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The synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) is an
active ingredient of thousands of commercial herbicides. Multiple
species of bacteria degrade 2,4-D via a pathway initiated by the
Fe(ll) and a-ketoglutarate (Fe/aKG)-dependent aryloxyalkanoate
dioxygenases (AADs). Recently, genes encoding 2 AADs have been
deployed commercially in herbicide-tolerant crops. Some AADs can
also inactivate chiral phenoxypropionate and aryloxyphenoxypro-
pionate (AOPP) herbicides, albeit with varying substrate enantio-
selectivities. Certain AAD enzymes, such as AAD-1, have expanded
utility in weed control systems by enabling the use of diverse
modes of action with a single trait. Here, we report 1) the use of
a genomic context-based approach to identify 59 additional mem-
bers of the AAD class, 2) the biochemical characterization of AAD-2
from Bradyrhizobium diazoefficiens USDA 110 as a catalyst to de-
grade (S)-stereoisomers of chiral synthetic auxins and AOPP herbi-
cides, 3) spectroscopic data that demonstrate the canonical ferryl
complex in the AAD-1 reaction, and 4) crystal structures of repre-
sentatives of the AAD class. Structures of AAD-1, an (R)-enantiomer
substrate-specific enzyme, in complexes with a phenoxypropionate
synthetic auxin or with AOPP herbicides and of AAD-2, which has the
opposite (S)-enantiomeric substrate specificity, reveal the structural basis
for stereoselectivity and provide insights into a common catalytic
mechanism.
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he phenoxyalkanoate 2,4-dichlorophenoxyacetic acid (2,4-D)

is one of the oldest and most widely used systemic herbicides
(1). Since its discovery during World War II by multiple groups
working independently, 2,4-D has been commercialized in more
than 100 countries in thousands of solo and mixture products (2,
3). In most common applications, 2,4-D is used as a selective
herbicide to control a wide spectrum of broadleaf weeds in cereal
crops, including corn, oats, rice, and wheat, and has uses in turf,
aquatic, and pasture applications (1, 2, 4). Despite the global, long,
and widespread use of 2,4-D, it remains an effective herbicide.
Whereas a number of weed biotypes that are resistant to synthetic
auxin herbicides have been reported (http://www.weedscience.org),
few have caused significant impact, perhaps reflecting a complex
mode of action of the herbicide and/or reduced fitness of some
resistant biotypes (2, 5).

The bioactivity of 2,4-D derives from its structural re-
semblance to the plant growth hormone indole-3-acetic acid
(IAA) (Fig. 1) (4). Natural auxins, such as IAA, are actively
imported and exported through the actions of different trans-
membrane transporters (6). While 2,4-D is a substrate for the
AUXI1 importer, it cannot leave the cell through an exporter,
and accumulation within the target results in unsustainable,
disorganized cell growth and eventual plant death (7, 8). Auxins
are essential for plant development and have complex down-
stream effects (9, 10), which likely limit the emergence of in
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planta resistance mechanisms against synthetic auxins such as
2,4-D. In contrast, several microbes from a variety of habitats
have evolved pathways to degrade 2,4-D (11, 12).
Biodegradation of 2,4-D is best studied in the context of the
conjugative plasmid pJP4, which allows the host bacterium
(Cupriavidus necator JIMP134) to utilize this compound as its sole
carbon source (SI Appendix, Fig. 1) (13, 14). The catabolic
cluster contains 6 genes (tfdA—F) (14), and initial studies iden-
tified similarities between the #fdB-E gene products and proteins
known to enable mineralization of deschloro or monochlorinated
analogs of 2,4-D (15, 16). Subsequent characterization of the
tfdA gene product identified the enzyme as an Fe(II)- and
a-ketoglutarate (aKG)-dependent dioxygenase that carries out
hydroxylation of C2 in the acetate moiety of 2,4-D (17, 18). Product
analyses suggested that 2,4-dichlorophenol (2,4-DCP) and glyoxylate
could be spontaneously formed from this transient hemiacetal
intermediate (5, 18). Further hydroxylation of 2,4-DCP by TfdB
produces dichlorocatechol (19, 20), and downstream enzymes carry
out intradiol ring cleavage to yield succinate as the final product
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Fig. 1. Chemical structures of herbicides and the AAD catabolic pathway.
(A) Structures of the auxin indole acetic acid and the phenoxycarboxylic
synthetic analogs 2,4-D, (R)-dichlorprop, and (R)-mecoprop and the struc-
tures of the AOPP herbicides (R)-cyhalofop and (R)-diclofop. (B) AAD cata-
lyzed breakdown of 2,4-D to form 2,4-DCP and glyoxylate.

(21). On the basis of the observation that 2,4-DCP has lower phy-
totoxicity, it was hypothesized that transgenic plants engineered with
the #fdA gene might be resistant to the 2,4-D herbicide (22, 23).
Subsequent efforts demonstrated elevated resistance to 2,4-D upon
expression of C. necator tfdA in both tobacco (24, 25) and cotton (26).

Other phenoxycarboxylic synthetic auxins that are widely
used as herbicides for broadleaf control include the chiral
phenoxypropionates, dichlorprop and mecoprop (Fig. 1) (27). For
both of these herbicides, only the (R)-enantiomers show herbicidal
activity (28). Efforts to characterize homologs of TfdA with al-
tered or expanded substrate specificity revealed sequences from
the aerobic gram-negative a-proteobacterium Sphingobium
herbicidivorans and the p-proteobacterium Delftia acidovorans,
with 28% and 31% amino acid sequence identity to the TfdA
enzyme from C. necator (29). Transgenic expression in monocot
(maize) and dicot (soybean) crops conferred robust crop resis-
tance over multiple generations to both the achiral phenox-
yalkanoate herbicide, 2,4-D, and the chiral herbicides (5).

On the basis of sequence analysis, these TfdA homologs with
activity against phenoxycarboxylic synthetic auxins were assigned the
generic name AAD (for aryloxyalkanoate dioxygenase) (5). Hence,
the homolog from S. herbicidivorans is designated as AAD-1, and the
one from D. acidovorans is designated as AAD-12. AAD-1 has been
deployed in Enlist corn (30), whereas AAD-12 confers herbicide
resistance in Enlist cotton (31) and Enlist E3 soybeans (32). Neither
of these AAD homologs were highly active against 2,4-D in vitro,
and both had markedly diminished catalytic efficiencies (kca/Kn)
relative to TfdA (~250-fold and ~10,000-fold less for AAD-12 and
AAD-1, respectively [29, 33]). Nevertheless, both AAD orthologs
were found to confer tolerance to 2,4-D in transgenic plants and are
used for agricultural biotechnology (5).

Substrate—activity relationship studies revealed that both AAD-
1 and AAD-12 can catalyze reactions that proceed with en-
hanced enantioselectivity (5, 29). For example, AAD-1 accepts
(R)-dichlorprop, whereas AAD-12 has activity only against (S)-
dichlorprop (5, 29). The expanded substrate scope of these enzymes
extends beyond phenoxycarboxylic synthetic auxins, as they also
carry out enantioselective cleavage of aryloxyphenoxypropionate
(AOPP) herbicides. These AOPP herbicides, such as (R)-cyhalofop,
(R)-diclofop, and (R)-quizalofop, are mechanistically distinct from
the phenoxycarboxylic herbicide 2,4-D (as well as synthetic auxins
from other chemical classes) (34). Specifically, the AOPPs inhibit
lipid biosynthesis by targeting the monomeric acetyl-CoA carbox-
ylases (ACCase) (35, 36). This mode of action makes the AOPPs
highly selective for grasses because most dicotyledonous plants
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contain an additional AOPP-insensitive multimeric ACCase not
present in grass species (37). Thus, AAD-1 can function as a
tolerance allele against different classes of herbicides for dicot
weeds (phenoxycarboxylate herbicides like 2,4-D) or grass weeds
(AOPP herbicides, like (R)-quizalofop) (5). When deployed with
other trait-enabled or naturally selective herbicides, diverse
herbicide combinations can, along with other cultural practices,
combat development of herbicide-resistant weeds.

Despite the agronomic importance of AAD enzymes in transgenic
crops, little is known about protein—substrate interactions or how
these enzymes catalyze enantioselective oxidation of herbicides. To
date, no crystal structure has been reported for any member of the
AAD family, and there is, therefore, an insufficient knowledge base
to distinguish bona fide AADs from other enzymes of the Fe(Il)/
aKG dioxygenase class. In this study, we used a genomic context-
based analysis to identify additional members of the AAD class. We
identified AAD-2 from Bradyrhizobium diazoefficiens USDA 110
(44% sequence identity with TfdA) and analyzed its substrate scope
and kinetic properties. We also solved the structures of 2 AADs,
namely, of AAD-1 in complex with the synthetic auxin (R)-
dichlorprop and with the AOPP herbicides (R)-cyhalofop and
(R)-diclofop and of AAD-2. Structure-based analysis allowed
us to identify the basis for the differing substrate scopes of
AAD-2 and AAD-1.

Results and Discussion

Genome Context-Based Identification of AAD Family Members. We
sought to locate other candidate AADs for further analysis to
identify members that might have altered substrate selectivity.
Identification of homologs is difficult using a sequence homology—
based approach due to the sequence conservation with tau-
rine dioxygenases. For example, Escherichia coli TauD has
30% sequence identity to TfdA, while the orthologous AAD-1
has 28% sequence identity to TfdA. We reasoned that bona fide
AAD members should be genomically colocated with genes
encoding downstream catabolic enzymes, including TfdB, which
hydroxylates 2,4-DCP, and TfdC. Thus, to identify AADs in-
volved in 2,4-D catabolism, we took advantage of the EFI-EST
(Enzyme Function Initiative-Enzyme Similarity Tool) Se-
quence Similarity Network (SSN) (38) and Genome Neigh-
borhood Network (GNN) tools (39). We found 59 putative AADs

O Select TauD superfamily members O Co-occurs with TfdB-like protein

Co-occurs with TfdB and TfdC-like

@ Co-occurs with TfdC-like protein ) proteins

@ AADs of interest

Fig. 2. Sequence similarity network of putative AAD candidates and AAD-2
substrate parameters. The EFI-EST tool was utilized to create sequence
similarity networks and genome neighborhood networks for known AADs.
Putative AADs were identified and consolidated with many sequences
within randomly selected members of the TauD superfamily (gray nodes).
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encoded within genomic contexts that also include TfdB-like and/or
TfdC-like sequences (Fig. 2 and SI Appendix, Table S1). These
pathways are overrepresented in the orders Burkholderiales,
Rhodospiralles, and Rhizobiales. A phylogenetic analysis showing
the relationships of the identified AADs with those previously
characterized is shown as SI Appendix, Fig. 2.

One noteworthy point is that the canonical 2,4-D catabolic
pathway in C. necator consists of a close clustering of TfdA with
the remainder of the necessary downstream enzymes. However,
this is not the case for either AAD-1 or AAD-12, which possess
TfdB and TfdC homologs that are extremely distal to the TfdA-
like dioxygenases (SI Appendix, Fig. 3). Hence, we expect that the
aforementioned candidate AADs identified in our analysis repre-
sent a very conservative approximation of the true number of likely
homologs. Nevertheless, we have been able to use this SSN-GNN
guided approach to expand the AAD family.

Substrate Scope and Kinetic Analysis of AAD-2. The above SSN-—
GNN guided studies identify a number of sequences similar to
TfdA that lack other 2,4-D or xenobiotic catabolic genes in close
genomic proximity. To assess whether these proteins are indeed
involved in 2,4-D degradation, we focused our attention on a ho-
molog from Bradyrhizobium diazoefficiens USDA 110 that is 44%
identical to TfdA. The presence of the corresponding gene in sev-
eral bradyrhizobial strains was previously demonstrated by Southern
hybridization, and the corresponding nucleotide sequence was de-
termined using degenerate primers against #fd4 (40). While none
of these strains could catabolize 2,4-D, several showed activities
toward other phenoxyacetate derivatives. In our analysis, the clus-
tering of this sequence with AAD-12 suggests that if the corre-
sponding enzyme were to exhibit any aryloxyalkanoate dioxygenase
activity, it might also show a preference for the (S)-enantiomer of
dichlorprop. We designated this gene aad2 (41) and carried out
biochemical studies of AAD-2 (SI Appendix, Fig. 4).

Examination of the substrate scope of the recombinant protein
revealed that AAD-2 does indeed accept 2,4-D as a substrate.
The activity of AAD-2 extends beyond 2,4-D, and the enzyme
also demonstrated comparable levels of activity against the ra-
cemate and the (S)-enantiomer of dichlorprop but no activity
against (R)-dichlorprop (SI Appendix, Fig. 5). Whereas AAD-2
showed diminished activity toward racemic compositions of the
AQOPP herbicide haloxyfop and fenoxaprop, no activity could
be observed against (R)-haloxyfop. In general, the enzyme
showed no activity against the (R)-stereoisomer of any of the
phenoxycarboxylic synthetic auxin or AOPP herbicides tested.
These data suggest that AAD-2 is similar to AAD-12 in that the
enzyme possesses aryloxyalkanoate dioxygenase activity for chiral
substrates with a strict preference for the (S)-stereoisomer.

To quantify the activity of AAD-2, we carried out kinetic analysis
under ambient conditions using a panel of herbicide substrates (S/
Appendix, Figs. 6 and 7). Ky app and Keag app/Kn,app values of 1,100 +
100 pM and 22 + 2 M~tmin™" x 10 for 2,4-D, 1,200 = 100 pM and
24 + 2 M~"min™" x 10? for (S)-dichlorprop, and 2,200 + 400 uM
and 8 + 2 M"min™' x 10* for (R,S)-haloxyfop were measured.
Additionally, (R,S)-diclofop and (R,S)-quizalofop were also tested
against AAD-2; however, these compounds proved to be extremely
poor substrates (SI Appendix, Table 2). By contrast, AAD-1 can
utilize AOPP herbicides and phenoxycarboxylic auxins, including
2,4-D and (R)-dichlorprop, with higher catalytic efficiency (SI Ap-
pendix, Table 2). Even though AAD-2 can accept a range of sub-
strates, it is a less efficient enzyme than AAD-1.

Substrate Triggering of Fe(IV)-Oxo (Ferryl) Complex Formation in the
AAD-1 Reaction. The stereoselectivity of any enzyme is in-
timately connected to its mechanism. Several Fe/aKG dioxy-
genases (hydroxylases) have been studied by transient-kinetic
and spectroscopic methods, and a mechanistic and kinetic
paradigm has emerged (42, 43). Rapid combination of O, with the
enzyme-Fe(I)«aKG-substrate complex (k = 10°-10° M~'s™)
leads to decarboxylation of the cosubstrate and formation of a
succinate-coordinated iron(IV)-oxo (ferryl) complex, which
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abstracts hydrogen (H-) from a carbon of the substrate. H. ab-
straction is often sufficiently rapid that the ferryl complex ac-
cumulates to a modest extent, if at all, but incorporation of
deuterium in the scissile C-H bond of the substrate invariably
slows decay of the ferryl complex (by as much as 50-fold) and
allows for enhanced accumulation. Substrate hydroxylation
leads to accumulation of a product complex. Product dissoci-
ation and substrate rebinding complete the cycle. For the case
of the AAD-1 reaction, the expected mechanism would involve He
abstraction by the ferryl complex from the ether carbon of 2,4-D,
coupling of the resultant carbon radical to the Fe(IIl) co-
ordinated OH ligand (oxygen rebound), and elimination of the
phenolic fragment from the unstable hemiacetal; use of 2,4-D
with deuterium on the methylene carbon of the acetate moiety
(d2-2,4-D) would be expected to enhance ferryl accumulation.
To test these predictions, we carried out stopped-flow ab-
sorption experiments initiated by rapid mixing of the AAD-
1-Fe(II)«aKG complex (+2,4-D) with O,-containing buffer (Fig.
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Fig. 3. Structural and functional characterization of AAD-1. (A) Time-
dependent change in absorbance at 320 nm after mixing the AAD-1 reactant
complex (+2,4-D) with O,. (B) Mossbauer spectra of the reactant complex (Top)
and a reaction sample freeze quenched near the time of maximal accumulation of
the ferryl complex (0.09 s, Middle). The spectra were collected at 4.2 K in the absence
of an externally applied magnetic field. In the difference spectrum (Bottom), the
quadrupole doublet features of the intermediate generated upon reaction
with O, point downward; the positions of the 2 lines are indicated by the
bracket. (C) Ribbon diagram of AAD-1 in complex with Mn?*, aKG (red), and
(R)-dichlorprop (green). The region between p2 and p3 is indicated in green.
(D) Active site pocket of AAD-1 in complex with bound ligands (R)-dichlorprop
(cyan), Mn?* (gray sphere), and aKG (red). The difference Fourier map (F, — FJ)
of (R)-dichlorprop is contoured at 2.5¢ (green mesh). (E) Active site pocket of
AAD-1 in complex with the vanadyl (V, gray and red) and succinate (Suc, pink).
F, — F. of vanadyl and succinate is contoured at 2.7¢ (blue mesh).
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34 and SI Appendix, Fig. 8). As found in other systems, reaction
of the enzyme-Fe(II)«aKG ternary complex lacking the primary
substrate (blue trace) is sluggish and leads to slow (kgps = 0.03 s71)
development of ultraviolet absorption (44). In the presence of
2,4-D (black trace), a more rapid, biphasic (kops ~ 30, 2 s’l)
increase in absorption signifies “triggering” of O, reactivity by
the binding of the substrate, a phenomenon previously attributed
to dissociation of a water ligand from the Fe(II) cofactor (45,
46). The developing absorption is transient (kops for decay of
~0.4, 0.07 s~1), suggesting that it could arise from the canonical
ferryl intermediate. The corresponding trace from the reaction
with d,-2,4-D (red trace) shows increased transient absorption,
consistent with enhanced accumulation of the H.-abstracting
ferryl complex (47). However, the overall enhancement by deu-
terium substitution is less profound (total rise phase amplitude
of ~0.12 compared with ~0.08) than would be anticipated were
the original absorbance change at 320 nm vs. time trace to reflect
solely development and decay of the ferryl complex. The rise
phase is even more obviously biphasic (keps Of 25 and 2 s™") with
the deuterium-labeled substrate than with the protium-
containing substrate and has almost 3 times the amplitude in
the fast phase (0.046 compared with 0.017), suggesting that the
effect of deuterium is largely in this first, fast phase. Indeed, the
results of parallel freeze—quench Mdossbauer experiments imply
that only this phase reflects accumulation of the ferryl complex.
Mossbauer spectra of reaction samples freeze quenched at dif-
ferent times reveal the development of a quadrupole doublet
with parameters (isomer shift § = 0.31 mm/s and quadrupole
splitting parameter |AEq| = 1.15 mm/s; Fig. 3B) that are typical
of high-spin ferryl intermediates observed in other mononuclear
non-heme-iron enzymes (42, 43). Importantly, this quadrupole
doublet is present in the spectrum of the 0.090 s sample but
absent in the spectra of the reactant complex and the 0.280 s
sample, implying that it is associated with an intermediate that
accumulates in the fast rise phase observed in the stopped-flow
experiments (SI Appendix, Fig. 9). Evidence for the canonical
ferryl complex as an intermediate in the AAD-1 reaction provides
the mechanistic basis for the crystallographic studies described in
Structural Basis for Broad Herbicide Tolerance of AAD-1.

Structural Basis for Broad Herbicide Tolerance of AAD-1. We de-
termined crystal structures of AAD-]1 in complex with Mn?*,
aKG, and either (R)-dichlorprop (1.58 A resolution), (R)-cyhalofop
(1.9 A resolution), or (R)-diclofop (1.8 A resolution). To pro-
vide the most direct link to the reaction mechanism, we also
solved a 1.51 A resolution structure of AAD-1 in complex with
succinate, (R)-dichlorprop, and the vanadyl (vanadium(IV)-oxo)
mimic of the ferryl intermediate (48, 49). These structures reveal
the basis for the broad substrate tolerance of AAD-1. Last, we de-
termined the 2.15 A resolution structure of the AAD-2:Mn**-N-
oxalylglycine (NOG) ternary complex, which, by comparison with
the structures of AAD-1, is informative regarding their differing
stereoselectivities. Crystallographic phases were determined by mo-
lecular replacement using the coordinates of the TauD (Protein
Data Bank [PDB] Code 1GQW, 30% sequence identity) (50).
AAD-1 has the double-stranded p-helix (DSBH) fold found in
other members of the Fe/aKG oxygenase family (43, 51), with E,
coli TauD being the closest structural homolog (rmsd of 1.8 A
over 269 aligned Cas) (50). The enzyme crystallized as a dimer in
the crystallographic asymmetric unit and Mn** and aKG were
present in both active sites (Fig. 3C). As in the structure of TauD
(50), insertions between strands p4 and p5, relative to the DSBH
fold, contribute to the dimerization interface. In the AAD-1
structure, a facial triad consisting of His111, His270, and Asp113
coordinates the catalytic metal ion (52). The aKG interacts with
the metal in a bidentate manner, the C1 and the C5 carboxylates
form hydrogen bonds with Arg285 and Arg281, respectively.
Notably, electron density was observed for the herbicide in 1 of
2 monomers, which also shows continuous features for the
substrate-capping loop. Prior structures of other Fe/aKG en-
zymes have shown that the substrate-capping loop becomes
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ordered only upon binding of the substrate in the active site. In
the structure of AAD-1, the equivalent loop is larger and
consists of a long, extended loop between Ser183 through
Asp193, and several residues in this loop are in contact with the
bound substrate. Most notably, Phe182 is in contact with the
phenoxypropionate ring of the substrate and forms a closed hy-
drophobic pocket (Fig. 3C).

The structures of the Mn(II)«aKG-(R)-dichlorprop and vana-
dyl-succinate«(R)-dichlorprop complexes of AAD-1 represent
mimics of its reactant and ferryl-intermediate states, respectively
(Fig. 3 D and E). In each of these structures, the substrate is
proximal to the metal and is engaged by electrostatic interactions
and hydrophobic packing. The carboxylic acid of (R)-dichlorprop
is within hydrogen-bonding distance of both the side chain and
backbone nitrogen of Ser114, while the p-chloro atom is within
halogen-bonding distance of Asp108 and Asp109. Prior model-
ing studies based on TauD predicted binding of the ligand in an
extended orientation (53), while our structural data show that
(R)-dichlorprop binds in a bent conformation that directs the
phenoxy ring toward a solvent-exposed opening.

The vanadyl ion was previously shown to mimic the ferryl
(Fe(IV)-oxo) complex in other Fe/aKG oxygenases (48, 49). In
the AAD-1-vanadyl-succinate structure, the oxo ligand is posi-
tioned appropriately for abstraction of H. from the substrate,
whereas the methyl group of the chiral substrate is held within a
hydrophobic pocket composed of Val80, Leu83, I1e95, and
Ile106. The resultant Fe(III)-hydroxo species would then re-
bound onto the carbon-centered substrate radical to generate the
hemiacetal intermediate. The V-oxo bond_distance is 1.88 A,
which is longer than the values of 1.58-1.63 A reported for model
compounds and likely reflects photoreduction of the vanadium
(IV) upon exposure to X-rays, as observed in other systems (49).

The cocrystal structures with (R)-diclofop and (R)-cyhalofop
provide the basis for understanding the substrate tolerance
of AAD-1 against the AOPP class of grass-specific herbicides.
AOPPs have scaffolds that are similar to that of phenoxycarboxylic
synthetic auxins but contain an additional aromatic ring attached
to the phenoxy moiety. Both (R)-diclofop and (R)-cyhalofop bind
at the AAD-1 active site in a manner similar to that of the
phenoxycarboxylic synthetic auxin, with their chiral carbon ori-
ented directly above the metal and the methyl group projecting into
the aforementioned hydrophobic pocket (Fig. 4 A and B). The
additional aryl rings of both (R)-diclofop and (R)-cyhalofop are
accommodated within a solvent-exposed tunnel comprising Argl04,
Asp108, Aspl09, Val170, Phel82, and Val220. There are limited
interactions between the extended ring of these AOPP herbicides
and residues in AAD-1, and only Val220 makes van der Waals
contacts with the ring. A superposition of these structures with
that of AAD-1 bound to the smaller (R)-dichlorprop reveals that
enzyme residues Argl04, Asp109, and GIn219 shift away from the
tunnel to accommodate the second ring. The presence of this
solvent-exposed tunnel was not evident in earlier modeling studies

H111

aKG H270 H270
aKG

Fig. 4. Substrate-binding pocket of AAD-1 with bound AOPPs. (A) Active
site pocket of AAD-1 in complex with (R)-cyhalofop, Mn2*, and oKG. (B)
Active site pocket of AAD-1 in complex with (R)-diclofop, Mn?*, and aKG.
F, — F. of each AOPP is contoured to 2.5c.
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‘(Rj-dichlorprap

Fig. 5.
(A) Ribbon diagram of the AAD-2-NOG (yellow) complex, highlighting the
B2-B3 helical insert (purple). (B) Close-up of the AAD-1-(R)-dichlorprop
substrate pocket superimposed onto the AAD-2 structure. The $2—$3 helical
insert obstructs binding of the (R)-enantiomers of herbicides.

Crystal structure and structure-based sequence alignment of AAD-2.

(50). The lack of significant interactions between residues in the
tunnel and the AOPP herbicides suggests that AAD-1 also may be
able to degrade other molecules based on the (R)-dichlorprop
scaffold (with an aryloxyalkanoate moiety) (5, 41).

Basis for Substrate Enantioselectivity. A notable feature of AAD-2
is the altered substrate enantioselectivity, as this enzyme is able
to process only the (S)-stereoisomer of the chiral phenox-
ycarboxylic auxins and AOPP herbicides. To understand the
basis for this switch in stereospecificity, we determined the 2.15
A resolution crystal structure of AAD-2 in complex with Mn?* and
the aKG mimic NOG (Fig. 54). The overall structure of AAD-2
recapitulates features common to other Fe/aKG oxygenases (51).
The crystal structures of AAD-1 and AAD-2 can be superimposed
with a rmsd value of 2.8 A over 256 aligned Co atoms, illustrative
of a strong conservation of the overall folds, despite only 29%
sequence identity between the 2 proteins. A facial triad of His155,
Aspl17, and His264 coordinates the metal ion, with NOG binding
to the metal in a bidentate fashion. The NOG also engages in
hydrogen bonds with Arg275 and Arg279. While (S)-dichlorprop
was included in the crystallization media, density for the bound
ligand was not evident.

The superposition of the AAD-2 structure with that of AAD-
1/(R)-dichlorprop provides insights into the enantioselectivity of
AAD-2. Although the overall structures align fairly well, there
are significant differences in the loops that connect strands 2
and B3 (Fig. 5B). Prior structure-based analysis supports a role
for this so-called B2/p3 loop in substrate binding (51), and the
differences between AAD-1 and AAD-2 are the result of an ~20-
residue insertion in the loop region of the latter. This insertion
consists of residues Asn90 through Cys112 in AAD-2, and its
structure is partially stabilized by the formation of a short a-helix
by residues LeulO8 through Asnlll. In the AAD-2 structure,
this helix would sterically clash with the orientation of (R)-
dichlorprop observed in the AAD-1 structure, necessitating a
different substrate-binding pose, which likely results in the
change in substrate stereospecificity. This insertion is also evi-
dent in the sequence of AAD-12 and TfdA, accounting for the
(S)-stereospecificity of the enzymes (SI Appendix, Fig. 10).

A second distinguishing structural feature of AAD-2 is its
shorter substrate-capping loop in comparison with that in AAD-
1. In general, each of the (S)-specific AADs has a substrate-
capping loop that is shortened by 4 to 10 residues in the region
surrounding and including Ser183 through Asp193 (SI Appendix,
Fig. 10). In AAD-1 structure, residues in the extended substrate-
capping loop are in van der Waals contact with the substrate, and
Phel82 in the loop is positioned for hydrophobic interactions
with the phenoxypropionate ring in the substrate tunnel.
Changes in both the length and identity of residues in this loop
may result in differences in enantioselectivity among AADs.

Chekan et al.

Conclusion

Genes involved in the microbial degradation pathway for 2,4-D
were identified nearly 4 decades ago, but insights into the structure—
function relationships within the aryloxyalkanoate dioxygenase
family have been lacking. Here, we have used a multidisciplinary
approach to shed light on AADs, including the identification of
59 members of this family and detailed characterization of one
such representative, specifically, AAD-2. High-resolution coc-
rystal structures of AAD-1 and AAD-2, along with kinetic and
spectroscopic analyses, provide insights into both the reaction
mechanism and the basis for enantiospecificity.

One noteworthy outcome of this study is that, thus far, AAD-1
is the only characterized member that shows substrate specificity
for the (R)-enantiomer, while members with the opposite (S)
enantiospecificity are more prevalent (namely, AAD-2 and AAD-
12, among others). One plausible explanation for this seeming
overrepresentation of (S)-type AADs is that when dichlorprop was
first marketed in the 1960s, it was commercially available as the
racemate. Hence, while the bioactive (R)-dichlorprop was im-
ported into target broadleaf weeds, the accumulation of the (S)-
dichlorprop in soil samples may have facilitated evolution of
biosynthetic pathways for the catabolism of only this enantiomer.
While advances in asymmetric synthesis long ago made possible
the commercialization of enantiomerically pure herbicides, the
AADs that catabolize the (S)-enantiomers still reside in the
microbiome. An equally plausible reason for the abundance of
(S)-type AADs is that their natural substrates may be an as-yet-
unidentified (S)-phenoxypropionate metabolite that is present in
soil microenvironments. The natural substrates for either the (R)-
or (S)-type AADs are not currently known.

AAD-1-transformed corn is now being marketed under the
trade name Enlist and is currently being deployed with 2 addi-
tional herbicide-tolerant traits (to glyphosate and glufosinate)
along with multiple insect control traits as corn products known as
SmartStax Enlist. Transgenic plants containing AAD-1 simulta-
neously show robust tolerance to 2,4-D in corn (already partially
tolerant) and to (R)-quizalofop (normally lethal to corn). These
herbicides are now deployed in combination treatments with
broad-spectrum herbicides such as glyphosate or glufosinate,
allowing farmers to flexibly control targeting of both broadleaf and
grass weeds using herbicides that have multiple modes of action.
When used in an integrated weed management system, di-
versifying herbicide modes of action with additional trait-enabled
herbicide chemistries is expected to slow development of weed
resistance and help sustain effective weed control tools (30).

Materials and Methods

Protocols for AAD expression and purification, AAD-1 activity under condi-
tions of stopped flow and freeze-quench experiments, and determination of
AAD-2 kinetic parameters and substrate scope, can be found in the S/ Ap-
pendix. The structure factors and coordinates have been deposited in the
Protein Data Bank (accession IDs 5BKB [AAD-1 with (R)-dichlorprop]; 5BKD
[AAD1 with (R)-cyhalofop]; 5BKC [AAD-1 with (R)-diclofop]; 5BK9 [AAD-1
with vanadyl]; and 5BKE [AAD-2]).

Structure Determination of AAD-1 and AAD-2. All data were collected at
Argonne National Laboratory (Lemont, IL) at Sector 21 Life Sciences—
Collaborative Access Team and the AAD-2 data collected at Sector 19 Structural
Biology Center-Collaborative Access Team. The autoPROC software package
(54) was utilized for indexing and scaling of the diffraction data. Initial
phases for both AAD-1 and AAD-2 were obtained using PHASER (55) as
implemented in the PHENIX software package (56) using the coordinates of
TauD (PDB Code 1GQW) as a search model. Initial models were built using
PHENIX and Parrot/Buccaneer (57). Manual refinements were completed by the
iterative use of COOT (58) and phenix.refine (59). Cross validation was utilized
throughout the model-building process to monitor building bias (60). The
stereochemistry of all of the models was routinely monitored using PRO-
CHECK (61). Crystallographic statistics are provided in S/ Appendix, Table S3.
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