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Biosynthesis of the phytohormone ethylene in higher
plants proceeds via the following pathway: S-adeno-
sylmethionine — 1-aminocyclopropane-1-carboxylic
acid (ACC) — ethylene. Ethylene-forming enzyme
(EFE), the enzyme responsible for the oxidation of ACC
to ethylene, has been only partially characterized in
vitro. We have obtained authentic EFE activity in vitro
from extracts of avocado fruit (Persea americana Mill.
cv Hass). Ammonium sulfate fractionation revealed the
presence of two EFE activities, which we designate as
EFE1 and EFE2. EFE1 activity utilizes ACC and O; as
substrates and requires Fe(II) and ascorbate as cofac-
tors. The enzyme has a relatively low K,, (32 uMm) for
ACC, discriminates diastereomers of 1-amino-2-ethyl-
cyclopropane-1-carboxylic acid, and is inhibited com-
petitively by 2-aminoisobutyric acid, thus confirming
its identity with authentic EFE. Activity is retained in
a 100,000 x g supernatant and has a pH optimum of
7.5—-8.0, suggesting a cytosolic localization.

Ethylene (C.H,) is a phytohormone with diverse and man-
ifold roles in the development of higher plants. Its essential
role in fruit ripening is well documented (1). Ethylene is
produced biologically from S-adenosylmethionine via the
pathway: S-adenosylmethionine — ACC' — ethylene. Ethyl-
ene-forming enzyme (EFE), the enzyme responsible for oxi-
dation of ACC to ethylene, has not been extensively charac-
terized in vitro (2).

Earlier reports have shown that EFE activity is dependent
on membrane integrity but not membrane potential (3, 4).
These results have led to the assumption that EFE interacts
with cellular membranes, but the mechanism of this proposed
interaction is far from clear (3, 4). Furthermore, results have
shown that most of the EFE activity retained by protoplasts
is localized in the vacuole; these results have led to the
assumption that EFE is associated with the vacuole in vivo
(5, 6). The EFE activity associated with the vacuole, however,
accounts for less than 4% of the EFE activity of intact tissue
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In contrast to these earlier conclusions, Ververidis and John
(8) have recently shown that EFE activity can be fully re-
covered in soluble extracts of melon fruit. In confirmation
and extension of this report, we have recovered and partially
purified two soluble EFE activities from ripening avocado
fruit. We have also determined the cofactor and substrate
requirements of EFE1, one of these two EFE activities, as
well as inhibition and kinetic parameters in vitro. The low K,
for ACC, as well as the ability to discriminate between dia-
stereomers of AEC, identify this activity as authentic EFE
activity.

EXPERIMENTAL PROCEDURES

Materials—Avocado fruit (Persea americana Mill. cv Hass) were
harvested from a local orchard (Cavalletto Ranches, Goleta, CA) and
induced to ripen under a constant stream of 500 ul/liter propylene,
an ethylene analog. ACC was obtained from Calbiochem, AIB was
from Aldrich, AEC diastereomers were a kind gift from Dr. S. F. Yang
(University of California, Davis), and all other chemicals were ob-
tained from Sigma.

Enzyme Extraction and Partial Purification—The initial extraction
procedure was modified from the method of Britsch and Grisebach
(9) for extraction of flavanone 3-hydroxylase, an iron ascorbate-
dependent nonheme oxidase, from Petunia hybrida. All extraction
procedures were carried out at 4 °C. Avocado mesocarp tissue was
frozen in liquid nitrogen and ground in a Waring blender. The frozen
powder was then mixed with 2 volumes of extraction buffer (100 mm
Tris, pH 7.5, 10% v/v glycerol, 33 mM sodium ascorbate, deaerated
and equilibrated with nitrogen three times). After stirring at 4 °C for
1 h, the homogenate was filtered through Miracloth (Calbiochem)
and centrifuged twice at 20,000 X g for 20 min each. To the super-
natant (“crude extract”), solid ammonium sulfate was added. The
mixture was stirred slowly at 4 °C under nitrogen. After centrifugation
at 20,000 X g for 20 min, pellets were resuspended in 10 mM Tris, pH
7.5, 10% (v/v) glycerol (deaerated and equilibrated with nitrogen),
aliquotted, frozen in liquid nitrogen, and stored at —70 °C. A 30-50%
ammonium sulfate fraction was used for all further experiments.
Protein concentrations were determined by a dye-binding assay (Bio-
Rad) with comparison to bovine serum albumin standards.

Incubations—The standard assay consisted of the following in a 16
X 100-mm glass culture tube with serum stopper: 50-500 ul of extract
{0.5-3 mg of protein), 30 mM sodium ascorbate, 100 uM FeSO,, 100
uM ACC, and Buffer A (100 mM Tris, pH 7.5, 10% v/v glycerol) to 1
ml. After a brief vortexing, incubation was carried out at 30 °C with
vigorous shaking (180 oscillations/min) for a total of 15 min. A 3-ml
sample of the head space was removed and analyzed by gas chroma-
tography on a Shimadzu GC-6AM machine equipped with a flame
ionization detector and a Porapak N (Waters Corp.) or, for butene
measurements, a 0.19% picric acid/Graphpak (Alltech Corp.) column.
Production of ethylene was linear over the first 60 min of incubation
(not shown). For determination of the pH optimum, Buffer A was
replaced in the assay with the designated buffer. For determining the
0, dependence, the reaction mix was as above but with 20 mM sodium
ascorbate and 5 mM DTT. Reaction mix minus ACC was sealed in a
16 % 100-mm glass culture tube and then deaerated and equilibrated
with nitrogen. The tube was flushed with 1 liter of varying concen-
trations of O in nitrogen, and the reaction was then initiated by
injecting ACC through the serum stopper.
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EFE measurements in vivo were determined in discs of avocado
fruit at 30 °C by the method of Starrett and Laties (10).

Enzyme Kinetics—K,, values and standard errors were calculated
by a statistical method assuming proportional errors in velocity (11)
and confirmed with direct linear plots (11). The K; value for compet-
itive inhibition was determined from a replot of the apparent K.
values at differing inhibitor concentrations.

RESULTS

Crude extracts of avocado tissue exhibited soluble EFE
activity (Table I) with recovery of approximately 40% of the
in vivo EFE activity (not shown). This activity was propor-
tional to the amount of added extract and inactivated by
boiling (not shown). Upon centrifugation at 100,000 X g, less
then 2% of the activity pelleted with the microsomal fraction
(not shown). These results indicate that, under these condi-
tions, EFE activity is soluble, not membrane-bound. Similar
results were obtained by Ververidis and John (8) with extracts
from melon fruit.

Upon fractionation with ammonium sulfate, the EFE activ-
ity separated into two distinct fractions, which we designate
as EFE1 and EFE2 (Table I). All further experiments were
conducted on a 30-50% ammonium sulfate fraction contain-
ing EFE1. The ammonium sulfate precipitation was necessary
and sufficient to separate the enzyme from endogenous ACC
(approximately 30 uM in crude extracts of ripe fruit, not
shown).

As confirmation that EFE1 is an authentic EFE activity,
we examined its ability to distinguish between diastereomers
of AEC. The authentic enzyme converts only (1R,2S)-AEC
to 1-butene; common EFE artifacts in vitro convert all four
AEC stereoisomers to 1-butene with equal efficiency (12-14).
Using racemic mixtures of the two diastereomers, only the
mix of (1R,25)-AEC and its enantiomer resulted in 1-butene
production; the mix of (1R,2R)- and (1S,2S)-AEC resulted in
no detectable butene production (Table II). Similar results
were obtained in vitro with EFE from melon (8). Without
further concentration of the enzyme, determination of the

TaBLE
Ammonium sulfate fractionatior: of EFE activities

Fraction of

1:323:231 Specific activity® t.ot.al "
activity®
pmol/mir'z/mg 7
protein
Crude extract 0.98 + 0.12
0-20% 0.33 £ 0.12 0.2+0.1
20-30% 0.16 = 0.04 1.5+ 03
30-40% 0.12 + 0.09 1.3+x1.0
40-50% 1.29 + 0.09 31.8 +£ 2.2¢
50-60% 0.11 £ 0.11 0.7+0.7
60-70% 0.25 + 0.13 24 +1.3
70-80% 0.62 + 0.16 3.2+08
Supernatant 1.56 + 0.08 58.9 + 3.0¢

¢ Mean of three assays * standard error.

® Based on total extractable EFE activity. (Approximately 40% of
the EFE activity in vivo.)

‘EFEL.

‘EFE2.

TABLE I1
Conversion of AEC diastereomers to 1-butene

Racemates of AEC diastereomers 1-Butene®
pmol/min/mg
protein
(1R,2S)- and (1S,2R)-AEC (200 uM) 0.49 + 0.04
(1R,2R)- and (15,25)-AEC (200 uM) <0.04

? Mean of four assays + standard error.
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stereochemical selectivity of EFE2 has proven impractical
(not shown).

EFE1 activity was determined over a temperature range of
10-50 °C (not shown). Activity was maximal at 25-30 °C,
dropping to half-maximal activity at 15 and 40 °C. Similarly,
EFE activity in vivo is sensitive to high and low temperatures,
with optimal activity at 30 °C (15, 16).

Fig. 1 shows the pH-dependent activity of EFE1. Over a
range of pH from 4 to 9, EFE1 activity was optimal at pH
7.5-8.0; the enzyme was inactive below pH 6.0.

Following precipitation with ammonium sulfate, EFE1 ac-
tivity demonstrated a requirement for Fe(II) (Fig. 2). Fe(II)
is also essential for EFE activity in vivo (17). Of several
divalent cations tested, none were capable of replacing Fe(II)
(not shown). In the complete assay mix, addition of Co(II),
Cu(II), and Zn(II) strongly inhibited EFE1 activity; Mn(II)
and Ni(II) were partially inhibitory, whereas Mg(II) and

25 "
- 2
£
g
31.5 =
£
E
3
E
8 1+
]
g -
£
Wos (- !
1] .o A AA-": A ] 1
L 5 6 7 8 9
pH

FiG. 1. pH dependence of EFE1 activity. EFE] activity was
assayed at differing pH values with the following buffers: sodium
acetate (O), Na-Mes (A), Na-Mops (B), and Tris-Cl (®). Each point
represents the mean of three or more assays.

15+

Ethylene (pmol/min/mg proteln)

Ethylene (pmol/min/mg protein)

0 10 2|0 30 40 50
[Na-Ascorbate] (mM)

F16. 2. Cofactor dependence of EFE1 activity. Upper panel,

Fe(II) dependence. Lower panel, ascorbate dependence, with and
without addition of 5 mmM DTT. Each point represents the mean of
three or more assays.
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V(IV) had little effect (Table III). Co(Il) also inhibits EFE
activity in vivo (18, 19).

EFE uses ACC and O, as substrates, producing ethylene
and cyanoformic acid, which decomposes to HCN and CO,
(1). EFE1 also demonstrated a requirement for ascorbate (Fig.
2). Glutathione, DTT, and NADH were incapable of replacing
ascorbate as a reducing agent, although trace levels of activity
were obtained with 5-10 mM DTT (not shown).

Although DTT was incapable of replacing ascorbate, max-
imal EFE1 activity increased 2-3-fold in the presence of
ascorbate plus 5 mM DTT (Fig. 2). These results indicate that
although DTT can only partially replace the specific function
of ascorbate, it can enhance EFE1 activity, presumably by
maintaining a reducing environment.

Fig. 3 shows the dependence of EFE1 activity on its two
known substrates, ACC and Q.. The K,, for ACC was 32 + 6
uM, which is consistent with values estimated for EFE activity
in vivo (20) and somewhat lower than the K,, reported for
melon EFE in vitro (8). A low K, for ACC is diagnostic of
authentic EFE activity; common artifactual activities exhibit
K,, values in the millimolar range (12).

The K, for O, was 4.6 + 0.8 kPa. Cellular O; concentrations
estimated for ripening avocado fruit indicate that O, is un-

TasLE III
Effect of divalent metals on EFE1 activity

Metal (100 M each)® Specific activity® Inhibition

pmol/min/mg %
protein °

Fe(Il} 1.99 + 0.09
Mg(1I)/Fe(Il) 1.67 £ 0.29 16
V(IV)/Fe(ll) 1.71 £ 0.18 14
Mn(1I)/Fe(II) 0.97 £ 0.10 51
NidII)/Fe(Il) 0.75 £ 0.13 62
Co(II)/Fe(II) 0.04 + 0.02 98
Cu(Il)/Fe(Il) 0.07 £ 0.06 96
Zn(IT)/Fe(II) 0.08 + 0.04 96

¢ Metals were added as the sulfate salt. V(IV) was added as VOSO,.
® Mean of three assays * standard error.
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FiG. 3. Substrate dependence of EFE1 activity. Upper panel,

ACC dependence. Lower panel, oxygen dependence. Oxygen is re-
ported as the partial pressure of O, in the gas phase. Each point
represents the mean of three or more assays.

Ethylene-forming Enzyme from Avocado Fruit

likely to be a limiting factor for EFE activity in vive (21).
EFEL1 activity in the presence of 21 kPa of O, in nitrogen was
nearly 2-fold less than the corresponding activity in air (not
shown). Since CO, stimulates EFE activity in vivo (22), we
assayed the effect of CO, on EFEL1 activity. Addition of CO,
(as NaHCO:s) to the reaction mix with 21 kPa of O, restored
EFEL1 activity to the levels observed under air (not shown).

AIB, a structural analog of ACC, has been shown to act as
a competitive inhibitor of EFE in vivo (23, 24). Fig. 4 shows
the effect of AIB on EFE1 activity. The K; for AIB was 0.3
mM, nearly 10-fold higher than the K, for ACC. AIB is a
relatively poor inhibitor, requiring millimolar amounts for
significant inhibition in vivo as well (23, 24).

DISCUSSION

The ability to discriminate stereoisomers of AEC, as well
as its micromolar K,, for ACC identify EFE1 as an authentic
EFE activity. Furthermore, the inhibition by Co(II) and by
AIB, as well as the requirement for Fe(Il), correlate well with
the characteristics of EFE in vivo (17-19, 23, 24).

In contrast to in vivo experiments implying location of EFE
at the plasma membrane or tonoplast (2, 5, 6, 15), our results
indicate that at least 40% of the in vivo EFE activity of
avocado fruit is soluble at 100,000 X g and hence not mem-
brane-bound. Similar solubility has been demonstrated for a
potential EFE antigen from avocado fruit (25) and for EFE
activity in vitro from melon (8). Earlier work has shown a
correlation of membrane integrity, but not membrane poten-
tial (3, 4), with EFE activity in vive. These results may be
due to a change in the reducing environment or leakage of
Fe(II) and ascorbate upon disruption of the cell membrane.

Work from Kende’s (5, 6) laboratory has suggested an
association of EFE with the vacuole. It shows that 80% of the
EFE activity in protoplasts of Vicia faba or Pisum sativum L.
is associated with the vacuole. However, protoplast ethylene
production typically accounts for only a small fraction of the
ethylene production by whole tissue (7, 26, 27); the vacuolar
EFE activity accounts for less than 4% of the activity of intact
tissue (7). Furthermore, Mitchell et al. (28) demonstrated a
recovery of only 0.5% of the EFE activity of intact tissue in a
tonoplast membrane fraction of kiwi fruit. The association of
EFE with vacuolar preparations could be due to a small
amount of cytosolic EFE trapped within membrane vesicles.
Our results and those of Ververidis and John (8) show that at
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Fic. 4. Competitive inhibition of EFE1l activity by AIB.
ACC-dependent activity with no AIB (W), 0.5 mM (O), 1 mM (@), 2
mM (O), 5 mM (A), and 10 mM (A) AIB. Each point represents the
mean of three or more assays. Inset, replot of apparent K,, for ACC
at each inhibitor concentration.
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least a major fraction of the EFE activity in avocado and
melon fruit is not membrane-associated nor does it require
membranes for activity. Furthermore, the lack of activity
below pH 6 precludes the possibility of EFE1 being localized
as a soluble enzyme within the vacuole. The antigen of a
potential EFE gene of avocado is retained by protoplasts (25).
Furthermore, EFE from tomato fruit has been expressed in
Xenopus oocytes (39). Thus EFE does not require the cell
wall for activity. Hence, we conclude that EFE1 is a soluble
cytosolic enzyme.

EFE1 was inhibited by Co(Il), as is EFE activity in vivo
(18, 19). Cu(II) and Zn(II) were also effective inhibitors (Table
III). The inhibitory metals may act by replacing Fe(II) and
forming an inactive enzyme-metal complex. Since equimolar
amounts of Co(II), Cu(Il), or Zn(II) with Fe(II) abolished
nearly all EFE1 activity, these metals may associate with the
enzyme with greater affinity than does Fe(II). On the other
hand, Mn(II) and Ni(II), which only reduced activity by half,
presumably associate with about the same affinity as Fe(II).

Nonenzymatic oxidation of dideuterated ACC by transition
metal oxidants proceeds with a loss of stereochemistry, re-
sulting in both cis- and trans-dideuterioethylene (29), as does
the biosynthetic process (30, 31). The requirement of Fe(II)
for EFE1 activity suggests that the enzyme operates through
a similar mechanism, utilizing iron as an electron acceptor
(29), with consequent transfer of electrons to dioxygen. This
hypothetical mechanism proceeds via nitrogen and carbon
radical intermediates, thus allowing free rotation and loss of
stereochemistry (29).

Ascorbate is thought to be required in iron ascorbate-
dependent oxidases to protect the iron from fortuitous oxi-
dation (32). Ascorbate may act in a similar fashion as a
reducing agent for Fe in EFE1 in vivo, interacting specifically
with the enzyme but not taking part in the overall reaction.
Alternatively, ascorbate may be a required substrate in the
reaction, contributing two electrons to the reduction of diox-
ygen. Experiments with purified enzyme will help to deter-
mine the stoichiometry of this reaction.

Non-heme-iron-containing enzymes typically incorporate
one or both atoms of dioxygen into their substrates (33). EFE,
however, transfers neither atom of dioxygen into its substrate
(1, 34). Isopenicillin N synthase, a nonheme-iron-containing
enzyme with structural similarity to EFE (35), utilizes oxygen
with a similar stoichiometry (35, 36). Whereas isopenicillin
N synthase catalyzes a four-electron reduction of O, to H,0O;
however, oxidation of ACC only involves two electrons. In the
EFE reaction, dioxygen may act as the final acceptor of two
electrons/cycle, resulting in production of H,O, by the follow-
ing scheme.

Fe(II)

ACC + 0O, Ascorbate

C;H, + HCN + CO; + H,0, (1)
Alternately, if ascorbate acts as a substrate, it may contribute
two more electrons for a four-electron reduction of O, to
water, with oxidation of both ACC and ascorbate (see follow-
ing scheme). Experiments with purified enzyme will deter-
mine the validity of these schemes.
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ACC + 0, + ascorbate — 20, C,H, + HCN + CO,
(2)
+ dehydroascorbate + 2H,0

We are presently undertaking the purification of EFE1 and
EFE2, which would allow for further study of the mechanism
of this unusual reaction. We have previously identified a
potential EFE gene in avocado fruit (25, 37), which bears
homology to EFE genes from tomato fruit (38-40). We are
currently investigating the relationship of this gene to EFE1
and EFE2 activity.
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