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Structural characterization of acyl-CoA oxidases
reveals a direct link between pheromone biosynthesis
and metabolic state in Caenorhabditis elegans
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Caenorhabditis elegans secretes ascarosides as pheromones to com-
municate with other worms and to coordinate the development and
behavior of the population. Peroxisomal p-oxidation cycles shorten
the side chains of ascaroside precursors to produce the short-chain
ascaroside pheromones. Acyl-CoA oxidases, which catalyze the first
step in these p-oxidation cycles, have different side chain-length spec-
ificities and enable C. elegans to regulate the production of specific
ascaroside pheromones. Here, we determine the crystal structure of
the acyl-CoA oxidase 1 (ACOX-1) homodimer and the ACOX-2 homo-
dimer bound to its substrate. Our results provide a molecular basis for
the substrate specificities of the acyl-CoA oxidases and reveal why
some of these enzymes have a very broad substrate range, whereas
others are quite specific. Our results also enable predictions to be
made for the roles of uncharacterized acyl-CoA oxidases in C. elegans
and in other nematode species. Remarkably, we show that most of
the C. elegans acyl-CoA oxidases that participate in ascaroside biosyn-
thesis contain a conserved ATP-binding pocket that lies at the dimer
interface, and we identify key residues in this binding pocket. ATP
binding induces a structural change that is associated with tighter
binding of the FAD cofactor. Mutations that disrupt ATP binding re-
duce FAD binding and reduce enzyme activity. Thus, ATP may serve as
a regulator of acyl-CoA oxidase activity, thereby directly linking
ascaroside biosynthesis to ATP concentration and metabolic state.
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In mammals, peroxisomal f-oxidation plays a critical role in
primary metabolism, catabolizing the CoA-thioesters of long/
very long-chain fatty acids, branched-chain fatty acids, and bile
acid intermediates (1, 2). In the nematode C. elegans, peroxisomal
p-oxidation not only functions in primary metabolism, but also has
been coopted in the biosynthesis of a class of secondary metabo-
lites known as the ascarosides (3-7). These ascarosides, which are
secreted as pheromones, are derivatives of the 3,6-dideoxy-L-sugar
ascarylose and are modified with fatty acid-derived side chains of
various lengths (ST Appendix, Fig. S1 A and B) (8-13). C. elegans
makes ascarosides with long side chains and then shortens these
side chains through p-oxidation to make the short-chain ascaroside
pheromones (3-7). These pheromones enable C. elegans to co-
ordinate the development and behavior of the population. Different
subsets of these short-chain ascarosides are used to induce the stress-
resistant dauer larval stage, to attract males to hermaphrodites, to
attract hermaphrodites to males, to induce aggregation, and to in-
duce dispersal (6, 9-12, 14-16).

Acyl-CoA oxidases (ACOXs) catalyze the rate-limiting step in
peroxisomal p-oxidation cycles, using a catalytic glutamate residue to
install a double-bond a-p to the CoA-thioester of their substrates (S7
Appendix, Fig. S24) (17, 18). These enzymes oxidize their substrates
by passing the electrons to FAD and, subsequently, to molecular
oxygen to make hydrogen peroxide. Thus, the enzymatic mechanism
of the ACOXs is distinct from that of the acyl-CoA dehydrogenases
that catalyze the first step in mitochondrial p-oxidation cycles and
oxidize fatty acyl-CoA substrates by passing electrons to the electron
transport chain (19). Different mammalian ACOXs are specialized
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to process different types of substrates (1, 2, 20-22). Palmitoyl-
CoA oxidase is specifically active toward the CoA-thioesters of
straight-chain fatty acids, pristanoyl-CoA oxidase toward the
CoA-thioesters of 2-methyl-branched-chain fatty acids and long/
very long straight-chain fatty acids, and cholestanoyl-CoA oxidase
toward the CoA-thioesters of bile acids (20-22). The crystal struc-
tures of a few ACOXs have been determined, including that of rat
liver palmitoyl-CoA oxidase homodimer (ACO-II) bound to a
fatty acid and FAD cofactor (17, 18, 23-26).

In C. elegans, an ACOX enzyme also catalyzes the first step in
each peroxisomal p-oxidation cycle. The remaining three enzymes
in each cycle include an enoyl-CoA hydratase, a (3R)-hydroxyacyl-
CoA dehydrogenase, and a 3-ketoacyl-CoA thiolase (3-6). Specific
ACOX enzymes have evolved to process ascarosides with specific
side-chain lengths, and thus, these enzymes help to determine the
mixture of short-chain ascarosides that are produced by the worm
(5-7). The ascarosides are divided into two main classes: the (w-1)-
ascarosides and the w-ascarosides, which are biosynthesized through
two parallel p-oxidation pathways, each involving different ACOX
enzymes (SI Appendix, Fig. S2 B and C) (7). The side chain of the
(w-1)-ascarosides is attached at its penultimate (or w-1) carbon to
the ascarylose sugar, whereas the side chain of the w-ascarosides is
attached at its terminal (or o) carbon to the ascarylose sugar (SI
Appendix, Fig. S1A4). Although some of the ACOX enzymes in
C. elegans process both fatty acyl-CoA substrates and ascaroside-
CoA substrates, others are specialized for processing only specific
ascaroside-CoA substrates (SI Appendix, Fig. S2 B and C) (7). An
ACOX-1 homodimer processes fatty acyl-CoA substrates, as well as
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specific ascaroside-CoA substrates, including an (o-1)-ascaroside
with a 9-carbon side chain (7). In contrast, an ACOX-1/ACOX-3
heterodimer is specific to an (w-1)-ascaroside substrate with a
7-carbon side chain, and an ACOX-2 homodimer is specific to
an w-ascaroside substrate with a 5-carbon side chain (7). By
regulating the expression of these ACOXs, C. elegans can
control the production of specific ascarosides (7). For example,
C. elegans regulates the expression of ACOX-2 to influence
the production of an ascaroside with a short w-side chain, the
dauer pheromone asc-oC3 (C3; ascr#5), and it regulates the ex-
pression of ACOX-3 to influence the production of ascarosides
with shorter (w-1)-side chains, such as the dauer pheromone asc-
C6-MK (C6; ascr#2) (SI Appendix, Figs. S1B and S2 B and C).

Here, we provide the structural basis for the substrate speci-
ficities of the ACOX enzymes in C. elegans by obtaining the crystal
structures of an ACOX-1 homodimer and an ACOX-2 homo-
dimer bound to its substrate. Site-directed mutagenesis confirms
the importance of key residues in the active sites of the enzymes
for substrate recognition. We identify an ATP binding pocket that
is present at the dimer interface of many of the ACOX enzymes
and show how ATP may regulate pheromone production.

Results and Discussion

Comparison of the Structures of ACOX-1 and ACOX-2. In initial efforts
to crystallize ACOX-1, we were only able to generate crystals of
ACOX-1 without bound FAD, even when FAD was added to all
buffers, as had been done for the purification and crystallization of
certain plant ACOX enzymes (27). Serendipitously, we discovered
that the ACOX-1(E434A) mutant can be readily crystallized with
bound FAD. In this catalytically inactive mutant, a conserved glu-
tamate that removes the a-proton in the substrate has been changed
to an alanine (SI Appendix, Fig. S24). Unfortunately, we could not
obtain enzyme-substrate cocrystals either by crystallizing ACOX-1
in the presence of asc-C9-CoA (1), asc-C9, nonanoyl-CoA, or
nonanoic acid, or by soaking ACOX-1 crystals in the presence of
these substrates or substrate mimics. Similar to our experience
with ACOX-1, making the catalytic mutant of ACOX-2 facilitated
our work with that enzyme. Although wild-type ACOX-2 expresses
relatively poorly in E. coli (~0.1 mg per L of E. coli culture), the
ACOX-2(E432A) catalytic mutant expresses at much higher levels
(~1 mg per L). Furthermore, we were able to crystallize this
ACOX-2 mutant bound to its FAD cofactor and asc-aC5-CoA (2)
substrate. The asc-oC5-CoA (2) substrate was used in cocrystal-
lization experiments because ACOX-2 is specifically active toward
this substrate and cannot process (o-1)-ascarosides (7) or longer-
chain we-ascarosides (SI Appendix, Fig. S3).

The structure of wild-type apo-ACOX-1, which does not have a
bound FAD cofactor, was solved in two different lattices (SI Ap-
pendix, Table S1) by molecular replacement, using rat liver per-
oxisomal ACO-II as a search model (17). The structures of
ACOX-1(E434A) and ACOX-2(E432A) were solved by molecular
replacement, using the wild-type ACOX-1 structure as a search
model (see SI Appendix, Table S1 for crystallographic data
and refinement statistics). ACOX-1 and ACOX-2 crystallize
as dimers as the biological unit with a similar overall fold
(root-mean-square deviation = 0.64 A) (SI Appendix, Fig. S4).
For both ACOX-1(E434A) and ACOX-2(E432A), an FAD co-
factor is bound at two twofold symmetric sites that lie at the in-
terface between the two subunits of the dimer (Fig. 1 4 and B).
Whereas most of the FAD cofactor is encased by protein, the ad-
enine portion of the FAD is largely exposed to solvent. Surprisingly,
for both proteins, electron density that is consistent with ATP is
observed at two twofold symmetric sites that lie at the interface
between the two subunits of the dimer (Fig. 1 4 and B). In the
ACOX-2 structure, the asc-wC5-CoA (2) substrate is bound in a
cleft that is adjacent to the FAD cofactor (Fig. 1 A4 and B). The
electron density for the ascaroside and CoA portion of the sub-
strate, as well as the FAD cofactor, is well resolved (Fig. 24). Thus,
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Fig. 1. Structure of the ACOX-2 homodimer and bound small molecules.
(A) The ACOX-2(E432A) homodimer (with one subunit shown in yellow and
one in purple) bound to two molecules of the FAD cofactor (blue), the asc-wC5-
CoA (2) substrate (red), and ATP (green). The structure of asc-wC5-CoA (2) is
shown in Fig. 2C and S/ Appendix, Fig. S2C. (B) One of the subunits of the
ACOX-2(E432A) homodimer and the FAD cofactor (blue), asc-wC5-CoA (2)
substrate (red), and ATP (green) associated with that subunit.

although the CoA group is near the surface of the protein and is
exposed to solvent, it is bound in a specific manner.

Structural Basis for Substrate Specificity. In the ACOX-2 active site,
Glu-299 is positioned to hydrogen bond with the 2'-hydroxyl of the
ascarylose ring of the asc-wC5-CoA (2) substrate (Fig. 2B). The
homologous position in the ACOX-1 active site has a glycine (Gly-
301) instead of a Glu, possibly reducing the binding of ACOX-1 to
asc-wC5-CoA (2). To implicate this residue in conferring substrate
specificity, we made the Gly-301 to Glu mutation in the ACOX-1
active site to make it resemble the ACOX-2 active site. This mu-
tation greatly reduced the activity of ACOX-1 toward its ascaroside
substrate, asc-C9-CoA (1), but maintained its activity toward
fatty acyl-CoA substrates (Fig. 2C). Thus, this mutation does not
affect enzyme folding or catalysis, but only recognition and ac-
commodation of a specific ascaroside substrate. Furthermore, the
ACOX-1(G301E) mutant also demonstrated some minor activity
toward the ACOX-2 substrate, asc-oC5-CoA (2), suggesting a
glutamate in this position in the ACOX-2 active site does play a
role in binding this substrate (Fig. 2C).

Phe-243 and Ala-116 in ACOX-2 (Fig. 2B) are replaced by Tyr-
245 and Val-118, respectively, in ACOX-1, and these residues may
further reduce the affinity of ACOX-1 for an asc-0C5-CoA (2)
substrate. Alignment of the ACOX-1 structure with the ACOX-2
structure with bound asc-wC5-CoA (2) suggests that if ACOX-1
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were to bind ACOX-2’s substrate, the Tyr-245 hydroxyl would be
within 2.1 A of the ascarylose methyl group, and the Val-118 side
chain would be within 2.3 A of the ascarylose 4'-hydroxyl. To
implicate these residues in substrate selection, we mutated
ACOX-1(G301E) further with the Y245F and V118A mutations.
The ACOX-1 triple mutant demonstrates a level of activity toward
the ACOX-2 substrate, asc-wC5-CoA (2), that approaches that of
ACOX-2 (Fig. 2C) (7). This triple mutant, however, has similar levels
of activity as wild-type ACOX-1 toward most other substrates. Thus,
although Glu-299, Phe-243, and Ala-116 are important for ACOX-
2’s activity toward its asc-oC5-CoA (2) substrate, additional residues
in ACOX-2 must account for its extremely limited substrate range.
Comparison of the ACOX-1 and ACOX-2 active sites shows that
the ACOX-1 active site is much larger than that of ACOX-2 (Fig. 3
A and B and SI Appendix, Fig. S5 A and B). Modeling of the asc-
®C5-CoA (2) substrate into the ACOX-1 structure (based on its
position in the ACOX-2 structure) shows that the ACOX-1 active
site opens to two channels that run along the surface of the protein
(indicated by arrows in Fig. 3B). These channels may enable the
ACOX-1 enzyme to accommodate longer ascaroside-CoA and fatty
acyl-CoA substrates in its active site than asc-wC5-CoA (2). The
ACOX-2 active site has limited access to the outer surface of the
protein (Fig. 34). Lys-291 and Glu-93 form a salt bridge, and Gln-
295 and Arg-101 form a hydrogen bond. These residues, along with
Leu-97, greatly reduce the size of the active site. In the ACOX-1
active site, in contrast, these residues are replaced by a number of
hydrophobic and aromatic residues that would interact favorably
with the alkyl chain of substrates and may enable them to extend
outward into one of the two outer surface channels (Fig. 3B).
Comparison of the active site residues across ACOX enzymes in
C. elegans helps to explain the substrate specificities of biochemically
characterized ACOXs and could potentially enable the substrate
specificities of uncharacterized ACOX enzymes to be predicted
(Fig. 4). For example, Glu-299 in ACOX-2, which hydrogen bonds
to the 2’-hydroxyl of the ascarylose ring of the substrate (Fig. 2B),
corresponds to Asp in ACOX-3 and to Gly in ACOX-1 and ACOX-4.
From these data, one might predict that ACOX-3 would prefer
ascaroside substrates that are intermediate in size between the
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Fig. 2. Comparison of the active sites of ACOX-1
and ACOX-2. (A) Active site of ACOX-2(E432A) with
bound asc-wC5-CoA (2) substrate and FAD cofactor.
The electron density associated with the substrate
and cofactor is shown (2Fo-Fc map, 6=1.0). (B) Close
up of the asc-oC5-CoA (2) substrate in the active site
of ACOX-2(E432A), shown from the opposite per-
spective as shown in A. Glu-299 hydrogen bonds to
the 2’-hydroxyl of the ascarylose ring of the sub-
strate. Phe-243 and Ala-116 help to accommodate
the ascarylose ring. (C) In vitro enzyme activity assay
showing the effect of mutating active site residues
(Gly-301, Val-118, and Tyr-245) of ACOX-1 to the

1, asc-C9-CoA (n=6)

2, asc-0C5-CoA (n=3)
3, asc-wC7-CoA (n=5)

4, C5-CoA (n=1)
5, C7-CoA (n=3) corresponding residues in ACOX-2. The structures of
6, C9-CoA (n=5) the (w-1)-ascaroside-CoA (1), w-ascaroside-CoA (2-3),

7, C12-CoA (n=8)

8, C16-CoA (n=12) and fatty acyl-CoA (4-8) substrates that were tested

are shown. Data represent the mean + SD of three
independent experiments.

preferred substrates of ACOX-1 and ACOX-2 (i.e., asc-C7-CoA; ST
Appendix, Fig. S2), as has been shown (7). One might also predict
that ACOX-4 would prefer ascarosides substrates that are similar in
size to the preferred substrates of ACOX-1 [e.g., asc-C9-CoA (1)].
In terms of the residues that might determine whether the active
site is open or closed to the outer surface (i.e., those highlighted
in Fig. 3), ACOX-3 resembles ACOX-2, suggesting that, similar
to ACOX-2, it has a closed active site and processes shorter sub-
strates (i.e., asc-C7-CoA; SI Appendix, Fig. S2), as has been shown

Fig. 3. Amino acid residues that determine whether the active site is
closed or open to the external surface. (A) A region of the outer surface of
ACOX-2(E432A) (yellow), showing that its bound substrate asc-oC5-CoA (2) is
largely encased by the protein. The FAD cofactor located behind the substrate
is not shown for clarity. A hydrogen bond between GIn-295 and Arg-101 and a
salt bridge between Lys-291 and Glu-93 close the active site to the outer sur-
face. (B) A region of the outer surface of ACOX-1(E434A) (orange, with the
other subunit in light blue). The substrate of ACOX-2 (asc-oC5-CoA, 2) has been
placed into the ACOX-1 active site to show that the active site is open to the
outer surface. The FAD cofactor is not shown for clarity. Hydrophobic and
aromatic residues (Ala-95, Tyr-99, His-293, and Tyr-297) line the opening to the
outer surface, which leads to two channels (marked by arrows) that run along
the outer surface. The location of the region shown in A and B on the full
structures is shown in SI Appendix, Fig. S5 A and B.
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ACOX-4 GFDKFRVPRTNLL )GTYVKPPHAK: H QGALLAQALITAVRYSAVRRQ-GFLENKTQEVKVL 334
ACOX-5 AFDNYRIPRRNMLMKHSKVSKEGLYTAPSHPK----- VGYTTMLYMRSEMIYHQAYYLAMAMAISIRYSAVRRQ-GEIKPGTQEVQIL 334
ACOX-6 EFKNHRAPLSALLNKGCDITPDGKYVTSFKSASEKQSVSLGTLSVGRLGIIAKGMMACTFASTIAIRYSVARRQFGPVKGAENEIPVL 329
F59F4.1 LFDKVRIPRKALLMRYAKVNPDGTYIAPAHSK----- LGYGTMVEVRS IMIKDQSTQLAAAATIATRYAAVRRQ-GEITPGKGEVQII 332

= oH D — O al Qo
ACOX-1 EYQTOQHRLFPFIARAYAFQFAGAETVKLYER-----VLKEMKSGNVSLMADLHALTSGLKSVVTHQTGEGIEQARMACGGHGYSMAS 418
ACOX-2 DYQTOQHRLFPSLARAYAFIFTGFETIHLYSQ-----LLKDVDMGNTSGMADLHALTSGLKSVVAHETGEGIEQARMACGGHGYSMAS 416
ACOX-3 DYQT QHRLFPSLARAYAFIFTGFETIHLYSQ-----LLKDVDMGNTSGMADLHALTSGLKSVVTHQTGEGIEQARMACGEHGYSMAS 415 " . :
ACOX-4 DYQT QHRLFPSLARAYAFIFTGFETIHLYSQ-----LLKDVDMGNTSGMADLHALTSGLKSVVTHQTGEGIEQARMACGGHGYSMAS 417 Fig. 4. Protein sequence alignment of ACOX ho-
ACOX-5 DYQTOQYRIFPGLARCFAFNTAAATVRQMTEN----~- CIKQLSHGNSDVLADLHALSCGLKAVVTHQOASQSIDOARQACGGHGYSDAS 417 mologs in C. elegans. The secondary structure in
ACOX-6 EYPLOQYRLFPYLSAAICIRIFQKKFVGHFTEYMMRVIMGEKSDELSEFSKEVHALSSGAKPVATWLGVESLGEARKACGGHGYLQMS 417 ACOX-1 is shown across the top of the sequences,
F59F4.1 DYQTOQFRVFPQLARAFAFMAAATEIRDLYMT----- VTEQLTHGNTELLAELHVLSSGLKSLVSWDTAQGIEQCRLACGGHGYSQAS 415 .

a K —@ T ) and the nomenclature used for the a helices and
ACOX-1 YISEIYGVAIGGCTYEGENMVMLLOLARYLVKSAALVKSGKASQLGPLVAYLGARSEPTSLIDRVENGGITEYIKTFQHIAK----RQ 502 sheets is based on that of Rattus norvegicus ACO-II
ACOX-2  YISVVYGIAIGGCTYEGENMVMLLOLARYLVKSVELIKAGKAKKLGPVASYLADKSDETDL: 494 : B
ACOX-3  YISEIYGVAIGGCTYEGENMVMLLOLARYLVKSVELIKSGEEKKLGPMVSYLAAKGGHPDL------SSLNGYVTAFEHMAR----RQ 493 (23). The conserved catalytic glutjc\ma.te founFJ in all
ACOX-4 YISEIYGIAIGGCTYEGENMVMLLOLARYLVKSVELIKSGEAKKLGPMVSYLAAKGGHPDL------SSLNGYVTAFEHMAR----RQ 495 C. elegans ACOX enzymes is highlighted in red.
ACOX-5 YLPTLYTCSVGACTY LOLSKYLMKAAAKAEKGE - ~EMAPLVAYLVKPDITET -~~~ NDKFAKMLSHFEHIAR----HR 493 Residues (from Fig. 2B) that are predicted to play a
ACOX-6  RLNTLRDDNDPSQTFEGENFMILQQTSNILLGKAQSIGSIETP-MS-TMSFLNQKP---SKFSSWSSNPVNDVLSAYRYLTYHLLOTT 500 . S
F59F4.1 GFPEIYGYAVGGCTYEGENIVMLLQVARFLMKAAEGV - LADIGAYIGKI LTTHHHYTDADIVEDLEHVAR----KQ 498 key role in substrate binding in ACOX-1 and ACOX-2

Q oM —Q oN —Q %0 oP are highlighted in green. Residues (from Fig. 3 A and
ACOX-1 TLKAANKFFGI REI VELNRASRLHTRLFIVEAF IGDITIKEALSDLLHLHVNYELLDVATYALEDGEMSS 590 ; ; e ;
ACOX-2 AWKATEKFLKLMESGESREVAWNKSAVELTRASRLHTRLFIIEA IEDIPVKEVLTDLLHLHVNYELLDVATYALE--FMSF 580 B) that I|k_e|y Play a key role n d.etermlnmg the size
ACOX-3 AWKATEKFLKLMETGESREVAWNKSAVELTRASRLHTRLFIIEAFMRRVSRIEDIPVKEVLTDLLHLHVNYELLDVATYALE--FMSS 579 of the active site and whether it is open to the outer
ACOX-4 AWKATEKFLKLMESGESREIAWNKSTVELTRASRLHTRLFIIEAFMRRVSRIEDIPVKEVLTDLLHLHVNYELLDVATYALE--FMSS 581 surface of the protein are highlighted in blue. Resi-
ACOX-5 VMHAYRQMIEEEKQGIERDYAFANHSVDWTKAARAHTKLFIARGFVKSVQEVSDEAVHDVLTTLAELYLSYELIEMSADLTANGYLSE 581 . L . -
ACOX-6 SAEAYRLKASGKNSFEVRNEIQIHRAVNLSVAYTEHTMIHWVQQFL---KEIEDQSVKPVLOKVLNLFSLFLLERHIATLYITGYASG 585 dues in the ATP-binding site (shown in Fig. 5A) are
F59F4.1 VFRAYDRLKKAQE-HLRPEDAWNSVSVELAKASRWHVRLYLVKNLLHKVSIA-PQDLKIVLFDVARLYAYDIITSSIGAFLEDGYMSS 584 highlighted in purple. A conserved lysine that hy-

(o Q_os ) Qat >-Q aU) drogen bonds to Asn-437 in the ATP-binding pocket

ACOX-1 TQL-DYVRDQLYFYLOKIRPNAVSLLDSWEFSDRELRSVLGRRDGHVYENLFKWAKESPLNKTDVLPSVDTYLKPMMEKARQSKL 674 . -
ACOX-2 TQL-DYVRDQLYLYLEKIRPNAVSLVDSFQISDMQLRSVLGRRDGHVYENLFKWAKSSPLNNADVLPSVEKYLKPMMEKAKL--— 661 may stabilize the |00P between aK and aL and is
ACOX-3  TQL-DYIRDQLYLYLEKIRPSAVSLVDSFQISDMQLRSVLGRRDGNVYENLFKWAKSSPLNKSDVLPSVDKYLKPMMEKAKL--~ 660 highlighted in pink. A conserved Trp that stacks with
ACOX-4  TQL-DYIRDQLYLYLEKIRPSAVSLVDSFQISDMQLRSVLGRRDGNVYENLFKWAKSSPLNKSDVLPSVDKYLMPMMEKAKL--~ 662 . . .
ACOX-5 SDV-QOIRHQIYI IVDSFDICDRELRSVLGRRDGHVYENLYKWAQMSPLNER-NLPHVEKYLKPMTSKL -~ -~ 659 the isoalloxazine ring of FAD and a conserved Gin
ACOX-6 GKFGEDLREKLRLAVAELKPEAIALVDSIAPDDFILHSALGASDGKAYEHIMEEFRKYTNEQPRWVCDLAQFLOKRSQGSKL--— 667 that hydrogen bonds to the ribose ring of FAD are
F59F4.1 NQM-NEVKEGIYKCLSNMRPNAVGLVDCWDYDDKELKSVLGRRDGNVYPALLQWAQNSQLNRSEVLPAYEKYLGPMMKDARSKL~ 667

(7). ACOX-6, in contrast, resembles ACOX-1, suggesting that, like
ACOX-1, it has an open active site and processes longer substrates.

Unusual ATP Binding Domain in the ACOX Enzymes. During the re-
finement of the ACOX-1(E434A) and ACOX-2(E432A) structures,
electron density was observed at two twofold symmetric sites at the
dimer interface that was consistent with a bound ATP molecule
coordinating a Mg®* ion (Fig. 54 and SI Appendix, Fig. S6 A and B).
To confirm that the ACOX enzymes bind ATP, we extracted
small molecules from purified ACOX-1, ACOX-1(E434A), and
ACOX-2(E432A) and used LC-MS to analyze the extracts.
These data demonstrate that approximately two ATP molecules
are bound per dimer for ACOX-1(E434A) and ACOX-2(E432A)
(Fig. 5B). A smaller amount of bound ATP is seen for wild-type
ACOX-1 (Fig. 5B). Each ATP binding site contains con-
served residues contributed by both dimer subunits (Fig. 54).
To confirm these residues are involved in ATP binding, we
made several ACOX-1 mutants, including ACOX-1(H396G),
ACOX-1(R533E), and ACOX-1(R536E), that should not be able
to bind ATP as well as wild-type ACOX-1. We were able to confirm
that these mutants do not bind ATP (Fig. 5B). The ATP-binding
site is conserved in all of the ACOX enzymes in C. elegans, except
ACOX-6 and perhaps F59F4.1 (see purple highlighting in Fig. 4).
Correspondingly, recombinantly expressed ACOX-6 was not
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highlighted in orange.

associated with any bound ATP (Fig. 5B). This ATP-binding site
may be unique to C. elegans and closely related nematodes, as the
site residues are not strictly conserved in the ACOX enzymes from
other organisms (SI Appendix, Fig. S7). Furthermore, the crystal
structure of rat liver ACO-II bound to a fatty acid and FAD, as
well as the crystal structures of Arabidopsis and Tomato ACX1
bound to FAD, did not show any electron density at the dimer
interface consistent with ATP (17, 24, 26).

The enzymatic activity of the ACOX-1(H396G) mutant enzyme
was studied further. The mutation did not disrupt protein folding, as
judged by CD spectroscopy (SI Appendix, Fig. S8). Although the
mutant expressed well as a dimer, it lost its FAD cofactor during
purification; much more so than did wild-type ACOX-1 (Fig. 5B).
Furthermore, the ATP-binding mutant was not as active as wild-type
ACOX-1 toward ascaroside-CoA and fatty acyl-CoA substrates (Fig.
5C). Wild-type ACOX-1 is still catalytically active even when FAD is
not included in the in vitro activity assay, presumably because it
remains associated with its FAD cofactor during purification (S7
Appendix, Fig. S9). The ATP-binding mutant ACOX-1(H396G), in
contrast, shows virtually no activity when FAD is not included in the
assay, presumably because it lost any associated FAD during puri-
fication (SI Appendix, Fig. S9).

In general, association of the ACOX enzymes with FAD and
with ATP appear to be correlated, with the levels of associated
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Fig. 5. Role of ATP-binding site in ACOX enzymes.
(A) ATP-binding site in ACOX-1 located at the dimer
interface (between the orange and light blue sub-

units). Conserved residues are indicated in purple.
ACOX-2(E432A)

The electron density for ATP (2Fo-Fc map, 6=1.0) is

LSOXAHI6E) also shown. (B) LC-MS traces showing the amount
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FAD and ATP high for the catalytic mutants ACOX-1(E434A)
and ACOX-2(E432A), lower for wild-type ACOX-1, and lowest
for the ATP-binding mutant ACOX-1(H396G) (Fig. 5B). One
possibility is that the presence of ATP at the ACOX dimer in-
terface leads to a conformational change that further stabilizes the
association of ACOX with FAD. Given that the ATP binding
site is buried in the dimer interface, it is unlikely that ATP can
bind after dimer formation. In fact, when either ACOX-1 or
ACOX-1(H396G) was incubated with a 10 molar excess of FAD
and ATP, no additional FAD or ATP became bound to the pro-
teins (S Appendix, Fig. S10). Thus, ATP binding likely occurs
during ACOX protein folding and/or dimer formation.

To investigate whether there is a structural basis for the cor-
relation between ATP and FAD binding, we compared the crystal
structure of apo-ACOX-1, which is not bound to either ATP or
FAD, and the crystal structure of ACOX-1(E434A), which is
bound to both ATP and FAD (Fig. 6 and SI Appendix, Figs. S11
and S12). In the ACOX-1(E434A) structure (shown in orange in
Fig. 6 and SI Appendix, Figs. S11 and S12), the loop between aK
and oL is ordered and interacts with FAD. Asn-437 on aL hy-
drogen bonds to the adenine ring of ATP, as well as Lys-391 on o,
and the interaction between Asn-437 and Lys-391 appears to
stabilize the loop between oK and al. Conversely, in the apo-
ACOX-1 structure (shown in white in Fig. 6 and SI Appendix,
Figs. S11 and S12), this loop is disordered. The electron density of
the apo-ACOX-1 structure shows that His-396 can adopt two
different conformations: one similar to its conformation in the
ACOX-1(E434A) structure and one that might disrupt an inter-
action between with Asn-437 and Lys-391. Unlike other residues
in ol, Lys-391 cannot be modeled in the apo-ACOX-1 structure,
suggesting it is flexible in the absence of ATP and/or FAD binding.
Consistent with the role of Asn-437 and Lys-391 in coordinat-
ing the binding of ATP and FAD, the ACOX-1(N437A) and
ACOX-1(K391A) mutants bind little to no ATP and FAD (S7
Appendix, Fig. S13). ACOX-1(W189A), which is lacking a Trp
residue that stacks with the isoalloxazine ring of FAD, fails to bind
FAD, as might be expected, but also fails to bind to ATP, even
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Data represent the mean + SD of three independent
experiments.

though the Trp residue is located on 3.2 and is quite distant from
the ATP binding site (S Appendix, Fig. S13). ACOX-1(Q340A),
which is lacking a Gln located on oH that hydrogen bonds to the
ribose ring of FAD, also fails to bind both FAD and ATP
(81 Appendix, Fig. S13). Thus, binding of FAD and ATP appear to
be dependent on one another.

Conclusions

The ACOX enzymes play a central role in controlling ascaro-
side-based chemical communication in C. elegans, and likely in
other nematode species as well. Here, we have provided a
molecular understanding of the substrate specificities of these
enzymes. ACOX-2 has a smaller, closed active site with specific
amino acid residues that recognize the ascarylose ring of its
preferred short-chain substrate, asc-oC5-CoA (2). ACOX-1, in
contrast, has a larger active site that opens to two hydrophobic
channels on the outer surface of the protein, enabling the en-
zyme to process medium-chain ascaroside-CoA and fatty acyl-
CoA substrates. Furthermore, we have shown that most of the
ACOX enzymes in C. elegans have a conserved ATP-binding
pocket at the dimer interface, suggesting ATP levels may reg-
ulate the function of these enzymes in ascaroside biosynthesis.
Because the ATP binding site is buried, it is unlikely that the
ATP is rapidly exchanged. It is more likely that ATP binding
occurs during the process of ACOX protein folding and/or di-
mer formation, and that once the ACOX dimer forms, the ATP
becomes trapped with no further opportunities for exchange.
Although it remains to be demonstrated whether the ACOX
enzymes bind ATP in C. elegans in vivo, the ability of heterol-
ogously expressed ACOX enzymes to bind ATP is correlated
with their ability to bind FAD, which is required for their en-
zymatic activity. Thus, ATP levels may affect the overall level of
fully functional ACOX complexes in the worm. We previously
showed that most ascarosides are produced at higher levels in
well-fed worms (7). Thus, the ATP-binding site in the ACOX
enzymes may enable the worm to produce more ascaroside
pheromones under well-fed conditions when cellular ATP
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o

Fig. 6. Interaction between the ATP and FAD binding sites. Overlay of apo-
ACOX-1 structure (no bound ATP or FAD) in white with holo-ACOX-1(E434A)
structure (with bound ATP and FAD) in orange. o-helices ol, oK, and aL, as well as
the electron density (2Fo-Fc map, 6=1.0) associated with al of apo-ACOX-1, are
shown. The loop between oK and alL is disordered between lle-428 and Met-438
in apo-ACOX-1 and is ordered in ACOX-1(E434A) and interacts with FAD. The
electron density of the apo-ACOX-1 structure shows that His-396 can adopt two
different conformations, one of which is shown and one of which is indicated with
a red circle. The back side of this image is shown in S/ Appendix, Fig. S11,
and a stereoview of this image and its back side is shown in S/ Appendix,
Fig. S12 A and B.

levels are high (ST Appendix, Fig. S14). The chemical message
of C. elegans may be further fine-tuned by the transcriptional
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regulation of specific ACOX enzymes to increase or decrease the
relative production of certain ascarosides (SI Appendix, Fig. S14).
For example, we have shown that food down-regulates the tran-
scription of acox-3 in certain larval stages, thereby suppressing the
increased production of shorter chain (®-1)-ascarosides (7). We
suggest that C. elegans may produce dauer-inducing ascaroside
pheromones not necessarily to protect itself but, rather, to protect
its progeny. The well-fed conditions of the moment might presage a
population boom that will eventually deplete food resources and
endanger future progeny. Thus, the linking of ascaroside pro-
duction levels to metabolic state and ATP levels may result in an
evolutionary advantage.

Methods

Expression, Purification, Crystallization, and Structure Determination of ACOX-1
and ACOX-2. Expression vectors for ACOX-1a (the longest splice variant of
ACOX-1) and ACOX-2 were described previously (7). Point mutations were
made using the Q5 site-directed mutagenesis kit (New England Biolabs).
Enzymes were expressed as described previously (7), with modifications (S/
Appendix, SI Methods). Details regarding expression, purification, crystalli-
zation and structure determination can be found in the S/ Appendix, S/
Methods. Crystallographic data and refinement statistics are shown in S/
Appendix, Table S1.

Synthesis of CoA-Thioesters and ACOX Activity Assay. Ascarosides were syn-
thesized as described previously (28). Pentanoic, heptanoic, and nonanoic acid
were purchased (Sigma). CoA-thioesters of ascarosides and fatty acids were
synthesized according to a previously described method (7), except that C12-
CoA (7) was purchased from Sigma and C16-CoA (8) was purchased from
Chemlmpex. The activity of wild-type and mutant ACOXs enzymes were de-
termined using a previously published method (7), except that substrates were
tested at 24 uM and reactions were run at room temperature.
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