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a b s t r a c t

The GH3 family of adenylating enzymes conjugate acyl substrates such as the growth hormone indole-3-
acetic acid (IAA) to amino acids via a two-step reaction of acyl substrate adenylation followed by amino
acid conjugation. Arabidopsis thaliana GH3.5 was previously shown to be unusual in that it could ade-
nylate both IAA and the defense hormone salicylic acid (SA, 2-hydroxybenzoate). Our detailed studies of
the kinetics of GH3.5 on a variety of auxin and benzoate substrates provides insight into the acyl pref-
erence and reaction mechanism of GH3.5. For example, we found GH3.5 activity on substituted benzo-
ates is not defined by the substitution position as it is for GH3.12/PBS3. Most importantly, we show that
GH3.5 strongly prefers Asp as the amino acid conjugate and that the concentration of Asp dictates the
functional activity of GH3.5 on IAA vs. SA. Not only is Asp used in amino acid biosynthesis, but it also
plays an important role in nitrogen mobilization and in the production of downstream metabolites,
including pipecolic acid which propagates defense systemically. During active growth, [IAA] and [Asp]
are high and the catalytic efficiency (kcat/Km) of GH3.5 for IAA is 360-fold higher than with SA. GH3.5 is
expressed under these conditions and conversion of IAA to inactive IAA-Asp would provide fine spatial
and temporal control over local auxin developmental responses. By contrast, [SA] is dramatically elevated
in response to (hemi)-biotrophic pathogens which also induce GH3.5 expression. Under these conditions,
[Asp] is low and GH3.5 has equal affinity (Km) for SA and IAA with similar catalytic efficiencies. However,
the concentration of IAA tends to be very low, well below the Km for IAA. Therefore, GH3.5 catalyzed
formation of SA-Asp would occur, fine-tuning localized defensive responses through conversion of active
free SA to SA-Asp. Taken together, we show how GH3.5, with dual activity on IAA and SA, can integrate
cellular metabolic status via Asp to provide fine control of growth vs. defense outcomes and hormone
homeostasis.

© 2017 Elsevier Ltd. All rights reserved.
Wildermuth).
ch, USDA ARS, Corvallis, OR
1. Introduction

Plant hormones regulate development and response to their
environment (Jaillais and Chory, 2010; Robert-Seilaniantz et al.,
2011a). Indole-3-acetic acid (IAA e an auxin) and salicylic acid (SA)
are plant hormones that predominantly promote development and
defense, respectively (Dempsey et al., 2011; Spoel and Dong, 2012;

mailto:mwildermuth@berkeley.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phytochem.2017.07.001&domain=pdf
www.sciencedirect.com/science/journal/00319422
www.elsevier.com/locate/phytochem
http://dx.doi.org/10.1016/j.phytochem.2017.07.001
http://dx.doi.org/10.1016/j.phytochem.2017.07.001
http://dx.doi.org/10.1016/j.phytochem.2017.07.001


R. Mackelprang et al. / Phytochemistry 143 (2017) 19e2820
Vanneste and Friml, 2009; Woodward and Bartel, 2005). Auxin
regulates plant developmental processes such as organogenesis
through its accumulation in organ primordia where it binds to its
receptor, resulting in the degradation of transcriptional repressors
of auxin-associated genes and the transcription of a myriad of
auxin-associated genes (Kepinski and Leyser, 2005; Vanneste and
Friml, 2009). SA synthesis is induced in response to (hemi)bio-
trophic pathogens such as the powdery mildew fungus Golovino-
myces orontii (Dewdney et al., 2000; Wildermuth et al., 2001), the
bacterium Pseudomonas syringae (Rasmussen et al., 1991), and to-
bacco mosaic virus (Malamy et al., 1990). When sufficient SA accu-
mulates, the master plant immune regulator NPR1 is stable, active,
and properly localized, resulting in the transcription of a suite of
genes that mediate a robust local defense (Fu et al., 2012; Wu et al.,
2012). Even higher levels of SA accumulate when a pathogen in-
duces a hypersensitive response (HR) with programmed cell death
(PCD) (Dempsey et al., 2011).

To control amplified downstream effects of hormones, hormone
cellular concentrations are tightly regulated both spatially and
temporally. For example, high local levels of SA accumulate and
cause cell death in tobacco in response to tobacco mosaic virus or a
fungal elicitor. Neighboring cells accumulate moderate levels of SA
and mount a local defense response, and more distal cells accu-
mulateminimal SA andmount no defense (Dorey et al.,1997; Huang
et al., 2006). For auxin, spatial control of concentration and associ-
ated downstream impacts is mediated to a large extent by auxin
transport and catabolism (Adamowski and Friml, 2015;Mellor et al.,
2016). Furthermore, developmental and environmental context and
inputs are integrated to coordinate and fine-tune cellular responses.
For example, the atypical E2F transcription factor DEL1, which is
only expressed in dividing tissue, promotes cell division by inhib-
iting endoreduplication, SA accumulation and defense (Chandran
et al., 2014; Vlieghe et al., 2005).

Given their opposing roles in promoting growth versus defense,
IAA and SA have long been known to act antagonistically (Denanc�e
et al., 2013; Robert-Seilaniantz et al., 2011a). Exogenous auxin can
suppress SA-dependent defense (Park et al., 2007a; Robert-
Seilaniantz et al., 2011a, 2011b), while exogenous SA treatment de-
creases Arabidopsis biomass in an auxin-dependent manner (Canet
et al., 2010). However, a sophisticated understanding of the variety
of mechanisms by which IAA and SA modify each other's accumu-
lation, activity, and functionwith cellular resolution remains limited
(Denanc�e et al., 2013; Robert-Seilaniantz et al., 2011a).

Onemeans bywhich hormone activity is directly regulated is via
conjugation to amino acids. For example, IAA conjugation to Asp
initiates auxin catabolism (Ostin et al., 1998), while conjugation to
Ala stores IAA as an inactive form that is rapidly reactivated through
hydrolysis by a dedicated enzyme (Rampey et al., 2004). The only
SA-amino acid conjugate found in plants thus far is salicyloyl-
aspartate (SA-Asp) (Bourne et al., 1991; Chen et al., 2013; Steffan
et al., 1988). Similar to IAA-Asp, SA-Asp is not hydrolyzed back to
SA (Chen et al., 2013). Furthermore, SA-Asp was unable to induce
robust defense gene expression (Chen et al., 2013), suggesting SA-
Asp, like IAA-Asp, is also an inactive form of the hormone dedi-
cated to catabolism. However, an additional possibility is that it
functions as a mobile form of SA involved in low level priming of
defense (Chen et al., 2013).

Hormone-amino acid conjugation in plants is catalyzed by en-
zymes belonging to the GH3 (Gretchen Hagen 3) family which are
members of the greater firefly luciferase family of adenylating en-
zymes (Staswick et al., 2005, 2002). GH3 enzymes are divided into
three groups based on syntenic analysis and preferred substrates
(Okrent and Wildermuth, 2011; Staswick et al., 2002). Generally,
GH3s that conjugate JA are classified as Group I; GH3s that conjugate
IAAare classifiedasGroup II (Okrent andWildermuth, 2011; Staswick
et al., 2005); and Group III is less well characterized. In Arabidopsis,
active acyl substrates are known only for one classic Group III
member, GH3.12/PBS3, which prefers 4-substituted benzoates such
as 4-hydroxybenzoic acid (4-HBA) and para-aminobenzoic acid
(pABA) (Okrent et al., 2009; Okrent and Wildermuth, 2011).

Surprisingly, in addition to auxins, the Group II member GH3.5
(At4g27260) is also active on SA and is the only GH3 enzyme known
with this activity (Chen et al., 2013; Staswick et al., 2005, 2002;
Westfall et al., 2016). Endpoint assays indicated the possibility of
GH3.5 conjugation of auxins to a variety of amino acids (Staswick
et al., 2005; Wang et al., 2012), though in planta measurements
point to Asp as the dominant amino acid conjugate (Park et al.,
2007a; Zhang et al., 2007). As IAA-Asp and SA-Asp appear to be
inactive or hypoactive non-hydrolyzable forms of these hormones,
GH3.5 conjugation could play an important role in IAA and SA
homeostasis and hormone cross-talk.

To better understand the function of GH3.5 in auxin and SA
metabolism and response, we undertook a biochemical kinetic
study of GH3.5 to accurately determine its acyl substrate preference
for IAA, SA, and related substrates as well as its amino acid sub-
strate preference (e.g. Asp). Kinetic parameters were recently re-
ported for GH3.5 (Westfall et al., 2016). Our contemporaneous,
independent examination of the kinetics of GH3.5 on a variety of
auxin and benzoate substrates extends these findings. Most
notably, we show that GH3.5 strongly prefers Asp as the amino acid
conjugate and that the concentration of Asp dictates the functional
activity of GH3.5 on IAA vs. SA. High levels of Asp can significantly
modify GH3 reaction kinetics with the degree of inhibition
dependent on the acyl substrate; therefore, kinetic parameters
assessed at one high amino acid concentration may misrepresent
GH3 Km's and acyl substrate preference. Because IAA, SA, and Asp
concentrations vary at the cellular level with developmental and
environmental context, understanding GH3.5 activity and prefer-
ence in the context of physiologically-relevant concentrations of
these substrates allows us to specifically predict GH3.5 function in a
context-dependent manner. These predictions are consistent with
observed GH3.5 gene expression and provide a mechanistic un-
derstanding for the dual function of GH3.5 in hormone homeostasis
in growth and defense.

2. Results and discussion

2.1. Kinetic parameters of GH3.5 adenylation on auxin-like
substrates

Hormone acyl substrate specificity for GH3.5 was initially
explored using an endpoint PPi Exchange Assay, which found GH3.5
to be active on a variety of auxins and SA (Staswick et al., 2005,
2002). To better understand the preference of GH3.5 for auxins,
SA, and related compounds, we employed a high throughput kinetic
assay of adenylation (Okrent et al., 2009), shown in Fig. 1. Similar to
Staswick et al., 2005, we found GH3.5 was active on auxin-like
compounds: IAA, indole-3-pyruvic acid (IPA), indole-3-butyric
acid (IBA), indole-3-carboxylic acid (ICA), 2-phenylacetic acid
(PAA) and the synthetic auxin 1-napthaleneacetic acid (NAA)
(Fig. 2). GH3.5 exhibited the greatest affinity for IAA (Km ¼ 45 mM)
and least for IBA (Km¼ 733 mM). The Vmax of all auxin-like substrates
tested were very similar, 53e104 nmol * min�1 * mg�1 (Fig. 2B). The
catalytic efficiency (kcat/Km) of GH3.5 was highest with IAA at 5.12
min�1 *mM�1.Westfall et al. (2016) also foundGH3.5 to be active on
IAA, PAA, and NAA and to exhibit similar catalytic efficiencies.

As IAA is the dominant auxin, our further studies with GH3.5
focus on IAA as the auxin substrate. However, the ability of GH3.5 to
act on a variety of naturally occurring auxin-like substrates is
important, as they appear to play distinct roles in both plant



Fig. 1. Progression of GH3.5 reaction. GH3.5 enzymatic activity, shown here with SA as the acyl substrate and Asp as the amino acid substrate, appears to proceed via a bi uni uni bi
ping pong reaction mechanism: two substrates (ATP and SA) bind to the enzyme, one product (PPi) leaves, another substrate (Asp) binds, and finally two products (SA-Asp and AMP)
leave (Chen et al., 2010). The enzyme's C-terminus undergoes a 180� conformation change (*) prior to PPi release (Westfall et al., 2016). The release of product at two distinct steps
allows for measurement of the enzyme activity at two reaction points. Assays were done by either coupling the release of PPi or AMP to loss of NADH (see methods). Modified from
Chen et al. (2010).
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development and in plant-microbe interactions (Hagemeier et al.,
2001; Schlicht et al., 2013; Sugawara et al., 2015; Tao et al., 2008).
In addition, conjugation and inactivation of synthetic auxins such
as NAA by GH3.5 or related GH3s could evolve to limit the effect of
synthetic auxins as herbicides (which inhibit the function of
endogenous auxins). On the other hand, neutralization of synthetic
auxin herbicides by engineered or bred plants with herbicide-
specific GH3 activity could specifically promote growth of desired
plants.
2.2. Kinetic parameters of GH3.5 adenylation on benzoate
substrates

We found GH3.5 to have a much higher Km (1171 mM) for SA
compared with IAA, with 73-fold lower catalytic efficiency (Fig. 2B).
Similarly, Westfall et al. (2016) reported a significantly lower cat-
alytic efficiency with SA compared to IAA. In contrast to GH3.12/
PBS3 which is active on multiple 4-subsituted benzoates (4-HBA
and 4-ABA/pABA), but not on SA (2-HBA) (Okrent et al., 2009), we
found GH3.5 was only active on SA, and not on 2-ABA/anthranilate
(Fig. 2). Additionally, GH3.5 was also active on 4-HBA (Fig. 2),
showing that GH3.5 substrate preference is not determined by
substitution position. GH3.5 exhibited extremely low activity (just
above control) with methyl salicylate (MeSA), a transported form of
SA (Park et al., 2007b). However, due to its limited activity, we could
not reliably calculate kinetic parameters with MeSA.

To gain further insight into GH3.5 acyl substrate preferences, we
looked at the binding site using UCSF Chimera (Pettersen et al., 2004)
to overlay the crystal structures for GH3.5 with AMP and IAA bound
(Westfall et al., 2016) and PBS3 with AMP and SA (an inhibitor of
PBS3) bound (Westfall et al., 2012). The PBS3 crystal structure shows
the carboxylic acid group of SA is unable to bind to AMP as it is ori-
ented in the opposite direction, bound to Tyr120 and Arg123. In
GH3.5, Leu137 replaces Arg123 and our modeling shows Leu137
would be unable to hold SA in the nonproductive orientation. In
addition, GH3.5 Met337 may spatially exclude SA from binding to
GH3.5 in the inhibitory orientation, as it extends further into the
binding pocket than the PBS3 analogue Thr324. Additional GH3
crystal structures coupled with kinetic characterization of wild type
and site-directedmutants should further resolve residues thatdictate
inhibitory and productive acyl substrate binding in the active site.
2.3. GH3.5 utilizes Asp as its amino acid substrate

Thin layer chromatography end point assays suggested GH3.5
can conjugate Asp, Glu, and several other amino acids to IAA
(Staswick et al., 2005). Using a high throughput kinetic assay for the
full reaction (seemethods), which is based on real time values of the
final product AMP (Fig.1), we determined that GH3.5 utilizes Asp as
its preferred amino acid substrate (Fig. 3). Results with IAA or SA as
the acyl substrate showedminimal activitywithGlu. GH3.5was also
reported to conjugate ICA to Cys to form an intermediate in the
synthesis of the phytoalexin camalexin (Wang et al., 2012). How-
ever, we sawno evidence for this activity using our full kinetic assay.
Wang et al. (2012) incubated their reaction for 3 h followed by
endpoint product detection by UPLC/ESI-QTOF-MS. While debate
continues on camalexin biosynthetic pathways (Geu-Flores et al.,
2011; Klein et al., 2013; Møldrup et al., 2013; Su et al., 2013, 2011),
our kinetic data indicate GH3.5 is not likely to be directly involved.

Using our high throughput kinetic full reaction assay, we next
determined the Km of GH3.5 for Asp with 1 mM IAA or SA. The Kms
of GH3.5 for Asp with IAA or SA are not significantly different,
414 mM and 371 mM, respectively (Table 1). For both SA and IAA, the
concentration of Asp had to rise to greater than 1mM for saturation
to occur. Furthermore, physiologically-relevant concentrations of
Asp (>3 mM) resulted in significant inhibition (~60% of Vmax) of the
full reaction with either IAA or SA, with further inhibition observed
at higher [Asp]. OsGH3-8 also exhibited inhibition of the full re-
actionwith IAAwith Asp above 5mM (Chen et al., 2009). Therefore,
it is important that assessments of GH3 activity do not routinely
employ high levels of amino acid substrates (i.e. >¼ 3 mM) as in
Westfall et al., (2016) as this could misrepresent kinetic parameters
as well as acyl and amino acid substrate preference.
2.4. GH3.5 preference for IAA versus SA depends on Asp
concentration

The cellular concentration of IAA, SA, and Asp varies with
development and pathogen infection. Therefore, to provide insight
on GH3.5 activity and function in a physiological context, we
assessed GH3.5 kinetic parameters for the full reactions of IAA and
SA at three physiologically relevant concentrations of Asp: 0.2, 1,
and 2.5 mM Asp (Table 2A, Fig. 4A and B).

The full reactions with IAA resulted in similar Kms for IAA of
~20 mM independent of [Asp]. Vmax increases with [Asp], consistent
with our reported Km for Asp of 414 mM (Table 1) and failure to fully
saturate at 1mMAsp.However,with SA,weobtained anunexpected
result. The Km for SA increased dramatically with increasing [Asp],
particularlyat 2.5mMAsp andVmax did not increasewhen [Asp]was
increased from 1 to 2.5 mM. Functionally, this results in a 50-fold



Fig. 2. Kinetic parameters of GH3.5 adenylation of auxins and benzoates. (A) Structures of auxins (IAA, ICA, IBA, IPA, PAA, NAA) and benzoates (SA, MeSA, 4-HBA, and 2-ABA)
assayed for activity with GH3.5. (B) Table showing auxin analogues (top) and benzoates (bottom) that were tested as acyl substrates of GH3.5 in adenylation reactions. Experiments
were repeated 3 times, each in triplicate with similar results.

R. Mackelprang et al. / Phytochemistry 143 (2017) 19e2822
higher affinity for SA at lowconcentrations of Asp (i.e. 0.2 vs. 2.5mM
Asp). Catalytic efficiency of GH3.5 with SA is also more favorable,
with 10-fold higher kcat/Km at 0.2 and 1 mM Asp than with 2.5 mM
Asp. Comparison of GH3.5 preference for IAAvs. SA (Table 2B) shows
a dramatic variation with [Asp], with 5-fold higher catalytic effi-
ciency with IAA vs. SA at 0.2 mM Asp and 357-fold higher catalytic
efficiency with IAA vs. SA at 2.5 mM Asp.

TheKm for IAAof ~20mMis in the range of a subset of GH3s that are
active on IAA including VvGH3-1, VvOsGH3-8, OsGH3-8, and
AtGH3.17 (B€ottcher et al., 2012; Chen et al., 2009;Westfall et al., 2016).
It is well below that of 770 mM reported for AtGH3.5 byWestfall et al.
(2016), assayed with 5 mM Asp. Westfall et al. (2016) also reported
highKm's for IAA for AtGH3.1 andAtGH3.2 (530 and 510 mM), assessed
with 10 mM Asn and Asp, respectively. Of the IAA-adenylating GH3
enzymes, only AtGH3.5 is reported to have substantial activity on
benzoateswith a Km of 700 mMfor SA, assessed at 5mMAsp (Westfall
et al., 2016). At 2.5 mM Asp, our observed AtGH3.5 Km for SA was
similar (Km ¼ 1.25 mM); however, with decreasing [Asp], the Km



Fig. 3. Asp is preferred to Glu as the amino acid substrate of GH3.5 with IAA and SA.
Initial velocity measurements of GH3.5 activity show that Asp (C) is preferred to Glu
(B) in conjugation reactions with (A) IAA and (B) SA. Experiments were repeated 3
times, each in triplicate with similar results.
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decreased with a Km for SA of 23 mM at 0.2 mM Asp illustrating the
importance of assessing kinetic parameters over a range of physio-
logically relevant amino acid concentrations.

The double reciprocal plot with IAA and varied Asp shows
Table 1
Kinetic parameters for Asp with IAA and SA in the full reaction. Independent experimen

Km (mM) Vmax (nmol * min�1 * mg�1) k

IAA 414 ± 42 60.0 ± 2.3 0
SA 371 ± 72 15.4 ± 1.1 0

Table 2
Kinetic Parameters of GH3.5 for IAA and SA in the full reaction with varied [Asp]. (A) Co
varying concentrations of amino acid substrate. Reactions were repeated at least three tim
Additionally, similar results were found with independent enzyme preps. (B) The cataly
creases with [Asp].

A

Full Reaction

Km (mM) Vmax (nmol * min�1 * mg�1

IAA [Asp] ¼ 0.2 mM 12 ± 3 29.5 ± 1.0
[Asp] ¼ 1 mM 22 ± 4 120 ± 2.8
[Asp] ¼ 2.5 mM 25 ± 1 179.4 ± 2.0

SA [Asp] ¼ 0.2 mM 23 ± 7 2.5 ± 0.1
[Asp] ¼ 1 mM 123 ± 23 13.6 ± 0.7
[Asp] ¼ 2.5 mM 1246 ± 344 12.5 ± 1.0

B

[Asp] (mM)

0.2
1
2.5
parallel lines (Fig. 4C), consistent with results obtained for OsGH3-8
and a bi uni uni bi ping pong GH3 reaction mechanism (Chen et al.,
2010). For SA, while the 0.2 mM Asp and 1 mM Asp double recip-
rocal plots have the same slope, the slope at 2.5 mM Asp is much
steeper (Fig. 4D) suggestive of competitive inhibition under these
conditions.

The crystal structure of GH3.5 (Westfall et al., 2016) is similar to
other published GH3 crystal structures (Peat et al., 2012; Westfall
et al., 2012). Based on these structures, it appears that the smaller
C-terminal domain pivots 180� to move from open (ATP bound) to
closed (AMP bound) conformations after the acyl substrate is
adenylated (See Fig. 1). PPi is likely released immediately after the
conformation change because PPi is a competitive inhibitor of Asp
and a noncompetitive inhibitor of IAA and ATP (Chen et al., 2010).
With the proposed GH3 bi uni uni bi ping pong reaction mecha-
nism, Asp should not affect acyl substrate binding as the acyl sub-
strate and amino acid substrate should bind to different forms of
the enzyme (Chen et al., 2010) (Fig. 1). However, Asp and PPi could
act as competitive inhibitors of each other as they are predicted to
bind the same form of the enzyme (Chen et al., 2010). We found no
significant impact of Asp on SA adenylationmeasured as PPi release
(not shown), suggesting the SA-dependent impact of Asp at high
concentrations may function after PPi release. Clearly, the reaction
profile is altered and deviates from standard Michaelis-Menten
kinetics for the GH3.5 reaction with SA at 2.5 mM Asp (Fig. 4B).
The crystal structure of GH3.5 does not include Asp, leaving us to
speculate about the role of Asp in substrate-specific catalytic
efficiency.
3. Model for duality of GH3.5 function in hormone
homeostasis

Herein, we demonstrate the novel finding that the amino acid
concentration can affect the kinetics of a GH3 family enzyme.
Mechanistically, this is quite notable. In the previously proposed
GH3 bi uni uni bi ping pong reaction mechanism, Asp should not
ts, run in triplicate, gave similar results.

cat (min�1) kcat/Km (min�1 * mM�1) katal (mol * s�1)

.83 2.01 0.014

.21 0.58 0.055

mparisons of kinetic parameters of IAA and SA with GH3.5 in the full reaction with
es, in triplicate. Results showed similar trends, and a representative result is shown.
tic efficiency (kcat/Km) for the full reaction of GH3.5 with IAA compared with SA in-

) kcat (min�1) kcat/Km (min�1 * mM�1) katal (mol * s�1)

0.10 8.3 0.029
0.42 19.2 0.007
1.25 50.0 0.005
0.04 1.6 0.336
0.19 1.5 0.063
0.17 0.14 0.068

Catalytic Efficiency IAA/SA

5
13
357



Fig. 4. Initial velocity and reciprocal plots for IAA and SA full conjugation reactions by GH3.5. Concentration vs velocity plot for (A) IAA and (B) SA. While Vmax is similar in (B)
for 1 and 2.5 mM, the Km is much greater with 2.5 mM Asp. Double reciprocal plots for (C) IAA and (D) SA showing 1/velocity vs 1/concentration acyl substrate, ranging from 0.125 to
1 mM, at fixed ATP (2.5 mM) concentration. Aspartate was varied between 0.2 mM (C), 1 mM (B) and 2.5 mM ( ). Parallel lines indicate a lack of competition between Asp and
acyl substrate. High concentrations of Asp may lead to Asp competition with SA, but not IAA.
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affect binding of the acyl substrate (Chen et al., 2010) (Fig. 1).
Indeed, in our work it did not affect IAA. It did, however, affect SA in
the full reaction, indicating that, after PPi is released, Asp can affect
the SA-AMP-GH3.5 intermediate, perhaps through alteration of the
C-terminus pivot. While several GH3s have been surveyed in recent
years, extensive profiling with varied amino acid concentrations
has been lacking. We suggest that analysis of one amino acid con-
centration may be misleading and miss other important informa-
tion as to enzyme substrate preference.

GH3.5 catalytic efficiency for IAA vs. SA is dependent on Asp,
allowing nitrogen and source/sink status to act as a lever to control
GH3.5 function in growth hormone vs. defense hormone homeo-
stasis. By integrating information on GH3.5 enzyme kinetics,
described herein, with knowledge of IAA, SA, and Asp concentra-
tions in planta and GH3.5 expression patterns, we developed a
model that illustrates the dual function of GH3.5 in planta to
regulate auxin homeostasis during growth or salicylic acid ho-
meostasis during defense (Fig. 5).

While there are no other reported ArabidopsisGH3 enzymes that
are active on SA,wedo not explicitly address potential contributions
fromotherGH3enzymesactiveonIAA.Inparticular,AtGH3.6ishighly
similar to AtGH3.5 (Okrent andWildermuth, 2011). Kinetic analyses
havenot beenperformedonAtGH3.6, but endpoint assays indicate it
also prefers Asp as the amino acid substrate (Staswick et al., 2005).
Furthermore, overexpression of AtGH3.5 or AtGH3.6 can result in
enhancedaccumulationof IAA-Asp(Parketal., 2007a;Staswicketal.,
2005; Westfall et al., 2016). There is some overlap in AtGH3.5 and
AtGH3.6 expression patterns (Winter et al., 2007) suggesting func-
tionalredundancyand/orfine-tuningviaparalogousgenes;however
only AtGH3.5 is induced in response to SA (Goda et al., 2008) and the
obligate biotrophic powdery mildew G. orontii concordant with SA
accumulation (Chandran et al., 2009).
3.1. Plant nitrogen flux through Asp contributes to GH3.5 specificity

Asp is a central metabolic amino acid required for synthesis of
Lys, Thr, Met, and Ile, and induced plant defense systemic signals
such as the Lys degradationproduct pipecolic acid. (Galili, 2011; Less
et al., 2010; Li et al., 2014; N�avarov�a et al., 2012; Stuttmann et al.,
2011; Vidal et al., 2014). Along with Glu, Gln, and Asn, Asp con-
trols nitrogen flux through the plant and is associated with local
nitrogen transport in source tissue (Gaufichon et al., 2013, 2010; Lea
et al., 2007). Physiologically relevant values of Asp in plants range
from 0.12 mM to 3 mM based on analytical quantification and Km
values for plant enzymes that use Asp as a substrate (e.g. Besnard
et al., 2016; Buhtz et al., 2015; Curien et al., 2007; Lin and Wu,
2004; Miesak and Coruzzi, 2002; N�avarov�a et al., 2012; Torre
et al., 2006; Watanabe et al., 2013).

Nitrogen mobilization is important not only during develop-
ment, but also in plant-pathogen interactions as it affects pathogen
access to nutrients and plant defense resource allocation (Gupta
et al., 2013; Snoeijers et al., 2000). Mature leaves exhibit rela-
tively low Asp levels that can be further reduced in response to
pathogen (e.g. N�avarov�a et al., 2012). Therefore, the dependence of
GH3.5 catalytic efficiency for IAA vs. SA on Asp can act to integrate
nitrogen and source/sink status with GH3.5 function in growth vs.
defense hormone homeostasis.
3.2. Function of GH3.5 in auxin homeostasis at local auxin maxima

GH3.5 kinetics show a Km of ~20 mM for IAA independent of Asp
concentration (Table 2). This IAA concentration is high and is
associated with local IAA cellular maxima, for example with organ
initiation and polar growth (Aloni et al., 2003; Bohn-Courseau,
2010; Marchant et al., 2002; Sabatini et al., 1999; Tanaka et al.,
2006). Similarly, GH3.5 is specifically expressed in these cells (Brady
et al., 2007; Winter et al., 2007; Zhang et al., 2008). Approximate
cellular concentrations for auxin are based on studies using the DR5
promoter driving GUS gene expression (DR5::GUS), which has a
functional range of 100 nM to 100 mM IAA (Sabatini et al., 1999;
Ulmasov et al., 1997), the DII-VENUS sensor (1 nMe1 mM IAA
functional range; Brunoud et al., 2012) and GC-MS analysis of
extracted plant tissue (e.g., Tam et al., 2000; Uggla et al., 1996). For
example, DR5::GUS accumulates at the lateral root primordium



Fig. 5. Model for GH3.5 function as a mediator of growth vs defense. Localized high levels of auxin are associated with meristematic cells, organ initiation, and polar growth, and
GH3.5 is specifically expressed in these cells. For leaves, younger developing leaves exhibit moderate levels of IAA and high Asp. As leaves mature and senesce and/or are infected by
a pathogen, the concentrations of IAA and Asp decrease. By contrast, SA increases with senescence and is induced dramatically by (hemi)-biotrophic pathogens. GH3.5 is also
induced by these pathogens concordant with SA accumulation. The kinetics of GH3.5 dependence on Asp show a dramatic preference for IAA when Asp is high, consistent with
GH3.5 function to regulate IAA homeostasis via conversion of IAA to inactive IAA-Asp during growth/development when both IAA and Asp are high. Decreasing Asp through age
and/or stress creates more favorable conditions for GH3.5 conjugation of SA to SA-Asp, thereby controlling SA homeostasis and defense. See text for additional details.
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(Mei et al., 2012) where GH3.5 is expressed (Brady et al., 2007;
Winter et al., 2007; Zhang et al., 2008). Concordantly, there is a
7-fold increase in IAA-Asp in 10 day old roots of plants in which
GH3.5 is overexpressed (wes1-D) and fewer lateral roots are formed,
whereas there is a 2-fold decrease in IAA-Asp levels in gh3.5/wes1
knockout lines compared to wild type (Park et al., 2007a). Taken
together, these data strongly support a functional role for GH3.5 as
a means of spatially and temporally limiting active auxin during
organ initiation/polar growth through its irreversible conversion to
the inactive IAA-Asp, which is designated for catabolism (Ostin
et al., 1998; Woodward and Bartel, 2005).

Consistent with our kinetic data for GH3.5 and model (Fig. 5),
modeling of auxin homeostasis indicates that GH3-mediated
degradation of auxin (e.g. to IAA-Asp) is critical to IAA homeosta-
sis when [auxin] is high, whereas degradation via oxidation oper-
ates at low auxin levels (Mellor et al., 2016). The high rate of auxin
conjugation to form IAA-Asp has long been noted in response to
exogenously supplied auxin (e.g., Andreae and Good, 1955). And, a
detailed examination of auxin metabolism rates as reported in
Kramer and Ackelsberg (2015) supports our kinetic studies and
functional model (Fig. 5), suggesting that GH3.5 conjugation of IAA
to IAA-Asp spatially controls local IAA maxima. As SA levels in
developing tissue are very low (discussed further below), GH3.5
would not be active on SA. Moreover, given high [Asp] in devel-
oping tissue, the catalytic efficiency of GH3.5 would be 357-fold
higher with IAA vs. SA (Table 2).
3.3. Function of GH3.5 in induced SA homeostasis

Our kinetic analyses indicate a role for GH3.5 in SA homeostasis
under conditions when SA is elevated and auxin and Asp concen-
trations are low, such as during infection of mature leaves by
(hemi)-biotrophic pathogens. Unless specifically produced/manip-
ulated by the pathogen, [IAA] is very low in mature fully expanded
leaves (Marchant et al., 2002; Staswick et al., 2005). By contrast, SA
levels in leaves rise dramatically with infection by (hemi)-biotrophs
(Dempsey et al., 2011).
Approximate cellular concentrations for SA have been deduced
from analytical measurements of SA extracted from plant tissue
(e.g., Meuwly and Metraux, 1993; Müller et al., 2002), utilization of
an SA responsive Acetinobacter reporter strain in tobacco
(0.1e400 mM SA functional range; Huang et al., 2006), expression of
PR-1::GUS as a proxy for robust SA accumulation associated with
local defense (Dempsey et al., 2011), and knowledge of the Kms for
enzymes that utilize SA as their in planta substrate. In tobacco,
spatially resolved SA analysis in response to tobaccomosaic virus or
a fungal HR elicitor showed zones of concentration-dependent SA
accumulation and associated defense response (Dorey et al., 1997;
Huang et al., 2006). SA concentrations increased from below
detection (0.1 mM) to 380 mM in localized spots preceding HR cell
death (Huang et al., 2006). Cells in areas neighboring the HR site
exhibited free SA of ~75e200 mM, consistent with robust local de-
fense, while distal cells exhibited minimal SA (e.g. 10 mM) associ-
ated with defense priming or no appreciable SA. Furthermore,
knowledge of the Kms for SA of enzymes involved in SA priming (SA
methyltranferase, Km ¼ 16 mM; Chen et al., 2003) or conjugating SA
to reversible SA-glucosides as part of robust local defense (SA
glucosyltransferases: Km's ~200 mM; Lim et al., 2002; Song, 2006)
support the approximate [SA] ranges and associated functional
activities shown in Fig. 5. Therefore, in response to (hemi)bio-
trophic pathogens, cellular SA concentrations are in the range of
4e400 mM depending on the specific pathogen-host interaction,
the time frame, and specific cell.

Concordant with SA accumulation, GH3.5 expression is induced
in Arabidopsis leaves in response to (hemi)-biotrophic pathogens
including Pseudomonas syringae, Hyaloperonospora arabidopsidis,
and Golvovinomyces orontii (Chandran et al., 2009; Wang et al.,
2011; Winter et al., 2007; Zhang et al., 2007). Use of a GH3.5::GUS
reporter showed strongest GH3.5 expression in response to
P. syringae pathogens at the edge of the pathogen infiltration zone
with some extension into the surrounding vasculature and cells
(Zhang et al., 2008).

What then could be the function of GH3.5 in SA homeostasis in
response to these pathogens? Our kinetic data for GH3.5 suggests
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that it could operate to mediate SA homeostasis in SA functional
ranges involved in defense priming or local robust defense (Fig. 5).
SA-Asp is not hydrolyzed back to active SA nor is it able to induce
robust PR-1 expression associated with local defense (Chen et al.,
2013). Therefore, conversion of SA to SA-Asp could irreversibly
inactivate SA in specific cells, confining robust defense. It could
even act to limit the extent of HR and PCD by converting accumu-
lating free SA to SA-Asp, thereby preventing SA levels from rising to
a threshold associated with PCD. Alternatively, as SA-Asp was able
to induce very low level PR-1 expression at levels associated with
defense priming (Chen et al., 2013) and there is a possibility that it
is mobile (Chen et al., 2013), it could potentially act to promote
defense priming within a leaf or systemically.

3.4. Concluding summary for GH3.5 role in modulating growth vs.
defense outcomes

Herein, we show how GH3.5, with dual activity on IAA and SA,
can integrate cellular metabolic status via Asp to provide fine
control of growth vs. defense outcomes and hormone homeostasis
(Fig. 5). During active growth, [IAA] and [Asp] are high and the
catalytic efficiency (kcat/Km) of GH3.5 for IAA is 360-fold higher
than with SA. GH3.5 is expressed under these conditions and con-
version of IAA to inactive IAA-Asp would provide fine spatial and
temporal control over local auxin developmental responses such as
lateral root initiation. By contrast, [SA] is dramatically elevated in
response to (hemi)-biotrophic pathogens. Under these conditions,
[Asp] is low and GH3.5 has equal affinity (Km) for SA and IAA with
similar catalytic efficiencies. The concentration of IAA tends to be
very low under these conditions, well below the Km for IAA. GH3.5
is induced by these pathogens and the elevated [SA] would favor
GH3.5 catalyzed formation of SA-Asp, fine-tuning localized defen-
sive responses.

4. Experimental

4.1. AtGH3.5 expression and purification

AtGH3.5 cDNAwas amplified and inserted into a pET-28a vector
(Novagen), then expressed in Escherichia coli Rosetta2 (DE3) cells,
as in (Okrent et al., 2009). Purification of His-GH3.5 was done with
nickel-nitriolotriacetic acid His-Bind resin (Novagen) according to
manufacturer's directions and run on an SDS-PAGE gel. No other
proteins were present. Initially, the His tag was cleaved with
Thrombin (Novagen), but kinetic assays testing GH3.5 vs His-GH3.5
showed no difference in enzyme activity, so His-GH3.5 was used for
experiments. Protein concentrationwas quantified using a Bradford
assay with a 96-well plate using Coomassie Blue G-250 (EM Bio-
sciences). Bovine serum albumin was used as a standard. Protein
was dialyzed into 100 mM Tris, pH 7.7, 10% glycerol, and 1 mM DTT
and stored at �80 �C. Assays were repeated with enzyme from
different batches to confirm results.

4.2. Determination of kinetic parameters: adenylation

His-GH3.5 activity was measured spectrophotometrically at
340 nm using pyrophosphate reagent (Sigma). The production of
pyrophosphate after adenylation is coupled to fructose-6-phophate
kinase, adolase, triose-phosphate isomerase, and glycerophosphate
dehydrogenase ending with the oxidation of NADH to NADþ, visible
by absorbance at 340 nm and measured with a Spectromax Plus
microplate spectrophotometer (Molecular Devices) at 340 nm us-
ing SOFTMax PRO 3.0 (Molecular Devices) software. 1 mM DTT,
5 mM MgCl2, 2.5 mM ATP and 10e20 mg of His-GH3.5 were added.
Pyrophosphate reagent (Sigma) vials were reconstituted in 4 mL
double distilled H2O and 65 ml was used in each 200 ml reaction.

4.3. Determination of kinetic parameters: full reaction

His-GH3.5 activity was measured using a coupled, high-
throughput spectrophotometric assay. Briefly, the reaction
coupled the release of AMP to the conversion of NADH to NADþ

using myokinase, pyruvate kinase, and lactate dehydrogenase, as
described in (Chen et al., 2010). Loss of NADH was measured with a
Spectromax Plus microplate spectrophotometer (Molecular De-
vices) at 340 nm using SOFTMax PRO 3.0 (Molecular Devices)
software. Assays were conducted in 200 ml volumes in 96 well
plates in 20 mM Tris (pH 8.0), 5 mM MgCl2, 20 mM ATP, 20 mM
phosphoenolpyruvate, 2 mM NADH and 1 mM DTT with 20 mg
GH3.5 and 4 units each of myokinase, pyruvate kinase, and lactate
dehydrogenase.

4.4. Kinetic data analysis

Substrates were added immediately prior to loading into Spec-
tromax Plus microplate spectrophotometer (Molecular Devices) for
absorbancemeasurements at 340 nm every 15e20 s for 20e60min.
All experiments were repeated 2 to 5 times with similar results. The
velocity of a no GH3.5 control was subtracted and for comparison
between assays, velocities were normalized to zero. The extinction
coefficient for NADH, 6.22 mM�1 * cm�1 was used for conversion of
velocities from Dabsorbance/min to mmol/min. Estimates of kinetic
parameters were initially determined using the Hanes-Woolf
equation fit to initial velocity values, then refined with Kaleida-
graph (Synergy Software).
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