the heme. Such cases species has also been detected with EPR spectrosg8épy (
have been demonstrated in site-directed mutagenesis studieBormation of the BLC radical has been examined by others
of myoglobin @5). Furthermore, unlike BLC3p, 46), AOS by rapid mixing-freeze quench at 18C and pH 5.6 using
is relatively readily reducible with sodium dithionite, indicat- (as final concentrationsy0.175 mM catalase and13 mM
ing that accessibility to dithionite anion is considerably peracetic acid38). Under these conditions, the lifetime of
different for the hemes of the two enzymes. the BLC Compound | EPR signal was less than 1 s, while

These differences between coral AOS and BLC are mostthe intensity of a tyrosine radical signal increased for at least
likely related to the recent finding that, despite the significant 15 s. The present study has demonstrated that the coral AOS
amino acid sequence homology to catalase, the AOS domaindomain ¢-0.39 mM) reacts with a 4-fold or greater excess
completely lacks catalase-like activity (on.®) and, of peracetic acid to produce a free radical with EPR spectral
conversely, catalase is incapable of converting 8R-HPETE properties that are close to those of a BLC radical obtained
to allene oxide 4). Thus, AOS and BLC are among the under similar conditions. The latter has been attributed to a
interesting examples of conserved primary structure but tyrosine radical 9). The readily saturated EPR signal for
different function. However, from detailed comparison of the radical species of AOS (this study) as well as for BLC
the sequences of AOS and BLC, and with respect to the (39) suggests that the radical is located on a tyrosine group
X-ray structure of the latter, there appear to be significant other than the heme axial ligand for both enzymes. BLAST
differences between AOS and catalase in regions that interaclignment of AOS and BLC3) reveals three tyrosines in
with the side chains of the heme group. In particular, residuesthe regions of homology, besides the one in the heme binding
corresponding to BL@-strands-3 and -4y-helix-3, and the region. These are at positions in AOS (BLC): 193 (214),
loop before helix-9 are not similar in the two proteins. In 209 (230), and 269 (324). The BLC tyrosine at 214 has been
addition, the separate AOS domain ends at residue 373 (aboutonsidered as the radical site in discussions of electron
381 in BLC) and thus is missing more than 100 residues at tunneling between iron and the NAD(P)H si#8.
the C-terminus of BLC. The carboxy-terminal region missing  Formation of a tyrosine radical in AOS may result from
in AOS would include much of the “wrapping domain” and similar fast reactions that begin with formation of Compound
the entire fourth domain of the BLC structure. In BLC, the |I. If so, formation of an AOS oxeferryl species would be
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significant since this species is proposed as an intermediate 23. Morikofer-Zwez, S., Cantz, M., Kaufmann, H., von Wartburg,
in the AOS-catalyzed synthesis of allene oxid&)( The

tyrosine radical in catalase has been the subject of discussion

24.

J. P., and Aebi, H. (196%ur. J. Biochem. 149-57.
Jones, P., and Middlemiss, D. N. (19B&®chem. J. 130411~
415.

of long-range electrqn-transfer pathways involving single 25. Huff, A. M., Chang, C. K., Cooper, D. K., Smith, K. M., and
electron redox reactions that protect catalases from self-
destruction by Compound I5(). Further studies are in

progress to elucidate the mechanism of action and the

mol

ecular structurefunction relationship of coral AOS, a

unigue heme enzyme that is spectrally similar to, but
functionally distinct from, catalase.
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