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The molecule 1-aminocyclopropane-1-carboxylate (ACC) is the immediate precursor of the plant hormone ethylene
in most seed plant species. Both 1-aminocyclopropane-1-carboxylate and ethylene can affect plant growth and

development in a variety of ways.

ethylene 1-aminocyclopropanel-carboxylate ACC deaminase

| 1. Introduction

Plant growth and development are regulated by several different phytohormones including cytokinins, gibberellins,
auxins, salicylic acid, jasmonates, brassinosteroids, abscisic acid, strigolactones, and ethylene LIZIEBI4IBIE A key
phytohormone, and of particular interest to this discussion, is ethylene (C,H,), a low molecular weight (28.05
g/mol) gaseous hydrocarbon that is produced in all higher plants and modulates a wide range of plant physiological
and biochemical activities [BIE Thus, for example, “ethylene is involved in seed germination, tissue
differentiation, formation of root and shoot primordia, root branching and elongation, lateral bud development,
flowering initiation, anthocyanin synthesis, flower opening and senescence, fruit ripening and degreening,
production of volatile organic compounds, ...aroma formation in fruits, storage product hydrolysis, leaf senescence,
leaf and fruit abscission, Rhizobia nodule formation, mycorrhizae-plant interaction, and (importantly) the response
of plants to various biotic and abiotic stress” . The impact of ethylene on a particular plant trait may be either
stimulatory or inhibitory, and is a consequence of the genus and species of the plant, the age of the plant, and the
soil conditions, including the presence of soil microbes, the weather, and the amount of ethylene that is produced.
Moreover, depending upon these conditions, a very wide range of ethylene concentrations (~4000-fold) may exhibit
biological activity 19 |n addition, in some plants under specific conditions, the presence of increasing ethylene
may impact the synthesis of other phytohormones including abscisic acid, gibberellin, cytokinin, and auxin L11112],
Thus, some of the biological activities largely attributed to ethylene may be the consequence of ethylene affecting

the concentration of, or acting in concert with, other phytohormones.

| 2. Ethylene and ACC Biosynthesis in Plants

The biosynthesis of ethylene has been studied in detail in numerous higher plants and it appears that all of these
plants utilize essentially the same mechanism to synthesize ethylene 13141 |n addition to the plant biosynthesis of
ethylene, some microorganisms can also synthesize ethylene, albeit using an entirely different biosynthetic

pathway (22181 |n plants, the biosynthesis of ethylene begins with the conversion of the relatively rare, but
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nonetheless very important, amino acid L-methionine into the compound S-adenosylmethionine (SAM) by the

enzyme SAM synthase, which is encoded by a small multi-gene family (Figure 1).
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Figure 1. Overview of the biosynthetic pathway for the synthesis of ACC and ethylene in plants. Abbreviations:
MTA, 5'-methylthioadenosine; M-ACC, 1-(malonyl)-ACC; G-ACC, 1-(glutamyl)-ACC. The enzymes catalyzing some

of these reactions are shown to the left of the arrow indicating a catalyzed reaction.

Being at the junction of several biosynthetic pathways 22, SAM is moderately abundant within plant tissues. For
the synthesis of ethylene, the compound SAM is converted into 1-aminocyclopropane-1-carboxylate (ACC) and 5'-
methylthioadenosine (MTA) by the enzyme ACC synthase 1819 The MTA that is formed as a byproduct of this
reaction is recycled to form the amino acid L-methionine. This allows the amount of L-methionine in a plant cell to
remain relatively constant even during fairly high rates of ethylene production. Some scientists believe that the
synthesis of ACC from SAM is the committal, or rate-limiting, step in the biosynthesis of ethylene 2921 There are
several, nearly identical, ACC synthase enzymes present in a plant cell as a consequence of the fact that the
genes that encode this enzyme are part of a multi-gene family. Moreover, considerable evidence suggests that the

transcription of different genes that encode this enzyme are regulated under a range of different environmental or
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plant physiological conditions (e.g., 121). When high levels of ACC synthesis are not required, the amount of ACC
synthase in plant cells remains relatively low. The subsequent conversion of ACC to ethylene is catalyzed by the
enzyme ACC oxidase [2223124] \hich is also generally present constitutively in most plant tissues at very low
levels. Similar to ACC synthase genes, ACC oxidase genes are part of a multi-gene family with different isoforms of
this enzyme being actively transcribed under different environmental or plant physiological conditions 2. Thus, in
many physiological conditions, both ACC synthase and ACC oxidase may be considered to be inducible enzymes.
The fact that both enzymes are inducible is somewhat unusual in that in most metabolic pathways that have been
studied only a single step is typically thought of as rate limiting. However, inducible ACC synthesis followed by
inducible ethylene synthesis is consistent with the idea, posited below, that ACC synthesis and ethylene synthesis

evolved separately from one another.

Plant cells often make more ACC than they require at any particular time. This enables them to rapidly respond to
changing environmental conditions and to quickly synthesize ethylene from this storehouse of ACC. However, to
remove some of the excessive ACC when it is not immediately needed, plant cells are able to convert ACC into
inactive conjugated forms of this compound. For example, the conjugation of ACC with malonate or glutathione
occurs as a consequence of the action of either the enzyme ACC N-malonyl transferase 281271 or the enzyme
gamma-glutamyl transpeptidase [28l. These reactions result in the production of either 1-(malonyl)-ACC (M-ACC) or
1-(glutamyl)-ACC (G-ACC), respectively (Figure 1). Kinetic studies have determined that the tightness of the
enzyme ACC N-malonyl transferase binding to its substrate ACC is much lower than the tightness of the enzyme
ACC oxidase for the same substrate. Thus, if these two enzymes are present in cells in similar amounts, the ACC
will bind preferentially to ACC oxidase, and it will subsequently be converted into ethylene 3. However, as
indicated earlier, there is often an excess of ACC in the cell that needs to be removed, and it would be detrimental
to the plant to convert all the available ACC into ethylene 22, In this regard, the conjugation reactions remove ACC
only when it is present in relatively high levels, i.e., there is more ACC than is required for the necessary ethylene

synthesis.

| 3. Ethylene as a Signaling Molecule

Ethylene is one of the simplest signaling molecules with hormone-like behavior that is synthesized by plants. When
it plays the role of a hormone, it regulates plant development (seed germination, cell elongation, fruit ripening, seed
dispersal) and plant responses to environmental stresses such as soil pollution by metals, high salinity levels, low
water availability, and sub-optimal temperatures, as well as pathogen (fungi, insects, nematodes) attack. The long
history of research on plant ethylene, well described in the review paper written by Bakshi et al. B9, started in 1885
with the first observation by George Fahnestock reporting that illuminating gas used for lighting in both homes and
streets negatively affected plant health and growth in a greenhouse in Philadelphia B3, About fifteen years later,
Dimitry Neljubow, a plant physiologist at the Botanical Institute of St. Petersburg University in Russia, identified
ethylene as the active molecule in illuminating gas that affects plants B2, Since then, a quite large number of
papers have focused on the roles of ethylene in plants and on its biosynthetic pathways (see Section 2), and only

more recently has attention been given to the perception of this gas through ethylene-binding sites and to the
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genes and proteins differentially expressed as a consequence of ethylene synthesis. All the major molecular
elements involved in ethylene signaling pathways have been identified and described through a combination of

molecular biology, cell biology, biochemistry, and genetic tools 19,

Based on the results of several studies, performed mainly on Arabidopsis thaliana, it has been hypothesized that
the plant gene(s) dedicated to ethylene perception are derived from a cyanobacterium that transferred this coding
DNA to the chloroplast genome [B3I34135] According to one pioneering study, it has been estimated that about 4000
ethylene-binding sites are distributed through each tobacco leaf cell B8 mainly located in the endoplasmic
reticulum membrane BZB8] Al of the ethylene receptors described in the literature show a hydrophobic N-terminal
domain comprising the ethylene-binding domain [B3IB2M4A  followed by a cytosolic domain, which contains
ubiquitous sequences occurring in a plethora of other signaling molecules expressed by members of all the three
kingdoms of life, playing a pivotal role in protein—protein interactions between the receptors “1421431144] At the
base of the ethylene receptor is a protein homodimer that binds noncovalently with other homodimers leading to

the formation of higher order homomeric and heteromeric complexes [43],

The binding of ethylene with its receptor is supported by a copper-based cofactor, which is required for ethylene-
receptor functions, and is provided by the RAN1 (Responsive to Antagonistl) copper transporter 22!, According to
the studies performed on A. thaliana, there are five ethylene receptors in this model plant that can be categorized
into two clades, the first one containing ETR1 and ESR1 (Ethylene Response 1 and Ethylene Response Sensor 1,
respectively) and the second represented by ETR2, ERS2, and EIN4 (Ethylene Response 2, Ethylene Response
Sensor 2, and Ethylene Insensitive 4, respectively) 431, A structural model of this ethylene receptor has been
proposed by Schott-Verdugo et al. 48 and, very recently, the structure of the ethylene-binding domain of ETR1 has
been elucidated by Azhar et al. 47, Based on the fact that the functioning of the ethylene receptor is dependent on
copper availability, it has been hypothesized that the whole mechanism of ethylene perception depends on an
ancient copper transport mechanism that protects plant cells from the toxicity induced by high concentrations of

this metal [48l.

The gene CTR1 (CONSTITUTIVE TRIPLE RESPONSE 1), coding for a serine/threonine protein kinase, behaves
as a negative regulator of ethylene responses, where ethylene response in plants is suppressed by its protein
kinase activity 49, The N-terminal regulatory domain is closely connected to ETR1. Although this association is

required in order to ensure the kinase activity of CTR1, the mechanism by which CTR1 is activated by the ethylene
receptors is still unknown BYBL52]53]

The protein EIN2 (ETHYLENE-INSENSITIVE 2), located in the endoplasmic reticulum membrane, shows 12 trans
membrane domains at its N terminus and a plant specific domain that is involved in the activation of the ethylene
downstream response at the C terminus B4I33], |t has been shown that A. thaliana has a single-copy EIN2 gene
whose sequence is conserved from the charophyte green algae to land plants 28, Its role is to transfer the
ethylene plant response to EIN3 (ETHYLENE-INSENSITIVE 3), which is in the nucleus; in fact, when ethylene is
perceived by the plant, EIN2 is cleaved by an unknown protease at the C terminal portion and the remaining

sequence can move to the nucleus BZ58],
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Additionally, EIN2-C can bind to the EBF1/EBF2 RNAs and be sequestered in cytoplasmic granules composed of
translationally repressed mRNAs and proteins related to mRNA decay, called processing bodies (P-bodies) [28I59],
Finally, EIN2 stabilizes the two transcriptional factors EIN3 and EIL1 (ETHYLENE-INSENSITIVE 3-like 1 protein,
homologous to EIN3), proteins which are key transcriptional factors involved in the modulation of the ethylene
response genes such as ETHYLENE RESPONSE FACTORS (ERFs) (961l The identification of this pathway

allowed scientists to describe how an ethylene signal goes from the site of perception at the ER membrane and

ﬂf’f\

Degradatlon by proteasome
AND
_ = = no response to ethylene

then to the nucleus. The pathway of ethylene signaling is depicted in Figure 2.

Case A. Ethylene absent

ETR1 CTR1

Ethylene
response genes

Case B. Ethylene present

Figure 2. When ethylene is absent (Case A), the receptors located in the endoplasmic reticulum membrane (in the
diagram this is represented by ETHYLENE RESPONSE 1, ETR1) repress downstream ethylene responses. A
serine—threonine protein kinase called CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) phosphorylates EIN2
(ETHYLENE-INSENSITIVE 2) protein at the C terminal. In this way, EIN2 becomes targeted for degradation. In the
nucleus, proteins EBF1 (EIN3 BINDING F-BOX1) and EBF2 (EIN3 BINDING F-BOX2) cooperate to activate the
degradation of two transcription factors: EIN3 (ETHYLENE-INSENSITIVE 3) and EIL1 (ETHYLENE-INSENSITIVE

3-like 1). Altogether, these steps lead to inhibition of downstream ethylene signaling.

If ethylene is present (case B), it binds to the receptor and inactivates CTR1. This inactivation promotes the

cleavage of the C terminus of EIN 2 protein.

The EIN2 C-terminal domain (EIN2-C), released upon cleavage, inhibits the translation of EBF1/EBF2 thus
allowing accumulation of the EIN3- and EIN3-LIKE1 (EIL1)-transcription factors that activate the transcription of
ERF1 (ETHYLENE RESPONSE FACTOR 1) and of many other genes involved in ethylene response. Altogether,
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the transcription of these genes then activates the plant ethylene response. Furthermore, EIN2-C can bind to the

EBF1/EBF2 RNAs and become sequestered in processing bodies (P-bodies) in the cytoplasm.

The response of plants to ethylene is the same regardless of whether the ethylene is exogenously provided or
endogenously synthesized.

| 4. ACC as a Signaling Molecule

Several studies have provided evidence that, in addition to acting as a precursor for the synthesis of ethylene, ACC

itself can act as a hormonal signal [Z[2LI61I[62I[63][641[65][66[67] The first indication of this possibility, using chemical
inhibitors of ethylene biosynthesis or ethylene perception, was that ACC appeared to be a signaling molecule for
root to shoot communication under conditions where ethylene perception was blocked [81l. In other experiments,
ACC was shown to play a role in stomal development in A. thaliana 88, In addition, other studies suggested that
ACC plays a direct role in plant defenses against the fungal phytopathogen Verticillium dahliae 2. For example,
during periods of flooding, ACC, which is primarily synthesized in plant roots, is transported through the xylem to
the shoots where, as a consequence of the availability of oxygen, the ACC is converted to ethylene A7 |t s
possible that the precise role of ACC as a signaling molecule might be better defined, at least in some cases, by
repeating some of the experiments that have previously been performed using chemical ethylene (synthesis or
perception) inhibitors or ethylene biosynthesis mutants and instead include the presence of the enzyme ACC
deaminase, which is an ACC rather than an ethylene inhibitor. Interestingly, it has been demonstrated that ACC
behaves as a signal molecule involved in the recruitment of specific bacteria able to cleave ACC into ammonia and
o-ketobutyrate, so that it shapes the rhizosphere microbiome. In turn, these bacteria reduce the stress levels in
plants and this new physiological condition can subsequently modulate the composition of the plant-associated
bacterial communities [Z2I[Z3],

Finally, assuming that ACC is in fact a plant-signaling molecule, at least under certain circumstances, this is
consistent with the possibility that ACC may have been a major signaling molecule in primitive plants prior to the
development of ethylene and ethylene signaling, and prior to ACC becoming a precursor for the synthesis of
ethylene in seed plants [4],
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