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Background: Auxin is essential for plant growth, but its biosynthesis in plants has not been biochemically defined.
Results: Key features of the catalytic mechanism for the YUCCA flavoprotein, the rate-limiting enzyme of auxin biosynthesis,
are determined.
Conclusion: YUCs generate an observable though relatively short lived C4a-(hydro)peroxyflavin intermediate for catalysis in
auxin biosynthesis.
Significance: This work establishes the previously unknown biochemical mechanism of auxin biosynthesis.

Auxin regulates every aspect of plant growth and develop-
ment. Previous genetic studies demonstrated that YUCCA
(YUC) flavin-containing monooxygenases (FMOs) catalyze a
rate-limiting step in auxin biosynthesis and that YUCs are
essential for many developmental processes. We proposed that
YUCs convert indole-3-pyruvate (IPA) to indole-3-acetate
(IAA). However, the exact biochemical mechanism of YUCs has
remained elusive. Here we present the biochemical character-
ization of recombinant Arabidopsis YUC6. Expressed in and
purified from Escherichia coli, YUC6 contains FAD as a cofac-
tor, which has peaks at 448 nm and 376 nm in the UV-visible
spectrum.We show that YUC6usesNADPHand oxygen to con-
vert IPA to IAA. The first step of the YUC6-catalyzed reaction is
the reduction of the FAD cofactor to FADH� by NADPH. Sub-
sequently, FADH� reacts with oxygen to form a flavin-C4a-(hy-
dro)peroxy intermediate, which we show has a maximum
absorbance at 381 nm in its UV-visible spectrum. The final
chemical step is the reaction of the C4a-intermediate with IPA
to produce IAA. Although the sequences of the YUC enzymes
are related to those of the mammalian FMOs, which oxygenate
nucleophilic substrates, YUC6 oxygenates an electrophilic sub-
strate (IPA). Nevertheless, both classes of enzymes form quasi-
stableC4a-(hydro)peroxyl FAD intermediates. TheYUC6 inter-
mediate has a half-life of �20 s whereas that of some FMOs is
>30 min. This work reveals the catalytic mechanism of the first
known plant flavin monooxygenase and provides a foundation
for further investigating how YUC activities are regulated in
plants.

Auxin is an essential hormone for many aspects of plant
growth and development (1). Indole-3-acetic acid (IAA),3 the
main auxin in plants, is synthesized using tryptophan (Trp) as a
precursor. Recently, a two-step pathway that converts Trp to
IAA has been proposed as themain auxin biosynthesis pathway
in plants (Fig. 1) (2–5). Trp is first converted to indole-3-pyru-
vate (IPA) by the TAA1 family of aminotransferases (6). Subse-
quently, the YUC family flavin-containing monooxygenases
(FMOs) catalyze the production of IAAusing IPA as a substrate
(Fig. 1) (4, 7, 8). The YUC-catalyzed reaction is suggested as the
rate-limiting step in auxin biosynthesis (9).
YUC geneswere initially linked to auxin biosynthesis because

their overexpression in Arabidopsis caused auxin overproduc-
tion phenotypes (9).YUC genes have been identified in all of the
plant genomes that have been sequenced, suggesting that YUC-
mediated auxin biosynthesis is widely used by plants. It has
been shown that overexpression of YUC genes in petunia (10),
tobacco (9), and rice (11) also leads to auxin overproduction. In
Arabidopsis, there are 11 YUC genes. Inactivation of a single
YUC gene in Arabidopsis does not cause obvious developmen-
tal defects because of the overlapping functions among YUC
genes. However, simultaneous inactivation of YUC1 and YUC4
causes dramatic defects in vascular and floral development (7,
8). Detailed analysis of various yuc mutant combinations has
demonstrated that localized auxin biosynthesis is important for
all of the major developmental processes in plants, including
embryogenesis, seedling growth, root elongation, gravitropism,
vascular pattern formation, and flower development (7, 8). Fur-
thermore, some loss-of-function yuc mutants are rescued by
producing IAA in situ, which was achieved by expressing the
bacterial auxin biosynthesis gene iaaM under the control of a
YUC promoter (7, 8). Mutations in YUC genes in rice (12), corn
(13), and petunia (10) also lead to severe developmental defects,
indicating that YUC genes are essential for plant development
in both monocots and dicots.
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Although genetic studies have unambiguously demonstrated
thatYUCs are key auxin biosynthesis genes, the exact biochem-
ical roles of YUCs in auxin biosynthesis have still been a subject
of debate. It was initially suggested that YUCs catalyze the
hydroxylation of tryptamine (9, 14–16). Recent studies have
indicated that YUCs use IPA as a substrate in auxin biosynthe-
sis (Fig. 1) (5). It was shown that yucmutants and taamutants
can phenocopy each other (4). Mutations in TAA genes caused
IPAdeficiencywhereas yucmutants accumulate IPA (2, 4). Fur-
thermore, auxin overproduction phenotypes in YUC overex-
pression lines are dependent on TAA functions (4). In vitro
biochemical assays have demonstrated that YUCs have the abil-
ity to catalyze the oxidative decarboxylation of IPA to produce
IAA directly (2). Therefore, the TAA/YUC-mediated two-step
auxin pathway shown in Fig. 1 is consistent with the available
genetic and biochemical evidence.
Although the reaction catalyzed byYUCs inArabidopsisnow

appears clear, their biochemical properties or mechanisms
have not been explored until the present work. Prior to this
study, for example, it was not even clear what cofactors and
co-substrates are needed for YUC-catalyzed reactions,
although the YUC sequence homology to the mammalian liver
FMOs suggests that YUCs are likely to be FMOs. Biochemical
characterization of the YUCs, as with some other subclasses of
FMOs, has been limited by a series of difficulties in handling
either native or recombinantly expressed forms of the proteins
(17, 18). In this paper, we show the successful expression in
Escherichia coli and the purification to near homogeneity of
YUC6, 1 of the 11 YUCs in Arabidopsis. YUC6 was chosen
because it was the first YUC protein for which we were able to
generate sufficient quantities of stable purified enzyme for
detailed analysis. We demonstrate that YUC6 contains oxi-
dized FADwhen expressed in and purified from E. coliwithout
adding FAD to the purification buffers. The purified YUC6 was
readily reduced by NADPH and showed significant NADPH
oxidase activity. Reduced YUC6 reactedwithmolecular oxygen
to form an observable but short lived C4a-(hydro)peroxyflavin
intermediate,4 which reacted with IPA to generate IAA. We
were able to spectroscopically characterize the oxidized form,
the reduced form, and the C4a-(hydro)peroxyflavin intermedi-
ate of YUC6. Concurrent analysis of several thousand FMO
sequences identified relationships between YUC proteins and
the greater FMO superfamily. This work establishes key fea-

tures of the catalyticmechanism throughwhichYUC6 converts
IPA to IAA, providing the final proof for the TAA/YUC-medi-
ated two-step auxin biosynthesis pathway in Arabidopsis. A
scheme for the chemical mechanism is also proposed.

EXPERIMENTAL PROCEDURES

Plasmid Construction—The open reading frame of the YUC6
cDNA from Arabidopsis was amplified using the primers (5�-
CACCATGGATTTCTGTTGGAAGAG-3�) and (5�-TCA-
GATTTTTTTTACTTGCTCG-3�). The PCR product was
cloned into pENTR/D-TOPO vector (Invitrogen). After verify-
ing the sequences, the YUC6 cDNA was transferred into pET-
53-DEST destination vector (Novagen) using LR Clonase II
enzyme mix (Invitrogen) to generate pET-53-DEST-YUC6.
Expression and Purification of YUC6—E. coli BL21 Star

(DE3) from Invitrogen was transformed with the plasmid pET-
53-DEST-YUC6.Cultureswere grown inTerrific Broth supple-
mentedwith 50�g/ml ampicillin at 18 °C until theA600 reached
1.0. Isopropyl 1-thio-�-D-galactopyranoside was then added to
a final concentration of 1 mM to induce YUC6 expression. The
cells were harvested 48 h after induction by centrifugation
(7000 � g, 8 min, 4 °C) and cell pellets were stored at �80 °C.
The cell pellet was resuspended in buffer I (50 mM sodium

phosphate, pH 8.0, 500 mM NaCl, 30 mM imidazole, 1% Tween
20, and 30%glycerol) using 4ml of buffer I/g of pellet. Cellswere
sonicated for 5minusing aBransonultrasonifier. The cell lysate
from a 4-liter culture was centrifuged at 16,000 � g, 30 min,
4 °C. The supernatant was applied to a 5 ml of Ni2�-agarose
resin column preequilibrated with buffer II (50 mM sodium
phosphate, pH 8.0, 500 mM NaCl, 30 mM imidazole, and 30%
glycerol). The column was washed with 12 column volumes of
buffer II. YUC6 was eluted with 12 ml of buffer III (50 mM

sodium phosphate, pH 8.0, 500 mM NaCl, 300 mM imidazole,
and 30% glycerol). The purified YUC6 was quickly frozen in
liquid N2 and stored at �80 °C for further use. Protein concen-
trations were calculated using the molar extinction coefficient
of 57,410 at 280 nm (19). FAD concentration was determined
using the extinction coefficient of 11,410 M�1 cm�1 at 450 nm.
A typical purification of YUC6 from 4-liter culture usually
yielded about 10 mg of protein.
Enzymatic Assays—Frozen YUC6 from �80 °C was thawed

on ice and changed to a working buffer (50 mM sodium phos-
phate, pH 8.0, 500 mM NaCl, and 30% glycerol) using a dispos-
able PD-10 desalting column from GE Healthcare. The buffer
exchange was conducted according to the procedure provided
by GE. For a typical assay, 1 �M YUC6 (based on FAD concen-
tration) was used to initiate the reaction in 350 �l. NADPH
oxidation was monitored continuously using an Eppendorf
Kinetic BioSpectrometer. Product analyses of IAA and PAA
were conducted as described previously (2).
Hydrogen peroxide resulting from the uncoupled YUC6 reac-

tionswas determined using theAmplex® RedHydrogenPeroxide/
Peroxidase Assay Kit from Invitrogen. Coupling ratios were mea-
sured in the presence of limiting amounts of NADPH while the
phenyl pyruvate (PPA) substrate was in excess.
Transient Kinetics of Reductive and Oxidative Reactions—

Transient reactions of YUC6 with NADPH and O2 were mon-
itored using a TgK HiTech stopped-flow spectrophotometer

4 Mechanistically, flavin-dependent monooxygenases use either a C4a-hy-
droperoxyflavin or a C4a-peroxyflavin as the species that carries out the
oxygenation reaction. It is generally difficult to distinguish these two forms
spectroscopically, so we have used C4a-(hydro)peroxyflavin to indicate
our uncertainty about the actual form of the intermediate in YUC6.

FIGURE 1. The main auxin biosynthesis pathway in plants. Tryptophan is
first converted by the TAA transaminase to IPA, which undergoes oxidative
decarboxylation catalyzed by the YUC flavin monooxygenase.
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with diode array detection at 25 °C. For reactionswithNADPH,
YUC6 was first made anaerobic in a custom-designed glass
tonometer by repeated cycles of vacuum and purging with
O2-scrubbed argon gas. NADPH in the same buffer (with and
without substrates added) was made anaerobic in a second
tonometer by vacuum/argon purging cycles. YUC6 was mixed
with NADPH in the stopped-flow instrument, and the reaction
was monitored over time.
To study the reaction of reduced YUC6 with oxygen, YUC6

was first made anaerobic and then titrated with anaerobic
NADPH to full reduction. Reduction of the flavin was moni-
tored spectroscopically using a cuvette affixed to a side arm of
the tonometer. Using the stopped-flow instrument, the
reduced YUC6 was mixed with buffer saturated with 100% O2
or saturatedwith air, and the reactionswere subsequentlymon-
itored over time.
Informatics Analysis of YUCs and Other FMOs—A repre-

sentative YUC (NP_171955), a liver microsomal flavin
monooxygenase (CAA87633.1), and a siderophore-associated
N-hydroxylating monooxygenase (NP_251076.1) were used as
seed sequences for the NCBI Blast program to select 11283
homologous protein sequences. Sequences with E-values less
than 1e�5 were selected and were filtered via different pairwise
sequence identities using CD-Hit. Networks were generated
using previously described methodologies (20), and the rela-
tionships among these sequences were visualized using the
Cytoscape network program. Nodes in the network represent
sequences and edges represent Blast E-values. An edge is drawn
between two sequences only if the statistical significance of the
similarity score between them is less than (i.e. better than) a
defined E-value cutoff. The “organic layout”method, which treats
two sequences as twomasses attached by a spring and E-values as
force constants, was used to generate the final groupings.

RESULTS

YUC6 Is an FAD-containing Enzyme—YUCproteins are pre-
dicted to be FAD-containing enzymes on the basis of their
sequence homology to class B FMOs (21), including mamma-

lian liver microsome FMOs, bacterial and fungal Baeyer-Vil-
liger monooxygenases (BVMOs), and siderophore-associated
monooxygenases. However, the proposed YUC-catalyzed reac-
tions (Fig. 1) are very similar to that of lactate 2-monooxyge-
nase, which catalyzes the oxidative decarboxylation of lactate
using FMN as a cofactor (22). It was therefore important to
establish the cofactor for YUCs. We overexpressed YUC6 with
an N-terminal His tag and purified the recombinant YUC6 to
near homogeneity (Fig. 2A). The purified YUC was bright yel-
lowwith UV-visible absorbancemaxima at 448 nm and 376 nm
(Fig. 2A). This spectrum resembles those of oxidized FMN and
FAD (23), indicating that YUC6 contained oxidized flavin as a
cofactor.
A classic method was used to determine whether the flavin

cofactor in YUC6 is FAD or FMN (24). The fluorescence of
FADusually is only approximately 10%of that of an equalmolar
amount of FMN because the ADPmoiety in FAD quenches the
fluorescence from the flavin ring (24). YUC6 as isolated showed
very little fluorescence (Fig. 2B), suggesting that the cofactor is
buried in a pocket andquenched bynearby residues. Incubation
of YUC6 with 0.1% SDS led to the release of the cofactor from
YUC6 with a concomitant more than doubling of fluorescence
(Fig. 2B). Addition of a phosphodiesterase, which hydrolyzes
FAD to FMN, led to a dramatic increase of fluorescence (Fig.
2B), demonstrating that the cofactor for YUC6 is FAD, not
FMN.
HPLC analysis was also used to confirm the identity of the

cofactor in YUC6. YUC6 was denatured by adding SDS to 0.1%
final concentration. As shown in supplemental Fig. 1, the cofac-
tor had the same retention time as the standard FAD, further
demonstrating that YUC6 uses FAD as a bound cofactor. We
determined that the extinction coefficient of FAD in YUC6was
11,410 M�1 cm�1, which is slightly higher than that of free FAD
(11,300 M�1 cm�1) (25).
YUC6 Readily Reacts with NADPH—The enzyme-bound

FAD cofactor served as an effective tool for analysis of YUC6
activity. When NADPH was titrated into YUC6 anaerobically,

FIGURE 2. YUC6 contains FAD as a cofactor. A, UV-visible spectrum of YUC6, which has absorbance peaks at 448 nm and 376 nm. The inset is a SDS-
polyacrylamide image indicating that YUC6 was purified to near homogeneity. B, fluorescence excitation spectra of YUC6 before and after various treatments.
Emission was recorded at 525 nm. The black fluorescence spectrum is of the as-isolated His-tagged YUC6. Treatment with 0.1% SDS causes a slight increase in
fluorescence (blue spectrum). Phosphodiesterase treatment of denatured (SDS-treated) YUC6 yields the red spectrum, which exhibits a large increase of
fluorescence, indicating that the native flavin cofactor is FAD.
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YUC6 became reduced (Fig. 3A) as evidenced by the loss of
absorbance maxima at 448 nm and 376 nm (Fig. 3A). This was
accompanied by a small but significant increase in absorbance
atwavelengths longer than 500 nm (Fig. 3A), which could be the
charge transfer band caused by bound NADP�. Such charge-
transfer complexes are typical for the class B flavin-dependent
monooxygenases (21). However, turbidity is also known to
cause absorbance increases in the wavelength range. Although
the enzyme appeared to be clear, we could not rule out the
possibility of turbidity. It is likely that a combination of charge
transfer and turbidity contributed to the observed absorbance
increase. The reaction of YUC6withNADPH is essentially irre-
versible, and complete oxidation of NADPH was observed
when [NADPH] was �[YUC6]. The reduced and oxidized
YUC6 shared two isosbestic points at 350 nm and 505 nm, con-
sistent with direct interconversion of the oxidized and reduced
species (Fig. 3A). NADPH was able to reduce YUC6 regardless
of the presence of IPA or oxygen or both (data not shown).
We measured the rate of the reduction of YUC6 by NADPH

after mixing them anaerobically in the stopped-flow instru-
ment. The reduction of YUC6 was clearly observed as the
absorbance at 450 nm decreased over time (Fig. 3B). The
decrease in absorbance at 340 nm is due to both flavin reduc-
tion and NADPH oxidation (Fig. 3B). The reduction of YUC6
appeared to be biphasic, with themajor phase being the faster of
the two. A sum of two exponentials fit well to the traces. The
faster phase probably represents the reduction of active YUC6,
and the second phase may represent the reaction of a small
population of less active YUC6.With YUC6 at 6.5�M,when the
final NADPH concentration was 93 �M, the average rate con-
stants from three experiments were: k1 � 2.67 � 0.04 s�1 and
k2 � 0.14 � 0.02 s�1. When the NADPH concentration was 31
�M, average rate constants were: k1 � 1.50 � 0.21 s�1 and k2 �
0.12 � 0.03 s�1. The presence of the substrate PPA (see below)
did not alter the overall kinetics of the reduction of YUC6.
When YUC6 (13 �M) was mixed with 186 �MNADPH and 500
�M PPA, the rate constants for YUC6 reduction were: k1 � 2.7
s�1 and k2 � 0.03 s�1.
YUC6 Forms a C4a-(hydro)peroxyflavin Intermediate—It is

known that some flavin-dependent monooxygenases form
fairly stable C4a-(hydro)peroxyflavin intermediates, which are
the hydroxylating species for these enzymes. For some of the
mammalian liver microsomal FMOs, these C4a-intermediates
can persist for hours (17). This property minimizes the uncou-
pled oxidation of NADPH and the production of H2O2 by these
enzymes, which is referred to as oxidase activity. Other flavin-
dependent monooxygenases form unstable C4a-intermediates,
which can release H2O2. In those hydroxylases for which the
C4a-intermediate is only observed to exist for a few millisec-
onds, rampant NADPH oxidase activity is often minimized by
not permitting rapid reduction of the flavin unless substrate is

FIGURE 3. Reduction of FAD in YUC6 by NADPH. A, titration of YUC6 (28 �M)
with NADPH under anaerobic conditions. Reduction of YUC6 leads to a

decrease of absorbance at 450 nm. The NADPH concentrations for the four
spectra are 0, 7, 20, and 28.5 �M. B, reaction after mixing in the stopped-flow
instrument equal volumes of NADPH (62 �M) with YUC6 (13 �M), as shown by
difference spectra generated by subtracting the first spectrum at 0.00474 s
from each successive spectrum. C, kinetics of YUC6 reduction monitored at
450 nm. The final concentrations of NADPH were 31 �M (solid line) and 93 �M

(dotted line). YUC6 was 6.5 �M.
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bound. Therefore, the stability of the C4a-(hydro)peroxyflavin
reveals mechanistic insights and has implications for how
enzyme activities are regulated. Because reduction of YUC pro-
teins by NADPH takes place regardless of the presence of sub-
strates, it was anticipated that like FMOs, YUC enzymes form a
detectable (and somewhat stable) C4a-(hydro)peroxyflavin as a
key catalytic intermediate.
To test this notion, YUC6, stoichiometrically reduced with

NADPH, was mixed with oxygen-saturated buffer in the
stopped-flow instrument. As shown in Fig. 4A, within the first
second after mixing, an intermediate appeared with a peak at
�381 nm. This intermediate is assigned as the C4a-(hydro)per-
oxyflavin on the basis of its spectroscopic resemblance to
known C4a-(hydro)peroxyl intermediates, which normally
have absorbance peaks between 370 and 390 nm (26). The
intermediate converted to the FAD (oxidized) form (�max �
448 nm) over the following �70 s. The characteristics of the
spectrum of the C4a-intermediate are more clearly shown in
the difference spectra generated by subtracting the first spec-
trum, obtained at 0.037 s (this spectrum corresponds closely to
that of fully reduced YUC6), from each subsequent spectrum
over the first 0.78 s of the reaction (Fig. 4B). Note also that the
absorbance at wavelengths longer than 480 nm decreased
slightly during the formation of the intermediate as the charge-
transfer interaction between FADH� and NADP was lost (Fig.
4B). An isosbestic point is observed at �480 nm (Fig. 4B).

The C4a-intermediate was moderately stable and started to
decay within 1 s after mixing the reduced YUC6 with oxygen
(Fig. 4C). The conversion of the C4a-intermediate to oxidized
FAD exhibited a clear isosbestic point at 405 nm and was com-
pleted within 2 min (Fig. 4C). The kinetics of formation and
decay of the C4a-(hydro)peroxyflavin can be seen more clearly
in the single wavelength traces in Fig. 4D. The absorbance at
390 nm, which increased within the first second and decreased
afterward, clearly marks the formation of the C4a-intermedi-
ate. The 405 nm trace also shows the formation of the interme-
diate. After the first second, this trace stayed flat because 405
nm is an isosbestic point for the C4a-intermediate and oxidized
FAD (Fig. 4C). The 450 nm trace shows the formation of the
oxidized FAD, which did not take place until after the first sec-
ond (Fig. 4D).
A sum of two exponentials fit the 390 nm trace well. The first

phase represents the formation of the C4a-intermediate,and
the second phase shows its conversion to oxidized FAD.When
reduced YUC6was rapidlymixedwithO2-saturated buffer that
contained �1 mM dissolved oxygen, the rate constant for the
formation of C4a-intermediate was 2.22 s�1 whereas mixing
with air-saturated buffer (240 �M O2) gave a rate constant of
0.75 s�1. Using these rate constants, we estimated the second-
order rate constant for the formation of C4a-intermediate to be
�4.5 � 103 M�1 s�1. This value is approximately 1 order of

FIGURE 4. Formation and decomposition of the C4a-(hydro)peroxyflavin intermediate. Equal volumes of reduced YUC6 (18 �M) and oxygen-saturated
buffer were mixed in the stopped-flow instrument. A, spectra recorded after mixing reduced YUC6 with oxygen. The first spectrum was taken at 0.037 s, and the
last one was taken at 71.25 s. B, formation of the C4a-(hydro)peroxyflavin as shown by an increase of absorbance at 381 nm. These difference spectra, which
clarify the appearance of the C4a-(hydro)peroxyflavin, were calculated by subtracting the initial spectrum of reduced YUC6 from each successive spectrum out
to 0.78 s. Within the first second, decomposition of the intermediate was minimal. No absorbance change at 450 nm was observed within this period.
C, decomposition of C4a-(hydro)peroxyflavin to FAD. Approximately 1 s after mixing, the intermediate started to decompose. Spectra shown were recorded in
the time window of 2– 4 s. D, kinetics of the formation and decomposition of the C4a-(hydro)peroxyflavin. The formation of the intermediate was evident in the
traces recorded at 390 nm and 405 nm. The decomposition was followed at 450 nm. The isosbestic point between C4a-intermediate and oxidized FAD was at
405 nm.
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magnitude slower than that for pig liver FMO (27, 28) or for
ornithine monooxygenase (25).
The kinetics of C4a-intermediate decay as followed at 450

nm (Fig. 4D) required two exponentials to fit the 450-m trace
well. However, The first phase with a rate constant of 2.17 s�1

only accounted for 5% of the absorbance change and could be
due to a small fraction of less active enzyme. The second phase
with a rate constant of 0.035 s�1 represented 95% of the absor-
bance change and corresponds to a half-life for the C4a-inter-
mediate of �20 s (Fig. 4D).
Reaction of C4a-(hydro)peroxyflavin with IPA—In the

absence of the substrate IPA, the C4a-(hydro)peroxyflavin
decayed into oxidized FAD and hydrogen peroxide. In the pres-
ence of IPA (250 �M) the rate of conversion of the C4a-inter-
mediate to FAD was stimulated (Fig. 5A) with a rate constant
for return to oxidized FAD of � 0.14 s�1, approximately 4-fold
faster than in the absence of substrate (see above). Product
analysis using HPLC and LC-MS confirmed the conversion of
IPA to IAA (Fig. 5B). In the absence of NADPH and in the
presence of YUC6, a small amount IPAwas converted into IAA
nonenzymatically. IPA is known for its instability and sponta-
neous conversion to IAA (29).WhenNADPHwas added to the
reaction, a substantially larger fraction of the IPA was con-
verted into IAA (Fig. 5B).
YUC6 Can Also Catalyze the Conversion of PPA to Phenyl

Acetic Acid (PAA)—YUC6 was examined for its ability to use
other �-keto acids as a substrate. As shown in Fig. 5C, YUC6

catalyzed the NADPH-dependent conversion of PPA to PAA.
In the presence of PPA, the C4a-(hydro)peroxyflavin interme-
diate was also observed (supplemental Fig. 2). However, PPA
did not affect the rates of the formation of the C4a-intermedi-
ate, as shown by the 390-nm traces (Fig. 5D), but it did acceler-
ate the oxidation of C4a-(hydro)peroxyflavin to FAD (Fig. 5D).
In the presence of 250 �M PPA the conversion of the C4a-
(hydro)peroxyflavin to FAD was �0.18 s�1, or approximately
5-fold faster than in the absence of substrate. In the absence of
PPA, there was no decay of the C4a-intermediate within 0.78 s
as indicated by the lack of absorbance change at 450 nm (Fig.
4B). However, a clear shoulder at 450 nm was observed in the
difference spectrum at 0.76 s when PPA was present because
PPA stimulates the decomposition of the C4a-intermediate
(supplemental Fig. 2).
Steady-state Kinetics of YUC6 using PPA as a Substrate—Be-

cause PPA is much more stable in aqueous solution than IPA,
PPA is amore reliable substrate for in vitro assays of YUC activ-
ity.Moreover, IPAhas significant absorbance at 340 nmwith an
extinction coefficient of 4770 M�1cm�1 and thus can interfere
withmeasurements ofNADPH,whereas PPAhas no significant
absorbance above 300 nm (30). In the absence of PPA and at
saturating concentrations of NADPH, YUC6 displayed basal
NADPH oxidase activity with a turnover number of 0.04 s�1.
When PPA was used as a substrate, the kcat for oxidation of
NADPH was 0.31 s�1, which is approximately 8-fold more
active than the basal NADPH oxidase activity. In the presence

FIGURE 5. Reaction of C4a-(hydro)peroxyflavin with IPA and PPA. A, comparison of the conversion of C4a-intermediate to oxidized FAD with and without
250 �M IPA. Other conditions are the same as in Fig. 4A. B, HPLC analysis of the products generated by the reaction of YUC6 with IPA. IPA is converted to IAA in
the presence of NADPH. Note that there was a small amount nonenzymatic conversion of IPA to IAA in the absence of NADPH. C, YUC6 catalyzing the
conversion of PPA to PAA. Note that the reaction is cleaner than that with IPA, and no nonenzymatic conversion of PPA to PAA is observed. D, comparison of
the formation and decomposition of the C4a-intermediate with and without the substrate PPA (250 �M). Other conditions are the same as in Fig. 4A. The
formation of the C4a-intermediate was followed at the first part of the 390-nm traces. Note that the substrate PPA did not affect the formation of the
C4a-intermediate. The decomposition of the C4a-intermediate was followed at 450 nm. Note that PPA substantially accelerated the rate of conversion of
the C4a-intermediate to FAD.
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of PPA, theKm for NADPHwasmeasured at 26 �M, andKm for
PPA at 43�M. In the presence of PPA, therewas a small amount
of uncoupled reaction that led to the production of hydrogen
peroxide. The uncoupling ratio wasmeasured at 3.8%� 0.2% at
room temperature.
Global Sequence Analysis Shows That YUCProteins AreMost

Closely Related to Liver FMOs—Pairwise alignments have indi-
cated homology between YUC proteins and each of the various
groups of class B FMOs named above. To gain a more sophis-
ticated view of the relationships between YUC and its sequence
relatives, the 11 YUC sequences from Arabidopsis were sub-
jected to a sequence similarity network informatics analysis
using the Cytoscape program. The approach uses sequence
similarity (e.g.NCBI Blast E-values) among multiple sequences
as a matrix to group them. The output is analogous to a den-
drogram (a tree without distances); however, unlike a tree dia-
gram, which is limited in complexity, the sequence similarity
network allows thousands of sequences to be considered at a
time and connects nearest neighbor relatives. Different types of
relationships among the input sequences emerge depending on
the stringency of the similarity threshold used. Because new
enzymatic functions evolve through gene duplication followed
by mutations, functions that are more similar to the parental
function require fewer mutations and consequently retain a
higher degree of mutual sequence similarity. Groups generated
at very stringent confidence cutoffs where only highly similar
sequences are grouped together therefore generally represent
one function.
Fig. 6A shows the sequence similarity network generated at

an E-value of 1e�10. At this significance level, YUC sequences
cluster together with several other groups of flavoenzymes,
including liver FMOs, BVMOs, siderophore-associatedNMOs,
and even bacterial flavin-dependent reductases. Biochemically
characterized FMOs are labeled on Fig. 6 and are used to indi-
cate the likely locations of the different sequence subgroups. As
the stringency is raised, the group of siderophore-associated
NMOs separates from the YUCs even before the reductases
(data not shown), suggesting that some aspect of the YUC func-
tion is more similar to reductases, even though the sidero-
phore-associated NMOs have functionally more in common
with the YUCs. Fig. 6B shows the sequence similarity network
of the group that includes representative FMOs, YUCs, and
BVMOs generated at an E-value of 1e�45. The network at this
level of stringency shows that the YUC proteins aremuchmore
closely related to liver FMOs and less closely related to BVMOs
despite having a predictedmechanismmore closely allied to the
latter (see below). The YUC paralog At-FMO1 is particularly
distant from the YUC group. This protein is expected to be
involved in host-pathogen interaction and not in auxin
biosynthesis.

DISCUSSION

Monooxygenases catalyze the insertion of an oxygen atom
into an organic compound as part of the biosynthesis of many
physiologically important molecules, the degradation of a large
variety of aromatic and heteroatom-containing compounds
and the detoxification of xenobiotics (31). The family of flavin-
dependent monooxygenases is one of the largest groups of

monooxygenase that has been identified. Plants appear to have
a greatly expanded family of FMOs (32). For example, the Ara-
bidopsis genome has 29 genes encoding proteins with signifi-
cant homology to the well characterized mammalian liver
microsome FMOs. In contrast, humans only have five well

FIGURE 6. Sequence similarity networks showing relationships of YUCs to
their homologs. The names of protein classes are as shown in the legend and
colored as annotated in the Uniprot database. Nodes in gray color are proteins
with unknown or un-annotated functions. The 11 YUCCA proteins from Ara-
bidopsis form a cluster at the center of the network. Cyclohexanone
monooxygenases are representative BVMOs. Dimethylaniline monooxyge-
nase is encoded by the mammalian liver fmo3 gene. Ornithine monooxyge-
nase is a representative siderophore-associated N-monooxygenase. The
islands at the bottom of each panel represent small, isolated clusters of dis-
tantly related sequences. A, the network was generated with a low stringency
E-value cutoff at 1e�10. At this level of stringency, YUCs are connected to
several flavoprotein families including reductases. A total of 4306 sequences
with �70% pairwise sequence identity are shown. B, the network generated
at a significantly more stringent E-value cutoff of 1e�45 (4188 sequences)
includes the sequences shown in the red brackets from A. As the stringency
was incrementally raised from 1e�10, the ornithine monooxygenase cluster
separated first from the network (less closely related to the YUCs), followed by
the reductase cluster (more closely related). The lack of connections between
the YUCs and cyclohexanone monooxygenases indicates that they are more
distantly related than the YUCs and liver FMOs. The large nodes with red bor-
ders in this figure are experimentally characterized proteins.
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defined FMOs. Although flavin monooxygenases are identified
in all sequenced plant genomes, until now no plant FMO has
been biochemically characterized. Unlike their mammalian
counterparts that mainly function in detoxification, at least
some of the plant flavin monooxygenases are involved in the
biosynthesis of signaling molecules. Eleven of the 29 putative
flavin-dependent monooxygenases in Arabidopsis belong to
the YUC family and have been shown genetically to participate
in the biosynthesis of the essential hormone auxin (7, 8). In this
paper, an initial kinetic and spectroscopic characterization is
presented for YUC6, which synthesizes auxin in pollen and
other tissues (7). The oxidized, the reduced, and the catalytic
intermediate forms of YUC6 are identified, providing a founda-
tion for biochemically analyzing other YUC family members
and flavin monooxygenases from a variety of plant species.
A major obstacle in characterizing plant flavin monooxyge-

nases to date has been obtaining sufficient quantities of active
enzyme. In earlier studies, YUC proteins expressed in and puri-
fied from E. coli lacked color, indicating that the recombinant
YUC protein did not contain the FAD cofactor and that the
YUC protein was probably not folded correctly. Early biochem-
ical assays of YUCs required the addition of free FAD to the
reaction mixture, probably causing off-enzyme reactions.
Recently, we managed to purify a small amount of GST-tagged
YUC2 to demonstrate that YUC2 had the capacity to convert
IPA to IAA in vitro (2). However, the amount of GST-YUC2
was insufficient for detailed biochemical studies. The His-
tagged YUC6 has now been successfully expressed in E. coli.
Growing E. coli at low temperature and including a high con-
centration of glycerol (30%) in purification buffers has enabled
us to obtain useful quantities of stable recombinant YUC6.
Purified YUC6 contains good quantities of its FAD cofactor
(Fig. 2) and displays both NADPH oxidase activity and oxida-
tive decarboxylase activity against IPA and PPA �-keto acids in
vitro (Fig. 5). The bound FAD cofactor in YUC6 allowed us to
use transient kineticmethods to track crucial catalytic interme-
diates in the YUC6 reactions.
Based on sequence homology, YUCs clearly belong to the

group B flavin monooxygenase family (21), which includes the
mammalian liver FMOs, the siderophore-associated FMOs,

and the flavin-containing BVMOs (Fig. 6). The mammalian
liver FMOs and the siderophore-associated FMOs utilize the
hydroperoxy intermediate to catalyze N-hydroxylations,
whereas the BVMOs utilize the peroxyl intermediate to cata-
lyze the transfer of an oxygen atom to an electrophilic carbon
center (33). The YUC-catalyzed reaction (Fig. 7) appears to be
more similar to the BVMO-catalyzed oxidation of a ketone into
an ester because in both cases the substrate is an electrophile
(34). Thus, the oxygenating intermediate is likely to be the
nucleophilic C4a-peroxyflavin (35). In the case of the BVMO
enzymes, attack of the C4a-peroxyflavin intermediate on the
ketone generates a Criegee complex, which undergoes rear-
rangements to yield the final ester product. In the YUC-cata-
lyzed reaction, the postulated first step in the conversion of IPA
to IAA is also a nucleophilic attack at the ketone group of IPA
(Fig. 7). In contrast, the N-hydroxylating flavin monooxyge-
nases use the electrophilic C4a-hydroperoxyflavin as an agent.
The comprehensive, nearest neighbor sequence similarity anal-
ysis (see above) showed the strongest connection between
YUCs and the liver FMOs (Fig. 6). This is despite the fact that
the physiological function ofYUC is to catalyze oxidative decar-
boxylation of �-keto acids rather than N-hydroxylation of a
substrate. It is still not clear what characteristics of the proteins
lead to the mechanistic differences between YUCs and N-hy-
droxylating monooxygenases.
We also noticed that, although spectroscopically observable,

the C4a-(hydro)peroxyflavin in YUC6 was much less stable
than the counterpart intermediate in N-hydroxylating
monooxygenases in the absence of substrates. The half-life (t1⁄2)
of the C4a-intermediate of YUC6 was about 20 s in the absence
of IPA whereas the C4a-(hydro)peroxyflavin of N-hydroxylat-
ing monooxygenases usually have t1⁄2 values of 	30 min (25).
However, some of themeasured half-lives for the C4a-interme-
diates of BVMOs are similar to that of YUC6. For example, in
the absence of the substrate, the C4a-peroxy form of phenyla-
cetonemonooxygenase fromThermobifida fusca decays at 0.01
s�1 (t1⁄2 � 69.3 s) to form the oxidized enzyme and hydrogen
peroxide (36). This behavior is consistent with our hypothesis
that YUC6 uses a mechanism similar to that of BVMO.

FIGURE 7. Catalytic mechanism of YUC flavin monooxygenases. The YUC catalyzed reaction can be divided into a reductive half-reaction and an oxidative
half-reaction. The FAD cofactor in YUC6 is first reduced by NADPH, and then it reacts with oxygen to form the C4a-(hydro)peroxy FAD. The C4a-intermediate
reacts with IPA to produce IAA.
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Mammalian FMOs have broad substrate tolerance whereas
the siderophore-associated N-hydroxylating monooxygenases
are very specific (17, 25). YUC6 can use either PPA or IPA as in
vitro substrates, suggesting that YUCs do not have strict sub-
strate specificity. However, YUC6 did not catalyze the decar-
boxylation reaction of benzoylformic acid, which does not have
themethylene group in the side chain common to IPA and PPA
(data not shown). It will be interesting to test whether other
physiological�-keto acids such as pyruvate and�-ketoglutarate
can serve as YUC substrates in vitro. It is not clear whether the
conversion of PPA to PAA by YUC6 has any physiological sig-
nificance. However, we recognize that PAA has auxin activities
when applied to plants.
In summary, we clearly show that YUC6 catalyzes the oxida-

tive decarboxylation of �-keto acids including IPA and PPA.
Furthermore, we present initial spectroscopic and kinetic anal-
yses of YUC6, establishing key details of the catalytic mecha-
nism for the YUC family flavin-dependent monooxygenases
(Fig. 7). This first biochemical characterization of a flavin-de-
pendent monooxygenase involved in auxin biosynthesis in
plants provides a framework for understanding other flavin
monooxygenases in plants. YUC6 displays kinetic properties
that are distinct fromN-hydroxylating flavin monooxygenases,
despite the strong sequence similarities between them. Rather,
YUCs are more similar to BVMOs in terms of catalytic mecha-
nisms. Therefore, studies on the catalytic mechanisms of YUCs
not only help us to understand auxin biosynthesis, but also to
gain insights into how the various activities of flavin-dependent
monooxygenases evolved and are regulated. Future work will
examine how these differences in catalytic behavior map onto
the differences in their sequences and structures and how YUC
activities may be regulated in plants.
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