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ABSTRACT. 1-Aminocyclopropane-1-carboxylate oxidase (ACC oxidase) catalyzes the last step in the
biosynthetic pathway of the plant hormone, ethylene. This unusual reaction results in the oxidative ring
cleavage of 1-aminocyclopropane carboxylate (ACC) into ethylene, cyanide, areh@@equires ferrous

ion, ascorbate, and molecular oxygen for catalysis. A new purification procedure and assay method have
been developed for tomato ACC oxidase that result in greatly increased enzymatic activity. This method
allowed us to determine the rate of iron release from the enzyme and the effect of the activatan CO

this rate. Initial velocity studies support an ordered kinetic mechanism where ACC binds first followed
by O,; ascorbate can bind after,@r possibly before ACC. This kinetic mechanism differs from one
recently proposed for the ACC oxidase from avocado.

Ethylene, one of the first identified endogenous chemical Scheme 1
regulators in plants, functions as a signal for a number of
biological processes such as seed germination, senescence,
and fruit ripening 1). 1-Aminocyclopropane-1-carboxylate
oxidase (ACC oxidase) catalyzes the last step in the ethylene .
biosynthsatic pathway:)the tv?//o electron oxidgtion of 1—a¥ni- and HCN (Sphe_me 1). These studies have led to a new
nocyclopropane-1-carboxylic acid (ACQ ethylene, carbon enzyme.punflcatlon prpgedure and assay method that give
dioxide, and cyanide2j. This reaction also requires the great!y increased activity. We also present an enzyme
concomitant reduction of molecular oxygen to two equiva- trapping method that allows the rate of Fe(ll) release from

lents of water and the oxidation of ascorbate to dehy- the enzyme to be determined both in the absence and

droascorbate3). ACC oxidase belongs to a rapidly growing presence of th_e activatgr, .Q.OFinaIIy,.from initial rate
family of mononuclear nonheme iron enzymes that are studies, we arrive at a kinetic mechanism for tomato ACC

characterized by a 2-histidine-1-carboxylic acid (2H-1C) oxidase that differs from one recently proposed for the ACC

iron-binding motif (reviewed in re#t). Within this class, a oxidase from avocadd}.
variety of reactions are catalyzed, such as hydroxylations
[e.g., prolyl hydroxylaseb], oxidative ring closures [e.g.,
isopenicillin N. synthase; reviewed in réf, ring expansions Materials. Sodiumc-ascorbate and ACC were purchased
[e.g., deacetoxycephalosporin C syntha§eand desatura-  from Aldrich. All other reagents were purchased from Sigma
tions [e.g., clavaminate synthas&]. The mechanistic  _nless otherwise indicated.
understanding of how a class of enzymes with similar active Overexpression and PurificationThe gene for ACC
sites can catalyze such a wide range of reactions is poor. oxidase fronLycopersicon esculentupACO1) was obtained
We have undertaken studies of ACC oxidase from tomato, from A. Hamilton on a T7-T3 alpha plasmid@). Plasmid
with the goal of performlng mechanistic studies on the pET3a-ACO1 was generated by standard procedures. ACC
unusual ring cleavage reaction that leads to ethylene, CO . .q4oca was produced Escherichia colstrain BL21(DE3)-
pLysS. Cells (6 L) were grown at 3T in media containing
T?Uppohrted by a grantéto J-P-K'-]) frltzjmbthe NdldH (GMO|25[7)65)-t thO ug/mL each of ampicillin and choramphenicol to an
*To whom correspondence snou € aadressed. epartmen ~ P
of Chemistry, University of California, Berkeley, Berkeley, CA_ ODeoo __l' The temperature_w_a_s shifted down to°2_7and
94720-1460. Phone: (510) 642-2668. Fax: (510) 643-6232. E-mail: @n additional amount of ampicillin and choramphenicol were
klinman@socrates.berkeley.edu. _ added, along with isopropyl-p-galactopyranoside (0.2 mM).
Atﬁ Ptresg”At gggg%553 Department of Chemistry, Morehouse College, After 2 h, cells were harvested by centrifugation at 5000
anta, . o H
1 Abbreviations: ACC, 1-aminocyclopropane-1-carboxylic acid; Asc, rpm (SS34), frozer-80°C, and thawed in 25 mM HEPES,
ascorbate; BSA, bovine serum albumin; DTT, dithiothreitol; EDTA, PH 8.0, 1 mM EDTA, 5 mM DTT, 10% glycerol, and 1
ethylenediaminetetraacetic acid; HEPES2-hydroxyethyl)piperizine- ug/mL lysozyme. Lysis proceeded for 280 min after

N'-(2-ethanesulfonic acid); 2H-1C, 2-histidine-1-carboxylic acid; MOPS, ; .
3-(N-morpholino)propanesulfonic acid; PAGE, polyacrylamide gel which the cell pellet was fully resuspended and the suspen

electrophoresis; SDS, sodium dodecy! sulfate; ICP, inductively coupled Sion was ViSCOUS_'- DNAse | (10 U/mL) and Mg(b mM)
plasma. were added to digest the DNA. The lysate was centrifuged
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><NH3+ ACC oxidase

co0 2 H,C=CH, + CO, + HCN
- Fe
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at 8000 rpm (SS34) at AC for 20 min, and NaCl (25 mM)  using the program Kaleidagraph (see appendix).
was added to the supernatant. The supernatant was loaded

onto Q-Sepharose resin (Amersham Pharmacia) equilibrated’ = Vv

with buffer A (25 mM HEPES, pH 8.0, 1.0 mM EDTA, 5 m?:

mM DTT, 25 mM NaCl, and 10% glycerol). The column 1+ d

was washed with buffer A containing 50 mM NaCl. ACC K, + [Fel + [E], — J(— [E], — [Fe], — K)? — 4[E][Fe],
oxidase was eluted with buffer A containing 100 mM and [Fel — 2

then 150 mM NaCl. One peak eluted at each NaCl 2

concentration. These were concentrated separately in a Ultra- . . . -
free concentrator 10K MWCO (Millipore), and peak 1 was Dissociation Rate Constant for IrorDissociation rate

further purified on Superdex 75 gel filtration resin (Amer- constants for Fe(ll) were determined by diluting.2 of
sham Pharmacia) equilibrated in 25 mM HEPES, pH 8.0, holo-ACC oxidase %180 uM) into the standard reaction

10% glycerol. ACC oxidase, peak 1, was95% pure as mixture containing 2%M ZnCl, (but without ascorbate and
determined by sodium dodecyl sulfatpolyacrylamide gel ~ ACC) and either 20 mM NaHC£or no additional NaHC®

electrophoresis (SDSPAGE). Protein concentration was After time, t, activity was measured by injecting2. of

determined by Bradford assay using bovine serum albumin 0-25 M ACC, 1.6 M ascorbate solution into reactions

(BSA) as a standard. Peak 2 was found to be completelycom"’“nIng added NaHCOor 2/“fL OT 0.25M A,‘CC' 1',6 M

inactive. Iron concentration in the protein was determined ascorbate, 0.2 M NaHCOsolution into reactions without

by ICP analysis. NaHCG;. Since backgr_ound oxygen consumption due to
Initial Velocity Assayslnitial velocities were measured ~ ascorbate cannot be directly measured for each assay, an

by the rate of oxygen consumption at 25, pH 7.2, using average background rate of oxygen consumption in the

an YSI model 5300 biological oxygen monitor. Temperature absence of enzymg_(average Of, three measur.emenys) was
was maintained at 2& 0.1 °C with a Neslab circulating subtracted from initial rate. Activity at any given time

water bath. Standard reaction mixture (1 mL) contained 100 'éPresents fraction of holo-ACC oxidase remaining relative
mM MOPS, pH 7.2, 20 mM NaHC§ 100 mM NaCl, 2 to ac_t|V|ty att = 0. Data were fitted to eq 3 using the program
mM DTT, 0.1 mg/mL BSA, 0.1 mg/mL catalase, and various Kaléidagraph.

amounts of ascorbate and ACC. When ACC and ascorbate [E(Fe)]

were kept constant, concentrations were maintained at 0.5 e pdhed) 4 o (3)
and 25 mM, respectively. Each reaction mixture was made [Et]

from stock solutions by addition of concentrated solutions RESULTS

of ascorbate, catalase, and ACC. When the oxygen concen-
tration was varied, the reaction mixture was equilibrated by ~ Enzyme PurificationA protocol was developed that is a
stirring for at least 10 min with the appropriate premixed modification of that reported by Barlow et al.1). Previous
0./N2 gas mixture to obtain the desired oxygen concentration. procedures used a linear NaCl gradient to elute recombinant
Starting oxygen concentrations were determined using the ACC oxidase from a Q-sepharose column. In our hands, we
oxygen monitor that was calibrated with air saturated water found that most of theEscherichia coliproteins coeluted
(258 uM oxygen at 25°C). Reactions were initiated with 2 with ACC oxidase, making purification by this method
uL of ACC oxidase reconstituted with equimolar Fe(N#H inefficient. Using a NaCl step gradient, rather than a linear
(SQy).. Because of the loss of activity upon prolonged gradient, during purification from Q-sepharose resin not only
exposure to Fe(ll) in the presence of oxygen, ACC oxidase resulted in superior separation of mé&stcoli proteins from

was reconstituted in small aliquots and used within 30 min. ACC oxidase, but also in the elution of ACC oxidase as two
Concentration of ACC oxidase is as indicated in figure distinct peaks at 100 mM (peak 1) and 150 mM NacCl (peak
legends. All initial rates were measured under conditions 2) that are attributed to ACC oxidase based on their
where less than 5% of any given substrate was consumedmolecular weight determination on SB8AGE (data not

All rates were calculated subtracting background oxygen shown). Peak 1 was further purified from a gel filtration
consumption due to ascorbate and/or Fe(ll) in the absencecolumn to yield protein that was95% pure as determined

of enzyme. Data from initial velocity experiments with by SDS-PAGE analysis (data not shown). This peak,
varying substrate concentrations were fitted to eq 1 using estimated as-75% of total soluble ACC oxidase from the

the program Kaleidagraph. sum of peaks 1 and 24200 mg), was active when added to
the reaction mixture (as described in Experimental Proce-
_ Vina!S] dures) containing 600 nM ACC oxidase and«Bl Fe(ll)
VTR [S] 1) with kops = 19.7 mim?, which is 7- to 40-fold more active

than previously reported values of 8.3 min! in the

Dissociation Constant for IroriThe dissociation constant, presence ot 5uM Fe(ll) (12, 13). Initial rates were linear
Kg, for Fe(Il) was determined by injectingid of apo-ACC for > 10 min, consistent with previous reports [data not
oxidase into the standard reaction mixture containing varying shown and rei 4]. In contrast to peak 1, peak 2 showed no
concentrations of Fe(NhL(SOy),. Activity was measured  activity in the presence of Fe(ll) (data not shown). Neither
by oxygen consumption as described above. For eachpurified peak contained any detectable amounts of iron above
reaction, the background rate of oxygen consumption due background as determined by ICP analysis (data not shown).
to reaction with Fe(ll) and ascorbate was subtracted. The Kinetics of Holo-ACC OxidaseAlthough ACC oxidase
double reciprocal plot of initial velocity vs Fe(ll) concentra- has been reported to contain a single bound Fe(ll) molecule
tion showed curvilinear behavior. Data were fitted to eq 2 per monomer, assays typically require a large molar excess
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Table 1: Kinetic Parameters for ACC Oxidase

param Fe(ll) ACC ascorbate 20
Vma{min=?) 22.3+ 0.4 26.7+ 1.3 31.0+ 1.7 23.1+04
Km 76.9+ 9.7uM 4.644+ 0.64 mM 28.2+ 2.0uM
K¢ 0.50+ 0.04uM
K¢ 38.9+ 9.4 mM

aKinetic parameters were determined by measuring initial velocities at various concentrations of one substrate while maintaining the other
substrates at a constant concentration. Constant concentrations wereFACEMM, [ascorbate} 20 mM, or [O;] = 258 uM. P Determined in
the presence of 20 mM Cfbicarbonate® K; for ACC was determined in the presence of 5 mM ascorbate.
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1001 B Ficure 2: Zn(ll) affects the time course of the ACC oxidase
] reaction. Holo-ACC oxidase reaction time course in the presence
80 of 0 (@), 5uM (A), 10 uM (O), and 50uM (4) zinc. Final [ACC
] oxidase]= 0.3 uM in the assay. The rate of @onsumption was
2z 60 fit with a first-order single-exponential equation, givikgsfor all
& ] plots = 0.014-0.015 s..
< 0]
> ] To determine the stoichiometry of iron required to give
207 maximal activity, the second assay method was used. Apo-
] ACC oxidase was first preincubated with various concentra-
0 tions of Fe(ll). To ensure maximum complex formation
0 0.5 1 1.5 2 2.5 .
(FeJ[ACO] between metal and enzyme, the concentration of ACC

oxidase ¢ 150uM) was maintained well above thé& value
ggiléﬁoln; eﬁ’%ivli:t)é (‘Ijlf) A%og Ogédaésned:a”nége gfretsheencg t%f eoﬁcelfg (ﬁ)r for Fe(ll) in the preincubation mixture. The activity was then
concentration added to reactiore mixture. [ACC oxidase].2 uM. deter_mlneq by diluting hOIC.)_ACC oxidase 500-fold mtp a
(B) Stoichiometry of Fe(ll) required for maximal activity. Final ~ r€action mixture that contained ascorbate and ACC (Figure
[ACC oxidase]= 0.3 uM in the assay. 1b). Initial rates increased proportionally with the amount
of Fe(Il) added up to equimolar amounts. However, recon-
of iron (over 10-fold more iron than enzyme) to reach stitution with progressively excess Fe(ll) led to a decrease
maximal activity (2, 13). We determined the requirement in the initial rate. The decrease in rate appears to correlate
of iron for maximal ACC oxidase activity by comparing two in approximately linear fashion with the amount of excess
different assay methods. Reactions were performed eitherFe(ll). It is uncertain whether this represents the presence
by diluting apo-ACC oxidase into an assay mixture contain- of a low affinity allosteric iron binding site, or arises from
ing Fe(ll) or preincubating ACC oxidase with Fe(ll) to form damage to the enzyme by oxidizing species that form from
holo-ACC oxidase and then diluting into an assay mixture reaction of iron and @in solution. In contrast to the reactions
without additional Fe(ll). initiated with apo-ACC oxidase, initial velocities were linear
To determine the dependence of the initial velocity on the for only ~50 s, after which the rate decreased until it reached
Fe(ll) concentrations, the first method was used (final ACC a second equilibrium rate (Figure 2, solid circles). This
oxidase concentratios 1.2 uM) in the presence of 05 second phase was linear fart5 min. The behavior of the
uM Fe(ll) (Figure 1la). Reaction time courses were linear time course is consistent with the loss of activity being due
for >5 min. The lack of a linear dependence of the initial to Fe(ll) release from the enzyme over time until a new
rate on the concentration of Fe(ll) up to an amount equilibrium level of holo-ACC oxidase and free Fe(ll) is
stoichiometric with enzyme rules out very tight binding of reached.
metal. No inhibition was seen with Fe(ll) concentrations up  Effect of CQ on ACC Oxidase KineticsACC oxidase
to 5uM. The data were fit to a quadratic equation (eq 2 in activity is dependent on the presence of HCQO, in
Experimental Procedures) with a corresponding dissociationsolution (L3, 17, 18). The mechanism of activation is not
constant for ironKg, of 0.50+ 0.04uM (Table 1). ThisKqg yet understood. To determine whether activation by HCO
is similar to previously reportel{,, values for apple ACC  CGO, occurred by the same pathway whether the reaction was
oxidase [1uM; 15 and to other 2H-1C iron-binding initiated with apo-ACC oxidase or with holo-ACC oxidase,
enzymes, such as prolyl hydroxylase/{®I; 16]. we compared the amount of activation in the presence of
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Scheme 2
ACC + Asc

E-Fe(ll) E-Fe(ll) + P

Kot

fast

E + Fe(ll) E-Zn(ll)

Zn(ll)

saturating bicarbonate [20 mM, corresponding to 3.3 mM
CQO, at pH 7.2;17] and ambient conditions (14M HCO;™,
0.15uM CO; in solution at pH 7.2). Independent of the assay
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total

[E-Fe(IDJ/[E]

200
Time, (sec)

method, addition of bicarbonate increased the rate of the Ficure 3: Effect of CQ on the rate of Fe(ll) release from ACC

reaction~5.5-fold relative to that of ambient conditions (data
not shown).

Fernandez-Maculet et al. provided evidence that,C&her
than bicarbonate is the true activatd8). In support of
evidence that C@is the activating species, we find that the
bisulfite ion (isoelectronically similar to bicarbonate) is
unable to stimulate ACC oxidase activity (data not shown).

Measurement of Fe(ll) Releasto determine the rate of

oxidase. Dissociation rate constant for Fe(ll) in the presence of
ambient [J) or 20 mM @) HCO;7/CO.. kot (ambient)= 0.058+
0.005 s™. kot (20 mM HCG;7/CO,) = 0.033+ 0.003 s*. Final
[ACC oxidase]= 0.6 uM in the assay.

conditions K = 0.058+ 0.005 s?). From the experimen-
tally determinedKy and ko values, the rate of association
of Fe(ll) can be calculated from the relationstip = kos/
Kon, giving a value forky, of 6.6 x 10* Mt s™1 at saturating

Fe(ll) release, an enzyme-trapping method was developedCQO,. In contrast to ACC oxidase activity at saturating £O
(Scheme 2). In this method, an alternative metal is used toconcentrations, the low activity when measured at ambient

prevent rebinding of Fe(ll) once it dissociates from the
enzyme. Not only is it critical that the alternative metal bind
rapidly and tightly to the enzyme, but it must be inactive in
enzymatic turnover or partial reactions involving redox
chemistry with oxygen. The nonredox metal, Zn(ll), was
previously shown to be an effective inhibitor of ACC oxidase
activity, eliminating at least 96% of activity when combined
in an assay with equimolar Fe(I[}4). To determine whether
zinc would function as an “enzyme trap,” we monitored the
time course of a reaction initiated with holo-ACC oxidase
in the presence of-050 uM ZnCl, (Figure 2). Identical initial
rates (where all enzyme is in complex with Fe(ll)) in the

CO;, precluded the determination ofka value and, hence,
kon for iron under such conditions.

Kinetic MechanismSteady-state kinetic parameters, shown
in Table 1, were obtained by maintaining two substrates at
high concentrations (see Table 1) while determining the
dependence of the initial velocity on the concentration of
the third substrate. Values &f, for all substrates are similar
to those previously reported for enzyme from aplé)|
avocado {4), tomato (9), and melon 20). Values forkgy
= 25—-30 min! are identical whether assays were initiated
with apo-ACC oxidase or holo-ACC oxidase and, as noted
above, are 7- to 40-fold higher than previously report] (

presence or absence of zinc provide evidence that zinc doedl 3).

not inhibit by binding at a nonspecific site(s) on the enzyme.

Slight inhibition by high concentrations of ACC in the

In the absence of zinc, the time course showed the characpresence of “optimal” concentrations of oxygen and ascorbate
teristic decrease in rate to a final linear phase, which lastedwas previously shown with avocado ACC oxidas®. (
>5 min (Figure 2, solid circles). In the presence of even the Although we did not observe inhibition by ACC under

lowest concentration of zinc (BM) the time course came
to a plateau level with a final rate of zero, indicating complete
inhibition of ACC oxidase. Further increase in zinc concen-

similar conditions (data not shown), high concentrations of
ACC did inhibit the reaction when ascorbate was maintained
at concentrations close to th&, value Kiacc) = 38.9+

trations showed no change in the reaction kinetics. From 9.4 mM, Table 1). In no case was inhibition by high

these data, &, for zinc is estimated to be 0.2 M. From

ascorbate concentrations 30 mM) seen. Oxygen was kept

the plateau level of oxygen consumed, ACC oxidase constant at 25&M for all substrate inhibition experiments.

undergoes an average of 33 turnovers before Fe(ll) dissoci-

ates from the active site.

To determine the steady-state kinetic mechanism of
substrate binding, initial velocity patterns were obtained for

To measure the rate of Fe(ll) release, ACC oxidase was ACC, ascorbate, or oxygen as the varied substrate. Substrate
preincubated at high concentrations (1aM) with an concentrations were chosen so that one experiment provided
equimolar amount of Fe(ll) to ensure complete binding. reciprocal plots for both varied substrates. All double
Reconstituted ACC oxidase was diluted 500-fold into buffer reciprocal plots gave intersecting patterns, consistent with a
containing an excess amount of zinc. After a given time, sequential mechanism involving a quaternary complex with
the fraction of holo-ACC oxidase remaining was determined enzyme, ascorbate, ACC, and.@Vhen Q was varied at
by measuring activity after injecting substrates. The rate of different fixed concentrations of ACC and a constant
Fe(ll) release was determined in both the presence ofconcentration of ascorbate, the data for the s 1/[Oy]
saturating C@and ambient C@conditions (Figure 3). The  double reciprocal plot were best fit to an equilibrium ordered
data were fit to a first-order single-exponential equation (eq pattern (intersection of the lines occurs on th@xis),

3 in Experimental Procedures). The presence of saturatingindicating a value of 0 forKacc/V (Figure 4a). The
CO, (ko = 0.033 & 0.003 s?) resulted in a ca. 2-fold  convergence on thgintercept is indicative of a mechanism
decrease in the rate of Fe(ll) release as compared to ambientvhere ACC is in thermodynamic equilibrium with enzyme
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05 5 of an ordered mechanism, the second substrate to bind is

. 1 identified by the substrate, which when truly saturating, gives
04 . . . .

: parallel lines in the reciprocal plot. In other words, if the
reversibility of the reaction between the points of addition
of the variable and changing fixed substrate is broken by
saturation of the remaining substrate, no slope effect will be
seen in the reciprocal plot patterng2). Because of an
increasing background rate of oxygen consumption by the
oxygen electrode in the presence of increasing concentrations
of ascorbate and oxygen, conditions where ascorbate or
oxygen were truly saturating were not feasible. Similarly,
the apparent inhibition of ACC oxidase at high concentrations
of ACC precluded the use of truly saturating concentrations
of ACC for such experiments.

However, even when truly saturating concentrations cannot
be attained, the slopes of the plots can still be evaluated at
relatively high concentrations of the constant substrate; in
this instance, the slope effect becomes progressively smaller
(the lines become more parallel) as the concentration of the
constant substrate is raised. Comparison of the i
1/[ascorbate] reciprocal plots at various fixeg €@ncentra-

; g tions and a constant ACC concentration of either 0.4 mM
005 b e (~5Km) or 2 mM (~27K,,) gave identical slopes (data not

-0.02 -0.01 0 0.01 0.02 0.03 . . . .

IO (M) shown), arguing against a mechamsm where ACC is the

2 second substrate to bind in the reaction sequence.

03 |
02 |
0.1 |

0L

1/Initial velocity, (min)

0.1 |

02—+

0.05

1/Initial velocity, (min)

Ficure 4: Initial velocity patterns vs © concentration. (A)
Conditions were constant [ascorbateBO mM and 2Q:M (4), 50 DISCUSSION
uM (A), 75 uM (@), or 120u4M (O) ACC. (B) Conditions were

constant [ACCJ]= 0.5 mM and 3 mM ¢), 5 mM (A), 8 mM (@), Modified Purifigation qnd Assays using HoIo—ACC Oxi-
or 12 mM () ascorbate. dase The modified purification method described here
resulted in ACC oxidase witkq,s from 7- to 40-fold more
016 ¢ 3 active than previously reported values when assayed under
0.14 |- j ? similar conditions {2, 13). A portion of the increase in
o2k | i activity may be a result of separating active and inactive
= } ‘ enzyme by using a NaCl step rather than linear gradient.
5 0.1 ¢ ; Inactive enzyme is most likely a result of oxidative damage
§ 0.08 |- 3 A caused during purification. Varying amounts of damaged
= : 1 protein may accumulate depending on handling procedures
Z 006 F o L
| 5 throughout the purification and is likely one of the causes
- 004 ‘ of the variable activity of ACC oxidase seen between our
002 L ; preparation and those from other laboratories, as well as from
f A preparation to preparation within the same laboratady.(
%,2 01 0 01 02 03 04 05 However, after taking intp account that gctive protein was
1/[ascorbate], (mM-}) ca. 75% of the tot_a_l protein expresseq,. this woulc_i only drop
R . , our observed activity under the conditions described above
Ficure 5: Initial velocity patterns at constant ACC concentrations. f ~20 to~15 minL. still to 30-fold tive th
Conditions were at constant [ACG} 0.5 mM and 102«M (O), rom 0 mirr =, stilf up to 50U-1old more active than

132uM (#), 157 uM (A), or 258uM (@) O,. the highest activity reported (see references above).

Two main differences in the way we have assayed ACC
and ACC binding precedes binding of.0’he converse plot  oxidase activity provide distinct advantages as compared to
of 1/v vs 1/[Q] at various fixed concentrations of ascorbate the methods used in the current literature. First, we have
and a constant concentration of ACC resulted in lines that measured activity by monitoring oxygen consumption using
intersected to the left of theaxis (Figure 4b) as did the 4/ a Clark-type oxygen electrode rather than ethylene production
versus 1/[ascorbate] double reciprocal plot at various fixed by gas chromatographic analysis. The oxygen electrode
concentrations of @and constant concentration of ACC provides the ability to measure the reaction on a continuous
(Figure 5). Since all other reciprocal plot patterns intersected basis, making it possible to monitor the whole reaction time
to the left of they-axis, no further information about the course. This ensures that one is deriving rates from only the
order of substrate binding can be inferred. From these data,linear portion of the time course as opposed the “one time-
a minimal mechanism can be described where binding of point” assays often used, and is particularly advantageous
ACC and Qs ordered, and ascorbate can bind before ACC when working at lower substrate concentrations where the
or after Q. rate of the reaction is more sensitive to changes in substrate

The kinetic mechanism can be further evaluated by concentration during the course of the reaction.
examining the varied substrate plots at a truly saturating Second, we have performed a majority of our assays by
concentration (10€y,) of the third substrate2(l). In the case initiating the reaction with ACC oxidase that has been
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reconstituted with stoichiometric amounts of Fe(ll) rather Scheme 3: Steady-State Kinetic Mechanism of Tomato
than by addition of ACC oxidase to a reaction mixture with ACC Oxidasé

excess Fe(ll). The main advantage to this approach is that
the iron is kept sequestered in the enzyme active site, thus
minimizing the occurrence of side reactions in solution in gf™ _EM.ACC-OyAA —
the presence of iron, oxygen, and/or ascorba®. (This -
approach not only diminishes the formation of damaging

oxygen species due to reaction of oxygen and iron in solution, 2 The top pathway (solid arrows) is consistent with the data presented
Y9 P Y9 in the text. An additional pathway which can not be excluded by the

but ?‘.ISO e_nsures that the a_scorbate Con_cemr.atlo.n IS nOfdata is shown below (hashed lines). Steps in thermodynamic equilibrium
modified either by complexatiord) or reaction with iron  are shown in either bold arrows or bold hashed lines.

(293).

Iron Affinity. A growing number of non-heme iron CO, concentration for tomato ACC oxidase, thg for iron
enzymes belong to the 2H-1C iron-binding motif (4). In  would increase-4-fold with decreasing C&concentration.
contrast to other heme-iron systems, many of these enzymesVhether CQ directly interacts with the iron center has yet
show characteristics consistent with rather weak iron binding. to be determined. It is not yet clear whether this effect has
This idea is supported by the total loss of iron during significant implications for catalysis in vivo.
purification, the rapid loss of linearity in the initial rate of Kinetic Order In this study, we have carried out initial
the reaction when initiated with holo-enzyme, as shown here velocity studies as a function of varying concentrations for
in the case of ACC oxidase (Figure 2) and with reconstituted all three substrates to determine the steady-state kinetic
isopenicillin N-synthase2d), and the high appare, for mechanism. The irreversibility of the reaction catalyzed by
iron (2 uM) determined for the 2H-1C enzyme, prolyl ACC oxidase precluded the use of other conventional
hydroxylase 16). We find aKq = 0.50 uM, compared to methods such as product inhibition or isotopic exchange.
the apparenK,, = 5.3 uM reported by Zhang et al. for Initial velocity patterns obtained with tomato ACC oxidase
tomato ACC oxidasel@) andK,, = 40 nm for avocado ACC  are consistent with a sequential mechanism involving a
oxidase 9). It is unclear if the~40-fold increase in the  quaternary complex with enzyme, ascorbate, ACC, apd O
affinity for Fe(ll) is simply a function of the source of The equilibrium ordered pattern of thevd/s 1/[O;] double
enzyme (avocado vs tomato). Previously reported apparentreciprocal plot at various fixed concentrations of ACC
K values for Fe(ll) differ 20-fold between ACC oxidase (Figure 4a) indicates ordered addition of ACC, in thermo-
from banana [1%M; 25] and apple [1uM; 15]. dynamic equilibrium with the preceding enzyme form,

We also observed inhibition in the presence of excess Fe-followed by G addition. The lack of an apparent approach
(I1); however, in our case this is seen only when high toward parallel velocity patterns when ACC was maintained
concentrations of ACC oxidase are preincubated with excessat a high concentration relative to thg, value precludes a
Fe(ll) (Figure 1b) and not when excess Fe(ll) is added to strictly ordered mechanism where ACC adds as the second
the reaction mixture (Figure 1a). The extent of inhibition substrate. Thus, a mechanism consistent with the data
(Figure 1b) may indicate a second, discrete iron-binding site. presented is one where ACC ang @ind in an ordered
We attempted to address the question of the presence of dashion, followed by ascorbate (Scheme 3). The inability to
lower affinity allosteric binding site by performing equilib- do assays with truly saturating.@oncentrations limits our
rium dialysis on a solution of high concentration of ACC ability to completely rule out a partially random binding
oxidase preincubated with various concentrations of Fe(ll), mechanism in which ascorbate can also bind first, followed
followed by analysis of iron content associated with the by ACC and Q; we therefore also indicate the possiblity of
protein by ICP spectroscopy. However, independent of ascorbate binding before ACC (Scheme 3).
amount added, all of the iron remained in the dialysis bag Mechanistic Considerations and Similar Enzymés
with the protein. It seems likely that iron is being oxidized recent studies with avocado ACC oxidase, a random kinetic
and precipitates in the course of the dialysis so that it cannotmechanism was proposed where either ACC or ascorbate
freely flow through the dialysis membrane. Future experi- binds first, followed by equilibrium ordered binding of,O
ments performed in the absence of @ay give different and then ascorbate or ACC [a random@& mechanism9].
results. The ordered mechanism depicted in Scheme 3 requires that

Rate of Fe(ll) Release and the Effect of LQVe ACC bind at the active site before,@an be activated by
developed a simple method for the determination of the rate the Fe(ll) center. The key similarity between our model and
of Fe(ll) release from ACC oxidase by using an alternative the reported mechanism for avocado ACC oxidase is that
metal as an enzyme trap. Our data (Figure 2) indicate thatthe addition of a substrate always precedes binding 0f O
Zn(ll) is a specific and tight binding inhibitor of ACC  Such a mechanism is clearly advantageous, as the formation
oxidase and thus conducive for determination of the rate of of oxidizing species is limited to when the relevant substrate
Fe(ll) release. is present, thus minimizing potential damage to the enzyme

The absence of added bicarbonate causes a small bubr release of strong oxidants into the cellular milieu.
reproducible two-fold increase in the rate of Fe(ll) release Consistent with this idea, EPR spectroscopy performed on
(Figure 3). It is worth mentioning that Gas been found avocado ACC oxidase using ACC or ACC analogues
to affect the apparer, value of Fe(ll); aK, value of 1 suggested that the bidentate binding of anionic ACC lowers
uM was reported for apple ACC oxidase in the presence of the redox potential of the Fe(ll) center, priming it for reaction
saturating C@(15), while in the absence of added gGhe with O, (12). Priming of the Fe(ll) center by substrate
Km of Fe(ll) decreased to &, = 0.4 uM (26). If an binding appears to be an emerging theme amegeto-
approximately similar change Ky occurs with a change in  glutarate-dependent and related enzymes [i.e., IFIN&)d

EF.ACCc=—= Ef.ACC-0,

T EFAAmmen-- E®.aa-acc”
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also many other Fe(ll)-enzymes, such as the phenyl-cleaving Substitution of eqs A2 and A3 into A4 results in the

dioxygenases (reviewed in réf). following expression for [EM]:
EPR spectroscopic studies were unable to demonstrate the
simultaneous binding of ascorbate to an enzyA€C— [E]{M], — [EM][M] , — [EM][E], + [EM]?

NO complex, which lead to the proposal of a ping-pong [EM] =
mechanism12). Our kinetic data, and that of Brunhuber et
al. (9), clearly establish a sequential mechanism. The inability

to detect binding of ascorbate to the enzym €C-NO The quantity [EM] is solved by using the quadratic equation,
complex may not be all that surprising, since ascorbate WOUldwhere only the minus value of the solution needs to be
have to perturb the metal center to cause a change in the

EPR spectrum. Furthermore, the bidentate binding of ACC considered.

and a charge-transfer complex with oxygen completes the _ _
coordination sphere of the iron center (including the two [EM] = (Ky+ [M] + [E)
histidines and aspartate that make up the active site ligands). «/(_Kd —[M], - [E]t)Z — 4[E]M],
Rather than ligation to the iron center, it is possible that > (AB)
ascorbate is bound in the active site by hydrogen bonding
to two residues, R244 and S246 (numbering based on tomato
ACC oxidase), which are conserved among hwotketoglu-
tarate dependent enzymes and IPI28).(From the crystal
structure of DAOCS with bound-ketoglutarate, R258 and  REFERENCES
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