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Phylogenetic and amino acid sequence analysis indicated that 
rice allene oxide synthase-1 (OsAOS1) is CYP74, and is clearly 
distinct from CYP74B, C and D subfamilies. Regio- and 
stereo-chemical analysis revealed the dual substrate specificity 
of OsAOS1 for (cis,trans)-configurational isomers of 13(S)- and 
9(S)-hydroperoxyoctadecadienoic acid. GC-MS analysis sho-
wed that OsAOS1 converts 13(S)- and 9(S)-hydroperoxyoc-
tadecadi(tri)enoic acid into their corresponding allene oxide. 
UV-Visible spectral analysis of native OsAOS1 revealed a Soret 
maximum at 393 nm, which shifted to 424 nm with several 
clean isobestic points upon binding of OsAOS1 to imidazole. 
The spectral shift induced by imidazole correlated with 
inhibition of OsAOS1 activity, implying that imidazole may 
coordinate to ferric heme iron, triggering a heme-iron transition 
from high spin state to low spin state. The implications and 
significance of a putative type II ligand-induced spin state 
transition in OsAOS1 are discussed. [BMB Reports 2013; 46(3): 
151-156]

INTRODUCTION

Oxylipins are produced by oxidative metabolism of poly-
unsaturated fatty acids and play diverse roles in host defense 
in plants and animals (1). In plants, the biosynthesis of oxy-
lipins is initiated by lipoxygenase (LOX), which oxygenates li-
noleic acid (LA) or linolenic acid (LnA) at the C-9 or C-13 posi-
tion to produce fatty acid hydroperoxides (2). Allene oxide 
synthase (AOS) converts fatty acid hydroperoxides into un-
stable fatty acid epoxides (allene oxides) (3). The AOS branch 

of the 13-LOX pathway (4, 5) has been studied extensively in 
biosynthesis of jasmonic acid (JA). In particular, 13-AOS con-
verts 13(S)-hydroperoxyoctadecatrienoic acid (13(S)-HPOTE), 
produced by 13-LOX, to the corresponding allene oxide, 
12,13-epoxy-9,11,15-octadecatrienoic acid (12,13-EOT) (6, 7). 
The allene oxide is then metabolized to 12-oxophytodienoic 
acid (12-OPDA) by allene oxide cyclase (AOC), which sub-
sequently undergoes reduction and β-oxidation to yield JA 
(8-10). 
　AOS is a non-classical cytochrome P450, which, like other 
CYP74 enzymes, does not require molecular oxygen and 
NADPH-dependent P450 reductase (11). Instead, CYP74 fam-
ily enzymes use a hydroperoxide group both as the activated 
oxygen donor and as a source of reducing equivalents (12). 
AOS exemplifies the unique structural and mechanistic fea-
tures that distinguish CYP74 enzymes from classical cyto-
chrome P450. Most AOS enzymes of plants strongly prefer 
13-hydroperoxy fatty acids over 9-hydroperoxy fatty acids (13). 
However, AOS from ArabiHdopsis (14), tomato (15), and bar-
ley (16) metabolize both 9-HPOD(T)E and 13-HPOD(T)E in vi-
tro and metabolites of 9-AOS have been identified in vivo. 
Despite the importance of the 9-LOX/AOS pathway, the phys-
iological significance of the 9-positional substrate specificity of 
AOS is not known. Sequence alignments and X-ray crystal 
structures clearly show that the heme-binding region of AOS 
contains a characteristic heme loop which is not present in 
classical cytochrome P450s (17). The heme environment is an 
important determinant of the spin states of heme-chelated iron 
in P450 (18). ESR studies show that recombinant Arabidopsis 
AOS contains both low and high spin states (14), and the 
UV-visible spectrum of purified flaxseed AOS indicates that 
ferric iron is in the high spin state (19). In classical cytochrome 
P450s, type I ligands stabilize the high spin state by displacing 
the water molecule liganded to heme iron(III), while in con-
trast, type II ligands (nitrogen-containing ligands) replace the 
water ligand, but stabilize the low spin state (20). However, 
the spectral behavior of dual positional specific AOS in the 
presence of type II ligands has never been analyzed.
　Rice (Oryza sativa) is considered as a model monocot for 
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Fig. 1. Determination of positional substrate specificity and stereo-
specificity of OsAOS1 by dual positional specific ZmLOX1. (A) 
Normal phase HPLC chromatogram from dual positional specific 
ZmLOX1 reaction (I, 13-(9Z,11E)-(HODE); II, 13-(9E,11E)-HODE; III, 
9-(10E,12Z)-HODE; IV, 9-(10E,12E)-HODE). (B) Normal phase HPLC 
chromatogram showing remaining regioisomers after OsAOS1 was 
added to ZmLOX1 reaction mixture, (C) The relative ratios of four 
regioisomers from (A) and (B). The stereochemistry of each re-
gioisomer was further analyzed by chiral phase HPLC, as shown in 
insets of (A) and (B). 

Substrate Km (μM) kcat (s-1) kcat/Km (M-1 s-1)
Relative specific activities (%)

AOS activity HPL activity

13(S)-HPODE
13(S)-HPOTE
9(S)-HPODE
9(S)-HPOTE

12.5 (15.0 ± 7.2b)
12.3
6.9
8.6

494.5 (108 ± 21b)
537.8
44.9
17.5

39.6 × 106

43.7 × 106

6.5 × 106

2.0 × 106

91.4 (80c)
98.2 (81c)

90.3
98.4

8.6 (15c)
1.8 (12c)

9.7
1.6

aAOS activity was estimated by subtraction of the HPL activity from the total rate of substrate consumption. bRef 11. cDetermined by the end point 
product quantification method (30).

Table 1. Kinetic parameters and comparison of AOSa and HPL activity of OsAOS1

studying and understanding plant host defense systems. The 
rice genome encodes at least five AOS variants (AOS1 to 
AOS5) (21). We previously showed that O. sativa AOS1 
(OsAOS1 known as OsAOS) is expressed in various tissues 
and is induced by JA, heavy metals, pathogen attack, and pro-
tein phosphatase inhibitors (22, 23), suggesting that OsAOS1 
plays an important role in host defense/stress response. Here, 
we characterized the kinetic properties of OsAOS1, identified 
the reaction products generated by OsAOS1 from 13(S)- 
HPOD(T)E or 9(S)-HPOD(T)E, and examined the effect of type 
II ligands on the spectral shift of the Soret band and possible 
spin state transition. 

RESULTS

Kinetic parameters and specificity of OsAOS1
The kinetic parameters of OsAOS1 with 9- and 13-positional 
isomers of HPOD(T)E were measured, and the results are 
shown in Table 1. Km and kcat for 13(S)-HPOD(T)E were larger 
than for 9(S)-HPOD(T)E, and catalytic efficiency (kcat/Km) was 
6- or 20-times higher for 13-positional isomers of HPODE or 
HPOTE, respectively, than for the corresponding 9-positional 
isomers. Therefore, OsAOS1 exhibits dual positional substrate 
specificity and prefers 13-positional isomeric to 9-positional 
isomeric substrates in vitro. AOS enzymes also convert hydro-
peroxy fatty acids to aldehydes via an HPL-like activity. As 
shown in Table 1, the HPL-like activity of OsAOS1 was a mi-
nor pathway with 9- and 13-positional isomers of HPODE as a 
substrate, and the 9- and 13-positional isomers of HPOTE were 
utilized only for the AOS pathway.
　In order to analyze regiochemical and stereochemical spe-
cificity of OsAOS1, a racemic mixture of four regioisomers of 
HPODE was generated by dual positional specific maize 
LOX1 (ZmLOX1) (24, 25), and OsAOS1 was added to an ali-
quot of this reaction. Reaction products were extracted and 
were analyzed by normal phase HPLC. Fig. 1A shows that the 
products of ZmLOX1 are a racemic mixture of four re-
gioisomers of HPODE (13-(9Z,11E)-(HPODE) (I); 13-(9E,11E)- 
HPODE (II); 9-(10E,12Z)-HPODE (III); 9-(10E,12E)-HPODE) 
(IV). Fig. 1B showed that the relative proportion of re-
gioisomers I and III was rapidly decreased to 50% after addi-

tion of OsAOS1, which indicates dual positional substrate spe-
cificity and implies stereospecificity of OsAOS1 reaction. The 
relative ratios of the 4 regioisomers in Fig. 1A (absence of 
OsAOS1) and 1B (presence of OsAOS1) were quantified and 
compared in Fig. 1C. These data confirmed that OsAOS1 pre-
fers regioisomers I and III as substrates. Chiral phase HPLC 
analysis further confirmed the S-stereospecificity of OsAOS1 
(insets of Fig. 1A and B). Therefore, OsAOS1 is dual positional 
substrate specific and stereospecific for (cis, trans)-configura-
tional isomers of 9(S)- HPODE and 13(S)-HPODE. However, 
our results in Fig. 1 also indicate that the S form of regioisomer 
II is consumed in a very slow and minor reaction pathway. 
This might be due to the broad substrate specificity required 
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Fig. 2. HPLC analysis of OsAOS1 reaction products. (A) 13(S)- 
HPODE as a substrate. (B) 13(S)-HPOTE as a substrate. The chiral 
phase HPLC chromatogram of cis-OPDA is shown in the inset. (C) 
9(S)-HPODE as a substrate. (D) 9(S)-HPOTE as a substrate.

Fig. 3. UV-Visible and spectral shift of OsAOS1 by imidazole. (A) 
Visible spectra of native (black), reduced (red), carbon mon-
oxide-treated (blue) OsAOS1. (B) Dose-dependent spectral shift of 
native OsAOS1 in response to imidazole. Concentrations of imida-
zole were shown in inset of (B). (C) Visible spectra of native (dark 
cyan), reduced (red), carbon monoxide-treated (blue) OsAOS1 com-
plexed with imidazole. The inset in (A, C) shows the difference 
spectra obtained by subtracting the reduced form from the carbon 
monoxide-treated reduced form of OsAOS1. (D) Comparison of 
spectral shifts of native OsAOS1 by imidazole derivatives. The 
spectra in (D) were obtained with OsAOS1 containing 100 mM of 
imidazole derivatives and 30% ethanol.

for the dual positional specificity of OsAOS1.

Identification of OsAOS1 reaction products
To confirm the assumption that OsAOS1 produces the ex-
pected allene oxides, normal phase HPLC analysis was carried 
out on the reaction products. As shown in Fig. 2, the single ma-
jor product generated from 13(S)-HPODE was tentatively as-
signed as an 13α-ketol (Fig. 2A) and the two major products 
generated from 13(S)-HPOTE as 13α-ketol(15en) and cis-OPDA 
(Fig. 2B). In contrast, a single major peak was generated from 
9(S)-HPODE or 9(S)-HPOTE, that was tentatively identified as 
an 9α-ketols (Fig. 2C and D). Therefore, a major putative 
non-enzymatic cyclization product was generated from 
13(S)-HPOTE, while minor putative cyclization products were 
generated from13(S)-HPODE and 9(S)-HPOD(T)E.
　To identify the structures of products generated by OsAOS1 
from 13(S)-HPOD(T)E, putative α-ketols and cis-OPE(D)A were 
derivatized with TMSiCl and analyzed by GC-MS, which yield-
ed at least two products from each substrate (Fig. S2A-D): 
13α-ketol (13-hydroxy-12-oxo-9(Z)-octadecenoic acid) and 12- 
OPEA (12-oxo-10-phytoenoic acid) from 13(S)-HPODE, whereas 
13α-ketol(15en) (13-hydroxy-12-oxo-9(Z),15(Z)-octadecadienoic 
acid) and 12-OPDA (12-oxo-10,15(Z)-phytodienoic acid) were 
identified from 13(S)-HPOTE. These data show that OsAOS1 
produced cis-12-OPDA as one of two major products from 
13(S)-HPOTE. The stereochemistry of cis-12-OPDA generated 
by OsAOS1 was analyzed by chiral phase HPLC. As expected, 
the inset of Fig. 2B shows that OsAOS1 produced a 1：1 race-
mic mixture of cis-(+)/cis-(-)-12-OPDA via non-enzymatic cycli-
zation of 12,13-EOT. Therefore, HPLC and GC-MS analysis 
clearly showed that OsAOS1 converts 13(S)-HPOD(T)E into the 

unstable allene oxide (12,13-EOD(T)), which is rapidly con-
verted into corresponding 13α-ketols and racemic 12-OPE(D)A.
　Using normal phase HPLC, only one major reaction product 
was detected from reaction with OsAOS1 and 9(S)-HPOD(T)E. 
Other minor products produced by OsAOS1 from 9(S)- 
HPOD(T)E were characterized by GC-MS after reaction prod-
ucts were methylated with (trimethylsilyl) diazomethane prior to 
being derivatized with TMSiCl (Fig. S3A-G). GC-MS analysis 
identified the following products; 9α-ketol (Fig. S3A), 13γ-ketol 
(Fig. S3C) and 10-OPEA (Fig. S3E) presumably derived from 
9(S)-HPODE through 9,10-EOD, and 9α-ketol(15en) (Fig. S3B), 
13γ-ketol(15en) (Fig. S3D) and 10-OPDA (Fig. S3F) derived from 
9(S)-HPOTE through 9,10-EOT. In addition, OsAOS1 also gen-
erated 9-oxo-nonanoic acid from 9(S)- HPOD(T)E, the expected 
product of the HPL-like activity of OsAOS1 (Fig. S3G). These 
data show that OsAOS1 converts 9(S)-HPODE or 9(S)-HPOTE 
into the corresponding unstable allene oxides, 9,10-EOD or 
9,10-EOT, respectively, which are non-enzymatically trans-
formed into a 9α-ketol as the major product, and 13γ-ketols and 
cyclopentenone derivatives as minor products.

Spectral characterization and shift of Soret bands induced by 
type II ligands
The UV-visible spectrum of native oxidized OsAOS1 showed 
a Soret maximum at 393 nm and major broad spectral features 
at 520 nm and 650 nm (Fig. 3), consistent with a high spin 
state of OsAOS1 (18, 19). Reduction of OsAOS1 with sodium 
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dithionite shifted the absorption maximum to 412 nm, and af-
ter bubbling carbon monoxide through a solution of reduced 
OsAOS1, absorption maxima were detected at 418 nm and 
448 nm (Fig. 3A). The carbon monoxide difference spectrum 
of OsAOS1 showed an absorption maximum at 450 nm, 
which is typical for cytochrome P450s (inset Fig. 3A). 
　Imidazole, a well-known type II ligand of classical P450s 
(26), was tested as an external ligand for OsAOS1 heme, and 
possible alterations of the spectral properties were examined. 
As shown in Fig. 3B, imidazole induced characteristic gradual 
concentration-dependent changes in the UV-visible spectrum 
of OsAOS1. In particular, the Soret maximum at 393 nm de-
creased and absorbance at 424 nm increased, with clean iso-
sbestic points at 412 nm, 472 nm, 545 nm, 592 nm (inset of 
Fig. 3B), which implied a putative spin state transition. Howev-
er, imidazole did not affect the spectrum of reduced OsAOS1 
or the shape of the carbon monoxide difference spectra as 
seen in Fig. 3C. Similar spectral shifts were observed with oth-
er type II ligands, and the magnitude of the spectral shift corre-
lated with the size and predicted severity of steric hindrance 
by the ligand (Fig. 3D). These data show that imidazole binds 
to OsAOS1 as an external type II ligand, and induces a shift of 
the Soret band characteristic for spin state transition of 
heme-associated ferric iron(III). 
　To further characterize imidazole-bound OsAOS1, Scatchard 
analysis was performed on OsAOS1 with imidazole as a ligand. 
As shown in Fig. S4A, the dissociation constant (Kd) of the 
OsAOS1-imidazole complex was 15.3 mM. Therefore, binding 
of imidazole to OsAOS1 may induce a change in heme-iron 
spin state from high to low, and the AOS activity is predicted to 
be decreased due to the unfavorable spin state. Indeed, Fig. S4B 
shows that the AOS activity of OsAOS1 decreased in the pres-
ence of imidazole and confirmed this prediction

DISCUSSION

We previously reported that transcription of the OsAOS1 gene 
is stimulated by JA, heavy metals, and pathogen attack (22, 23), 
suggesting that OsAOS1 is up-regulated by biological and envi-
ronmental stress, and that it may play a role in plant host- 
defense. Sequence analysis confirmed that OsAOS1 lacks a pu-
tative chloroplast targeting sequence, but that the small hydro-
phobic amino acid residue (Leu-286), characteristic of the I-he-
lix region in CYP74 enzymes, is conserved, as is the phenyl-
alanine residue (Phe-92) that distinguishes AOS from HPL (11) 
(Fig. S1B). Kinetic parameters (Table 1), the regiochemical and 
stereochemical positional substrate specificity (Fig. 1), and the 
reaction products (Fig. S2 and S3) indicate that OsAOS1 has 
broad substrate specificity. However, detailed analysis of the 
regiochemical specificity of OsAOS1 indicates a strict require-
ment for (cis, trans) configuration and S-stereochemistry and 
preference for 13-regioisomers over corresponding 9-regiois-
omers. Because OsAOS1 does not contain a chloroplast-target-
ing sequence and was detected in leaf, root, shoot, scutellum 

and flower of the rice plant (23), OsAOS1 could be involved in 
biochemical pathways other than biosynthesis of JA. The dual 
positional substrate specificity of OsAOS1 also suggests that it 
may have more than one biological function. Quantitative 
HPLC analysis (Fig. 2) confirmed that non-enzymatic cycliza-
tion of OsAOS1 reaction products is favored only for 
12,13-EOT. As OsAOS1 only generates trace amounts of 
12-OPEA and 10-OPE(D)A from 13(S)-HPODE (Fig. 2A) and 
9(S)-HPOD(T)E (Fig. 2C, D), two homoallylic double bonds on 
either side of the allene oxide epoxide ring (as in 12,13-EOT) 
may be required for effective cyclization into a cyclopentenone 
derivative as observed for allene oxide cyclase (27). If this is the 
case, the AOS pathway is expected to be more favorable with 
HPOTE than with HPODE. Relative AOS and HPL specific ac-
tivities indicate that the HPL-like activity of OsAOS1 is a minor 
sub-pathway, generating a trace amount of HPL product from 
9(S)-HPOTE or 13(S)-HPOTE (Table 1). Because 13(S)-HPOTE is 
a precursor of JA, but 13(S)-HPODE is not, it is likely that 
OsAOS1 is involved in JA signaling (23) and plays an important 
role in defense/stress responses of rice (22).
　Cytochrome P450 enzymes have a characteristic UV visible 
absorption profile that varies according to the heme spin state. 
Spectral features of native OsAOS1 in Fig. 3 suggest that ferric 
iron in native OsAOS1 assumes predominantly the high spin 
state (18, 19). Here, we show that the OsAOS1 Soret band 
shifts to 424 nm when type II ligands are bound (Fig. 3B). It is 
well known that nitrogen-containing type II ligands can re-
place the water ligand in P450 and shift the iron(III) spin equi-
librium from high to low (20). This suggests that coordination 
of imidazole to ferric heme iron(III) of OsAOS1 induces a dras-
tic spectral shift, and that a comparable shift towards a low 
spin state occurs (28). Thus, our results support the idea that 
imidazole coordinates as the sixth ligand to the pentacoordi-
nated OsAOS1 heme iron(III) in high spin state, and that hex-
acoordinated heme iron(III) adopts the low spin state in native 
OsAOS1. Detailed EPR studies of the spin states of OsAOS1 
are required to confirm this possibility. In this respect, 
OsAOS1 may be a useful model for understanding spin tran-
sitions induced by type II ligands in non-classical cytochrome 
P450s. If type II ligands directly coordinate with the heme iron 
of native OsAOS1, the binding of carbon monoxide to re-
duced OsAOS1 may also be influenced. However, as seen in 
Fig. 3C, imidazole did not change the absorption maximum of 
reduced OsAOS1, and its carbon monoxide difference spec-
trum was identical in the presence and absence of imidazole. 
This likely reflects the fact that imidazole is a weaker ligand for 
inorganic iron than carbon monoxide, and thus would not be 
able to displace carbon monoxide from reduced OsAOS1. 
Consistent with this, a relatively high concentration of imida-
zole is needed for binding to OsAOS1 (Kd = 15.3 mM). 
Because cytochrome P450 is more active in the high spin state 
than in the low spin state (20), imidazole is expected to inhibit 
OsAOS1 activity as confirmed in Fig. S4B. This suggests that 
imidazole inhibits OsAOS1, as it promotes transition from 
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high spin state to low spin state. Previous studies reported that 
positional substrate specificity depends on the spin state of 
AOS. For example, 13-AOS from flax seed was in high spin 
(19), 9-AOS from tomato was in low spin (15), and the dual 
positional substrate specific AOS from Arabidopsis contained a 
mixture of high and low spin ferric heme iron in its resting 
form (14). Therefore, OsAOS1 is an ideal system to investigate 
the relationships between spectral shift, spin state transition 
and positional substrate specificity of CYP74 in detail.

MATERIALS AND METHODS

Expression and purification of recombinant OsAOS1
An expression vector containing the OsAOS1 gene was con-
structed, and OsAOS1 protein was expressed as reported pre-
viously (23). The cells were grown, harvested by cen-
trifugation, and disrupted by sonication in buffer (50 mM so-
dium phosphate, 50 U DNase, 0.2 mM PMSF, pH 7.5) con-
taining 5 mM Emulphogene or 0.2% Tween-20. The lysate 
was then centrifuged at 17,000 g for 1 h and the resulting solu-
ble fraction was applied to a Q-sepharose column. The 
OsAOS1 protein was subsequently eluted with buffer (50 mM 
sodium phosphate, pH 7.5) containing 5 mM Emulphogene. 

Enzyme assay and kinetic parameters
AOS activity was measured by coupling the OsAOS1 reaction 
with soybean LOX or CaLOX1 reaction as reported previously 
(23). The kinetic constants (Km and kcat) were calculated from a 
Lineweaver-Burk plot. HPL activity was measured using a 
modification of a previously reported method (29). Excess al-
cohol dehydrogenase (ADH) and NADH were added to the 
standard assay mixture, and HPL activity was measured by 
monitoring decreasing absorbance at 340 nm, reflecting the 
decreasing concentration of NADH. HPL activity was calcu-
lated based on the assumption that two molar equivalents of 
aldehyde are produced from one mole hydroperoxide.

Regiochemical and stereochemical analysis of OsAOS1 
reaction
The OsAOS1 reaction was coupled to that of dual positional 
specific ZmLOX1 (25) using LA as a substrate as follows. 
Purified ZmLOX1 (72 μg) was incubated in 50 mM Tris-HCl 
(pH 7.2) containing 0.5 mM LA and 0.05% Tween 20 (v/v) for 
15 min at room temperature in a final volume of 2.5 ml. 
Purified recombinant OsAOS1 (114 μg) was then immediately 
added to the reaction, after which the enzymatic reaction was 
allowed to proceed for 5 min at room temperature. ZmLOX1 
or ZmLOX1/OsAOS1 reaction products were extracted and 
were analyzed by normal phase and chiral phase HPLC as de-
scribed previously (24, 25).

Structural analysis of OsAOS1 reaction products
OsAOS1 (3 μg) was added to a solution containing 0.25 mM 
LA (or LnA), 2 μg soybean LOX or pepper LOX, and 50 mM 

sodium phosphate (pH 7.5) in a total volume of 2 ml, after 
which the reaction was incubated at room temperature for 20 
min. The reaction was then stopped by acidification with 3 M 
HCl to pH 3.0. The reaction mixture was extracted twice with 
5 ml dichloromethane, and the combined fractions were con-
centrated by evaporation. The recovered reaction products 
were then analyzed by normal phase HPLC (Mightysil Si-60, 
4.6 × 250 mm, 5 μm, Kanto Chem. Co., Japan) using a sol-
vent system of hexane: 2-propanol: acetic acid (100：2：0.1) 
and a flow rate of 1 ml per minute. Two wavelengths (205 nm 
and 220 nm) were monitored for ketols and cyclopentenone 
derivatives. The cyclopentenone derivative fractions were sub-
jected to chiral phase HPLC analysis (Chiralcel OD-H, 4.6 × 
250 mm, Daicel Chemical Industries, Japan) using a solvent 
system of hexane: 2-propanol: acetic acid (100：5：0.1) and a 
flow rate 0.5 ml per minute for stereochemical analysis. 
Standard cis-(+)-OPDA (Cayman Chemical, USA) was co-chro-
matographed as a standard. Products (ketols and cyclo-
pentanone derivatives) of 13-Soybean LOX/OsAOS1 reaction 
collected from normal phase HPLC were derivatized with 
Sigma-Sil-A (Sigma, USA) at 80oC for 5 min. Products from 
CaLOX1/OsAOS1 reaction were initially methylated with 
(trimethylsilyl)diazomethane, and/or then derivatized with 
TMSiCl. Methylated and/or trimethylsilylated products were 
then analyzed by GC-MS (Elite-5MS, 0.25 mm × 30 m, 0.25 
μm film thickness, Perkin Elmer, USA) with an injector temper-
ature of 260oC. Products were subjected to an initial temper-
ature of 120oC for 1 min, after which the temperature was in-
creased at 10oC/min to 280oC, where it was held for 3 min.

UV-Visible spectra of OsAOS1 in the presence and absence of 
type II ligands 
OsAOS1 was dissolved in 50 mM sodium phosphate (pH 7.5) 
containing detergent. Native oxidized OsAOS1 was reduced 
with sodium dithionite and bubbled with carbon monoxide to 
produce the carbon monoxide complex of OsAOS1 in the 
presence or absence of imidazole. Spectra were analyzed in 
the presence of 0-100 mM imidazole or 100 mM imidazole 
derivatives including 1-, 2-, and 4-phenylimidazole. The dis-
sociation constant of the OsAOS1-imidazole complex was de-
termined by Scatchard analysis using molar extinction co-
efficients of ε393 = 50,242 M-1cm-1 or ε424 = 48,608 M-1cm-1 
for OsAOS1 or the OsAOS1-imidazole complex, respectively.
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