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Purification of an Allene Oxide Synthase and 
Identification of the Enzyme as a Cytochrome P-450 

Patty acid hydroperoxides (lipoxygenase products) are metabolized to allene oxides by 
a type of dehydrase that has been detected in plants, corals, and starfish oocytes. The 
allene oxides are unstable epoxide precursors of more complex products such as 
jasmonic acid, the plant growth hormone. Characterization of the dehydrase enzyme of 
flaxseed revealed that it is a 55-kilodalton hemoprotein. The spectral characteristics of 
this dehydrase revealed it to be a cytochrome P-450. It operates with the remarkable 
activity of s 1000 turnovers per second. The results establish a new catalytic activity for 
a cytochrome P-450 and illustrate the cooperation of different oxygenases in pathways 
of fatty acid metabolism. 

A LLENE OXIDES ARE REACnVE EP- 

oxides that are prone to nucleo- 
philic substitution and intramolecu- 

lar rearrangements (1). The first allene 
oxides to be synthesized were small mole- 
cules designed with hydrophobic substitu- 
ents to protect the epoxyene grouping from 
hydrolysis (2). Allene oxides have also been 
detected as natural products of lipid hydro- 
peroxide metabolism (3). These allene ep- 
oxides are fleeting intermediates in the con- 
version of specific lipoxygenase products to 
more stable end products that include sever- 
al prostaglandin-like molecules. 

OOH 0 

Fatty acid Allene oxide Prostaglandin- 
hydroperoxide like products 

Biosynthesis of allene oxides involves an 
enzyme-catalyzed dehydration of the lipid 
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hydroperoxide. The enzymes are selective 
for the position of the hydroperoxide group 
and the enantiomeric configuration (3, 4) .  
We describe the purification of an allene 
oxide synthase (or hydroperoxide dehy- 
drase) and its characterization as a member 
of the cytochrome P-450 family of hemo- 
proteins. 

As a source of enzyme, we used an ace- 
tone powder of flaxseed, a classic prepara- 
tion of this type of hydroperoxide-metabo- 
lizing activity (5). Mene oxide synthase 
activity in fresh tissues is found in the mi- 
crosomal fraction (6) ,  but the acetone wash 
removes the microsomal lipids, and subse- 
quent aqueous extraction of the acetone 
powder leaves the protein in a 100,000g 
supernatant. After initial ammonium sulfate 
fractionation of this extract, we examined 
the ability of the "redissolved" activity to 
pass through a standard 0.22-km filter. Us- 
ing this simple test in conjunction with a 
spectroscopic assay of enzyme activity, we 
established the efficiency of various deter- 
gents to effect complete solubilization. Use 
of 0.1 to 0.25% of the nonionic detergent 
Emulgen 911 (Kao-Atlas, Tokyo) not only 
allowed the free passage of the enzyme 
through the microfilters, it increased the 
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swcific activitv by two- to threefold. After , , 
solubilization, a scheme for chromatograph- 
ic purification of the activity was developed 
(7j. This resulted in approx&ately 500-fold 
purification of the enzyme (Table 1). In an 
SDS-polyacrylamide gel electrophoresis, 
the enzyme migrated with a molecular mass 
of 55 kD. 

The cochromatography of this 55-kD 
protein with the enzyme activity was moni- 
tored carefully during the purification with 
anion exchange chromatography and chro- 
matofocusing. The chromatofocusing step 
resolved two active isozyme with isoelectric 
points (PIS) of 5.5 and 5.4, respectively 
(Fig. 1). These two isozymes have indistin- 
guishable electrophoretic mobilities, ultravi- 
olet-visible (UV-Vis) spectra, and catalytic 
activities. Each purified isozyme was exam- 
ined on a high-performance gel filtration 
column. The enzymic activity coeluted with 
the peak of UV absorbance, and the amount 
of activity closely paralleled the density of 
the 55-kD band found in individual frac- 
tions analyzed by SDS-polyacrylamide gel 
electrophoresis (Fig. 2). 

The UV-Vis spectrum of the purified 
enzyme is shown in Fig. 3. This is the 
spectrum of a hemoprotein and is a perfect 
match for the spectrum of a cytochrome 
P-450 in the ferric, high-spin state (8). 

20 30 40 50 

J L\- 
Retention tlme (min) 

Fig. 1. Purification of flaxseed allene oxide syn- 
thase by chromatofocusing. The Mono-P HR 
5/20 column (Pharmacia) was equilibrated with 
25 mM bis-tris (pH 6.7) and 0.1% Emulgen 911. 
Sample was injected in 7 ml of the same buffer and 
then the column was eluted with 40 ml of Poly- 
buffer 74 (Pharmacia), pH 5.0, and 0.1% Emul- 
gen 911 at 1 ml/min. Aliquots of fractions were 
assayed for enzyme activity as described in Table 
1. Enzyme activity eluted as two peaks at pIs 5.5 
and 5.4. 

Diagnostic features include the location, 
shape, and relative absorbance of the Soret 
band at 392 nm, the broad band with 
angular shoulders at 512 nm and 540 nm, 
and the distinctive peak of absorbance at 
643 nm (8). Reduction with dithionite led 
to the shift in the Soret band to 407 nm and 
other distinctive changes. The CO-binding 
spectrum of the reduced enzyme showed the 

0 10 20 30 

Ftetentbn tlm (rnin) 

Flax Fraction number D 
extract 

I f 
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\ I 

- 31 
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Fig. 2. High-performance gel filtration of purified 
allene oxide synthase; cochromatography of en- 
zyme activity with the 55-kD protein. Enzyme 
(0.5 nmol) was chromatographed on a column of 
Superose 12 HR 10130 (Phannacia) in 50 mM 
phosphate buffer containing 0.1% Emulgen 911 
at a flow rate of 0.7 ml/min. Fractions were 
collected every 1.0 or 0.2 min and assayed as 
described (Table 1). (A) Protile of the UV absor- 
bance at 280 nm during the gel filtration experi- 
ment. Arrows indicate the position of molecular 
size markers: 1, Blue dextran (void volume); 2, 
albumin (67 kD); 3, ovalbumin (43 kD); 4, chymo- 
nypsinogen A (25 kD) and 5, ribonudease A (14 
kD). (B) The correspondmg pcofde at 392 nm; this 
wavelength is specltic for the hemopcotein (Fig. 3). 
(C) The pcofde of enzyme activity. Numbers and 
dots indicate fraction numbers. (D) SDSpolyacryl- 
arnide gel electrophoresis of fractions collected across 
the peak of enzyme activity; proteins were detected 
by silver stain. M, molecular size markers (sizes 
shown at right in kilodaltons). 

exwcted absorbance maximum at 450 nm. 
the definitive property of a cytochrome 
P-450 (Fig. 3B). The 450-nm chromophore 
was fully developed within 2 min of adding 
dithionite; by 10 min it began to subside 
and was replaced with the characteristic 
chromophore of a cytochrome P-420. An 
unusual feature of the flaxseed enzyme is 
that the CO-Fe2+-binding spectrum devel- 
ops only to -30% of the absorbance of the 
original 392-nm peak of the ferric enzyme 
(Fig. 3B). A high-spin oxidized form of 
cytochrome P-450 from tulip bulbs has sim- 
ilar spectral characteristics (9). 

I t  is uncommon, though not unprece- 
dented, to isolate a cytochrome P-450 in the 
high-spin pentacoordinated form (1 0, 11 ). 
Typically, the high-spin state is associated 
with the binding of substrate (8), which 
results in the displacement of water from the 
sixth ligand of the heme; the enzyme is then 
pentacoordinated. However, factors other 
than the substrate binding can produce the 
same effect. Single-mutation studies on 
mouse cytochrome P-450s suggest that the 
presence of a hydrophobic amino acid resi- 

300 400 500 
Wavelength (nm) 

Fig. 3. UV-Vis absorption spectra of the purified 
dene oxide synthase. (A) The spectrum of the 
native enzyme (solid line) and the spectrum of the 
dithionite-reduced enzyme (dashed line) at pH 
5.5 (in buffer from the Mono-P chromatogra- 
phy); the 450- to 800-nm regions are shown at 
fivefold higher sensitivity. (B) Comparison of the 
native enzyme with the dithionite-reduced en- 
zyme before and after bubbling with CO. (Inset) 
Typical difference spectrum of the dithionite- 
reduced enzyme treated with CO. The two iso- 
zymes resolved on the Mono-P chromatofocusing 
column had indistinguishable UV-Vis spectral 
characteristics. Based on the quantitation of pro- 
tein by amino acid analysis, the extinction coeffi; 
cient of the native enzyme at 392 nm is 140 mM 
cm-'. 
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due close to the sivth ligand on the distal 
surface of the heme can prevent the binding 
of water and result in the high-spin electron- 
ic configuration (12). 

We used the pure flaxseed enzyme to 
record the UV characteristics of the allene 
oxide in aqueous medium. The substrate 
13-(S)-hydroperoxylinoleic acid was added 

to a cuvette containing sufficient enzyme to 
form the allene oxide product within 2 to 3 
s. A series of spectra collected on a diode- 
array detector recorded the shift in UV 
absorbance that accompanies conversion to 
the d e n e  oxide, which is followed by the 
rapid decomposition to more weakly ab- 
sorbing ketols and cyclopentenone (Fig. 

Table 1. Purification of flaxseed allene oxide syntl~ase. Values are from an experiment starting with 
20 g of acetone powder (7). From four enzyme preparations beginning with 5 to 40 g of acetone 
powder, the mean values (range in parentheses) of the final specific activities, recovery, and fold- 
purification were 17,300 AU mg-' min-' (14,660 to 21,740), 13.25% (11 to 16), and 512-fold 
(392 to 700), respectively. Enzyme activity was measured with a spectrophotometric assay ( 5 ) .  The 
substrate, 13-hydroperoxy linoleic acid (10 kg), was added in 5 pl of ethanol to 1 ml of 50 mM 
phosphate buffer and 10 mM octylglucoside (pH 7) in a 1-ml quartz cuvette. Reaction was initiated 
by addition of enzyme, and the initial rate of decrease in absorbance at 235 nm was measured as the 
substrate, 13-(S)hydroperoxylinoleic acid was converted to the allene oxide. The dene  oxide in turn 
was instantly hydrolyzed, mainly to the non-UV absorbing a-ketol, 12-0x0-13-hydroxyoctadecenoic 
acid (5). Protein was determined with the Bio-Rad Protein Assay. As compared to the results of 
amino acid analysis, this colorimetric assay significantly overestimated the protein levels in the final 
steps of purification. AU, absorbance unit. 

Total protein l'urification step 
(mg) 

Flax extract 3,398 
Ammonium sulfate 1,308 

(045%)  
Octyl-Sepharose 50 

(CL-4B column) 
Anion exchange 4.2 

(Mono-Q column) 
Chromatofocusing 0.9 

(Mono-P column) 

Specific activity Recovery Purification 
(AU mg-' min-') (%) ( X  fold) 

32 100 
64 78 2 

Fig. 4. Synthesis of al- 
lene oxide by the flax- 
seed hydroperoxide de- 
hydrase and rapid allene 
oxide degradation by hy- 
drolysis and cyclization. 
Enzyme (15 pmol) was 
equilibrated at 10°C in 1 
ml of 50 rnM phosphate 
buffer and 10 mM octyl- 
glucoside (pH 7) in the 
quartz glass cuvette of a 
diode-array spectropho- 
tometer (Hewlett-Pack- 
ard). Reaction was initi- 
ated by the addition and 
rapid mixing of an etha- 
nolic solution of the 13- 
(S)-hydroperoxide of li- 
noleic acid (final con- 
centration 90 ph4, 2.05 
AU at 235 nm). After 2 
s, a series of W spectra 
were acquired at 1 .5s  
intervals. (A) Overlay of 
the UV spectra. The dot- 
ted line is the spectrum 
of oure substrate record- 

I . .  . . , . . ' . i  
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absor6ance versus the time after addition of substrate. (C) Reversed-phase high-performance liquid 
chromatography analysis of the stable end products of dene  oxide degradation from a separate 
incubation with radiolabeled substrate. Column, Beckman 5-pm ODs Ultrasphere (25 cm by 0.46 cm); 
solvent, acetonitrile-water-acetic acid, 60:40:0.01 by volume; flow rate, 1 ml/min. (D) Scheme of 
dene  oxide synthesis and degradation. 

4A). From these recordings, we estimated 
the half-life of the d e n e  oxide in this exper- 
iment to be -9 s (at 10°C and pH 7) (Fig. 
4B). High-performance liquid chromatog- 
raphy analysis of products from another 
experiment conducted with radiolabeled 
substrate showed the expected stable end 
products (Fig. 4, C and D). Based on UV 
measurements of the initial reaction rate at 
25"C, the pure enzyme exhibits the remark- 
able catalytic activity of 70,000 to 80,000 
turnovers per minute. 

The allene oxide synthase activity is 
unique among the known reactions cata- 
lyzed by cytochrome P-450 enzymes. Nev- 
ertheless, the dehydrase reaction of the al- 
lene oxide synthase can be rationalized in 
terms of the known chemistry of cy- 
tochrome P-450-catalyzed reactions. For 
example, the dehydrase reaction can be 
viewed as a two-step process: homolytic 
cleavage of the hydroperoxide and hydrogen 
abstraction from the p carbon, followed by 
formation of a carbon-oxygen bond. This 
type of scheme is in agreement with current 
concepts of the catalytic mechanisms of cy- 
tochrome P-450 reactions (13). 

Characterization of the flaxseed allene ox- 
ide synthase as a cytochrome P-450 identi- 
fies an unusual example of direct cooper- 
ation of different oxygenases in a 
biosynthetic pathway. In the principal se- 
quence of reactions, linolenic acid is oxygen- 
ated by a lipoxygenase, the resulting 13- 
hydroperoxide is converted to an allene 
oxide by the cytochrome P-450, and finally 
the d e n e  oxide is the substrate of an allene 
oxide cyclase, giving a direct analog and 
metabolic precursor of jasmonic acid, the 
plant growth regulator (14). Allene oxides 
also are formed in the animal kingdom; they 
have been detected in several species of 
marine invertebrates (15, 16). In the exam- 
ples detected so far, the allene oxide syn- 
thases in animals are specific for the 8-(R)-  
hydroperoxide of arachidonic acid; the plant 
13-hydroperoxides are not substrates (and 
vice versa). There are strong parallels be- 
tween the animal and plant systems, and it 
appears likely that these allene oxide syn- 
thases may be a class of related cytochrome 
P-450s. 
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Specificity for Aminoacylation of an RNA Helix: An 
Unpaired, Exocyclic Amino Group in the Minor Groove 

An acceptor stem G3eU70 base pair is a major determinant of the identity of an alanine 
transfer RNA. Hairpin helices and RNA duplexes consisting of complementary single 
strands are aminoacylated with alanine if they contain G3eU70. Chemical synthesis of 
RNA duplexes enabled the introduction of base analogs that tested the role of specific 
functional groups in the major and minor grooves of the RNA helix. The results of 
these experiments indicate that an unpaired guanine 2-amino group at a specific 
position in the minor groove of an RNA helix marks a molecule for aminoacylation 
with alanine. 

C ONTACTS OF PROTEINS BOUND TO 

the B-form DNA helix are cornmon- 
ly made through base-specific hy- 

drogen bond donor and acceptor groups 
that lie in the major groove, which is suffi- 
ciently wide to accommodate an a helix or 
other structural motifs. The groups in the 
major groove include guanine and adenine 

K. Musier-Forsyth, N. Usman, P. Schimmel, Depart- 
ment of Biology, Massachusetts Institute of Technology, 
Cambridge, MA 02139. 
S. Scaringe, Department of Chemistry and Biochemistry, 
University of Colorado, Boulder, CO 80309. 
J. Doudna and R. Green, Department of Molecular 
Biology, Massachusetts General Hospital, Boston, MA 
02114. 

*To whom correspondence should be addressed. 

N-7, guanine 0-6, adenine 6-amino, thy- 
mine 0-4, and cytosine 4-amino. Amino 
acid side chains and the peptide backbone 
provide complementary hydrogen-bonding 
groups on proteins that enable all base pairs 
in DNA to be distinguished, in principle, on 
the basis of major-groove interactions (1). 
In contrast, RNA helices are A-form struc- 
tures that have deep but narrow major 
grooves that limit accessibility of protein 
side chains on a helices or other motifs. 
Although there are fewer hydrogen-bond- 
ing possibilities in the minor groove to 
d o w  discrimination among the base pairs in 
duplex RNA, the minor groove of the A 
form is wide and shallow and is readily 
accessible to side chains that emanate from 

structural elements of proteins (1, 2). 
These considerations have relevance to 

the molecular basis for the discrimination of 
tRNAs by aminoacyl tRNA synthetases. 
These discriminations provide the basis for 
the genetic code whereby amino acids are 
assigned to nucleotide triplets (anticodons) 
that are encoded by tRNAs. For Ala and His 
tRNAs, the anticodon and other parts of the 
tRNA are dispensable for aminoacylation 
(3). Small RNA hairpin helices that recon- 
struct the acceptor end of these tRNAs can 
be aminoacylated with complete specificity. 
In the case of Ala, aminoacylation requires a 
single G3.U70 base pair in both prokaryotic 
and eukaryotic Ala tRNAs (4). Alteration of 
this base pair to G.C. A.U. or U-G abolishes 
in vitro aminoacylation with Ala (5 ) .  

RNA duplexes composed of complemen- 
tary single-strands are also amino&ylated 
with Ala, provided that they contain 
G3eU70 (6). The complementary single 
strands can easily be synthesized by chemical 
methods that use fdyprotected di&opropyl- 
amino-P-cyanoethyl ribonucleoside phos- 
phoramidites (7). These methods provide 
the opportunity to synthesize 
ribonucleoside phosphoramidites of two- 
base analogs that, when introduced in place 
of G3eU70, can be used to identify the 
atomic group (or groups) at the 3.70 posi- 
tion that are essential for aminoacylation. 

The G4eU69 base pair is in the wobble 
configuration in the three-dimensional 
structure of yeast tRNAPhe (8), and nuclear 
magnetic resonance experiments have estab- 
lished the wobble pairing for the G3eU70 
base pair in an Ala minihelix (9). The N-7 
and 0 - 6  atoms of G3 and 0 - 4  of U70 
project into the major groove, whereas N-3, 
the 2-amino group of G3, and 0 - 2  of U70 
lie in the minor groove of the A-form RNA 
helix (Fig. 1). Inosine (I), which lacks an 
exocyclic-2-amino group, forms the same 
wobble-like pair with uracil as guanine does 
(Fig. 1). Except for the 2-amino group of 
G3, the 13.U70 base pair retains all major 
and minor groove base atoms in the same 
orientation as G3eU70. 

The fdly protected inosine phosphor- 
amidite was synthesized using the same pro- 
tecting group strategy used for the standard 
ribonucleosides A, C, G, and U (7). This 
method involves the use of the tert-bu- 
tyldimethylsilyl protecting group for the 2'- 
hydroxyl and a 3'-P-cyanoethyl N,N-diiso- 
propylamino phosphoramidite group for 
formation of the internucleotide linkage 
(1 0). Inosine was introduced by so~id-~haie 
chemistry separately into positions 3 and 4 
of a duplex that is based on the sequence of 
the first nine base pairs of the acceptor TTC 
stem of Escherichia coli tRNAALaIGGC (Fig. 
2). These molecules are designated I3.U70/ 
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