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The GH3 family of acyl-acid-amido synthetases catalyze
the ATP-dependent formation of amino acid conjugates to
modulate levels of active plant hormones, including auxins
and jasmonates. Initial biochemical studies of various GH3s
show that these enzymes group into three families based on
sequence relationships and acyl-acid substrate preference (I,
jasmonate-conjugating; II, auxin- and salicylic acid-conjugat-
ing; III, benzoate-conjugating); however, little is known about
the kinetic and chemicalmechanisms of these enzymes.Herewe
use GH3-8 fromOryza sativa (rice; OsGH3-8), which functions
as an indole-acetic acid (IAA)-amido synthetase, for detailed
mechanistic studies. Steady-state kinetic analysis shows that the
OsGH3-8 requires either Mg2� or Mn2� for maximal activity
and is specific for aspartate but accepts asparagine as a substrate
with a 45-fold decrease in catalytic efficiency and accepts other
auxin analogs, including phenyl-acetic acid, indole butyric acid,
and naphthalene-acetic acid, as acyl-acid substrates with 1.4–9-
fold reductions in kcat/Km relative to IAA. Initial velocity and
product inhibition studies indicate that the enzymeuses aBiUni
Uni Bi Ping Pong reaction sequence. In the first half-reaction,
ATP binds first followed by IAA. Next, formation of an adenyl-
ated IAA intermediate results in release of pyrophosphate. The
second half-reaction begins with binding of aspartate, which
reacts with the adenylated intermediate to release IAA-Asp and
AMP. Formation of a catalytically competent adenylated-IAA
reaction intermediate was confirmed by mass spectrometry.
These mechanistic studies provide insight on the reaction cata-
lyzed by the GH3 family of enzymes tomodulate plant hormone
action.

Auxins, such as indole-3-acetic acid (IAA),2 are a major class
of plant hormones and control a range of cellular processes,
including apical dominance, tropistic growth, lateral root for-
mation, vascular tissue development, and regulation of plant

senescence (1, 2). In Arabidopsis thaliana (thale cress), nearly
95% of auxins are found as amino acid and protein conjugates
(3). Some of these molecules, such as IAA-aspartate (IAA-Asp)
and IAA-glutamate, function as degradation intermediates, and
others (IAA-alanine and IAA-leucine) provide a readily avail-
ablemetabolite pool for formation of free IAA (4–5). Biochem-
ically, plants can modulate the levels of active auxin hormone
by balancing the synthesis of the hormone with the formation
of amide-linked conjugates (3). As part of this process, proteins
of the GH3 family catalyze the ATP-dependent formation of
auxin-amino acid conjugates (Fig. 1) (6).
Since the identification of the firstGH3 transcript in soybean

(Glycine max) by differential screening as an early auxin-re-
sponsive gene (6, 7), GH3-related genes have been found in
various plant species. In the genome of Arabidopsis, the model
plant of dicots, there are 19 GH3 genes (8–10). In addition,
reports describe GH3 transcripts in Nicotiana tabacum (to-
bacco) (11), Citrus madurensis (calamondin) (12), Capsicum
chinense (pungent pepper) (13), and Lycopersicon esculentum
(tomato) (14). GH3 genes are also present in monocots. In the
rice (Oryza sativa) genome, there are 13 GH3 genes (15–17).
GH3 genes are also found in gymnosperms (Pinus pinaster) and
moss (Physcomitrella patens) (18–20). Phylogenetic analysis of
the GH3 family inArabidopsis shows that the presence of three
distinct groups (I, II, and III) (8–9). In rice, only groups I and II
are present (15).
Biochemical analysis of members from each subgroup of the

GH3 family demonstrates that these enzymes catalyze ligations
of amino acids to jasmonic acid (JA) (group I), IAA (group II),
salicylic acid (group II), and substituted benzoates (group III).
Staswick et al. (8) were the first to examine the enzymatic func-
tion of a GH3 protein by analyzing GH3-11 (JAR1) from Ara-
bidopsis. TheArabidopsis jar1mutantwas identified by screen-
ingmutants for reduced jasmonate hormone responses and the
corresponding protein shown to catalyze the conjugation of
isoleucine to JA to form isoleucyl-jasmonic acid, the active jas-
monate hormone in plants (8). Subsequent analysis of Arabi-
dopsis group II GH3 proteins (AtGH3-2, -3, -4, -5, -6, and -17)
shows that these enzymes function as IAA-amido synthetases
using ATP for the conjugation of various amino acids to IAA
(14, 21–26). To date, only one group III member from Arabi-
dopsis (AtGH3-12; PBS3) has been biochemically characterized
and shown to accept 4-substituted benzoates as preferred sub-
strates (25, 26). Analysis of multiple group II GH3 from rice
(OsGH3-1, -8, and -13) also establish these proteins as IAA-

* This work was supported by funds from the 111 Program (B07041) for the
Huazhong Agricultural University-Donald Danforth Plant Science Center
Joint Laboratory. This work was also supported by National Natural Science
Foundation of China Grant 30930063 (to S. W.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1 and 2.

1 To whom correspondence should be addressed: Dept. of Biology, Washing-
ton University, One Brookings Dr., Campus Box 1137, St. Louis, MO 63130.
Tel.: 314-935-3376; E-mail: jjez@biology2.wustl.edu.

2 The abbreviations used are: IAA, indole-3-acetic acid (auxin); dicamba, 3,6-
dichloro-o-anisic acid; IAA-Asp, aspartyl indole-3-acetic acid; JA, jasmonic
acid; NAA, napthalen-acetic acid; OsGH3-8, rice indole-3-acetic acid-amido
synthetase GH3-8; PAA, phenyl-acetic acid.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 39, pp. 29780 –29786, September 24, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

29780 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 39 • SEPTEMBER 24, 2010

http://www.jbc.org/cgi/content/full/M110.146431/DC1


amido synthetases involved in pathogen resistance and a range
of auxin-dependent processes (27–30).
Mechanistic studies on the GH3 family of enzymes are lim-

ited to initial screening of acyl-acid substrate preference, amino
acid use, and determination of basic kinetic parameters for only
two members (OsGH3-8 and AtGH3-12) (8, 14, 21–30). The
chemical mechanism of GH3 enzymes is postulated to consist
of two half-reactions in which ATP is used to adenylate the
carboxylate of an acyl molecule followed by nucleophilic attack
of an amino acid to yield the conjugated amino acid product
(Fig. 1) (8, 26). Here we evaluate the basic biochemical proper-
ties of OsGH3-8 and, as a representative GH3 family IAA-
amido synthetase, determine its kinetic mechanism using ini-
tial velocity and product inhibition studies. In addition, we
demonstrate the formation of a chemically competent adenyl-
ated-IAA reaction intermediate by mass spectrometry. This
work provides insight on the molecular and biochemical basis
formodulation of plant hormone action by enzymes of theGH3
family.

EXPERIMENTAL PROCEDURES

Materials—Generation of the pET28a-OsGH3.8 expression
vector was previously described (28). Escherichia coli BL21-
CodonPlus-RP cellswere fromStratagene.Ni2�-nitrilotriacetic
acid-agarose was bought from Qiagen. The HiLoad 26/60
Superdex-200 FPLC column was from Amersham Biosciences.
All other reagents were purchased from Sigma.
Protein Expression and Purification—OsGH3-8 was heter-

ologously expressed and purified as previously described (28).
Briefly, E. coli BL21-CodonPlus-RP cells were transformed
with pET28a-OsGH3-8 for protein expression. Cells were lysed
by sonication, and the N-terminal His-tagged protein was puri-
fied by affinity chromatography and size-exclusion chromatog-
raphy (28).
Enzymes Assay and Determination of Kinetic Parameters—

IAA-amido synthetase activity of OsGH3-8 was assayed spec-
trophotometrically by coupling the formation of AMP to the
reactions of myokinase, pyruvate kinase, and lactate dehydro-
genase (31). The standard reaction performed at 25 °C con-
tained 20mMTris-HCl (pH 8.0), 3mMMgCl2, 1mMATP, 2mM

IAA, 3 mM aspartate, 1 mM dithiothreitol, 2 mM phosphoenol-
pyruvate, 200 �MNADH, 4 units of rabbit muscle myokinase, 4
units of rabbit muscle pyruvate kinase, and 4 units of rabbit
muscle lactate dehydrogenase in a total of 200 �l. Initial veloc-
ities were determined using an Infinite 200 UV/visible micro-
plate reader (Tecan) by monitoring the change in A340 nm (� �
6220 M�1 cm�1). The ratio of product (i.e. IAA-Asp) formation
is proportional to the rate of NADH conversion where two
molecules of NADH are consumed for each molecule of IAA-
Asp formed. Steady-state kinetic parameters were determined
by initial velocity experiments. Measurements of the kcat and

Km values for ATP (0.010–1 mM) were made at 2 mM IAA and
10 mM aspartate. Kinetic constants for IAA (0.025–2 mM) were
measured at 1 mMATP and 10mM aspartate. Determination of
the kinetic constants for aspartate (0.2–10mM) used 1mMATP
and 2 mM IAA. The aspartate concentration used for these
assay was chosen to avoid substrate inhibition (28). The result-
ing data were fit to theMichaelis-Menten equation, v� kcat[S]/
(Km � [S]), using Kaleidagraph (Synergy Software).
Characterization of Metal Ion Dependence and Substrate

Specificity—Initial analysis of themetal ion dependence, amino
acid specificity, and auxin-analog specificity of OsGH3-8 used
the standard assay conditions with modifications. For screen-
ing of metal ion dependence, MgCl2 was replaced with 5 mM

CaCl2, MnCl2, ZnCl2, or CuSO4. For analysis of Mg2� and
Mn2� dependence, themetal concentration was varied (0.1–10
mM), and the resulting data were fit to the Michaelis-Menten
equation. Screening of amino acid activity was performed by
replacing aspartate with other amino acids (10 mM). Kinetic
parameters for asparagine (2.5–75 mM) were determined at 1
mM ATP and 2 mM IAA. Analysis of OsGH3-8 activity using
indole-3-butyric acid, phenyl-acetic acid (PAA), naphthalene-
acetic acid (NAA), methyl-IAA, ethyl-IAA, 2,4-dichlorophe-
noxy-acetic acid, 3,6-dichloro-o-anisic acid (dicamba), and IAA
hydrazide was performed by replacing IAA in the standard
reaction with 1 mM concentrations of each compound. Kinetic
parameters for indole-3-butyric acid (0.25–5 mM), PAA (0.1–5
mM), and NAA (0.1 - 5 mM) were determined at 1 mM ATP and
10 mM aspartate. Auxin-analog concentrations used in these
assays were limited by solubility of the compound.
Kinetic Mechanism and Product Inhibition—Initial velocity

experiments to analyze the kinetic mechanismwere performed
using standard assay conditions at varied concentrations of
two substrates with the third substrate at a fixed concentra-
tion. Global curve-fitting in SigmaPlot (Systat Software) to
the initial velocity data obtained from this matrix of sub-
strate concentrations was used for modeling the data to the
equations describing a Bi Uni Uni Bi Ping Pong mechanism,
as follows: v � Vmax[A][B][C]/KiKmB[C] � KmC[A][B] �
KmB[A][C] � KmA[B][C] � [A][B][C], where v is the initial
velocity, Vmax is the maximum velocity, KA, KB, and KC are the
Km values for substrates A, B, and C, respectively, and Ki is the
substrate inhibition constant.
For product inhibition assays, enzymatic activity was mea-

sured in reactions under standard assay conditions containing
either pyrophosphate (PPi) or IAA-Asp as the inhibitor and
varied concentrations of one substrate with the other two at
fixed concentrations. The PPi concentrations used in these
assays did not inhibit the coupling system. The fitting analysis
of data used SigmaPlot to fit data to the equations for compet-
itive, v � Vmax/(1 � ((Km/[S])(1 � [I]/Ki))), noncompetitive,
v � Vmax/((1 � [I]/Ki)(1 � Km[S])), or uncompetitive, v �
Vmax/(1 � [I]/Ki � Km/[S]).
Mass Spectrometry and Analysis of the Adenylation In-

termediate—To detect the adenylated intermediate, assays
were performed at 25 °C with 50 mM Tris-HCl (pH 8.0), 3 mM

MgCl2, 1 mM ATP, and 1 mM IAA (50 �l total volume) in the
absence and presence of 1 mM aspartate. Reactions were initi-
ated by the addition of 17 �g of OsGH3-8, and reactions with-

FIGURE 1. Overall reaction catalyzed by indole-acetic acid-amido
synthetases.
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out ATP, IAA, or OsGH3-8 were performed as controls. Addi-
tionally, the reaction was carried out with 1mM PAA instead of
IAA in both the absence and presence of aspartate to confirm
that the peak detected was the predicted adenylated-acyl sub-
strate intermediate. Assays were incubated for 1 min, and then
10 �l of each assay was added to 40 �l of 50% acetonitrile (v/v)
and immediately analyzed by an ABI QSTAR XL (Applied Bio-
systems/MDS Sciex) hybrid quadrupole-time-of-flightMS/MS
mass spectrometer equipped with a nanoelectrospray source
(Protana XYZ manipulator). Negative mode nanoelectrospray
was generated from borosilicate nanoelectrospray needles at
�1.5 kV. TOFMS spectra were obtained using the Analyst QS
software with anm/z range of 100–1100.

RESULTS

Steady-state Kinetic Analysis—Recombinant OsGH3-8
was overexpressed as a hexahistidine-tagged fusion protein in
E. coli and purified to homogeneity by nickel-affinity and size-
exclusion chromatography, as previously described (28). The
steady-state kinetic parameters of OsGH3-8 for ATP, IAA, and
aspartate were determined using a spectrophotometric assay
(Table 1). The parameters obtained with this assay are similar
to those previously determined using a mass spectrometry-
based assay as follows: V/EtIAA � 20.3 min�1; Km

IAA � 123
�M; V/EtATP � 14.1 min�1; Km

ATP � 50 �M; V/EtAsp � 28.8
min�1; Km

Asp � 1580 �M (28). The kinetic values for OsGH3-8
are comparable to those reported for AtGH3-12 (26), the only
other GH3 family member kinetically characterized.
Metal IonDependence—BecauseOsGH3-8catalyzesanATP-

dependent reaction, we screened the effect of divalent metals
(MgCl2, CaCl2, MnCl2, ZnCl2, and CuSO4) on enzymatic activ-
ity. The enzyme was active withMg2� andMn2� (Fig. 2A). The
effect of metal ion concentration on OsGH3-8 activity was

tested and yielded a V/Et � 25.3 � 1.3 min�1 and Km � 515 �
90 �M for MgCl2 and V/Et � 29.7 � 4.6 min�1 and Km �
1990 � 172 �M for MnCl2. These results indicate a 4-fold pref-
erence for Mg2� over Mn2� in the OsGH3-8 active site.
Amino Acid and Auxin-Analog Specificities—The Arabidop-

sis GH3 family members analyzed to date accept a range of
amino acid substrates (8, 14, 26). To examine the amino acid
specificity of OsGH3-8, aspartate was replaced with the other
19 amino acids in assays (Fig. 2B). The highest specific activity
was observed with aspartate, asparagine was the next most
active, and low activity was observedwithmethionine, tyrosine,
and tryptophan. Velocity versus substrate analysis of OsGH3-8
for asparagine yielded the following kinetic values:V/Et� 7.6�
1.1 min�1; Km � 67.8 � 17.6 mM; kcat/Km � 1.87 M�1 s�1.
Overall, asparagine is 45-fold less efficient as a substrate for
OsGH3-8 comparedwith aspartate. This suggests an important
role for the aspartate side-chain carboxylate as a specificity
determinant in the active site. Although methionine, tyrosine,
and tryptophan also showed low activity (Fig. 2B), solubility of
these amino acids prevented accurate kinetic analysis.
To probe the acyl group specificity of OsGH3-8, a range of

auxin analogs were used (Fig. 3). Of these compounds, indole-
3-butyric acid, PAA, and NAA (Fig. 3A) were accepted as sub-
strates with 4.9-, 1.4-, and 8.9-fold reductions in catalytic effi-
ciency, respectively, compared with IAA (Table 2). Although
methyl- and ethyl-IAA were not substrates, these compounds
inhibited OsGH3-8 with Ki values of 800 � 283 and 560 � 138
�M, respectively. Dicamba, 2,4-dichlorophenoxy-acetic acid,

FIGURE 2. Metal ion dependence and amino acid specificity of OsGH3-8.
All assays were performed under standard reaction conditions as described
under “Experimental Procedures.” Data shown are an average (n � 3) with S.E.
indicated. A, activity of OsGH3-8 with divalent metals (5 mM) is shown. B, activ-
ity of OsGH3-8 with amino acids (10 mM) is shown. One-letter abbreviations
for amino acids are used.

FIGURE 3. Chemical structures of auxin analogs. Structures of molecules
that were substrates (A), inhibitors (B), or inactive with OsGH3-8 (C) are shown.

TABLE 1
Steady-state kinetic parameters for OsGH3– 8
Reactions were performed as described under “Experimental Procedures.” All
kinetic parameters are expressed as the mean � S.E. for n � 3.

Substrate V/Et Km Kcat/Km

min�1 �M M �1s�1

IAA 22.1 � 0.3 187 � 18 1970
ATP 20.1 � 1.3 36.0 � 2.0 9305
Aspartate 19.6 � 0.5 3910 � 450 83.5

TABLE 2
Kinetic analysis of OsGH3– 8 with auxin analogs
Reactions were performed as described under “Experimental Procedures.” All
kinetic parameters are expressed as the mean � S.E. for n � 3.

Substrate V/Et Km kcat/Km

min�1 �M M �1 s�1

Indole-3-butyric acid 65.2 � 4.7 2,700 � 410 402
PAA 45.6 � 1.7 540 � 60 1410
NAA 13.3 � 1.0 1000 � 210 222
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and IAA hydrazide (1 mM each) were neither substrates nor
inhibitors of OsGH3-8.
Initial Velocity Analysis of the Kinetic Mechanism—The

kinetic mechanism of OsGH3-8 was determined by initial
velocity experiments using a coupled enzyme assay in which
two substrates were varied, whereas one substrate was main-
tained at a constant concentration (Fig. 4). The parallel lines
observed in the double-reciprocal plots using either variedATP
and aspartate with fixed IAA (Fig. 4A) or varied IAA and aspar-
tate with fixedATP (Fig. 4B) indicate a Ping Pong type ofmech-
anism for OsGH3-8. These two sets of parallel lines indicate
that ATP and IAA are involved in the first half-reaction of the
ping-pong mechanism. The intersecting lines observed in the
double-reciprocal plot obtained with varied ATP and IAA at
fixed aspartate (Fig. 4C) indicate that aspartate is the substrate

that adds between the two product
release steps in the kinetic mecha-
nism and a substrate for the second
half-reaction.
The initial velocity data were

globally fit to the equation de-
scribing a Bi Uni Uni Bi Ping Pong
mechanism with fitted kinetic
parameters summarized in Table 3.
Overall, the calculated kinetic para-
meters from the global fit (Table 3)
are in good agreement with the
experimentally determined kinetic
parameters (Table 1).
Product Inhibition—Product in-

hibition studies were performed to
determine the order of substrate

addition and product release (supplemental Fig. 1). The result-
ing inhibition patterns and constants determined from best fits
of the inhibition data are summarized in Table 4.
The proposed product of the first half-reaction (i.e. PPi) was

used as an inhibitor versus each substrate. Using PPi as an inhib-
itor versus varied ATP concentrations (and fixed aspartate),
non-competitive inhibition was evident at an unsaturating IAA
concentration, and uncompetitive inhibition was observed at a
saturating ATP concentration. With varied IAA concentra-
tions (and fixed aspartate), PPi acted as a non-competitive
inhibitor at saturating and unsaturating concentrations of IAA.
PPi did not inhibit OsGH3-8 under saturating aspartate condi-
tionswith either variedATP or IAA concentrations. These data
suggest that ATP binds to the enzyme before IAA in the first
half-reaction (32). Competitive inhibition by PPi versus varied
aspartate was observed and indicates that both molecules bind
to the same formof the enzyme. This implies that PPi is released
from an intermediate-bound form of the enzyme before aspar-
tate binds.
To determine the order of product release, IAA-Asp was

used as an inhibitor. Inhibition of OsGH3-8 by IAA-Asp dis-
played uncompetitive inhibition versus both ATP and IAA and
non-competitive inhibition versus aspartate. These inhibition
patterns are consistent with the release of IAA-Asp before
release of the final product, which by process of elimination is
AMP (32). Product inhibition byAMP could not be determined
because of coupling system inhibition.
Detection of Adenylated Intermediate—Mass spectrometry

was used to detect the adenylated intermediate formed by
OsGH3-8 after incubation with IAA and ATP. For the IAA �
ATP reaction in the absence of aspartate, a peakwas detected at
m/z � 504.326 that was not present in controls lacking either
protein or substrates (supplemental Fig. 2A). The observed
mass is consistent with a predicted m/z of an adenylated IAA
molecule (IAA-AMP; Mr theoretical � 504.397). Analysis of the
reaction after the addition of aspartate showed a loss in the
IAA-AMP intermediate peak abundance with a concomitant
appearance of anm/z � 291.201 peak corresponding to IAA-
Asp (Mr theoretical � 291.284) (supplemental Fig. 2B) (28). A
similar set of experiments was performed using PAA in place of
IAA. Incubation of OsGH3-8 in the presence of PAA and ATP

FIGURE 4. Initial velocity analysis of the kinetic mechanism of OsGH3-8. Experimental data are indicated by
the symbols in the double-reciprocal plots of the substrate variation experiments. The lines represent the
global fit of all data to the equation for a Bi Uni Uni Bi Ping Pong mechanism. All assays were performed as
described under “Experimental Procedures.” A, shown is a double-reciprocal plot for 1/v versus 1/(ATP, 0.12– 0.6
mM) at a fixed IAA concentration (2 mM) with varied aspartate (1.2, 1.5, 2.0, 3.0, 6.0 mM; top to bottom). B, shown
is a double-reciprocal plot for 1/v versus 1/(IAA, 0.12– 0.6 mM) at a fixed ATP concentration (2 mM) with varied
aspartate (1.2, 1.5, 2.0, 3.0, 6.0 mM; top to bottom). C, shown is a double-reciprocal plot for 1/v versus 1/(IAA,
0.12– 0.6 mM) at a fixed aspartate concentration (10 mM) with varied ATP (0.12, 0.15, 0.2, 0.3, 0.6 mM; top to
bottom) (C).

TABLE 3
Summary of fitted kinetic parameters
Parameters were derived by global fitting of initial velocity data to the equation for
a Bi Uni Uni Bi Ping Pong kinetic mechanism as described under “Experimental
Procedures.”

Parameter Value

Vmax (nmol min�1 mg protein�1) 451 � 77
V/Et (min�1) 30.1 � 5.2
KmA (IAA, �M) 182 � 27
KmB (ATP, �M) 115 � 29
KmC (Asp, �M) 1060 � 359
Ki (Asp, �M) 7350 � 1006

TABLE 4
Product inhibition patterns
All assays were performed as described under “Experimental Procedures.” The inhi-
bition patterns indicate the fit of the data (r2) to one of the three types of inhibition
as follows: C, competitive; NC, non-competitive; UC, uncompetitive; –, no inhibi-
tion observed.

Varied
substrate Inhibitor Fixed substrates Inhibition

(r2) Ki

mM

ATP PPi IAA (0.15 mM), Asp (2 mM) NC (0.997) 3.52 � 0.11
ATP PPi IAA (1.0 mM), Asp (2 mM) UC (0.959) 0.16 � 0.03
ATP PPi Asp (10 mM), IAA (0.15 mM) – –
IAA PPi ATP (0.1 mM), Asp (2 mM) NC (0.992) 0.18 � 0.01
IAA PPi ATP (1.0 mM), Asp (2 mM) NC (0.979) 0.35 � 0.03
IAA PPi Asp (10 mM), ATP (0.15 mM) – –
Aspartate PPi IAA (0.15 mM), ATP (0.15 mM) C (0.995) 1.32 � 0.07
ATP IAA-Asp IAA (0.15 mM), Asp (2 mM) UC (0.986) 2.10 � 0.37
IAA IAA-Asp ATP (0.15 mM), Asp (2 mM) UC (0.992) 0.61 � 0.18
Aspartate IAA-Asp ATP (0.15 mM), IAA (0.15 mM) NC (0.987) 3.06 � 0.42
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yielded a peak withm/z� 465.318, which corresponds with the
predicted m/z of an adenylated PAA molecule (Mr theoretical �
465.360). After the addition of aspartate, mass spectrometry
analysis showed a loss in signal of this peak. These experi-
ments demonstrate the formation of the adenylated inter-
mediate with the natural substrate and an auxin analog in the
first half-reaction and verify the chemical competence of the
observed intermediates for the second half-reaction.

DISCUSSION

In plants, the GH3 family of enzymes are involved in a range
of hormone-dependent processes, including root growth, flow-
ering, hypocotyl growth, and disease resistance (23, 25, 27,
29–30, 33–38). For example, the type I AtGH3-11 (JAR1) cat-
alyzes the formation of the active jasmonate hormone isole-
ucyl-jasmonic acid, which promotes interaction of the F-box
protein COI1 to degrade JAZ repressor proteins and activate
jasmonate responses (39–41). Similarly, conjugation of IAA by
type II GH3 to form IAA-Asp and IAA-Glu canmodulate activ-
ity of the auxin receptor TIR1 by inactivating the auxin hor-
mone and attenuating downstream events (42–43). Although
the physiological roles of many GH3 proteins are being estab-
lished, the molecular basis for how GH3 proteins recognize a
range of acyl-acid substrates and different amino acids and cat-
alyze a conjugation reaction remain to be established. Here we
examine the catalytic properties of the IAA-amido synthetase
OsGH3-8 and use this enzyme to determine the general kinetic
and chemical mechanisms for the GH3 enzyme family.
Metal ions are essential for the activity of OsGH3-8. We

compared the effects of various divalent cations and found the
enzyme most active with Mg2� and slightly less so with Mn2�

(Fig. 2A), as expected for an ATP-dependent enzyme.
Most of the group II GH3 proteins conjugate IAA to a range

of amino acids (14). Six ArabidopsisGH3 (GH3-2, -3, -4, -5, -6,
and -17) were previously shown to accept the acidic amino
acids (aspartate and glutamate) along with methionine and
tryptophan as substrates (14). Detailed analysis of OsGH3-8
shows that this enzyme accepts aspartate with a 45-fold prefer-
ence over asparagine, the next most efficient amino acid sub-
strate (Fig. 2B). This demonstrates that the carboxylate moiety
of the aspartate side chain is critical for substrate recognition by
OsGH3-8.
Previous analysis of OsGH3-8 established this enzyme as an

IAA-amido synthetase (27–28). Here we examined the ability
of the enzyme to accept other auxin analogs as substrates (Fig. 3
and Table 2). Of the substrates tested, the catalytic efficiency of
PAAwas comparablewith that of IAA. Both substrates share an
acetyl group with the phenyl ring of PAA approximating the
position of the pyrrole ring of IAA. Kinetic analysis suggests
that PAA readily fits within the active site region used for IAA
binding. A longer acyl-carboxylate chain (i.e. butyl versus
acetyl) is not preferred but can be accommodated with a 5-fold
reduction in kcat/Km. If the acetate group of IAA andNAAwere
bound in the same orientation within the OsGH3-8 active site,
then the naphthalene ring of NAA would be slightly skewed
relative to the corresponding indole ring of IAA. This likely
leads to steric clashes in the active site and the observed 9-fold
decrease in catalytic efficiency with NAA versus IAA as a sub-

strate. The methyl- and ethyl-IAA analogs, which cannot
undergo catalysis, bind to the active site as inhibitors with Ki
values 3–4-fold higher than the Km value for IAA. Given that
ATP binds before IAA in the OsGH3-8 active site, it is likely
that binding of the nucleotide slightly alters binding of these
inhibitors relative to binding of an authentic substrate. Other
auxin analogs (2,4-dichlorophenoxy-acetic acid, dicamba, and
IAAhydrazide) did not bind toOsGH3-8 as either substrates or
inhibitors at the concentrations used for these assays. Cur-
rently, the molecular determinants of acyl-acid specificity
between the group I (JA), II (IAA and salicylic acid), and III
(benzoate)GH3proteins and of amino acid substrate specificity
within each group remain unclear.
A detailed kinetic analysis of any GH3 enzyme has not been

performed before. A number of possible three substrate-three
product (i.e. Ter Ter) kinetic mechanisms are possible (32).
Double-reciprocal plots of the initial velocity data clearly dem-
onstrate that OsGH3-8 uses a Ping Pong mechanism for catal-
ysis with ATP and IAA as substrates in the first half-reaction
based on the observed parallel lines (Fig. 4,A and B), and aspar-
tate as a substrate in the second half-reaction (Fig. 4C). The
observed parallel lines eliminated a possible ordered Ter Ter
mechanism and global fitting to other Ping Pong type kinetic
mechanisms yielded the best fit of the data to a Bi Uni Uni Bi
Ping Pong mechanism with fitted kinetic parameters that are
similar to those observed experimentally (Tables 1 and 3). This
is in agreement with the proposed chemical mechanism for
GH3 proteins in which ATP and IAA are substrates for an
adenylation reaction followed by the addition of aspartate for
the formation of an amido-conjugate product (Fig. 1) (14).
Next, we used product inhibition studies to determine whether
substrate addition and product release occurred in either an
ordered or random fashion.
Using PPi and IAA-Asp as inhibitors versus each substrate

distinguishes the order of substrate binding and product
release from OsGH3-8 (Table 4 and supplemental Fig. 1).
The observed PPi inhibition patterns versus ATP, IAA, and
aspartate aremost consistent with an ordered addition ofATP
followed by IAA in the first half-reaction (32). If ATP bound
after IAA, then the PPi inhibition patterns for the substrates
would be reversed. Competitive inhibition by PPi versus aspar-
tate indicates that these ligands bind to the same form of the
enzyme and, based on the proposed chemistry and the initial
velocity experiments, this must be the adenylate-intermediate-
bound form of OsGH3-8. IAA-Asp was used to determine the
order of product release in the second half-reaction. The
observed inhibitions patterns are most consistent with IAA-
Asp leaving before AMP release. If IAA-Asp was the last prod-
uct to leave the active site, then competitive inhibitionwould be
observed versus ATP with non-competitive and competitive
inhibition versus IAA and aspartate, respectively (32). Overall,
experimental analysis of OsGH3-8 supports the proposed reac-
tion sequence for the GH3 enzymes.
The initial velocity and product inhibition data lead to the

Bi Uni Uni Bi Ping Pong mechanism shown in Fig. 5. In this
mechanism ATP binds to the free enzyme followed by the
addition of IAA to form an E�ATP�IAA ternary complex. The
first half-reaction leads to release of PPi with formation of
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the proposed IAA-adenylate intermediate in the active site.
In the second half-reaction, aspartate binds to the enzyme, and
the amide bond between the amino acid and IAA is formedwith
cleavage of the adenylate anhydride. Last, IAA-Asp and AMP
are sequentially released from the enzyme active site.
This work also provides the first direct evidence of an adenyl-

ated intermediate in a GH3-catalyzed reaction mechanism.
Previously, ATP-[32P]PPi isotope exchange experiments with
AtGH3-11 (JAR1) in the presence of JA showed an exchange of
radiolabel intoATP, suggesting the presence of a reaction inter-
mediate (8). Later, Okrent et al. (26) monitored the activity of
AtGH3-12 (PBS3) using a PPi-dependent assay, whichwas con-
sistent with an adenylation step in the first half-reaction. Using
mass spectrometry, we now demonstrate that an adenylated
intermediate is formed in an enzyme-specific reaction using
ATP and either IAA or PAA as substrates. Moreover, the inter-
mediate is catalytically competent as the addition of aspartate
leads to loss of the intermediate and formation of the reaction
product.
The metabolic utility of adenylation for the linking of two

substrates plays a role in many enzyme reactions. Multiple
other ATP-dependent enzymes, including Bradyrhizobium
japonicummalonyl-CoA synthetase, E. coli fatty acyl-CoA syn-
thetase, rat threonyl- and E. coli prolyl-aminoacyl-tRNA syn-
thetases, Mycobacterium tuberculosis panthothenate synthe-
tase, andMycobacterium smegmatis cysteine ligase (44–50) use
an acyl-adenylate intermediate in a Bi Uni Uni Bi Ping Pong
mechanism for catalysis. This work demonstrates the biochem-
ical role for formation of adenylated intermediates to processes
associatedwith plant hormone regulation and further broadens
the biological versatility of enzymes using this mechanistic
strategy of chemical ligation.
Given the sequence similarity of GH3 family members in

various plants (8–20), the kinetic mechanism of OsGH3-8 is
likely shared across these enzymes. A significant gap in
understanding how GH3 functions is a lack of structural
information that defines the architecture of the catalytic,
acyl-substrate binding, and amino acid substrate binding sites.
Knowledge of the kinetic mechanism will aid in determining
the combination of ligands to use for structural studies on these
enzymes. In addition, quantification of kinetic parameters may
better define the in vivo function the GH3 proteins. Earlier
studies of GH3 enzymes employed qualitative assays and sug-
gested promiscuous amino acid specificity (14). Similarly,
assays of OsGH3-8 with a screen of amino acids suggests pos-
sible use of substrates other than aspartate; however, kinetic
analysis demonstrates a preference for aspartate with the cata-

lytic efficiencies of other possible amino acid substrates requir-
ing non-physiological concentrations for effective turnover.
Accurate definition of GH3 enzyme specificities will help to
refine the biological roles of these enzymes and the extent of
cross-talk in plant hormone responses and metabolism.
In summary, the GH3 enzymes are important regulators of

plant hormone action but are poorly understood at the mech-
anistic level. UsingOsGH3-8, we have investigated the catalytic
properties of this enzyme, established the kinetic mechanism
for the family of GH3 enzymes, and demonstrated the forma-
tion of an adenylated reaction intermediate. Additional struc-
tural and functional studies are needed to elucidate how mem-
bers of this enzyme family recognize diverse acyl and amino
acid substrate.
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