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ABSTRACT

The first three enzymatic steps of the strigolactone biosynthetic pathway catalysed by B-carotene cis-trans
isomerase Dwarf27 (D27) from Oryza sativa and carotenoid cleavage dioxygenases CCD7 and CCD8 from
Arabidopsis thaliana have been reconstituted in vitro, and kinetic assays have been developed for each
enzyme, in order to develop selective enzyme inhibitors. Recombinant OsD27 shows a UV-vis A, at 422
nm, and is inactivated by silver (I) acetate, consistent with the presence of an iron-sulfur cluster that is used
in catalysis. OsD27 and AtCCD?7 are not inhibited by hydroxamic acids that cause shoot branching in planta,
but OsD27 is partially inhibited by terpene-like hydroxamic acids. The reaction catalysed by AtCCD8 is
shown to be a two-step kinetic mechanism using pre-steady state kinetic analysis. Kinetic evidence is
presented for acid-base catalysis in the CCDS catalytic cycle, and the existence of an essential cysteine
residue in the CCDS active site. AtCCDS is inhibited in a time-dependent fashion by hydroxamic acids D2,
D4, D5 and D6 (>95% inhibition @ 100 uM) that cause a shoot branching phenotype in Arabidopsis
thaliana, and selective inhibition of CCDS is observed using hydroxamic acids D13H and D15 (82%, 71%
inhibition @ 10 uM). The enzyme inhibition data implies that the biochemical basis of the shoot branching

phenotype is due to inhibition of CCDS.




INTRODUCTION

Carotenoids, long chain Cy polyene terpenoids produced by phototrophic organisms, are broken
down to apocarotenoids by a family of enzymes known as the carotenoid cleavage dioxygenases (CCDs)
[1,2]. CCDs are non-heme iron-dependent enzymes that catalyse the oxidative cleavage of the polyene
backbone of a carotenoid or apocarotenoid substrate. Vpl4 (NCEDI1) from Zea mays was the first
biochemically characterised CCD enzyme [3], and is responsible for the 11,12 cleavage of 9°-cis-neoxanthin
and/or 9’-cis-violaxanthin in the biosynthesis of the plant hormone abscisic acid (ABA), an inhibitor of seed

germination, and mediator of plant responses to drought [4-6].

Since the discovery of Vp14, CCDs have been identified across all taxa and have been shown to be
involved in the biosynthesis of a range of apocarotenoids. In mammals, the enzyme f-carotene oxygenase I
is required for the biosynthesis of visual pigment 11-cis-retinal [7,8]. In plants, strigolactones have been
identified as hormones involved in rhizosphere signalling, and as inhibitors of shoot branching [9-11].
Biosynthesis of strigolactones requires the action of two CCD enzymes, CCD7 and CCDS, which act
sequentially on 9-cis-f-carotene, as shown in Figure 1 [12]. The biosynthetic pathway begins with the
isomerisation of all-trans-f-carotene to 9-cis-f-carotene catalysed by Dwarf27 (D27) [12,13]. Oxidative
cleavage of 9-cis-f-carotene at the 9’,10" position is then catalysed by CCD7, to produce 9-cis-$-apo-10’-
carotenal [12]. CCDS catalyses an unusual double oxygenation of 9-cis-f$-apo-10"-carotenal to produce an
intermediate known as carlactone [12]. Carlactone is then oxidised by consecutive P450 enzyme oxidations
to give ent-2"-epi-5-deoxystrigol: recombinant Arabidopsis Max1 has been shown to form carlactonoic acid
[14], whereas a recombinant Max1 homolog from Oryza sativa (called carlactone oxidase) has been shown

to form ent-2"-epi-5-deoxystrigol directly [15].

Figure 1. Strigolactone biosynthetic pathway

A number of CCD enzymes have been structurally characterised, revealing a conserved seven bladed

B-propeller motif within the protein structure [16, 17]. The catalytic iron (II) centre is co-ordinated by four

histidine residues, an unusual ligand set for non-heme-iron dependent dioxygenase enzymes [2, 18].



In view of the physiological effects of abscisic acid and strigolactones, there is interest in the
development of selective inhibitors for the carotenoid cleavage dioxygenases [2]. The first compounds
shown to inhibit CCDs were the tertiary amine compounds abamine and abamineSG, which inhibit NCED
on the abscisic acid biosynthesis pathway [19, 20]. AbamineSG was shown to inhibit Vigna unguiculata
NCEDI1 with a K; of 18.5 uM [20]. In planta, both abamine and abamineSG inhibited ABA biosynthesis
[19,20]. Inhibition of Arabidopsis thaliana NCED3 has been reported by sesquiterpene-like compounds, the
most effective compound showing K; 93 uM [21].

A collection of substituted hydroxamic acid compounds have been shown to inhibit CCD enzymes
NCEDI1 and CCDI1 from Solanum lycopersicum [22]. Against NCEDI, the most effective compound, DS,
showed 40% inhibition at 100 pM, whilst against CCD1, ICs, values of <1 uM were reported [22]. In planta
phenotypic effects have been observed in Arabidopsis with a number of different hydroxamic acid inhibitors.
Compounds D4 and D6 were shown to cause an increase in the number of shoot branches, suggesting
inhibition of a CCD enzyme involved in SL biosynthesis [22]. Additionally, smaller hydroxamic acids F1
and F2 have been shown to cause a bleaching phenotype, due partly to inhibition of the enzyme p-
hydroxyphenylpyruvate dioxygenase, but also a second unknown metalloenzyme target [23]. A phenotypic
effect on lateral root branching has been observed with the compound D15, believed to result from the
inhibition of the biosynthesis of an unknown apocarotenoid signalling molecule [24].

To date, no selective inhibitors of the CCD enzymes CCD7 and CCD8 have been reported. Here we
report further biochemical characterisation of the first three enzymes on the strigolactone biosynthesis
pathway, screening of these enzymes against previously reported and new hydroxamic acid based

compounds, and the identification of inhibitors for D27 and CCD8.

RESULTS

Preparation of novel hydroxamic acids. In addition to the collection of hydroxamic acids described
previously [22-24], 8 novel hydroxamic acids were synthesised, using a modification of the synthetic route
previously described [22]. In order to mimic the terpenoid backbone of the strigolactone biosynthetic

pathway intermediates, three terpene-like hydroxamic acids were prepared: compound D30 contains an N-



substituted C;y geranyl unit; while compounds D31 and D32 contain C-substituted Cyy and C;, terpenoid
units respectively. Since CCD8 catalyses oxidative cleavages more distant from the carbocyclic ring of its
substrate f-apo-10’-carotenal, hydroxamic acid B2 containing a 5-atom spacer between the oxygenated
aromatic ring and the hydroxamic acid functional group, and compounds D12H and D13H containing a 2-
carbon spacer were available from another study of metallo-oxygenase inhibition [25]. Finally, two
compounds D20 and D21 containing a more water-soluble carboxylic sidechain were also prepared. The

chemical structures are shown in Table 1.

Biochemical Characterisation of OsD27. OsD27 was expressed in E. coli as a glutathione-S-
transferase fusion protein, and purified using affinity chromatography. The D27-catalysed reaction was
monitored in vitro using Csy reverse phase HPLC, observing the change in ratio between the all-frans
(retention time 23.9 min) and 9-cis (retention time 24.5 min) isomers of fS-carotene. Isomers of f-carotene
were identified by their UV-Vis spectra with reference to published values [12, 26, 27]. Commercially
available f-carotene was found to contain approximately 2% 9-cis-fS-carotene (see Figure 2C). Addition of
recombinant D27 to the commercially available S-carotene resulted in little change in the ratio of the two
isomers (see Figure 2D). In order to test the D27 reaction in vivo, the pGEX-OsD27 expression vector was
transformed into genetically engineered E. coli strain pAC-BETA, which accumulates S-carotene [28], and
the carotenoid products extracted for HPLC analysis. As shown in Figure 2B, introduction of the expression
vector containing OsD27 leads to an increase of 31% in the amount of 9-cis-f-carotene, compared to pAC-

BETA alone.

Figure 2. OsD27 HPLC Assay.

The reverse reaction catalysed by OsD27 was then examined by HPLC purification of 9-cis-f-
carotene (see Figure 2E), followed by addition of recombinant OsD27, which resulted in the formation of 2:1
all-trans-f-carotene:9-cis-f-carotene, with a calculated equilibrium constant of 0.53 between the isomers

(see Figure 2F). A smaller additional peak at retention time 21.6 min was observed in the HPLC trace for the



D27-catalysed reaction (see Figure 2F), indicating that D27 can generate a second reaction product in the
reverse reaction, with A, 443 nm. Incubation of purified 9-cis-f-carotene under the enzyme assay
conditions gave rise to no measurable increase in all-trans-f-carotene, indicating that the background rate of
non-enzymatic isomerisation is low. The Ky for 9-cis-f-carotene in the reverse reaction was determined to
be 0.26 uM, with a k., value of 34 st

OsD27 has been previously reported to contain iron [15], but the precise nature of the iron cofactor
is uncertain. The purified recombinant OsD27 from our protocol was found to show a UV-vis absorbance
maximum at 422 nm (see Figure 3), in agreement with that observed by Lin ef al. [15], and consistent with
Amax Values observed for proteins containing [2Fe2S] clusters [29,30]. In order to probe the identity of this
species, recombinant OsD27 was treated with mild oxidising and reducing agents. In contrast to the
observations of Lin et al., no change in the absorbance spectra was observed on addition of 100 pM sodium
dithionite, and no loss of catalytic activity was observed upon addition of either 100 M sodium dithionite or
100 uM hydrogen peroxide. However, a decrease in intensity of the peak at 422 nm was observed on
addition of 100 puM silver (I) acetate (see Figure 3), a reagent that is reported to inactivate proteins
containing [4Fe4S] clusters [31]. Addition of silver acetate was also found to completely inhibit the

isomerisation of 9-cis-f-carotene by OsD27 via HPLC assay (see Figure 4B).

Figure 3. UV-Vis spectrum of recombinant OsD27

Figure 4. Kinetic analysis of OsD27

In order to probe further the mechanism of isomerisation catalysed by OsD27, a pH-rate profile of
OsD27 was determined, which showed <2-fold variation in the rate of isomerisation of 9-cis to
all-trans-f-carotene over pH range 4-10 (see Figure 4A), hence there is no apparent acid-base catalysis.
Additionally, the reaction was carried out anaerobically under an atmosphere of nitrogen, which resulted in
the same ratio of 9-trans:9-cis products, (see Figure 4B), indicating that OsD27 does not require dioxygen

for activity.



Inhibition of OsD27 by hydroxamic inhibitors. Hydroxamic acid inhibitors were tested against
OsD27 at a final concentration of 100 pM (see Table 1) by monitoring the isomerisation of 9-cis-f-carotene
to all-frans-f-carotene. At 100 uM only partial inhibition was observed: most inhibition was observed by the
terpene-like compounds D30, D31, and D32 (41%, 38% and 33% inhibition respectively), and by
compounds B2 (40% inhibition) and D12H (40% inhibition). Compounds D2, D4, D5 and D6 that show a
shoot branching phenotype in planta [22] gave no inhibition at all, while low levels of inhibition were

observed with the shorter compounds F1-6.

Table 1. Inhibition of OsD27 and AtCCD8 by hydroxamic acids

Biochemical characterisation of AtCCD7. AtCCD7 was expressed with a GST fusion tag, and
showed improved expression in E. coli containing plasmid pBB541 expressing GroES/EL. Recombinant
AtCCD7 was purified by GST affinity chromatography. The CCD7 cleavage reaction was monitored in vitro
using Cs¢ reverse HPLC (see Figure 5). The presence of product f-apo-10'-carotenal was confirmed by
HRMS and was assigned as the 9-cis isomer by comparison of the Ay, (444 nm) to published values [9]. A

Ky value of 8.7 uM was determined for CCD7 using the HPLC-purified 9-cis-f-carotene substrate.

Figure 5. HPLC assay of AtCCD7.

Hydroxamic acid compounds and abamine were tested as inhibitors of AtCCD7 at a final
concentration of 100 uM. Surprisingly, none of the compounds tested were found to show any inhibition of
the AtCCD7-catalysed reaction, nor was any inhibition observed after pre-incubation with enzyme. Hence

AtCCD7 is much less susceptible to inhibition by hydroxamic acids than other CCD enzymes studied [22].

Biochemical Characterisation of AtCCDS. AtCCDS lacking the first 168 base pairs (corresponding
to a chloroplast transit peptide) was expressed with an N-Hise affinity tag and purified by N-Hise affinity
chromatography. Substrate f-apo-10’-carotenal was generated by the preceding enzyme CCD7. Monitoring

of the CCDS reaction by Cso reverse phase HPLC analysis showed the disappearance of substrate f-apo-10'-



carotenal, and monitoring by UV-VIS spectroscopy was found to give a time-dependent decrease in
absorbance at 430 nm, which was dependent upon the concentration of enzyme added, with no change
observed using deactivated enzyme (see Figure 6A,B). A new product peak was observed via HPLC analysis
on a Cyg reverse phase column at retention time 15.2 min, which showed A .« 267 nm, matching the data of
Alder et al for the product carlactone [12]. Attempts to characterise this peak by electrospray mass
spectrometry were unsuccessful, suggesting that the product is chemically unstable. Although Alder et al
obtained mass spectral data for carlactone, the enol ether functional group present in carlactone is susceptible
to hydrolysis in aqueous solution [32]. Treatment of the CCDS8 organic extract with alkaline sodium
borohydride gave new species at m/z 209.2 and 143.1 by electrospray mass spectrometry, consistent with the
expected structures of the reduced C,4 portion of carlactone, and the reduced Cg by-product of the CCDS§
reaction, respectively, as shown in Figure 6C. Our data are therefore consistent with the CCD8-dependent

conversion of f-apo-10'-carotenal to carlactone [12], which in our hands was chemically unstable.

Figure 6. Continuous UV-vis assay for AtCCDS

Kinetic experiments revealed that substrate inhibition was observed at >15 uM substrate
concentration. Kinetic data was modelled using the analysis software GraphPad, and a Ky, value of 9.2 uM
and specific activity of 2.48 x10"' umol mg” s™' was determined for the 9-cis-f-apo- 10'-carotenal substrate,
giving an estimated k.o value of 0.18 s™'. The pre-steady state kinetic behaviour of AtCCDS was investigated
using UV-vis stopped-flow kinetic analysis. Upon mixing of a 1:1 molar ratio of AtCCDS8 to substrate
9-cis-f-apo-10'-carotenal, a decrease in absorbance at 440 nm was observed over 40 s (see Figure 7).
Analysis of the data showed that the decay at 440 nm could be fitted accurately by a biphasic exponential
function, with kinetic parameters A=0.139, k;=0.43 s™ and k,=0.06 s™.. While it is of some concern that k, is
slower than the estimated k., value, calculation of k., involves the protein concentration estimated by
Bradford assay using bovine serum albumen as standard, which could over- or under-estimate the true
protein concentration, and also involves the extinction coefficient for 9-cis-$-apo-10'-carotenal, which may

vary in magnitude between different buffers and pH.



Figure 7. Stopped-flow kinetic data for AtCCD8

A pH rate profile of CCDS8-catalysed consumption of 9-cis-f#-apo-10'-carotenal shows inflexions at
pH 6.0 and pH 8.0 (see Figure 8), indicating the presence of a catalytic base of pK, 6.0, and a catalytic acid
of pK, 8.0. The identity of active site groups was probed via incubation of AtCCD8 with a range of group
specific reagents at 1 mM concentration. Complete loss of activity was observed upon treatment of AtCCD8
with cysteine-directed reagents N-ethyl maleimide or iodoacetamide, consistent with the presence of an
active site cysteine residue [33,34]. Loss of activity was also observed using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), or using diethyl pyrocarbonate, but no inhibition was observed

using succinic anhydride (see Figure 8).

Figure 8. pH rate profile for AtCCD8

Inhibition of AtCCDS8 by hydroxamic acids. AtCCD8 was screened against the collection of
hydroxamic inhibitors initially at a concentration of 100 uM, and then at 10 uM for the most effective
inhibitors (see Table 1). Inhibition of the CCD8 cleavage reaction was seen by many hydroxamic acids in the
D and F series at 100 uM concentration. Inhibition was found to be strongly time-dependent, giving only a
small amount of inhibition with no pre-incubation, but >95% inhibition after 10 min pre-incubation.
Inhibition was also observed using abamine, but no inhibition was observed using the larger abamineSG.
Inhibition of AtCCD8 was only observed by a smaller group of compounds at 10 uM concentration. Most
effective inhibition was observed by compounds D13H (82%), D15 (71%), D12 (56%) and D9 (54%)
containing a 2-carbon unit between the aryl group and the hydroxamic acid functional group. Inhibition was
observed by compounds D6 (53%), D4 (17%) and D5 (9%) containing a 1-carbon spacer that show a shoot
branching phenotype in planta [22], but less inhibition was observed by compound D2, and by the shorter F
series in which the hydroxamic acid is linked directly to the hydroxamic acid. Compounds with aryl-N
lengths above three (such as compounds Bl, B2, D30, D31 and D32), were not active at 10 pM

concentration.



DISCUSSION

Biochemical characterisation of OsD27. Dwarf27 was first identified by Lin e al in 2009 as an
iron-containing enzyme of unknown function [13], but was later identified as an isomerase enzyme
responsible for the isomerisation of all-frans-f-carotene to 9-cis-f-carotene [12]. Our studies have confirmed
this isomerase activity, which gives only a small change in the ratio of all-trans:9-cis isomers from all-trans-
f-carotene, but a much greater change is evident when assayed in the reverse direction, using 9-cis-f-
carotene as substrate. Interestingly, a small amount of a second product is formed using 9-cis-f-carotene as
substrate, which may perhaps be the 9-cis,9'-cis isomer, or another isomer of f-carotene. The Ky for
9-cis-f-carotene was found to be 0.26 uM, implying that D27 binds the 9-cis isomer with a high affinity,
which may lead to product inhibition in the forward direction, and hence the low conversion in the trans to
cis direction.

The UV-vis spectrum of purified OsD27 was found to contain an absorbance peak at Ay,x 422 nm,
agreeing with the value reported by Lin et al. [13], similar to Ay, values shown by proteins containing
[2Fe2S] iron-sulfur clusters. This absorbance peak was removed by addition of silver (I) acetate, which is
known to cause the breakdown of iron-sulfur clusters [31]. Catalytic activity was also lost by treatment with
silver (I) acetate, implying that this cofactor is required for catalysis, though the resistance to treatment with
oxidising and reducing agents implies that it is not readily accessible by solvent. These two observations
suggest that OsD27 contains a [2Fe2S] iron-sulfur cluster that is required for catalysis.

In order to probe the mechanism of isomerisation catalysed by OsD27, a pH-rate profile was carried
out, but <2 fold variation in the rate of the reaction was observed over pH range 4-10. If the mechanism of
isomerisation involved protonation of the polyene chain to form a carbocation, followed by deprotonation,
then one would expect to see evidence of acid-base catalysis in the pH-rate profile, which was not observed.
Furthermore, it was found that OsD27 retains catalytic activity under anaerobic conditions, therefore it does
not require dioxygen for activity. Hence we propose a catalytic mechanism for OsD27 involving a 1-electron
transfer from the polyene m-system of f-carotene to a [2Fe2S] cluster, generating a radical cation, which is

able to rotate about the C-C single bond. Electron transfer back from the reduced [2Fe2S] cluster would then
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generate the 9-cis-f-carotene product. A mechanism involving single electron transfer from a [2Fe2S] cluster

to form aradical anion intermediate is also possible.

Figure 9 — Proposed catalytic mechanism for OsD27

OsD27 is not strongly inhibited by the collection of hydroxamic acid metallo-oxygenase inhibitors,
as would be expected if there is no mononuclear iron centre, however, up to 40% enzyme inhibition was
observed, notably by the terpene-like hydroxamic acids whose structure most closely resembles that of the
substrates for OsD27.

Biochemical characterisation of AtCCD7. CCD7 was first identified by Schwartz et al. in 2004, and
was initially believed to act on all-trans-f-carotene, performing a 9,10 cleavage reaction to generate
S-apo-10-carotenal [34,35]. However, the identification of OsD27 as a f-carotene isomerase by Alder et al
led them to propose that CCD7 in fact cleaves the 9-cis isomer of f-carotene [12]. Our assays of AtCCD7 in
the presence of 9-cis-f-carotene confirmed the formation of a new peak at 10.5 minutes (see Figure 5) whose
mass spectrum matches that expected for 9-cis-fS-apo-10'-carotenal, and whose A,y of 444 nm is consistent
with value of 445 nm reported by Alder et a/ [12]. An additional small peak was also detected at 9.8 minutes
(Amax 457 nm) in the AtCCD?7 reaction. It was found that the peak at 9.8 minutes could be generated from
9-cis-f-apo-10'-carotenal by heat or UV irradiation, therefore this appears to be an isomeric product.
Schwartz et al originally reported that AtCCD?7 can cleave all-trans-f-carotene [35], but it was later reported
that AtCCD7 preferentially cleaves 9-cis-p-carotene [12,36]. Hence this peak could be a small amount of the
all-frans isomer of f-apo-10'-carotenal (reported Amax 452 nm), resulting from cleavage of some all-trans-f-
carotene impurity in the reaction, however, Bruno et al/ have reported that CCD7 is selective for the 9-cis
isomer of fS-carotene [37]. Surprisingly, no inhibition of CCD7 was observed by any of the hydroxamic acid
compounds. We note that the amino acid sequence of CCD7 is divergent from other members of the CCD
enzyme family, hence CCD7 may have a somewhat different active site structure that renders it resistant to

inhibition.
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Biochemical characterisation of AtCCDS8. The third enzyme on the strigolactone biosynthesis
pathway, CCDS, is responsible for the biosynthesis of the intermediate carlactone [12]. Interestingly, CCDS8
catalyses a double oxygenation reaction on the 9-cis-f-apo-10'-carotenal substrate, forming an enol ether
lactone, hence the catalytic mechanism of CCDS is likely to be different to that of other CCDs. A continuous
UV-vis assay was developed for AtCCDS8, which was used to study the kinetic and catalytic properties of
this enzyme. Pre-steady state kinetic analysis of CCD8 using UV-vis stopped flow experiments gave data
matching a two-step kinetic mechanism, with rate constants k; = 0.43 s! k,=0.06 s™. These data imply two
kinetic steps in the CCD8 catalytic cycle, which may correspond to the two consecutive oxygenation steps,
but could potentially correspond to physical steps such as substrate binding.

In order to probe further the catalytic mechanism of AtCCDS8, a pH-rate profile was performed,
which revealed two inflexions at pH 6.0 and 8.0, implying the presence of a catalytic base of pK, 6.0, and a
catalytic acid of pK, 8.0. Catalytic activity was completely lost upon treatment with cysteine-specific
reagents iodoacetamide and N-ethyl maleimide, implying the presence of an active site cysteine residue
[32,33]. We suggest a possible catalytic mechanism in Figure 10 that may rationalise these data. The
mechanism involves two Criegee rearrangements, known to occur in the catalytic mechanisms of the non-
heme iron-dependent catechol dioxygenases [18]. Such rearrangements are known to require acid catalysis
[38], which is consistent with the observed pH-rate profile for CCDS, involving an acidic group of pK, 8.0.
In both Criegee rearrangements the more electron-rich substituent would undergo a 1,2-shift onto the
electron-deficient hydroperoxide oxygen, and it is known that electron-rich substituents increase the rate of
migration in 1,2-rearrangement reactions [39]. The first oxidative cleavage step releases the 8-carbon by-
product of the CCDS reaction (for which a reduced dialcohol derivative was observed by electrospray mass

spectrometry), and generates a covalent intermediate.

Figure 10 — Proposed catalytic mechanism for CCD8

The second half of the catalytic cycle involves homolytic cleavage of the carbon-X bond, requiring
an active site X group able to form a stable radical species, for which a cysteine residue would be ideally

suited. The identification of an active site cysteine residue in CCD8 by cysteine-directed reagents is therefore
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consistent with such a mechanism. The final step of the mechanism would involve oxidation of a lactol
intermediate and regeneration of the active site nucleophile X and iron (II) centre. An alternative mechanism
for CCDS8 has been proposed by Alder et al [ref 12, Supporting Information], involving two cycloaddition
reactions of dioxygen with an isomerised substrate, forming endoperoxide intermediates.

CCDS8 was found to be inhibited in a time-dependent fashion by a number of hydroxamic acid
inhibitors in the D and F series at 100 uM concentration. Inhibition of AtCCD8 was only observed by a
smaller group of compounds at 10 uM concentration. Most effective inhibition was observed by compounds
D13H (82%), D15 (71%), D12 (56%) and D9 (54%), which each contain a 2-carbon unit between the aryl
group and the hydroxamic acid functional group. We have previously hypothesised that selectivity for
hydroxamic acid CCD enzyme inhibitors could be designed by varying the length of spacer between an
aromatic ring and a hydroxamic acid metal-chelating group [22]. The observation that most effective
inhibition of CCDS is observed with a C, spacer, compared with optimum inhibition of CCD1 by compounds
containing a C; or no spacer [22], matches this hypothesis, since the initial oxidative cleavage by CCDS is at
the 13,14 position, compared with 9,10 (9,10) cleavage by CCD1. Compounds D2-D7 have previously been
shown to cause a shoot branching phenotype in Arabidopsis at 100 M concentration (compounds D8-D32
were not tested in the previous study), with compound D6 showing highest activity in planta [22]. Of these
compounds, inhibition of CCD8 in vitro was observed at 10 uM concentration in this study by compounds
D6 (53%), D4 (17%) and D5 (9%). Since these compounds show no inhibition of OsD27 or AtCCD7, the
inhibition data strongly imply that the shoot branching phenotype caused by these compounds in planta is
due to inhibition of CCD8, leading to disruption of the strigolactone biosynthetic pathway. Some inhibition
of AtCCD8 was also observed with abamine, a tertiary amine known to inhibit NCED [19]. We have
previously suggested that abamine, when protonated at neutral pH, may mimic a tertiary carbocation in the
NCED catalytic mechanism [4,22]. The proposed catalytic mechanism for CCDS also contains carbocation
intermediates (see Figure 10), which might explain the observed enzyme inhibition.

The potent inhibition of AtCCDS8 by compound D15 is noteworthy, since this compound has also
been found to inhibit lateral root branching in A. thaliana [24]. Since a deficiency of strigolactones resulting

from null mutations in the max3 and max4 mutants of Arabidopsis was reported to cause either formation of

13



more lateral roots [40] or to have no effect [24], it was concluded that D15 was not acting via a block in
strigolactone biosynthesis (24), so D15 may have other targets in addition to CCDS.

As with other plant hormones, strigolactones have diverse biological functions, from regulating plant
architecture to stimulating the germination of parasitic plant seeds, to enhancing growth and branching in
arbuscular mycorrhizal fungi [41], and more recent work has shown wider roles of strigolactones in
regulation of cell division and meristem dormancy [42]. Application of CCDS8 inhibitors to diverse plant
species and organs, particularly where genetic studies are not feasible, may reveal other biological functions.
Inhibitors of strigolactone biosynthesis may also have applications as agrochemical agents affecting shoot
branching and plant development, analogous to the use of gibberellin biosynthesis inhibitors to affect plant

structure and yield in cotton [43].

EXPERIMENTAL PROCEDURES

Inhibitor Design and Synthesis. Hydroxamic inhibitors and abamine were designed and synthesised
as previously published [22-24]. New hydroxamic acids B2, D20, D21, D30, D31 and D32 were prepared
using the same synthetic strategy as previously published [22], involving: alkylation of N-Boc-O-
benzylhydroxylamine with an appropriate alkyl halide and NaH; Boc deprotection using trifluoroacetic acid;
DCC coupling with an appropriate carboxylic acid; and debenzylation using H,/Pd. Synthetic procedures and
analytical data can be found in the Supporting Information.

Preparation of 9-cis-p-carotene. All-trans-f-carotene (99%, Sigma) in hexane (1% (w/v), 20 mL)
was added to iodine in hexane (1% (w/v), 10 mL) and incubated in the presence of UV light for 30 minutes
at room temperature. Isomers were separated by reverse phase HPLC using a ThermoScientific Acclaim Cs
column (5 pm, 4.6 x 250 mm) maintained at 4° C at a flow rate of | mL min”'. Column was eluted with
75:25 methanol:acetonitrile, shifting to 25:35:50 acetonitrile:methanol:tertbutylmethylether over 20 minutes.
The gradient was held for a further 5 minutes before returning to 75:25 methanol:acetonitrile for a final five
minutes. Retention time of 9-cis-f-carotene: 24.5 minutes. Avax: 448, 474 nm. € at 475 nm: 6.55 x 10° M

'em™. Retention time of all-trans-f-carotene: 23.9 minutes. Avax: 452, 476 nm.
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Gene cloning and expression. OsD27 cDNA was purchased from Genscript and subcloned into the
pGEX-4T-1 plasmid. The pGEX-4T-1-OsD27 plasmid was used to transform E. coli containing the pBB541
plasmid (Addgene), containing the GroES and GroEL chaperones [44]. The pGEX-4T-1-AtCCD7 plasmid
(lacking the first 93 base pairs of AtCCD7, corresponding to a putative chloroplast transit peptide) was used
to transform E. coli containing the pBB541 plasmid. The pET-151-AtCCD8 plasmid (lacking the first 168
base pairs of AtCCD8, corresponding to a putative chloroplast transit peptide) was used to transform E. coli
BL21.

E. coli (500 mL) containing the desired plasmids was grown to ODgp=0.6 AU and induced with 1
mM IPTG. Cells were harvested at 4220 x g at 4 °C for 20 minutes. Cell pellet was resuspended in PBS
buffer (Sigma) pH 7.3 plus 0.05% Triton X-100 (Sigma), 1 mM PMSF (Sigma) and 5 mM DTT (Sigma).
Cells were lysed by cell disruption at 20.1 kpsi before centrifugation at 20300 x g at 4 °C for 20 minutes.
Cell free extract solution containing over expressed OsD27 was added to a 2 mL GST-Gravitrap column (GE
Life Science) for OsD27 and AtCCD7 or a 1 mL HisTrap-Gravitrap column (GE Life Sciences) for AtCCD8
prepared according to the manufacturer’s instructions. Cell free extract was passed through the column a
total of three times. For GST purification the column was washed with PBS buffer pH 7.3 (25 mL) and
eluted with PBS buffer pH 7.3 (10 mL) plus 20 mM reduced glutathione. For N-Hise purification the column
was washed with 50 mM sodium hydrogen phosphate, 300 mM sodium chloride, 20 mM imidazole, pH 8.0
(25 mL) before elution into 50 mM sodium hydrogen phosphate, 300 mM sodium chloride, 250 mM
imidazole, pH 8.0 (10 mL). Protein was then concentrated using a 10 kDa centrifugal filter unit before buffer
exchange using a PD10 gel filtration column (GE Life Sciences) used according to the manufacturer’s
instructions. Protein was eluted into 100 mM bis-tris buffer pH 6.7 (3.5 mL) plus 10% glycerol (v/v) and
concentrated further in a 10 kDa centrifugal filter. Protein concentration was determined using the Bio-Rad
protein assay reagent, using bovine serum albumen as standard.

Biochemical analysis and assays of OsDZ27. In vitro assays were based on methods previously
published (12) and were conducted in a final volume of 200 pL. OsD27 enzyme (10 uL, 40 ug) was
incubated with 100 mM MOPS, 0.2 (v/v) Triton X-100, 1 mg mL™" catalase, pH 6.4 with 1 uM FeSO4 and
1 uM 2-mercaptoethanol for 10 minutes. 9-cis-f-carotene in ethanol was added to a final concentration of 20

UM and assays were incubated in the dark for 20 minutes at 25° C with shaking at 180 rpm. Assays were
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stopped with the addition of 400 pL 4:1:4 acetone:petroleum ether:diethyl ether and the resulting solution
was centrifuged at 4220 x g for five minutes. The organic phase was evaporated under reduced pressure. The
residue was resuspended in methanol (200 puL) and analysed by HPLC using the method detailed for the
purification of 9-cis-f-carotene.

For inhibition assays inhibitors were dissolved in either DMSO or ethanol (except silver acetate
which was dissolved in water) and a total of 2 uLL was added to assays to give a final concentration of 100
UM. Inhibitors were pre-incubated with enzyme for 10 minutes prior to the addition of substrate. Inhibition
was calculated from peak areas determined by integration compared to control assays. pH-rate profile
experiments were performed as described above, except that the assay buffer was replaced by 100 mM
sodium acetate buffer (pH 4.1-5.6), 100 mM PBS buffer (pH 6.7) or 100 mM Tris-HCI (pH 7.7-10.3). For
oxygen dependence assays, assays were set up as described above in a two-necked glass apparatus, which
was thoroughly degassed and flushed three times with nitrogen gas, prior to incubation of enzyme and
substrate under an atmosphere of nitrogen. UV assays were performed in a total volume of 50 uL in an
Eppendorf cuvette containing approximately 50 pg of protein in 100 mM bis-tris buffer pH 6.4 plus 10%
glycerol (v/v) and 0.1% Triton X-100 (v/v). Hydrogen peroxide, 2-mercaptoethanol, sodium dithionite,
sodium dithionite / pyridine, lead acetate and silver acetate were all used at a final concentration of 100 pM.

Protocol for in vivo D27 Assay. pGEX-4T-1-OsD27 was used to transform competent pAC-BETA
BL21 E. coli. LB media (10 mL) containing appropriate the antibiotic 35 ug mL™" chloramphenicol and 100
pg mL™ ampicillin was inoculated with a single colony of pGEX-4T-1-OsD27 pAC-BETA E. coli BL21 and
grown overnight at 37° C, 180 rpm. LB media (200 mL) containing appropriate antibiotics was inoculated
with the overnight culture and grown at 37° C, 180 rpm until OD at 600 nm = 0.6 AU. IPTG was added to a
final concentration of 1 mM. Cultures were incubated overnight at 20° C, 180 rpm, harvested at 4220 x g at
4° C for 15 minutes and then resuspended in water (5 mL). Lysozyme was added to give a final concentration
of 25 ng mL™. Following incubation at room temperature for 10 minutes, cells were lysed by sonication at 50
Hz. n-Butanol (1 mL) was added and the organic phase was collected following centrifugation at 4220 x g at
4° C for 10 minutes. The butanol was added to a 100 mg 1 mL Agilnet Bond Elut Cig solid phase extraction
column and centrifuged at 2000 x g at 4° C for 2 minutes. The column was washed with 10 x 1 mL water

before the f-carotene was eluted into TBME (1 mL). TBME was removed under reduced pressure and the
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residue resuspended into 200 pL. methanol. Samples were analysed via HPLC using a ThermoScientific

Acclaim Csoreversed phase column using the same method described for the purification of 9-cis-f-carotene.

Assays of AtCCD7. In vitro assays of AtCCD7 were performed in a total volume of 200 puL based on
previously published methods [12]. AtCCD7 (10 uL, 30pg) was added to 100 mM HEPES, 1 mM TCEP
(Sigma), 1 mg mL™' catalase, 0.05% Triton X-100, pH 7.8 with 1 uM FeSO, and 1 pM sodium ascorbate and
incubated at room temperature for 10 minutes. 9-cis-f-carotene was added to a final concentration of 20 pM
and assays were incubated at 25° C in the dark for 20 minutes with shaking at 180 rpm. Assays were stopped
with the addition of 200 uL. 4 M NaCl and 200 pL ethyl acetate. The resulting solution was centrifuged at
4220 x g for five minutes and the organic phase was desalted with 100 mg 1 mL C,s solid phase extraction
cartridges (Agilent Bond Elut), washing with 10 x 1 mL water and eluting into 400 pL tertbutylmethylether.
Organic solvent was removed under reduced pressure and resuspended in methanol. Analysis was performed
via HPLC using the method described above for the purification of 9-cis-f-carotene (retention time 10.5 min;
Amax 444 nm; HRMS 377.2839, calc. 377.2840 for C»7H;,0" (MH+)). Inhibition assays were performed at
100 uM inhibitor concentration, as described for OsD27.

Biochemical analysis and assays of AtCCDS. The substrate 9-cis-fS-apo-10'-carotenal was prepared
from assays of AtCCD7 with 9-cis-S-carotene as described above. Collected 9-cis-f-apo-10'-carotenal was
concentrated under reduced pressure and resuspended in ethanol. /n vitro assays were performed in a total
volume of 200 pL using a 96 well microtitre plate reader, recording at 430 nm. AtCCDS8 (10 uL, 40 ng) was
added to 100 mM HEPES, 1 mM TCEP, pH 7.8 containing 10 uM 9-cis-f3-apo-10'-carotenal, 1 pM FeSO,
and 1 uM sodium ascorbate. Inhibition assays were performed at 100 uM and 10 pM inhibitor concentration,
as described for OsD27.

Stopped flow experiments were performed at the University of Manchester Institute of
Biotechnology using an Applied Photophysics SX.18MV stopped flow spectrometer with a 05169 pbp
monochromator. 9-cis-f-apo-10’-carotenal substrate was prepared as described, with the exception that prior
to the removal of 4:1:4 acetone : petroleum ether : diethyl ether under vacuum, 0.04% (v/v) Triton X-100

was added and the residue was resuspended into water. Reactions were performed in a 1:1 molar ratio of 9-
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cis-fp-apo-10'-carotenal: AtCCD8 at a concentration of 12 uM substrate and 12 pM AtCCDS8 in 100 mM
HEPES buffer pH 7.8 containing | mM TCEP. For determination of the kinetic parameters ki and k2, analysis
was performed using Applied Photophysics Pro-Data SX software and the enzyme was diluted relative to the
substrate.

pH rate profile experiments were performed as described for OsD27. Assays with group specific
reagents were performed by preincubation of AtCCD8 with group specific reagents at a final concentration

of 1 mM for 10 minutes before addition of substrate, then monitoring at 430 nm as described above.
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FIGURE LEGENDS

FIGURE 1. The strigolactone biosynthesis pathway from all-trans-f-carotene to ent-2’-epi-5-deoxystrigol.

FIGURE 2. HPLC analysis of the reaction catalysed by OsD27. A: all-trans-f-carotene extracted from pAC-
BETA E. coli (empty vector control). B: p-carotene extracted from pAC-BETA pGEX-OsD27 E. coli
incubation (in vivo transformation by D27). C: authentic all-tfrans-fS-carotene (95%, Sigma) control. D:
reaction of all-frans-f-carotene with recombinant OsD27 in 100 mM MOPS buffer pH 6.4. E: purified 9-cis-
f-carotene. F: reaction of 9-cis-f-carotene with recombinant OsD27 in 100 mM MOPS buffer pH 6.4. Peak

assignments: 1 — all-frans-f-carotene; 2 — 9-cis-f-carotene; 3 — isomer of S-carotene.

FIGURE 3. UV-Vis spectrum of OsD27 (blue line), showing absorbance peak at Ay, 422 nm; and spectrum

of OsD27 following incubation with silver acetate (red line).

FIGURE 4. A. pH rate profile for the OsD27 catalysed isomerisation of 9-cis-f-carotene to all-trans-f-
carotene B. Effect of additives on the ratio of all-trans-f-carotene : 9-cis-f-carotene following the reaction of
9-cis-f-carotene with recombinant OsD27. Reactions are shown with the respective control for each

experiment (black bars).

FIGURE 5. HPLC analysis of the CCD7-catalysed reaction of 9-cis-f-carotene. A: 9-cis-f-carotene. B: 9-
cis-fj-carotene plus CCD7. Peak assignments: 1, 9-cis-f-carotene; 2, all-trans-f-carotene; 3, 9-cis-f-apo-10'-

carotenal.

FIGURE 6. Monitoring of CCD8-catalysed cleavage of 9-cis-f-apo-10'-carotenal by UV-vis spectroscopy
and mass spectrometry. A: decrease in absorbance at 430 nm observed for 1- and 2-fold concentrations of
CCDS. B: Absorbance change observed for boiled enzyme control. C: derivatives of carlactone and Cg

product detected by electrospray mass spectrometry.

FIGURE 7. A: UV-visible scanning of the CCD8-catalysed reaction of 9-cis-f-apo-10'-carotenal at 0.01-200
sec. B: Decrease in absorbance at 440 nm (dashed line) observed from stopped flow analysis of the CCDS8

cleavage reaction at 0.01-40 sec; with observed fit to second order exponential (dotted line).
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FIGURE 8. A: pH rate profile of CCDS8 cleavage reaction of 9-cis-f-apo-10'-carotenal. B: Percentage
activity of CCD8 cleavage reaction in the presence of different additives, relative to control cleavage

reaction.

FIGURE 9. Proposed catalytic mechanism for carotenoid cis-trans isomerisation catalysed by OsD27.

FIGURE 10. Proposed catalytic mechanism for CCD8, involving an active site nucleophile X, probably a

cysteine residue, and an acidic residue A of pK, 8.0.
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TABLE 1. Inhibition data for OsD27 at 100 uM and for AtCCDS8 at 100 uM and 10 pM. Chemical

structures of hydroxamic acids shown below.

Inhibitor D27 CCD8
Inhibition Inhibition Inhibition
Class Name X Y at 100 at 100 at 10 uM
UM (%) uM (%) (%)
Fl1 4-OMe H 10 >95 <5
F2 4-OMe F 16 >95 <5
Aryl- F3 3,4-(OMe), H 9 >95 <5
CON(OH)- F4 3,4-(OMe), F 25 >95 <5
Aryl F5 3-Cl H 21 >95 <5
F6 3-NH, H 7 >95 21
D1 4-OH H 0 >95 <5
D2 4-OH F 0 >95 <5
C‘grgll('gﬁ)_ D4 4-OMe F 0 >95 17
Aryl D5 3,4-(OMe), H 0 >95 9
D6 3,4-(OMe), F 0 >95 53
D7 3,4-OCH,0O- F 0 >95 25
Aryl—Cl— D30 4-OMe C10H17 41 70 -
CON(OH)- D20 4-OMe (CH,),CO;Na 26 47 -
Alkyl D21 Naphthyl (CH),CO,Na 33 92 -
D9 4-OMe CH,Ph 0 >95 54
D15 4-OMe CH,PhF 0 >95 71
D10 3,4-(0M€)2 CsH;5 0 >95 <5
cngyi_gﬁ)- DI 4-OMe CsHys 0 >95 <s
Y D12 3,4-(OMe), H 0 >95 56
DI12H 3,4-(OMe), H 40 78 -
D13 4-OMe H 0 >95 47
DI13H 4-OMe H 0 >95 82
Clé)lrlijg(_oclil_)- B1 cyclohexyl H 0 94 <5
B2 4-MeOPh CH,PhF 40 0 -
Aryl
C C‘?ﬁ%ﬁ)_ D31 CoHis CH,Ph 38 52 -
Y D32 CiHy, CH,Ph 33 47 -
Abamine --- --- 0 >95 <5
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FIGURE 3.
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FIGURE 5.
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FIGURE 6.
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FIGURE 7.
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FIGURE 10
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