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Abs t ra ct

Ethylene is an essential plant hormone that regulates many aspects of plant growth and 

development. 1-Aminocyclopropane-1-carboxylate oxidase (ACCO) catalyses the final step of 

the ethylene biosynthesis pathway, converting 1-aminocyclopropane-1-carboxylate (ACC) into 

ethylene. ACCO requires molecular oxygen as co-substrate, and Fe(II), ascorbate and 

bicarbonate as co-factors and/or activators for its optimal activity. This thesis examines ACCO

from structural and mechanistic perspectives and evaluates the potential of using small

molecule compounds to inhibit the enzyme.

A systematic study was conducted to evaluate the oligomeric states of ACCO in solution and

the relation to its enzymatic activity. Recombinant ACCO from Petunia hybrida, Arabidopsis

thaliana and Malus domestica were studied. By using analytical size-exclusion 

chromatography (SEC), SEC coupled with multi-angle light scattering (SEC-MALS) and 

native polyacrylamide gel electrophoresis (PAGE), it was found that P. hybrida ACCO and M. 

domestica ACCO may exist as both monomer and dimer in solution while A. thaliana ACCO 

is always monomeric. Protein mass spectrometry analyses showed that the ACCO monomers 

were formed disulphide bonds between two highly conserved cysteine residues, and monomer 

formation can be induced by using reducing agents such as tris(2-carboxyethyl)phosphine.

Kinetic assays showed that the ACCO dimer is less active than the monomer. This was further

confirmed by using cysteine-to-serine mutants of ACCO. The results therefore revealed a 

plausible redox-controlled regulation mechanism for ethylene production at the protein level.

The conformation of ACCO in solution was also investigated. Two recently published crystal 

structures of inhibitor-bound A. thaliana ACCO showed that the protein may adopt a ‘closed’ 

conformation upon ligand binding when compared to the previously published P. hybrida 

ACCO structures, which showed an apparent ‘open’ conformation. By using intrinsic
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tryptophan fluorescence assays, protein nuclear magnetic resonance spectroscopy and small- 

angle X-ray scattering, the results confirmed that ligand-binding may induce conformational

changes in both A. thaliana and P. hybrida ACCO. Mutagenesis studies revealed a network of

key amino acid residues that link the active site to the α-3 helix of the enzyme that are

responsible for the protein conformational change. Kinetic assays and binding studies showed 

that the ability of the protein to undergo conformational change is key to the ability of ACCO 

to catalyse the turnover of ACC to ethylene. The results therefore furthered our understanding 

of the catalytic mechanism of ACCO.

The ethylene biosynthesis pathway, including ACCO, is a current inhibition target for plant

growth regulators. Two approaches were employed to identify new ACCO inhibitors. 

Preliminary results obtained by using a combined virtual screening and activity assay has led

to the identification of five novel ACCO inhibitors although further studies are required to

understand their mode of action. Broad spectrum inhibitors of the non-haem Fe(II) and 2- 

oxoglutarate (2OG) enzyme superfamily which are 2OG mimics, against ACCO showed that 

these compounds were able to inhibit ACCO with low µM inhibition potency. These results 

pave the way for further development of new ACCO inhibitors.
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CHAPTER 1:  INTRODUCTION

1 .1  Eth yle n e  b ios yn th e s is

Ethylene is a gaseous plant hormone that regulates a number of plant growth and development 

pathways including seed germination, flower and leaf abscission, stress response and fruit 

ripening.1 The ethylene biosynthesis pathway was first described by Yang et al. in 1984.2 There 

are two distinct systems of ethylene biosynthesis for climacteric and non-climacteric fruits.3-5 

In non-climacteric fruits, ripening is not induced by ethylene, and ethylene biosynthesis is auto- 

inhibitory.3,4,6 In contrast, climacteric fruit ripening is induced by ethylene. Ethylene initiates 

a transcriptional cascade to regulate expression of genes that are associated with fruit ripening 

traits such as softening, and changes in colour and taste.3,6 Ethylene biosynthesis in climacteric 

fruits is an auto-catalytic process that is accompanied by the activation of cellular 

respiration.3,4,6

Climacteric plant ethylene biosynthesis is a well-defined two-step process that is catalysed by 

two key enzymes, 1-aminocylopropane-1-carboxylic acid (ACC) synthase and ACC oxidase 

(ACCO) (Figure 1-1). In the first step, ACC synthase (ACS) catalyses the conversion of (S)-

adenosyl-L-methionine (SAM), which is a degradation product of methionine,2 to ACC.7,8 The

relative concentration of SAM and methionine is regulated by the Yang cycle. About 80% of

the cellular methionine is converted to SAM, a reaction that is catalysed by the adenosine 

triphosphate (ATP)-dependent methionine adenosyltransferase.9 The by-product of the ACS- 

catalysed cyclisation of SAM to ACC, 5’-methylthioadenosine (MTA), is recycled back to

methionine, completing the Yang cycle.2,10 This ACS-catalysed cyclisation of SAM to ACC is

the rate limiting step in the ethylene synthesis pathway.11,12
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Figure 1-1: Enzymes involved in the climacteric fruit ethylene biosynthesis pathway. These include 1- 
aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS), which catalyses the conversion of (S)-adenosyl-L- 
methionine (SAM) to ACC, and ACC oxidase (ACCO), which catalyse the formation of ethylene. The rate 
limiting step of the biosynthesis pathway is the conversion of SAM to ACC.

In the second step of the biosynthesis pathway, ACC is converted into ethylene, a reaction that 

is catalysed by ACCO.13 This reaction gives rise to cyanoformate, which breaks down to carbon 

dioxide and hydrogen cyanide (HCN).11,12 The toxic by-product HCN is converted to β- 

cyanoalanine by β-cyanoalanine synthase to keep the concentration of HCN in plant tissues at 

a low level.9  In alternative pathways, ACC may be converted in to malonyl-ACC (MACC)14, 

jasmonyl-ACC (JA-ACC),15 and γ-glutamyl-ACC (GACC).16
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Ethylene biosynthesis is tightly regulated by both positive and negative feedback pathways.4,17 

ACS and ACCO are encoded by multi-gene families,3,4 in which genes are regulated

independently in response to different external stimuli (e.g. stress, climate) that act on the fruit

during different stages of fruit maturity and ripening.3,8 In the presence of ethylene (both 

exogenous or endogenous), ethylene biosynthesis is upregulated and hence ethylene 

biosynthesis is considered an autocatalytic process.2

1 .2  ACCO:  th e  e t h yle n e  form in g  e n zym e

ACCO catalyses the conversion of ACC to ethylene in the presence of Fe(II), molecular 

oxygen, carbon dioxide or biocarbonate, and ascorbate (Figure 1-2).18 ACCO belongs to a 

structural family of non-haem Fe(II)-dependent oxygenase/oxidase enzymes that utilise 

molecular oxygen and typically 2-oxogutarate (2OG) as cosubstrates.19,20 This superfamily of 

enzymes catalyse a variety of two-electron oxidation reactions, with carbon dioxide and 

succinate being produced as by-products (Figure 1-2).19,20 Ascorbate is often required for 

optimal enzymatic activity for this superfamily of enzymes.19,20

ACCO is an unusual member of this non-haem Fe(II) oxygenase and oxidase superfamily in 

that it does not require 2OG as a cosubstrate for its catalytic activity (Figure 1-2).20,21 To date, 

only two enzymes of this structural family were found to not require 2OG as cosubstrate, with 

isopenicillin N synthase (IPNS) being the other member of this unique subgroup.20,22 In 

addition to not requiring 2OG as a cosubstrate, ACCO is unique amongst other enzymes in this 

structural family that it also requires bicarbonate or carbon dioxide as a cofactor.
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Figure 1-2: (a) General schematic of the oxidation reaction (hydroxylation reaction is shown here) that is 
catalysed by enzymes from the non-haem Fe(II)-dependent oxygenases/oxidase superfamily; (b) Schematic of the 
reaction that is catalysed by ACCO.

1 .3  Ca t a lyt ic m e ch a n ism  of ACCO

Much of the early studies of ACCO were published in the early 1990s. The stoichiometric 

enzymatic reaction of the oxidation of ACC to ethylene was first determined by Dong et al. in 

1992.13 In 1993, two studies, one by Smith and John23 and other by Poneleit and Dilley,24 

reported that ACCO can be activated by bicarbonate or carbon dioxide.  Bouzayen et al. 

reported in 1991 that Fe(II) is a cofactor of ACCO.25 In the same year, McGarvey and

Christoffersen reported the dependency of ACCO activity on ascorbate.26 The ACCO-catalysed 

mechanism of ACC oxidation has also attracted considerable interest.24-32 However, despite 

numerous studies over the past two decades, the catalytic mechanism of ACCO remains poorly

understood. This is partly due to a lack of structural data, which makes it difficult to make
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conclusive deductions about the roles of the different cofactors and cosubstrates in the catalytic 

mechanism.

Nonetheless, a consensus mechanism for ACCO has emerged. In the first step of the catalytic 

cycle, ACC binds ACCO via coordination to the active site Fe(II) in a bidentate manner using 

the nitrogen atom from the amine group and the carboxylate oxygen of the ACC (

Figure 1-3).28,33 Similarly to other 2OG-dependent oxygenases/oxidases and most other non- 

heme Fe(II) enzyme,22,31,34 the Fe(II) at the active site has three vacant sites available for the 

chelation of ligands. Upon the binding of ACC, water molecules are displaced from the metal

coordination, the remaining bound water molecule is displaced by molecular oxygen binding.

The ACCO-Fe-oxygen-ACC complex will subsequently led to the formation of an 

intermediate; a highly reactive Fe(IV)-oxo species31,32,35 to allow the one electron oxidation or 

abstraction of a hydrogen atom to initiate the rapid radical rearrangement of ACC to form 

ethylene, carbon dioxide and HCN.36 Due to the presence of Fe(II), ACCO is unstable, at least 

in an in vitro environment, as the enzyme can undergo oxidative degradation due to hydrogen

peroxide mediated fragmentation which be inhibited by the addition of the enzyme catalase.37,38 

In addition, ACCO undergoes non-hydrogen peroxide mediated fragmentation and partial 

unfolding of the active conformation.38
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Figure 1-3: Proposed coordination of ACC to the Fe(II) inside the ACCO active site. The ferrous ion is bound to 
two histidine residues and one aspartic acid residue. This motif, which is also known as the 2-His-1-carboxylate 
motif, is highly-conserved amongst the 2-oxoglutarate (2OG)-dependent oxidase and oxygenase superfamily 
members. ACC is proposed to bind to the ferrous ion via its carboxylic acid and amine moieties.39

The catalytic activity of ACCO requires ascorbate. It is likely that ascorbate plays at least two 

roles in the ACCO catalytic cycle. First, ascorbate may act as an effector to speed up the 

catalytic reaction by donating an electron that is required for ACC oxidation.30 Secondly, 

ascorbate may act as a reducing agent to reduce Fe(III) back to Fe(II) for continuous 

catalysis.30,26,40,41 However, the sequence of ascorbate binding in relation to the binding of ACC 

and molecular oxygen is not clear. Early studies suggested that ascorbate may bind to the active 

site Fe(II) along with ACC at the beginning of the catalytic cycle.22,41,42 It was speculated that 

ascorbate may bind to the active site of ACCO in a similar to 2OG in other 2OG-dependent 

oxygenases and oxidases,37 and contribute to the ring opening of ACC by donating a single 

electron to ACC (Figure 1-4).36 However, spectroscopic studies,43 site-directed mutagenesis

work,44 and studies using electron paramagnetic resonance (EPR) and electron nuclear double 

resonance (ENDOR)45 showed that, instead of ascorbate, the molecules that are likely to bind

to the active site metal at the beginning of the catalytic cycle are molecular oxygen and ACC

(Figure 1-5).44,46-48 The exact binding site for ascorbate within ACCO is also not clear although 

several residues have been proposed. Regardless of the exact binding sequence and the binding 

pocket, it is now accepted that ascorbate is crucial for ACCO as both an effector and reductant 

for efficient ACC turnover.
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Figure 1-4: Proposed mechanism of ACCO by Mirica et al. in 2008.49  Ascorbate dependent activation of O2 

reduces the metal-substrate complex to generate an Fe(III)-hydroperoxo intermediate. The Fe(IV)-oxo 
intermediate is then formed following the O-O cleavage (as seen in IPNS). The Fe(IV)-oxo intermediate then 
undergoes ring opening to produce ethylene. Rearrangement of the metal bound intermediate and following proton 
donation from bicarbonate, generates the by-products, HCN and CO2.

ACCO also requires carbon dioxide or bicarbonate for optimal catalytic activity.13,24,50 When 

supplemented with carbon dioxide or bicarbonate, the activity of ACCO increases by up to 10- 

fold.24 The binding of carbon dioxide or bicarbonate to ACCO may also enhance the binding 

affinity for ACC, molecular oxygen and ascorbate.51 Carbon dioxide or bicarbonate may also 

play a role in preventing uncoupled reactions that may lead to a loss of enzyme activity.22,43

It is unclear whether it is carbon dioxide or bicarbonate that acts as the activator of ACCO.

Early studies suggested that carbon dioxide is the species likely responsible for the increase in
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ACCO activity.24 It was proposed that carbon dioxide may form a carbamate to coordinate to 

the active site metal of ACCO.43,52,53 However, recent studies involving mutagenesis have 

suggested that bicarbonate is the active species (not CO2(g)) that binds at the active site of 

ACCO and facilitates the coordination of the ACC to active site Fe(II).54

Figure 1-5: The catalytic mechanism of ACCO-catalysed ethylene biosynthesis as proposed by Rocklin et al. in 
2004.30 Activation of ACC by oxidation or the removal of a hydrogen atom from the amine group leads to the 
oxidative rearrangement of the ACC cyclopropane ring to form ethylene, CO2 and HCN. In this proposed 
mechanism, ACC and molecular oxygen bind directly to the Fe(II), and this is followed by the binding of 
bicarbonate to dioxygen to form an Fe(III)-superoxo complex. This intermediate complex is then reduced by 
ascorbate to generate the Fe(III)-peroxo-ACC intermediate which undergoes ring opening to produce ethylene. 
This mechanism accounts for all the EPR-active as well as EPR-inactive intermediates observed by Rocklin et 
al.30

Much like ascorbate, the exact role(s) and mechanism of carbon dioxide or bicarbonate as an 

activator are not clear and there are many hypotheses that contradict each other. It was proposed
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that bicarbonate may help to protonate an Fe(III)-peroxo species to generate the reactive Fe(V)- 

oxo intermediate during the catalytic cycle.30 In 2002, Zhou et al. suggested carbon dioxide 

may stabilise the ACCO-Fe(II)-ACC complex and avert any uncoupled oxidation reactions that

leads to inactivation of the enzyme by forming a bicarbonate intermediate.43 To date, there is 

no experimental evidence to prove direct coordination of carbon dioxide or bicarbonate to the

active site metal, and the activation mechanism of carbon dioxide or bicarbonate and its binding

site within ACCO are still very much up for debate. Nonetheless, it is clear that carbon dioxide 

or bicarbonate enhance the activity of ACCO. As cellular carbon dioxide or bicarbonate levels

are dependent on factors such as respiration and photosynthesis,24 it is possible that carbon

dioxide or bicarbonate are biologically-relevant molecules that modulate ACCO activity in 

plant cells.

1 .4  S t ru ctu re  of ACCO

1 .4 .1  Ove ra ll s t ru ctu re  o f ACCO

The first crystal structure of ACCO was reported by Zhang et al. in 2004.12 The authors 

reported two structures of ACCO from Petunia hybrida.12 The two structure were apo-ACCO 

at 2.1 Å resolution (PDB 1W9Y) and the Fe(II)-bound ACCO at 2.55 Å (PDB 1WA6).12 P. 

hybrida ACCO was crystallised as a tetramer. Each monomer consists of eleven α-helices and 

thirteen β-strands with the monomer  (Figure 1-6) closely resembling those from the 2OG-

dependent oxygenase/oxidase superfamily,12 especially IPNS (Figure 1-6a).30,55  The core of 

the enzyme contains eight β-strands (β-4 to β-11), which are arranged into a distorted double- 

stranded β-helix (DSBH) fold (also called the jelly-roll fold) with the core of this structure 

stabilised by hydrophobic interactions.12 The N- and C-termini of the enzyme are found at 

opposite ends of the core structure.12 The N-terminus extends, as α-helices, from α-1 to α-6,

whilst the C-terminal extends from α-8 to α-11.12 The active site of P. hybrida ACCO contains
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a conserved catalytic triad of residues (His177, Asp179 and His234) that hold the Fe(II) ion.12 

This forms the so-called 2-His-1-carboxylate (facial triad) structural motif, which is commonly 

found in the binding site this class of enzymes (Figure 1-7).35,56

Figure 1-6: The Fe(II) and 2OG-dependent oxygenase and oxidase family of proteins comprise a core double- 
stranded β-helix (DSBH) fold with conserved Fe(II) and 2OG binding sites. (a) The topology of ACCO (and other 
2OG oxygenase and oxidase) showing the core DSBH (red) (I-VIII), N-terminal region with mixed β-strands and 
helices (yellow), and C-terminal region (pale cyan). βII-βIII and βIV-βV inserts, sometimes involved in substrate 
binding, are labelled. (b) View of the ACCO structure showing the structural topology of the DSBH core and the
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Fe(II) in the active site. The β-sheets are coloured in red, α- helices in green, loops magenta and the Fe(II) is 
shown as an orange sphere. β-sheets, α-helices, N- and C-terminus are labelled.

Figure 1-7: The Fe(II) ion in the enzyme active site. Fe(II) is coordinated to the ‘facial triad’; His-177, Asp-179 
and His-234 in the active site of P. hybrida ACCO (PDB 1WA6).12

1 .4 .2  Liga n d  b in d in g  to  ACCO

In 2017, Sun et al. published the first crystal structures of ACCO that is bound with a small

molecule ligand.57 By using ACCO isoform 2 from Arabidopsis thaliana, the authors reported 

structures of ACCO bound with Zn(II) (as a surrogate for Fe(II)) and 2-picolinic acid (2PA; 

PDB 5GJA) or with pyrazinecarboxylic acid (POA; PDB 5GJ9) (Figure 1-8a).57 Both 2PA and 

POA chelate the active site metal via an aromatic ring nitrogen and a carboxylic acid oxygen 

(Figure 1-8b).57 The overall structure of A. thaliana ACCO is similar to that of P. hybrida 

ACCO, and the proteins share 82% sequence similarity. However, there are some distinct

differences between the two sets of structures. The biggest differences are found in the α-3 and 

α-11 helices.57 The α-3 helix of the P. hybrida ACCO structures is extended and elongated, 

which leaves the active site of P. hybrida ACCO relatively open. In contrast, the α-3 helix of 

the A. thaliana ACCO structures bends towards the entrance of the active site, thus leaving the 

active site more enclosed. In addition, the α-11 helix of the A. thaliana ACCO structures is 

found to be more ‘tucked in’ (Figure 1-8a) than in the P. hybrida ACCO structures (Figure 1-
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9a). In many members of the non-haem Fe(II) and 2OG-dependent enzyme superfamily, the α- 

3 and α-11 helices are dynamic in nature, and they may form a “lid” over the active site when 

the substrate is bound.12,55,58,59 This is interesting because these two sets of structures suggest

there may be conformational change upon ligand binding. In addition to these helices,

differences were also observed in the ‘RXS’ motif that is present in some non-heam Fe(II) and

2OG-dependent oxygenases and oxidases (including ACCO and IPNS). The sidechain of the 

arginine residue (Arg244 in P. hybrida ACCO and Arg247 in A. thaliana ACCO) of the RXS

motif is found directed away from the active site in the P. hybrida ACCO structures. In the A.

thaliana ACCO structures, the sidechain of the same arginine points toward the inside of the 

active site and interacts with 2PA/POA via a water molecule. Similar conformational changes

are also observed in IPNS, an enzyme that is homologous to ACCO, upon the binding of its

substrate.12,60 These observations led to a hypothesis that the P. hybrida ACCO structures that 

were reported by Zhang et al. represent the ‘open’ conformation of the protein, and that the 

protein may undergo conformational change to a ‘closed’ conformation upon the binding of its 

substrates.48,54

Figure 1-8: (a) Overview of the A. thaliana ACCO structure with Zn(II) (grey sphere) coordinating POA (stick 
model) in the active site. (b) Close-up view of the active site. Zn(II) is coordinated to the ‘facial triad’ residues
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and POA. POA forms hydrogen bonds (shown as dashed yellow lines) with RXS motif side chains Lys161 and 
Arg247 (via a water molecule; red sphere).

Although the A. thaliana ACCO structures might suggest that ligand binding induces the 

enzyme to undergo conformational change, the evidence is not clear cut. In 2017, I solved the 

first structure of ACCO (from P. hybrida) soaked with Ni(II) and ACC (PDB 5TCV).61 This 

structure reveals that ACC coordinates the metal in a bidentate manner, not unexpectedly 

through the carboxylic oxygen and the nitrogen from the amino group (Figure 1-9). The overall 

structure of the protein is essentially the same as the one previously published by Zhang et al. 

in 2004,12 with no apparent conformational change (such as that observed in the A. thaliana 

ACCO structure). It is however, noteworthy that ACC bound P. hybrida ACCO structure was 

obtain with crystal soaking in excess ligand solution and not co-crystallisation as with the POA 

bound A. thaliana ACCO structure. In 2019, Fournier et al. reported a study using EPR and 

molecular dynamics.62 The authors found that the C-terminal helix (α-11) of ACCO is highly 

dynamic although they did not see clear evidence for the presence of a major ‘closed’ 

conformation of the protein. Overall, it is currently not clear whether ACCO undergoes ligand- 

induced conformational change upon ligand binding, and whether the structural differences 

that are observed between the P. hybrida and A. thaliana ACCO structures are induced by the 

binding of ligands, or are due to differences in protein sequence, or a simply a function or 

artefact of crystal packing.
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Figure 1-9: Structure of P.hybrida ACCO-Ni(II) bound to ACC. (a) A ribbon representation of ACCO (blue) 
with Ni(II) (shown as a sphere) and ACC (stick model) in the active site. (b) Active site of ACCO with ACC 
coordinated to the Ni ion showing a distorted octahedral coordination geometry.

1 .4 .3  Pote n t ia l b in d in g  s it e s  of ca rbon  d ioxide  /  b ica rbon a t e  a n d

a s corb ic a cid

Although carbon dioxide / bicarbonate and ascorbate are essential for the catalytic activity of 

ACCO, it is not clear where these molecules bind to within ACCO. As it is difficult to study 

the direct binding of carbon dioxide / bicarbonate and ascorbate to ACCO, most studies to date 

have relied on mutagenesis followed by kinetics analyses. Such experiments give indirect 

evidence describing the binding of carbon dioxide / bicarbonate and ascorbate, and the results 

are often inconclusive.

One of the residues that is of particular interest is the conserved Lys158 (Malus domestica 

ACCO sequence), which is located on strand 4 of the DSBH of all members of the non-haem

Fe(II) and 2OG-dependent oxygenase and oxidase enzyme superfamily. In most members of

the enzyme superfamily, this lysine is important in binding 2OG by interacting with the C-5 

carboxylate. However, ACCO does not utilise 2OG as a cosubstrate, and it was suggested that
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bicarbonate may bind at the active site occupying the space that otherwise would have been 

occupied by the C-5 carboxylate moiety of 2OG.13,52 Mutagenesis studies with M. domestica 

ACCO showed that, when the lysine is replaced by another amino acid including arginine, 

glutamine, glutamate or leucine, bicarbonate binding was weaker than for the wild-type (up to

~8 times), the Michaelis constant (KM) of ACC was similar or increased slightly, and the 

maximum velocity of the reaction (Vmax) was significantly lowered.47 The picture, however, is 

not clear cut. In the same study, mutations of Arg175 to glutamate, lysine, glutamine, alanine, 

glycine and histidine also gave similar results.47 Moreover, double mutation of Lys158 and 

Arg175 gave drastically different results whereby bicarbonate binding was almost 100 times 

weaker.47 Based on the structures of P. hybrida ACCO and A. thaliana ACCO, the lysine and 

arginine residues are at least 15 Å away from each other, indicating that we cannot simply

interpret Lys158 and Arg175 as the binding site of bicarbonate. Other conserved residues, 

including Lys175 and Arg300 (Actinidia deliciosa ACCO sequence), were also suggested to 

bind bicarbonate in the active site.53 In addition, the conserved RXS motif was also proposed

to bind indirectly to the carboxylate group of ACC via a water molecule or via the 

bicarbonate.12 Molecular dynamics and site directed mutagenesis studies also proposed 

conserved residues Lys296 and Arg299 (in M. domestica ACCO) to be the binding site of 

bicarbonate.

Another study also proposed the RXS motif to be the binding site of ascorbate .42 Although 

originally ascorbate was proposed to coordinate to the metal and activate O2,37,45 it is now 

generally accepted that ascorbate likely binds in close proximity to the metal centre but does 

not coordinate the metal itself. In 2004, Seo et al. showed that ascorbate might bind to the 

Arg244 and Ser246 (in the RXS motif) by using molecular dynamics.63 In the same study, site

directed mutagenesis suggested the guanidium group of Arg244 is crucial for anchoring the 

ascorbate via hydrogen bonds.63 Another proposed binding sites include residues Arg175, and
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Arg235, Val236 and Arg300 residues on the C-terminal helix (α-11).46,47 Mutants of Arg299 

(R299K, R299H and R299L) have similar KM  and association constant (Ka) for bicarbonate as 

the wild-type ACCO, but R299H and R299L ACCO have a reduced Ka (4 and 11 fold 

respectively) for ascorbate.47 With a more conservative mutation, the Ka  of the R299K mutant 

for ascorbate is similar to that for the wild-type ACCO.64 Similar results were observed with

Lys292 as well, suggesting that both Lys292 and Arg299 on the C-terminal helix may interact 

with ascorbate.47

1 .4 .4  Oligom e ric s t a t e  o f ACCO

P. hybrida ACCO crystallises as an apparent tetramer, yet P. hybrida ACCO, and M. domestica 

ACCO are stable and catalytically active in both dimeric and monomeric forms.12,47 The 

oligomerisation of the tetramer is thought to be concentration-dependent, a phenomenon that 

is similar to other enzymes from the superfamily including IPNS and ANS.12 According to the 

crystal structures, P. hybrida ACCO appears to form a dimeric species with some additional 

contacts at the C-termini suggesting a possible tetrameric assembly (PDB 1WA6 and 1W9Y). 

In the dimeric assembly, the α-3 helix and the loop that follows (residues 43-83 in P. hybrida 

ACCO) of one monomer extends into the active site of the adjacent monomer (a symmetry 

molecule in the crystal structure) to form a dimer (Figure 1-10a).12 Residues Gln78, Asp83 

and Glu80 on the α-3 helix (monomer 1) form interactions with Tyr289, Lys158 and with Fe(II) 

(monomer 2) in the absence of any ligands.12  In the crystalline state, the C-terminus of each

dimer interlocks with the C-terminus of the adjacent dimer using electrostatic and hydrophobic 

interactions to form the tetramer, although the contact surfaces are minimal (Figure 1-10b).12
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Figure 1-10: Crystal structure of P. hybrida ACCO (PDB 1WA6) that was reported by Zhang et al. in 2004. (a) 
Dimeric form of P. hybrida ACCO. The extended α-3 helix of monomer 1 interacts with the active site residues 
of monomer 2 (circled). (b) P.hybrida ACCO appears to crystallise as a tetramer. The C-terminus of each 
monomer another monomer (circled) in the crystal producing the quaternary structure of the enzyme observed in 
the crystal.

1 .4 .5  Pos t - t ra n s la t ion a l re g u la t ion  of ACCO

In the ethylene biosynthesis pathway, ACS catalysed step was always considered to be rate

limiting, as ACCO was expressed in all tissues and readily converts ACC into ethylene. 

However, there is evidence suggesting that ACCO is able to control the rate of ethylene

biosynthesis through post-translational modifications instead of ACS especially during the

onset of fruit ripening.65,66 Although there are not many reported post-translations 

modifications on ACCO, some ACCO isomers were found to be sulfhydrated at Cys60 (e.g.,

in Solanum lycopersicum ACCO and in Cys63 in A. thaliana ACCO), which results in a

significant decrease in ACCO activity.67,68 This same cysteine residue was also found to 

undergo glutathionylation post-transitionally.69,70 Additionally, there are other putative amino 

acid motifs that may be recognised for post-translational modifications (summar ised in Table 

1- 1).  The consequences of these known and potential modifications on the stability and the 

activity of the protein remains unclear.
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Table 1- 1: Summary of putative amino acid motifs for post-translational modification found in M. domestica 47 

and A. thaliana ACCO.67,69

1 .5  Re g u la t ion  of p la n t  g rowth  by ACCO in h ib itors

It is of great interest to control or manipulate ethylene production in plants due to the role this 

molecule plays in many pathways, in particular, in fruit ripening. Plant growth regulators as 

well as transgenic plants have been explored as options to control the onset of ripening and 

decay of fruits, green leaves and flowers. Most common targets include ACS, ethylene 

receptors (ETR) and ACCO. Silencing ACCO genes to downregulate the expression of ACCO 

has been investigated extensively and this approach has been successful on a wide range of

commercial fruits including, apple,21,71 melon,72 kiwifruit,6 banana73 and tomato74, and also

applied to floriculture, in all cases to increase shelf-life.75

1 .5 .1  1 - Me th ylcycloprop e n e

Sisler and Serek discovered that cyclopropane and its structural analogues mimic ethylene and 

are potent binders of ethylene receptors (ETRs).76 These analogues inhibit ETRs for extended
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periods of time especially at low temperature.76 1-MCP, one of the cyclopropane analogues 

(Figure 1- 11), was developed and patented as a non-toxic postharvest fruit ripening regulator 

by AgroFresh and marketed under the brand name SmartFresh.77,78 1-MCP is the leading 

commercial growth regulator that is used worldwide. It is effective on a broad range of fruits 

and vegetables, including tomatoes, broccoli, avocado, apple, banana and kiwifruit, and on 

ornamental crops.79,80 1-MCP is also effective in de-greening, and the slowing down of the 

development of physiological disorders, internal browning and superficial scald.81 1-MCP is 

widely accepted as a fruit ripening regulator and is registered for commercial applications in 

more than 26 countries including New Zealand.81,82 Other cyclopropane analogues such as 1- 

pentylcyclopropene and 1-octylcycloproapne are also effective growth regulators.

Figure 1- 11: Structure of 1-MCP.

1-MCP competes with both endogenous and exogenous ethylene to bind ETRs. It has a much 

higher affinity to ETRs than ethylene and therefore 1-MCP can be used at relatively low 

concentrations.7,79,83 The inhibitory effect of 1-MCP is temporary. It can be used to delay 

ripening by up to six weeks depending on the number of handling practices such as cultivar, 

maturity, the ripening stage of the fruits and treatment temperature.78,79 The treatment duration 

of 1-MCP may vary from 12 to 24 hours depending on the cultivar and the concentration of 1- 

MCP.81 1-MCP binds to ETRs irreversibly.81 However, the ripening process resumes within 12 

to 24 hours of exposure to ambient temperatures due to the generation of new ETRs.81 

Continuance of the fruit ripening depends on the concentration of the applied 1-MCP, exposure 

period and the length of the storage.79,82 Repeated application of 1-MCP can prolong the
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ripening for even longer periods.77,82 1-MCP also influences ethylene biosynthesis by exerting 

a feedback inhibition on ACS and ACCO enzyme expression.83

Despite the effectiveness of 1-MCP, one of its major drawbacks is its potential toxicity if 

applied outside its maximum treatment concentration or outside the approved treatment time 

limits. Excess 1-MCP is toxic when inhaled or absorbed through the skin. It may also cause 

eye irritation.77 The effectiveness of 1-MCP also lacks consistency, as the extent of the 

inhibition and its effective concentration varies between different cultivars and between 

applications.78,79,83 In some cultivars, 1-MCP was found to speed up ethylene production thus

rendering the compound useless. On the other side of the scale, 1-MCP has also been found to 

completely inhibit the fruit ripening process for some other species.78,84,85 Also, the treatment 

of 1-MCP requires enclosed gas tight spaces thus limiting the fruit handling flexibility.78 More 

importantly, the inhibition of 1-MCP cannot be reversed by exposing the fruits to ethylene or 

other ripening stimulants such as Etephon until new ETRs are being biosynthesised, this 

decreases the flexibility for plant growers and retailers.7,77,82 Furthermore, for some fruit types 

such as strawberries, 1-MCP has shown to increase physiological disorders such as uneven 

colour development and increased susceptibility to pathological disorders.86

1 .5 .2  Am in oe th oxyvin ylg lycin e

Aminoethoxyvinylglycine (AVG) is another widely-used plant growth regulator that is 

commercialised under the name ReTain by Valent BioSciences.87 In contrast to 1-MCP, AVG 

is applied preharvest which allows flexible crop picking times. This flexibility improves many 

qualities of the fruits for market including colour, size, soluble solids and starch rating. It also

affords reduced physiological disorders and reduce wastage.87 AVG-treated crops will continue

to grow without maturation/ripening which allows the crops to reach the maximum crop size.87
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AVG is a potent inhibitor of ACS.88 AVG supresses the rate limiting step in the ethylene 

biosynthesis pathway by inhibiting the formation of ethylene precursor, ACC (Figure 1- 

12).2,88,89 As AVG inhibits endogenous ethylene production, fruit ripening can be induced by 

exogenous ethylene. However like 1-MCP, the effectivity of AVG varies depending on the 

cultivar, temperature and climate.89,90 The onset of fruit ripening especially with cold storage 

of AVG-treated fruits varies.90 In addition, it has been reported that perishable characteristics 

of the fruits such as flavour and appearance in AVG treated fruits are reduced.88,90 AVG also 

lacks specificity to ACS in ethylene biosynthesis pathway and binds to other pyridoxial-5-́ 

phosphate dependent enzymes.91,92 These factors decrease the effectiveness and applicability 

of AVG.

Figure 1- 12: AVG and ACC share structural similarities: (a) Structure of AVG, and (b) Structure of ACC.

1 .5 .3  Oth e r fru it  r ip e n in g  re g u la tors

Transition metals such as Co(II) and Cu(II) can inhibit ACCO by competing with Fe(II) the 

active site, and generating inactive complexes.12 Silver thiosulfate is another known inhibitor 

of the ACCO, with Ag(II) out-competing Fe(II).93,94 However, these heavy metal-related

compounds cannot be used as fruit ripening regulators due to their toxicity. Several ACC

analogues have also been tested as potential inhibitors. These include 1-aminocyclobutane-1- 

carboxylate, 1-aminocyclo-hexane-1-carboxylate, cyclopropane and 1-dicaroboxylic acid.93,95

However, as reported by Kosugi et al.93,96 and Dourtoglou et al.95,97, only a few of these

analogues show affinity to Dianthus caryophyllus (carnation) and M. domestica (apple)

ACCO. These compounds failed to inhibit ethylene synthesis.93,95 A possible explanation for
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their poor affinity may be due to the steric hindrance at the active site.98,99  POA, which is a 

metabolite of pyrazinamide, a compound that is used in clinical trials for tuberculosis, and 2- 

PA, an analogue of POA, inhibit ACCO.57 Both molecules bind in the same mode as ACC and 

therefore act as competitive inhibitors. 57 However, to date, there are no commercial growth 

regulators that actively target ACCO. This affords an opportunity to develop more effective 

and safe growth regulators by targeting this enzyme.

1 .5 .4  De ve lop m e n t  of n ove l g rowt h  re g u la tors  th a t  t a rge t  ACCO

One of the major advantages of using ACCO inhibitors to prolong fruit ripening process is that 

the application of exogenous ethylene or ethylene mimics such as Ethephon100 will initiate the 

onset of fruit ripening. This increases crops handling flexibility to induce fruit ripening when 

it is desired, which cannot be achieved with other inhibitors such as 1-MCP. Targeting ACCO 

over ACS is preferable as it is less intrusive to other pathways involving ACC. ACCO can also 

be targeted for other ethylene induced pathways.

In ACCO knockdown models of kiwifruit, tomato, melon and apple, ethylene production and 

perception were found to be inhibited. After 48 hours of exposing the fruits to exogenous 

ethylene, ripening characteristics can be observed.6  However, it is a challenge to design novel 

scaffolds to inhibit ACCO, as ACC analogues such as cyclopropane, cyclopropylamine and 

cyclopropanecarboxylic acid have been shown to be ineffective.2

In designing a potent inhibitor for ACCO, there are several factors that are need to be

considered. These include their toxicity to humans as well as to other animals, crops and the 

environment. Potential inhibitors of ACCO have to be within the required safety limits for 

consumption. The inhibitors should ideally be biodegradable and the degradation products 

should present no harm to the environment. Most importantly, the regulators should not affect 

the nutritional content and overall quality of the fruit. Furthermore, the potential regulators
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should be cost effective and should be easy to handle and to apply. Finally, the inhibitors should 

be optimised to be effective on wide range of climacteric fruits with a high potency for different 

isoforms of ACCO.

1 .6  Aim s  a n d  Ob je ct ive s

Despite previous efforts employing a wide range of different techniques including X-ray 

crystallography, site-directed mutagenesis, spectroscopic studies, and comparative modelling 

studies to study ACCO, its mechanistic and structural features remains poorly defined.  The 

purpose of this thesis is to understand the factors that govern ACCO catalysis from both 

structural and mechanistic perspectives. Any insights into the protein structure and the catalytic 

mechanism will help to fill in the gaps within this enzyme system.  Additionally, there is great 

interest to identify the molecular features of ACCO that are necessary for ligand binding, and 

to use such information to develop novel growth regulators that are effective on a wide range 

of fruits especially those that are commercially important.

1 .6 .1  Th e s is  S t ru ctu re

In Chapter  2, the potential oligomerisation of ACCO was investigated using analytical size 

exclusion chromatography, size exclusion chromatography coupled with multi angle laser light 

scattering, native PAGE and X-ray crystallography.

In Chapter  3, the conformation change of ACCO upon ligand binding and its relationship to 

the catalytic activity of the enzyme were investigated.

Chapter  4 covers the development, screening and optimisation of ACCO inhibitors.

In Chapter  5, the experimental procedures are described.
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CHAPTER 2 :   REDOX-CONTROLLED 

REGULATION OF ACCO

2 . 1  In t rod u ct ion

The multimeric state of a protein is an important property as it determines the stability and/or 

function of the protein or protein complex.1,2 The multimeric state of ACCO is not well

understood. It has been reported that ACCO may exists as monomers and/or in various other

multimeric forms. However, to date, there are little consistent evidence about the presence of these

different forms, and whether these multimeric forms are functionally important and/or 

physiologically relevant.

ACCO was first reported as a multimeric protein in 2004.3 Crystallography studies of Petunia

hybrida ACCO isoform 1 found that the protein crystallised as a tetramer (PDB 1WA6 and

1W9Y).3  The four monomeric subunits were held together through the C-terminus of each 

monomer, which interlocks with each other via hydrophobic and electrostatic interactions.3 

Protein dimerisation via hydrophobic and electrostatic interactions of the C terminus is not 

uncommon amongst members of the non-haem Fe(II) and 2-oxoglutarate (2OG)-dependent 

oxygenase and oxidase superfamily (in which ACCO is a member of). For example, similar 

interactions can be found in the dimer of factor inhibiting hypoxia inducible factor (PDB 1H2L)4 

and the dimer of γ-butyrobetaine hydroxylase (PDB 3O2G).5 However, it is not clear whether the

ACCO tetramer that was observed crystallographically is physiologically relevant or whether it is 

a mere crystallography artefact. In the same study, non-denaturing mass spectrometry detected the 

presence of monomeric and dimeric, but not any other higher oligomeric, forms of P. hybrida
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ACCO.3 However, light scattering experiments employing P. hybrida ACCO in the crystallisation 

buffer showed the presence of the oligomeric forms.3

In 2012, by using Malus domestica ACCO isoform 1, Dilley and coworkers found that the protein

exists as monomeric, dimeric and tetrameric states in solution as analysed by size exclusion 

chromatogrpahy.6 The authors also related the catalytic activity of the enzyme to its multimeric 

states, with monomeric ACCO the most active and tetrameric ACCO the least active. However,

the chromatogram containing the raw data and detailed kinetic analyses were not shown by the

authors.

In 2017, a study was published showing that Arabidopsis thaliana ACCO isoform 2 was 

crystallised as monomer (PDB 5GJ9).7 Size exclusion chromatography showed that A. thaliana 

ACCO exists only as monomer in solution.7

2 . 2  Aim s

The main objective of the work presented in this chapter was to understand the multimeric state

of ACCO in solution. Detailed analyses were performed to characterise the different potential 

forms of ACCO and the conditions that might induce ACCO to switch between monomeric and 

higher order assemblies. Finally, kinetic analyses of ACCO were also carried out to probe the 

physiological relevance of the different forms of ACCO.

2 . 3  Ch a r a ct e r is a t ion  o f t h e  m u lt im e r ic  s t a t e  o f ACCO

The multimeric state of ACCO in solution was first investigated to resolve the discrepancies in 

the literature (i.e. ACCO may exist as monomer, dimer, tetramer or higher order oligomers). The 

literature inconsistencies could be due to several factors. Firstly, ACCO from different species (P.

hybrida, A. thaliana and M. domestica) were used in the various studies previously examining the

multimeric state of ACCO. Even though there is a high sequence similarity between the three
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enzymes, being from different species, they may behave differently, for example, in how their

function is regulated by oligomerisation. Secondly, different experimental techniques, from light

scattering to X-ray crystallography, were used. These different techniques may not give 

experimental results that are directly comparable with each other. Thirdly, experimental

conditions such as the buffer used and protein concentration are different, which again may affect

the multimeric state of the proteins.

In order to perform a detailed analysis, recombinant ACCO from P. hybrida (isoform 1), A.

thaliana (isoform 2) and M. domestica (isoform 1) were studied. These three proteins were 

selected because they were used as model proteins in previous studies that analysed the multimeric 

state of ACCO. All three isoforms of ACCO were expressed in BL21(DE3) and were grown in 

2YT media. Protein were the purified using affinity, ion exchange and size exclusion

chromatography to obtain high purity protein. The purity of the proteins were analysed using

sodium dodecyl sulfate- poly acrylamide gel electrophoresis (SDS-PAGE) (See Mater ial and 

Methods).

Once protein are purified, analytical size exclusion chromatography was first applied to determine

the number of species present and to provide an estimate of their molecular mass. The Superdex 

200 10/300 GL column was selected for this experiment, as it should allow the separation of 

ACCO monomer (~35-40 kDa), dimer (~80 kDa) and other higher order oligomers species. In 

order to obtain results that are comparable between the three proteins, only highly purified apo- 

proteins were used. In addition, the same buffer (50 mM Tris, pH 7.5) was used throughout the 

experiments.

Analytical size exclusion chromatography analysis showed that P. hybrida ACCO eluted as two

peaks (Figur e 2-1a). The first peak has an elution volume of ~12 mL, which roughly corresponds

to the molecular mass of the dimer (~76 kDa). The second peak has an elution volume of ~15 mL,

which roughly corresponds to the molecular mass of the monomer (~38 kDa). Sodium dodecyl
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sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of both peaks confirmed that 

P. hybrida ACCO is the only species present in both peaks. A similar elution profile was observed 

for M. domestica ACCO (Figure 2-1b). Interestingly, the same experiment with A. thaliana 

ACCO displays only a single elution peak (Figure 2-1c). It has an elution volume of ~15 mL, 

which again roughly corresponds to the molecular mass of the monomer (~38 kDa). In all three 

cases, a small peak can be observed in the void volume, which could be aggregated or denatured 

protein.

These results suggested that both P. hybrida ACCO and M. domestica ACCO are heterogeneous

in solution whilst A. thaliana ACCO exists as a single species. These results are in agreement with 

the results that were reported by Sun et al., which showed that A. thaliana ACCO exists only as a 

monomer in solution, and in partially agreement with those that were obtained by Zhang et al. and 

Diley et al., as we only observed monomers and dimers (and not tetramers or other higher order 

oligomers) for P. hybrida ACCO and M. domestica ACCO.
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Figure 2- 1 : Analytical size exclusion chromatography analyses using a Superdex 200 10/300 GL column for (a) P. 
hybrida ACCO, (b) M. domestic ACCO, and (c) A. thaliana ACCO. The ACCO concentration was ~2 mg/mL in each 
sample and all were analysed in 50 mM Tris (pH 7.5). Both P. hybrida ACCO and M. domestic ACCO eluted as two 
unresolved peaks. The first peak (shown by an arrow) is absent in the A. thaliana ACCO elution profile. Apo-ACCO 
protein was used in each of these experiments. Absorbance was measured at 280 nm.

28



2 . 4  In ve s t ig a t in g  t h e  t r ig g e r  fo r  ACCO d im e r is a t ion

2 .4 .1  Re d u cin g  a ge n t s

The effect of reducing agents on the formation of the ACCO monomer or dimer was investigated. 

It is not uncommon for proteins to form homodimers via disulphide bridging of cysteine residues 

and reducing agents can often break these covalent bonds. P. hybrida and M. domestica ACCO 

were incubated with reducing agents as they were purified as a mixture of monomer and dimer 

(Figure 2-2).

Figure 2-2: Normalised elution profiles of P. hybrida ACCO and A. thaliana ACCO in the presence of reducing 
agent (TCEP) (a) P. hybrida ACCO without any reducing agents (dashed blue line) and the same sample with 2 mM 
TCEP (solid blue line). (b) A. thaliana ACCO without any reducing agents (dashed green line) and the same sample 
with 2 mM TCEP (solid green line).
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Apo-P. hybrida ACCO was first incubated in 2 mM tris(2-carboxyethyl)phosphine (TCEP) for 30 

minutes at room temperature. The sample was then subjected to analytical size exclusion 

chromatography analysis. Compared to the protein that was not incubated with reducing agent 

(TCEP), the protein incubated with TCEP showed a clear decrease in the “first” elusion peak, 

which corresponds to the putative dimer species (Figure 2-2a). A similar result is observed with 

apo-M. domestica ACCO, in which the “first” peak that corresponds to the ACCO dimer 

diminishes greatly in intensity when compared to the non-reduced protein sample although still 

appears as a minor shoulder of the dominant monomer peak (Figure 2-2b). The size exclusion 

chromatography elution profile of the TCEP-incubated apo-P. hybrida ACCO and apo-M.

domestica ACCO overlay closely that of the A. thaliana protein, which is a monomer, with similar

profiles and close elution volumes (Figure 2-3). These results suggested that P. hybrida ACCO

and M. domestica ACCO exist as monomers in the presence of TCEP, implying the observed 

ACCO dimer is likely formed through disulphide bond interactions.

Figure 2-3: Normalised elution profiles of P. hybrida ACCO (blue), M. domesitca ACCO (yellow) and A. thaliana 
ACCO (green). P. hybrida ACCO and A. thaliana ACCO were incubated in 2 mM TCEP for 30 minutes prior to the 
size exclusion experiment. The buffer was 50 mM Tris (pH 7.8) and 2 mM TCEP (where applicable). Protein 
concentration was 2 mg/mL.
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Although analytical size exclusion chromatography gave an estimation of the molecular mass of 

the various ACCO species, it is important to determine this property with higher precision. Size 

exclusion chromatography coupled with multi-angle laser light scattering (SEC-MALLS) is a 

technique commonly used to determine the molecular mass of proteins or protein complexes in

solution.8  In a SEC-MALLS experiment, following the size exclusion chromatography step, a

single frequency polarised light beam illuminates the protein sample. The intensity of the scattered

light is proportional to the concentration and the molecular mass of the protein. The angular 

dependence of the scattered light is also dependent on the size of the protein. Hence, SEC-MALLS 

enables the estimation of the molecular mass of a protein or protein complex by utilising the 

information that is obtained from three different detectors: UV absorbance, light scattering and 

refractive index (RI).9

The P. hybrida ACCO oligomeric state was examined using a sample initially not treated by 

reducing agent. The two peaks (monomer and dimer) from the size exclusion chromatography run 

of apo-P. hybrida ACCO were carefully separated, and were both treated with TCEP before SEC- 

MALLS analysis at different protein concentrations. The monomer + TCEP sample was injected 

at three concentrations, 1, 2 and 4 mg/mL, with all samples eluting as single symmetrical peaks 

with no tails. This result suggests that the samples contain a single species, monomeric in size,

and that the protein does not undergo self-association (at least under the concentrations tested)

(Figure 2-4). The dimer + TCEP sample was then run on SEC-MALLS affording a similar result 

to the monomer sample (Figure 2-5). This confirms again that both peaks from SEC are in fact 

monomeric species, that is, the presence of TCEP abolishes the formation of the dimer by reducing 

an intermolecular disulphide bond. In each SEC-MALLS experiment, the molecular mass of the 

TCEP-treated samples was measured at ~40 kDa, which matches the theoretical mass of 

monomeric P. hybrida ACCO with an uncleaved polyhistidine tag; ~38 kDa.
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In addition to TCEP, ascorbate was also tested for reducing the disulphide bridge (Figure 2- 6). It

has been suggested that at high concentrations (1 mM) ascorbic acid can reduce disulphides within 

a low reduction potential range of -0.20 to -0.40 V.10,11 Reduction potential of reducing the

disulphides, RSSR + 2e- + 2H+ → 2RSH is -0.33 V.10,12 As ACCO is requires ascorbic

acid/ascorbate as a co-factor in mM range, it is possible for ascorbate to reduce the cysteine- 

cysteine dimers. Dimer (2 mg/mL) was incubated with 10 mM ascorbate for 2 – 30 mins and 

analysed using a native-PAGE.  Interestingly, even at 10 mM concentration, the dimers did not 

dissociate in the presence of ascorbate (Figure 2- 6).

Figure 2-4: SEC-MALLS chromatogram with RI and molecular mass calculations. The sample was the monomer of 
apo-P. hybrida ACCO treated with 2 mM TCEP. Different sample concentrations 4 (green), 2 (blue) and 1 (red) mg/ml 
runs are overlaid. The averaged molar mass is ~40 kDa (dash line).
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Figure 2-5 : SEC-MALLS chromatogram with RI and molecular mass calculations overlaid. The samples were the 
monomer of apo-P. hybrida ACCO (purple) and the dimer of apo-P. hybrida ACCO (red), both treated with 2 mM 
TCEP (red). The elusion peaks are symmetrical and the averaged molar mass is ~40 kDa. This is presumably due to 
TCEP reducing the ACCO dimer back to the monomer by removing a disulphide bond. Differences in the height of 
the peaks reflect the different protein concentrations used in the experiments.

Figure 2- 6 : Native PAGE analyses of P. hybrida ACCO with ascorbate (Asc). Dimer (2 mg/mL) with 100 µM Ni(II) 
was incubated in 10 mM ascorbate for  2, 5 10 and 30 mins. The first lane contained ACCO with Ni(II) in the absence 
of ascorbate (Acs) as a control.
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2 .4 .2  Effe ct  of co fa ctors  a n d  s u bs t ra t e  on  ACCO d im e r is a t ion

Although it was found that reducing agents may keep P. hybrida ACCO and M. domestica ACCO 

as monomers, previous crystallography experiments suggested that the protein may dimerise or 

even form tetramers through non-covalent interactions via its C-terminus.3

In order to catalyse ethylene formation, ACCO interacts with multiple cofactors including non-

haem Fe(II) and ascorbate or bicarbonate, alongside its substrates ACC and molecular oxygen. It 

is possible that the binding of substrate and other co-factors may help to trigger the dimerisation 

or oligomerisation of the protein. Hence, the effect of cofactors on the oligomeric state of ACCO 

was investigated.

To test our ligand binding hypotheses, analytical size exclusion chromatography analyses were

performed with P. hybrida ACCO in the presence of Ni(II), ACC and/or bicarbonate. Ni(II) was

used to replace the catalytically active Fe(II). This is standard practice in the studies of enzymes 

from the non-haem Fe(II) and 2OG-dependent oxidase and oxygenase superfamily. There are two 

reasons why Fe(II) is replaced by Ni(II) in these circumstances. Firstly, it has been reported that

Fe(II) is readily oxidised, which may trigger ACCO to undergo auto-catalytical degradation.3

Secondly, the presence of Fe(II) will enable turnover of the substrate. The mixtures were incubated

with 1 mM TCEP for 30 minutes. All the different combinations that were tested gave a single 

peak at the same elution volume. In order to ensure saturation of the cofactors, size exclusion

chromatography analyses were repeated with cofactors added to the size exclusion

chromatography buffer to prevent the dissociation of the cofactors from the protein. The elution 

profile remained as a single peak (Figure 2- 7). These results suggest that oligomerisation is not 

induced by metal, substrate, or bicarbonate binding. Size exclusion chromatography experiments 

could not be carried out with ascorbate as ascorbate has high ultraviolet (UV) absorbance, which 

interfered with the protein UV absorbance measurements.
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Figure 2- 7: Analytical size exclusion chromatogram of P. hybrida ACCO. The concentration of ACCO was 2 mg/
mL. The buffer was 50 mM Tris-HCl (pH 7.5). The protein was incubated with NiCl2 (100 µM), ACC (1 mM) and/
or HCO3

- (30 mM). Protein was incubated in the buffer containing the cofactors and/or ACC and TCEP (1 mM) for 
~1 hour.

In addition to size exclusion chromatography, SEC-MALLS were also performed to confirm the 

binding of Ni(II) did not cause protein dimerisation or oligomerisation. Monomeric P. hybrida 

ACCO was incubated with Ni(II) at a 1:2 protein-to-metal ratio for 1 hour prior to SEC-MALLS 

analysis. The elution profile is symmetrical and the estimated molecular mass (~40 kDa) (Figure 

2- 8) confirming a monomeric protein and that metal does not induce ACCO to dimerise or 

oligomerise.
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Figure 2- 8: P. hybridaACCO (2 mg/mL) incubated with Ni(II) at 1:2 ratio. (a) Analytical SEC elution profile (b)
SEC-MALLS elution profile. The elusion peak is symmetrical and the averaged MW is ~35 kDa. Note that the height 
of the peaks refer to the protein concentration.

As size exclusion chromatography and SEC-MALLS could not be used to study the effect of 

ascorbate on ACCO, native polyacrylamide gel electrophoresis (PAGE) was conducted. Both P. 

hybrida ACCO and A. thaliana ACCO were studied. In agreement with the results obtained by 

size exclusion chromatography and SEC-MALLS, two bands were observed with apo-P. hybrida 

ACCO, indicating the formation of the monomeric and the dimeric species (Figure 2- 9a). In 

contrast, the native PAGE of apo-A. thaliana ACCO only showed one band, indicative of one 

monomeric species (Figure 2- 10a). The addition of TCEP to apo-P. hybrida ACCO reduces the 

number of bands observed in the native PAGE to one (Figure 2- 9a), indicating that the dimer

species has been reduced to monomer. Native PAGE of the proteins in the presence of TCEP and

various combination of Ni(II) or Fe(II), ACC, bicarbonate and/or ascorbate showed only one band 

(Figure 2- 9a and Figure 2- 10a), showing again that they do not induce the formation of an 

ACCO oligomer.

36



2 .4 .3  Effe ct  of bu ffe r  con d it ion s  on  ACCO d im e ris a t ion

It is possible that buffer conditions could affect ACCO dimerisation or oligomerisation. Inside 

plant cells, a number of triggers could initiate or enhance the oligomerisation of proteins. These 

include pH, ionic strength and compartmentalisation. Native PAGE analyses were therefore 

conducted with P. hybrida ACCO and A. thaliana ACCO at different pH, ionic strength and

different crowding agents (glycerol, sucrose, and polyethylene glycol, or PEG). The use of

crowding agents aimed to mimic the density of the surrounding molecules and organelles within 

a cell. Inside the cells, subcellular organelles might force proteins to oligomerise upon close 

contact.

Figure 2- 9: Native PAGE analyses of P. hybrida ACCO. The effect of apo-ACCO in the presence (a) of co-factors 
and substrate, (b) of different pH buffers, (c) of different molecular crowding agents, (d) of different NaCl 
concentrations. Experiments with ACCO-Ni(II)-ACC (2 mg/mL protein with 100µM and 1 mM ACC) in the presence 
of (e) different NaCl concentrations, (f) different pH, and (g) different molecular crowding agents, were also 
investigated. The first lane in all gels contained apo-ACCO in the absence of TCEP. All other lanes contained samples 
that were incubated with TCEP (and where appropriate, the other molecules) for ~30 minutes prior to electrophoresis.
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Similarly to previous experiments, all the native PAGE experiments under the various tested 

conditions (pH, ionic strength and crowding agents) showed that P. hybrida ACCO exists as a 

single monomeric species in the presence of TCEP (Figure 2- 9). Similar results were observed 

for A. thaliana ACCO, which showed that the protein always exists as a single species (Figure 2- 

10). Our results thus showed that pH, salt and crowding agents do not induce ACCO dimerisation 

or oligomerisation. The two protein bands that were seen with P. hybrida ACCO on the non- 

reduced protein further support the hypothesis that dimerisation occurs via intermolecular 

disulphide bridge, the biological relevance of which is unknown.

Figure 2- 10: Native PAGE analyses of A. thaliana ACCO. The effect of apo-ACCO in the presence (a) of co-factors 
and substrate, (b) of different pH buffers, (c) of different molecular crowding agents, and (d) of different NaCl 
concentrations. The effect on ACCO-Ni(II)-ACC (2 mg/mL protein with 100µM and 1 mM ACC) of (e) different 
NaCl concentrations, (f) different pH, and (g) different molecular crowding agents, were also investigated. The first 
lane in all gels contained apo-ACCO in the absence of TCEP. All other lanes contained samples that were incubated 
with TCEP (and where appropriate, the other molecules) for ~30 minutes prior to electrophoresis.
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2 . 5  In ve s t ig a t ion s  in t o  t h e  a m in o  a cid  re s id u e s  re s p on s ib le  fo r 

ACCO d im e r is a t ion

To discover the amino acid residue(s) responsible for the dimerisation of ACCO, tandem mass

spectrometry (MS/MS) was performed with P. hybrida ACCO in the absence of TCEP. Protein 

samples were diluted in ammonium bicarbonate buffer and alkylated with iodoacetamide. Samples

were then buffer exchanged to remove any unreacted iodoacetamide before performing a 1 hour

microwave digest with trypsin before finally, dilution and analysis by liquid chromatography

(LC)-MS/MS on a TripleToF instrument (Mass spectrometry Centre, University of Auckland). 

Analysis of the MS/MS data showed that there are two disulphide cross-linked species (Figure 2- 

11). The major species was a disulphide-linked dimer formed between the same cysteine (Cys165) 

of each protein. A minor species (~10 times less abundant) was an intermolecular dimer formed 

between Cys165 of one peptide and Cys60 of the other.

There are four cysteine residues in the P. hybrida ACCO protein sequence. Three of the cysteines

are conserved across multiple species (Figure 2- 12). The crystal structure of P. hybrida ACCO 

indicates that only two of the four cysteine residues (Cys60 and Cys165) are surface, solvent 

accessible residues (Figure 2-13a). The paired Cys165 observed in the MS/MS is at least ten times 

stronger that the other species, which also uses one copy of this same side chain; it is likely that 

Cys165 is a key cysteine residue that is responsible for the ACCO dimerization under specific 

conditions and as noted by ourselves and others. The equivalent cysteines (Cys63 and Cys168) in 

the A. thaliana ACCO crystal structure are not surface exposed (Figure 2-13b), and this appears 

to be a key reason why A. thaliana ACCO exists only as monomer.
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Figure 2- 11: MS/MS spectra of P. hybrida ACCO showing two species that contain disulphide bonds. These are (a) 
a major dimeric species that is linked C165-C165 and (b) a minor dimeric species that is linked C60-C165.
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Figure 2- 12 : Sequence comparison of ACCO from multiple species highlighting the four cysteine residues (in 
yellow) in the protein sequence. C60 (*) is not well conserved (highlighted in grey) in some ACCOs including B. 
oleracea and M. domestica. C165 (**) is conserved in all the species listed.
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Figure 2-13: The four cysteine residues in P. hybrida ACCO and A. thaliana ACCO. (a) The two surface cysteines 
C60 and C165 of P. hybrida (shown as sticks). (b) The two conserved but buried cysteines C28 and C133 of P. 
hybrida (shown as sticks). (c) A. thaliana C63 and C168 . (d) A. thaliana C31 and C 136 (shown as sticks). Each of 
the A. thaliana cysteines is less surface exposed compared with P. hybrida equivalents and are primarily buried in the 
protein.

2 . 6  In ve s t ig a t ion s  in t o  t h e  e ffe ct  o f ACCO d im e r is a t ion  on ca t 

a ly t ic a ct ivit y

Dilley and coworkers reported that the catalytic activity of M. domestica ACCO was linked to its

oligomeric state with monomeric protein being most active, and dimeric or tetrameric protein 

being far less active (data was not published).6 The catalytic activities of the ACCO monomer and 

cysteine-linked dimer were therefore investigated. A 1H NMR-based assay using P. hybrida 

ACCO measured the turnover of ACC by a decrease in the intensity of the substrate signal. These 

assays were in agreement with the observations made by Dilley and coworkers; the ACCO
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monomer had the highest activity and the dimer was almost inactive (~8 times lower in activity; 

Figure 2-14). Reduction of the ACCO dimer back to monomer (by incubation with 2 mM TCEP 

or 2 mM reduced glutathione for one hour) reactivated the enzyme although not completely 

(Figure 2-14). The reduced activity in the ‘reactivated’ sample may indicate an incomplete 

reduction of the disulphide crosslink in the dimeric species.

Figure 2-14: Single concentration turnover of ACC by P. hybrida ACCO. Each sample contained 2 µM of P. hybrida 
ACCO with 250 µM ACC, 12.5 mM ascorbic acid, 30 mM bicarbonate, 20 µM FeSO4 and 250 µg of catalase. 
Experiments were carried out in 50 mM Tris-D11 (pH 7.5) 10% H2O + 90% D2O. All experiments were conducted 
three times and the standard error indicated.
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2 . 7  Cys t e in e - t o - s e r in e  m u t a n t s  co n firm  t h e  con s e rve d

cys t e in e s  a re  r e s p on s ib le  fo r  d im e r is a t io n

To further confirm the MS/MS results, three cysteine-to-serine mutants of P. hybrida ACCO 

were produced; serine and cysteine are structurally similar, but serine lacks the ability to form 

disulphide bridges. The three mutants produced were C60S, C165S and C60S/C165S ACCO. 

Size exclusion chromatography confirmed that, in the absence of reducing agents, both C165S 

and C60/165S mutants appeared as a single monomeric species while C60S mutant appear to 

contain dimeric species (~20%) as well as the monomeric species (Figure 2- 15). This result 

is consistent with the MS/MS experiments, which showed that C165 is the major cysteine 

species that is responsible for ACCO dimerisation.

1H NMR analyses were carried out to study the kinetic activity of these mutants (Figure 2- 16).

The results showed that all three mutants have similar activity as the monomeric wildtype 

enzyme. These results further confirm that the monomeric species of ACCO is the active 

species of the enzyme.

44



Figure 2- 15: Analytical size exclusion chromatogram of P. hybrida ACCO mutants, (a) C60S (blue) (b) C165S 
(green) and (c) C60/165S (yellow) in comparison with wild-type P. hybrida ACCO (red dashed lines)  The 
concentration of ACCO mutants were 2 mg/mL in 50 mM Tris-HCl (pH 7.5).
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Figure 2- 16: Single concentration turnover of ACC by WT, C60S, C165S and C60S/C165S P. hybrida ACCO. 
Each sample contained 2 µM of P. hybrida ACCO with 250 µM ACC, 12.5 mM ascorbic acid, 30 mM bicarbonate, 
20 µM FeSO4 and 250 µg of catalase. All experiments were carried out in 50 mM Tris-D11 (pH 7.5) 10% H2O + 
90% D2O. All experiments were conducted three times and standard errors calculated.

2 . 8  Dis cu s s ion  a n d  fu t u re  d ir e c t ion s

The experiments described in this chapter show that P. hybrida ACCO and M. domestica 

ACCO can switch between monomers and dimers, whilst A. thaliana ACCO is always 

monomeric in form. Dimers when observed are formed by disulphide bonds through two 

conserved cysteine residues. Tetrameric or other higher oligomeric states were not observed in 

any of the conditions tested. These results contradict the work by Zhang et al., who, by 

analysing X-ray crystal structures, suggested that P. hybrida ACCO forms oligomers via its C- 

terminal loop.3 In the crystal structure, the C-terminus of each ACCO monomer interlocks with 

the C-terminus of an adjacent monomer to form a tetramer via both hydrophobic and 

electrostatic interactions. However, in the same paper, the authors also reported that the buried 

surface area between the adjacent monomers is 2677 Å2, which is relatively small area to form 

interactions between the two monomers and thus suggesting that the interactions at the interface

are not strong.3,13 By using the PDBePISA server,14 the potential surfaces of P. hybrida ACCO
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(PDB 5TCV) were characterised. The complex formation significance score (CSS) for the 

dimeric interface was 0.581 and the score for the tetrameric was 0.614. CSS ranges from 0 to 

1 and a CSS score of 1 means that the interface is stable and is likely of biologically relevance. 

The scores of 0.581 and 0.614 suggests that the dimer and tetramer that were observed 

crystallographically could be an artefact.

Our work also showed that the ACCO dimer has significantly reduced enzymatic activity when

compared to the monomer. It is an interesting observation as it suggests a possible protein-level 

regulation mechanism of ACCO activity in the production of ethylene in planta. Ethylene is a

stress-responsive plant hormone that responds to both abiotic stress and biotic stress. Although

ACC synthase (the first enzyme in the ethylene biosynthesis pathway) is widely regarded as 

the rate limiting step in ethylene biosynthesis, the conversion of ACC to ethylene catalysed by 

ACCO is the final regulatory step in ethylene biosynthesis and it is therefore likely that the 

expression and activity of ACCO are also highly regulated in plants.15 Multiple studied have 

shown ACCO expression in plant cells can increase relatively quickly (within an hour) by up 

to eight-fold as a response to certain environmental stress.16,17 Stress also affects the redox 

homeostasis in plants, which is complex and not well understood. It is possible that the balance 

of reactive oxygen species and antioxidants may trigger a rapid response to ethylene production 

by inducing the formation or ACCO monomer (activating) or dimer (deactivating) by 

manipulating the reduction potential of the cell. It is clear that further research is needed to 

fully understand the interplay between ethylene production, ACCO monomer/dimer 

conversion and plant redox homeostasis.

It is also interesting that, out of the three ACCO species that we have studied, only two form 

cysteine dimers. It is not unusual for different members in the same homologous protein family 

to have different oligomerisation states.18 It is also known that the expression of different

ACCO isoforms varies depending on the type of plant tissue and the stage of development19,20
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Each ACCO isoform may also have specific functions during plant growth and development, 

and during stress.21,22 In addition, some ACCO isoforms are constitutively produced, and some 

are only produced in response to stimuli.23 It is therefore interesting to speculate that those 

ACCO isoforms that are constitutively produced would be responsive to redox-regulated

protein-level control, whilst those that are not constitutively produced do not. Further studies 

are needed in order to get a full picture of the system.

2 . 9  Con clu s ion s

Collectively, the size exclusion chromatography, SEC-MALLS and native PAGE experiments 

described, show that recombinant P. hybrida ACCO and M. domestica ACCO may form

monomers and dimers in solution, and that A. thaliana ACCO exists only in a monomeric state.

By using tandem mass spectrometry, we showed that the P. hybrida ACCO and M. domestica 

ACCO dimers are linked together via a disulphide bridge that is formed between two conserved 

surface cysteine residues. We also showed that the cysteine dimer could be reduced by applying 

reducing agents such as TCEP. By using an 1H NMR assay and cysteine-to-serine mutants, it

was shown that the monomeric form of ACCO is the active species. Our results provide

conclusive evidence about the different species of ACCO in solution in vitro. Further studies 

are needed to understand the significance of our results as they relate to biological function in 

plants.
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CHAPTER 3:  STRUCTURAL STUDIES 

OF ACCO

3.1 Introduction

Since the publication of the first crystal structures of ACCO by Zhang et al. in 2004,1 there 

have been suggestions that ACCO may undergo substantial conformational change during 

catalysis. The formulation of a conformational change hypothesis derives from the crystal 

structure of apo (PDB 1W9Y) and Fe(II)-bound (PDB 1WA6) ACCO from Petunia hybrida. 

The structures contain structural features that are analogous to the ‘open structures’ of other 

structurally homologous enzymes from the same enzyme superfamily (Figure 3- 1a). These 

include isopenicillin N synthase (IPNS)2 and anthocyanidin N synthase (ANS),1, 3 both 

enzymes known to undergo conformational change upon substrate binding.1 The key structural 

features of P. hybrida ACCO include the α-3 helix, which was found to be elongated, the C- 

terminal helices (α-10 and α-11) (Figure 3- 1b), which were found to be extended away from 

the active site, and amino acids in the conserved RXS motif in the active site, which were found 

to be pointing away from the active site (Figure 3-2).
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Figure 3- 1: Crystal structures of ACCO. (a) Overlay of apo-P. hybrida ACCO (1W9Y, green cartoon) 
and the P. hybrida ACCO-Ni(II)-ACC complex (5TCV, blue cartoon, Ni(II) as a blue sphere and ACC as 
stick model). (b) Overlay of A. thaliana ACCO-Zn(II)-POA (5GJ9, orange cartoon) and P. hybrida ACCO-
Ni(II)-ACC (5TCV, blue cartoon). Two of the key differences between the structures are highlighted and
involve movement of the α-3 helix and α-11 helix. The differences are highlighted by arrows. In the active 
sites, the Zn(II) and Ni(II) ions are shown as grey and blue spheres respectively, and ACC and POA are 
shown as blue and orange stick models respectively.

The hypothesis that ACCO may undergo conformational change was further strengthened in 

2017 with the publication by Sun and co-workers of two structures of A. thaliana ACCO 

isoform 2 in the presence of an inhibitor.4 A. thaliana ACCO shares 82% similarity with P. 

hybrida ACCO.4 The A. thaliana ACCO structures were solved by co-crystallisation. The first
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of these structures contains a bound Zn(II) ion (as a replacement for the native Fe(II)) together 

with an inhibitor molecule, 2-picolinic acid (2-PA, PDB 5GJA) or 2-pyrazine-2-carboxylic acid 

(POA, PDB 5GJ9).4 There are three key differences between the P. hybrida ACCO structures 

and the A. thaliana ACCO structures. Firstly, the α-3 helix in the A. thaliana ACCO structures

bends toward the active site. Secondly, the C-terminal helices, in particular α-11, have moved

closer to the entrance of the active site when compared to the P. hybrida ACCO structures.

Thirdly, the amino acids in the conserved RXS motif face toward the active site and interacting 

with the bound inhibitor molecule via a water molecule. These observations fuelled the 

hypothesis that ACCO may undergo conformational change upon ligand binding, with the P. 

hybrida ACCO structures representing the ‘open conformation’ of the enzyme (Figure 3- 1a) 

and the A. thaliana ACCO structures representing the ‘closed’ conformation (Figure 3- 1 b).

Figure 3-2: Close up view of the overlaid active sites of P. hybrida ACCO-Ni(II)-ACC (purple) and 
A.thaliana ACCO-Zn(II)-POA (orange) and the residues Glu87, Try162 and Arg244 (P. hybrida ACCO 
numbering). The highlighted side chains of A. thaliana ACCO are closer to the ligand POA (within water 
mediated interaction distances); the equivalent residues in P. hybrida ACCO project away from the active 
site.
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However, not all evidence published to date is in agreement with the conformational change 

hypothesis. In my previous work prior to my PhD studies, I have solved the structure of P. 

hybrida ACCO in the presence of Ni(II) (as a replacement of its native Fe(II) ion) and its 

substrate ACC (PDB 5TCV).5 The structure, which was obtained by soaking, is equivalent to 

the published structures of P. hybrida ACCO by Zhang et al., that is, found in the ‘open’ 

conformation, PDB 1WA6 and 1W9Y) with an RMSD of 0.439 Å over 297 Cα residues 

(Figure 3- 1a).

In an electron paramagnetic resonance (EPR) spectroscopy study by Fournier et al. in 2019 and

focussing on the C-terminal helices, the authors were unable to detect the ‘closed’ state of 

Lycopersicum esculentum ACCO in the presence of substrate, co-substrates and co-factors. 

However, molecular dynamics simulations within this same study did suggest the possibility 

of a stable ‘closed’ state of the enzyme.

3.2 Objectives

The objectives of the work described in this chapter were to understand whether ACCO 

undergoes conformational change upon the binding of its ligand in solution, and if it does, 

whether the conformational change is related to the ability of the enzyme to catalyse its 

reaction. P. hybrida ACCO and A. thaliana ACCO were used as model proteins. Biophysical 

techniques and mutagenesis were employed to study conformational change of the enzymes in 

solution. X-ray crystallography was used in an attempt to visualise the open and closed states 

of ACCO.
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3.3 Investigation of conformational changes of P. hybrida and

A. thaliana ACCO in solution by using POA as a model ligand

3.3.1 Protein nuclear magnetic resonance spectroscopy

Although protein X-ray crystallography is a technique that enables visualisation of protein 

structures in atomic detail, it has so far failed to provide clear evidence whether ACCO 

undergoes conformation change upon the binding of its ligand. It was therefore decided to carry 

out solution phase studies. In these experiments, both A. thaliana ACCO and P. hybrida ACCO 

were studied. Pyrazinecarboxylic acid (POA) was used as the model ligand.

Protein nuclear magnetic resonance (NMR) spectroscopy is a common method to study protein 

conformational changes in solution. Typically, in a protein NMR experiment, 1H-15N

heteronuclear single-quantum correlation (HSQC) is used to visualise the backbone amide

resonances of proteins that are isotopically labelled with 15N (an NMR-active nucleus).6, 7 

Qualitatively, if a protein undergoes significant conformational change upon ligand binding, a 

global change in the backbone amide resonances could be observed as backbone chemical 

shifts are dependent on the different chemical environments of the amide protons. Quantitative 

information such as the timescale of the motion of the individual amide protons can also be 

obtained although such studies require backbone amide resonance assignments and backbone 

amide relaxation measurements.

Recombinant P. hybrida ACCO and A. thaliana ACCO that are isotopically labelled with 15N 

were produced by expressing the proteins in M9 minimal media supplemented with 15NH4Cl 

as the sole nitrogen source (See Materials and Methods). All protein NMR experiments were

conducted at a slightly acidic pH of 6.6 (pH of 7.5 was used for all the other assays) in order 

to slow down the exchange between NH and the solvent water such that sharp amide resonances 

could be observed.
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The 1H-15N HSQC spectra of P. hybrida ACCO (Figure 3-3) and A. thaliana ACCO (Figure

3-4) were acquired. In these experiments, the active site Fe(II) was replaced by Ni(II).

However, under these conditions broad amide resonances were observed in the spectra. As

Ni(II) is paramagnetic and may affect the spectral quality, Ni(II) was replaced by Zn(II) to 

avoid Ni(II)-related paramagnetic peak broadening. This metal substitution, however, was 

unsuccessful and the signals from both proteins in the 1H-15N HSQC spectra were still broad. 

The poor resolution is likely due to the high molecular mass (>30 kDa) of the proteins. Previous 

studies have suggested that proteins that are larger than 25 kDa may suffer from long rotational 

correlation time and fast transverse relaxation rates (which then led to broad resonance 

signals).8 Although protein deuteration may help solve this problem,9 it incurs significant cost 

and was therefore not considered in this study.

Figure 3-3 : 1H-15N HSQC spectra of P. hybrida ACCO and Ni(II) in the absence (blue) and in the presence 
(red) of POA. Samples contained 100 µM P. hybrida ACCO with 100 µM Ni(II) and 200 µM POA buffered 
in 50 mM Tris-D11 in 90% H2O + 10% D2O (pH 6.6). Final sample volume was 550 µL and the experiment 
was conducted using a Bruker AV-600 instrument at 298K.
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Nonetheless, excess POA was added to the protein samples and the 1H-15N HSQC spectra were 

measured again. Despite the poor resolution, significant changes in the 1H-15N HSQC spectra 

in the absence and presence of POA were observed. These changes are suggestive of 

conformational change upon POA binding. If large scale conformational changes did not occur, 

one would expect to see changes in only a handful of resonance peaks in the 1H-15N HSQC 

spectra as only those amino acids that are immediately affected by the binding of the small 

molecule would experience a change in their chemical environments.

Figure 3-4 : 1H-15N HSQC spectra of A. thaliana ACCO in the absence (blue) and in the presence (red) 
of Zn(II) and POA. Samples contained 100 µM A. thaliana ACCO with 100 µM Zn(II) and 200 µM POA 
buffered in 50 mM Tris-D11 in 90% H2O + 10% D2O (pH 6.6). Final sample volume was 550 µL and the 
experiment was conducted using a Bruker AV-600 instrument at 298K.
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3.3.2 Intrinsic fluorescence quenchingi

As protein NMR spectroscopy experiments only gave qualitative results indicating that the 

binding of POA may induce conformational change to ACCO, another solution technique to 

further confirm this observation was needed.

Intrinsic tryptophan fluorescence quenching is a non-invasive technique to study ligand binding 

to proteins and protein dynamics in solution.10-13 Amongst the three aromatic amino acid 

residues, tryptophan has most useful spectroscopic properties (compared to both phenylalanine 

and tyrosine). Depending on the immediate local environment, the maximum emission 

wavelength as well as the fluorescence intensity of the tryptophan may change.10, 14, 15 

Therefore intrinsic tryptophan fluorescence is a useful technique to study both ligand binding10, 

16, 17 and protein conformational dynamics.15, 17, 18

Both P. hybrida and A. thaliana ACCO contain three tryptophan residues in their structures 

(Trp31, Trp86 and Trp203 in P. hybrida ACCO and Trp34, Trp89 and Trp207 in A. thaliana

ACCO) (Figure 3-5). These tryptophan residues are located at least 10 Å away from the active

site (Figure 3-5). Whilst Trp31 and Trp203 of P. hybrida ACCO, and Trp34 and Trp207 of A. 

thaliana ACCO are located in the hydrophobic core of the enzyme, Trp86 of P. hybrida ACCO 

and Trp89 of A. thaliana ACCO are located on α-3. By overlaying the crystal structures of P. 

hybrida ACCO (“open”) and A. thaliana ACCO (“closed”), Trp31 of P. hybrida ACCO and 

Trp34 of A. thaliana ACCO, and Trp203 of P. hybrida ACCO and Trp207 of A. thaliana 

ACCO pair up well, whilst the location of Trp86 in the P. hybrida ACCO structure and the 

corresponding tryptophan residue Trp89 in the A. thaliana structure are markedly different

i  Intrinsic fluorescence quenching assays were conducted in collaboration with Simranjeet Kaur, School of 
Chemical Sciences, The University of Auckland.
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(Figure 3-5). It was therefore reasoned that Trp86/Trp89 could be used as a handle to 

investigate whether ACCO conformational change by intrinsic tryptophan fluorescence 

spectroscopy.

Figure 3-5 : Overlaid structures of P. hybrida ACCO (blue, PDB 5TCV) and A. thaliana ACCO (orange, 
PDB 5GJ9) highlighting the three tryptophan residues in each structure; W31, W86 and W201 in P. 
hybrida ACCO and W34, W89 and W204 in A. thaliana ACCO. An arrow shows the possible relocation 
of W86 if P. hybrida ACCO were to undergo conformational change.  The locations of ACC (blue stick
model), POA (orange stick model), and the metal ion (blue sphere) are indicated.

To carry out the intrinsic fluorescence assays, the excitation wavelength was set at 295 nm14, 19 

to omit the excitation of tyrosine and phenylalanine residues, and the emission wavelength was 

set to 300-440 nm14 to get the full emission spectrum of tryptophan. The experiments were 

carried out at a fixed pH (7.5) and fixed temperature (25 ºC) to eliminate any temperature 

dependent random motion in the tryptophan environments.14 Ni(II) were used instead of Fe(II) 

to avoid iron mediated oxidation and inactivation of the protein.
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Figure 3-6: Changes in intrinsic fluorescence quenching in (a) P. hybrida ACCO and (b) A. thaliana 
ACCO in the presence of ACCO (5 µM) with 50 µM Ni(II) (red curve) and 200 µM POA (green curve). 
Experiments were conducted in triplicates.

Both P. hybrida and A. thaliana ACCO gave strong fluorescence intensity in the presence of 

Ni(II). The addition of POA (20-fold molar excess) to the protein-Ni(II) mixture resulted in the 

quenching of tryptophan fluorescence in both the P. hybrida and A. thaliana ACCO samples. 

There was no significant shift in the emission maxima upon addition of POA (Figure 3-6), 

which is not surprising as the tryptophan residue (Trp86/Trp89) is partially solvent exposed in 

both structures. The significant decrease in fluorescence intensity seen with ACCO-Ni(II)-POA 

relative to the ACCO-Ni(II) sample could be due to conformational change.20 In particular, 

careful analyses of the A. thaliana ACCO “closed” structure shows that Trp89 is located in 

close proximity to Phe68 (3.6 Å) (Figure 3-7a), which could act as a fluorescence quencher. 

In contrast, Trp86 in the P. hybrida ACCO “open” structure is located further away (>10 Å)

from other aromatic residues (Figure 3-7b), further supporting the conjecture of 

conformational change in the solution experiment.
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Figure 3-7: (a) Trp89 (A. thaliana) in the ‘closed’ conformation in close proximity to Phe68 on the α-3 
helix (3.6 Å) (orange) compared to (b) Trp86 (P. hybrida) in the ‘open’ conformation is located further 
away (10.3 Å) and less likely to interact with Phe65 on the α-3 helix.

Figure 3-8: (a) POA bound to the active site metal in a bidentate manner via the carboxylate and the 
amino group (arrows indicate the coordination to Fe(II)). (b) Benzoic acid, an analogue of POA that lacks 
the amine group. (c) Fluorescence quenching suggests conformational changes in A. thaliana ACCO with 
POA, but little to no quenching is observed with POA analogue benzoic acid. Each sample contained A.
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thaliana ACCO (5 µM) in the presence of Ni(II) (50 µM) (shown in blue) upon the addition of 100 µM 
(shown in red) and 500 µM (shown in green) benzoic acid . Experiments were done in triplicates.

It is possible that the fluorescence quenching that we observed may arise from non-specific 

binding of POA to surface hydrophobic residues (including tryptophan).10, 21 To resolve this, 

an analogue of POA, benzoic acid, was titrated at saturation concentration into ACCO in the 

presence of Ni(II). Benzoic acid lacks the nitrogen atom on the aromatic ring that enables the 

POA to chelate the active site metal in a bidentate manner (Figure 3-8a). When compared to 

POA experiment, upon the addition of benzoic acid (Figure 3-8c), no fluorescence quenching 

is observed. Both isothermal titration calorimetry (ITC) and thermal shift assay experiments 

(see Chapter 4) confirm that benzoic acid does not bind to the protein. Finally, in order to 

confirm that the fluorescence quenching patterns observed are due to changes in the 

environment of Trp-86/Trp-89, a tryptophan to isoleucine mutant of A. thaliana ACCO (W89I) 

was prepared. Addition of saturating concentration of POA to the Trp89I mutant resulted in no 

change in the ACCO tryptophan fluorescence intensity (Figure 3-9), indicating that the 

changes observed with the wildtype enzyme are likely reflective of changes in the environment 

of Trp-86/Trp-89 (Figure 3-5).

Figure 3-9: Intrinsic tryptophan fluorescence intensity of P. hybrida W89I ACCO in the absence (red) or presence of 100
µM (blue) or 500 µM (green) POA. Experiments were conducted using 5 µM W89I ACCO and 50 µM Ni(II).
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3.3.3 Small Angle X-Ray Scattering

Even though the data obtained by protein NMR spectroscopy and intrinsic tryptophan 

spectroscopy are indicative of ACCO undergoing conformational change upon the binding of 

POA, it is not clear whether the conformational changes correspond to the two different crystal 

structures observed, that is, the ‘open’ and ‘closed’ states. To resolve this, the small angle X- 

ray scattering (SAXS) technique was employed.

Despite its intrinsic low resolution, SAXS may provide useful structural information about the 

conformation22, 23 or the flexibility of a protein in solution.24 SAXS is often used in combination 

with high resolution techniques such as X-ray crystallography, NMR and computational 

modelling,24, 25 as it requires a high resolution structure of the protein (or a homology model) 

to generate theoretical SAXS profiles for fitting the experimental SAXS data, at least in one 

approach.26-28 Such a methodology may provide information such as the flexible intermediates 

or conformational changes that cannot be extracted from crystallographic data.29-32

Before SAXS experiments were conducted, theoretical SAXS profiles were generated to ensure 

that the differences in the ‘open’ and ‘closed’ conformations could be reflected in experimental 

SAXS scattering curves. As the ‘open’ structure of the A. thaliana ACCO and the ‘closed’ 

structure of the P. hybrida ACCO are not available, homology modelling (with SWISS- 

MODEL) was used to generate these structures. Next, as the P. hybrida ACCO that was used 

experimentally contained an N-terminal polyhistidine tag, the tag, together with other missing 

residues, were modelled onto to the P. hybrida ACCO sequence using MODELLER33 (by Dr 

Henry Tang).ii Ten ‘open’ and ten ‘closed’ models were generated for each protein. These

ii SAXS was conducted in collaboration with Dr Henry Tang, School of Biological Sciences, The University of 
Auckland.
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models were then averaged to generate a theoretical scattering curve for the ‘open’ and for the 

‘closed’ forms for each protein. Comparison of the averaged theoretical scattering curves 

showed a noticeable difference in the mid q region (0.12-0.22 Å-1) between the two 

conformations for A. thaliana ACCO, indicating that SAXS may be possible to distinguish the 

‘open’ and ‘closed’ forms of the enzymes experimentally (Figure 3-10b). However, due to the 

flexible polyhistadine tag, ‘open’ and ‘closed’ conformations are less well-discriminable in the 

P. hybrida ACCO system (Figure 3-10a)

Figure 3-10: 10 ‘open’ and 10 ‘closed’ theoretical SAXS profiles of (a) P. hybrida ACCO and (b) A. 
thaliana ACCO. A clear difference in the two conformations can be seen for A. thaliana ACCO while 
‘open’ and closed’ theoretical curves of P. hybrida overlap.

Experimental SAXS data was collected at the Australian Synchrotron. Apo-ACCO, ACCO-

Ni(II) and ACCO in the presence of Ni(II) and saturating concentrations of POA were 

measured. Experiments were also conducted in the presence and absence of bicarbonate. Both 

P. hybrida ACCO and A. thaliana ACCO were tested. All samples were buffered in 50 mM 

Tris-HCl (pH 7.5) with 1 mM tris(2-carboxyethyl)phosphine (TCEP) and 5% glycerol to avoid 

dimerisation (see Chapter 2). The samples were purified by size exclusion chromatography 

immediately prior to SAXS experiments to separate any unspecific protein aggregations and 

afford a clean scattering profile. Clear differences were observed when comparing the 

scattering profiles between the apo-protein and either of the liganded ACCO-Ni(II) and the

ACCO-Ni(II)-POA samples of the A. thaliana protein (Figure 3-11b). The equivalent
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experiments for apo-P. hybrida ACCO are indeterminate (Figure 3-11a). Interestingly, the 

experimental SAXS scattering curves for Ni(II)- and POA-containing systems (for both P. 

hybrida ACCO and A. thaliana) overlay closely (Figure 3-11). It is possible that metal binding 

may induce conformational change in ACCO, an observation consistent with other non-haem

Fe(II) and 2OG-dependent oxygenases and oxidases such as the DNA repair enzyme AlkB.34

Figure 3-11: Experimental SAXS profiles of apo-ACCO (light purple) in comparison with ACCO and Ni
(II) (dark purple) and ACCO with Ni(II) and POA (dark green) (a) P. hybrida ACCO and, (b) A. thaliana 
ACCO.

Each of the experimental SAXS scattering curves were then further analysed to see if they fit 

the protein crystal structures or the homology models in “open” and “closed” conformations. 

The P. hybrida system was not analysed due to the indeterminate quality of the data. The
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experimental profiles were fitted to the 20 models (10 open and 10 closed) using FoXS.35 These 

fitted models were then averaged to generate ‘open’ and ‘closed’’ theoretical profiles. Next, 

experimental scattering profiles were compared with the two theoretical profiles using 

SCATTER.36-38 The results show that whilst apo-ACCO fits to the ‘open’ theoretical profile 

(intensity ratio, which represents the overall fitting of the data, is 1) (Figure 3-12a). However,

other experimental profiles, ACCO-Ni(II) and ACCO-Ni(II)-POA (Figure 3-12b-c) appear to 

fit between the two theoretical profiles with log intensity ratio close to 1 for both theoretical

profiles suggesting the protein may exist as a mixed population of ‘open’, closed, and

intermediate conformations. Therefore, multi-state modelling of the ACCO structure based on 

the experimental SAXS scattering profiles was conducted by using the software package 

MultiFoXS.35, 39 However, the fitting between the experimental and the theoretical profiles

were poor for both single-state and multi-state modelling as indicated by very low χ2 values 

(Table 3-1).
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Figure 3-12: Experimental SAXS profiles of A. thaliana ACCO. (a) apo-ACCO (b) ACCO-Ni(II) and (c) 
ACCO-Ni(II)-POA. The scattering profiles are shown for ‘open’ and ‘closed’ theoretical curves (red and 
green lines respectively) and the experimental data (pink circles). Intensity ratio plots for ‘open’ and 
‘closed’ conformation show the ratio between the experimental profile and the theoretical model. 
Averaged intensity ratio is shown by a red dashed line. A ratio of 1.0 indicates a perfect fit between the 
modelled curve and the experimental curve. Inserts show the two state modelling and the χ2 value for each 
model generated by MultiFoXS.39
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Table 3-1: Summary of the single-state and multi-state modelling analysis of the A. thaliana ACCO 
experimental SAXS profiles. The closed model was generated from the A. thaliana ACCO-Zn(II)-POA 
structure (PDB 5GJ9) and the open model was generated from a homology model produced from the P. 
hybrida ACCO-Fe(II) structure (PDB 1WA6).

3.4 Investigating the ability of ACC and bicarbonate to trigger

conformational changes

3.4.1 Intrinsic Fluorescence Quenching

The ability for the native substrate to induce ACCO conformational change was then 

investigated. Intrinsic tryptophan fluorescence experiments with P. hybrida ACCO and A. 

thaliana ACCO were repeated with ACC in the presence of Ni(II). Interestingly, at saturating 

concentration, ACC induced much less fluorescence quenching (by ~50%) when compared 

with POA in both P. hybrida ACCO and A. thaliana ACCO (Figure 3- 13). As the fluorescence 

intensity is reflective of the environment of the tryptophan residue as a result of conformational 

change (and not direct interaction with a small molecule ligand as fluorescence quencher), it is
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possible that the extent of the fluorescence quenching may reflect the equilibrium position 

between the ‘open’ and ‘closed’ states. That is, POA may induce the protein to move closer to 

the ‘closed’ state than ACC.

This could be explained by the way ACC interacts with the active site. The crystal structure 

shows that ACC primarily interacts with the active site metal and not directly with other active 

site residues.1 Previous studies have also suggested that ACC may interact with the active site 

amino acid residues via bicarbonate, which is a co-factor of ACCO. Such interactions could be 

analogous to how POA interacts with the active site residues, which in the A. thaliana ACCO

structure (PDB 5GJ9), involved a water-mediated interaction with  Arg-244.4 Considering the

distance from the Arg244 to the metal bound ligand (Arg N-η to POA C=O 7.2 Å), it is possible 

that ACC may interact with the Arg244 via bicarbonate.

Figure 3- 13: Intrinsic tryptophan fluorescence of (a) P. hybrida ACCO and (b) A. thaliana ACCO in the 
presence of Ni(II) (red), Ni(II) and ACC (blue), and Ni(II) and POA (green). Samples contained 5 µM 
ACCO and (where applicable) 50 µM Ni(II) and 200 µM ACC/POA buffered in 50 mM Tris-HCl (pH 
7.5). Experiments were conducted in triplicates.

To investigate the role that bicarbonate may play in inducing conformational change of ACCO 

with ACC, intrinsic tryptophan fluorescence experiments were carried out (by Simranjeet
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Kaur). Interestingly, in the presence of ACC and bicarbonate, the fluorescence intensity of both 

P. hybrida ACCO and A. thaliana ACCO did not decrease significantly compared to the 

fluorescence quenching of ACC in the absence of bicarbonate (Figure 3-14).  This could be 

due to the presence of Ni(II) instead of the biologically relevant Fe(II). It was previously 

suggested that bicarbonate interacts with the molecular oxygen inside the active site.40 Oxygen 

binds to the active site Fe(II) by forming a Fe(III)-oxygen complex. As Ni(II) is unable to bind 

oxygen in a similar way as Fe(II), it is therefore possible that bicarbonate may not be able to 

bind to the active site to anchor with ACC to trigger greater conformational changes.

Figure 3-14 : Intrinsic tryptophan fluorescence of (a) P. hybrida ACCO and (b) A. thaliana ACCO in the 
presence of Ni(II), bicarbonate (shown in red) and varying concentrations of ACC ( shown in blue). 
Samples contained 5µM ACCO, 50 µM Ni(II), 30 mM bicarbonate and varying concentrations of ACC (0, 
50, 100, 150, 200, 300, 500, 750, 1000 and 1500 µM). Experiments were conducted in triplicates.

3.4.2 Small angle X-ray scattering

To further investigate that ACC and bicarbonate are able to trigger the conformational changes, 

SAXS was carried out in the presence of ACC and ACC with bicarbonate. Experimental scatter 

profiles of ACCO-Ni(II)-ACC and ACCO-Ni(II)-ACC-bicarbonate (HCO3
-)  showed that both 

profiles fit better to the ‘closed’ theoretical curve (intensity ratio is 1)  (Figure 3- 15). Further 

analysis of the experimental profile with FoXs,35 also generate a single-state model in ‘closed’ 

conformation for both  ACCO-Ni(II)-ACC and ACCO-Ni(II)-ACC-HCO3
- experimental
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curves  (Table 3- 2). Two-state modelling analysis using MultiFoXS39 shows that, in the 

absence of bicarbonate, ACCO-Ni(II)-ACC existed in equal mixture of ‘open’ and ‘closed’ 

conformations whereas in the presence of bicarbonate,  majority (71.1% ) of the species is in 

the ‘closed’ conformation (Table 3- 2).  However, χ2 values observed both single-state and 

two-state modelling were not close to 1 (Table 3- 2), suggesting that fitting between the 

experimental data and the models are not satisfactory to draw any definite conclusions.

Figure 3- 15: Experimental SAXS profiles of A. thaliana (a) ACCO-Ni(II)-ACC (b) ACCO-Ni(II)-ACC- 
HCO3

-. The scattering profiles are shown for ‘open’ and ‘closed’ theoretical curves (red and green lines 
respectively) and the experimental data (pink circles). Intensity ratio plots for ‘open’ and ‘closed’ 
conformation show the ratio between the experimental profile and the theoretical model. Averaged 
intensity ratio is shown by a red dashed line. A ratio of 1.0 indicates a perfect fit between the modelled 
curve and the experimental curve. Inserts show the two state modelling and the χ2 value for each model 
generated by MultiFoXS.39
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Table 3- 2 : single-state and multi-state modelling analysis of the A. thaliana ACCO-Ni(II)-ACC and A. 
thaliana ACCO-Ni(II)-ACC-HCO3

- experimental SAXS profile. The closed model was generated from 
the A. thaliana ACCO-Zn(II)-POA structure (PDB 5GJ9) and the open model was generated from a 
homology model produced from the P. hybrida ACCO-Fe(II) structure (PDB 1WA6).

3.4.3 2OG analogues to mimic the binding of ACC and bicarbonate in

the active site of ACCO

As the experiments with ACC and bicarbonate were inconclusive, it was decided to test ACCO 

conformational change with structural mimetics of ACC and bicarbonate. As ACCO binds 

2OG as well as other 2OG analogues (as discussed in Chapter 4), it was reasoned that 2OG or 

2OG analogues may be used to mimic the binding of ACC and bicarbonate. There are two 

reasons for this assumption. First, both ACC and 2OG (or its analogues) should coordinate the 

active site metal in a bidentate coordination. Secondly, in many 2OG oxygenases, the terminal

carboxylate moiety of 2OG (or its analogues) is stabilised by interactions with an arginine

residue in the active site (equivalent to the arginine residue of the RXS motif in ACCO). 

Therefore, 2OG (or its analogues) may induce conformational change of ACCO (and induce 

similar fluorescence quenching as POA) by chelating the active site metal and interacting with 

the arginine residue of the RXS motif.
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Four of 2OG analogues, FG2216, FG4592, 2,4-pyradinecarboxylic acid (2,4-PDCA) and N- 

oxalylglycine (NOG) were titrated into ACCO and the intrinsic fluorescence quenching was 

measured (by Simranjeet Kaur, MSc, University of Auckland). NOG and 2,4-PDCA induced 

fluorescence quenching by ~50% at saturating concentrations. FG2216 and FG4592 induce full 

quenching of the intrinsic fluorescence intensity (Figure 3- 16). The results showed that 2OG 

analogues are indeed able to induce conformational change of ACCO, indicating that the ability 

to interact with the arginine of the RXS motif may be important for inducing such changes.

Figure 3- 16: Intrinsic tryptophan fluorescence of P. hybrida ACCO in the presence of Ni(II) and varying 
concentrations of (a) FG2216, (b) FG4592, (c) 2,4-PDCA and (d) NOG. Samples contained 5 µM ACCO 
and 50 µM Ni(II) and varying concentrations of inhibitors (0, 50, 100, 150, 200, 300, 500, 750, 1000 1500 
and 2000 µM). Experiments were conducted in triplicates. The scattering at high emission wavelength in 
(a) and (b) were due to imperfect subtraction of the emission of FG2216 and FG4592 controls.
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3.5 A possible network of amino acids that assists in

conformation change in ACCO

A potential network connecting ligand binding at the active site and protein conformational 

change was then investigated. A particular focus was on the α-3 helix, of which the crystal 

structure of A. thaliana ACCO suggested could form a bent conformation upon ligand binding. 

Careful analysis of the A. thaliana ACCO crystal structures revealed a possible amino acid 

network that may trigger conformational changes in ACCO upon ligand binding (Figure 3-

17). At the active site, upon ligand binding, Arg247 of the RXS motif may rotate from pointing

away from the active site (as indicated from Arg244 of the P. hybrida ACCO structures) to 

pointing towards the active site to interact with the bound ligand molecule (as indicated from 

the A. thaliana ACCO structures). The rotation of Arg247 may, in turn, push Tyr165 closer to 

the active site as Arg247 in the A. thaliana ACCO structure occupies the space where Tyr162 

is located in the P. hybrida ACCO structure. In the A. thaliana ACCO structure, through 

hydrogen bond interactions, Tyr165 is stabilised by Lys161, which itself does not change in 

conformation (Lys158 in P. hybrida ACCO and Lys161 in A. thaliana ACCO can be overlaid 

directly on top of each other). This allows Tyr165 to interact with Glu90, which is located on 

α-3, via hydrogen bond interaction. Glu90 can also form charge-charge interactions with 

Lys161 (Figure 3-17Error! Reference source not found.). As a result, these interactions ‘pull’ 

α-3 from an extended structure to a bent structure towards the active site. Sequence alignment

of the ACCO isoforms shows that Glu90 and Tyr165 (of A. thaliana ACCO) are well conserved

amongst other ACCO as well as in many 2OG dependent oxidases and oxygenases including
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IPNS iii  and ANS. In addition, similar changes in conformation in these three equivalent 

residues, Arg, Tyr and Glu, have been observed in IPNS upon the binding of its ligand.41

Figure 3-17: Close up view of the active site of A. thaliana. In the ‘closed’ conformation, Glu90 is able 
to form electrostatic interactions to Lys161 (3.0 Å) and hydrogen bond interactions to Tyr165 (2.7 Å). 
Tyr165, Arg247 and Ser249 (RXS motif) interact with the Zn(II) bound POA via a water molecule and 
are within interaction distance (<3.0 Å) of each other.

To test the proposed amino acid network, five P. hybrida ACCO mutants, R244A, R244E, 

R244K, E87D, and E87Q were expressed and purified following the same protocol as wild- 

type ACCO (See Materials and Methods). By mutating the Arg244 residue to alanine, it will 

disrupt the network as alanine can no longer interact with the bound ligand through hydrogen 

bond or charge-charge interactions although small molecule ligands could still bind to the 

active site by chelating the metal. Similarly, by mutating Arg244 to glutamate, the side chains

is shortened and the charge reversed, and again it may not be able to form hydrogen bond

iii Glu87 is not conserved in IPNS.
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interactions with the bound ligand. The negatively-charged side chain of glutamate might also 

be expected to repel the binding of some ligands (such as bicarbonate, which is also negatively 

charged). The R244K mutant was made as a control as a conservative substitution. Although 

lysine is two carbon shorter than arginine, lysine and arginine are both positively charged 

residues and the R244K mutant may still retain some ability to form similar interactions as the 

wildtype enzyme.

Similarly, with the E87Q mutant, glutamine is not able to make charge-charge interactions with 

Lys158 as glutamine is neutral, although hydrogen bonding is still possible. The E87D mutant, 

like the R244K mutant, retains the native charge but is a shorter length and this may disrupt 

charge-charge interactions with Lys158.

The five P. hybrida ACCO mutants were then tested to see if they are able to undergo 

conformational changes as the wildtype P. hybrida ACCO. Intrinsic fluorescence quenching 

assays for the mutants were carried out (by Simranjeet Kaur) in the presence of Ni(II) and 

ACC/POA. As expected, the R244A, R244E and E87Q mutants do not show any significant 

fluorescence quenching upon addition of either ACC or POA (Figure 3-18). E87D also did not 

yield any significant fluorescence quenching, indicating the length of the amino acid side chain

is important for its interaction with Lys158. The R244K mutant shows some fluorescence

quenching with addition of POA and ACC (Figure 3-18b) albeit less than the wildtype enzyme. 

This suggests that by retaining the positive charge, lysine it is still able to stabilise ligand 

binding and/or conformational change even if not to the same degree as the wildtype enzyme.
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Figure 3-18: Change in intrinsic fluorescence intensity of (a) R244A, (b) R244K, (c) E87D, and (d) E87Q 
P. hybrida ACCO supplemented with 50 µM Ni(II) and unliganded (red) or in the presence of 200 µM 
ACC (blue) or 200 µM POA (green). Experiments were conducted in triplicates.

To show that the lack of fluorescence quenching observed with the mutants is due to their 

inability to undergo conformational changes and rather than their inability to bind ACC or 

POA, ITC experiments were carried out (by Simranjeet Kaur) to study ligand binding to two 

mutants, R244A and R244K. The ITC results show that the mutants are able to bind POA. The 

binding constant (KD) of POA was slightly higher for the R244A mutant (KD = 104 µM) when 

compared to wildtype enzyme (KD = 69.5 µM). The slightly higher KD is likely due to the 

removal of the interaction between POA and the arginine via the water molecule (but the main 

interaction with the active site metal was preserved). The KD value of POA for the R244K 

mutant (KD = 83 µM) is similar to the wildtype enzyme, indicating the lysine residue is a 

reasonable replacement for the arginine and the water mediated interaction may be intact. These

findings confirm that the mutants are still able to bind POA and the lack of fluorescence
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quenching upon the addition of POA could indicated the inability of the enzymes to undergo 

conformational change.

3.3.4 Small angle X-ray scattering with P. hybrida mutants

Intrinsic fluorescence quenching results showed that P. hybrida mutants (except for R244K) 

were unable to trigger any conformational changes with ACC or POA even though the mutants 

are able to bind to the ligand as shown by ITC. To confirm this, we conducted SAXS on all the 

P. hybrida ACCO mutants following the same procedure described for the wild type ACCO 

(see Section 3.3).  Five conditions were tested for mutant proteins; (1) apo protein, (2) protein 

with Ni(II), (3) protein with Ni(II) and ACC, (4) protein with Ni(II) POA and (5) protein with 

Ni(II), ACC and bicarbonate. Most of the experimental data were excluded due to sample 

issues, specifically interference from protein aggregation, only apo-ACCO and ACCO with 

Ni(II), ACC and bicarbonate were analysed and the two theoretical ‘open’ and ‘closed’ models 

(P. hybrida ACCO) fitted to the experimental data.

Log intensity plots as well as the intensity ratio plots describing the robustness of the model

fitting,  show that in the apo form all the mutants exist as a mixture of ‘open’ and ‘close’ 

conformation as observed with wild type apo-ACCO (Figure 3-19). However, none of the 

mutants displayed a perfect fit to either of the two model profiles. Compared to the wild type 

ACCO, the ACCO mutants tested in the presence of Ni(II), ACC and bicarbonate appear to be 

mixtures of ‘open’ and ‘close conformation or other intermediate states (Figure 3-20, Figure

3-21, Figure 3-22). Therefore, multi-state modelling of the ACCO structure based on the

experimental SAXS scattering profiles was conducted by using MultiFoXS.35, 39 Interestingly, 

the software did not recognise any two-state modelling and all the experimental SAXS profiles 

were fitted to the ‘open’ state model (Table 3- 3). However, the fitting between the 

experimental and the theoretical profiles were poor as indicated by very low χ2 values (Table
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3- 3). These results suggested that the mutants are less able to adopt a ‘closed’ conformation 

even in the presence of ACC and bicarbonate unlike the wild type protein. This suggests that 

R244 and E87 residues play an important role in binding bicarbonate and/or facilitating 

conformational changes in ACCO.

Figure 3-19: Experimental SAXS profile of P. hybrida mutant R244A (a) apo in comparison with (b) 
R244A mutant with Ni(II), ACC and bicarbonate. The log intensity plot shows the ‘open’ and ‘closed’ 
theoretical curves (shown in red and green respectively) and the experimental profile (violet circles). 
Intensity ratio plots for ‘open’ and ‘closed’ conformations describe the ratio between the experimental 
profile and the theoretical model. The averaged intensity ratio is shown by the red dashed line. A ratio of 
1.0 indicated a perfect fit between the modelled and experimental curves. Insets show the number of states 
and the χ2 value for each model generated by MultiFoXS.39
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Figure 3-20 : Experimental SAXS profile of P. hybrida mutant R244K (a) apo in comparison with (b) 
R244K mutant with Ni(II), ACC and bicarbonate. The log intensity plot shows the ‘open’ and ‘closed’ 
theoretical curves (shown in red and green respectively) and the experimental profile (violet circles). The 
intensity ratio plots for ‘open’ and ‘closed’ conformations show the ratio between the experimental profile 
and the theoretical model. The averaged intensity ratio is shown by the red dashed line. A ratio of 1.0 
indicates a perfect fit between the modelled and experimental curves. Insets show the number of states 
and the χ2 value for each model generated by MultiFoXS.39
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Figure 3-21: Experimental SAXS profile of P. hybrida mutant E87D (a) apo in comparison with (b) E87D 
mutant with Ni(II), ACC and bicarbonate. The log intensity plot shows the ‘open’ and ‘closed’ theoretical 
curves (shown in red and green respectively) and the experimental profile (violet circles). The intensity 
ratio plots for ‘open’ and ‘closed’ conformations show the ratio between the experimental profile and the 
theoretical model. The averaged intensity ratio is shown by the red dashed line. A ratio of 1.0 indicates a 
perfect fit between the modelled and experimental curves. Insets show the number of states and the χ2 

value for each model generated by MultiFoXS.39
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Figure 3-22: Experimental SAXS profile of P. hybrida mutant E87Q (a) apo in comparison with (b) E87Q 
mutant with Ni(II), ACC and bicarbonate. The log intensity plot shows the ‘open’ and ‘closed’ theoretical 
curves (shown in red and green respectively) and the experimental profile (violet circles). The intensity 
ratio plots for ‘open’ and ‘closed’ conformations show the ratio between the experimental profile and the 
theoretical model. The averaged intensity ratio is shown by the red dashed line. A ratio of 1.0 indicates a 
perfect fit between the modelled and experimental curves. Insets show the number of states and the χ2 

value for each model generated by MultiFoXS.39
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Table 3- 3: Summary of the single-state modelling analysis of the A. thaliana ACCO experimental SAXS 
profiles. The open model was generated from the P. hybrida ACCO-Fe(II) structure (PDB 1WA6) and the 
closed model was generated from a homology model produced from the A. thaliana ACCO-Zn(II)-POA 
structure (PDB 15GJ9).

3.6 Impact of the conformational changes on the protein

activity

To investigate the potential of conformational change to affect the ability of ACCO to catalyse 

its reactions, kinetic analysis of the P. hybrida ACCO mutants were carried out using a 1H 

NMR-based assay. The results shows that the activity of all the mutants decreases by at least

80% when compared to the wildtype enzyme (Figure 3-23). These results indicate that protein

conformational change may be important for the enzymatic activity. The R244K mutant is 

particularly interesting, which showed quenching of fluorescence intensity upon the addition 

of POA but severely reduced activity. This could be due to the inability of the lysine residue to 

form interactions with bicarbonate due to lack of the guanidium moiety as well as the shorter 

carbon chain. The kinetic results of Arg244 also agree with the previously published kinetics,
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which showed that mutants R244A, R244G and R244K shown an activity decrease by nearly 

80% of the wild-type activity.42, 43

Figure 3-23: Single concentration activity assay monitoring ACC consumption by wildtype and mutant 
P. hybrida ACCO. Each sample contained 2 µM P. hybrida ACCO, 20 µM Fe(II), 250 µM ACC, 12.5 mM 
ascorbic acid, 30 mM bicarbonate and 250 µg catalase. All experiments were carried out in Tris-D11 (pH 
7.5) in 10% H2O + 90% D2O. The activity of wildtype ACCO is defined as 100%. All experiments were 
conducted in triplicates and the errors shown are standard deviations.

3.7 Determination of possible conformational changes in wild 

type P. hybrida and A. thaliana ACCO using X-ray

crystallography

To obtain atomic details about the structures of ACCO in its ‘open’ and ‘closed’ conformations, 

X-ray crystallography was attempted for both P. hybrida ACCO and A. thaliana ACCO with 

the aim of obtaining a ‘closed’ P. hybrida ACCO structure and/or an ‘open’ A. thaliana ACCO 

structure. Such structures would provide further evidence that both proteins are able to undergo 

the same conformational changes.
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3.7.1 Co-crystallisation of P. hybrida ACCO with ligands

In order to obtain a ligand-bound ‘closed’ structure of P. hybrida ACCO, both co- 

crystallisation and soaking method were attempted. P. hybrida ACCO was first buffer

exchanged to crystallisation buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl and 2

mM DTT prior to setting up crystallisation experiments. Previously optimised screening 

conditions (adapted from Zhang et al, 2004)1 containing 1.0-1.4 M NaHPO4, 0.4-0.7 M 

K2HPO4, 0.1 M CAPS (pH 10.3, 10.5 and 10.7) were used with protein concentrations varying 

from 10-20 mg/mL (260-560 µM). Protein was incubated with 1 mM NiCl2/ZnCl2 (as a

replacement for Fe(II), which rapidly oxidises to Fe(III), a common method in this superfamily

of enzymes).1, 4 Ligand at concentrations between 5 and 25 mM (ACC/POA) were also added 

prior to setting up crystallisation by the hanging drop vapour diffusion technique. Both micro 

and macro seeding were employed to encourage growth of quality crystals (see Materials and 

Methods). Simultaneously, high throughput screening was carried out using the dispensing 

Oryx4 crystallisation robot (Douglas instruments) and with three screens, JCSG,44 PACT44 and 

MORPHEUS45 to search for  new crystallisation conditions. The same screening was then 

repeated with micro seeding. A number of ‘hit’ conditions including PACT-D11 and phosphate

buffer conditions were optimised. Tetragonal (usually stacked or clustered) crystals were 

observed in a range of different conditions, usually within 9-14 days of setting up the 

experiments (Figure 3-24).  X-ray diffraction data were collected for the selected co-crystals 

and their structure solved numerous times and either did not show ligand in the active site or 

were poorly diffracting (> 3.0 Å resolution).
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Figure 3-24 : Crystals of P. hybrida ACCO were seen in 1.4 M NaHPO4, 0.7 M K2HPO4, 0.1 M CAPS 

(pH 10.7) phosphate crystallisation buffer condition.(a) 1:1 protein to reservoir ratio (b) 2:1 protein to 
reservoir ratio.

3.7.2 P. hybrida ACCO-ligand crystal structure by soaking

P. hybrida ACCO did not produce any crystals when the protein was pre-incubated with 

ligands. In soaking experiments, ACCO-Ni(II)/Zn(II) co-crystals soaked in excess ligand 

concentrations (10-25 mM)  melt or crack almost immediately and glutaraldehyde cross-linking 

prior to soaking afforded  poor diffraction data. As the co-crystallisation method did not yield 

any suitable crystals, the soaking method was attempted. A P. hybrida ACCO-Ni(II) co-crystal 

grown in 1.2 M NaHPO4, 0.7 M K2HPO4, 0.1 M CAPS (pH 10.7) was soaked in 5 mM NiCl2

and 10 mM POA. It was diffracted to 2.4 Å at the Australian Synchrotron MX2 beamline.iv

The structure of was solved by molecular replacement using PHASER46 based on my previous 

ACCO-Ni(II)-ACC structure (PDB 5TCV) and was refined in multiple rounds by REFMAC47 

and rebuilding with COOT.48

iv Data was collected by Associate Professor Christopher Squire, School of biological Sciences, University of 
Auckland.
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The structure of P. hybrida ACCO-Ni(II)-POA displayed the same space group (I222) and unit 

cell  ( a = 70.14, b = 106.01, c = 106.97, α = 90.10º, β = 90.07º, γ = 89.96º) as the protein 

structure of the previously published P. hybrida ACCO structures (PDB 1WA6, 1W9Y, 

5TCV). The refined structure was assessed to have Rcryst = 22.5% while Rfree = 27.5% and a

MOLPROBITY49 score of the 97th percentile and Ramachandran favoured residues at 96.9%

(refinement parameters are summarised in Supplementary figure 8). The overall structure of 

P. hybrida ACCO-Ni(II)-POA is near identical to other P. hybrida ACCO structures including 

the one with ACC and Ni(II) (PDB 5TCV)50 with RMSD of 0.3184 Å over 297 paired Cα 

atoms (Figure 3-27).

Figure 3- 25: (a) An overview of the P. hybrida ACCO-Ni(II)-POA structure. (b) Overlay of the P. hybrida 
ACCO-Ni(II)-POA structure (in blue) with the P. hybrida ACCO-Ni(II)-ACC structure (PDB 5TCV, 
shown in gold) showing that the two structures are near-identical. Ni(II) is shown as a blue sphere and 
POA and ACC are shown as stick models in the active site.

The overall structure of P. hybrida ACCO-Ni(II)-POA is ‘open’ as seen in the other P. hybrida 

ACCO structures (Figure 3- 25). In the active site, the facial triad His177, Asp179 and His234 

coordinate the Ni(II) in a similar manner to that seen in the A. thaliana ACCO-Zn(II)-POA 

structure (PDB 5GJ9).
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In the P. hybrida ACCO-Ni(II)-POA structure, POA coordinates the Ni(II) in a bidentate

manner via the carboxylate and nitrogen group in a distorted octahedral geometry. Similar 

coordination geometry was observed between POA and Zn(II) in the A. thaliana ACCO-Zn(II)- 

POA structure. However, POA coordinates on different planes of the distorted octahedral 

between the two structures. This is not surprising because the bound metal has three free sites 

to coordinate its ligands so a bidentate ligand like POA could coordinate the active site metal 

in different manners depending on the nature of the metal centre, that is Ni(II) vs Zn(II), and 

the exact details of the active site atoms.

Comparing the two structures, additional interactions between POA and the enzyme are 

observed in the A. thaliana ACCO-Zn(II)-POA structure (PDB 5GJ9), which are missing in 

the P. hybrida ACCO-Ni(II)-POA structure. These includ a charge-charge interaction between 

the terminal carboxylate moiety of POA and Lys161, hydrogen bond interactions (via a water 

molecule) between the terminal carboxylate moiety and Lys291, and hydrogen bond 

interactions (via a water molecule) between the aromatic nitrogen and Arg244 (Figure 3-27). 

This is not surprising because the P. hybrida ACCO structure is in the ‘open’ state and hence 

each of these residues is located >3 Å away from the bound POA in the P. hybrida ACCO-

Ni(II)-POA. The electron density map shows there are no additional sites of positive density to

indicated ordered water molecules near to POA that could assist in forming hydrogen bonds 

with binding site residues (although we would expect this space to contain a disordered, fluid 

water structure) (Figure 3-26). However, a “closed” form homology model of the P. hybrida

ACCO-Ni(II)-POA structure  derived from the A. thaliana ACCO-Zn(II)-POA structure,

suggests that Ni(II)-bound POA would likely form multiple additional interactions with the 

enzyme. These potential interactions include hydrogen bonds with Lys161 (4.2 Å), Lys291 and 

Arg247 via water molecules (Lys291-H2O is 2.6 Å, H2O-POA is ~4 Å and Arg247-H2O is 2.9
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Å, H2O-POA is ~3.6 Å) as well as hydrophobic and van der Waals interactions with Phy253, 

Ala251 and Leu189 (Figure 3-27c).

Figure 3-26: Electron density map (2Fo-Fc omit map) of the P. hybrida ACCO-Ni(II)-POA active site 
showing the POA coordination geometry with Ni(II). The modelling suggests that POA is not present at 
full occupancy and metal coordinated water molecules might also be modelled. The map does not show 
any features that could be interpreted as ordered water molecules near to the POA.

87



Figure 3-27: (a) Close up of view of P. hybrida ACCO-Ni(II)-POA active site showing POA only interacts 
with the Ni(II); (b) Close up view of the active site of the A. thalilana ACCO-Zn(II)-POA structure (PDB 
5GJ9)4 showing the molecular interactions of POA with the active site residues; (c) Overlay of the A. 
thaliana ACCO-Zn(II)-POA structure (PDB 5GJ9) (POA is shown as a line model) and the P. hybrida 
ACCO-Ni(II)-POA structure (POA is shown as a stick model).Facial triad residues are not shown. Ni(II),
Zn(II) and waters are shown as blue, grey and red spheres respectively, and bonding interactions are shown
as dashed lines. Amino acid residues are only shown for the A. thaliana “closed” structure.
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A possible reason why we see P. hybrida ACCO only in the ‘open’ conformation is possibly 

because we are limited to a specific crystal form with crystal packing restraints in place. 

Soaking the P. hybrida ACCO-Ni(II) crystal with excess POA is unlikely to force any 

conformational changes to occur when the protein is effectively trapped in an open 

conformation. Indeed, when these crystals are soaked with some compounds, and as 

highlighted above, the crystal melt presumably due to crystal packing interactions being 

impacted. The curved α-3 helix enclosing the active site is one of characteristic differences 

between the ‘open’ vs ‘closed’ conformation of the crystal structure molecules. Analysis of the 

crystal symmetry and protein packing in the I222 system, shows that the α-3 helix residues

from a symmetry molecule project into the active site of a “dimer” pair. These include residues

Lys 72, Glu75, Gln78, Glu80 and Asp83 which form the α-3 helix, and the loop that follows 

the α-3 helix that extent into the active site of the symmetry molecule (Figure 3-28). Glu80 is 

located only 2.9 Å away from the active site metal, suggesting it may interact with the metal 

ion in the absence of ligand. The interactions of α-3 helix with the active site of the symmetry 

molecule may also explain why co-crystallising P. hybrida with ligands was not successful. 

These interactions appear to help drive the formation of this crystal form as a low energy system 

providing effective crystal packing and the crystalline structure of P. hybrida ACCO. We might 

argue that the ‘open’ and ‘closed’ states of the crystal structures provide useful static images

of two states of ACCO, but we cannot at this stage with the current protein species and crystal

systems, provide any further insights into the possible interconversion between protein 

conformations.
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Figure 3-28:  Crystal packing of P. hybrida ACCO showing the α-3 helix and the loop connected to the 
helix (highlighted in red) of one symmetry molecule extending into the active site of the adjacent ACCO 
molecule. Glu80 on the adjacent molecule is able to interact with the Ni(II) (shown as magenta spheres).

3.7.3 Initial screening for A. thaliana ACCO

Simultaneously, attempts were made to produce apo, Ni(II)/Zn(II), and ACC-bound A. thaliana 

ACCO crystals. Size exclusion purified protein was buffer exchanged to 20 mM bis-Tris (pH 

6.0), 50 mM NaCl and 2 mM DTT. Initial crystal screening conditions were set according to 

the published methods of Sun et al, 2017.4 The screening conditions include 21-24% PEG 

3350, 100 mM citric acid (pH 4.5-5.5). The screens were set up using the sitting drop 

techniques. In addition, crystal screening using the dispensing Oryx4 crystallisation robot and 

MORPHEUS,45 PACT44 and JCSG 44 screens were also carried out. For each screen, the protein 

sample (9 mg/mL) was supplemented with  (where applicable) 2-5 mM Ni(II)/Zn(II), 10-25 

mM ACC, 30 mM NaHCO3 and crystal seed stock. Out of the several ‘hits’ observed, the 

JCSG-D1 condition was further optimised to fine screens containing 23-25% PEG 1500 and 

10-30% glycerol. Many attempts were made to produce apo A. thaliana ACCO2 crystals. 

However, all attempts were unsuccessful. When the protein was supplemented with metal
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and/or ligand (POA/ACC), ‘cubic – shaped’ crystals were observed within 3-5 days from 

setting up the experiment.

A single crystal of A. thaliana ACCO with Ni(II) (micro-seeded) from the condition JCSG-D1 

(20% PEG1500 and 20% glycerol)44 was diffracted to 1.5 Å and a full data set collectedv at the 

Australian synchrotron MX1 beamline. The structure was solved by molecular replacement 

using PHASER51 and  published coordinates for A. thaliana ACCO-Zn(II)-POA (PDB 5GJ9). 

Refinement was completed with iterative use of REFMAC,47 COOT48 and PHENIX52.

3.7.4 A. thaliana ACCO-Ni(II)-glycerol structure analysis

The A. thaliana ACCO-Ni(II)-glycerol structure was found in same P21 space group as the that 

of A. thaliana ACCO-Ni(II)-POA (PDB 5GJ9),  with unit cell dimensions of  a = 50.89, b = 

98.02, c = 69.80, α = 90.00º, β = 107.86º, γ = 90.00º. The refined structure was evaluated by 

MOLPROBITY49 in the 98th percentile with 97.5% of Ramachandran favoured residue. The 

structure was refined to give final R values of Rcryst = 28.4% and Rfree= 31.1% (refinement 

parameters are summarised in Supplementary figure 8). The overall structure of A. thaliana 

ACCO-Ni(II)-glycerol is similar to 5GJ9 structure, when superimposed the RMSD is 0.4353 Å 

over 296 Cα atoms. The electron density map shows a residual around the Ni(II) ion that does 

not appear to be coordinated water molecules. This density was assigned as two overlapping 

molecules of glycerol, both coordinating the metal and at partial occupancy (metal-coordinated 

water molecules overlapping the glycerols were also apparent and refined at partial occupancy) 

(Figure 3-29). As the crystallisation condition as well as the cryo-protectant contained 20%

v The data collection was carried out by Dr Christopher Squire, School of biological Sciences, University of 
Auckland.
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glycerol, this high concentration has led to the trapping of glycerol in the active site of the 

protein.

Figure 3-29: A. thaliana ACCO-Ni(II)-glycerol structure electron density map (2Fo-Fc omit map). 
(a) The facial triad residues His180, Asp182 and His237 coordinate the Ni(II). Two glycerol 
molecules and metal-coordinated water molecules were refined at partial occupancy.  (b) Side- 
view of the glycerol modelling and fit to the electron density map.

The overall structure of A. thaliana ACCO-Ni(II) is in the ‘closed’ form (Figure 3-30a) as 

previously seen in this crystal form, and shows no significant differences to the POA-bound A. 

thaliana ACCO structure (PDB 5GJ9) (Figure 3-30b). In the new structure, glycerol 

coordinates the Ni(II) in a bidentate manner via two of the three hydroxyl groups in a distorted 

octahedral geometry coordination. This coordination geometry is similar to how POA 

coordinates Zn(II) in the A. thaliana ACCO-Zn(II)-POA structure and also to how ACC 

coordinates Ni(II) in the P. hybrida ACCO-Ni(II)-ACC structure (PDB 5TCV)(Figure 3-30c

and d). Glycerol binding is also stabilised by polar interactions between the amine group of

Lys161 and the hydroxyl group of glycerol, as well as by hydrogen bond interactions between 

the hydroxyl group of glycerol and Tyr165 and Arg247 via water molecules. The glycerol- 

bound structure highlights the importance of the side chains of Lys161, Tyr162, Arg247 and
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the coordination of the octahedral coordination of Ni(II) to ligand binding in the ‘closed’ 

conformation.

Figure 3-30: (a) Overview of the A. thaliana ACCO-Ni(II)-glycerol structure ; (b) Overlay of the A. 
thaliana ACCO-Ni(II)-glycerol structure (green) with the A. thaliana ACCO-Zn(II)-POA structure (red, 
PDB 5GJ9) showing the two structures are near identical; (c) Close up view of the active site of the A. 
thaliana ACCO-Ni(II) with glycerol in comparison to (d), which is a close up of the A. thaliana ACCO-
Zn(II)-POA structure (PDB 5GJ9). Ni(II), Zn(II) and water molecules are shown as blue, grey and red
spheres respectively.  Polar interactions and hydrogen bonds are shown as dashed lines.

Similarly to the P. hybrida ACCO-Ni(II)-POA structure, the A. thaliana ACCO-Ni(II)-glycerol 

structure does not give any insight to the possible conformational changes that the protein may 

undergo in solution and the protein in this crystal form is trapped in the “closed” conformation 

by crystal packing interactions (Figure 3-31).
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Figure 3-31: (a) Close up view of the α-3 helix (shown in cartoon and highlighted in red) with the adjacent 
symmetry molecules (monomer one and monomer two shown as magenta and cyan surfaces). (b) Any 
movement that might be induced by a change in conditions or ligand binding from “closed” to “open” 
structures (as indicated by the arrow), is precluded by crystal packing contacts.

3.8 Discussion

To date, it has been challenging to elucidate the catalytic mechanism of ACCO due to the fact 

that ACCO appears to belong to the non-haem Fe(II) and 2OG oxygenase and oxidase 

superfamily only by structural similarity and not by similarities in cosubstrate or cofactor 

requirements. The binding site and the roles of the cofactors bicarbonate and ascorbate are 

poorly understood. These factors pose a challenge for establishing the catalytic mechanism for 

this enzyme. Studying conformational changes is of interest in relation to this enzyme, as it 

would help to fill gaps in the complete mechanistic picture of ACCO

P. hybrida ACCO and A. thaliana ACCO share ~80% sequence similarity. The reported crystal 

structures of the two enzymes also show that they share very similar structural features overall. 

The main difference between the two structures is the conformation of the α-3 and α-11 helices, 

and the location of active site residues including those found in the conserved RXS motif.

POA was used as model ligand to investigate whether ACCO undergoes conformational 

changes upon ligand binding in solution. Intrinsic tryptophan fluorescence assays shows that
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the binding of POA induces quenching of the fluorescence intensity in a concentration 

dependant manner. As the three tryptophan residues on ACCO are located >10 Å away from 

the active site, changes in fluorescence intensity are likely due to protein conformational 

change. Control experiments with benzoic acid, a structural analogue of POA, were conducted 

to rule out the possibility of non-specific binding to fluorescence quenching. Mutagenesis 

experiments showed that changes in intrinsic fluorescence were likely due to changes in 

environment of the tryptophan that is located on the α-3 helix. Addition experiments including 

1H-15N HSQC further support the hypothesis that POA binding may induce ACCO to undergo 

conformational change. SAXS was also conducted to show ACCO undergoing ‘open’ to

‘closed’ conformational changes which closely resembles the conformations of the two crystal

structures of P. hybrida ACCO-Fe(II) (PDB 1WA6) and A. thaliana ACCO-Zn(II)-POA (PDB 

5GJ9) respectively .

Analysis of the crystal structures and mutagenesis studies illustrated a network of amino acids 

relating the binding of small molecule ligands at the active site to conformational change of the 

α-3 helix. In this work, the arginine residue (R244 in P. hybrida ACCO) of the RXS motif at 

the active site was identified as an important feature in triggering the overall protein 

conformational change. Binding of a ligand at the active site may cause the arginine to rotate 

from pointing out of the active site to pointing into the active site and forming interactions with 

the bound ligand. This moves a nearby tyrosine residue (Y162 in P. hybrida ACCO) and 

enables it to interact with a glutamate residue (E87 in P. hybrida ACCO) that is located on α- 

3. This also enables the glutamate residue to interact with another lysine residue (Lys158 in P. 

hybrida ACCO). The net result of this is that the glutamate on α-3 may pull the helix closer 

towards the active site and hence stabilise the bent or “closed” conformation. Kinetics 

experiments show that the ability of conformational change is crucial to the ability of the 

enzyme to catalyse ACC turnover.

95



ACCO is structurally similar to IPNS,2 DAOCS53 and ANS.1, 3 It is known that the binding of 

substrates or ligands may trigger IPNS, DAOCS and ANS to undergo conformational change, 

including the RXS motif that is conserved between these enzymes. For example, with IPNS,2, 

54 the arginine residue in the RXS motif points away from the active site in the absence of the 

substrate (PDB 1IPS), and in the presence of the substrate, the residue rotates towards the active 

site to interact with the substrate δ-(l-α-aminoadipoyl)-l-cysteinyl-d-valine (ACV) through a 

water molecule (Figure 3-32) (PDB 1BK0).1, 2 The substrate ACV is also able to from 

hydrogen bonds to both Ser281 and Tyr189 of the RXS motif.2 In ANS and DAOCS, the RXS 

motif residues bind to the carboxylate oxygen of 2OG.2  The RXS motif residues are therefore 

likely to be crucial for the binding of substrates in this superfamily of structurally-related 

enzymes.

Figure 3-32: (a) Active site of IPNS (shown in green) overlaid with Arg244 (P. hybrida ACCO, PDB 
1WA6) (shown as blue stick) shows the ‘open’ conformation of Arg279 (shown as green stick) is similar 
to the conformation observed in P. hybrida ACCO (PDB 1WA6) (b) Rotation of Arg279 (shown as green 
sticks) in the presence of ACV is similar to the conformation of Arg247 (shown as blue sticks) in A. 
thaliana ACCO-Zn(II)-POA (PDB 5GJ9) structure. Fe is shown as orange sphere and ACV is shown as 
light purple stick. Facial trial and all the residues are labelled.

A previous studies with L. esculentum suggested that the arginine residue of the RXS motif 

may be involved in bicarbonate binding.55 Mutagenesis of the arginine and serine residues 

showed that the arginine, but not the serine, is responsible for a dramatic drop in enzyme
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activity.56 Given our data with the 2OG analogues (as a mimic of ACC and bicarbonate), it is 

possible that bicarbonate may bind to the RXS motif and thus interact with the bound substrate 

to help orient/stabilise the substrate at the active site, a suggestion that has also been proposed 

by others.42, 55, 56 There is no evidence to suggest ACC interacts with active site residues apart 

from the metal. Therefore the binding of bicarbonate in close proximity to ACC would help 

stabilise and/or orient the substrate for catalysis.

The work described in this chapter only focused on the changes seen in the α-3 helix and the 

active site residues. Possible conformational changes in the α-11 helix were not investigated. 

Interestingly, a recent study probed the possibility of conformational change in the α-11 helix 

by EPR and found in the presence of ACC and bicarbonate that the α-11 helix did not undergo 

conformational change to a ‘closed’ structure. 57 α-11 helix contains a Lys296-Glu301 motif 

which is well conserved in ACCO isoforms.58  Mutation of these residues has shown to 

decrease the activity significantly53, 59, 60 and hence this sequence is proposed to form the 

binding site for ascorbate.42, 55 Interestingly, Lys291 on α-11 was found to form a hydrogen 

bond to the carboxylate group on POA via a water molecule in the 5GJ9 SCCO structure. This 

suggests that the C-terminus might interact with the active site indirectly and possibly through 

the binding of ascorbate. Further work is needed to fully investigate the binding determinants 

for ascorbate.

3.9 Conclusions

The findings described in this chapter suggest that (1) ACCO adopts a ‘closed’ conformation

upon the binding of ligands, and (2) that the arginine residue of the RXS motif at the active site 

and a glutamate residue in the α-3 helix are linked together by a network of amino acids that 

play a crucial role in the catalytic reaction, and concludes that (3) by using 2OG analogues as

97



mimic of ACC and bicarbonate, that bicarbonate may interact with the arginine of the RXS 

motif to trigger conformational change during catalysis.
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CHAPTER 4: TOWARDS THE DEVELOPMENT 
OF NOVEL INHIBITORS OF ACC OXIDASE
4.1 Introduction

4.1.1 Plant growth regulators

Ethylene regulates many pathways of plant growth and development including fruit ripening 

and the abscission of flowers and leaves.1 Hence, the regulation of ethylene biosynthesis and/or

the ethylene signalling pathways may provide many potential benefits in agriculture and in the

fresh produce supply chain. These potential benefits include extending the shelf life of fresh 

produce, reducing the loss of fresh produce due to damage and over-ripening, and increasing 

the accessibility of fresh produce (e.g. by allowing time for export).

The use of small chemical agents as plant growth regulators is a common method in the

agricultural and fresh produce industries to regulate ethylene biosynthesis and signalling.2, 3 

For example, 1-methylcyclopropene (1-MCP), one of the most widely used commercial plant 

growth regulators, is a structural analogue of ethylene that blocks ethylene receptors.4, 5 

Aminoethoxyvinylglycine (AVG) and aminooxyacetic acid are used as inhibitors of ACC 

synthase and they can be applied preharvest or postharvest.6, 7 In contrast, the use of small 

molecule inhibitors to target ACCO as commercial plant growth regulators is an area that is 

relatively unexplored. It has been reported that ethanol and acetaldehyde may inhibit ACCO8 

although they have limited commercial applicability. Metals including Co(II) and Ag(I) (from 

silver thiosulphate)9 have also been reported to be ACCO inhibitors and they are commonly 

used to extend the longevity of cut flowers.

4.1.2 Inhibitors of ACCO

As alluded to above, the development of ACCO inhibitors as commercial plant growth 

regulators is a relatively under examined area. Nonetheless, several academic groups have
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reported inhibitors of ACCO. Early efforts focussed on the developing of substrate structural 

analogues. However, this was an unproductive approach because ACCO can catalyse the 

oxidation of a range of cyclic and acyclic ACC analogues as substrates.10-12 Nonetheless, the 

several inhibitors (Figure 4-3) that have been identified in these early studies provided some 

structural insights into the binding pocket of ACCO. For example, it was found that 

hydroxamates of small amino acids (including glycine, alanine and valine) are inhibitors of 

ACCO.10 Additionally, amino acids themselves, including glycine, D-alanine, D-valine and α- 

aminoisobutyric acid, are weak substrates (and weak inhibitors) of ACCO (Figure 4- 1).12 

However, these compounds bind to ACCO 1000-fold less strongly than the substrate ACC. 

Moreover, L-amino acids do not inhibit ACCO.13 These observations suggested that the 

stereochemistry between the carboxylic acid and the amine functional groups (of ACC) is 

relatively important for its binding to ACCO. Other ACC structural analogues including 1-

aminocyclopropane-1-hydroxamate,10 1-aminocyclopropane-1-phosphonic acid and 1-amino-

1-methylethylphosphonic acid were also shown to be competitive inhibitors of ACCO (Figure

4- 1).14-17 These studies showed that the carboxylic group can be replaced by other functional 

groups that contain a carboxyl functionality. The amine group was found to be crucial for the 

inhibition of ACCO, as cyclopropane carboxylic acid was unable to inhibit ACCO activity.18 

The reason for such each of these observations is now clear; X-ray crystallography shows that 

ACC binds to the active site metal of ACCO via its amine and carboxylic acid functional groups 

(see Chapter 3).
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Figure 4- 1 : ACC analogues that were tested for ACCO inhibition.

In addition to substrate analogues, as ACCO requires ascorbate for optimal activity, structural 

analogues of ascorbate have also been tested as potential ACCO inhibitors (Figure 4- 2). 

Interestingly, whilst D-saccharic-1,4-lactone and L-gulonic-1,4-lactone were shown to reduce

ACCO activity, isoascorbate has no effect.19 These observations suggested that the relative

stereochemistry of ascorbate is important for its binding to ACCO.

The use of transition metals to inhibit ACCO has also been investigated. ACCO belongs to the

non-haem Fe(II) and 2OG-dependent oxygenase and oxidase superfamily and the catalytic 

activity of this superfamily of enzymes can be inhibited by replacing the active site Fe(II) by 

other transition metals.20, 21 Not surprisingly, Co(II)22 and other divalent ions including Mn(II), 

Zn(II), Cd(II), Cu(II) and Ni(II) all inhibit the in vitro activity of ACCO.21, 23-26 Although these 

metal ions cannot be applied in fresh fruits and vegetables, some have been applied in the floral 

industry.
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Figure 4- 2 : Chemical structures of ascorbate analogues that were tested for ACCO inhibition.

Apart from analogues of substrate and cofactors, several aromatic compounds also inhibit 

ACCO. Although not very effective, salicylic acid27 and its structural analogue acetylsalicylic 

acid28, 29 inhibit ACCO weakly.29 However, the use of salicylic acid and acetylsalicylic acid to 

regulate plant growth may also affect other plant pathways such as cellular respiration and 

therefore would have limited applicability. n-Propylgallate (n-PG), a common food addictive, 

was found to be a strong inhibitor of ACCO, inhibiting the in vitro activity by up to 90% at 0.5 

mM concentration.30-32 Trinitrobenzene sulphonate has also shown to reduce ACCO activity 

somewhat effectively.33 Finally, a recent paper found that metabolites of pyrazinamide, a drug 

that is used clinically to treat tuberculosis,34, 35 are efficient ACCO inhibitors.36 The study 

showed that plant tissues can metabolise pyrazinamide to pyrazinecarboxylic acid (POA) in 

vivo (Figure 4-3). In turn, POA may act as an inhibitor of ACCO with a half maximal inhibitory 

concentration (IC50) of 72 µM.36 Similarly, 2-picolinic acid (2PA), a structural analogue of

POA, also inhibits ACCO.36 X-ray crystallography studies showed that both POA (PDB 5GJ9)
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and 2PA (PDB 5GJA) mimic the bidentate binding mode of ACC to the active site Fe(II) and 

therefore compete with ACC for binding to the active site.

Figure 4-3:  Chemical structures of POA and 2PA, inhibitors of ACCO.

4.2 Objectives

The objectives of the work described in this chapter were to identify inhibitors of ACCO by 

using P. hybrida and A. thaliana ACCO as model enzymes. Two approaches were used. These 

included the use of virtual high-throughput screening to identify new chemical scaffolds that 

may be starting points for the inhibition of the enzyme, and the screening of existing inhibitors 

of the non-haem Fe(II) and 2OG dependent oxygenase and oxidase superfamily as ACCO 

inhibitors.

4.3 Identification of ACCO inhibitors by virtual screening

4.3.1 Virtual high-throughput screening against A. thaliana ACCO 

Structure-based virtual high-throughput screening is an in silico method that allows the 

identification of structural scaffolds and chemical moieties that are important for binding to a

target protein.37 In virtual high-throughput screening, candidate ligands are docked to a defined

binding pocket of the target protein.38 Different ‘scoring functions’ can then be applied to 

evaluate the modelled protein-ligand complex based on physical theories including bonding
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interactions and binding orientations.37 The virtual hits can then be tested experimentally for 

binding and/or inhibition against the target protein or enzyme.

In order to identify new chemical scaffolds and structures that could target ACCO, virtual high-

throughput screening was conducted against the crystal structure of A. thaliana ACCO (PDB 

5GJ9). The A. thaliana ACCO crystal structure was chosen because the protein is observed in 

a ‘closed’ conformation (see Chapter 3). We postulated that this is the conformation that 

ACCO will most likely adopt upon the binding of our virtual hits as we have previously shown 

that ligand binding may induce ACCO to change from a ‘open’ to a ‘closed’ conformation (see

Chapter 3). Docking against the ‘closed’ ACCO structure may also enable the identification

of new ligands that interact with key amino acid residues that stabilise the structure (e.g. Glu87, 

Lys158, Tyr162, Arg244 and Lys288), thus may afford higher affinity ligands. Virtual 

screening was conducted by Raina Chandi and detailed experimental parameters about the 

virtual screen will be reported elsewhere. In brief, 10,831 compounds from a commercially- 

available ChemBridge Diversity39 library was screened virtually for the binding to the A. 

thaliana ACCO active site. As most inhibitors of the non-haem Fe(II) and 2OG-dependent 

oxygenase and oxidase superfamily interact with the active site metal ion, the virtual screen 

was conducted in the presence of the active site metal ion and only compounds that interacted 

with the active site metal were chosen. The selection of the virtual hits were guided by using a 

consensus approach between four different scoring functions (GoldScore,40 ChemScore,41, 42 

Piecewise Linear Potential (ChemPLP)42 and Astex Statistical Potential43). Such an approach 

has been successfully applied to identify protein ligands against a range of different targets.44- 

46 Overall, 23 compounds (Figure 4-4) were selected for testing based on these results.

i PhD, School of Chemical Sciences, University of Auckland.
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Figure 4-4 :  Chemical structures of compounds identified from virtual high-throughput screening against A. 
thaliana ACCO (PDB 5GJ9).
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4.3.2 Nuclear magnetic resonance assay to validate the virtual hits 

The virtual hits were then tested experimentally for their inhibition against A. thaliana ACCO. 

It is not straightforward to study the kinetics of ACCO-catalysed reactions as the product

(ethylene) is a gaseous molecule that is also partially dissolved in the buffer solution. To date,

most reported methods to measure ACCO-catalysis reactions use gas chromatography-mass 

spectrometry (GC-MS). In such an analysis, ethylene is likely present in both gaseous and 

aqueous forms, and as such, measurements require careful handling of the reaction mixture in 

gas-tight containers, thus limiting the throughput of such experiments.

In contrast to ethylene, ACC is not a gaseous compound and it is fully soluble in aqueous

solution. We therefore postulated that the measurement of ACC consumption is a more simple 

and accurate method for the studies of ACCO-catalysed reaction (Figure 4-5). As nuclear 

magnetic resonance (NMR) spectroscopy allows the monitoring and quantification of 

individual components of a reaction mixture in real time, it was therefore used to monitor the

ACCO-catalysed reaction.

We first conducted 1H NMR experiments to study ACCO-catalysed reaction in the absence of 

the virtual hits. The catalytic reaction was conducted in the presence of A. thaliana ACCO, a 

slight excess of the co-factor Fe(II), as well as other cofactors including ascorbic acid and 

bicarbonate. Previous reports on the Fe(II) and 2OG-dependent oxygenases and oxidases have 

suggested that enzymes from this superfamily may be inactivated by reactive oxygen species 

(ROS) produced during catalysis. ROS, which may include oxygen free radicals and hydrogen

peroxide, may form as a by-product during catalysis and may cause oxidative degradation or

inactivation of proteins. Catalase, which is a protective enzyme against oxidative damage, 

catalyses the decomposition of hydrogen peroxide into molecular oxygen and water, and was

therefore added to the reaction mixture. A decrease in ACC signal intensity was observed,

106



1

which is indicative of ACC turnover to ethylene (Figure 4-5), and suggested that monitoring 

ACC resonance intensity over time is a suitable assay of ACCO catalysis.

Figure 4-5: (a) Overlay of H NMR spectra showing the decrease of ACC signal intensity over a time period of 
16 minutes and 33 seconds. The decrease of the ACC signal is indicative of ACCO-catalysed ACC turnover to 
ethylene. (b) The decrease in ACC signal vs time was plotted to determine the kinetics of ACCO activity. The 
reaction mixture contained 1.5 µM A. thaliana ACCO, 20 μM Fe(II),  250 µM ACC, 12.5 mM ascorbate, 30 mM 
NaHCO3, and 500 μg/mL catalase in 50 mM Tris-D11 (pH 7.5) in 90% H2O +10% D2O.  The first spectrum was
obtained over 2 minutes 40 seconds.

The inhibitory effect of the virtual hits was then studied. As the ACC concentration in the 

kinetic assay was 250 µM, it was therefore decided to screen the compounds in slight excess 

of the substrate (at 1 mM). Compounds 3, 4, 13, 15 and 17 were excluded from the analysis as 

they were either insoluble or had a 1H NMR signal that interfered with the ACC peak (Figure

4-6b).

Figure 4-6 shows the percentage activity of ACCO in the presence of each compound at 1 mM 

concentration. Sixteen of the 18 compounds that were tested showed greater than a 20%

decrease in ACCO activity. In particular, compounds 18, 11, 14 and 5 (in order of decreasing

inhibition) inhibited greater than 50% of ACCO activity (Figure 4-6a). In contrast, control 

experiments with DMSO (the solvent that the test compounds were dissolved in) showed no 

inhibition of the enzyme activity.

107



Figure 4-6 : Single concentration screening of the virtual hits by a 1H NMR-based assay. The reaction mixture 
contained 1.5 µM A. thaliana ACCO, 20 μM Fe(II),  250 µM ACC, 12.5 mM ascorbate, 30 mM NaHCO3, 250 
μg/mL catalase and 1 mM compound, in 50 mM Tris-D11 (pH 7.5) in 90% H2O +10% D2O. Errors are standard 
error of the mean (n = 3). *Compounds that inhibit at least 50% of ACCO activity.

Analyses of the four strongest inhibitors (compounds 18, 11, 14 and 5) showed that,

unsurprisingly perhaps, they contain moieties that resemble existing inhibitors of the non-haem 

Fe(II) and 2OG-dependent oxygenase and oxidase superfamily, including functional groups

that could chelate metals. Further studies are required to fully understand the mode of inhibition

of these compounds, for example, whether they act as metal scavengers or whether they bind 

to ACCO, and if they do, their binding mode to the enzyme.
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Figure 4-7: The docked configuration of Compound 5, 11, 18 and 22 in the binding site of A. thaliana ACCO as 
predicted using the Chemscore and ChemPLP scoring function. Binding modes are illustrated to the left. Brown 
colouration depicts hydrophobic regions with a partial negative charge, blue regions show hydrophilic regions, 
and grey colouration indicates neutral areas.  Key interactions are depicted in the centre panels and the chemical
structures of the compounds are shown to the right.

4.4 Evaluation of 2OG oxygenase inhibitors against ACCO

Inhibitors of 2OG-dependent oxygeneases

The non-haem Fe(II) and 2OG-dependent oxygenases and oxidases are a large superfamily of 

enzymes that catalyses a wide variety of reactions. There are ongoing efforts to develop potent

inhibitors that target this enzyme superfamily. A significant number of 2OG oxygenase

inhibitors mimic the binding mode of 2OG and include scaffolds that chelate the Fe(II) in the
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active site. As a result, many lacks specificity and are able to inhibit a wide range of 2OG 

oxygynases to some degree.20

ACCO is a unique member of the non-haem Fe(II) and 2OG-dependent oxygenase and oxidase

superfamily because ACCO does not utilise 2OG. Nonetheless, our results showed that ACCO 

binds ACC in the same bidentate manner to the active site Fe(II) as other members of the 

enzyme superfamily bind 2OG (see Chapter 3) and suggested to us that known inhibitors of 

2OG oxygenases may inhibit ACCO. To date, no 2OG oxygenase inhibitors have been tested 

against ACCO. There has been only one early study showing that 2OG may inhibit ACCO (Ki 

= 1.35 mM for ACCO in pear extract).47  ACCO does not require 2OG for catalytic activity 

and 2OG binds is expected to bind in the same pocket as ACC.

Figure 4-8: Structures of the broad spectrum 2OG inhibitors that were tested against ACCO.36
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We selected a number of broad spectrum inhibitors of 2OG oxygenases (Figure 4-8). These 

included N-Oxalylglycine (NOG),48, 49 pyridine-2,4-dicarboxylate (2,4-PDCA),50, 51 FG221650 

and FG4592.50 These inhibitors are competitive inhibitors of 2OG and bind to the active site

Fe(II). NOG, a structural analogue of 2OG, is a broad spectrum inhibitor of many 2OG

oxygenases although it was developed as an inhibitor for human collagen prolyl 4- 

hydroxylate.48, 52, 53 2,4-PDCA is a cyclic analogue of 2OG. Like NOG, 2,4-PDCA also found 

to inhibit range of 2OG oxygenases.54, 55 2,4-PDCA chelates the active site Fe(II) of 2OG 

oxygenases through its pyridinyl nitrogen and carboxylic group. In addition to Fe(II) 

coordination, NOG and 2,4-PDCA also chelate, via their terminal carboxylic group moiety, a 

basic residue (Lys or Arg) of 2OG oxygenase that is in close proximity to the active site.56, 57 

FG2216 and FG4592 were developed by FibroGen as human prolyl hydroxylase domain 

inhibitors.50, 58 FG2216 and FG4592 are currently in phase 2 and phase 3 clinical trials 

respectively as oral drugs for anaemia treatments. Similarly to NOG and 2,4-PDCA, it has been 

shown that FG2216 and FG4592 can inhibit a number of 2OG oxygenases.

Binding and inhibition studies with ACCO

The binding of NOG, 2,4-PDCA, FG2216 and FG4592 to ACCO was first tested by thermal 

shift assay. Measuring protein melting temperature (Tm) using thermal shift is a rapid and high- 

throughput screening tool to monitor protein-ligand interactions that is widely used for lead 

identification. These assays measure the denaturation temperature of the protein sample and 

the effect of ligand (or potential ligand) molecules on the observed Tm. Such methods are based 

on the principle of ligand-induced protein stabilisation (or destabilisation). It is thought that 

ligand binding may stabilise or destabilise proteins to thermal denaturation, and hence induce 

an increase or decrease in the denaturation temperature of the protein.59, 60 Typically, in a 

thermal shift assay, a fluorescent dye such as Sypro Orange, which binds to hydrophobic amino
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acids, is used to monitor denaturation. As the temperature increases, the protein will denature 

and unfold, and in doing so expose its hydrophobic core.60, 61  Thermal shift (∆Tm) is measured 

as in the difference in protein melting temperature when 50% of the protein is denatured in the

presence and absence of the compound.62, 63

In our Tm shift assay, the native Fe(II) was replaced by Ni(II). A five-fold ligand excess (when

compared to ACCO concentration) was used to ensure the ACCO was saturated with the 

ligands. Benzoic acid was used as a negative control (Figure 4-9). Each of the compounds 

showed a positive Tm shift except for control molecule benzoic acid (Figure 4-9). A +4 ºC shift 

was observed for ACC as well as 2OG, FG2216, FG4592, NOG and POA. These thermal shift 

results suggest that all the tested 2OG and analogue molecules bind to ACCO and stabilise the 

protein to a similar extent as the natural substrate ACC and the known inhibitor POA.
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Figure 4-9: Single concentration screening of (a) POA, (b) 2OG and known inhibitors of 2OG oxygenases, (c) 
FG4592, (d) FG2216, (e) NOG and (f) PDCA by thermal shift assay. ACCO with Ni(II)  (shown in red solid lines) 
and ACCO with Ni(II) and ACC (shown in red dashed lines) are shown in each plot as a comparison. (g) 
Fluorescence intensity was normalised in the presence of each ligand against the protein only control and were
fitted to Boltzman sigmoidal curves to determine 50% fluorescence. Samples were made in 50 mM Tris (pH 7.5)
with 20 µM protein 40 µM Ni(II) and 100 µM ligand  (at 1:5 ratio).  Errors are standard error of the mean, n=3.
(b) The normalised fluorescence curve of benzoic acid (shown in green) has no shift compared to the ACCO+
Ni(II) (shown in red).
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An 1H NMR-based kinetics assay was then applied to study the inhibition of NOG, 2,4-PDCA, 

FG2216 and FG4592 to ACCO. The same screening condition was used as in the screening of 

the hits that were obtained from virtual screening (see Section 4.3.2) (Figure 4-10). All four 

compounds were found to inhibit the activity of ACCO by more than 50% in this assay. 2OG 

inhibited ACCO to a similar extent as NOG.

Figure 4-10: Single concentration screening of 2OG inhibitors; 2OG (1 and *3 mM), FG2216, FG4592, NOG, 
PDCA and POA, using 1H NMR. Percentage activity is calculated in the presence of each ligand against the 
DMSO-D6 positive control. Samples contained 1.5 µM apo A. thaliana ACCO (where applicable), 20 µM FeSO4, 
250 µg of catalase, 30 mM bicarbonate and 12.5 mM ascorbate buffered in 50 mM Tris-D11 (pH 7.5) in 90% H2O 
and 10% D2O. Final DMSO concentration was always kept less than 1%.  Errors are standard error of the mean,
n=3.

Next, we quantified the inhibition of FG2216 and 2,4-PDCA against ACCO activity by the 1H 

NMR assay. The half-maximal inhibitory concentration (IC50) of FG2216 was found to be 97.8 

± 1.2 µM and the IC50 value of 2,4-PDCA was found to be 128.3 ± 2.3 µM (Figure 4-11).
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Figure 4-11: IC50 measurement for FG2216 and 2,4PDCA. (a) IC50 of FG2216 = 97.8 ± 1.2 µM (b) IC50 of PDCA 
= 128.3 ± 2.3 µM Samples contained 1.5 µM apo A. thaliana ACCO (where applicable), 20 µM FeSO4, 250 µg 
of catalase, 30 mM bicarbonate and 12.5 mM ascorbate buffered in 50 mM Tris-D11 (pH 7.5) in 90% H2O and 
10% D2O. Final DMSO concentration was always kept less than 1%.  Errors are standard deviation of the mean, 
n=3.

In addition to IC50 measurements, binding studies were also conducted to characterise the

strength of binding of these compounds to ACCO. As these compounds appeared to induce 

conformational change of ACCO (see Chapter 3), the intrinsic fluorescence assay that was 

previously used to study conformational change, could also provide information about the 

binding of these molecules. These experiments were measured by MSc Student Simranjeet
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Kaur, School of Chemical Sciences, University of Auckland. Our results show that 2,4-PDCA, 

FG2216 and FG4592 bind to ACCO with low micromolar affinity (Table 4- 1). Interestingly, 

while FG4592 appears to bind well (Kd= 28 µM) compared to other inhibitors, single 

concentration inhibition assays showed that FG4592 appears to inhibit ACCO with similar 

potency to NOG and POA (Figure 4-10). Further studies including IC50 measurements are 

needed to fully understand the discrepancy between the inhibition and binding data.

Table 4- 1: Summary of binding constant of known inhibitors of ACCO and IC50. Binding constant was measured 
against both P. hybrida and A. thaliana using intrinsic fluorescence spectroscopy (by Simranjeet Kaur).  There 
was little/no change in fluorescence intensity with the addition of NOG to determine the binding constant. POA 
IC50 was reported as 72.05 ± 1.11 µM.36
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Structural basis of the binding of broad spectrum 2OG 

oxygenase inhibitors to ACCO

Crystallography experiments were also attempted to evaluate the structural basis of the broad

spectrum 2OG oxygenase inhibitors to ACCO. However, despite numerous crystallography 

experiments including the use of three commercially available crystal screens as well as the 

previously optimised crystal screening conditions from the literature and our own laboratory, 

attempts to crystallise P. hybrida or A. thaliana ACCO with the broad spectrum 2OG inhibitors 

tests or with the hits obtained from the virtual screening library did not produce diffraction 

quality crystals with ligand bound (see Materials and Methods). Ultimately, two novel crystal 

structures were solved in this project; P. hybrida ACCO- Ni(II) with POA, a known inhibitor 

or ACCO, (Figure 4-12a) and  A. thaliana ACCO-Ni(II) with glycerol (GOL) coordinating the 

active site metal (Figure 4-12b). These structures revealed several important structural details 

that may be useful for the design of new ACCO inhibitors.
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Figure 4-12: (1) P. hybrida ACCO structure in complex with Ni(II) and POA resolved at 2.4 Å. (a) Overview of 
the protein with the inhibitor POA (stick model) and Ni(II) (blue sphere). (b) Close up view of the active site. 
Active residues His177, Asp179 and His234 coordinate Ni(II). POA coordinates Ni(II) in a bidentate manner via
the carboxylate and the nitrogen group. (2) A. thaliana hybrida ACCO in complex with Ni(II) and glycerol (GOL)
resolved at 1.5Å. (a) Overview of the protein with the glycerol (yellow stick models; overlapping and with partial 
occupancy) and Ni(II) (blue sphere). (b) Close up view of the active site. Active residues His179, Asp182 and 
His237 coordinate Ni(II). Glycerol coordinates Ni(II) in a bidentate manner via two of the tree OH groups.

The POA molecule in the P. hybrida ACCO-Ni(II)-POA structure coordinates Ni(II) in a 

similar coordination geometry to that observed in the Zn(II) containing A. thaliana ACCO- 

POA structure (PDB 5GJ9). In contrast to the A. thaliana ACCO structure, aside from metal 

coordination, no other interactions are seen between POA and binding pocket residues. In the

A. thaliana ACCO-Zn(II)-POA (PDB 5GJ9) structure, POA forms several interactions with the

binding site residues, including a charge-charge interaction with Lys161 (2.8 Å) and hydrogen 

bonding to Arg247 and Lys291 via water molecules (Figure 4- 13Error! Reference source not 

found.b). These three residues are not within hydrogen bonding distance with POA in the P. 

hybrida ACCO-Ni(II)-POA structure that has crystallised in an ‘open’ conformation (see

Chapter 3) (Figure 4- 13a). Nonetheless, our structure confirms that the primary interaction

between ACCO and its inhibitors is chelation to the active site metal ion.
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Figure 4- 13: Close up view of the interactions in the active site. (a) PhACCO-Ni(II)-POA structure, where POA 
is coordinated to Ni(II) (b) In AtACCO-Zn(II)-POA (PDB 5GJ9),36 POA forms salt bridge interactions with 
Lys161 and H-bonding interactions with Arg247 and Lys291 via water molecules (shown as red spheres) (c) The 
A. thaliana ACCO-Ni(II)-GOL structure also forms similar interactions to Lys161, Arg 247 and Lys291 as the 
5GJ9 structure. (d) P. hybrida ACCO-Ni(II)-ACC (PDB 5TCV) also shows no interactions between ACC and the 
binding site amino acid residues. (Amino acid residues are numbers according to the sequence; P. hybrida or A. 
thaliana).

In the A. thaliana ACCO-Ni(II)-GOL structure, the glycerol molecules coordinate the Ni(II)

via their two hydroxyl groups (Figure 4- 13c). Two glycerol molecules are fitted in overlapping 

sites and refined with partial occupancies. The metal coordination geometry of the glycerol is 

different to that of the ACC molecule even though both ligands coordinate Ni(II) in a bidentate 

manner (Figure 4- 13d). Apart from the metal coordination, glycerol forms a weak charge- 

charge interaction with Lys161 (3.8 Å) and H-bond interactions to Arg247 and Tyr165 (Figure

4- 13c). Similar interactions are seen with POA in the A. thaliana ACCO-Zn(II)-POA  structure

(Figure 4- 13b). The metal coordination of the glycerol and the other interactions formed, are

likely to be crystallographic artefacts; glycerol is found at high concentration in the 

crystallisation solution and appears to have been trapped in the binding site (discussed in
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Chapter 3). However, the partial occupancy of the glycerol molecules, that is the multiple 

coordination sites and geometries, may indicate the possibility of different binding modes of 

inhibitors/ligands to the active site metal. The binding data from the glycerol structure might 

aid in the design of potential inhibitors in the future. Nonetheless, our structure showed that 

interactions with Arg247 and Tyr162 may be important in keeping the enzyme in the ‘closed’ 

conformation.

A prolyl hydroxylase domain protein 2 (PHD2) structure in complexed with FG2216 (PDB

2G19) shows that glycinamide coordinates the metal in a bidentate manner mimicking a 2OG 

family binding site. In addition to the metal coordination, FG2216 also forms a charged 

interaction with Arg383 and a hydrogen bond with Tyr303 via the 3-OH group (Figure 4-14

a).20, 64  These interactions resemble the interactions between the glycerol and Arg247 and

Tyr165 in AtACCO-Ni(II)-GOL structure (Figure 4- 13c). The tight binding pocket of PHD2 

also resembles the ACCO binding pocket closely. Hence, FG2216 may bind to ACCO in a 

similar manner to PHD2 interacting with active residues Arg247 and Tyr165 (in A. thaliana 

ACCO)
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Figure 4-14: FG2216 complexed to PHD2 (PDB 2G19). (a) Close up view of the active site of PHD2 with FG2216 
coordinating the metal. Hydrogen bond interactions between the 3-hydroxyl group of FG2216 and the polar 
interactions between the Arg383 are shown. (b) Binding pocket of FG2216 in PHD2.  Active site residues and 
FG2216 are shown as stick models and Fe(II) as an orange sphere. Polar interactions and hydrogen bonding 
interactions are indicated by dashed lines.

4.5 Conclusions and future directions

The goals of this chapter were to identify inhibitors of ACCO. Two different approaches were 

attempted. These included virtual high-throughput screening and the testing of broad spectrum 

inhibitors of 2OG oxygenases.

By using virtual high-throughput screening, several novel inhibitor scaffolds of ACCO were

identified. By using a NMR-based assay, four compounds (out of 23 virtual hits) were found 

to inhibit ACCO by more than 50% at 1 mM concentration. These compounds appeared to 

contain structural moieties of known 2OG oxygenase inhibitors. This is a preliminary inhibition 

study, and further studies are required to fully characterise these inhibitors and to fully 

understand the mode of inhibition of these compounds.

In a second approach, inhibition studies were conducted with broad spectrum 2OG oxygenase

inhibitors against ACCO. These inhibitors were NOG, 2,4-PDCA, FG2216 and FG4592, which 

are structural analogues of 2OG, a co-substrate for 2OG oxygenases (but not ACCO). Out of
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the four compounds, FG2216 and 2,4-PDCA were identified as the most potent inhibitors with 

IC50 values in the low µM concentration range. These results are interesting because, despite 

ACCO does not require 2OG as a co-substrate, compounds that mimic 2OG are still able to

bind to the active site of the enzyme. Previous studies found that ACCO cannot catalyse the

turnover of 2OG to succinate,47 further structural studies comparing the binding mode of 2OG 

(and its analogues) to ACCO and other 2OG oxygenases may shed light into the structural and 

mechanistic features that are required for 2OG turnover.

Crystallography studies were also attempted to understand the binding mode of inhibitors to

ACCO. Although attempts to obtain ACCO structures in the presence of the inhibitors 

identified in this chapter were unsuccessful, ACCO structures with POA and glycerol shed 

light into the important interactions that a small molecule ligand may need to make for optimal 

binding to the enzyme active site. These information may guide the design of new ACCO 

inhibitors in the future.
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Chapter 5: Conclusions

ACCO is an important plant enzyme that catalyses the biosynthesis of ethylene, a plant

hormone that regulates all aspects of plant growth and development, from germination to fruit 

ripening, flower and leaf abscission to senescence. Structurally, ACCO belongs to a 

superfamily of oxygenases and oxidases that are dependent on non-haem Fe(II) and 2OG for 

their catalytic activity. However, ACCO is one of the two unusual members of this superfamily 

that does not require 2OG. Due to its unusual nature and its importance in plant growth and 

development, the structure and catalytic mechanism of ACCO has attracted intense interest 

from the academic community in the last two decades (a comprehensive review of ACCO is

given in Chapter 1 of this thesis). However, due to the complex nature of this enzyme, structural

and mechanistic knowledge about this protein remains poor. This thesis attempts to answer 

some of the most important structural and mechanistic questions of ACCO.

One of the most interesting questions about ACCO is its oligomeric state(s). A comprehensive 

investigation about the possible oligomeric forms of ACCO in solution were described in 

Chapter 2. Experiments with analytical size exclusion chromatography concluded that whilst 

A. thaliana ACCO exists as monomers in solution, both P. hybrida ACCO and M. domestica 

ACCO may exist as both monomers and dimers in solution. Further analyses using SEC-MALS 

and native polyacrylamide gel electrophoresis showed that protein concentration, salt, pH, 

crowding agents or combination of substrates/co-substrate did not induce the formation of 

ACCO dimers. However, the dimers were found to dissociate under reducing conditions, 

therefore suggesting that dimer formation may be linked through intermolecular disulphide 

bridge(s). By using mass spectrometry, it was able to identify two conserved cysteine residues 

(C165 and C60) on P. hybrida ACCO that may form disulphide bonds with each other, and
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hence lead to the formation of the ACCO dimers. This was confirmed by using cysteine-to- 

serine mutants, which showed no dimer formation even in the absence of reducing agents. 

Activity assays with wildtype and mutant ACCO showed that the monomeric form is the more 

active species. Given ethylene biosynthesis is tightly regulated in plants, these results may 

indicate a protein level regulatory mechanism for ethylene production in plants that are specific 

to certain isoforms of the enzyme depending on their spatial expression. Further in planta 

studies will help understand such regulatory mechanism of ACCO dimerisation.

Another intriguing question about ACCO is that it is relatively unique amongst its enzyme 

structure superfamily. Although it is structurally related to the 2OG dependent oxygenases and

oxidase superfamily, it does not utilise 2OG as a co-substrate. Furthermore, ACCO requires

bicarbonate for catalysis, which is unlike any other enzymes in 2OG dependent superfamily. 

Despite intense studies of this enzyme, the ACCO catalytic mechanism remains poorly defined. 

In addition, only four crystal structures of this important enzyme were published in the last two 

decades despite the huge importance of ethylene as well as the structural features during the 

catalysis. The work described in Chapter 3 aimed to find if ACCO undergoes conformational 

changes during the catalysis, and if so, what the trigger for the conformational change is. A 

wide range of biophysical techniques including protein NMR spectroscopy, intrinsic 

fluorescence spectroscopy, small angle X-ray scattering were carried out to study wildtype and 

mutant ACCO. The results showed that POA, an inhibitor of ACCO, was able to induce 

conformation change of ACCO upon binding. The work has focussed on the α-3 helix of 

ACCO, which was found to be linked through a network of amino acid residues to the 

conserved RXS motif. Our results suggest that POA may interact with E87 at the active site as 

well as the R244 from the RXS motif. These results are in agreement with the published crystal

structure of A. thaliana ACCO. Moreover, results from mutagenesis studies showed that

disruptions of the amino acid network do not affect ligand binding but severely affect the ability
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of the enzyme to induce conformational change. Activity assays showed that protein 

conformation change is vital for the enzyme catalysis, presumably by holding the substrates at 

the active site. These results, along with previous studies, suggest ACCO undergo 

conformation changes to adopt a more “closed” conformation induced by binding of its

substrate and other co-factors. Previous studies have speculated that bicarbonate may bind at

RXS motif and interact with the bound ACC molecule at the active site. Whilst this study did 

not explicitly study ACC and bicarbonate binding, it provides indirect evidence to support this 

proposal. Further studies are needed to validate these findings.

The ability to precisely control ethylene formation is of significant importance for the 

agricultural industry. Hence, the ability to use small chemical molecules to modulate the 

activity of ACCO is of interest, an area that was explore in the work described in Chapter 3. In 

this work, two separate approaches were taken to inhibit ACCO. In the first approach a small 

compound library from a virtual screen was tested for ACCO inhibition. The compounds were 

found to be weak inhibitors of ACCO. In the second approach, generic inhibitors of 2OG 

enzyme class were selected along with 2OG as potential ACCO inhibitors. Interestingly, all the 

compounds were effective in inhibiting ACCO.  Two compounds, FG2216 and 2,4-PDCA were 

found to have IC50 values in low µM region, which are similar to other known inhibitors of 

ACCO (such as POA). These results will enable to identify compound scaffold which can be 

further optimised to develop more selective and effective inhibitors.

Overall, this thesis examined three important aspects of ACCO, shedding light onto a potential 

protein-level mechanism that regulates ethylene formation through redox-controlled

dimerisation, revealing in atomic details key dynamic structural features of the enzyme that

enable ethylene formation, and paving the way for new inhibitor design to modulate the activity 

of this important enzyme. This work is therefore of importance in both structural biology and 

in plant biochemistry.
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Ch a p t e r  6 :  Ma t e r ia l a n d  Me th od s

Mole cu la r  b iology m e th ods

6 .1 .1   Ma t e r ia ls

All chemicals were purchased from Sigma-Aldrich, Thermo Fisher or Merck unless otherwise

specified. All buffer solutions were prepared by using Type 1 water (Sartorius Arium Pro VF 

Ultrapure Water System). Sterilisation were carried out by autoclaving (Tuttnauer, USA) at 

121 °C for 20 minutes or by filtering through sterile Sartorius Minisart 0.22 μm filters. 

Restriction enzymes, T4 DNA polymerase, buffers, dGTP and dGDP were purchased from 

New England Biolabs (NEB). Synthetic genes purchased from Integrated DNA technologies. 

Plasmid pET-28a(+) containing PhACCO was a kind gift from Dr Zhihong Zhang, University 

of Oxford (Supplementary figure 1). AtACCO2 and AtW89I gBlock gene fragments were 

purchased from Integrated DNA Technologies (Supplementary figure 3).). Plasmid pET- 

28a(+) containing synthetic gene MdACCO was purchased from GenScript (Supplementary 

figure 5). E. coli XL10-Gold (Agilent) was used to replicate the plasmid. E.coli BL21 (DE3) 

(Agilent) was used for production of recombinant proteins. Bacteria was handled using aseptic 

techniques. Cloning and transformation were carried out in PC1 biosafety cabinet (Thermo 

Scientific Hera Safe KS) to prevent any contamination.

6 .1 .2   Pr im e r  d e s ig n in g  fo r  s it e - d ir e c t e d  m u t a g e n e s is

For the production of R244A, R224E, R244K, E87D, E87Q and Y162F mutants, the mutation 

sequences were placed in the forward primers at the 5´ end of the primer (Supplementary 

figure-7). The sequence of the reverse primer was the complement of the gene sequence
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immediately upstream of the 5´ end of the forward primer sequence. Each primer was 5´-

phosphorylated to ensure efficient ligation. Both the forward and the reverse primers were

designed with similar melting temperature (Tm) and were designed to be 20 – 30 base pairs in 

length. All primers were purchased from Integrated DNA Technologies. The primers were

dissolved to final concentrations of 500 μM in sterile TE buffer (10 mM Tris-HCl pH 8.0, 1

mM EDTA), and stored at -20 °C prior to use.

6 .1 .3   Po ly m e r a s e  c h a in  r e a c t io n

DNA of interest was amplified by polymerase chain reaction (PCR) (Table 6-1) from an 

appropriate plasmid DNA template using PrimeSTAR HS DNA polymerase (Takara Bio Inc.) 

in a Mastercycler pro S thermocycler (Eppendorf) following manufacturer’s specifications. 

The components of a PCR reaction mixture are described in Table 6-2. A negative control in 

the absence of a primer and a template was run to detect DNA contamination. PCR products

were purified when necessary using GeneJET Genomic DNA Purification Kit (Thermo Fisher

Scientific) to remove primers and enzymes or using GeneJET Gel extraction kit (Thermo Fisher 

Scientific) to isolate a specific size DNA after gel electrophoresis. Purified PCR products were 

either used immediately or stored at -20 °C for posterior use.
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Table 6-1: PCR conditions for site-directed mutagenesis.

Table 6-2: Composition of PCR reaction. *High-fidelity and high –processivity enxyme iProof™ (BioRad)
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6 .1 .4   Lig a t io n  r e a c t io n

PCR products (linear DNA) were added into ligation reaction to make circular plasmid (Table 

6- 3).

Table 6- 3: Ligation reaction mix.

6 .1 .5   Ag a r o s e  g e l e le c t r o p h o r e s is

Agarose gel electrophoresis was carried out using 0.6 – 2.0 % (w/v) Ultra-Pure Agarose 

(Invitrogen) dissolved in TAE buffer (40 mM Tris-HCl pH 8.5, 20 mM sodium acetate and 1 

mM EDTA).  Ethidium bromide solution (Thermo Fisher) was added for final concentration 

of 0.01% (v/v). Samples were mixed with 1x DNA loading buffer (Table 6-4). DNA was 

visualised by exposure to ultra violet (UV) light using a Gel Doc ™ (BioRad) imaging system.

Table 6-4:  6x DNA loading buffer components.
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6 .1 .6   Lig a t io n  in d e p e n d e n t  c lo n in g  ( LI C)  m e t h o d

The ligation independent cloning methods were adapted from the methods described in 

Savitsky et al. 1

6 .1 .6 . 1  Pre p a ra t ion  of ve ctor

pNIC28-Bsa4 vector (Addgene Plasmid #26103, USA)1 was digested with BsaI restriction 

enzyme in a 100 μL reaction mix (Table 6-5). The reaction mix was incubated for 3 hours at 

50 ºC. The digested vector was cleaned up using the GeneJET PCR purification kit (Thermo 

Scientific) and eluted in 20 μL sterile water.

Table 6-5: Reaction mix for BsaI restriction digestion of the vector pNIC28-Bsa4.

The purified BsaI digested vector was then treated with T4 DNA polymerase in the presence 

of dGTP (Table 6-6). The mixture was incubated for 30 mins at 22 ºC and then at 75°C for 20 

min to inactivate T4 DNA polymerase.
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Table 6-6: Reaction mix for T4 DNA polymerase treatment of pNIC28-Bsa4

6 .1 .6 . 2  In se r t  p re p a ra t ion

Synthetic gene fragments (Supplementary figure 3) were dissolved in sterile type 1 water to 

a final concentration of 50 ng/μL and incubated at 50 ºC for 20 mins. DNA was then digested 

by T4 DNA polymerase in 10 μL reaction mixture (Table 6-7) by incubating at 22 ºC for 30 

mins. T4 DNA polymerase was inactivated by incubating for 20 mins at 75 ºC.

Table 6-7: Reaction mix for T4 DNA polymerase digesting of insert
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5 .1 .6 . 3  An ne a lin g

2 μL of the digested vector and 3 μL of the digested DNA insert were mixed in a sterilised 1.5 

mL micro-centrifuge tube (Eppendorf) and incubated for 10 mins at 22 ºC followed by 20 mins 

incubation on ice. Annealing mix was either used immediately for bacterial transformation of 

stored at - 20 ºC.

6 .1 .7    Tr a n s fo r m a t io n

A frozen aliquot of competent cells was removed from -80 ºC and thawed on ice. The cells (50 

μL) were then mixed with 1-3 μL plasmid and incubated for 20 minutes on ice. The mixture 

was then heat shocked for 45 seconds at 42 ºC in a water bath (Thermo Fisher Scientific), and 

was immediately transferred into ice and kept it for 2 minutes. 200 μL of super optimal broth 

with catabolite repression (SOC) medium (Table 6-8) followed by incubation in orbital shaker 

at 37 ºC for 60 minutes. Finally, 100-200 μL of the transformation mixture was plated on an 

appropriate LB agar plate with appropriate antibiotic(s) and incubated overnight at 37°C.

Table 6-8: Components of SOC media
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Re com bin a n t  p rot e in  e xp re s s ion

6 .1   LB a ga r p la t e s

40g of Miller LB agar was mixed in 100mL of Type 1 water and sterilised by autoclaving.

Once the mixture was cooled to room temperature, kanamycin was added (final concentration 

50 μg/mL) and pour in to the plates.

6 .2   Growth  m e d ia

The composition of the 2YT and TB media shown below. Phosphate buffer was made by 

mixing 2.3 g of KH2PO4 and 12.45 g of K2HPO4 in 100 mL type 1 water. The media was 

sterilised after mixing by autoclave.

Table 6-9: Composition of 2YT media

Table 6-10: Composition of TB media
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6 .3  Expre s s ion  t ria ls

Starter culture: A colony from the E. coli BL21 (DE3) transformation plate picked using a 

sterile loop and transferred to a 100 mL 2YT media (and incubated overnight at 37 °C in a 

shaker incubator at 180 rpm (Grant Environmental Shaker-Incubator ES-20).

Two temperature conditions (18 °C and 28 °C) and three isopropyl β-D-1-

thiogalactopyranoside (IPTG) concentrations (0.2 mM, 0.6 mM and 1 mM) were tested. Six 

Falcon tubes were prepared each condition by adding 100 µL of the initial culture to 15 mL of 

fresh 2YT or TB media with kanamycin (50 µg/mL). Different volumes of IPTG was added to 

make up the final IPTG concentrations when the optical density at 600 nm wavelength (OD600) 

reached ~0.6 and incubated at different temperature condition overnight in a shaker incubator 

(Grant Instruments) at 180 rpm. Cultures were spin down at 4600 rpm, 4°C for 30 mins. 

Supernatant was removed and cell pellet was collected and stored at -80 °C until use.

Cell pellets were re-suspended in binding buffer 1:5 w/v ratio. 1 mL of the suspended cells was 

collected as the whole cell sample. The rest of the suspended cells were sonicated for 15 sec 

and rested for 45 seconds and the process repeated twice. The sonicated cells were centrifuged 

at 4600 rpm, 4°C for 20 minutes and collected the supernatant as the cell lysate sample.

Protein production was analysed using sodium dodecyl sulphate–polyacrylamide gel 

electrophoresis (SDS-PAGE) (Section 6.2.2.3) in both ‘whole cell sample’ and the ‘soluble 

fraction sample’.

6 .4  La rg e  s ca le  p rot e in  p rodu ct ion

Stater culture in 100 mL of LB/2YT with kanamycin (50µg/mL) were grown overnight at 28 

°C at 180 rpm. Starter culture was then used to inoculate 2YT (for P. hybrida ACCO) or TB
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(for A. thaliana ACCO) media with kanamycin (50µg/mL) at 1:500 ratio. The cultures were 

incubated in a shaker incubator 180 rpm at 37°C until the optimal cell density (OD600) was

reached ~ 0.6. Culture was then cooled and induced with IPTG (0.5mM).Induced cultures were

incubated overnight at 28°C for P. hybrida ACCO for or 18°C A. thaliana ACCO,180 rpm in 

a shaker incubator. Cultures were centrifuged using an ultracentrifuge at 8000 rpm 4°C for 30 

mins. The cell pellet was weighed and stored in -80°C.

6 .5  Iso top ica lly la be lle d  p rote in  e xp re s s ion

Starter culture was grown in 2YT media with kanamycin (50 µg/mL) were grown at 37 °C 

overnight. This starter culture was then used to inoculate M9 minimal media (Table 6-11) with 

50 µg/mL of kanamycin at 1:1000 ratio. The M9 cultures were then grown at 37 °C, 180 rpm 

till OD600 of 0.6 was reached. The cultures were then cooled down and induced with 0.5 mM 

IPTG. Cultures were then incubated overnight at 18 °C, 180 rpm in a shake incubator. Cultures 

were centrifuged using an ultracentrifuge at 8000 rpm 4°C for 20 mins. The cell pellet was 

weighed and stored in -80°C.
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Table 6-11: Composition of M9 minimal medium. * Replace NH4Cl with 15NH4Cl to produce 15N-labelled 
proteins.

Prote in  pu rifica t ion

All buffers were prepared with type 1 water (Sartorius water purification system). pH was 

adjusted by adding 0.1 M HCl and/or 50% NaOH. All buffers were filtered with 0.22 nm filters 

and degassed prior to use.

6 .3 .1  S a m p le  p re p a ra t ion  for p rote in  pu rifica t ion

Purification was carried out using AKTA Start system (GE Healthcare) kept at 4ᵒC. Prior to 

purification, cell pellet was re-suspended in binding buffer 1:1 w/v ratio. Halt Protease Inhibitor

Cocktail, EDTA-Free (100X) (Thermo Fisher), 20 µL of DNAse I (Thermo Fisher) and 100

µL of 1M MgCl2 was added. Cells were lysed by sonication: 3 rounds of 15 sec sonication 

followed by 45 sec rest. The cycle was repeated after 3 min rest. The lysate then filtered through 

0.45 nm filter. All the buffers used in purification were filtered through 0.45 nm and degassed 

for 20 mins.
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6 .3 .2  Affin ity p u rifica t ion

HisTrap HP (5mL) affinity column (GE Healthcare) was used for the His-tag purification. The 

column was equilibrated with the binding buffer (Table 6-12) before applying the cell lysate.

Binding buffer used to wash the column instead of the wash buffer removes the majority of the

target protein. Protein fractions were collected using elution buffer (Table 6-13).

Table 6- 12: Composition of binding buffer (pH 7.8)

Table 6-13: Composition of elution buffer (pH 7.8)

6 .3 .3  EDTA in cu ba t ion

The protein fraction was diluted <1 mg/mL with EDTA (200 mM pH 8.0) and ammonium

acetate (15 mM pH 7.0) and incubated ~2 hours to strip Fe(II) of the protein. The apo-ACCO 

were then buffer exchanged with Tris-HCl buffer (pH 7.5) using 30kDa cut-off spin column 

(Merck Millipore).
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6 .2 .2 . 1  Poly-h is t id in e  t a g  cle a va ge  ( for  A.  th a lia n a  ACCO wild - type  a n d

m u ta n t s )

TEV protease was used to digest tagged AtACCO at 1:10 (TEV protease to tagged protein) 

ratio. 2 mM β-mercaptoethanol (BME) and 10% glycerol was added to the digest reaction 

mixture and dialysed (

Table 6-14) overnight at 4 ºC. Following the TEV incubation, protein samples were then 

purified using HisTrap HP (5mL) affinity column and flow-through was collected.

Table 6-14: Composition of dialysis buffer (pH 7.5)

Table 6-15: Composition of running buffer.
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6 .2 .2 . 1  S ize  e xclu s ion  ch rom a tog ra p h y

50 mM Tris-HCl (pH 7.5) buffer exchanged protein fractions were spin concentrated to 1 mL 

using 30K cut-off spin concentrator (Merck Millipore). The concentrated protein sample then 

injected to the 50 mM Tris-HCl equilibrated size exclusion column (HiPrep 16/60 sephacryl 

S100 HR; GE Healthcare) and protein fractions were collected.

6 .2 .2 . 2  Anion  e xch a n ge  p u rifica t ion

HiTrap Q HP 1 mL column (GE Healthcare) was used for anion exchange purification. The

column was equilibrated with 25 mM Tris-HCl buffer (pH 7.5). The column was equilibrated 

with the buffers and protein fractions concentrated to 1 mL injected in to the column. Purified 

proteins were eluted using a linear gradient (0%-20%) of 25 mM Tris-HCl (pH 7.5) buffer with 

1 M NaCl.

6 .2 .2 . 3  Ana lys in g  p rote in  pu rity

After each purification step, protein purity was analysed by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE usually carried out by diluting 

10 µL of protein sample at a 1:1 ratio with the loading buffer (Table 6-18). Samples were 

heated at 95°C for 3 mins and loaded onto the gel.  Gel electrophoresis was carried out at 150

V for ~ 1 hour in running buffer. The gels were then stained (Table 6-19) for at least for hour

and de-stained (Table 6-20).
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Table 6-16: Composition of resolving gel.

Table 6-17: Composition of stacking gel.

Table 6-18: Composition of sample loading buffer
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Table 6-19: Composition of stain solution

Table 6-20: Composition of destain solution.

6 .2 .2 . 4  Pro te in  s tora ge

Protein fractions with highest purity were pooled and buffer exchanged (3x) with 50 mM Tris- 

HCl (pH 7.5) buffer using 30K cut-off spin concentrator (Merck Millipore). Protein samples 

were either used immediately or were then aliquoted (~ 20 μL) in Eppendorf microtube (1.5 

mL), snap-frozen and stored in -80 °C.

6 .2 .2 . 5  De t e rm in a t ion  of p rote in  conce n t ra t ion

NanoDrop 2000c (Thermo Scientific) was used to measure the protein concentration ad 280 

nm absorbance.
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Oligom e ris a t ion  a n a lys is  by n a t ive - PAGE

For analysis of the protein oligomerisation, native-PAGEs were carried out. Protein samples

were purified using size exclusion chromatography. The fractions were collected and 

concentrated/diluted in 50 mM Tris-HCl (pH 7.5) to make 2 mg/mL protein sample. Native 

loading dye (Table 6-18) without SDS and BME) were added prior to running on the native 

gel following the same protocol as described in Section 6.2.2.3  but replacing 10% (v/v) and 

BME with water.

Prote in  m a s s  s pe ct rom e t ry

Mass spectrometry data were collected and analysed by Dr Martin Middleditch from the 

Proteomics Facility at the Centre for Genomics and Proteomics of The University of Auckland. 

Protein (dimer fraction collected from the size exclusion chromatograph) samples were run on 

native PAGE. The protein band was cut and diluted diluted in 0.5 µL Ammonium 

bicarbonate buffer with iodoacetamide and spun it through a Vivaspin to remove unreacted 

iodoacetamide before performing a 1 hr microwave digest with trypsin, then diluted it for LC- 

MS/MS on the TripleTOF. ProteinPilot was used to searching the data for unmatched MS/MS 

spectra which contained fragment ions from the expected tryptic peptides containing Cys60 

and Cys165 and residues.

S EC-MALLS

SEC-MALLS were conducted by Dr Jeremy Keown, School of Biological Sciences, The

University of Auckland. Protein was purified using size exclusion chromatography and 

concentrated to 4 mg/mL and diluted to 2 and 1 mg/mL where appropriate in 50 mM Tris-HCl
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(pH 7.5) buffer containing 150 NaCl, 2 mM TCEP and 3 mM azide. Samples were spun down 

at 15000 rpm for 30 mins prior to injecting into a GE Superdex 200 10/300 GL column. 

Th e rm a l s h ift

100 mM ligand stock in DMSO were diluted to make 1 mM in 50 mM Tris-HCl (pH 7.5). 

Purified protein at 20 µM concentration was used with metal (NiCl2) at 40 µM and a final 

ligand concentration was 100 µM. Sypro Orange gel stain (Sigma-Aldrich) diluted 1 in 25 with 

the buffer added on to each sample to make the sample volume 25 μL. Each samples were 

carried out in triplicates Samples were loaded on to a 96 well plate (optical 96-well clear plates 

applied biosystems) and carried out a temperature scan 25-95 °C at 1 °C per minute using a 

real time PCR (QuantStudio 3, Applied Biosystems). Buffer, and Protein with Ni(II) were run 

as controls.

6 .7 .1  Da t a  a n a lys is

All the fluorescence data were corrected and normalised (Graphpad Prism, Version 5.01). 

Normalised fluorescence then fit to Boltzman sigmoidal curve to determine the protein melting 

temperature (Tm) at 50% of the fluorescence. ΔTm shift was calculated for each ligand sample 

relative to the protein-Ni(II) Tm.

In t rin s ic flu ore s ce n ce  q u e n ch in g  a s s a ys

Each samples contained purified protein (5 µM) with NiCl2 (50 µM) and appropriate amount 

of ligands (ACC/inhibitor) in 50 mM Tris-HCl buffer (pH 7.5). Each samples were conducted 

in triplicates. The samples were transferred in to 96 well plates (Eppendorf Microplate 96/U- 

PP, Black Well). Where appropriate, ligands were titrated into the wells in increasing

concentrations and the samples were excited at 295 nm and the fluorescence was measured at
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emission wavelength 315-450 nm on (Perkin Elmer Enspire Multimode Reader). The 

fluorescence measurements were carried out at room temperature, 28 ºC.

NMR

6 .9 .1  1H NMR kin e t ic e xpe rim e n t s

NMR experiments were conducted at a 1H frequency of 500 MHz using a Bruker Avance III 

HD spectrometer equipped with a room temperature BBFO or Prodigy cryoprobe. All 

experiments were conducted at 298 K. Standard NMR tubes (5 mm diameter, Wilmad) using 

a sample volume of 500 μL were used in all experiments. All samples were buffered using 50 

mM Tris-D11 (pH 7.5) dissolved in 90% H2O and 10% D2O. Each sample contained, 30 mM 

NaHCO3, 12.5 mM ascorbic acid and appropriate amount of ACC. Once the blank spectrum 

was recorded, appropriate amount of protein, 20 µM Fe(II)SO4 and 250 µg of catalase2 were 

added to the same tube. Fe(II)SO4 was freshly diluted in water by adding 1 µL of 250 mM Fe

(II)SO4 dissolved in 20 mM HCl to 49 µL of type 1 water.  2 minutes and 40 seconds after the 

mixing protein, 11 consecutive spectra is recorded. Water suppression using the excitation 

sculpting method was used. Each samples were conducted at least three times.

6 .9 .2  Da t a  a n a lys is

Data analysis were performed using the Bruker Topspin (version 4.0.6). Time vs ethylene

production data were fitted using SigmaPlot 14.0 (Systat Software, Germany) using the 

exponential Rise to Max (2 parameter): y = a(1-e-bx) to determine the initial ACCO turnover 

rate.
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6 .9 .3  1 5 N HS QC

NMR experiments were conducted at 600 MHz using a Bruker Avance spectrometer equipped 

with an inverse TCI cryoprobe. 3 mm MATCH NMR tubes (Bruker) containing 550 µL sample

volume was used. Pulse tip-angle calibration using the single-pulse nutation method was used

for each sample (Bruker pulsecal routine). All experiments were conducted at 298 K. Water 

suppression using the excitation sculpting method was used. Data analysis were performed 

using the Bruker Topspin (version 4.0.6).

X- ra y Crys t a llog ra ph y

6 .2 .1  Robot ic s cre e n in g

Orynx4 crystallisation instrument was used to set up commercially available screens MORPH,3 

JCSG4 and PACT4 (288 conditions). The crystallisation drops were set in 96-well intelli-plates 

(Art Robbins Instruments).

6 .2 .2  Fin e  s cre e n in g -  P.  h yb rida  ACCO

Initial screening were set up according to the methods described in Zhang et al., 2004.5 Fine 

screening were then set up following the successful crystallisation of ACCO (Table 6-21). 

Stock solutions of 4 M NaH2PO4 (AppliChem), 2 M K2HPO4 (Thermo Fisher Scientific), 2 M 

Li2SO4 (Alfa Aesar) and 1 M CAPS (Sigma Aldrich) were made in MiliQ water. A 1 M CAPS 

solution pH was adjusted to 10.3, 10.5 and 10.7 by addition of HCl and NaOH as appropriate. 

Each condition of the initial screening (Table 6-21) was made up to 10mL volume and 500 μL 

of the mixture was used to set up each reservoir well. Protein was pufried freshly and protein 

with highly purity was used to set up the trays. Protein was made to the desired conc.  (10, 15 

and 20 mg/mL) in 50 mM Tris (pH7.5) + 1 mM DTT + 10% glycerol and 1 M NaCl. The trays
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were set using hanging drop method on VDX plates (Hampton Research).  Each screen was set 

up at 1:1, 1:2, 2:1 protein to reservoir ratio.

Table 6-21: Crystallisation conditions used for initial screening. Combining these 12 conditions with variable 
CAPS pH (pH 10.3, 10.5 and 10.7) produced 36 conditions in total.

Fine screen conditions were further optimised as outlined (Table 6-22). Each screen was set 

up at 1:1, 1:2, 2:1 protein to reservoir ratio Crystals appeared spontaneously in various 

conditions within ~days and were grown for up to 2 weeks.
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Table 6-22: Fine screen optimisation. Each of the six conditions was repeated with different protein concentration; 
10 g/mL, 15 mg/mL and 20 mg/mL. Condition A was repeated for pH 10.3 and 10.7. Condition B was repeated 
for pH 10.3, 10.5 and 10.7.

Following successful crystallisation of commercially available screen PACT D11, additional 

fine screens were set (Table 6-23). Each screen was set up at 1:1, 1:2, 2:1 protein to reservoir 

ratio.
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Table 6-23 : Fine screen optimisation. Each of the six conditions was repeated with different pH from 7 to 9 with 
0.5 increment.

6 .2 .3  Fin e  s cre e n in g -  A.  th a lia n a  ACCO

Protein was freshly purified prior to crystallisation set up and protein with high purity was 

used. Protein was diluted 10 mg/mL in 20mM Bis-Tris (pH 6.0) containing 20 mM NaCl and 

2 mM DTT (added freshly). Initial fine screens were set up according to the published methods 

by Sun et al., 2017.6 21-24 % PEG3350 (0.5% increment) and 100 mM citric acid at different 

pH 4.5, 5.0 and 5.5 were set up (21 screening conditions in total) were screened. The fine

screening was carried out in both sitting drop and hanging drop vapour diffusion techniques.

For sitting drop technique, CrystalClear P strips (Douglas Instruments) were used with 80 μL 

of reservoir with final drop volumes of 2-3 μL. For hanging drop technique, 24-well plates 

(Hampton Research), with 500 μL reservoir were used. Each screen was set up at 1:1, 1:2, 2:1 

protein to reservoir ratio Following successful crystallisation the screening conditions were 

expand to 29-32% PEG3350 (with 1% increment) 100 mM citric acid with different pH 4.0,

148



4.3, 4.5, 4.8, 5.0, 5.3, 5.6 and 6.0. The crystallisation screens were set up using the sitting drop 

technique.

Successful crystallisation was observed in commercially available screen, JCSG D11. Fine 

screen was then set up to screen for additional conditions which include 23-25 % PEG1500 

with 10-30% glycerol were set. Each screen was set up at 1:1, 1:2, 2:1 protein to reservoir ratio

6 .2 .4  Micro s e e d in g

Once protein crystals appear, crystals were picked and transferred to a micro-tube containing 

fresh reservoir (50 μL) and a seed bead (Hampton Research). The crystals were crushed by 

vortex mixing (~2-3 mins) and resting on ice (~2-3 mins). The resultant seed stock was then

used to streak pre-equilibrated (overnight) drops. The trays were then incubated at 18 ºC for 1-

2 weeks. Remaining seed stock was snap-froze immediately and stored in – 80 ºC.

6 .2 .5  S oa kin g

The crystals from initial screening and micro seeding were soaked with 5 mM ligands and 5,

25 and 50 mM ACC/POA/other ligands concentrations. For long soaks crystals were incubated 

for ~1 days and for short soaks crystals were incubated with ligands for < 2 mins – 90 mins.

6 .2 .6  X-ra y da t a  colle ct ion  a n d  p roce s s in g

Prior to X-ray diffraction the crystals were cryoprotected in a small volume of reservoir 

solution supplemented with 20% glycerol (PhACCO protein crystals) or 14% ethylene glycol 

(for AtACCO protein crystals) and before flash cooling in liquid nitrogen. P. hybrida ACCO-

Ni(II)-POA and A.thaliana ACCO-Ni(II)-GOL diffraction data were collected at the Australia

Synchrotron (AS) using beamlines MX-1 and MX-2. Details of the beamline set up are 

available from the Australian Synchrotron website, and data was collected using the Blu-Ice
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software.7

(http://www.synchrotron.org.au/images/stories/beamline/factsheets/synchrotron_factsheet_px 

_tcd.pdf)

The diffraction data was indexed and integrated using the auto processing software MOSFLM8

was used to indexed and integrate the ACCO-Ni and ACCO-Ni-ACC data. In all cases the data 

was merged and scaled using the AIMLESS software package.9 The structures were solved by 

molecular replacement using PHASER MR programme10 and the crystal structure available 

from the PDB (1WA6 for P. hybrida and 5GJ9 for A. thaliana). Structure determination and 

analysis methods were adapted from The structures were solved by molecular replacement with 

PHASER MR programme10 using the crystal structure available from the PDB (1WA6). 

Structure determination and analysis methods were adapted from Yosaatmadja, et al. 11 The

structures were solved in in space group I22 which is not unexpectedly, consistent with the 

PDB structures of ACCO from P. hybrida. Initial coordinates from molecular replacement 

were refined using the REFMAC software package;12 coordinates and electron density maps 

were subsequently inspected using COOT modelling software.13 Residual electron density was 

observed in the active site of appropriate structures, and Ni(II) ions, substrate and water 

molecules were fitted as required and the subsequently refined in REFMAC12 and PHENIX.14 

Preliminary coordinates were visualised and figures produced using Pymol.15

S m a ll a n g le  X- ra y s ca t t e rin g

Small angle X-ray scattering data collection and data analysis was done in collaboration with 

Dr Henry Tang, School of Biological Sciences, the University of Auckland. Proteins were 

purified through affinity, anion exchange and size exclusion chromatography in the presence 

of 2 mM TCEP and 5% glycerol to minimise non-specific protein aggregation and to stabilise 

the protein. Protein fractions with high level purity were collected for the SAXS experiments.
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All the protein samples were prepared freshly and stored at 4°C until the data collection on the 

SAXS/WAXS beamline at the Australian Synchrotron

6 .1 .1  Da t a  colle ct ion

The protein samples were incubated ( at least 30 mins) with appropriate amounts of additives 

(NiCl2, ACC/POA, NaHCO3) in 50 mM Tris-HCl (pH 7.5) with 1 mM TCEP and 5% glycerol. 

Following the incubations samples were spun down at 40000 rpm at 4°C for 10 mins to remove 

any insoluble aggregates.70 µL of samples at 10 mg/mL protein conc. were inject onto 

Superdex 75 5/150 GL (GE Healthcare)column. The column was buffered in 50 mM Tris-HCl 

(pH 7.5) with 1 mM TCEP and 5% glycerol and the additives were added in to the buffer for 

each sample run.  The SAXS camera length was set at 2.7 m.

6 .1 .2  Da t a  a n a lys is

Experimental scattering data was analysed by averaging the scatter points from a single elusion 

peak. Buffer immediately before and after the peak were taken and averaged to subtract from 

the sample scatter data.  Homology models of ‘closed’ P. hybrida and ‘open’ A. thaliana was 

generated using Swiss-Model16 using the crystal structures available on the PDB. P. hybrida 

sequence was used with 5GJ9 crystal structure as template to generate the ‘closed’ 

conformation of P. hybrida, while A. thaliana sequence was used with 1WA6 crystal structure 

to generate the ‘closed’ conformation. Un-cleavable N-terminal poly-histidine tag in P. hybrida 

is modelled on to the P. hybrida sequence as well as any missing residues were added to

complete the sequences using MODELLER.17 This is to minimise the difference between the 

theoretical SAXS profile and the experimental SAXS profile which would affect the SAXS 

profiles drastically. 10 ‘open’ and 10 ‘closed’ models were generated for each protein using 

MODELLER.17These models were then fit to each experimental curve using FoXS18 or

MulitFoXS.19 These ‘fits’ were then averaged to obtain a single ‘open’ and a single ‘closed’
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theoretical profile for each experiment. The experimental profile was then compared with the 

two theoretical profiles using SCATTER.20-22
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S u pp le m e n t a ry  In form a t ion

Supplementary figure - 1: P. hybrida ACCO DNA sequence.
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Numbe r  of  a mi no a c i ds :  342

Mol e c ul a r  we i ght :  38639. 41

The or e t i c a l  pI :  5 . 84

Supplementary figure -2: P. hybrida ACCO protein sequence with poly-histidine tag and thrombin protease 
cleavage site at the n-terminus (highlighted in yellow).
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Supplementary figure - 3: A. thaliana ACCO  DNA sequences. Sequences 5ʹ-tacttccaatccatg and 3ʹ- 
taacagtaaaggtggata required for the cloning to vector pNIC28-Bsa4 were added to the DNA sequence.
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Numbe r  of  a mi no a c i ds :  303

Mol e c ul a r  we i ght :  34466. 15

The or e t i c a l  pI :  5 . 07

Supplementary figure - 4: A. thaliana ACCO protein sequence.
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Supplementary figure - 5: M. domestica ACCO  DNA sequences.
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Numbe r  of  a mi no a c i ds :  334

Mol e c ul a r  we i ght :  37573. 81

The or e t i c a l  pI :  5 . 76

Supplementary figure - 6: M. domestica ACCO protein sequence with poly-histidine tag and thrombin 
protease cleavage site at the n-terminus (highlighted in yellow).
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Supplementary figure -7: Site-directed mutagenesis primers.
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Supplementary figure - 8: X-ray crystallography refinement tables.* Data in parentheses is for the high 
resolution shell.
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