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ABSTRACT

The biosynthesis of the gaseous phytohormone

ethylene is a highly regulated process. A major

point of regulation occurs at the generally rate-

limiting step in biosynthesis, catalyzed by the en-

zyme ACC synthase (ACS). ACS is encoded by a

multigene family, and different members show

distinct patterns of expression during growth and

development, and in response to various external

cues. In addition to this transcriptional control, the

stability of the ACS protein is also highly regulated.

Here we review these two distinct regulatory inputs

that control the spatial and temporal patterns of

ethylene biosynthesis.
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INTRODUCTION

The simple gas ethylene has been recognized as a

plant hormone for almost a century (Neljubov 1901;

Crocker and Knight 1908; Knight and others 1910;

Funke and others 1938). It influences a diverse ar-

ray of plant growth and developmental processes,

including germination, leaf and flower senes-

cence and abscission, cell elongation, fruit ripening,

nodulation, and the response to a wide variety of

stresses (Mattoo and Suttle 1991; Abeles and others

1992). To understand how ethylene or any signaling

molecule affects development, one needs to con-

sider not only how it is transported and perceived

but also how its level is controlled. In this review,

we discuss recent progress in understanding the

mechanisms governing the production of ethylene.

The biosynthesis of ethylene occurs through a

relatively simple metabolic pathway (Figure 1) that

has been extensively studied and well documented in

plants (reviewed in: Yang and Hoffman 1984; Kende

1993; Zarembinski and Theologis 1994). Ethylene

is derived from the amino acid methionine, which

is converted to S-adenosylmethionine (AdoMet)

by S-adenosylmethionine synthetase. AdoMet is

then converted to 1-aminocyclopropane-1-carbox-

ylic acid (ACC) and 5¢-deoxy-5¢methylthioadenosine

(MTA) by the enzyme 1-aminocyclopropane-1-car-

boxylase synthase (ACS) (Adams and Yang 1979),

which is the first committed and in most instances the

rate-limiting step in ethylene biosynthesis. Meth-

ylthioadenine is recycled to methionine through the

Yang cycle, which allows high rates of ethylene

production without depletion of the endogenous

methionine pool (Miyazaki and Yang 1987). ACC is

converted to ethylene, CO2, and cyanide by ACC

oxidase (ACO). The cyanide produced by this reac-

tion is detoxified into b-cyanoalanine by the enzyme

b-cyanoalanine synthase, preventing toxicity to

plants in conditions of high ethylene biosynthesis.

ACC SYNTHASE: THE KEY ENZYME IN THE

PATHWAY

ACS belongs to a family of proteins that require

pyrodoxal-5¢-phosphate (PLP) as cofactors, known
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as PLP-dependent enzymes. These enzymes are

involved in the transamination, deamination, car-

boxylation, and elimination or replacement of b and

c carbons in a variety of amino acids. Although di-

verse in sequence and catalytic activities, the crystal

structure of PLP-dependent enzymes reveals a

striking conservation of structure in the catalytic

core, indicating a common mechanism of catalysis.

ACS converts AdoMet into ACC through a b,c car-

bon elimination reaction (Li and others 2005).

Sequence alignments of ACS and other PLP-

dependent enzymes revealed that ACS is most

similar to aspartate aminotransferases and tyrosine

aminotransferases (Christen and Metzler 1985;

Alexander and others 1994). Moreover, the crystal

structure of apple ACS revealed that the overall

folds and catalytic site of this enzyme are very

similar to aspartate aminotransferases (Capitani and

others 1999).

In most plant species, ACS is encoded by mul-

tigene families, which are differentially regulated

by various environmental and developmental fac-

tors. In Arabidopsis, there are eight genes encoding

active ACSs, and an additional gene encoding a

catalytically inactive enzyme, ACS1 (Liang and

others 1992; Liang and others 1995; Yamagami

and others 2003). ACS proteins in Arabidopsis can

be divided into three main groups, based on their

C-terminal sequences (Figure 2): (1) type 1 pro-

teins have extended C-termini containing three

conserved Ser residues that are targets for phos-

phorylation by mitogen-activated protein kinase 6

(MPK6) (Liu and Zhang 2004), as well as a con-

served Ser residue that is a phosphorylation site for

calcium-dependent protein kinase (CDPK) (Tatsuki

and Mori 2001; Sebastià and others 2004) (see

below); (2) type 2 proteins have shorter C-termini

that harbor only the CDPK site; (3) type 3 proteins

have a very short C-terminal extension that lacks

both phosphorylation sites.

The active site of ACS was identified using labeled

C14-AdoMet (Yip and others 1990), and critical

amino acids in the active site were identified through

random and site-directed mutagenesis of the ACS

protein (White and others 1994; Tarun and others

1998; Tarun and Theologis 1998). In LE-ACS2,

mutations in residues Tyr92 and Lys278 greatly re-

duce enzymatic activity, indicating a role for these

amino acids in the catalytic activity (Tarun and others

1998). Crystallography of recombinant apple ACS

revealed that the amino acids Tyr85, Thr121,

Asn202, Asp230, Tyr233, Ser270, Lys273, Arg281,

and Arg497 are in the active sites and in contact with

the substrate AdoMet (Capitani and others 1999).

This quaternary structure of ACS enzyme has

been somewhat controversial (White and others

1994), but recent studies have elegantly demon-

strated that these enzymes act as homo- or hetero-

dimeric proteins, similar to other PLP-dependent

enzymes. The first recent line of evidence came

from the deduced crystal structure of apple ACS,

which indicated that the active site of the enzyme

formed at the interface of a dimer and was com-

prised of shared residues from each monomer.

Further evidence that ACS enzymes work as dimers

came from co-expression experiments in E. coli

(Tarun and Theologis 1998). Expression of either of

two different single mutant versions of LE-ACS2

resulted in inactive enzymes, but enzymatic activity

was partially restored when the two different mu-

tants were co-expressed. This provides compelling

evidence that ACS proteins can heterodimerize

and form active enzymes. Likewise, by means of

this intermolecular complementation approach in

Figure 1. The ethylene biosynthetic pathway. The enzymes catalyzing each step are shown above the arrows. AdoMet:

S-adenosyl-methionine; Met: methionine; ACC: 1-aminocyclopropane-1-carboxylic acid; MTA: methylthioadenine.

Inputs that regulate the enzymes are shown above the pathway, either via a transcriptional or post-transcriptional

mechanism. See text for further details.
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Arabidopsis, members of the ACS family of proteins

were also shown to heterodimerize in E. coli; also in

planta, bimolecular fluorescence complementation

(Tsuchisaka and Theologis 2004) provided confir-

mation that ACS enzymes are active as dimers

in vivo. The presence of eight functionally active

ACS enzymes in Arabidopsis, and their ability to

form active heterodimers might act to increase the

versatility of ethylene responses, enhancing the

capacity to regulate ethylene production after dif-

ferent developmental and environmental stimuli.

ACC OXIDASE: THE ETHYLENE-FORMING

ENZYME

ACC oxidase catalyzes the final step in ethylene

biosynthesis, converting ACC into ethylene, CO2,

and cyanide (Figure 1). In conditions of high eth-

ylene production, such as ripening fruit, ACO is

often the rate-limiting step in biosynthesis. ACO

belongs to a family of mononuclear, non-heme iron

enzymes that are characterized by a 2-histidine-1-

carboxylic acid iron-binding motif (reviewed in

Hegg and Que 1997). Enzymes in this class are able

to catalyze a variety of reactions such as hydroxy-

lations, oxidative ring closure, ring expansions, and

desaturations. In the case of ACO, ACC is converted

to ethylene by a modification of carbons C-2 and

C-3 of ACC, whereas C-1 is converted to cyanide,

and the carboxyl group is converted into carbon

dioxide (Peiser and others 1984).

The identification of the ‘‘ethylene-forming en-

zyme’’ (EFE), which is now known as ACC oxidase,

(ACO) was initially very difficult. Because osmotic

and cold shock, as well as treatment with deter-

gents, inhibited the conversion of ACC to ethylene,

it was then postulated that ACO was an integral

membrane protein (Apelbaum and others 1981;

Mayne and Kende 1986), implying that the diffi-

culties in purification of this enzyme were due to its

subcellular localization. It is now thought that the

initial difficulties in its purification were in fact due

to procedures that stripped the preparations of Fe2+,

an important cofactor for ACO. Transgenic tomato

plants designed to express an antisense version of

pTOM13, a gene identified as induced during to-

mato fruit ripening (Smith and others 1986),

Figure 2. Top: Phylogeny of Arabid-

opsis and Lycopersicon esculentum

(tomato) ACS proteins. Phylogeny

constructed with the catalytic core of

each ACS protein using MEGA ver-

sion 3.1 (Kumar and others 2004).

Type 1 and type 2 ACS are repre-

sented by the corresponding brackets,

whereas type 3 ACS proteins are

circled. Bootstrap values are listed,

and the branch lengths are propor-

tional to the number of substitutions

per hundred residues as represented

by the scale bar. Bottom: Cartoon

representing type 1, 2, and 3 ACS

proteins. The conserved catalytic core,

present in all ACS proteins, is shaded,

whereas putative CDPK and MAP

kinase phosphorylation sites are rep-

resented by ‘‘S’’ in Type 1 and 2 ACS

proteins.
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displayed reduced ethylene production during rip-

ening or after tissue wounding, suggesting that the

protein encoded by pTOM13 was the ethylene-

forming enzyme (Hamilton and others 1990).

Additional evidence came from studies in yeast cells

overexpressing pTOM13, where it was shown that

the protein expressed by this clone had ethylene-

forming activity (Hamilton and others 1991).

Moreover, Xenopus cells transformed with RNA

from cultured tomato cells, gained the ability to

convert ethylene, but that ability was abolished by

expression of an antisense pTOM13 clone (Spanu

and others 1991).

The cloning of ACO allowed for the identification

of similar enzymes in other plant species. The sub-

cellular localization of ACO is still a matter of de-

bate. Although these enzymes lack any N-terminal

consensus sequences for plasma membrane locali-

zation, some reports using monoclonal antibodies

raised against ACO have shown that ACO localizes

at the cell wall in the pericarp of ripening tomato

and climacteric apple (Rombaldi and others 1994),

but this enzyme has been found to be cytosolic in

apple (Chung and others 2002) and tomato (Rein-

hardt and others 1994).

Ethylene Biosynthesis Is Highly Regulated

Almost all plant tissues have the capacity to make

ethylene, although in most cases the amount of

ethylene produced is very low. Ethylene production

increases dramatically during a number of devel-

opmental events such as germination, leaf and

flower senescence and abscission, and fruit ripening

(Yang and Hoffman 1984; Mattoo and Suttle 1991;

Abeles and others 1992). There is a diverse group of

stimuli that can increase the level of ethylene bio-

synthesis. Application of other plant hormones,

such as auxin, brassinosteroids, and cytokinin can

affect ethylene production (Yang and Hoffman

1984; Mattoo and Suttle 1991; Abeles and others

1992; Vogel and others 1998; Woeste and others

1999), and ethylene can affect its own biosynthesis,

either increasing (autostimulation) or decreasing

(autoinhibition) its rate of production. Light also

affects the level of ethylene biosynthesis in many

plant tissues (Goeschl and others 1967; Jiao and

others 1987). Finally, a wide variety of stresses

including wounding, pathogen attack, flooding,

drought, hypoxia, temperature shifts, physical loads

and noxious chemicals such as ozone and sulfur

dioxide can induce ethylene production (Yang and

Hoffman 1984; Abeles and others 1992; Bleecker

and Kende 2000).

Regulation of Ethylene Biosynthesis: Abiotic
Stress

One of the most studied abiotic stimuli involving

stress-ethylene responses is wounding. The plant

hormone jasmonic acid (JA) is a major regulator of

wounding responses (Wasternack and others 2006

), and ethylene seems to play an essential role

(O�Donnel and others 1996). After mechanical or

herbivory wounding, ethylene levels in plants in-

crease and the expression of ethylene biosynthetic

genes is altered. In Arabidopsis, the expression of

multiple ACS genes increases after wounding

(Tsuchisaka and Theologis 2004). The expression of

the JA-inducible and pathogen- and wound-

responsive gene PDF1.2 is also regulated by ethylene

(Penninckx and others 1998). Intriguingly, JA has

been found to be conjugated to ACC in Arabidopsis

plants, suggesting that JA–ACC conjugates could be

involved in the co-regulation and crosstalk between

JA- and ethylene-dependent pathways in plants

(Staswick and Tiryaki 2004).

Although the role of ethylene in developmentally

regulated senescence has been extensively studied

(Grbic and Bleecker 1995; John and others 1995),

its role in the regulation of drought-induced leaf

senescence is less well understood. Under drought

stress, ethylene emission increases (Apelbaum and

others 1981; McKeon and others 1982). Inhibition

of ethylene synthesis in wheat inhibits chlorophyll

loss associated with drought-induced senescence

(Beltrano and others 1999). In maize, Mu-insertion

mutants in the ACS genes ZmACS2 and ZmACS6

produce less ethylene than wild-type plants and also

show delayed drought-induced senescence (Young

and others 2004). Interestingly, ZmACS6 mutants

also show increased chlorophyll, Rubisco, soluble

protein, even in leaves not undergoing senescence,

implicating ethylene in the regulation of leaf per-

formance throughout the life cycle of the leaf, and

not only when under senescence-promoting con-

ditions. The plant hormone abscisic acid (ABA)

plays an important role in drought stress in plants

through the regulation of stomata closure. ACC

application or the use of the Arabidopsis ethylene

overproducing mutant eto1 leads to decreased sto-

mata closure after ABA application, indicating that

ethylene inhibits ABA-induced stomatal closure

(Tanaka and others 2006).

The role of ethylene in osmotic stress is not well

understood. ACS activity in tomato cells is increased

after osmotic shock (Felix and others 2000).

Expression of the ethylene receptor ETR1 is reduced

upon osmotic stress, and this change is also reflected

at the protein level (Zhao and Schaller 2004).
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Transgenic tobacco plants overexpressing the

ethylene receptor NTHK1 show increased salt sen-

sitivity compared to wild-type plants, but early

expression of the ACC oxidase gene NtACO3 re-

duced the salt-inducible expression of the ACS gene

NtACS1 (Cao and others 2006). Overexpression of

the tobacco transcription factor ethylene-responsive

factor NtERF1 leads to increased salt tolerance (Hu-

ang and others 2004).

Ethylene may also be involved in the regulation

of plant responses to low oxygen conditions, or

hypoxia. The mRNA levels of ACS2, ACS6, ACS7, and

ACS9 are upregulated in Arabidopsis plants under

hypoxia. The regulation of ACS9 is inhibited by

amino-oxyacetic acid (AOA), an inhibitor of ethyl-

ene biosynthesis, and reduced in the ethylene sig-

naling mutants etr1-1 and ein2-1 (Peng and others

2005). The mRNA levels of ACS2 are decreased after

AOA treatment, and the levels ACS6 and ACS7 are

not affected, suggesting that the regulation of eth-

ylene emission under hypoxia is under complex

control (Peng and others 2005).

Ethylene is also involved in the responses to

other abiotic stimuli. Lithium ion induces ACS

activity in various plant species (Boller 1984), and

expression of multiple ACS genes is altered in

Arabidopsis following Li+ application (Liang and

others 1996; Tsuchisaka and Theologis 2004).

Application of high levels of ozone to plants in-

duces a burst of ethylene (Mehlhorn and Wellburn

1987), promoting ozone-induced cell death

(Overmyer and others 2003) through a mechanism

that might involve the biosynthesis and accumu-

lation of salicylic acid (SA) (Ogawa and others

2005) and suppression of the cell-protective action

of JA (Tuominen and others 2004). In Arabidopsis,

ozone treatment elevates the steady-state level of

the ACS6 gene (Vahala and others 1998). Sup-

pression of ACS activity in plants increases toler-

ance to oxidative stress and diminishes the damage

caused by ozone treatment (Nakajima and others

2002; Sinn and others 2004).

Regulation of Ethylene Biosynthesis: Biotic
Stresses

The involvement of ethylene in response to patho-

gen attack has long been recognized (Boller 1991).

An early ethylene burst is observed after plants are

attacked by pathogens. The effect of ethylene in

disease resistance studies is somewhat variable; re-

sults seem to vary depending on the pathosystem

and the conditions employed, and the fact that

many pathogens are also able to produce ethylene

makes interpretation of the results even more

difficult. In general, plant-derived ethylene seems to

be mostly associated with resistance, whereas

pathogen-derived ethylene seems to contribute to

pathogen virulence (van Loon and others 2006).

Microbial ethylene biosynthesis occurs through a

pathway different from the one used by plants.

Instead of ACC, microbial pathogens can uti-

lize 2-keto-4-methyl-thiobutyric acid (KMBA), a

transaminated derivative of methionine, or 2-oxo-

glutarate as ethylene precursors (Nagahama and

others 1992; Fukuda and others 1993). KMBA is

oxidized to ethylene through a non-enzymatic oxi-

dation by oxidizing agents generated by a NADH:-

Fe(III)EDTA oxidoreductase. 2-oxoglutarate can be

converted into ethylene and succinate through an L-

arginine-dependent reaction catalyzed by a single

protein, the ethylene-forming enzyme EFE (distinct

from ACO in plants, which also was once referred to

as EFE) (Fukuda and others 1992).

Strains of the bacterial pathogens Pseudomonas

syringae pv. glycinea and Pseudomonas syringae pv.

phaseolicola have been previously shown to be able

to produce ethylene in planta (Weingart and

Volksch 1997). Pseudomonas syringae pv. glycinea,

which is unable to produce ethylene due to a

mutation in the EFE gene, is defective in its ability

to grow in soybean plants. The growth of the wild-

type strain and the ethylene-defective strain in

ethylene-insensitive soybean plants was found to be

similar, indicating a requirement for ethylene in the

pathogenesis of this pathogen (Weingart and others

2001). Some microorganisms, such as plant-growth-

promoting rhizobacteria, are also able to modulate

ethylene responses by altering the levels of ACC

produced by plants. Through this reaction, catalyzed

by the microbial-encoded enzyme ACC deaminase,

ACC is hydrolyzed to a-ketobutyrate and ammonia,

decreasing the levels of ACC that are available for

ethylene production (reviewed in Glick 2005). De-

creased levels of ethylene alleviate ethylene-in-

duced root growth inhibition during stress

conditions, important for the growth of both the

bacteria and the plant.

The regulation of plant ethylene biosynthetic

genes by pathogen infection has been demon-

strated. For example, a gene coding for ACS in to-

bacco was shown to increase after tobacco mosaic

virus (TMV) infection (Knoester and others 1995)

and ethylene emission and ACS transcription is also

increased after inoculation of citrus plants with the

bacterial pathogen Xanthomonas campestris pv. citri

(Dutta and Biggs 1991). Although in most cases the

regulation of ethylene biosynthetic genes by

pathogens is considered to be a defense reaction

from the plant, there is mounting evidence that
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pathogens can manipulate the expression of these

genes for their own benefit. Infection of tomato

plants by strains of the bacterial pathogen Pseudo-

monas syringae pv. tomato DC3000 expressing the

effector proteins AvrPto and AvrPtoB were shown

to induce host gene expression that includes

upregulation of the genes coding for ACC oxidase

LeACO1 and LeACO2 (Cohn and Martin 2005).

Strains of Pseudomonas syringae pv. tomato DC3000

expressing either AvrPto or AvrPtoB were unable to

trigger necrosis and caused fewer disease symptoms

on leaves of transgenic tomato plants that are defi-

cient in ethylene production due to the expression

of the ACC deaminase gene (Klee and others 1991),

indicating that the manipulation of plant ethylene

biosynthesis by these pathogens is likely to enhance

disease symptoms, and that ethylene is required for

the full virulence activity of these effectors (Cohn

and Martin 2005).

Ethylene is likely involved in the response to

nodulation by nitrogen-fixing bacteria, playing

mostly an inhibitory role (reviewed in (Ferguson

and Mathesius 2003). An increase in ethylene pro-

duction was observed in roots of alfalfa plants inoc-

ulated with Rhizobium (Ligero and others 1987), and

this is associated with defense responses. Application

of ethylene reduces the number of nodules formed

in many plant species, including Lotus japonicus

(Nukui and others 2000). The exact role of ethylene

biosynthesis in nodulation is still unclear, but it has

been demonstrated that the expression of ACC oxi-

dase in peas is elevated in inner cortical cells located

in front of the root phloem poles, near where nod-

ules are usually formed (Heidstra and others 1997).

Some nitrogen-fixing bacteria, such as Bradyrhizobi-

um elkanii, are also able to produce rhizobitoxine, a

structural analog of AVG, which acts as an inhibitor

of ACS and decreases ethylene biosynthesis (Yasuta

and others 1999).

Regulation of ACC synthase: Transcriptional
Control

One mechanism that regulates the production of

ethylene is the differential transcription of ACS

genes during the course of development and in re-

sponse to various external cues. As discussed above,

various biotic and abiotic stresses can influence the

transcription of different ACS genes. It has been

proposed that the various ACS genes may be dif-

ferentially regulated to perform specific functions as

the various ACS proteins have different enzymatic

properties (Yamagami and others 2003) and differ-

ent inputs that regulate their protein turnover.

Analysis of the patterns of expression of ACS

genes in Arabidopsis has revealed diverse patterns of

expression of the various family members. In

Arabidopsis, ACS transcripts have been detected in

roots, leaves, flowers, siliques, stems, and etiolated

seedlings (Yamagami and others 2003; Tsuchisaka

and Theologis 2004; Wang and others 2005). The

Arabidopsis flower is an example of an organ that

displays distinct patterns of ACS gene expression.

ACS2, 4, 5, 6, 7, and 8 are all expressed in the sepals,

the filament, and the style (Tsuchisaka and Theo-

logis 2004; Wang and others 2005); ACS 2, 4, 5, and

8 are expressed in the pedicel; ACS 2, 7, and 8 are

in the anther, and ACS5 and 9 are in the stigma.

Finally, ACS9 and 11 are expressed at very low levels

in flowers, the former in the stigma, and the latter

in sepal trichomes. Thus, there is a diversity in the

expression patterns for the ACS gene family in

Arabidopsis flowers, which is also observed in other

tissues, and it is possible that certain ACS isozymes

with distinct biochemical and regulatory properties

are optimized for the different cellular environ-

ments and different levels of ethylene production

that occur in these various floral tissues.

A well-studied case of transcriptional regulation

of ACS is in tomato fruit development. The tomato

ACS family consists of at least eight genes, and these

are differentially regulated by various biotic and

abiotic factors. In tomato and other climacteric

plants, two systems of ethylene production have

been proposed. System 1 operates during vegetative

growth, during which ethylene inhibits its own

biosynthesis, and system 2 occurs during ripening of

climacteric fruit and senescence of petals in some

species, in which ethylene biosynthesis is autocat-

alytic (Barry and others 2000; Giovannoni 2001;

Alexander and Grierson 2002). This positive feed-

back loop for ethylene biosynthesis is proposed to

integrate ripening of the entire fruit once it has

commenced. LE-ACS6 is the only ACS gene detected

in mature green fruit, but it is not expressed after

the transition to the breaker stage (Figure 3). LE-

ACS1A displays a transient peak of expression dur-

ing the breaker stage, but its expression is not de-

tected earlier or after the breaker stage. LE-ACS2 and

LE-ACS4 are the primary ACS genes expressed after

the breaker stage, with LE-ACS2 showing the high-

est steady-state level of RNA expression (Barry and

others 2000). The LE-ACS2 and LE-ACS4 genes are

expressed in ripening fruit (Olson and others 1991;

Rottmann and others 1991; Yip and others 1992;

Lincoln and others 1993; Barry and others 2000).

Use of the ethylene-insensitive mutant Never-ripe

(Nr) revealed that expression of LE-ACS2, but not

the other LE-ACS genes, is dependent on ethylene.
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It has been proposed that LE-ACS1A and LE-ACS6

are responsible for system 1 ethylene biosynthesis in

green fruit, and upon induction of competence for

ripening, LE-ACS1A expression increases and

LE-ACS4 is induced (Barry and others 2000). System

2 ethylene biosynthesis is initiated and maintained

by the ethylene-dependent expression of LE-

ACS2.Most ACS genes are transcriptionally induced

in response to auxin, and in several auxin-regulated

ACS genes, multiple, cis-acting AuxREs (auxin re-

sponse elements) have been identified (Abel and

others 1995; Ishiki and others 2000). However,

induction of the ACS genes by auxin displays a

complex pattern. In the root, although almost all

ACS transcripts increase in response to IAA treat-

ment, the spatial pattern of induction is different.

For instance, ACS8 expands expression into the

second layer of lateral root cap cells, epidermis, and

protoxylem, whereas ACS11 expands into all cell

types in the cell division zone of the root (Tsuchi-

saka and Theologis 2004). Thus, there is cell-type

specificity for auxin induction of different ACS

genes. Most of the ACS genes are also induced

transcriptionally by cycloheximide, which implies

the existence of a short-lived repressor protein that

inhibits ACS transcription. Intriguing candidates for

such a repressor are the Aux/IAA proteins, which

have a very short half-life and negatively regulate

auxin responses (Abel and others 1994). Consistent

with this model, the only ACS gene that is not in-

duced by auxin, ACS1, is also not induced by

cycloheximide (Tsuchisaka and Theologis 2004).As

already noted, in Arabidopsis various abiotic stresses

often elevate ethylene biosynthesis via increased

transcription of distinct subsets of ACS genes. ACS6

transcript levels increase in response to ozone

(Vahala and others 1998; Arteca and Arteca 1999).

ACS2, ACS6, ACS7, and ACS9 are elevated during

hypoxia (Peng and others 2005), but anaerobic

conditions result in reduced expression of all the

ACS genes in Arabidopsis (Tsuchisaka and Theologis

2004). The transcript levels of distinct subsets of ACS

genes increase after wounding and in response to

osmotic stress, high temperatures, and drought

conditions (Tsuchisaka and Theologis 2004; Wang

and others 2005). These differences reflect distinct

transcription responses of the ACS genes to these

various inducers and may serve to optimize the re-

sponse of the plant in these conditions.

Regulation of ACC Synthase: Control of
Protein Turnover

ACS Protein Is Rapidly Degraded by the 26S Proteosome

via a C-terminal-Dependent Mechanism. Although the

regulation of ACS transcription clearly plays an

important role in controlling the production of eth-

ylene, recent studies have established that ACS

protein turnover also is important in regulating

production of this phytohormone. Various studies

are consistent with a model in which the C-terminal

region of ACS proteins plays a crucial role in regu-

lating their turnover (reviewed in Chae and Kieber

2005).

Early studies on ACS stability in tomato revealed

that the stability of ACS activity varied during fruit

ripening. In particular, the half-life of ACS activity

in green tomato pericarp tissue was shorter than

that in ripening pericarp tissue (30–40 min versus

114 min) (Kende and Boller 1981). In suspension

culture cells of parsley and tomato, the elevation of

ACS activity observed in response to fungal elicitor

was insensitive to inhibitors of RNA transcription

(Chappell and others 1984; Felix and others 1991),

suggesting that a post-transcriptional mechanism

mediates this upregulation of ACS activity. Treat-

ment of tomato suspension cells with elicitor re-

sulted in the induction of ACS activity through a

phosphorylation-dependent mechanism (Spanu

and others 1990).

Evidence for the mechanism underlying the

turnover of ACS stability has come from studies of

the Arabidopsis ethylene overproducing (Eto) mu-

tants (Chae and Kieber 2005). The Eto mutants

produce 10- to 40-fold more ethylene in the dark as

compared to wild-type seedlings and adopt a triple

Figure 3. Cartoon representation of the expression of

ACS genes during tomato fruit ripening. Based on data

from Lincoln and others (1993) and Barry and others

(2000). Note that the expression of only LE-ACS2 is ele-

vated by ethylene. The class to which each ACS protein

belongs (as defined in Figure 2) is shown in the paren-

theses. See text for additional details.
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response morphology (a morphology that etiolated

seedlings adopt in the presence of ethylene) in the

absence of exogenous application of ethylene

(Guzman and Ecker 1990; Kieber and others 1993).

The eto2 and eto3 mutants are dominant mutations

in the C-terminus of ACS5 and ACS9, respectively

(Vogel and others 1998; Chae and others 2003). The

half-life of WT ACS5 protein is shorter than that of

the eto2 ACS5 protein, without any alteration in

specific activity of the enzyme (Woeste and others

1999; Chae and others 2003). Likewise, the eto3

mutation stabilizes the ACS9 protein (M. Hansen

and J. Kieber, unpublished data).

One component regulating the turnover of ACS5,

and possibly all type 2 ACS proteins, was identified

by the cloning of the ETO1 gene. The eto1 mutation

is a recessive mutation that elevates basal ethyl-

ene biosynthesis, especially in etiolated seedlings

(Guzman and Ecker 1990). Cloning of ETO1 re-

vealed that it encodes an E3 ligase component, a

BTB/TPR protein. ETO1 binds to type 2 ACS pro-

teins, but not to type 1 or type 3 ACS proteins

(Wang and others 2004; Yoshida and others 2005;

Yoshida and others 2006). Disruption of ETO1 re-

sulted in increased stability of the ACS5 protein

(Chae and others 2003) and consequently increased

ethylene biosynthesis. There are two paralogs of

ETO1 in Arabidopsis, called EOL1 and EOL2 (ETO1-

like), which also interact with type 2 ACS proteins

(Wang and others 2004). EOL genes have also been

identified in tomato and in the monocot rice

(Yoshida and others 2006). The C-terminal 14

amino acids from LE-ACS3 are sufficient to confer

ETO/EOL-dependent rapid degradation to a fusion

protein in cultured rice cells (Yoshida and others

2006), which, coupled with analysis of the eto2 and

eto3 mutants, indicates that this region is necessary

and sufficient for ETO1/EOL targeting. The ETO/

EOL proteins are postulated to act as adap-

tors—which bind on one end to the substrate, in

this case the ACS proteins, and on the other end to a

CUL3/E3ligase—which then catalyze the addition of

ubiquitin moieties on the ACS substrate. The ligase

then ubiquitinates the substrate, thus targeting the

protein for degradation by the 26S proteosome.

Further evidence of the involvement of the E3

ligase components in the regulation of ACS stability

come from analysis of mutants in the E3 ligase

pathway. The ubiquitination of target proteins re-

quires an E1 activation enzyme to activate ubiqu-

itin, an E2 conjugating enzyme, and finally the E3

ligase enzyme (Pintard and others 2004; Willems

and others 2004). There are two general types of E3

ligases, HECT and RING; the former can carry a

ubiquitin, whereas the latter associates with an E2-

conjugating enzyme. The E3 ligase that has been

implicated in type 2 ACS protein degradation is a

RING ligase known as the BC3B, or BTB ligase. The

RING E3 ligase complex is composed of an E2-

conjugating enzyme, a cullin component, an RBX1/

ROC1/HRT1 protein (RBX1 in Arabidopsis), and an

adaptor protein(s) that binds to a specific substrate.

In BC3B ligases, the cullin is CUL3a and 3b specifi-

cally, and the adaptor protein is a BTB protein

(Dieterle and others 2005; Figueroa and others

2005; Gingerich and others 2005). In the case of

ETO1, the BTB domain interacts with CUL3,

whereas the TPR domain interacts with ACS5, and

other type 2 ACS proteins to bring the substrate into

contact with the E2 enzyme.

Further regulation of the E3 ligase function occurs

via conjugation to a small peptide similar in sequence

to ubiquitin, called RUB1 (Downes and Vierstra

2005). Attachment of RUB to an E3 ligase results in

the activation of the ligase, as well as decreasing the

stability of the cullin protein (Wu and others 2005).

The rce1 mutant, which is defective in a RUB1-con-

jugating enzyme, adopts a triple response in the dark

as a result of elevated ethylene biosynthesis (Bostick

and others 2004; Larsen and Cancel 2004).

An indication that the degradation machinery for

ACS protein can be regulated, rather than simply

acting constitutively, came from studies of Arabid-

opsis seedlings treated with cytokinin. Treatment of

etiolated Arabidopsis seedlings with cytokinin ele-

vates ethylene biosynthesis (Cary and others 1995;

Vogel and others 1998; Vogel and others 1998;

Woeste and others 1999). It was found that, in

contrast to auxin and many other inducers of eth-

ylene biosynthesis, cytokinin does not elevate ACS

transcript levels (Vogel and others 1998), but rather

decreases the rapid turnover of the ACS5 protein

(Vogel and others 1998; Chae and others 2003). An

additional example is the regulation of the turnover

of type 1 ACS proteins by a stress- and pathogen-

regulated MAP kinase (Liu and Zhang 2004), which

is discussed below.

Role of Phosphorylation in Regulating ACS
Protein Turnover

The stability of ACS proteins is regulated by protein

phosphorylation. Treatment of tomato cells with

protein kinase inhibitors K-252a and staurosporine

leads to inhibition of elicitor-dependent induction

of ACS and ethylene biosynthesis (Grosskopf and

others 1990; Felix and others 1991) through a

mechanism that most likely involves increased

turnover of the ACS protein (Spanu and others

1994). In tomato cells, the ACS protein LE-ACS2
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was shown to be phosphorylated by a CDPK from

extracts of wounded tomato fruits (Tatsuki and Mori

2001). The target of CDPK phosphorylation was the

conserved serine residue Ser-460 at the C-terminal

region of the protein.

Additional evidence that CDPK phosphorylation

may regulate ACS stability comes from in vitro

phosphorylation studies, where a synthetic peptide

based on the known CDPK phosphorylation site of

LE-ACS2 was shown to be phosphorylated by maize

extracts containing CDPK activity (Sebastià and

others 2004). A novel CDPK phosphorylation motif

was identified in the C-terminal domain of type 2

ACS proteins.

The current model is that phosphorylation of type

1 and type 2 ACS proteins blocks the ability of the

ETO1/EOL proteins to bind, thus inhibiting the

ubiquitination of these ACS proteins and thus their

degradation by the 26S proteosome (Figure 4).

Support for a role of calcium, and by inference the

CDPKs, in regulating ACS protein stability has come

from studies in which pea seedlings were treated

with Ca2+ channel inhibitors and calmodulin-bind-

ing inhibitors. These treatments reduced the ethyl-

ene-induced expression of the ACO gene ACO2 and

ACS2, as well as ACO activity (Petruzzelli and others

2003). Similar results were observed on mung bean

seedlings, where the expression of Vr-ACS1 and

Vr-ACO1 after ethylene treatment, as well as the

activity of Vr-ACO1, was reduced after treatment

with Ca2+ inhibitors (Jung and others 2000).

Regulation of ethylene biosynthesis and ACS

stability are also under control of MAP kinases. In

tobacco, a stress-induced MAP kinase (SIPK) is in-

volved in the response to different stresses, includ-

ing pathogen- and ozone-induced ethylene

biosynthesis. The expression of an activated form of

NtMEK2, a tobacco kinase upstream of SIPK, leads

to an increase in ethylene production, as well as an

increase in ACS activity and ACS, ACO, and ERF

gene induction, similar to the effect obtained after

pathogen inoculation (Kim and others 2003). The

closest homolog of SIPK in Arabidopsis is MPK6. To

test the role of MPK6 in ethylene responses in

Arabidopsis, the activated form of NtMEK2 was ex-

pressed in wild-type and mpk6 mutant Arabidopsis

plants, under the control of a DEX-inducible pro-

moter (Liu and Zhang 2004). DEX application in-

creased the amount of ethylene produced and ACS

activity in wild-type plants, but not in mpk6 plants,

indicating a requirement for MPK6 in NtMEK2-in-

duced ethylene biosynthesis (Liu and Zhang 2004).

The same effect was observed after treatment with

the pathogen elicitor flg22. MPK6 was shown to

phosphorylate ACS2 and ACS6 in vitro, and trans-

genic plants overexpressing a phosphomimic-acti-

vated mutant version of ACS6 showed increased

ethylene production. These results indicate that a

pathway similar to the SIPK pathway in tobacco

operates in Arabidopsis, and that MPK6 phosphory-

lates ACS proteins, thereby decreasing their turn-

over and increasing ethylene biosynthesis after

pathogen stress.

A possible conversion on the CDPK- and MPK6-

regulated pathways has been recently proposed

Figure 4. Model for the regulation of ethylene biosyn-

thesis in Arabidopsis. Type 1 ACS proteins are phosphor-

ylated in response to stresses at three serine residues in

the C-terminal domain of type 1 ACS proteins by a MAP

kinase called MPK6. In Arabidopsis, MPK6 is activated by

the MAPKK MKK4/5. MPK6 phosphorylation is sufficient

to stabilize type 1 ACS. Type 1 ACS proteins are also

phosphorylated by a CDPK, although it is not known

which particular CDPK phosphorylates ACS proteins

in vivo. Phosphorylation at both sites is predicted to block

the rapid degradation of the ACS proteins by the 26S

proteosome. The ETO1 protein has been found to bind to

the C-terminal domain of type 2 ACS proteins and thus

target them for degradation by the 26S proteasome via

polyubiqutination by a B3B E3 ligase complex. Cytokinin

prevents the rapid degradation of type 2 proteins by an

unknown mechanism. It is unknown what targets the

type 1 proteins for rapid degradation. See text for further

details.
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(Ludwig and others 2005). Tobacco plants tran-

siently expressing an activated form of tobacco

CDPK2 lacking the autoinhibitory and the calmod-

ulin-like domains (CDPK-VK) show increased re-

sponse to mild abiotic stress, as well as constitutive

activation of some stress- and pathogen-responsive

genes, and increased levels of SA, JA, and ACC

biosynthesis, indicating a role for CDPK2 as a reg-

ulator of stress and pathogen responses in tobacco.

Moreover, the activation of SIPK and WIPK by

abiotic and biotic stresses, as observed in gel kinase

assays, is compromised in the CDPK-VK plants. The

increased ethylene production of CDPK-VK plants is

abolished by the ethylene biosynthesis inhibitor

AVG but not by silver thiosulfate, an inhibitor of

ethylene perception, suggesting that ethylene per-

ception is not necessary for CDPK2-regulated re-

sponses (Ludwig and others 2005).

The negative regulation of SIPK and WIPK by

activated CDPK2 shows that both pathways are

activated in defense response to pathogens, and

they might exert regulatory effects on each other,

allowing for the fine tuning of defense responses to

plants. The increased ethylene phenotype, but de-

creased SIPK activation of CDPK-activated plants, is

contradictory to the increased ethylene phenotype

of MPK6-activated plants described by Liu and

Zhang (Liu and Zhang 2004). These findings high-

light the complexity of phosphorylation-regulated

signaling and ethylene biosynthesis in plants in re-

sponse to different stresses.

CONCLUSIONS

The biosynthesis of ethylene occurs via a simple,

well-characterized biochemical pathway in which

the two key enzymes, ACS and ACO, are both en-

coded by multigene families. The production of

ethylene is highly regulated, and a key point of

regulation involves controlling the level of active

ACS protein, which is summarized in the model

shown in Figure 4. Numerous studies have de-

scribed how various factors regulate the transcrip-

tion of distinct subsets of ACS genes. A major

question is whether the different properties of the

various ACS isoforms, combined with the distinct

expression patterns, reflect an optimization of

expression of a particular ACS for a particular

cellular environment and for a particular function,

such as the requirement for the level of ethylene

production needed in a given tissue. Layered onto

the transcriptional control is the regulation of the

stability of the ACS proteins. Emerging evidence

suggests that the different classes of ACS proteins

are regulated by distinct regulatory inputs. Fur-

thermore, that the ETO1/EOL proteins interact

specifically with the type 2 ACS proteins suggests

that distinct proteins are involved in targeting the

type 2 and type 1/type 3 ACS proteins for degra-

dation, and these distinct proteins remain to be

identified. It is unclear how widespread the regu-

lation of ACS protein stability is in different condi-

tions of ethylene production, and what the relative

contribution of each level of control is in various

conditions. The regulation of ethylene production

has a surprisingly complex circuitry, which we have

only begun to understand.
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