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ABSTRACT

Herbicides are vital formodern agriculture, but their utility is threatenedbygenetic ormetabolic resistance in

weeds, as well as regulatory barriers. Of the known herbicide modes of action, 7,8-dihydropterin synthase

(DHPS), which is involved in folate biosynthesis, is targeted by just one commercial herbicide, asulam. A

mimic of the substrate para-aminobenzoic acid, asulam is chemically similar to sulfonamide antibiotics,

and although it is still in widespread use, asulamhas faced regulatory scrutiny.With an entiremode of action

represented by just one commercial agrochemical, we sought to improve the understanding of its plant

target. Here we solve a 2.3 Å resolution crystal structure for Arabidopsis thaliana DHPS that is conjoined to

6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK), andwe reveal a strong structural conserva-

tionwithbacterial counterpartsat thesulfonamide-bindingpocketofDHPS.Wedemonstrate thatasulamand

the antibiotic sulfamethoxazole have herbicidal aswell as antibacterial activity, andwe explore the structural

basis of their potency by modeling these compounds in mitochondrial HPPK/DHPS. Our findings suggest

limited opportunity for the rational design of plant selectivity from asulam and indicate that pharmacokinetic

or delivery differencesbetweenplantsandmicrobesmight be thebestways tosafeguard thismodeof action.
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INTRODUCTION

Asulam is the only commercial herbicide that targets the folate

biosynthesis pathway. Although humans obtain folate from their

diet, plants and microorganisms synthesize tetrahydrofolic acid

(THF) using 6-hydroxymethylpterin, glutamic acid, and para-

aminobenzoic acid (p-ABA) as precursors (Hossain et al.,

2004). THF and its derivatives methyl-THF, methenyl-THF,

and formyl-THF are involved in one-carbon transfer reactions

and are part of the methylation cycle and the biosynthesis

of DNA and amino acids (Hanson and Gregory, 2002,

2011). In plants, THF is synthesized by the sequential

activities of five mitochondrial enzymes, 6-hydroxymethyl-7,8-

dihydropterin pyrophosphokinase (HPPK), 7,8-dihydropterin

synthase (DHPS), dihydrofolate synthetase (DHFS), dihydrofo-

late reductase (DHFR), and folylpolyglutamate synthetase
Plant Co
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(FPGS) (Hanson and Gregory, 2011). HPPK initiates

tetrahydrofolate biosynthesis by ATP-dependent pyrophos-

phorylation of 6-hydroxymethyl-7,8-dihydropterin (6-HMDP;

Figure 1A). The resulting product is combined with p-ABA by

DHPS to yield 7,8-dihydropteroate (7,8-DHP; Figure 1A). To

produce THF, 7,8-dihydropteroate undergoes consecutive con-

jugations with glutamic acid followed by reduction of the pteri-

dine core (Cossins and Chen, 1997).

Although several of these steps in folate biosynthesis are targeted

by antibacterials, antimalarials, or human chemotherapies,
mmunications 3, 100322, July 11 2022 ª 2022 The Author(s).
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Figure 1. HPPK/DHPS is a herbicide target
for sulfonamides that mimic DHPS sub-
strate p-ABA.
(A) Schematic of HPPK/DHPSmechanism. HPPK

catalyzes ATP-mediated pyrophosphorylation

of 6-hydroxymethyl-7,8-dihydropterin (6-HMDP)

to yield DHPP. DHPS then adds para-

aminobenzoic acid (p-ABA) to DHPP, forming 7,8-

dihydropteroate (7,8-DHP).

(B) DHPS substrate p-ABA and its antibiotic and

herbicidal mimics sulfanilamide and asulam.
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asulam is the only herbicide targeting folate biosynthesis in

plants. Asulam is a sulfonamide like the antibacterial sulfa drug

sulfanilamide (Figure 1B). By mimicking the DHPS substrate p-

ABA, asulam and other sulfa drugs competitively inhibit enzyme

activity by forming inactive adducts with 6-HMDP that impede

downstream steps in folate synthesis (Roland et al., 1979;

Chakraborty et al., 2013). Although they are popular for treating

bacterial infections and malaria (Fernández-Villa et al., 2019),

resistance to these drugs is seen with mutations to residues

capping the DHPS active site, making sulfa drugs that protrude

beyond the DHPS surface more susceptible to resistance (Yun

et al., 2012; Pornthanakasem et al., 2016; Griffith et al., 2018).

Despite the similar structure of sulfa drugs and asulam, no

equivalent resistance mutations in plant DHPS have been

reported to date according to the International Herbicide-

Resistant Weed Database (www.weedscience.org).

Although most bacteria have separate genes for HPPK and

DHPS, these proteins are expressed from a single gene in plants

to give a conjoined, bifunctional enzyme in which the N-terminal

HPPK is connected by a short linker region to DHPS (Prabhu

et al., 1997; Rébeillé et al., 1997). Like plants, protozoans

including Toxoplasma gondii (Pashley et al., 1997) and

Plasmodium spp. (Triglia and Cowman, 1994), also have

bifunctional HPPK/DHPS. Some bacteria are unusual in having

bifunctional HPPK/DHPS (e.g., Francisella tularensis; Pemble

et al., 2010) or a bifunctional dihydroneopterin aldolase (DHNA)-

HPPK like that of Streptococcus pneumoniae, in which DHNA

catalyzes the formation of the HPPK substrate (Arnaud et al.,

2006). Saccharomyces cerevisiae expresses a trifunctional

DHNA-HPPK/DHPS (Ulrich et al., 2004; Lawrence et al., 2005).

Although the HPPK/DHPS gene is widespread in plants, its pro-

tein product has been biochemically characterized only in Pisum

sativum (Rébeillé et al., 1997) and Arabidopsis thaliana (Prabhu

et al., 1997; Storozhenko et al., 2007). Some plants, such

as pea (Rébeillé et al., 1997) and wheat (McIntosh et al., 2008),
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have only a mitochondrial HPPK/DHPS

gene, whereas A. thaliana has two 80%

identical genes encoding a mitochondrial

(mitHPPK/DHPS, At4g30000) and a

cytosolic (cytHPPK/DHPS, At1g69190)

form (Storozhenko et al., 2007). MitHPPK/

DHPS is directly involved in folate biosyn-

thesis and is essential, whereas the non-

essential cytHPPK/DHPS has been shown

to play a role in seed germination and stress

response by an unknownmechanism that is
apparently folate independent (Navarrete et al., 2012). Although

non-essential, the A. thaliana cytHPPK/DHPS gene rescued a

yeast mutant devoid of HPPK/DHPS, demonstrating in vivo that

it has the catalytic capability of the mitochondrial enzyme and

suggesting that it has a catalytic role in the cytosol

(Storozhenko et al., 2007). Current mechanistic insights into

HPPK and DHPS catalysis rely on crystal structures of these

enzymes from bacteria, fungi, and protozoa. Whether

expressed individually or as a part of multicomponent enzymes,

HPPK and DHPS enzymes are structurally conserved across

species, with a high sequence similarity of active site residues

(Figure 2).

Given the similarity of asulam to antibacterial sulfonamide drugs,

it is important to contrast the structures of the plant enzymes with

those of bacterial homologs in order to develop novel DHPS in-

hibitors as herbicides. To better understand the interaction of

DHPS and asulam, we solved the crystal structure for

A. thaliana cytHPPK/DHPS at a resolution of 2.3 Å. We found

that both components are similar to their microbial counterparts,

with an overall structural root-mean-square deviation (RMSD) of

1.1–2.3 Å in Ca atoms. We used this structure to model

A. thaliana mitHPPK/DHPS, which we were unable to express

in a soluble form. We also compared the herbicidal and antibiotic

activities of seven sulfonamides (including asulam) to determine

which had cross-kingdom efficacy. Overall, the structural data

presented here provide insight to help protect this mode of action

and highlight HPPK as a new potential herbicide target for the

class of folate biosynthesis inhibitors.

RESULTS AND DISCUSSION

The HPPK/DHPS active site is conserved across king-
doms

Comparing A. thaliana HPPK/DHPS with sequences of microbial

species shows conservation of the catalytically relevant HPPK

and DHPS regions (Figure 2, Supplemental Figure 1). The

http://www.weedscience.org
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Figure 2. The HPPK/DHPS active site residues are conserved.
(A andB) Alignment ofA. thaliana cytosolic andmitochondrial forms of (A)HPPK and (B)DHPS domains with microbial sequences. Identical (white font in

black boxes) and similar residues (bold black font) are noted. Catalytic loops H1–H3 in HPPK are highlighted in green, whereas DHPS catalytic loops D1–

D7 are in pink. Residues hypothesized to participate in catalysis are marked with asterisks; b strands (marked as arrows), a helices, and 310 helices

(marked as coils) are annotated by the symbols b, a, and h, respectively.
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DHPS domains in S. cerevisiae and Plasmodium species contain

long insertions (Supplemental Figure 1). By contrast, cytDHPS

and mitDHPS are closer in length to bacterial DHPS enzymes

and share 28%–43% identity (Supplemental Table 1).

Secondary structure is conserved between plants and

microbes, but the linker region varies in length for microbial

species with a bifunctional HPPK/DHPS (Figure 2,

Supplemental Figure 1).

Alignments of HPPK/DHPS sequences from throughout the plant

kingdom show active site conservation with sequence identity of

48%–80% (Supplemental Figure 2, Supplemental Table 3). For

agricultural relevance, we included weed species that are

commonly treated with asulam, including the grasses Lolium

multiflorum, Echinochloa crus-galii, Cyperus rotundus, and Poa
Plant Co
annua (Supplemental Table 3). Collectively, the sequence

alignments reveal that the HPPK/DHPS active sites are

conserved not only within the plant kingdom but also across mi-

crobial species.
Crystal structure of A. thaliana cytosolic HPPK/DHPS

An N-terminally 6-His-tagged A. thaliana cytHPPK/DHPS ex-

pressed and purified from Escherichia coli (Supplemental

Figure 3) was crystallized and its structure determined by

molecular replacement in an unliganded form. Crystals of

cytHPPK/DHPS diffracted to a resolution of 2.3 Å and belong to

the space group C 2 2 21 with two protein molecules per

asymmetric unit (Supplemental Table 3; Figure 3A and 3B).

Each monomer consists of an N-terminal HPPK domain
mmunications 3, 100322, July 11 2022 ª 2022 The Author(s). 3
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Figure 3. A. thaliana cytHPPK/DHPS forms a
crystallographic dimer.
(A) Simplified schematic of cytHPPK/DHPS.

(B) Monomers in the crystallographic asymmetric

unit interact at their HPPK (green) domain, which is

connected to DHPS (pink) by a structured linker

(gray).

(C) Crystallographic dimer between chain A of the

asymmetric unit and its symmetry mate A0 with an

interface comprising Da6, Dh3, Da7, and Da8.
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(residues 1–160) linked to the C-terminal DHPS domain (residues

203–483) by a structured linker region (residues 161–202).

Inspection of the asymmetric unit revealed that the two

monomers do not form a dimer. The interaction between the

monomers occurs between HPPK catalytic loops H1, H2, and

H3 (Figure 2, Figure 3B), which is in contrast to bifunctional

HPPK/DHPS structures for Plasmodium falciparum and Plasmo-

dium vivax, which interact at their DHPS domains (Chitnumsub

et al., 2020; Lawrence et al., 2005; Yogavel et al., 2018).

However, each cytHPPK/DHPS monomer within the

asymmetric unit forms a homotypic dimer with the same

monomer from a neighboring asymmetric unit (A:A0 and B:B0

rather than A:B). The dimerization interface is via the DHPS

domain of each monomer (Figure 3C) through helices Da6,

Dh3, Da7, and Da8. Assignment of these interaction interfaces

is supported by the PDBePISA server (Krissinel and Henrick,

2007), which predicts that the A:B interaction is not a probable

interface (DiG p value 0.66), whereas the A:A0 (-x, y, -z+1/2;

Figure 3C), or B:B0 (-x, y, -z-1/2; Supplemental Figure 4A)

interfaces are strongly predicted as real (DiG p values <0.01).

Furthermore, the A:A0 and B:B0 dimers are very similar (RMSD

1.2 Å for 423 pairs of Ca atoms), and the observed arrangement

resembles previously determined HPPK/DHPS dimer structures

(Supplemental Figure 4B) (Lawrence et al., 2005; Yogavel et al.,

2018; Chitnumsub et al., 2020). In summary, the asymmetric

unit contains two halves of two crystallographic dimers.

The two molecules in the asymmetric unit differ mainly in their

flexible loop regions (RMSD of 1.2 Å in Ca atoms). In addition,

disordered loops account for one region missing electron density

in HPPK (chain A, loop H3 residues 93–100) and four regions in

DHPS (chain A, loop D1 residues 213–222, loop D2 residues

247–255, residues 309–312, loop D5 residues 333–348; chain

B, loop D1 residues 213–221, loop D2 residues 247–258, resi-

dues 311–313, loop D5 residues 333–347). Because of the flexi-

bility of the catalytic loops in HPPK and DHPS, they are often

disordered (Babaoglu et al., 2004; Lawrence et al., 2005;

Pemble et al., 2010), as reflected by missing loops within the

structure.

Like its microbial homologs, cytHPPK adopts an aba ferredoxin-

like fold composed of a central, four-strand antiparallel b sheet

(Hb2-Hb3-Hb1-Hb4) sandwiched between four a helices (Ha1-
4 Plant Communications 3, 100322, July 11 2022 ª 2022 The Author(s).
Ha2 on one face and Hh1-Ha3-Ha4 on the

other face) (Figure 2, Figure 4A). In contrast

to monofunctional HPPKs, the 42-residue

linker of cytHPPK/DHPS begins with two

successive helices (La1 and Lh1) that stabi-

lize the HPPK domain, followed by a short
three-residue b strand (Lb1) that associates with Hb3 in HPPK,

and terminates in a b-hairpin cap (Lb2-turn-Lb3) that closes

over the N-terminal end of the TIM barrel in DHPS (Figure 2,

Figure 3B). The cytDHPS structure has a typical TIM-barrel-like

fold (Babaoglu et al., 2004; Lawrence et al., 2005) composed of

an eight-stranded b barrel surrounded by eight a helices

(Figures 2 and 5A). The b sheet appearance of residues Ile303

to Asp306 in what should be Db4 is not defined in the chain B

structure, probably owing to the disordered loop connecting

this segment to Da4.

In P. falciparum HPPK/DHPS, a patch of positively charged resi-

dues adorn the surface between the HPPK and DHPS active sites

and are hypothesized to facilitate channeling of the negatively

charged DHPP from one site to the other (Supplemental

Figure 5) (Chitnumsub et al., 2020). In some microbial parasites,

another bifunctional folate biosynthesis enzyme is hypothesized

to channel the substrate by a path of positively charged surface

residues connecting the active sites of the two domains

(Anderson, 2017). Here, for cytHPPK/DHPS and a model of

mitHPPK/DHPS generated using the cytHPPK/DHPS crystal

structure as a template using iTASSER (Yang et al., 2015a), we

found that the domains were connected by a largely

electronegative stretch of residues (Supplemental Figure 5),

making the hypothesis of substrate channeling less probable. It

is worth noting that P. falciparum and P. vivax have multiple

long insertions within their HPPK and DHPS domains that alter

surface architecture (Supplemental Figure 1) (Chitnumsub et al.,

2020; Yogavel et al., 2018). By contrast, the A. thaliana

enzymes are closer in length and sequence identity to bacterial

monofunctional enzymes (Figure 2; Supplemental Table 2).

Enzyme kinetics of P. sativumHPPK/DHPS showed that catalysis

of 6-HMDP by HPPK is rate limiting for the production of 7,8-DHP

by the bifunctional enzyme (Mouillon et al., 2002). In the absence

of p-ABA, the product of HPPK, DHPP accumulated in the

medium, but it was rapidly turned over upon the addition of p-

ABA (Mouillon et al., 2002). The authors reasoned that

substrate channeling seemed less likely given the propensity of

DHPP to freely equilibrate with the external media and that its

rapid clearance by DHPS was due to high specific activity

(Mouillon et al., 2002). Taken together with our structural data,

this suggests that substrate channeling may not play a role in

HPPK/DHPS activity in A. thaliana.
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Figure 4. cytHPPK has a conserved active site flanked by catalytic loops in different conformations.
(A) Superposition of chain A and chain B cytHPPK domains, with catalytic loops 1 to 3 colored yellow (chain A) or orange (chain B). Disordered regions in

loop H3 (chain A) are indicated by a dashed line.

(B) HPPK substrates 6-HMDP and the non-hydrolysable ATP-mimic diphosphomethylphosphonic acid adenosyl ester (AMPcPP) from the F. tularensis

structure (PDB: 3MCO) are superposed in cytHPPK, with catalytically relevant residues shown as sticks. Ligand atoms are shown in purple (carbon), blue

(nitrogen), red (oxygen), orange (phosphorus), and green (magnesium).

(C) Residues that differ between mitHPPK and cytHPPK are highlighted (blue sticks), showing general active site conservation between homologs, with a

few labeled exceptions.
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The cytHPPK catalytic loops adopt different
conformations between monomers

Superposition of individual monomers within the cytHPPK/DHPS

asymmetric unit revealed differences in the catalytic loops

(Figure 4A). HPPK catalysis requires participation from residues

in loops H1, H2, and H3 (Figures 2 and 4A) that delineate the

enzyme active site. In cytHPPK, loop H1 adopts similar

conformations in each chain. In chain B, loop H2 projects

outward relative to chain A, and loop H3 projects toward the

active site, showing clear electron density for key catalytic

residues Arg92 and Arg102. Chain A loop H2 is angled slightly

inward, and eight residues in chain A loop H3 are disordered,

with Arg92 removed from the active site and Arg102 positioned

within the active site (Figure 4A).

To examine active site architecture, cytHPPK chain B was used,

as clear electron density was observed for the entire domain.

Enzyme substrates 6-HMDP and the non-hydrolysable ATP

mimic AMPcPP were superposed onto the cytHPPK site based

on structural similarity to the F. tularensis enzyme (RMSD of

1.7 Å in Ca atoms of HPPK domains only) (Figure 4B) (Pemble

et al., 2010). The binding site for AMPcPP is situated closer to

the surface, where residues Leu80, Lys84, Ile108, Leu121,

Ile122, and His125 could stabilize the pocket around the adeno-

sine ring of ATP. The phosphate groups are proposed to be

further stabilized by electrostatic interactions with residues

Lys84, Arg92, Arg102, His125, and Arg131 (Pemble et al.,

2010). As the cytHPPK-binding site is unliganded, Lys84 and

His125 are moved slightly away from the active site. The

essential Mg+2 cofactors are coordinated by two conserved

aspartate residues, Asp105 and Asp107; however, in cytHPPK,

Asp105 is pointed away from Asp107 in the absence of Mg+2

atoms. In FtHPPK, this Mg+2 atom can be seen to coordinate

the a- and b-phosphates of AMPcPP, and the second Mg+2

atom coordinates the b- and g-phosphate and orients the

6-hydroxymethyl group of 6-HMDP toward the pyrophosphate
Plant Co
moiety of AMPcPP for transfer (Pemble et al., 2010). At the

base of the pterin-binding pocket, Phe63 and Phe133 are clearly

positioned in a highly conserved p-p stacking interaction where

they could flank the pterin ring of 6-HMDP. Hydrogen-bonding in-

teractions between Thr52 and the conserved Asn65 tether 6-

HMDP to the base of the pocket by its nitrogen face, and Val55

and Tyr99 complete the binding pocket.

HPPK catalysis is proposed to involve six steps, beginning with

Mg+2-ATP binding to HPPK (Blaszczyk et al., 2000). Then,

outward movement of loop H3 (by �20 Å) triggers key arginine

residues (Arg92 and Arg102 in cytHPPK) to complete the active

site. Next, 6-HMDP binds, and loops H1 and H3 close around

it, with a tryptophan residue (Tyr99 in cytHPPK) moving in to

seal the active site closed. After the reaction is completed, loop

H3 moves back outward to release the product DHPP.

Based on the currently known reaction trajectory of HPPK catal-

ysis (Blaszczyk et al., 2000), it would appear that chain A in

unliganded cytHPPK adopts a conformation either poised to

accept 6-HMDP or to release the product DHPP. Chain B, on

the other hand, reflects a conformation facilitating catalysis within

the active site, as loop H3 is moved inward, with both Arg92 and

Arg102 facing the substrate-binding pockets and Tyr99 partially

sealing the active site.

To investigate how sequence differences in the mitochondrial

HPPK/DHPS of A. thaliana might influence HPPK catalysis, we

mapped the different residues onto the cytHPPK structure (high-

lighted in blue, Figure 4C). Within catalytically relevant loop

regions, cytHPPK differs from mitHPPK at six amino acid

residues. In cytHPPK, loop H1 residue Val22 (Ile97 in mitHPPK)

and loop H3 residue Leu97 (Ile171 in mitHPPK) are similar in

size and hydrophobicity. Interestingly, where cytHPPK has

Glu53 in loop H2, there is an Ala128 in mitHPPK. Whether a

larger, negatively charged residue affects the ability of loop H2
mmunications 3, 100322, July 11 2022 ª 2022 The Author(s). 5
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Figure 5. cytDHPS is structurally conserved with microbial counterparts.
(A) Superposition of cytDHPS domains from chain A and chain B shows that bothmonomers adopt similar conformations. Catalytic loops 1, 2, 5, 6, and 7

are highlighted in dark pink, with regions of disorder indicated by dashed lines.

(B) DHPS substrates DHP+, PPi, and p-ABA from Y. pestis (PDB: 3TYZ) were superposed to show catalytically relevant residues (sticks). Ligand atoms

are shown in purple (carbon), blue (nitrogen), red (oxygen), orange (phosphorus), and green (magnesium).

(C) Residues non-identical to mitDHPS are highlighted in blue, revealing active site conservation apart from Glu346 (in disordered loop D5, not observed)

and Gly386 (labeled).
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to stabilize the active site pocket in HPPK is unclear. Although

most microbial HPPK enzymes have a charged residue at this

site, E. coli HPPK has a proline and Staphylococcus aureus an

alanine, suggesting that glutamate at this position may not

adversely affect enzyme catalysis. In loop H3, where mitHPPK

contains two oppositely charged residues (Lys168-Asp169),

cytHPPK contains two negatively charged residues followed by

a polar uncharged residue (Glu93-Glu94-Asn95). Considering

the important role of loop H3 in mediating product binding and

release, it is possible that these differences in net charge and

the presence of an additional charged residue in cytHPPK alter

its interactions with substrate/product sufficiently to affect its

activity. Aside from these residues in the catalytic loops,

variations between the mitHPPK and cytHPPK largely decorate

surfaces away from the active site.
The cytDHPS active site is structurally conserved

In contrast to the differences between HPPK monomers, super-

position of the DHPS crystallographic chains A and B revealed

only subtle differences (Figure 5A). Loops D1, D2, D4, and D5

were disordered in both crystallographic monomers, and they

are often disordered in DHPS crystal structures. Among the

loops connecting individual b sheets to a helices in the TIM

barrel, loops D1, D2, D5, D6, and D7 have been implicated in

mediating catalysis or stabilizing the active site in microbial

DHPS (Babaoglu et al., 2004; Yun et al., 2012).

To understand the A. thaliana DHPS structure in the context of

its bound substrates, we superposed DHP+, pyrophosphate,

and p-ABA into the cytDHPS active site (Figure 5B) based on

a crystal structure of the substrate-bound DHPS from Yersinia

pestis (RMSD of 1.2 Å in Ca atoms) (Yun et al., 2012). When

crystals of Y. pestis DHPS were soaked in DHPP and p-ABA,

the pyrophosphoryl group from DHPP was cleaved and

remained in the active site (Yun et al., 2012). Comparison with

microbial DHPS shows these two binding pockets in

cytDHPS: a pterin-binding site at the opening of the b-barrel,
6 Plant Communications 3, 100322, July 11 2022 ª 2022 The Autho
and a p-ABA-binding site closer to the surface formed by loops

D1, D2, and D7.

The pterin-binding pocket contains two aspartate residues

(Asp286 and Asp378) proposed to stabilize the resonance forms

of the pterin ring during pyrophosphoryl cleavage, with the latter

residue essential for DHPP binding (Yun et al., 2012). In addition

to Asp286 and Asp378, Asn305 and Lys423 would form a part

of the hydrogen bond network stabilizing the pterin ring (Yun

et al., 2012). In the unliganded cytDHPS, Arg458 overlaps the

pterin-binding site; in a substrate-bound structure, this arginine

would probably engage in p-stacking interactions parallel to the

pterin ring such that it could also interact with the pyrophos-

phate moiety. The superposed pyrophosphate group sits in an

adjacent cleft composed of Ser214, Ser216, and Asp217 (from

loop D1), Ser248 and Thr249 (from loop D2), and Arg458 and

His460, which form the anion-binding pocket (Yun et al.,

2012). At this site, a Mg+2 ion would form part of a coordinated

network between the pyrophosphate oxygen atoms, Asn209,

and water molecules. This Mg+2 ion is proposed to assist pyro-

phosphate release from the DHPS active site, as well as stabi-

lize the substructure formed by catalytic loops D1 and D2 (Yun

et al., 2012; Bourne, 2014).

Key interacting residues in the p-ABA-binding pocket include

Phe215 (loop D1), Pro251 (loop D2), Phe383 (loop D6), and

Lys423 (loop D7). In YpDHPS, the p-ABA carboxylate group

hydrogen bonds to a neighboring serine residue in loop D7

(Arg424 in cytDHPS) and is stabilized by the helix dipole of Da7

(Yun et al., 2012). In cytDHPS, the involvement of functionally

critical loops D1 and D2 in p-ABA binding cannot be seen

owing to loop disorder; however, Phe383, Lys423, and Arg424

can be seen to adopt orientations similar to those of their

counterparts in YpDHPS.

Drawing from a series of bacterial DHPS structures crystallized

with various substrate/products, a mechanism was proposed

for 7,8-DHP synthesis (Babaoglu et al., 2004; Yun et al., 2012).
r(s).
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Figure 6. Asulam displays the strongest
herbicidal activity against A. thaliana
among a range of sulfonamides.
(A and B) Pre- and post-emergence herbicidal

activities are shown for (A) sulfonamides (sulfa-

nilamide, 1; sulfacetamide, 2; asulam, 3; sulfa-

methoxazole, 4; sulfadiazine, 5; sulfamethazine, 6;

and sulfadoxine, 7) and (B) the herbicide controls

glyphosate and oryzalin.

(C) Minimum inhibitory concentration (mM) for

DHPS inhibitors.
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The reaction begins with DHPP binding, which stabilizes mobile

catalytic loops, including loops D1 and D2, into forming the p-

ABA-binding pocket. Pyrophosphate cleavage from DHPP

occurs first by an SN1 reaction, with both molecules retained in

their respective binding pockets. Mg+2 facilitates departure of

the pyrophosphate from the active site, allowing p-ABA to be

covalently attached to the unphosphorylated pterin to yield 7,8-

DHP (reaction scheme in Figure 1).

It is proposed that, in the absence of pterin substrate, its bind-

ing site is occupied by an arginine residue in loop D2 (Arg250 in

cytDHPS) where the guanidinium group of arginine coordinated

with water molecules mimic the pterin substrate. This conforma-

tion was observed in native Bacillus anthracis DHPS, where loop

D2 also blocked access to the p-ABA-binding site (Babaoglu

et al., 2004). It is hypothesized that DHPP entry displaces the

Arg-containing loop D2, which now forms the p-ABA-binding

pocket. Following product formation, this loop is suggested to

swing back in to displace product from the active site. This is

predicted to be a mechanism to prevent p-ABA binding prior

to pterin binding, as this would occlude the pterin-binding site

and hinder catalysis (Babaoglu et al., 2004). This might explain

our inability to crystallize DHPS with asulam alone.

Considering that cytDHPS is unliganded, it could be expected

that loop D2 would be moved in toward the pterin-binding

pocket. However, several crystal structures of microbial DHPS

enzymes also display disorder in loop D2 in their native and

ligand-bound forms (Babaoglu et al., 2004; Morgan et al.,

2011; Yun et al., 2012). This could be due to the sheer

flexibility of the longer catalytic loops and the associated

difficulty of capturing a crystal structure of DHPS in a

catalytically relevant conformation.

The DHPS active site and the base of the pterin-binding pocket

in particular are almost completely conserved across species.

As with A. thaliana cytHPPK, we mapped onto the cytosolic
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DHPS structure those sites at which amino

acid sequences differed from the mito-

chondrial enzyme (Figure 5C). Within the

cytDHPS active site, there is a Glu346

(Gln417 in mitDHPS) and a Glu349

(Asp420 in mitDHPS) in loop D5 and a

Gly386 (Ser457 in mitDHPS) and an

Ile387 (Val458 in mitDHPS) in loop D6. All

other variable residues were strictly either

on the outside of the enzyme surface or

facing away from the substrate-binding

sites, hinting at the structural basis for
why cytHPPK/DHPS can fully complement the function of its

mitochondrial counterpart in S. cerevisiae (Storozhenko et al.,

2007).
Sulfonamides demonstrate cross-kingdom activity
against A. thaliana and E. coli

Based on the sequence and structural similarity of A. thaliana

cytDHPS to microbial DHPS, sulfonamides could be expected

to exhibit similar in vivo inhibition of plants andmicrobes. Accord-

ingly, we contrasted the herbicidal activity of selected sulfon-

amides with varying R groups against their antibacterial activity

(Figure 6). Our results show that asulam is indeed the most

potent herbicide among tested sulfonamides, displaying

A. thaliana growth inhibition from 0.25 mM onward after pre-

emergence treatment (Figure 6). Sulfacetamide and

sulfamethoxazole, both commercially used antibacterials, also

demonstrate reasonable potency, although their herbicidal

activity is approximately four- to eight-fold weaker than that of

asulam (Figure 6). Conversely, although sulfamethoxazole

strongly inhibits E. coli growth (minimum inhibitory

concentration (MIC) of 0.031 mM), inhibition by asulam and

sulfacetamide is weaker at 0.125 mM and 0.25 mM,

respectively (Figure 6C). Compared with sulfamethoxazole,

sulfadoxine demonstrated weaker herbicidal and antibiotic

activities (Figure 6). Among the sulfonamides tested,

sulfamethoxazole was the strongest inhibitor of the gram-

positive Bacillus subtilis (MIC of 0.25 mM), whereas asulam and

sulfacetamide were not effective within the tested range. It is

also interesting to note that altering an R group from a ketone

(as in sulfacetamide) to an ester (as in asulam) enhanced the

herbicidal and antibacterial effect of this class of DHPS

inhibitors (Figure 6). Although the uptake and transport of

sulfonamides may vary between plants and microbes, as a

class of inhibitors, they consistently demonstrate cross-

kingdom potency.
22, July 11 2022 ª 2022 The Author(s). 7
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Figure 7. The sulfonamide-binding pocket
is conserved between plants and microbes.
(A) Relative abundance of amino acid residues

within subsections of DHPS catalytic loops D1,

D2, D6, and D7 that form the p-ABA-binding

pocket. Contact residues that interact with p-ABA

or sulfonamides are labeled with mitDHPS

numbering. Arg509 falls within Da7, adjacent to

loop D7.

(B) mitDHPS model with asulam docked in the p-

ABA-binding pocket within range of catalytic loop

residues (colored as in A). Ligand atoms are

shown in yellow (carbon), blue (nitrogen), and red

(oxygen).

(C) mitDHPS:sulfamethoxazole model super-

posed with a sulfamethoxazole-bound Y. pestis

DHPS crystal structure (shown in gray; PDB:

3TZF) showing conservation of contact residues

except for Ser222 in YpDHPS. Carbon atoms in

sulfamethoxazole are shown in yellow (docked

molecule) or gray (YpDHPS-bound crystal struc-

ture).
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Asulam has similar physicochemical properties to
sulfonamide antibiotics

To investigate whether the lack of herbicidal activity by some sul-

fonamides could be a result of their physicochemical properties,

we compared them with those of 359 commercial herbicides

(Supplemental Figure 6) (Sukhoverkov et al., 2021). The

sulfonamides we tested largely cluster together within the

expected range of commercial herbicides (Supplemental

Figure 6). Overall, the cluster analysis shows that sulfonamides,

including asulam, have similar physicochemical properties that

probably underpin their cross-kingdom activity and are unlikely

to be the basis for the individual herbicidal potencies of asulam,

sulfacetamide, and sulfamethoxazole.
A model of mitDHPS and asulam shows the difficulty in
developing plant-specific inhibitors

To study the conservation of DHPS residues comprising the p-

ABA/sulfonamide-binding pocket, we examined key regions of

catalytic loops D1, D2, D6, and D7 from 40 microbial species

(Supplemental Table 2) and 40 plant species (Supplemental

Table 3) using the WebLogo server (Crooks et al., 2004). These

sequence logos illustrate which residues are conserved across

plants and microbes (Figure 7A). To visualize the positioning of

these residues relative to asulam, we created a mitDHPS

homology model with SWISS-MODEL (Waterhouse et al., 2018)

based on a Y. pestis DHPS holoenzyme crystal structure in

which the enzyme was captured in a catalytically active

conformation (Yun et al., 2012). Using AutoDock Vina (Trott and

Olson, 2010), the sulfonamides asulam and sulfamethoxazole

were docked into the p-ABA-binding pocket, resulting in poses

comparable to related structures and predicted binding

affinities of �5.7 and �6.5 kcal mol�1, respectively (Figure 7B

and 7C).

The p-ABA-binding pocket is formed by loops D1, D2, D6, D7,

and the N-terminal region of Da7. Key residues contributing to

stabilizing p-ABA or sulfonamides at this site in mitDHPS would
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be Phe286 (loop D1); Thr320, Arg321, and Pro322 (loop D2);

Gly453 and Phe454 (loop D6); and Lys494 and Arg495 (loop

D7) (Figure 7A and 7B). Arg509 on Da7 is within 3.5 Å of the

docked sulfonamides and would be expected to assist Arg495

in stabilizing the carboxylate moiety (or SO2 group in sulfon-

amides) by inference from the YpDHPS structure bound to p-

ABA or sulfamethoxazole (Yun et al., 2012). The catalytic loops

in the mitDHPS model presented in Figure 7 adopt a closed

conformation as in the DHPS holoenzyme (Yogavel et al., 2018;

Yun et al., 2012), whereas an unliganded E. coli DHPS crystal

structure captures loop D1 in an open conformation

(Supplemental Figure 7) (Achari et al., 1997).

Superposition of the sulfamethoxazole-bound YpDHPS crystal

structure to the mitDHPS:sulfamethoxazole model reveals abso-

lute conservation of key residues except for Ser221 in YpDHPS at

the site of Arg495 (Figure 7C). Although many plants have an

arginine residue at this position, serine residues are also

observed (Figure 7A), as in the weed L. multiflorum

(Supplemental Figure 2). In contrast to the large, positively

charged Arg495, a serine residue at this position (as observed

in Y. pestis and E. coli; see Figure 7C and Supplemental

Figure 7) can potentially accommodate larger substituents and

may explain our observation that sulfadiazine was not

herbicidal but was more antibacterial than asulam (Figure 6).

This position is a frequent site of mutation in microbial DHPS

that results in sulfonamide resistance, which predominantly

arises from mutations within loops D1, D2, and D7 (Yun et al.,

2012; Yogavel et al., 2018; Chitnumsub et al., 2020). It has

been noted that sulfa drugs with substituents extending beyond

the van der Waals surface of DHPS are more likely to select for

resistance mutations, such as sulfadoxine, whose bulky

substituent moves catalytic loop D2 into a partially open

conformation less able to stabilize inhibitor binding (Yun et al.,

2012; Chitnumsub et al., 2020). Accordingly, lead compounds

mimicking p-ABA must be designed to stay within the overall

surface of DHPS, and the role of loop D2 in mediating drug

affinity as well as resistance must be considered. Interestingly,
r(s).
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in the sulfamethoxazole-bound YpDHPS structure, the R substit-

uent still permits loop D2 to adopt a closed conformation

covering the active site. Our findings that sulfamethoxazole, sul-

facetamide, and asulam demonstrated potent herbicidal and

antibiotic activity could be a result of the similar size of their R

groups, which are smaller than those of sulfadoxine and sulfame-

thazine (Figure 6) and less likely to disrupt the stabilizing influence

of loop D2. Failed attempts at docking sulfadoxine and

sulfamethazine to mitDHPS may also be due to an inability to

accommodate large conformational changes in loops D2 and

D1 that may occur in the vicinity of their bulky R groups.
Exploring alternative HPPK/DHPS inhibitors as herbi-
cides

Microbial drug discovery efforts have targeted the p-ABA- and/or

pterin-binding site of DHPS (Hammoudeh et al., 2014; Dennis

et al., 2018) with the pterin-like molecules pyrimido[4,5-c]

pyridazines (Zhao et al., 2012) and derivatives of 5-

nitroisocytosine (Babaoglu et al., 2004). Pterin-based DHPS in-

hibitors, although potent enzyme inhibitors in vitro (Zhao et al.,

2012; Dennis et al., 2018), are often poor antibacterials in vivo

(Lever et al., 1985, 1986). To determine whether pterin-based in-

hibitors have potential as herbicides, we synthesized a series of

guanine-based inhibitors that mimic the pterin substrate of both

HPPK and DHPS. Although compounds like these have promise

as leads against microbial enzymes (Hevener et al., 2010; Dennis

et al., 2014, 2018; Shaw et al., 2014), we found them to have low

solubility, which could be a contributing factor to their complete

lack of herbicidal and antibacterial activity (Supplemental

Figure 8; Supplemental Table 4). However, analysis of the

physicochemical properties of these pterins revealed that they

are within the expected range of commercial herbicides

(Supplemental Figure 9). Pterin-mimicking inhibitors are less

likely to give rise to resistance owing to the absolute conservation

of residues at the base of the DHPS active site, and screening a

library of suitably substituted pterin mimics might therefore un-

cover lead compounds that provide plant specificity and might

be optimized using the structural data presented here.

Another avenue for herbicide design could be to exploit the op-

portunities presented by two substrate-binding sites in each of

HPPK and DHPS. Herbicides that occupy both substrate sites

simultaneously in each individual enzyme could be developed.

Indeed, bisubstrate pterin-sulfa conjugate inhibitors targeting

DHPS have been shown to have antibacterial activity and bind

to Y. pestis DHPS by occupying both the pterin and p-ABA

pockets (Zhao et al., 2016). They could be a viable solution for

developing potent inhibitors that are less prone to resistance,

as the absolute conservation of the pterin-binding pocket in

DHPS is less likely to tolerate resistance mutations, even if resis-

tance is more frequent at the sulfonamide-binding pocket. Suc-

cess with HPPK inhibitors, including bisubstrate HPPK inhibitors

that occupy both the pterin pocket and the ATP pocket, has been

achieved mostly in vitro and has yet to reveal promising in vivo

antibacterial candidates (Shi et al., 2012; Chhabra et al., 2013;

Dennis et al., 2014).

In summary, our crystal structure of the bifunctional A. thaliana

cytHPPK/DHPS shows that plant enzymes are structurally

conserved compared with their microbial counterparts and pro-
Plant Co
vides a structural context for the herbicidal activity of asulam

and the sulfonamide antibiotics sulfacetamide and sulfamethox-

azole. Although studies have investigated the off-target and

toxicity effects of asulam, such as its inhibition of mammalian se-

piapterin reductase (Yang et al., 2015b), its cross-kingdom activ-

ity against soil microbiota is less well studied (European Food

Safety Authority et al., 2021). Sulfonamide antibiotics are used

in the livestock industry and have been reported to have

phytotoxic effects (Liu et al., 2009; Piotrowicz-Cie�slak et al.,

2010; Cheong et al., 2020). We demonstrated the herbicidal

potency of sulfamethoxazole against A. thaliana, and a previous

study showed that it was also herbicidal against duckweed

(Lemna gibba) (Brain et al., 2008). The conservation of key

sulfonamide-interacting residues within the DHPS active site

suggests that achieving plant specificity for a p-ABA-mimicking

inhibitor may not be trivial. Exploiting differences in pharmacoki-

netic or delivery mechanisms between plants and microbes

might be an effective way to develop greater plant specificity.

Although asulam resistance in weeds has not yet been reported,

the combined inhibition of HPPK and DHPS could provide a

means to preempt resistance.
MATERIALS AND METHODS

Sequence alignments and analysis

HPPK/DHPS sequences were retrieved from NCBI Protein BLAST using

A. thalianamitHPPK/DHPS as the query. Transcriptomes of weed species

commonly targeted by asulam in the field were assembled using CLC Ge-

nomics Workbench v20.0.3 (Qiagen Aarhus A/S) from data in the NCBI

Sequence Read Archive: L. multiflorum (accession SRR1648407)

(Czaban et al., 2015), E. crus-galli (SRR8633067) (Fang et al., 2019),

C. rotundus (SRR12887711) (Ji et al., 2021), and P. annua

(SRR1633980) (Chen et al., 2016). Protein sequences of HPPK-DHPS

from these species were obtained using tBLASTn by searching the tran-

scriptomes against the A. thalianamitHPPK/DHPS protein sequence. Se-

quences were aligned using Clustal Omega (Sievers et al., 2011) and

rendered using the ESPript 3.0 server (https://espript.ibcp.fr) (Robert

and Gouet, 2014). Logos of selected sequences within catalytically

relevant regions across 40 microbe and plant species (details in

Supplemental Tables 2 and 3) were generated using the WebLogo server

(Crooks et al., 2004).

Expression and purification of cytHPPK/DHPS

E. coli (Shuffle Express; NEB) containing the plasmid pREP4 (Qiagen) was

transformed with an N-terminally His-tagged fusion protein of cytHPPK/

DHPS (At1g69190) in the vector pQE30 (Qiagen). Overnight cultures

grown at 30�C in LB broth supplemented with 35 mg/ml kanamycin and

100 mg/ml ampicillin were sub-cultured to an optical density at 600 nm

(OD600) of 0.6–0.7 and induced overnight at 16�C with 100 mM isopropyl

b-D-1-thiogalactopyranoside. The bacterial culture was centrifuged at

4000 g for 15 min at 4�C (Beckman), and the cell pellet was resuspended

in 30–40 ml of lysis buffer (50 mM HEPES [pH 8.0], 500 mM sodium chlo-

ride, 10 mM imidazole, 10 mM b-mercaptoethanol, 5% glycerol, and lyso-

zyme to a final concentration of 1mg/ml). After a 30-min incubation on ice,

the cell suspension was sonicated on ice for 6 min (40% amplitude, 3-s

impulse, 9-s relapse) and centrifuged twice at 11 000 g for 20 min at

4�C (Beckman) to pellet cell debris. The cell extract was clarified by

filtering through 0.4-mm and 0.22-mm filters prior to loading onto �4 ml

of Ni-NTA resin (Profinity IMAC resin, Bio-Rad). To allow the His-tag pro-

tein to bind the resin, it was incubated overnight at 4�C on a rolling shaker.

To remove contaminant proteins, the resin was loaded into polypropylene

gravity columns (Bio-Rad) and washed sequentially with 50 ml of ice-cold

lysis buffer and 50ml of washing buffer containing 50mMHEPES (pH 8.0),

500 mM sodium chloride, 30 mM imidazole, 10 mM b-mercaptoethanol,
mmunications 3, 100322, July 11 2022 ª 2022 The Author(s). 9
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and 5% glycerol. CytHPPK/DHPS was eluted from the columns using 10

ml of ice-cold elution buffer containing 50mMHEPES (pH8.0), 500mMso-

dium chloride, 250 mM imidazole, 10 mM b-mercaptoethanol, and 5%

glycerol. The eluate was centrifuged at 11 000 g at 4�C to remove aggre-

gated protein, and the supernatant was concentrated by centrifugation

on Amicon Ultra filters (MWCO 10 kDa) to a final volume of 0.2–0.3 ml.

To remove excessive imidazole, the protein sample was diluted with �30

ml of buffer containing 50 mM HEPES (pH 8.0), 500 mM sodium chloride,

10 mM b-mercaptoethanol, and 5% glycerol and concentrated again to

a final volume of 0.6–0.8 ml. To remove aggregates and the remaining

traces of imidazole, the protein samplewaspurified on anS200 size-exclu-

sion column (HiLoad 16/600 Superdex 200 pg, GE) using 50 mM HEPES

(pH 8.0), 500 mM sodium chloride, 10 mM b-mercaptoethanol, and 5%

glycerol. The cytHPPK/DHPS peak was collected and concentrated by

centrifugation on 10 kDa MWCO Amicon Ultra filters (Millipore) to a final

volumeof 0.2–0.3ml and kept on ice before reductivemethylationwasper-

formed. A similar expression and purification approach was attempted for

mitHPPK/DHPS (without its 68-residue N-terminal mitochondrial transit

peptide), but we were unable to obtain soluble protein.

Reductive methylation of cytHPPK/DHPS

We were unable to crystallize purified cytHPPK/DHPS until its surface

lysine residues were reductively methylated according to the protocol

described by Tan et al. (2014). Purified cytHPPK/DHPS diluted to

16 mg/ml in 50 mM HEPES (pH 8.0), 500 mM sodium chloride, 10 mM

b-mercaptoethanol, and 5% glycerol was mixed gently with 20 ml of 1 M

dimethylamine-borane complex (Sigma) per 1 ml of protein solution.

Immediately after addition of dimethylamine-borane complex, 40 ml of

1 M formaldehyde per 1 ml of protein solution was added to the reaction

mixture and mixed gently. The solution was incubated at 4�C for 2 h, and

the procedure was repeated. After 2 h of incubation, an additional 10 ml of

1 M dimethylamine-borane complex per 1 ml of protein solution was

added to the reaction mixture, which was incubated at 4�C for 12–14 h.

To quench the reaction, 80 ml of 1 M glycine and 6 ml of 1 M dithiothreitol

were added to the reaction mixture, and the solution was left on ice for 2 h.

To remove unreacted dimethylamine-borane complex, formaldehyde,

and high-molecular-weight protein aggregates, the reaction mixture was

purified by size-exclusion chromatography on an S200 size-exclusion col-

umn (HiLoad 16/600 Superdex 200 pg, GE) and eluted in 20 mM HEPES

(pH 8.0), 250 mM sodium chloride, and 2 mM dithiothreitol. The

cytHPPK/DHPS peak was collected and concentrated by centrifugation

on 10 kDa MWCO Amicon Ultra filters (Millipore). To remove excess

salt, the sample was diluted with 20 mMHEPES (pH 8.0), 125 mM sodium

chloride, and 2 mM dithiothreitol, then concentrated to �10–20 mg/ml for

use in crystallization trials.

Crystallization and structure determination of A. thaliana
cytHPPK/DHPS

Crystals of reductively methylated cytHPPK/DHPS were grown at 20�C
using the sitting drop vapor-diffusion method by mixing reservoir buffer

(30%–40% PEG 3350 and 0.2 M sodium fluoride) with protein solution

(13–20 mg/ml) in a 1:3 or 1:4 ratio. Prior to screening, crystals were

cryo-protected in 25% glycerol, 30%–40% PEG 3350, and 0.2 M sodium

fluoride and flash-cooled in liquid nitrogen. X-ray data were collected us-

ing theMX2 beamline at the Australian Synchrotron, part of Australia’s Nu-

clear Science and Technology Organisation (ANSTO) (Aragao et al., 2018).

The X-ray data were indexed and integrated using iMosflm (Battye et al.,

2011), space group assigned using Pointless, and scaled using Aimless

(CCP4 package) (Winn et al., 2011). The cytHPPK/DHPS structure was

determined by molecular replacement using PHASER (from within the

PHENIX package) (Adams et al., 2010), and an ensemble model was

generated in Chainsaw (CCP4 package) (Winn et al., 2011) using

S. cerevisiae HPPK/DHPS (PDB: 2BMB). The molecular replacement so-

lution was subsequently rebuilt using PHENIX.AUTOBUILD (Terwilliger

et al., 2008) and refined in Refmac5 (CCP4 package) (Winn et al., 2011)

including TLS and Jelly body options. The data showed some evidence
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of anisotropy; however, attempts to correct for this did not improve

refinement statistics or the quality of electron density, so a conservative

isotropic resolution cutoff of 2.3 Å was chosen for refinement. Data

processing and refinement statistics are presented in Supplemental

Table 1.

Chemical synthesis of pterin-mimic inhibitors

Compounds 8–12 were synthesized in yields ranging from 9%–19% as

previously described (Dennis et al., 2014, 2016, 2018; Yun et al., 2014)

and purified by C18 chromatography (0%–100% acetonitrile/0.1%

trifluoracetic acid in water).

MIC assay

MICs were performed in triplicate using the broth microdilution method

(Clinical and Laboratory Standards Institute) (CLSI, 2021) in a 96-well plate

with serial dilutions of sulfonamides (AK Scientific), pterin-mimicking in-

hibitors (synthesis described above), glyphosate (Sigma-Aldrich), and or-

yzalin (Sigma-Aldrich) in 100 ml of cation-adjusted Mueller–Hinton broth.

To account for the dimethyl sulfoxide used to dissolve HPPK/DHPS inhib-

itors, an equivalent quantity was added to the Mueller–Hinton broth to a

final 0.6%–2% concentration. Wells were inoculated with 100 ml of �105

cells of E. coli or B. subtilis grown to an OD600 of�0.5, with the final inhib-

itor concentration ranging from 0.04 to 2 mM. MICs were determined by

visualizing wells with no growth after incubation of the cells for 20 h at

37�C in a shaker incubator.

Sulfonamide treatments on soil-grown A. thaliana

Approximately 60 A. thaliana Col-0 seeds were sown in pots

(633 633 59 mm) of Seedling Substrate Plus + soil (Bord na Móna Hor-

ticulture, Newbridge, Ireland) consisting of Irish peat. Soil was pre-wetted

to saturation before sowing and then watered throughout the experiment

to maintain adequately moist conditions. No fertilizer was added to the

soil. Seeds were cold-treated for 3 days in the dark at 4�C to synchronize

germination and then grown in a chamber at 23�C with 55% relative hu-

midity and a 16 h light/8 h dark photoperiod. Sulfonamides (AK Scientific),

glyphosate (Sigma-Aldrich), and oryzalin (Sigma-Aldrich) were initially dis-

solved in DMSO at 20 mg/ml and further diluted in water prior to treat-

ments. The surfactant Brushwet (SST Dandenong, Australia) was added

to a final concentration of 0.2 ml/l. The active ingredients glyphosate

and oryzalin of commercial herbicides were used as positive controls.

Each compound was tested on seeds (pre-emergence) or seedlings

(post emergence) by directly spraying the plants in each pot with 0.5 ml

of 0.125, 0.25, 0.5, 1, 2, or 4 mM solutions, which are equivalent

to �27–1562 g/ha a.i. The soil density in each pot was 0.29 g/cm3, based

on dry soil. The total volume of herbicide solution per gram of soil was 10

ml/g for pre-emergence and 20 ml/g for post emergence because a single

0.5 ml application was used pre-emergence, whereas two applications of

0.5 ml were used post emergence. The day that the trays were moved into

their first long day was considered to be day 0, on which the single pre-

emergence treatments were given. Post-emergence treatments were car-

ried out twice post germination, at days 4 and 8, and seedlings were

grown for 15 days before photographs were taken. The herbicidal effect

of each compound was assessed visually.
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