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Background: 1-Aminocyclopropane-1-carboxylate oxidase (ACO) is a key enzyme that catalyses the final step in
the biosynthesis of the plant hormone ethylene. Recently, the first ACO homologue gene was isolated in Agaricus
bisporus, whereas information concerning the nature of the ethylene-forming activity of this mushroom ACO is
currently lacking.

Methods: Recombinant ACO from A. bisporus (Ab-ACO) was purified and characterised for the first time.
Molecular modelling combined with site-directed mutagenesis and kinetic and spectral analysis were used
to investigate the property of Ab-ACO.

Results: Ab-ACO has eight amino acid residues that are conserved in the Fe (II) ascorbate family of dioxygenases, :

including four catalytic residues in the active site, but Ab-ACO lacks a key residue, S289. In comparison to plant

ACOs, Ab-ACO requires ACC and Fe (II) but does not require ascorbate. In addition, Ab-ACO had relatively low :
activity and was completely dependent on bicarbonate, which could be ascribed to the replacement of S289 by :

G289. Moreover, the ferrous ion could induce a change in the tertiary, but not the secondary, structure of Ab-ACO.
Conclusions: These results provide crucial experimental support for the ability of Ab-ACO to catalyse ethylene for-
mation in a similar manner to that of plant ACOs, but there are differences between the biochemical and catalytic

General significance: This work enhances the understanding of the ethylene biosynthesis pathways in fungi and
could promote profound physiological research of the role of ethylene in the regulation of mushroom growth

© 2013 Published by Elsevier B.V.

oxidase (ACO)

Ethylene forming enzyme

Active site
characteristics of Ab-ACO and plant ACOs.
and development.

1. Introduction

Ethylene is a potent gaseous hormone that controls many processes
associated with plant growth and development, including germination,
fruit ripening, senescence and responses to several stresses [1]. Ethylene
is biologically active in trace amounts, and the effects of this hormone
are commercially important [1]. Interestingly, ethylene is produced
not only by plants but also by microorganisms [2-4]. In higher plants,
ethylene is produced via two committed enzyme-catalysed steps from

Abbreviations: ACC, 1-aminocyclopropane-1-carboxylic acid; ACO, ACC oxidase; Ab-
ACO, Agaricus bisporus (J.E. Lange) Imbach ACC oxidase; SAM, S-adenosyl-L-methionine;
ACS, ACC synthase; EFE, ethylene-forming enzyme; PCR, polymerase chain reaction;
IPTG, B-D-thiogalactoside; MOPS, 3-(N-morpholino) propanesulphonic acid; DTT,
dithiothreitol; PMSF, phenylmethanesulphonyl fluoride; SDS-PAGE, sodium dodecyl sul-
phate polyacrylamide gel electrophoresis; IBs, inclusion bodies; 3D, three-dimensional;
CD, circular dichroism; ANS, anthocyanidin synthase; K., Michaelis constant

* Corresponding authors. Tel.: +86 10 62738456; fax: +86 10 62736474.
E-mail addresses: shen5000@cau.edu.cn (L. Shen), shengping@ruc.edu.cn (J. Sheng).
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S-adenosyl-L-methionine (SAM), which involves 1-aminocyclopropane-
1-carboxylic acid (ACC) as a key metabolic intermediate. Firstly, ACC
synthase (ACS) catalyses the cyclisation of SAM into ACC, and subse-
quently ACC oxidase (ACO) catalyses the oxidative conversion of ACC
to ethylene [1,5]. ACS and ACO are the two key enzymes of the ethylene
biosynthetic pathway [6]. However, microbial ethylene biosynthesis
occurs via two distinct pathways. Most microorganisms produce eth-
ylene from methionine via 2-keto-4-methyl-thiobutyric acid by an
NADH:Fe(III)EDTA oxidoreductase 7], and a few microorganisms effi-
ciently produce ethylene from 2-oxoglutarate by an ethylene-forming
enzyme (EFE) [8,9]. Moreover, the biosynthesis and utilisation of ACC
are of rare occurrence in microorganisms, except in the slime mould
Dictyostelium mucoroides [10] and Penicillium citrinum [11]. Though
ACS was purified and characterised from the latter, ACC is converted
to a-ketobutyrate and ammonia by the action of ACC deaminase in-
stead of being oxidised to form ethylene by ACO [11]. These findings
imply different ACC functions and ethylene synthesis pathways in
microorganisms.

Please cite this article as: D. Meng, et al., Identification and active site analysis of the 1-aminocyclopropane-1-carboxylic acid oxidase catalysing
the synthesis of ethylene in Agaricus bisporus, Biochim. Biophys. Acta (2013), http://dx.doi.org/10.1016/j.bbagen.2013.08.030
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Agaricus bisporus (J.E. Lange) Imbach is a macro-fungus, which is a
“medium-evolved” species between plants and microorganisms, that
also produces ethylene during differentiation and development. A rela-
tionship between the sporocarp development and the appearance of
the peaks of ethylene production has been investigated [12,13]. Never-
theless, neither evidence for a similar regulatory role of ethylene as in
higher plants nor information on the route of ethylene biosynthesis
has been found in A. bisporus. A homologous gene encoding ACO was
recently isolated from A. bisporus during the genome project [14].
However, definite information on the nature of catalysing the produc-
tion of ethylene in A. bisporus by Ab-ACO, which could regulate growth
and development, is currently lacking.

By contrast, plant ACC oxidase has been scrutinised to various
degrees. ACO is a member of a superfamily of oxygenases and oxidases,
most members of which couple the reaction of the oxidative decar-
boxylation of a-ketoglutarate (a-KG) to substrate oxidation [15]. ACO
is unusual as the enzyme does not require a-KG as a cosubstrate but
uses the cosubstrate ascorbate and the activator CO, instead [16,17].
ACO couples the two-electron oxidation of ACC and ascorbate to pro-
duce ethylene, HCN, CO,, and dehydroascorbate, using a single non-
heme Fe (II) ion and dioxygen [16,18]. The active site of ACO contains
the conserved Fe (II) binding residues, namely, a 2His-1Asp facial
triad and the putative co-substrate hydrogen-binding residues (RXS)
[19]. Thus, it is of interest and of significant importance to know if
ACO in A. bisporus (Ab-ACO) has similar biochemical and structural
characteristics. It is unknown whether Ab-ACO has catalytic residues
similar to plant ACOs.

To address this need, we purified and analysed the biochemical
properties of recombinant Ab-ACO. The residues that are involved in
catalysis were identified by site-directed mutagenesis guided by protein
structure homology modelling in combination with spectral analysis
to identify the reported Ab-ACO as the ethylene-forming enzyme in
A. bisporus.

2. Materials and methods
2.1. Cloning and expression of Ab-ACO proteins

Total RNA was isolated from the fruiting bodies of A. bisporus
according to our optimised method [20] and was then stored at
—80 °C for further use. First strand cDNA was synthesised using oligo-
dT18 (Promega) and 2 pg total RNA treated with RNase-free DNase I
and M-MLV reverse transcriptase (Promega), according to the method
of Zhao et al. [21]. The coding sequence of ACO from A. bisporus was
amplified from the first strand cDNA with EasyPfu DNA Polymerase
(TransGen Biotech, Beijing, China) and specific primers, WT_for and
WT_rev (Table 1), which were designed based on the genome sequence
results of A. bisporus var bisporus v2.0 (URL, http://genome.jgi.doe.gov/
Agabi_varbur_1). The resulting PCR product was ligated and introduced
into the pET3a (Novagen Inc,, Madison, WI, USA) expression plasmid,
which contains an isopropyl (3-D-thiogalactoside-inducible promoter
and was used to express wild-type recombinant Ab-ACO.

2.2. Preparation of wild-type and mutant Ab-ACO proteins

Both wild-type and mutant plasmids were transformed into
Escherichia coli BL21 (DE3) pLysS competent cells using conventional
methods. The transformed E. coli cells were grown in Luria-Bertani
broth with 50 pg/mL ampicillin, initially at 37 °C until the cultures
reached in logarithmic phase (ODggo = 0.5). Thereafter, the cells
were cooled to 27 °C to induce protein production by the addition
of isopropyl-B-D-thiogalactoside (IPTG) at a final concentration of
0.5 mM. Induction was carried out at 27 °C for 8 h.

The cell pellets were harvested by centrifugation and were
resuspended in a buffer containing 50 mM MOPS (3-(N-morpholino)
propanesulphonic acid, pH 7.4), 1 mM dithiothreitol (DTT), 3 mM

t1.1

t1.3

Table 1
Oligonucleotides used for cloning and expression of wild-type and mutant Ab-ACO t1.2
proteins.
Proteins Oligonucleotide sequence®
WT_for 5°-GGGAATTCCATATGACTATCATAACCCAGCCTCCCG-3~
WT_rev 57-CGCGGATCCATTATAATGCCGAAGTAAAACACCG-3~
H216D_f 5"-CGGAGTCTGGTTGAAAGGAAATACTGACTT-3"
H216D_v 5°-TTCCTTTCAACCAGACTCCGCCGGATTTAT-3"

H216D/D218E_f
H216D/D218E_v

5°-GGTTGAAAGGAAATACTGAGTTTATGACGC-3"
5°-CTCAGTATITCCTTTCAACCAGACTCCGCC-3”

H273Q f 5°-ACAAGCCGACAATCCAAAGAGTGCGCC-3"
H273Q v 5°-TTGGATTGTCGGCTTGTAGTAGCCTCC-3"
H216D/D218E/H273Q _f 5°-ACAAGCCGACAATCCAAAGAGTGCGCC-3"
H216D/D218E/H273Q_v 5°-TTGGATTGTCGGCTTGTAGTAGCCTCC-3"
R287G_f 5°-CCAACAAAACAAGACTGGAGTTGGACT-3"
R287G_v 5°-CAGTCTTGTTTTGTTGGTCCAGAGGTG-3"
G289S_f 5°-AACAAGACTAGAGTTAGTCTCTTATATTTC-3"
G289S_v 5°-ACTAACTCTAGTCTTGTTTTGTTGGTCCAG-3~

#Mutated nucleotides are shown in boldface and magenta.

ascorbic acid, 10% (v/v) glycerol and 0.5% Triton X-100. For cell lysis,
the suspension was sonicated on ice after 1 mM protease inhibitor
phenylmethanesulphonyl fluoride (PMSF) was added. The soluble
and insoluble fractions were separated by centrifugation at 10,000 g
for 10 min at 4 °C. The pellet containing the insoluble recombinant
pPET3a-AbACO protein (inclusion bodies, IBs) was washed three times
with 50 mM Tris-HCl (pH 8.0), 100 mM NacCl, 1 M urea, and 1% Triton
X-100. Then, the pellet was resuspended in a buffer containing 8 M
urea and 10 mM Tris-HCl (pH 7.4), and the pellet was then solubilised
for 4 h with stirring at room temperature. The solubilised inclusion
body was centrifuged at 10,000 g for 15 min at 4 °C, and the superna-
tant was collected.

Denatured proteins were refolded as described by Wang et al.
[22] with minor modifications. The proteins were dialysed against
2 L of freshly made 6, 4, 2, 1.5, 1, 0.5, and 0 M urea, consecutively,
with 50 mM Tris (pH 7.4), 12 mM Hepes (pH 7.4), 60 mM KCl, 1 mM
EDTA and 1 mM DTT. For each concentration, the protein was dialysed
for 12 h with stirring at 4 °C.

The wild-type and mutant Ab-ACO proteins were both purified
according to the reported method [23]. The protein content was deter-
mined by the Bradford method with bovine serum albumin as standard
[24]. SDS-PAGE was then performed to identify the proteins.

2.3. NH,-terminal amino sequence analysis

The amino acid sequence of the N-terminus was determined using
a Procise 491 protein sequencer (Applied Biosystems) by automated
Edman degradation as described by Li et al. [25].

2.4. Sequence alignment and molecular modelling

To select candidates for site-directed mutagenesis, the amino
acid sequence of ACO from A. bisporus was aligned with ACO1 from
Malus domestica (SWISSPROT Q00985), ACO4 from Solanum lycopersicum
(SWISSPROT P24157), ACO2 from Carica papaya (SWISSPROT Q9ZR(9),
ACO1 from Petunia hybrida (SWISSPROT Q08506), ACO4 from
Arabidopsis thaliana (SWISSPROT Q06588), and ACO4 from Vigna
radiata (SWISSPROT Q2KTE3) using DNAMAN (5.2.2) and EMBOSS
Needle (http://www.ebi.ac.uk/Tools/psa/) for multiply and pairwise
sequence alignment, respectively.

The most successful general approach for predicting the structure
of proteins involves the detection of homologs with known three-
dimensional (3D) structure-template-based homology modelling or
fold-recognition [26]; thus, several homologous proteins for the prelimi-
nary model of Ab-ACO were initially selected based on the GenTHREADER
scores. However, all homologous proteins from the database showed
<25% sequence identity. In general, alignment errors are relatively
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high for proteins with <30% sequence similarity [27]. Therefore, the
amino acid sequence of Ab-ACO was submitted to the Phyre? server
(http://www.imperial.ac.uk/phyre/) [26] for remote homology/fold
recognition to achieve high accuracy models at very low sequence
identities (15-25%). The stereochemical qualities of the final model
were evaluated by Procheck v3.5 [28] and Verify-3D [29] with the
Swiss Model server (http://swissmodel.expasy.org) and the NIH MBI
laboratory server (http://nihserver.mbi.ucla.edu), respectively.

2.5. Site-directed mutagenesis

Site-directed mutagenesis was performed using the Fast Mutagene-
sis System Kit (TransGen Biotech) according to the manufacturer's
instructions. The pET3a plasmid with the Ab-ACO gene was used as a
template for amplification of H216D, H216D/D218E, H273Q, R287G
and G289S; and the H216D/D218E plasmid was used for H216D/
D218E/H273Q amplification. The sequences of the sense/antisense mu-
tagenic primer pairs are presented in Table 1. PCR stimulate was added
during G289S plasmid amplification to optimise the template because
of the low GC content (<35%) of the primer. Plasmids containing the
correct mutation were identified by DNA sequencing.

2.6. Enzyme activity assay and kinetic analysis

The ACC oxidase activity assay was performed in sealed tubes as
previously described, with some modifications [30]. The standard reac-
tion 1.8 mL mixture comprised 100 mM Tris-HCl buffer (pH 7.2, con-
taining 1.0 mM ACC, 30 mM ascorbic acid, 0.1 mM FeSO,4, and 30 mM
NaHCOs). Each of the enzyme kinetics was obtained by varying the con-
centration of one of the substrates while maintaining the concentration
of the other substrates. The reaction was initiated by adding of 0.7 mL
purified enzyme (0.084 mg/mL) and by sealing the tube with a rubber
stopper. After incubation for 1 h at 30 °C with shaking, a 1 mL gas sam-
ple was withdrawn with a syringe from the head space of the sealed
10 mL tube for ethylene determination by a GC-4000A gas chromato-
graph (East & West Analytical Instruments, Inc., China) fitted with a
flame ionisation detector. The column/injector/detector temperatures
were set at 70, 120, 150 °C, respectively, and the carrier gas was N,
with a flow rate of 30 mL/min. The results are the mean of three repli-
cates. The K;,, (Michaelis constant) of ACO was determined by measuring
the reaction velocity at different substrate concentrations in a double
reciprocal or Lineweaver-Burk plot.

2.7. Circular dichroism (CD) and fluorescence spectroscopy

Far-UV CD spectra were recorded on a PiStar-180 spectrometer
(Applied Photophysics Ltd) under a constant flow of N, at 25 °C. The
fluorescence emission spectra were scanned using a Cary Eclipse fluo-
rescence spectrophotometer (Varian). The intrinsic Trp fluorescence
of the protein was recorded by exciting the solution at 280 nm and
measuring the emission in the 330-400 nm regions. All measure-
ments were performed in 50 mM Tris-HCl buffer (pH 7.2), containing
0.15 mg/ml protein solution and the indicated concentration of FeSO4
in triplicate.

3. Results
3.1. Cloning and preparation of recombinant Ab-ACO proteins

The coding sequence of Ab-ACO was amplified with specific primers
based on the results of the A. bisporus genome project. The resulting
RT-PCR product was 1104 bp long, and the recombinant Ab-ACO was
expressed in E. coli with no degradation of the protein that was detected
by SDS-PAGE. The supernatants and the pellets of the cell lysates were
tested for the presence of recombinant proteins. As shown in Fig. S1,
the majority of the expressed recombinant proteins were present in

IBs that were insoluble and inactive protein aggregates [31]. This may
be due to a protein translation rate that exceeds the cell capacity
to fold the newly synthesised proteins [32]. However, IBs cannot be
directly applied without solubilisation and refolding.

To isolate the Ab-ACO protein, the pellet was treated sequentially by
disruption, washing and solubilisation to obtain an early pure denatured
protein. Then, the protein was refolded and purified. The purified enzyme
was >95% pure with an apparent estimated molecular weight of ~42 kDa
(Fig. S1, lane 1), which was concurrent with the size of 42.03 kDa that
was predicted by ProtParam (http://expasy.org/tools/protparam.html)
analysis based on the amino acid sequence. The first 15 amino acids of
the N-terminus of the purified Ab-ACO (MTIITQPPVVPHFVQ) were con-
firmed by Edman sequencing, and the purified recombinant enzyme
was used for subsequent analysis.

3.2. Sequence alignment of the conserved Ab-ACO residues

The sequence alignment of ACO from A. bisporus with several plant
species is presented in Fig. 1. The amino acid sequence of Ab-ACO
exhibits very low (<25%) identity with plant ACOs and has 24 extra
residues in the N-terminal region. However, Ab-ACO contains some
conserved amino acid residues that are required for enzymatic activity,
according to previous studies on recombinant plant ACOs. Specifically,
eight of the twelve amino acid residues that are conserved among all
members of a superfamily requiring Fe (II) and ascorbate for enzyme ac-
tivities are present in Ab-ACO [33]. It is worth noting that the residues
that have been proposed to be involved in the chelation of the Fe (II)
ion (H216, H273 and D218) in the active site are also conserved in
Ab-ACO [34]. Furthermore, F144, L166 and L173 that form the putative
leucine zipper that is conserved in all known plant ACOs [35] are found
in Ab-ACO. The leucine zipper with dimerisation potential may be in-
volved in the binding of ACO to the membrane [35]. Although R287
which is required to bind with the ACC carboxyl group is conserved
in Ab-ACO, S289 which forms a RXS motif with R287 is substituted by
glycine. Importantly, the RXS motif is entirely conserved and regarded
as a binding site for the carboxylate of ACC in plant ACOs [36].

3.3. Modelling structure and mutagenesis data

To gain a better understanding of the role of Ab-ACO in ethylene

formation, 3D homology modelling (Fig. 2) was predicted by Phyre? to :

deduce the target residues for site-directed mutagenesis. The Ab-ACO
model based on ANS structure (anthocyanidin synthase; PDB code
1GP6) exhibits good geometric and stereochemical quality, encompassing
343 residues (93% of the Ab-ACO sequence) with 100% confidence by
the single highest scoring template. The Ramachandran plot (Fig. S2)
and Verify3D scores (Fig. S3) indicate an acceptable model quality,
showing over 99% of residues in the allowed regions and 82% of residues
with 3D scores above 0.2.

Although ANS and Ab-ACO have only 18% sequence identity, the ter-
tiary structures of these proteins are similar, particularly in the folding
motif. The main chain of Ab-ACO contains ten « helices and thirteen p

strands, of which seven (35-11) form a B-jellyroll or double-stranded

{3 helix topology (Fig. 2A, B). The jellyroll forms a hydrophobic cavity,
one end of which forms the active site in a similar manner to the struc-
ture of ANS [37]. Four of the five strictly conserved amino acid residues
(H216, H273, D218, R287) that are necessary for the activity of plant
ACOs are in the hydrophobic cavity (Fig. 2B, C). Three residues (H216,
H273 and D218), forming a facial catalytic triad, fold into a compact
jelly-roll motif with a well-conserved Fe? "-binding pocket, as seen in
other dioxygenases of the same family (Fig. 2B, C). To confirm that the
three residues were the Fe (II) binding ligands, each residue was sys-
tematically subjected to site-directed mutagenesis to generate variants
for kinetic analysis and spectral studies. Interestingly, each mutation
lowered the ACC oxidase activity, but mutants of H216D, H273Q and
H216D/D218E still retained 76%, 62% and 78% of enzyme activity,
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B4 a B; a:
ACO1 AGABT  MTTITQPPVVPHFVQAETTKENLDWADLDAVDLSKAKT LFVTNESVTPOOMSRIUF 75
ACO1_MALDO MATFPVVDLSLVNGEE . FELVNHGMSTELLDTVE 50
ACO4_SOLLC MENFPIINLENLNGDE. FELVNHGIPHEVMDTVE 50
ACO2_CARPA MENFPVIDLSKLNGER. FELVNHGISHDLMDTVE 50
ACO1_PETHY MENFPIISLDKVNGVE. FELVNHGIPREVMDTVE 50
ACO4_ARATH MESFPIINLEKLNGER. FECVNHGISLELLDKVE 50
ACO4_VIGRA MANFPVVDMGKLNTER . FELVNHGISIELMDTVE 50
° ° °
a Q. B2 B4 [o7]
o)
ACO1_AGABI  DLSNYAVDNVSDEEKQRYVGNMRENGTYRGYKPRKEJ§HTAGGVRDQIEQYNMNFRETKDGTHPEPLRPFLSEIDD 150
ACO1_MALDO  KMTKDHYKKTMEQRFKEMVAAKGLDDVQSETH. STevvnnn. FFLRHLPSSNISEIPDLEEEYRKTMKE 116
ACO4 SOLLC  KLTKGHYKKCMEQRFKELVASKGLEAVQAEVT. ST, FFLRHLPTSNISQVPDLDEEYREVMRD 116
ACO2 CARPA  RLTKEHYKKCMEQRFKEMVESNGLEAVQSEIN. EST...cvv.. FFLRHLPASNMHE I PDLEDDYRKAMKE 116
ACO1_PETHY  KMTKGHYKKCMEQRFKELVASKALEGVQAEVT. EST.. ..., FFLKHLPISNISEVPDLDEEYREVMRD 116
ACO4 ARATH  KMTKEHYKKCMEERFKESTKNRGLDSLRSEVN. STevnnn. FYLKHLPVSNISDVPDLDDDYRTLMKD 116
ACO4 VIGRA  RLTKEHYKKTMEQRFKEMVANKGLESVQSEIN. DST........ FFLRHLPVSNVSENTDLDQDYRKIMKQ 116
ACO1_AGABIT EEEE 225
ACO1_MALDO KPDLI 186
ACO4_SOLLC KPDLI 186
ACO2_CARPA KPDLI 186
ACO1_PETHY KPDLI 186
ACO4_ARATH NPDL 186
ACO4_VIGRA TPDLI 186
a
ACO1_AGABT SOPVASLOIM HVENGVL EAI RQPPLDQOONK! 300
ACO1_MALDO ODDKVSGLOL GE PPMHHSIV DOT IAQ...SDGT. 257
ACO4_SOLLC ODDKVSGLOL PPMRHST DOL I IAQ...TDGT. 257
ACO2_CARPA ODDKVSGLOL PPMKHSIVINLGDOLEVT IAQ...TDGN. 257
ACO1_PETHY ODDKVSGLOL PPMRHST DOLEVI I2Q. .. 257
ACO4_ARATH ODDKVSGLOL PPVKHST DOLEVI 1.50. .. 258
ACO4_VIGRA ODDKVISGLOL PPMRHSVVINLGDOLEVT IAQ. .. 257
Brz = s 9
)
ACO1_AGABI  VLRBIAESPVVQKGGDSESRLLDDKEPTAGEYGKARVMAYGGTQALKQDVORGT DEEVVAGVLLRHYN 368
ACO1 MALDO  FISBAPA..VLEKKT..EDAPTYPKEVFDDYMKLYSGLKFQ.AKEPRFE KESTPVA.TA 314
ACO4_SOLLC ~ VIYPAPS..LIE..... SKQVYPKEVFDDYMKLYAGLKFQ . PKEPRFE, EANVEL . VDQIASA 316
ACO2 CARPA  VIYPAPS..LVEKEA..EKNQTYPKEVFDDYMKLYVGLKFQ.AKEPRFE ESTVTP . GAIATV 318
ACO1 _PETHY  VIYBAPA..LVEKEAE.ENKQVYPKEVFDDYMKLYAGLKFQ.AKEPRFE TDVK. .MDPIATV 319
ACO4_ARATH  VIFPAPE..LIGKEAEKEKKENYPREVFEDYMKLYSAVKFQ.AKEPRFE ETTVANNVGPLATA 323
ACO4_VIGRA  VISPAPA..LVKESD..ETSQVYPKEVFNDYMKLYAGLKFQ.AKEPRFE VS.SVDV.GAIATV 317

Fig. 1. Sequence alignment of several ACC oxidases (ACOs). Shown are sequences of ACO1_AGABI from A. bisporus (SWISSPROT H9ZYN5), ACO1_MALDO from M. domestica (SWISSPROT
Q00985), ACO4_SOLLC from S. lycopersicum (SWISSPROT P24157), ACO2_CARPA from C. papaya (SWISSPROT Q9ZRC9), ACO1-PETHY from P. hybrida (SWISSPROT Q08506), ACO4_ARATH
from A. thaliana (SWISSPROT Q06588), and ACO_VIGRA from V. radiata (SWISSPROT Q2KTE3). Amino acid residues conserved throughout the seven enzymes are highlighted in cyan and
residues marked with blue triangles form a potential leucine zipper. Eight conserved amino acid residues of Fe (II) ascorbate family of dioxygenases are denoted by red dots. A putative
active site residue different from plant ACOs is highlighted in magenta. The secondary structures shown above the sequences are as assigned for ACO from A. bisporus. Helices are shown in

light orange and strands are in yellow.

respectively (Fig. 3). The tertiary mutant H216D/D218E/H273Q did not
completely lose catalytic activity, which was different from the results
of plant ACOs [38,39]. These results could be due to the incomplete dis-
ruption of the hydrogen bonds by the point mutation.

On the inner face of the active site, the residues are mostly conserved
as identical or similar residues compared to plant ACOs (Fig. 2B, C)
[27,36]. However, a key active site residue belonging to the conserved
RXS motif, S289, which is an important catalytic residue in plant ACOs,
is replaced by G289 (Fig. 2C, D). It has been widely speculated that
both ascorbate and bicarbonate are essential for plant ACO activity
[36,38], and the latter might be secured in the ACO active site through
interaction with R and S residues of the RXS motif. Thus, we performed
site-directed mutagenesis to substitute the R287 and G289 residues by
glycine and serine residues, respectively, to investigate whether the
RXS motif is essential for the activity of Ab-ACO. The results showed
that the ACO activity of R287G was remarkably decreased to nearly
40% compared to the wild-type, proving that R287 played an important
role for enzyme activity (Fig. 3). Strikingly, the enzyme activity of
G289S was three times as high as that of the wild type (Fig. 3), clearly
demonstrating the importance of the integrity of the RXS muotif for
Ab-ACO activity. Additionally, these results gave a comparatively proper
explanation for the relatively low catalytic activity compared with plant
ACOs.

3.4. Biochemical and kinetic properties

The steady-state kinetic parameters of the recombinant Ab-ACO pro-
tein were determined at pH 7.2 (in Tris-HCl buffer), 30 °C. In terms of
the calculation of the K, of Ab-ACO, the activity of Ab-ACO approached
saturation at an ACC concentration of 0.5 mM (Fig. 4A). The apparent K,
for ACC determined from the Lineweaver-Burk plot was 0.25 mM,
which is similar to 0.24 mM KA for MD-ACO [40] but contrasts with
36 UM KA for avocado [41]. Although Ab-ACO was capable of catalysing
ethylene formation in the absence of Fe?™, the activity was 2.4-fold
lower than that in the steady-state reaction when 2.5 uM Fe?* was
added (Fig. 4B). The maximal activity was obtained when the Fe? " con-
centration reached 10 uM, and the apparent K" was 1.25 uM. Fig. 4C
showed that ethylene was produced when Ab-ACO was combined
with ACC and Fe?* in the presence of NaHCOs, but in the absence of
ascorbate. Hence, ascorbate is not required for ethylene production.
The optimal concentration of ascorbate for Ab-ACO (1 mM) was dra-
matically lower when compared with that required for recombinant
MD-ACOs (20-30 mM) [40]. Interestingly, Ab-ACO activity declined as
ascorbate concentration increased, which was consistent with MD-
ACOs expressed in E. coli [40] and LE-ACOs expressed in yeast [42].

CO,, is a necessary activator for plant ACO reactivity both in vivo and
in vitro [1,16]. In this study, Ab-ACO activity was completely abolished
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Fig. 2. Structural model of 3D fold of Ab-ACO obtained using homology modelling approach based on the crystal structure of protein ANS structure from A. thaliana (PDB code 1GP6) as a
template. (A) 3D structure of Ab-ACO was drawn in ribbon plot. Secondary-structural elements are annotated: the o helices are shown in green, and the 3 strands are in purple and yellow;
(B) Stereo view of the overall structure. Important active site residues, H216, D218, H273, R287 and G289, are shown in red; (C) and (D) Close-up of the active site region of the wild type
Ab-ACO and the G289S mutant. Side chains of key residues are represented as ball and stick models. The side chains of the five putative conserved active site residues, H216, D218, H273

and R287, G289/S289, are displayed in magenta, red, magenta, blue and orange, respectively.

in the absence of NaHCOs, and no ethylene was produced (Fig. 5),
suggesting that NaHCO3 has an essential role. In the absence of bicar-
bonate, avocado ACO was also unable to efficiently oxidise ACC to
ethylene; however, the ferrous ion was still oxidised to the ferric state
[43], which reflected “incorrect” binding of ACC and/or dioxygen. It
has been reported that the R244K mutation in tomato pTOM13 ACO

90 -

80 1 1.0mM ACC
0.1 mM FeSO,
30 mM ascorbic acid

30 mM NaHCO,

70 1

60 -

50
40 A
30 A
20 A

ACO Activity (nL mg™ h™')

10

Fig. 3. Specific activities of the wild-type and mutant Ab-ACO enzymes. The recombinant
enzyme activity was measured under standard reaction conditions (100 mM Tris-HCl
buffer, pH 7.2, containing 1.0 mM ACC, 30 mM ascorbic acid, 0.1 mM FeSO,4, 30 mM
NaHCOs and 0.067 mg of purified enzyme in a final volume of 2.5 mL at 30 °C). The
H216D/D218E mutant was mutated at both H216 and D218 residues, and the H216D/
D218E/H273Q mutant was mutated at H216, D218, and H273 residues. The results are
means =+ SD of three repeated experiments.

caused the enzyme to require 5-fold more bicarbonate than the wild-
type for optimal activity, and the activity of the R244K mutant increased
17-fold in the presence of 50 mM bicarbonate relative to that without
added bicarbonate [36]. Similarly, the activity of the R287G mutant
decreased to 1.73-2.30 times lower than that of the wild type at
the same level of bicarbonate (Fig. 5). Consequently, R287G required
4-5-fold more bicarbonate than the wild-type for similar activity. In
addition, the R289S mutation dramatically reduced the bicarbonate de-
pendence, with KN2HC0: decreasing from 58.17 4 4.95 in the wild-type
to 25.33 £ 3.34in the G289S (Fig. 5B). These results indicate the prob-
able involvement of R287 and S289 in direct or indirect binding with
bicarbonate, resulting in putative conformational changes in the active
site of the enzyme.

3.5. Determination of Fe® * binding affinities by spectral measurements

The differences of the site-mutagenesis data on Fe?*-binding resi-
dues between Ab-ACO and plant ACOs led us to further study the effect
of Fe? *-binding on the conformation of Ab-ACO using fluorescence and
CD spectroscopy. Intrinsic fluorescence of proteins is a powerful tool for
monitoring the microenvironment of Trp residues in proteins [44]. This
tool has been successfully used to study the binding of metals to several
proteins [45], including tomato ACO [46] and an ACO-related enzyme,
2-0G-dependent dioxygenase TfdA [47]. Fig. 6A shows the changes
in the fluorescence intensity upon Fe?*-binding. The intrinsic fluores-
cence from Ab-ACO was characterised by an emission maximum
(Nmax) band at approximately 340 nm (with Nex = 280 nm), indicating
that most of the observed fluorescence was contributed by the trypto-
phan residue. As shown in Fig. 6A, an addition of 45 uM Fe?* led to an
approximately 60% decrease of fluorescence intensity with almost no
shift in the Nax suggesting that Fe? ™ caused a change in the local ter-
tiary structure around the tryptophan residues in Ab-ACO. Moreover,
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Fig. 4. Enzyme activities of Ab-ACO enzyme at different concentrations of substrates. The
reactions were performed with systematically varied concentrations of ACC (A), FeSO4 (B),
and ascorbic acid (C). The concentrations of the constant substrates were maintained at
1.0 mM ACC, 0.1 mM FeSOQ,, 2.0 mM ascorbic acid and 30 mM NaHCOs. The inset of (A)
and (B) corresponds to the Lineweaver-Burk plot of the enzyme activity versus concentra-
tion of ACC and FeSQy,, respectively, for calculating the kinetic constants. The values are
derived from the means + SD of three repeated experiments.

the degree of change in fluorescence intensity was a function of the fer-
rous concentration (5-45 uM). The change was most likely attributed to
the net exposure of aromatic residues to an aqueous environment upon
the binding of the ferrous ion to the protein [48].

The H216D, H273Q, H216D/D218E and H216D/D218E/H273Q mu-
tants each lack a residue or residues that function as ligands to the
metal binding site, and the mutants might be expected to bind Fe?*
more weakly, but the fluorescence changes demonstrated this might
not be correct. Fluorescence quenching was also strong when Fe?™
was added to all mutant forms of Ab-ACO, except for the tertiary mutant
H216D/D218E/H273Q (Fig. S4). By contrast, H114A and D116A TfdA
variants, lacking either a histidine or aspartic acid metallocentre ligand,
exhibited weaker affinity for Fe> ™ [47]. This result could also explain the
incomplete inhibition of enzyme activity by point mutations on the
Fe? "-binding residues.

The structural changes of Ab-ACO upon Fe?™ binding were also
monitored by far-UV CD spectroscopy (Fig. 6B). The addition of Fe?™
to the protein resulted in only a slight change in the CD spectrum,
demonstrating that the presence of ferrous had no effect on the sec-
ondary structure of the protein. Thus, the ferrous ion was able to in-
duce a change only in the tertiary structure of the protein, but not
the secondary structure.
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Fig. 5. Enzyme activities of the wild-type and mutant Ab-ACO enzymes in different con-
centrations of NaHCO3 (A), and the corresponding Lineweaver-Burk (double reciprocal)
plots (B). The reactions were performed under the conditions of 100 mM Tris-HCl buffer,
pH 7.2, containing 1.0 mM ACC, 30 mM ascorbic acid and 0.1 mM FeSO, in a final volume
of 2.5 mL. The values are derived from means + SD of three repeated experiments.

4. Discussion

ACC oxidase, along with ACC synthase, is a key regulatory enzyme
for ethylene production in climacteric fruits, the biochemical mode
and catalytic mechanism of plant ACOs have been investigated in detail
[23,27,36,43,46]. Turner et al. [12] and Ward et al. [13] have shown
that A. bisporus also produces ethylene. A. bisporus is the most cultivated
edible mushroom worldwide and has nutritional and medicinal value
[14,49]. Compared with the plant counterpart, however, ethylene re-
leased from edible mushrooms has received little attention. This may
be because ethylene is a naturally produced growth regulator in higher
plants while the regulatory role of ethylene in the growth or develop-

ment of edible mushrooms remains unclear. Our research focuses :

on ACC oxidase in the edible mushrooms A. bisporus. This is the first
report of an ethylene-forming enzyme specifically expressed in edible
mushrooms.

In this study, we isolated and identified an ACC oxidase homologue
gene from A. bisporus that was recombinant expressed in E. coli and pu-
rified to homogeneity as indicated by SDS-PAGE results (Fig. S1) and a
single N-terminal amino acid sequence. The molecular weight of this
protein was ~42 kDa, which was close to the size range (35-41 kD) re-
ported for ACC oxidase proteins from plant species [16,50,51] and the
slime mould Dictyostelium discoideum (42.9 kDa) [10]. The amino acid
sequence of this putative ACC oxidase Ab-ACO (368 amino acids) was

deduced from the nucleotide sequences and this protein only shares -

20.9%-22.8% of identity and 38.1%-40.5% of similarity with higher
plant ACOs (Fig. 1). However, Ab-ACO was found to contain a conserved

2-oxoglutalate (20G) and Fe (II) dependent oxygenase superfamily -

domain (201-296th amino acids from the initiation site) [52], which
is the characteristic of enzymes that catalyse the oxidation of the
organic substrates such as ACC, and two histidine sites at positions
216 and 273 for binding iron which are necessary for the activation
of the enzyme (Fig. 1). According to the alignment among known ACC
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Fig. 6. Fluorescence and far-UV CD spectral studies of Ab-ACO as a function of increasing
free Fe>* concentrations. (A) The changes in the fluorescence spectral intensity at
340 nm of the Ab-ACO. The inset of (A): the fluorescence spectral intensity of the Ab-
ACO produced by various concentrations of Fe?™ (a, 0 uM; b, 5 pM; ¢, 10 iM; d, 15 pM;
e, 20 uM; f, 25 uM; g, 35 uM; h, 40 pM; i, 45 uM). The protein sample was excited
at 280 nm. Emission scans were from 330 nm to 400 nm; (B) The far-UV CD spectra
of the Ab-ACO produced by various concentrations of Fe?* (a, 0 uM; b, 3 uM; c, 30 uM;
d, 300 uM; e, 1000 uM). All of the experiments were performed in triplicate. The solution
contained 0.15 mg/mL proteins in 50 mM Tris — HCI buffer, pH 7.2.

oxidases, eight of the twelve amino acid residues conserved among all
members of a superfamily that requires Fe (II) and ascorbate for activity
[33] can be found in the sequence of Ab-ACO. The 1st (P29), 7th (L234),
8th (Q235) and 12th (S289) conserved amino acids have been replaced
by aspartic acid, glutamine, isoleucine and glycine, respectively, in
Ab-ACO, which indicates that these four conserved amino acids are
not absolutely required for Ab-ACO activity (Figs. 3-5). However,
the common Fe?-binding motif (H-X-D-X (54)-H) and the putative
co-substrate hydrogen-binding residue (R287) which belongs to the
RXS motif are well conserved in Ab-ACO (Fig. 1) as in other members
in the non-heme iron enzyme family [23].

Plant ACC oxidase is well known for requiring Fe (II) and ascor-
bate to catalyse ACC in the presence of O, into ethylene, CO,, HCN,
dehydroascorbate, and two molecules of water. Furthermore, the ac-
tivity of ACC oxidase is activated by CO, (or bicarbonate, HCO3)
[16]. These peculiarities have inspired many investigations on the
structure-function relationships of ACO to shed light on the catalytic
roles of Fe (II), ascorbate and bicarbonate. The crystal structure of ACO
from P. hybrida (PDB ID: TWAG6) has been solved, but with no data on
the binding of the different cofactors at the active site. This protein
presents a conserved jelly-roll motif composed of 3-strands harbouring
the active site of the enzyme. No active site divergence has been ob-
served in the corresponding putative p-strands of Ab-ACO, except for
the replacement of a serine residue by a glycine residue on B-strand
11 (Fig. 2). Putative metal ligand amino acids H216 and H273 and

D218 [53] are also present within the active site of the Ab-ACO. R287,
which has been suggested to be involved in generating the reaction
product during enzyme catalysis [27], is conserved and points towards
the core. The abovementioned features raise the question of whether
the differences in the protein sequences and structures reflect differ-
ences in the enzyme properties. Here, we demonstrated that Ab-ACO
was successfully synthesised in a prokaryotic expression system with
the enzymatic ability to convert ACC to ethylene (Fig. 3). The purified
recombinant Ab-ACO had a specific activity of 28.6 nLmg~ ' h™ !,
which is significantly lower than the value of 1300 nL mg~' h~! for
apple ACC oxidase expressed in E. coli [27] and the values of 66-
550 nL mg~! h~! for tomato ACOs expressed in yeast [42]. This differ-
ential activity might be explained by incorrect folding or lower stability
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in the E. coli expression system, but this activity could also be a result of 471

the intrinsic properties of the mushroom and plant enzymes or from
variable amounts of ACC and co-substrates in the reaction medium.
The mutagenesis data strongly supported the idea that the different
residues in the protein active site, especially the absence of serine at
residue 289, could account for the low activity (Fig. 3). This observation
is inconsistent with apple ACO1 [27] where the hydroxy group of the
nearby S246 was not a major determinant of enzyme activity.

The biochemical properties of Ab-ACO and plant ACOs revealed few
differences with regard to substrate and cofactor requirements. One
common feature between Ab-ACO and plant ACOs was the apparent
K, towards ACC. On the other hand, Ab-ACO also required the addition
of Fe? ™ for activity in vitro, and NaHCO; was absolutely required for
activity in vitro. Foremost among these similarities was the putative in-
volvement of R287 in bicarbonate binding to activate ACO reactivity,
which agreed with the results of tomato ACO reported by Zhang et al.
[36]. In contrast, several results obtained from mutagenesis studies
have suggested that the side chain of R244 is critical for establishing a
hydrogen-bonding network between apple ACO1 and the ascorbate
molecule, indicating the participation of R244 in the ascorbate binding
[23,27]. The absence of marked differences in the biochemical proper-
ties is not surprising given the little divergence of amino acids in the pu-
tative active site of the enzyme (Figs. 1-2). In comparison, Ab-ACO had
two features that differ from plant ACOs. One significant difference
is that ascorbate is not required in Ab-ACO for product formation. This
result was contradictory to the previous conclusions that ACO activity
was absolutely dependent upon the presence of ascorbate [16,40,42].
Rocklin et al. [43] reported that ascorbate was not required to activate
avocado ACO for ACC oxidation to form ethylene. However, ascorbate
was the best reductant for the steady-state reaction and was an efficient
effector to accelerate the reaction. Another important observation was
that the substitution of glycine for serine at residue 289 could be re-
sponsible not only for the low activity but also for the high demand on
bicarbonate of Ab-ACO (Fig. 5). Rocklin et al. [43] suggested that bicar-
bonate might be secured in the ACO active site through interactions
with the conserved RXS motif. In addition to this, ACC is stabilised by
the bicarbonate cofactor, and any destabilisation of the bicarbonate
binding would directly affect the efficiency of ACO [46]. Thus, we pro-
posed that S246 could be involved in bicarbonate binding.

Although Ab-ACO and plant ACOs have a similar metal binding
structural motif to anchor a ferrous ion in the active site, Ab-ACO
surprisingly displayed different behaviours. All of the mutants of the
Fe (II)-binding sites (H216, D218 and H273) of Ab-ACO still retained
40-78% of the wild-type enzyme activity, whereas an apparent com-
plete loss of activity was observed in the apple ACC oxidase mutants
when H177, D179 and H234 were substituted with various amino
acids [39]. To obtain a better insight into the interaction of the Fe? ™ at
the active site, the experiments of tryptophan fluorescence quenching
and CD spectroscopy were carried out. Binding of Fe?™ to the protein
had little effect on the secondary structure of the protein (Fig. 6B), but
Fe? ™ binding induced a change in the tertiary structure of Ab-ACO
(Fig. 6A). These results are similar to those reported for tomato ACO
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fluorescence quenching upon metal binding is a long-range energy
transfer to an absorption band produced by the metal-protein interac-
tion, which leads to a significant loss of emission intensity. Although
all of the five tryptophan residues (W25, W112, W212, W242 and
W244) in Ab-ACO are located relatively far (distances ranging from 8
to 21 A) from the conserved Fe?*-binding residues in the active site,
the tryptophan fluorescence quenching upon iron binding was strong.
Additions of 45 M Fe? " led to an ~60% decrease of fluorescence inten-
sity, which is comparable to the results in tomato ACO and TfdA (~80%
reduction) [46,47]. The data showed that Ab-ACO protein should have a
motif for Fe?™ binding. This motif, inferred from the sequence and
structure analysis, may be similar to the motif found in plant ACOs.
Although the fluorescence quenching was also strong when Fe’*
was added to the one or the double mutants of the three putative iron
coordinators, there was very little change for the tertiary mutant
H216D/D218E/H273Q (Fig. S4). This result indirectly supports the idea
that two histidines and a carboxylate group occupy the three vertices
of the iron octahedral coordination in Ab-ACO.

It is reasonable to believe that A. bisporus is able to produce ethylene
through a pathway similar to that of higher plants, although there
are differences in the biochemical and catalytic characteristics of the
enzymes (ACC oxidase). The pathway of ethylene production differs
from the pathways identified in other fungi, such as Botrytis cinerea
[4] and Cryptococcus albidus [7]. In contrast, ethylene in the slime
mould D. mucoroide was demonstrated to be synthesised from methio-
nine through SAM and ACC[10], as is the case of higher plants. It is easy
to conclude that several ethylene biosynthesis pathways may coexist
in the same species judging from an evolutional point of view. Philip
[56] argued that the acquisition of the ACC oxidase was a crucial evolu-
tionary step in the development of an ethylene biosynthesis pathway.
Before ACC became the precursor for ethylene formation, ethylene
may have been synthesised and accumulated in response to a pathogen
attack. Thus, the present findings not only provide a supplement or an
alternative pathway for ethylene biosynthesis in fungi but also enhance
the previous understanding in this research area.

In closing, the present work suggests for the first time that
A. bisporus is capable of catalysing ethylene production by ACC oxidase,
which is the first protein shown to convert ACC to ethylene in edible
mushrooms. In contrast to plant ACOs, Ab-ACO exhibits relatively low
activity but similar conserved residues in the active site, except for the
absence of S289. The kinetic properties of Ab-ACO did not markedly
differ from the kinetic properties of plant ACOs in terms of co-factors
and co-substrate requirements. However, ascorbate was not required
for ethylene formation. The replacement of S289 by G289 is proposed
to be responsible for the low catalytic activity and the high demand
for bicarbonate. Moreover, the binding ferrous ion has a great effect
on the tertiary structure of the protein. All of these results not only
contribute to understanding the ethylene biosynthesis in fungi but
also promote researches of the role of ethylene in the regulation of
mushroom growth and development.
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