
Letters

Amino acid conjugation of oxIAA
is a secondary metabolic
regulation involved in auxin
homeostasis

Dynamic regulation of the concentration of the natural auxin
indole-3-acetic acid (IAA) is essential to coordinate most
physiological and developmental processes and responses to
environmental changes (reviewed in Friml, 2022). Auxin
inactivation plays a crucial role in auxin homeostasis and
metabolism. The primary enzymes involved in auxin metabolism
have been known for some time. Members of the acyl acid amide
synthetases belonging to the GRETCHEN HAGEN 3 (GH3),
and the amidohydrolase IAA-LEUCINE RESISTANT 1 (ILR1)
and ILR1-like (ILL) families catalyze the conjugation of IAA to
amino acids and hydrolysis of the IAA-amino acid conjugates,
respectively (LeClere et al., 2002; Staswick et al., 2005). The
DIOXIGENASE FOR AUXIN OXIDATION (DAO) enzymes
were shown to catalyze the oxidation of IAA to form oxIAA
(Porco et al., 2016; Zhang et al., 2016). Albeit these IAA-
inactivating enzymes appeared to participate in different
catabolic routes, very recently, it was reported that GH3,
ILR1, and DAO are part of a single linear pathway rather than
two distinct pathways (Hayashi et al., 2021). According to this
model, IAA is mainly inactivated by GH3 enzymes, DAO
functions as an oxidase of IAA-amino acid conjugates to produce
oxIAA-amino acid conjugates downstream of GH3, and oxIAA
is produced from oxIAA-amino acid hydrolysis by ILR1.
Therefore, DAO and ILR1 enzymes appeared to play a role in
this pathway that differs from that assigned initially. Although
GH3 enzymes are known to possess catalytic promiscuity
accepting various substrates and amino acids, a possible
additional role of GH3s in auxin inactivation was not
investigated (Staswick et al., 2005; Westfall et al., 2012). Besides,
while the new model proposed by Hayashi et al. (2021) was
described to occur in angiosperms, whether it operates in
nonflowering species remains unknown (Ross & G�elinas-
Marion, 2021). GRETCHEN HAGEN 3 proteins are highly
conserved all over the plant kingdom, whereas DAO and
DAO-like enzymes have specifically evolved with angiosperms
(Okrent & Wildermurth, 2011; Brunoni et al., 2020; Kaneko
et al., 2020; Takehara et al., 2020). Here, we report the evidence
of oxIAA-amino acid conjugation being catalyzed by the group
of IAA-conjugating enzymes belonging to Group II of GH3s.
Our work suggests that the contribution of this pathway to auxin
homeostasis is species-dependent.

Materials and Methods

Plant material and growth conditions

Arabidopsis thaliana (L.) Heynh. seeds wild-type (WT) Col-0 and
gh3 sextuple mutant (gh3.1, gh3.2, gh3.3, gh3.4, gh3.5, and gh3.6;
Porco et al., 2016) were gas sterilized with chlorine gas (10ml of HCl
(35%) in 50ml of bleach) for at least 2 h in an airtight box. Seedswere
then sown under sterile conditions on Petri dishes containing ½
Murashige-Skoog (½MS) medium (2.15 g salts including vitamins
per 1 l) with 1% sucrose and 0.5 g l�1 MES monohydrate at pH 5.7
and solidified with 0.57% Gellan gum. Stratification was carried out
for 3 d at 4°C, and then, plates were transferred to light at 22� 1°C,
under long-day (LD) conditions (16 h : 8 h, light : dark photoperiod;
100 lmolm�2 s�1). Gametophores from Physcomitrium patens
(Hedw.) Mitt. WT and knockout lines (International Moss Stock
Center IMSC#40207 GH3-1/B34, IMSC#40208 GH3-2/22, and
IMSC#40209 GH3-doKO-A96; Bierfreund et al., 2004; Ludwig-
M€uller et al., 2009) were obtained from IMSC (www.moss-stock-
center.org) and cultured axenically in Knopmedium (100mg l�1 Ca
(NO3)2�4H2O, 25mg l�1 KCl, 25mg l�1 KH2PO4, 25mg l�1

MgSO4�7H2O, and 1.25mg l�1 FeSO4�7H2O, pH 5.8) including
92.05mg l�1 ammonium tartrate, 0.5 mg l�1 nicotinic acid,
0.125mg l�1 p-amino benzoic acid, 2.5mg l�1 thiamine
HCl, trace-element solution (0.614mg l�1 H3BO3, 0.389
mg l�1 MnCl2�4H2O, 0.059mg l�1 NiCl2�6H2O, 0.055mg l�1

CoCl2�6H2O, 0.055mg l�1 CuSO4�5H2O, 0.055mg l�1

ZnSO4�7H2O, 0.0386mg l�1 Al2(SO4)3�18H2O, 0.028mg l�1

KBr, 0.028mg l�1 KI, 0.028mg l�1 LiCl, and 0.028mg l�1

SnCl2�2H2O), and 200mg l�1 glucose. The medium was solidified
with 1.5% plant agar. Plants were cultured in a growth chamber at
22� 1°C, under LD conditions, and subcultured onto freshmedium
every 3 wk. Picea abies (L. Karst) seeds were provided by SkogForsk
(S€avar, Sweden). Seeds were soaked in tap water for 12 h at 4°C and
sown in fine wet vermiculite. Germination and seedling growth
occurred in a growth chamber at 24°C during the day and 18°C at
night, under LD conditions at a light intensity of 100 lmolm�2 s�1.

Feeding experiments and auxin metabolite profiling

Seven-days-after-germination (DAG), A. thaliana seedlings were
transferred to sterile liquid ½MS medium for 24 h and
subsequently supplemented with 50 lM IAA, IAA–Asp, IAA–
Glu, or oxIAA for 6 and 24 h. Three-week-old moss gametophores
were transferred to sterile liquid Knop medium for 24 h and
subsequently supplemented with 50 lM IAA, IAA–Glu, or oxIAA
for 24 h. Two-week-old spruce seedlings were transferred to ½MS
liquid medium for 24 h and subsequently supplemented with
50 lM IAA, IAA–Asp, IAA–Glu, or oxIAA for 6 h; for the
inhibition of oxIAA conjugation in spruce, 2-wk-old seedlingswere
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incubated in ½MS liquid medium with 50 lM kakeimide (KKI),
5 lMoxIAA, or a combination of 50 lMKKI and 5 lMoxIAA for
6 h. Mock-treated Arabidopsis, moss, and spruce plants were used
as control. All liquid cultures were kept under gentle shaking and in
darkness for the whole experiment in a growth chamber at 24°C
during the day and 18°C during the night. For each time point, A.
thalianawhole seedlings,P. patens gametophores, andP. abies roots
were collected in three replicates (10 mg tissue per sample). Sample
purification and quantification of oxIAA–Asp and oxIAA–Glu
were performed as described previously (P�en�c�ık et al., 2018).
Briefly, samples were extracted with 1 ml of 50 mM sodium
phosphate buffer, pH 7.0, containing 0.1% sodium diethyldithio-
carbamate. oxIAA–[13C4,

15N]Asp and oxIAA–[13C5,
15N]Glu

were added as internal standards. Two hundred microliters of the
extract was acidified with 1MHCl to pH 2.7 and purified by in-tip
micro solid phase extraction (in-tiplSPE).After evaporationunder
reduced pressure, samples were analyzed usingHPLC system 1260
Infinity II (Agilent Technologies, Santa Clara, CA,USA) equipped
with Kinetex C18 column (50 mm9 2.1 mm, 1.7 lm; Phenom-
enex, Torrance, CA, USA) and linked to 6495 Triple Quad
detector (Agilent Technologies).

Cloning, protein production, and bacterial enzyme assay

Cloning andproteinproductionofAtGH3s (AtGH3.1–5,7–16, 18,
19) and PpGH3s (PpGH3.1 and PpGH3.2) were performed as
described previously (Brunoni et al., 2020). Primers used for cloning
are listed in Supporting Information Table S1. Escherichia coli BL21
(DE3) strains expressing recombinant AtGH3.6, AtGH3.17, and
PaGH3s (PaGH3.16, PaGH3.17, PaGH3.gII.8, and PaGH3.gII.9)
used in this work were previously generated (Brunoni et al., 2019,
2020). Briefly, the production of recombinant proteins was induced
by adding 0.1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) to
cell cultures in a liquid medium with OD600 between 0.6 and 0.8.
Cells were grown overnight at 20°C with constant shaking at
180 rpm.Protein expressionwas testedbywestern blottingwith anti-
6x His antibody horseradish peroxidase (HPR) conjugate. Fifty
milliliters ofGH3-producing bacteriawere pelleted and resuspended
in an equal volume of 19 phosphate-buffered saline (PBS) buffer.
The crude cell lysate was obtained by sonication and clarified by
centrifugation (21 325 g at 4°C for 30min). Five hundred
microliters of clarified cell lysate were incubated with 1 mM amino
acidmixture, 3 mMATP, 3 mMMgCl2, and 1mM auxin substrate
(IAA or oxIAA) for 5 h at 30°C with constant shaking at 50 rpm in
darkness. Sample preparation andquantification of IAA- and oxIAA-
amino acid conjugates were performed as described previously
(Brunoni et al., 2020), using [13C6]IAA–Asp, [13C6]IAA–Glu,
oxIAA–[13C4,

15N]Asp, and oxIAA–[13C5,
15N]Glu as internal

standards.

Protein purification and enzyme kinetics of AtGH3.2 and
AtGH3.6

Two hundred milliliters of overnight-induced AtGH3.2- and
AtGH3.6-producing bacterial cultures were used for protein purifica-
tion. Cell lysis and protein extraction were done using the cell lyser

One Shot model (Constant Systems Ltd, Northamptonshire, UK)
at 24 000 psi in the presence of cOmplete EDTA-free Protease
Inhibitor Cocktail (Roche), followed by treatment with DENAR-
ASE (c-LEctaGmbH, Leipzig,Germany). Recombinant AtGH3.2
andAtGH3.6were purified on aNickel-HiTrap IMACFF column
(Cytiva Life Sciences, Marlborough, MA, USA) on an NGC
Medium-Pressure Liquid Chromatography System into 50 mM
Tris–HCl buffer, pH 7.4, 300 mM NaCl, and 5% glycerol. The
yield after purification was c. 14.4 mg for GH3.2 and 2.4 mg for
GH3.6, per 200 ml of E. coli BL21 (DE3) cells. The enzyme
activity and saturation curves were measured in 50 mM Tris–HCl
buffer, pH 8.0, 0.1 mM DTT, 30 mM ATP, 30 mM L-aspartic
acid, 3 mM MgCl2, and varying concentrations (0.1–8 mM) of
auxin substrate (IAA or oxIAA). The reactions were carried out in
triplicates at 30°C in the presence of 5 lM enzyme for 30 min in
darkness and stopped after adding 100% methanol. Sample
preparation and quantification of oxIAA-amino acid conjugates
were performed as described previously (Brunoni et al., 2020),
using [13C6]IAA–Asp, [13C6]IAA–Glu, oxIAA–[13C4,

15N]Asp,
and oxIAA–[13C5,

15N]Glu as internal standards. Kinetic constants
Km and Vmax were determined using the GraphPad PRISM 8.0
software (www.graphpad.com).

Statistical analysis

Statistical analysis was carried out using Microsoft Excel 2016 for
Windows PC. Quantitative values are presented as mean� SD.

Arabidopsis Group II GH3 enzymes catalyze the
conjugation of oxIAA to amino acids in vitro and
in planta

We studied the oxIAA-conjugating activity of recombinant
Arabidopsis GH3 enzymes after their production in E. coli to test
a possible further involvement of GH3 enzymes in IAA
inactivation, using a bacterial assay that was previously adopted
to study the activity of several IAA catabolic enzymes (Brunoni
et al., 2019;M€uller et al., 2021). Arabidopsis possesses 19 different
GH3 proteins classified into three groups (I, II, and III) based on
substrate specificity and sequence homology (Staswick et al., 2005).
Group I GH3s conjugate jasmonic acid with isoleucine (Staswick
& Tiryaki, 2004; Delfin et al., 2022); Group II GH3s contain
enzymes that conjugate auxins (Staswick et al., 2005); and Group
III, specific forBrassicaceae, contains proteins predicted to be active
on benzoates (Okrent et al., 2009; Holland et al., 2019; Torrens-
Spence et al., 2019).While none of themembers ofGroup I and III
GH3s could accept oxIAA as a substrate for conjugation with
amino acids, members of the Group II GH3s were able to catalyze
the conversion of oxIAA (Dataset S1; Fig. S1). Among Group II,
AtGH3.1, AtGH3.2, AtGH3.3, AtGH3.5, AtGH3.6, and
AtGH3.17 showed activity with oxIAA (Fig. S1). By contrast,
two members, namely AtGH3.4 and AtGH3.9, did not show any
activity with this substrate (Dataset S1). AtGH3.2, AtGH3.3, and
AtGH3.5 conjugated oxIAA with aspartate (Asp) preferentially,
whereas AtGH3.1 and AtGH3.6 conjugated oxIAA exclusively
with Asp and AtGH3.17 with glutamate (Glu; Fig. S1). Notably,
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AtGH3.2 conjugates oxIAA also with leucine (Leu) and phenyla-
lanine (Phe; Dataset S1). To assess the substrate specificity of
Group II GH3 enzymes, we studied the enzymatic activity of
recombinant AtGH3 enzymes in vitro. Our kinetic data with
recombinant AtGH3.2 and AtGH3.6 revealed that both enzymes
preferred IAA to oxIAA as a substrate for the conjugation with Asp
(Dataset S2; Fig. 1a). AtGH3.6 displayed higher specific activity
than AtGH3.2, and Km values for auxin substrates are in low mM
range (Dataset S2; Fig. 1b). Calculated catalytic efficiency (Vmax/
Km) values showed that conjugation of oxIAA with Asp reached
only 2% of that measured with IAA (Dataset S2; Fig. 1b). To
investigate whether oxIAA conjugation occurred in planta, we
carried out a feeding experiment by incubatingWTCol-0 seedlings
with oxIAA and sampled after 6 and 24 h (Dataset S2; Fig. 2a). For
comparison, we also treated plants with IAA, IAA–Asp, and IAA–
Glu (Dataset S2; Fig. 2a). Feeding experiments confirmed that the
production of oxIAA–Asp and oxIAA–Glu mainly resulted from
the oxidation of IAA–Asp and IAA–Glu, respectively, as described
previously (Hayashi et al., 2021), as a high level of oxIAA–Asp and
oxIAA–Glu was detected after exogenous application of IAA–Asp
and IAA–Glu, respectively (Dataset S2; Fig. 2a). Nonetheless,
oxIAA–Asp and oxIAA–Glu also accumulated after feeding with
oxIAA, suggesting that, although to a minor extent, oxIAA-amino
acid conjugates originated from oxIAA conjugation (Dataset S2;
Fig. 2a). To investigate whether the GH3 pathway is involved in
oxIAA conjugation, we fed gh3 sextuple mutant with oxIAA
(Dataset S2; Fig. 1b). We observed a dramatic drop in oxIAA–Asp
level when compared to WT (Dataset S2; Fig. 2b) after treatment
with oxIAA, confirming that oxIAA conjugation with Asp is
mediated by Group II GH3s. On the contrary, oxIAA–Glu levels
were unaltered in WT and gh3 sextuple mutant after feeding with
oxIAA, most likely due to remaining GH3.17 activity (Porco
et al., 2016; Dataset S2; Fig. S2b). These results, together with
previous findings (Hayashi et al., 2021;M€uller et al., 2021), suggest
that conjugation/oxidation/hydrolysis reactions playmultiple roles
in the IAA inactivation pathway to fine-tune auxin and auxin
metabolite levels (Fig. 1c).

The contribution of oxIAA-amino acid conjugation to
auxin inactivation is species-dependent

Group II of the GH3 family emerged very early during the land
plant evolution (Ludwig-M€uller et al., 2009; Okrent & Wild-
ermurth, 2011; Brunoni et al., 2020). Intrigued by the evidence
collected with Arabidopsis, we undertook a similar experimental
approach to elucidate these pathways in evolutionarily distant
species. We chose the moss P. patens as a model for bryophytes and
the conifer Picea abies as a model for gymnosperms, as these species
were used in previous studies to investigate the evolutionary
patterns in the auxin metabolism (Ludwig-M€uller et al., 2009;
Brunoni et al., 2020). Physcomitrium patens possesses only two
GH3 enzymes (Ludwig-M€uller et al., 2009). In our experimental
conditions, recombinant PpGH3.2, but not PpGH3.1, catalyzed
the conjugation of oxIAA exclusively with Glu (Dataset S1;
Fig. S3). A feeding experiment of moss WT gametophores with
IAA, IAA–Glu, and oxIAA revealed that oxIAA–Glu mainly

originated from oxidation of IAA–Glu (Dataset S2; Fig. 2c).
Nevertheless, oxIAA–Glu also accumulated after feeding with
oxIAA (Fig. 2d). Results from the feeding of moss gh3 knockout
mutants with oxIAA confirmed that PpGH3.2 catalyzes the
conjugation of oxIAA in vivo, as oxIAA conjugation was impaired
in the gh3.2 single knockout and gh3.1 gh3.2 double knockout
mutants (Dataset S2; Fig. 2d). The conifer P. abies possesses
several GH3 proteins that fall within Group II, and we previously
characterized four members conjugating IAA (Brunoni
et al., 2020). We tested the ability of these recombinant PaGH3s
to target oxIAA, and PaGH3.gII.8 and PaGH3.17 were observed
to conjugate oxIAA (Dataset S1; Fig. S4). PaGH3.gII.8
conjugated oxIAA exclusively with Asp while PaGH3.17 preferred
Glu but also Leu (Dataset S1; Fig. S4). Feeding spruce seedlings
with IAA, IAA–Asp, IAA–Glu, and oxIAA showed that oxIAA–
Asp and oxIAA–Glu accumulated predominantly after oxIAA
treatment (Dataset S2; Fig. 2e,f) and to a minor extent after
feeding with IAA–Asp and IAA–Glu, respectively (Dataset S2;
Fig. 2e). As spruce mutant lines are unavailable, we chemically
inhibited the GH3-catalyzed conjugation step with the GH3
inhibitor kakeimide (KKI; Hayashi et al., 2021; Fukui
et al., 2022). KKI was demonstrated to inhibit the synthesis of
IAA-amino acid conjugates by binding to the IAA binding site of
the GH3�ATP complex to form a ternary complex, which is
described to selectively target IAA-conjugating GH3s (Fukui
et al., 2022). Brunoni et al. (2020) previously reported that
members of the spruce Group II GH3s showed IAA-conjugating
activity. This evidence suggested that KKI could inhibit Group II
GH3 conjugating activity in spruce seedlings. Co-treatment with
oxIAA and KKI of spruce seedlings blocked the formation of
oxIAA–Asp and oxIAA–Glu (Dataset S2; Fig. 2f), confirming that
oxIAA conjugation is mediated by GH3 enzymes. Our results
suggest that, in moss, the oxidative pathway is the main
contributor to the formation of the oxIAA-amino acid conjugates,
whereas the conjugation of oxIAA to amino acids contributes the
least. On the contrary, our findings on spruce confirm that
diversification of the homeostatic control of IAA occurred in
conifers, as conjugation is the favored mechanism for oxIAA-
amino acid conjugate formation. At the same time, the oxidation
of IAA-amino acid conjugates is a minor metabolic route.

Conclusions

Manydecades of researchwere required to identify the critical genes
involved in auxin inactivation. Nonetheless, the mechanisms by
which auxin-inactivating enzymes governed auxin metabolism
remained fragmented, and these enzymes appear to participate in
different catabolic pathways. Recent research discoveries placed the
IAA-inactivating enzymes GH3, ILR1, and DAO into a single
catabolic route and described it to occur in angiosperms (Hayashi
et al., 2021). Here, we undertook a functional analysis of GH3
enzymes and in planta-feeding assays using auxin catabolic
intermediates in different genetic backgrounds or upon chemical
knockdown of the auxin inactivation pathway to further study the
mechanisms regulating IAA homeostasis in the distantly related
species, Arabidopsis, P. abies, and P. patens. Our results suggest

New Phytologist (2023) 238: 2264–2270
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

LettersForum

New
Phytologist2266

 14698137, 2023, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18887 by L

ancaster U
niversity T

he L
ibrary, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



that, unlike in angiosperms, the GH3-ILR1-DAO regulatory
framework does not operate in nonflowering plants. The oxidative
inactivation of IAA- and IAA-amino acid conjugates does not
significantly maintain IAA homeostasis in spruce and is not
mediated by DAO-like enzymes (Brunoni et al., 2020; this study).
The GH3-mediated IAA- and oxIAA-amino acid conjugation
appear to be this species’ primary auxin inactivation strategy
(Brunoni et al., 2020; this study). Distinctively, the metabolic fate
of IAA and IAA metabolites is more similar between moss and
Arabidopsis, as the oxidative pathway contributes the most to the
metabolism of IAA-amino acid conjugates. The GH3-mediated
conjugation of oxIAA to amino acids is a minor route in moss and
Arabidopsis. Nonetheless, the GH3-ILR1-DAO pathway can
unlikely regulate IAA metabolism in lower-land plants. DAO-like
enzymes evolved specifically with angiosperms, ILL enzymes were
not found in the moss P. patens, and the Marchantia polymorpha
ILR1 is not employed in auxin conjugate hydrolysis in this
liverwort (Campanella et al., 2018, 2019; Brunoni et al., 2020;
Takehara et al., 2020), suggesting that yet-to-be-discovered

enzymes could be responsible for oxidation and hydrolysis
reactions in lower vascular plants. Altogether, the GH3-mediated
oxIAA conjugation is a metabolic pathway that occurred early
during plant evolution, and its contribution to IAA homeostasis is
species-dependent.
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Fig. 1 ArabidopsisGRETCHENHAGEN3 (GH3)enzymesconjugateoxIAAwithAsp in vitro. (a)Michaelis–Mentenplotsof theAtGH3.2andAtGH3.6enzymes
for indole-3-acetic acid (IAA)–Asp (leftpanel) andoxIAA–Asp (rightpanel). (b)Kinetic constantsof theAtGH3.2andAtGH3.6enzymes for IAA,oxIAA,andAsp
(n = 3). SD, standard deviation. (c) Model of IAA inactivation, adapted from Porco et al. (2016) and Hayashi et al. (2021), including the oxIAA-amino acid
conjugation pathway mediated by GH3 enzymes identified in this study (red color). Dashed arrows indicate steps by yet-to-be-discovered enzymes.
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wild-type, gh3.2 and gh3.1 gh3.2 knockoutmutant gametophores with or without 50 lM IAA (c) andwith or without 50 lMIAA–Glu and oxIAA (d) for 24 h.
(e, f) FormationofoxIAA–Aspafter feeding2-wk-oldPiceaabies seedlingswithorwithout50 lMIAA, IAA–Asp, andoxIAA (e) andwithorwithout 50 lMKKI,
5 lMoxIAAandKKI plus oxIAA (f) for 6 h. The concentrations are given in picomoles per gram freshweight (FW). Sampleswere analyzed in three independent
biological replicates, and error bars represent SD. Below the limit of detection, < LOD. Asterisks in (a, b) indicate statistically significant differences, as
determined by Student’s t-test: *, P ≤ 0.05; **, P ≤ 0.01.
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Supporting Information section at the end of the article.

Dataset S1 Raw mass spectrometry data of indole-3-acetic acid
(IAA)- and oxIAA-amino acid conjugates from the bacterial assay.

Dataset S2 Raw mass spectrometry data of indole-3-acetic acid
metabolites from in vitro enzymatic activity and in planta-feeding
assays.

Fig. S1 Bacterial assay of oxIAA conjugation by recombinant
Arabidopsis GRETCHEN HAGEN 3s.

Fig. S2Levels of oxIAA–Glu inArabidopsisCol-0 and gh3 sextuple
mutant after feeding with indole-3-acetic acid (IAA) metabolites.

Fig. S3 Bacterial assay of oxIAA conjugation by recombinant moss
GRETCHEN HAGEN 3.

Fig. S4 Bacterial assay of oxIAA conjugation by recombinant
spruce GRETCHEN HAGEN 3s.

Fig. S5 Levels of oxIAA–Glu in spruce seedlings after feeding with
indole-3-acetic acid (IAA) metabolites and the GRETCHEN
HAGEN 3 inhibitor KKI.

Table S1 List of primers used for cloning in this work.
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