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Abstract 

1-Aminocyclopropane-1-carboxylic acid oxidase (ACCO) is a non heme iron(II) containing 

enzyme that catalyzes the final step of the ethylene biosynthesis in plants. The iron(II) ion is 

bound in a facial triad composed of two histidines and one aspartate (H177, D179 and H234). 

Several active site variants were generated to provide alternate binding motifs and the 

enzymes were reconstituted with copper(II). Continuous wave (cw) and pulsed Electron 

Paramagnetic Resonance (EPR) spectroscopies as well as Density Functional Theory (DFT) 

calculations were performed and models for the copper(II) binding sites were deduced. In all 

investigated enzymes, the copper ion is equatorially coordinated by the two histidine residues 

(H177 and H234) and probably two water molecules. The copper-containing enzymes are 

inactive, even when hydrogen peroxide is used in peroxide shunt approach. EPR experiments 

and DFT calculations were undertaken to investigate substrate's (ACC) binding on the copper 

ion and the results were used to rationalize the lack of copper-mediated activity. 
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Introduction 

Ethylene, the simplest olefin, is a hormone essential for many aspects of plant life including 

root development, germination, senescence, fruit ripening and defense mechanisms [1]. In 

1979, Adams and Yang have reported that ethylene is directly biosynthesized from 1-

aminocyclopropane-1-carboxylic acid (ACC), a metabolite of methionine [2]. 1-

aminocyclopropane-1-carboxylic acid oxidase (ACCO) is a non heme iron(II) containing 

enzyme that catalyzes the final step of ethylene biosynthesis. In the presence of ascorbic acid, 

ferrous ions and dioxygen ACCO produces ethylene, cyanhydric acid and carbon dioxide 

(arising from cyanoformate) (Scheme 1) [3-5]. In addition, ACCO requires the presence of 

carbon dioxide (or bicarbonate ions) for activity [6,7]. 

 

Scheme 1. Reaction catalyzed by ACCO 

The structure of ACCO from Petunia hybrida has been solved and reveals a core composed of 

b-strands folded into a distorted jelly-roll motif also called Double Strand b-Helix (DSBH) 

fold [8]. The iron ion is ligated to the side chains of two histidines (H177 and H234) and one 

aspartate (D179) in a classical 2 histidines - 1 carboxylate facial triad (Figure 1). A buffer 

anion (sulfate or phosphate) is also bound to the iron ion. Finally, although active as a 

monomer, the protein crystallizes as a tetramer and a glutamate residue (E80) from an 

adjacent monomer is located at ca. 3 Å from the metal. This form probably does not 

correspond to an active conformation and spectroscopic studies have led to a model of the 

resting state in which the iron(II) is in octahedral geometry with three water molecules bound 

to complete the coordination sphere [9]. The iron center therefore exhibits three available 

coordination sites for exogenous ligand coordination and reactivity. On the basis of structure 
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and sequence, ACCO is related to the 2-oxoglutarate dependent dioxygenases, an extended 

family of Fe(II)-containing enzymes that use 2-oxoglutarate as a cofactor to perform the 

oxidation of various substrates [10-12]. 

 

Figure 1. Structure of the active site of ACCO-Fe(II) (pdb 1WA6) 

The conversion of ACC into ethylene by ACCO proceeds via the formation of an aminyl 

radical and a sequential radical mechanism [13]. Thanks to extensive EPR and ENDOR 

studies of the EPR-active Fe(II)-NO complex of ACCO, it has been proposed that ACC binds 

to the ACCOFeII resting-state allowing O2 binding to yield a putative ACCOFeIIIACC-

superoxo intermediate [14],[15]. The ACC is found coordinated in a bidentate fashion via the 

nitrogen of the amine and an oxygen of the carboxylate group. Rocklin et al. have proposed 

that this FeIII-superoxo complex is reduced by an electron from ascorbate to yield an 

ACCOFeIIIACC-peroxo complex (or hydroperoxo upon proton transfer) that would be the 

first oxidizing intermediate [16]. Alternatively, using solvent isotope effects and kinetic 

isotope effects (18O), the group of Klinman has proposed that a second reduction occurs to 

yield an FeIV=O species which would act as the reactive intermediate in substrate oxidation 

[17]. Direct experimental detection of reactive intermediates is nevertheless lacking and the 

exact iron-centered oxidizing intermediates are still the object of debates [16,17]. 

Bio-inspired model complexes have provided valuable structural and mechanistic information 

on metal-containing enzymes. In the case of ACCO, two Fe(II)-ACC complexes that are 
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H234	

H177	

SO4
2-	/	PO4

3-	

E80*	



 5 

structural models for the enzyme-substrate complex were very recently reported (Scheme 2) 

[18],[19]. Those complexes feature the bidentate coordination of ACC on the metal center as 

proposed for the enzyme. In particular, the trispyrazolylborate-containing [TpMe,PhFeACC] 

complex was the first known ACCO model complex that reacts with O2 to produce ethylene. 

In addition, reaction with H2O2 led to fast ethylene evolution with 65% yield [19]. 

 

 

Scheme 2. Examples of metal-ACC bioinspired model complexes of ACCO. 

Several years ago, we have reported on a series of structurally characterized Cu(II)-ACC 

complexes using aminopyridine-type ligands in which ACC is coordinated on the Cu(II) ion 

in a bidentate manner [20],[21],[22]. These complexes are able to oxidize the bound ACC into 

ethylene in the presence of hydrogen peroxide. In addition, copper-based complexes are also 

able to oxidize other aminoacid substrates [23,24]. The product distribution obtained using 

those substrate analogs suggests that these complexes follow substrate oxidation pathways 

sharing similarities with the enzymatic ones, although the oxidizing intermediates are 

probably different from those involved in the iron(II)-dependent enzyme. In addition, 

structural and functional copper-containing models of 2-oxoglutarate dependent dioxygenases 

have also been reported [25,26].  

We were therefore very interested in characterizing and evaluating the properties of copper-

reconstituted ACCO. Considering the coordination motifs observed in natural systems or used 

in model chemistry [27,28], site-directed ACCO variants were generated to provide alternate 

coordination patterns: the aspartate was replaced either by an alanine (D179A to provide a 2-
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His binding site) or a histidine (D179H, 3-His). In an attempt to modulate the geometry and 

flexibility around the metal ion, we also replaced the aspartate by a glutamate (D179E, 2-His, 

1-Glu). In the present work, the catalytic potential of ACCO-Cu(II) enzymes for ethylene 

production including through peroxide shunt reaction was explored. The impact of variations 

in the first coordination sphere on the geometric and electronic metal center structure were 

evaluated spectroscopically and correlated with DFT studies of the metal binding site.  

 

Materials and methods 

All chemicals were purchased from Sigma-Aldrich and used without further purification 

except 1-aminocyclopropane carboxylic acid (ACC) that was purchased from ACROS 

Organics.  

 

Construction of the site-directed variants 

The plasmid containing the gene encoding for the ACCO from Petunia hybrida (Q08506) was 

donated by the group of C. Schofield from Oxford University (United Kingdom) [8]. Point 

mutations were introduced by PCR, using the QuikChange II XL Site-Directed Mutagenesis 

kit (stratagene). The primers used (Table 1) were designed using the QuikChange Primer 

Design tool available online (http://www.genomics.agilent.com/primerDesignProgram.jsp). 

PCRs were run for 18 cycles of 50 s at 95°C and 50 s at 60°C, followed by 6 min at 68°C. 

The resulting mutant plasmids were verified by DNA sequencing (Beckman Coulter 

Genomics). 
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Table 1. Primers used for the construction of the variants 

Mutation Forward primer sequencea 

D179H 5'-gactacgtgcccacacacacgctggtg-3' 

D179A 5'-ctacgtgcccacacagcggctggtggcataatcc-3' 

D179E 5'-ctacgtgcccacacagaagctggtggc-3' 

a the reverse primers used were the complements of the forward primers 

 

Overexpression and purification of recombinant enzymes 

The recombinant enzymes were expressed in Escherichia coli strain BL21(DE3) following 

the already described procedure [8,29]. Cells were grown in flasks at 37°C (200 rpm) in 2 L 

Terrific Broth media containing 15 µg/mL of tetracycline to an OD600 ≈ 1. The temperature 

was then shifted to 28°C and the culture was grown for another 40 minutes before protein 

expression was induced by the addition of 0.5 mM isopropyl-b-D-thiogalactopyranoside. 

After 3 hours of induction at 28°C (200 rpm), cells were harvested by centrifugation (5000g, 

4°C, 15 min using a BECKMAN JA 2550) and frozen at -20°C. Purification steps were 

performed at 4°C. Thawed cell pellets were re-suspended in buffer containing 25 mM HEPES 

at pH = 8.0, 10% glycerol, 3 mM EDTA, 5 mM DTT, 1 mM benzamidine, 10µM leupeptine, 

1µg/mL pepstatine and 0.8 mM pefablock. Lysis was performed using a FRENCHâ press 

(Thermo Scientific). Cell debris were eliminated by centrifugation (1h at 18000 rpm; 

BECKMAN JA 2550). The supernatant was loaded on a Q-Sepharose resin (GE Healthcare) 

equilibrated with buffer A (HEPES 25 mM pH 8.0, 10 % glycerol, 3 mM EDTA, 1mM 

benzamidine, 5mM DTT) and eluted with increasing concentrations of buffer B (A+ 1 M of 

NaCl). Fractions containing ACCO were dialyzed against 25 mM HEPES pH=7.2 containing 

10% glycerol and stored at -20°C at concentrations ranging from 5-10 mg/mL. 
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Circular Dichroism 

Far UV Circular dichroism spectra were measured using a JASCO J-815 spectrometer 

equipped with Peltier cell holder PTC-423 to maintain the temperature at 20.0±0.2 °C. 

Measurements were performed from 250 to 190 nm using 0.1 nm step size. The proteins were 

placed in a 0.1 cm path length quartz cuvette at concentrations of 0.1 or 0.2 mg/mL. Buffer 

used was either 10 mM phosphate set at pH=7.5 or 10 mM Tris-H2SO4 set at pH=7.2. 

CuSO4.5H2O was added from concentrated stock solutions in water.  

 

Activity assays 

Standard assay conditions were performed at 29°C in 1.7 mL hermetically sealed vials. The 

total assay volume was 200 µL containing: 25 mM HEPES buffer at pH=7.2 with 10% 

glycerol, 4 µg of enzyme, 15 mM NaHCO3, 8 mM L-ascorbic acid, 80 µM 

Fe(SO4)2(NH4)2.6H2O and 1.25 mM ACC. After 7 minutes of reaction, 1 mL of the headspace 

gas was removed using a gas-tight syringe and ethylene production was quantified by Gas 

Chromatography. Note that the production of ethylene is found to be linear over 10 minutes, 

as previously reported [29]. For the determination of kinetic parameters, measurements were 

performed varying the concentration of one substrate while maintaining the others at the 

above-mentioned concentrations. Variation ranges were 0-1.75 mM for ACC, 0-12 mM for 

ascorbate, 0-18 mM for NaHCO3 and 0-100 µM for Fe(SO4)2(NH4)2.6H2O. Non-linear curve 

fitting to the Michaelis-Menten equation (eq. 1) were performed using GraphPad Prism 6.0 to 

determine apparent kinetic constants.  

(eq. 1)   

 

 

 

€ 

v =
V
max
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K
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+ [S]
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Inhibition studies 

Inhibition studies were performed following the activity assay conditions mentioned above. 

Experiments were performed in the presence of several concentrations of CuSO4.5H2O 

(ranging from 0-6 µM) and varying the concentration of Fe(II) (from 0-80 µM) while 

maintaining the other substrates or cofactors at their above-mentioned concentrations. Each 

reaction was repeated at least 3 times. Inhibition types were determined using Lineweaver-

Burk representations as well as by using the method proposed by Cornish-Bowden [30]. 

Inhibition constant was determined using non-linear curve fitting and the set of curves was fit 

simultaneously. Equation 2 displaying the initial velocity was used for competitive inhibition 

pattern.  

 (eq. 2) 𝑣 = Vmax.[Fe]

KM.(1+
[Cu]
Ki
)+[Fe]

 , where Ki is defined as the dissociation constant for the 

Enzyme/Inhibitor complex;  

 

Activity assay of copper(II)-reconstituted enzymes 

Ethylene production was also assayed by replacing the iron salt by CuSO4.5H2O and using the 

above-mentioned conditions and concentrations for the other cofactors / cosubstrates. In this 

case, 4µg of enzyme was used and the concentration of Cu was varied from 5-100 µM. 

The activity was also assayed using hydrogen peroxide. In this case, ACCO enzymes were 

placed at concentrations of 100-200 µM in the presence of 1 equivalent of CuSO4.5H2O. 1-10 

equivalents of ACC and 0, 1 or 10 equivalents of bicarbonate were added. Hydrogen peroxide 

(1-10 equivalents) was injected through the septum to initiate the reaction. After one hour, 1 

mL of the headspace gas was removed using a gas-tight syringe and analyzed by Gas 

Chromatography. Control reactions were performed using identical conditions but in the 

absence of enzyme. In order to evaluate the effect of buffer/pH, the assays were performed 
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either in 25 mM MES pH 6.5, 25 mM HEPES pH 7.2, 50 mM TRIS-HCl pH 7.5 or 50 mM 

carbonate buffer at pH 10. 

 

Gas chromatography 

Measurements were performed on a SHIMADZU GC-2014A equipped with a PORAPAK Q 

80/100 column (1/8²) and a FID detector. The following conditions were used: vector = N2, 

Tinjector = 250°C, Toven = 150°C, Tdetector = 250°C. Ethylene was quantified using a standard 

curve of ethylene (Scotty 1% ethylene in nitrogen). 

 

Fluorescence measurements 

Fluorescence measurements were performed at 20°C using a Horiba Jobin-Yvon Fluoromax-4 

spectrometer. The excitation wavelength was 290 nm (1 nm excitation slit widths), and the 

emission wavelength was 345 nm (5 nm slit widths). Titration experiments were performed 

using 0.65 µM of ACCO in 50 mM Tris-HCl buffer (pH 7.2) and Fe(SO4)2(NH4)2.6H2O or 

CuSO4.5H2O was then added in portions of 1–20 µL from freshly prepared concentrated stock 

solutions. Titration experiments were reproduced at least 3 times. Fluorescence changes were 

analyzed by curve fitting (GraphPad Prism 6.0b) according to equation 3 (See SI for details).  

(eq. 3) 
,+-,
,+
= ∆,,-.

,+
∗ (//010020)-3(//010020)

1-41020
510  

Where ET is the enzyme concentration, LT is the cofactor concentration, Kd is the dissociation 

constant and DImax is the maximum fluorescence quenching at high cofactor concentration 

(infinite limit). Kd and DImax/I0 were obtained from curve-fitting analysis. 

 

 

 



 11 

EPR measurements and simulation 

Protein samples were placed at concentrations ranging from 280-350 µM in 50 mM Tris-HCl 

buffer set at pH 7.2 and containing 10% glycerol. A 0.1 M stock solution of 63Cu(NO3)2 

obtained by nitric acid treatment of isotopically pure 63Cu (Eurisotop, Saclay, France) was 

used and the proteins were reconstituted with 0.9 equivalent of 63Cu(II). To study the effect of 

substrate binding, 1-10 equivalents of ACC were added on the ACCO-Cu(II) complex. The 

cw EPR spectra were recorded at 9.4 GHz on frozen solution samples using a Bruker 

ELEXSYS 500 spectrometer equipped with a continuous flow He cryostat (Oxford) with 

lock-in detection using the 1st harmonic of the field modulation with amplitude 0.1 mT and 

frequency 100 kHz. The EPR spectra simulations have been performed using Matlab program 

package Easyspin [31]. The optimum Hamiltonian parameters have been obtained using the 

2nd order perturbation then an exact diagonalization has been used for the final simulations. 

The homogenous linewidth was set to 0.3 mT, no strain of the hyperfine field and a 

reasonable strain of the g-tensor were used to simulate the width of the recorded lines. 

Pseudomodulation treatment of the spectra was performed to graphically extract the AN 

superhyperfine coupling constants [32]. AN constants were considered isotropic and used in 

the final simulation of the first-derivative spectra. The Hamiltonian used for the simulations is 

the following: 

(eq. 4) 𝐻 = 𝜇!𝑆[𝑔]𝐵 + 𝑆[𝐴"#]𝐼"# + 𝑆[𝐴$%]𝐼$% + 𝑆[𝐴$&]𝐼$& + 	𝑛𝑢𝑐𝑙𝑒𝑎𝑟	𝑧𝑒𝑒𝑚𝑎𝑛 

 

Pulsed-EPR experiments were recorded on a Bruker ELEXSYS 580 spectrometer at liquid 

helium temperatures. The three-pulse (stimulated echo) sequence p/2-t-p/2-T-p/2 was used 

with a pulse length tp/2 of 12 ns. The time interval T was varied from 120 to 4812 ns using a 8 

ns step. A four-step phase-cycle was used to eliminate unwanted echoes. The time domain 

spectra were baseline corrected, apodized with a Hamming window and zero-filled before 
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cosine Fourier transformation. Dead-time reconstruction of the time domain data was 

performed interactively by following the Mims’ procedure [33]. Pulsed EPR data were 

processed by using routines locally written with Matlab (R2009a, The Mathworks, Inc.). 

 

Structural models set-up 

Structural models for copper(II)-containing native and mutants D179E, D179A and D179H 

were constructed using the X-ray crystal structure of the ACC oxidase (PDB code: 1WA6) 

[8]. To generate the native enzyme's model, the iron ion was substituted by a copper ion and 

the peptidic chains containing iron-coordinating histidine and aspartate residues were 

conserved. The chains were adequately truncated in N-terminal and C-terminal parts using 

methyl groups. The copper coordination sphere was completed by replacing the iron-

coordinating phosphate/sulfate group with water molecules (either two or three). D179E, 

D179A and D179H mutants were generated by replacing the aspartate residue with a 

glutamate, an alanine or a histidine residue. The models for the native Cu(II)-ACC complex 

were generated by coordinating the ACC in bidendate or monodentate modes on the Cu(II) 

ion using different conformations and replacing one or two water molecules by the ACC. The 

resulting models were subjected to constrained minimization energy procedures. Only the 

first coordination sphere residues and the copper metal ion were geometry-optimized and the 

other residues were kept frozen at the position they initially occupy in the X-ray crystal 

structure.  

 

DFT calculations 

All theoretical calculations were performed with the ORCA program package [34]. 

Constrained geometry optimizations were carried out using the GGA functional BP86 [35-37] 

in combination with the TZV/P [38] basis set for all atoms and by taking advantage of the 
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resolution of the identity (RI) approximation in the Split-RI-J variant [39] with the 

appropriate Coulomb fitting sets [40]. Increased integration grids (Grid4 in ORCA 

convention) and tight SCF convergence criteria were used. Solvent effects were accounted 

for according to the experimental conditions. g-tensors and hyperfine coupling constants 

were obtained from single-point calculations using the B3LYP functional [41-44]. The EPR-

II basis set was employed for the ligands while scalar relativistic effects were accounted for 

the metal complexes [45]. They were included with ZORA paired using the SARC def2-

TZVP(-f) basis sets and the decontracted def2-TZVP/J Coulomb fitting basis sets for all 

atoms [46,47]. Increased integration grids (Grid4 and GridX4 in ORCA convention) and tight 

SCF convergence criteria were used in the calculation. The integration grids were increased 

to an integration accuracy of 11 (ORCA convention) for the metal center. Picture change 

effects were applied for the calculation of the hyperfine tensors.  

 

Results  

Production and characterization of the enzymes 

The native enzyme (ACCO from Petunia hybrida) and its variants were produced as 

previously described and purified in the presence of EDTA [8]. EDTA was removed and the 

enzymes were stored in their apo forms. Metal reconstitution (iron or copper) was performed 

prior to the experiments. 

The produced native and variant enzymes were then characterized. Physical characterization 

of the native and variant proteins by CD spectroscopy confirmed that no major changes in the 

secondary structure content occurred in any of the variant studied (see SI). Starting with the 

determination of the Michaelis-Menten parameters of the native enzyme in the presence of its 

natural iron cofactor, activities of the variant enzymes were then evaluated. Reaction rates 

were measured under initial velocity conditions while varying a single substrate in order to 
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determine the kinetic constants for two substrates of the reaction: ACC and ascorbate. 

Michaelis-Menten parameters were not determined for dioxygen, the concentration of which 

was ca. 240 µM (air-saturated water at 29°C). Although Fe(II) and HCO3
- are 

cofactors/activators, they were treated as pseudo-substrates as already reported [48,49]. The 

determined apparent Michaelis-Menten parameters for the native ACCO from Petunia 

hybrida are reported in Table 2. These parameters are similar to those previously reported for 

other ACCOs [48-50]. None of the D179 variants displayed measurable activity.  

Table 2. Apparent kinetic constants for native Petunia ACCO. When kept constant, the 
concentration of the effectors were the following: ACC: 1.25 mM; HCO3

-: 15 mM; Ascorbate: 
8 mM; Fe(II): 80 µM. 

 Fe(II) ascorbate ACC HCO3
- 

kcat (min-1) 5.5 ± 0.3 5.1 ± 0.5 6.1 ± 0.2 4.8 ± 0.2 

KM (mM) 0.007 ± 0.001 2.5 ± 0.4 0.16 ± 0.03 1.4 ± 0.3 

 

Metal binding affinity 

We further characterized the different enzymes by evaluating their metal-binding affinities. 

Binding constants of both Fe(II) and Cu(II) in the native and variant ACCO's active site were 

evaluated by fluorescence measurements. Intrinsic fluorescence of proteins, mainly of 

tryptophan residues, is a powerful tool to monitor metal cofactor binding to a protein [51,52]. 

The mechanism of fluorescence quenching upon metal binding has mainly been described as 

a long-range energy transfer to an absorption band produced by the metal-protein complex 

[53,54]. We have previously successfully applied this technique to determine the binding 

affinity of Fe(II) to tomato ACCO in the presence of several combinations of substrates / 

cofactors [29]. Our ACCO from Petunia has three tryptophan residues and the intrinsic 

fluorescence of the native and variant enzymes is characterized by an emission band centered 
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at 345 nm for an excitation wavelength of 290 nm. This emission is significantly quenched 

upon Fe(II) and Cu(II) addition (ca. 20-30% and 80% decrease in intensity respectively) with 

almost no change in the emission wavelength. Fluorescence intensities were recorded upon 

addition of increasing concentrations of metal ions and the data were analyzed using equation 

3 to determine the dissociation constants (Table 3). The intensity changes upon metal addition 

were fitted to determine the dissociation constants (See SI). The data were fitted considering 

only one metal binding to the protein (using equation 3) and no other dissociation constant 

had to be included to reproduce the experimental data. 

The dissociation constant for Fe(II) in the native enzyme is found equal to 4.4 µM. This value 

is close to the ones previously determined for tomato ACCO [29,48]. This value is also in the 

same order of magnitude as the Michaelis-Menten constant derived from kinetic 

measurements (Table 2). Mutation of the aspartate ligand into coordinating aminoacids 

(histidine or glutamate) does not drastically affect the affinity for iron(II) (Kd of 7.1 and 8.6 

µM respectively). Extending the length of the aminoacid side-chain by replacing the aspartate 

by a glutamate residue (D179E) induces a loss of activity although iron binding occurs with a 

comparable affinity. Finally, the D179A variant displays a decreased affinity for Fe(II) (Kd = 

23.6 µM) in agreement with the removal of one ligand.  

The affinity of the native enzyme for Cu(II) is similar to the one for Fe(II) as already 

observed in related 2-oxoglutarate dependent dioxygenases [55]. Mutations of the aspartate 

residue into histidine and alanine have a limited effect on the affinity for Cu(II) (Kd of 4.1 

and 3.8 µM respectively). In contrast, the variant D179E displays lower affinity for Cu(II) 

with a dissociation constant of 26.5 µM.  
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Table 3: Metal dissociation constants determined by intrinsic fluorescence quenching (Kd 
expressed in µM).  
 Native D179H D179A D179E 

Fe(II) 4.4 ± 1.2 7.1 ± 1.0 23.6 ± 4.7 8.6 ± 2.6 

Cu(II) 5.5 ± 0.6 4.1 ± 0.3 3.8 ± 0.3 26.5 ± 2.6 

 

Activity of copper-reconstituted-ACCO enzymes 

We evaluated the activity of the different enzymes reconstituted with copper. The ethylene 

production of the native and variant enzymes in the presence of copper was first measured 

using standard assay conditions. The enzymes were therefore placed in the presence of the 

cofactors / cosubstrates at normal concentrations but Fe(II) was replaced by Cu(II). Different 

concentrations (ACCO, substrates/cofactors, Cu) as well as different reaction times (from 5 

minutes to 1 hour) were evaluated. Ethylene production was also tested in absence of 

bicarbonate. In normal assay conditions, no ethylene production was observed when Fe(II) 

was substituted by Cu(II) in the reaction mixture using either the native or variant enzymes. 

We therefore tested the copper-based ethylene production in the presence of hydrogen 

peroxide following our procedure reported for the model complexes [20]. ACCO (native or 

variant) was placed at 100-200 µM in the presence of 1 eq. of Cu(II) and 1 to 10 eq. of ACC 

to preform the "ACCO-Cu-ACC" ternary complex. Hydrogen peroxide (1-10 equivalents) 

was then injected through the septum and ethylene was measured after ca. 1 hour of reaction 

time. Different buffers and pHs were tested as well as the effect of the presence or not of 

bicarbonate cofactor (see experimental section for details). Traces of ethylene (< 2% yield) 

were detected but ethylene was also produced in the control conditions in the absence of 

enzymes. Therefore, no copper-reconstituted enzyme-driven ethylene production was detected 

in any of the tested conditions.  
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Inhibition studies 

In the absence of copper-derived activity in normal assay conditions, we performed inhibition 

assays. Inhibition of native ACCO by Cu(II) with Fe(II) as the varying cofactor was measured 

(see SI). From Lineweaver-Burk representation of data, it can be concluded that Cu(II) is a 

competitive inhibitor of Fe(II). An inhibition constant, Ki = 0.8 µM, was obtained by fitting 

simultaneously the set of curves with equation 2 (experimental part). This inhibition constant 

is of same order of magnitude as the determined dissociation constant of ca. 4 µM (Table 3). 

Brunhuber et. al. have reported that several divalent metal ions (such as Co(II), Zn(II) and 

Mn(II)) are competitive inhibitors of ACCO versus Fe(II) [49]. However, the observed 

inhibition constants ranged from 0.5 to 50 mM and therefore Cu(II) is a much stronger 

inhibitor of ACCO than the previously reported metal ions. Similar relatively strong 

competitive inhibition of Cu(II) versus Fe(II) has already been reported for related enzymes 

[56,57]. These results suggest that Cu(II) binds to the active site and efficiently competes with 

Fe(II) binding. 

 

Copper reconstitution and X-band EPR characterization 

To check if ACCO was correctly folded after incorporation of Cu(II), we measured the far-

UV CD spectrum before or after addition of 1-20 equivalents of CuSO4. The CD spectra are 

highly similar to each other indicating that no major secondary structure changes occur upon 

copper binding (see SI).  

In order to better characterize the environment of the metal ion, cw X-band EPR spectra of the 

copper-reconstituted enzymes were recorded by mixing the enzymes with 0.9 equivalent of 

Cu(II) (Figure 2). Spectral parameters were estimated by graphical extraction from the spectra 

then optimized using a fitting numerical simulation (Table 4). Longitudinal parameters A// and 

g// are given with a good accuracy (± 5 MHz and ± 0.005 respectively). A small rhombicity of 
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the g-tensor was included for a better simulation of the high-field part of the spectra. 

Transverse Cu hyperfine constants are not resolved and do not have a strong effect on the 

lineshape. However we managed to estimate a threshold for all the spectra: A^ < 70 MHz.  

The superhyperfine interactions between the Cu(II) electronic spin and the 14N nuclear spins 

are not well resolved in the measurements. However using the pseudomodulation technique it 

is possible to compute the second harmonic of the EPR signal and increase the resolution 

[32]. The pseudomodulation consists of an enhanced derivation of the signal. Using the 

digitalized experimental EPR signal, the derivative of the signal is computed using fake 

magnetic field modulation amplitude. Thus the noise created by the standard derivative of a 

digitalized signal is highly reduced. The hyperfine signal from the nitrogen atoms is therefore 

much more resolved and it is possible to graphically extract a similar value for all spectra of 

AN = 40 MHz (see SI). This value was used in the simulations of the first derivative spectra. 

The EPR parameters for the native ACCOCu(II) enzyme are g//= 2.270, A//= 490 MHz, g1 = 

2.04, g2 = 2.06. These quasi-axial parameters are consistent with a type-2 copper center 

coordinated by a mixture of N and O ligands in the equatorial plan [58,59]. Mutation of the 

aspartate ligand induces small changes of the EPR parameters (Table 4).  
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Figure 2. Experimental (color) and simulated (black) cw X-band EPR spectra of the Cu(II) 
reconstituted ACCO and D179X variants. 

 

Table 4. Comparison of the EPR parameters for the copper-reconstituted enzymes obtained 
from simulation of the experimental spectra and derived from DFT calculations for the best 
models. The hyperfine coupling constants are expressed in MHz.  

Enzyme g1 g2 g3 (g//) ½A1½ ½A2½ ½A3½ (½A//½) 

Native 
Exp. 2.04 2.06 2.275 <70 <70 490 

Calculated 2.068 2.105 2.280 48 48 499 

D179A 
Exp. 2.05 2.07 2.250 <70 <70 535 

Calculated 2.064 2.072 2.250 32 57 558 

D179E 
Exp. 2.03 2.08 2.260 <70 <70 530 

Calculated 2.062 2.108 2.276 51 67 535 

D179H 
Exp. 2.05 2.08 2.260 <70 <70 545 

Calculated* 2.053 2.094 2.246 30 52 573 

Native+ACC 
Exp. 2.04 2.06 2.267 <70 <70 510 

Calculated 2.055 2.086 2.230 61 66 515 
* for H179 not coordinated to the copper 



 20 

ESEEM spectroscopy of copper-substituted enzymes 

In an attempt to better characterize the copper ligand environment, 3-pulse ESEEM data were 

recorded for the native enzyme and the D179H variant. The Fourier transform of the 

experimental time-domain data are shown in Figure 3. The spectrum of the native enzyme 

contains three main peaks at 0.6, 1.0 and 1.6 MHz together with a broad feature around 4.3 

MHz. This is typical for the distal nitrogen from a histidine residue bound equatorially to the 

Cu ion. In addition, combination peaks can be clearly detected at 2.1, 2.4 and 3.2 MHz 

indicating that at least two histidine ligands are coordinated in the equatorial plane [60]. 

Given the structure known for the Fe-bound enzyme we can conclude that the Cu ion is 

probably equatorially bound by the two histidine residues of the facial triad residues, H177 

and H234.  

 

Figure 3. Fourier transform of 3-pulse ESEEM for the Cu-ACCO WT (top) and Cu-D179H 

mutant (bottom). Experimental conditions: B=335 mT, t=120 ns, nmw=9.69 GHz, T 4K. 

 

The ESEEM data for the D179H variant are very similar to the one of the native enzyme. 

Features are slightly broader and the two lowest frequencies slightly shifted compared to the 
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native enzyme's spectrum suggesting small structural reorganization for the mutant consistent 

with changes observed also in the cw EPR spectra of the two samples. The combination peaks 

are still observed so at least two histidine residues are bound. Even though it can be difficult 

to distinguish with certainty between 2 or 3 histidines bound, the amplitude of the 

combination peaks compared to that of the fundamental peaks are rather similar for both 

variant and native enzymes suggesting preferably that the number of histidines bound is the 

same in the D179H variant as in the native enzyme. The amplitude of the combination peaks 

increases with the number of bound histidine residues and becomes comparable to that of the 

broad feature and of the lowest fundamental frequencies for 3 or 4 His bound equatorially 

[60]. This is not observed here and it is therefore unlikely that the new histidine brought by 

the mutation is bound to the Cu ion in equatorial position.  

 

DFT Calculations 

Theoretical calculations based on Density Functional Theory (DFT) were undertaken in order 

to get insight into the molecular properties of the copper-reconstituted ACCO enzymes. To 

build up the models, several coordination environments were investigated. EPR spectra 

measured in Tris-H2SO4 buffer were found identical to the ones measured in Tris-HCl buffer. 

Therefore, coordination of chloride anions on the copper was not considered. We investigated 

several coordination possibilities including (i) two water molecules in the equatorial plane 

and (ii) two water molecules in the equatorial plane and one axial water molecule. Models 

including the coordination of hydroxide anions were also built. Finally, in the case of D179H 

variant, two possibilities were considered (i) one in which the third histidine is not bound to 

the copper and (ii) one in which the third histidine is axially bound to the copper.  
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Structural models for the native and variant enzymes were subjected to geometry 

optimizations. DFT optimized structures were used as the starting points to compute the 

electronic structures and magnetic properties of the models. Their EPR parameters were 

calculated and compared to the experimental data to select the best structural models. The 

resulting structures, selected as above-mentioned, are shown in Figure 4 together with 

selected metrical parameters. The "best" optimized structure of the native enzyme consists of 

a Cu(II) ion equatorially coordinated by the two histidines and two water molecules, the 

aspartate being bound in axial position. The structural index calculated as defined by Addison 

et al. is t = 0.12 indicating a slight deviation from ideally square-pyramidal geometry, in 

agreement with the EPR parameters [61]. Alternative models including either an additional 

coordinating water molecule in axial position or hydroxide ligands are presented in SI. 

Mutation of aspartate 179 to glutamate (D179E) resulted in a similar structure although 

slightly more distorted from square-pyramidal geometry (t = 0.22). The structure of the 

D179A enzyme consists of a distorted square-planar Cu(II) ion with no ligand in axial 

position. Finally, the third histidine ligand D179H variant is predicted uncoordinated to the 

metal ion. The model in which this third histidine is axially coordinated is presented in SI. 

The predicted EPR parameters of native and D179E, D179A, D179H "best" models are 

reported in Table 4. Our calculations predict axial sets of parameters, which are consistent 

with the simulated spectra. Additionally, low-field g-values are adequately reproduced by our 

calculations with computed values of 2.280 vs. 2.275 for native; 2.250 vs. 2.250 for D179A 

and 2.276 vs. 2.260 for D179E. In the case of D179H, the model with uncoordinated H179 is 

the one best matching the simulated data as it features an axial g-tensor with a low-field value 

that compares well with the experiment (2.246 vs. 2.260). Comparison of experimental and 

calculated 63Cu hyperfine coupling constants (hfc) also confirms the fair agreement between 

theory and experiment. The tensors are predicted almost axial and the maximum hfc constants 
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are well reproduced by our calculations with computed values of 499 vs. 490 MHz for native; 

558 vs. 535 MHz for D179A; 535 vs. 530 MHz for D179E and 573 vs. 545 MHz for D179H 

(uncoordinated model). The other models that were considered (including the extra water 

molecule, the hydroxide ligands and the coordinated H179 in the case of D179H) resulted in 

calculated EPR parameters that were less representative of the experimental data. In particular 

significant rhombicity of the g and A-tensors are predicted for the latter models, which are 

less consistent with the observed experimental data (see SI). 

Finally, the computed SOMOs for the different models have dominant metal-based character 

(Cu 3dx2-y2) with non-negligible contributions of the coordinating atoms of the ligands due to 

the covalence of the metal-ligand bonds (See SI). The Mulliken population analysis further 

supports that the spin density is mainly distributed over the metal and the first coordination 

sphere atoms since positive spin populations are found at the Cu ion, the oxygen and nitrogen 

centers. These latter data also provide some insight about the covalence of the Cu(II) 

coordination sphere. We observe an increase of the electron density at the metal site when 

going from the native model (spin population of 0.586) to the D179H uncoordinated one (spin 

population of 0.694). This suggests a decrease of the metal covalence that can be directly 

correlated with increased magnitude of the A// hyperfine coupling constants (Table 4).  
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Figure 4. Structural models and selected metrical parameters for the native (A) and variant 

enzymes (B: D179E; C: D179A and D: D179H) obtained from DFT geometry optimizations.  

 

ACC binding to ACCOCu(II) enzyme: EPR and DFT-calculations 

In order to better understand the lack of reactivity of the copper-reconstituted enzymes, we 

recorded the cw EPR spectrum of the copper-reconstituted native ACCO in the presence of 

increasing amount of ACC (1-10 equivalents). ACC binding studies were conducted in two 

different buffers and pHs to make a parallel with the reactivity studies (either Tris-HCl pH 7.2 
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with 10% glycerol or MES pH 6.5 with 10% glycerol). Similar results were obtained in the 

different buffers. After addition of ACC, the initial spectrum is slightly modified and the 

signal stabilizes after 3-5 equivalents of substrate to provide the experimental spectrum 

displayed on Figure 5. Simulation of the main spectral features was performed as above-

mentioned and the EPR parameters corresponding to the ACCO-Cu-ACC species are g//= 

2.267, A//= 510 MHz, g1 = 2.04 and g2 = 2.06 (Table 4). Controls were conducted to verify 

that this EPR signal is not due to free copper or Cu-ACC complex in buffer solution. The 

parameters of the ternary ACCO-Cu-ACC complex are close to the ones obtained without 

bound ACC suggesting that no drastic structural changes occur around the metal ion. These 

quasi-axial parameters are indicative of a copper center coordinated by a mixture of N and O 

ligands (N2O2) in the equatorial plan, therefore raising the question of the bidentate 

coordination of ACC [58,59].  

In order to get deeper insight into the ACC binding on the copper-reconstituted ACCO, 

structural models were constructed for the ACCO-Cu-ACC ternary complex. Several 

conformations and binding modes of ACC were considered (bidentate or monodentate, 

different coordination positions) and the resulting models were subjected to geometry 

optimizations. The EPR parameters of the DFT-optimized models were then computed and 

compared to the experimental ones. A fair agreement was observed between both sets of data 

when considering one peculiar ACCO-Cu-ACC model (Table 4). In this DFT-optimized 

model, ACC binds in a monodentate mode by an oxygen of the carboxylate function. This 

oxygen from ACC is bound either trans to H177 (displayed on Figure 5) or trans to H234. On 

the basis of the EPR parameters, it was not possible to distinguish between these two 

coordination positions. The other coordination modes provided parameters that were not in 

agreement with experimental ones and the results are displayed in SI. 
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Figure 5. (A) Experimental and simulated cw X-band EPR spectrum of native ACCO-Cu 
placed in the presence of 3 equivalents of ACC in MES buffer pH 6.5 + 10% glycerol. Signals 
from the initial ACCOCu species can still be seen on the spectrum (B) Structural model and 
selected metrical parameters for the native ACCO-Cu-ACC enzyme obtained from DFT 
geometry optimizations.  

 

Discussion 

We have performed site-directed mutagenesis to replace the aspartate ligand of ACCO by an 

alanine (D179A), a histidine (D179H) or a glutamate (D179E) in order to investigate the 

effect of the coordination sphere on metal-binding properties and reactivity. In particular, in 

this work, we were interested in understanding the properties of copper-bound ACCO. 

A	

B	
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The variants were first characterized with their natural iron cofactor. Removal of the 

coordinating residue D179 by a non-coordinating one (alanine) induces a 4 to 5-fold decrease 

in iron binding affinity, as evidenced by fluorescence quenching experiments (Table 3). The 

other variants display dissociation constants of the same order of magnitude as the native 

enzyme (Kd ≈ 4 - 8 µM). All the D179 variants are inactive in the presence of their natural 

iron cofactor. This suggests that variation of D179 residue of ACCO, although having a minor 

impact on iron affinity induces significant structural and/or electronic changes at the metal 

center. It has to be noted that, in 2-oxoglutarate dependent oxygenases, a glutamate residue is 

present in 20% of the cases instead of the aspartate in the coordination sphere of the iron [62]. 

Here the D179E mutant is inactive. In tomato ACCO, replacement of the coordination sphere 

aspartate by a glutamate induced a significant loss of activity and the variant displayed only 

0.1-0.2% residual activity [63]. Therefore, although the nature of the coordinating moiety is 

conserved (carboxylate function), extending the length of the aminoacid side-chain has a 

drastic effect on the activity of the iron ion, suggesting that geometrical changes may occur 

modifying the metal environment.  

 

Using kinetic inhibition assays and tryptophan fluorescence quenching, we then verified that 

Cu(II) efficiently binds to the native and variant enzymes and competes with Fe(II) binding 

(Table 3). Mutations of the aspartate residue into histidine and alanine did not affect binding 

affinity for Cu(II) (Kd ≈ 4 µM for WT, D179H and D179A enzymes). Replacement of the 

aspartate by a glutamate induces a decrease in copper binding affinity (Kd ≈ 26 µM for 

D179E variant), supporting the fact that geometrical constrains and sterical effects may occur 

upon increasing the side-chain length, as observed with the iron cofactor. These results also 

suggest that the aspartate ligand is not essential for Cu(II) binding, since its replacement by a 
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non-coordinating residue does not significantly influence the dissociation constant. EPR 

experiments (cw and pulsed) and DFT-calculations indicate that, in all investigated enzymes 

the Cu(II) ion is equatorially bound to two histidines (H177 and H234) and two water 

molecules. Mutation of D179 residue into histidine did not lead to the coordination of an 

additional histidine in the equatorial plane. Altogether, these data are consistent with our 

models in which D179 residue is bound in axial position (Figure 4). The square-pyramidal 

coordination environment of copper(II) in ACCO is significantly different from the octahedral 

coordination of the native iron(II) ion. This difference can be rationalized on the basis of 

Jahn-Teller distortion that is very common in Cu(II) centers due to d9 electronic configuration 

[64,65]. Our structural models are also consistent with data reported in the literature for the 

copper-reconstituted TfDA, a herbicide-degrading 2-oxoglutarate dependent enzyme 

[56,57,66,67]. Indeed, EPR/ESEEM experiments (including D2O exchange and 2H-ESEEM) 

together with XAS experiments have provided a model for the copper-binding site that 

contains two equatorially coordinated histidines, two equatorial water molecules and probably 

an additional axial water molecule. Finally, our results indicate that variations of D179 

residue of ACCO induce notable geometric and electronic changes at the copper center (as 

probably in the case of iron) since significant differences in geometry and electron density are 

calculated upon replacement of the aspartate ligand. 

 

No copper-based activity of the ACCO enzymes could be detected. To the best of our 

knowledge, no copper-dependent or even other metal-dependent activity has ever been 

evidenced in the 2-oxoglutarate dependent dioxygenase enzymes family that is highly 

selective for iron(II). However, the reasons for such metal selectivity remain unclear and have 

never been really addressed. Several reasons can be hypothesized. One could rely on the 

redox potential of the ACCOCu(II) centers. Indeed, we have observed, using EPR 
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spectroscopy and upon addition of increasing amount of ascorbate, that the Cu(II)-

reconstituted ACCOs were very difficult to reduce using ascorbate, the co-substrate of ACCO 

in activity assays. We have previously reported that simple copper-ACC complexes (Scheme 

2) were able to produce ethylene from the bound ACC moiety when reacted with hydrogen 

peroxide, a two electron reduced form of dioxygen [20,22,23]. For this reason, ethylene 

production mediated by ACCO-Cu enzymes was also evaluated using a peroxide-shunt assay. 

Again, no ethylene was produced under any of the conditions tested. We were therefore 

interested in monitoring the binding of ACC at the active site. EPR experiments coupled with 

DFT calculations were used to propose a model for the ACCO-Cu-ACC ternary complex. In 

this model, ACC is equatorially bound to the copper ion in a monodentate fashion by its 

carboxylate function (Figure 5). In absence of crystallographic data on substrate's binding on 

the natural iron(II) cofactor, ENDOR experiments have led to a model in which binding of 

ACC to ACCO-Fe enzyme occurs in a bidentate manner via its amine and carboxylate 

functions [15,29]. The O-atom from ACC is found to be bound trans to D179 and the N-atom 

trans to H177 or H234. In the present case, coordination preference of copper(II) and Jahn-

Teller effect renders the position trans to D179 not favorable for strong ACC binding and 

subsequent reactivity. This is supported by the poor agreement obtained when comparing the 

experimental data to the theoretical EPR parameters of the DFT-optimized model constructed 

with bidentate coordination of ACC on the copper ion (see SI). The coordination mode of 

ACC on ACCO-Cu enzyme is therefore different from the one on ACCO-Fe enzyme. This 

coordination mode is also different from the one obtained with the low molecular weight 

models including the copper-based models [20,21] and probably partially accounts (amongst 

other factors such as redox potential values) for the lack of reactivity observed here, even in 

the presence of hydrogen peroxide.  
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Conclusion  

In the present study we have characterized for the first time a copper-reconstituted native 

ACCO and several active-site variants using experimental and theoretical approaches. From 

our experimental results, it is clear that Cu(II) coordinates to the active site residues with good 

affinity. The proposed structural models of the copper-reconstituted enzymes consist of Cu(II) 

ions bound equatorially to two histidines and two water molecules. D179 in the native 

enzymes probably occupies an axial position on the copper ion. Although different from the 

Fe-coordination environment, this N2 copper-environment is similar to that found in various 

model complexes. However, EPR experiments coupled with DFT-calculations indicate that 

binding of ACC on the metal ion probably does not occur in a bidentate mode, providing a 

possible explanation for the lack of reactivity of copper-reconstituted ACCO, even when 

using peroxide shunt reaction. Taken together, these results offer valuable insights into the 

molecular basis of the often unintended effects that metal and ligand variations have in this 

enzyme family and that are too often unexplored, hampering an in depth understanding of 

structure-function relationships. These insights may therefore be of interest for everyone who 

intends to harness metal enzymes with new functions by metal and binding motif variations.  
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