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Abstract (250 words)

Leishmania, a protozoan parasite, is responsible for significant morbidity and mortality
worldwide, manifesting as cutaneous, mucocutaneous, and visceral leishmaniasis. These dis-
eases pose a substantial burden, especially in impoverished regions with limited access to effec-
tive medical treatments. Current therapies are toxic, have low efficacy, and face growing re-
sistance. Understanding the metabolic pathways of Leishmania, particularly those differing from
its host, can unveil potential therapeutic targets. In this study, we investigated the acetyl-CoA
synthetase (ACS) enzyme from Leishmania infantum (LiAcs1), which, unlike many organisms,
also exhibits acetoacetyl-CoA synthetase (KBC) activity. This dual functionality is unique among
ANL superfamily enzymes and crucial for the parasite's reliance on leucine catabolism, energy
production and sterol biosynthesis. Our biochemical characterization of LiAcs1 revealed its ability
to utilize both acetate and acetoacetate substrates. Additionally, LiAcs1 displayed a distinct CoA
substrate inhibition pattern, partially alleviated by acetoacetate. Structural analysis provided in-
sights into the substrate binding flexibility of LiAcs1, highlighting a more promiscuous substrate
pocket compared to other ACS or KBC-specific enzymes. Substrate mimetics elucidated its ability
to accommodate both small and large AMP-ester derivatives, contributing to its dual ACS/KBC
functionality. These findings not only advance our understanding of Leishmania metabolism but
also present LiAcs1 as a promising drug target. The dual functionality of LiAcs1 underscores the
potential for developing selective inhibitors that could disrupt critical metabolic pathways across
Leishmania spp. as it appears this enzyme is highly conserved across this genus. This paves the

way for developing novel effective treatments against this devastating disease.
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Introduction

Leishmania is a protozoan parasite responsible for causing disease that manifests as skin
ulcers called cutaneous leishmaniasis (CL), ulcers of the nose, mouth, and throat called mucocu-
taneous leishmaniasis (MCL), or the more severe organ damage associated visceral leishmania-
sis (VL). World-wide, up to 400 thousand cases of CL and 1.2 million cases of VL contribute to
nearly 40 thousand deaths annually (1). Together, Leishmania spp. are the biggest parasitic killers
after the malaria causing parasites. Perhaps as alarming as Leishmaniasis mortality is its morbid-
ity. Survivors of CL frequently face life-long disfigurement, and, in many cultures, this disability
serves as a pre-text for exclusion from society (2). The global distribution of Leishmania puts 350
million at risk for this devastating disease in primarily impoverished regions with lack of access to
medical care (3). As a eukaryotic pathogen and parasite, Leishmania presents unique challenges
for treatment. Current therapies include highly toxic and low efficacy options such as pentavalent
antimonials, miltefosine, amphotericin B (AmB), and paromomycin. Additionally, each of these
therapies are difficult to access and are vulnerable to a growing threat of drug resistance and
treatment failure (4). The limited range of treatments, coupled with their significant adverse ef-
fects, underscores the urgent need for new therapeutic strategies.

Leishmania is transmitted to humans through the bite of an infected female phlebotomine
sandfly. These sandflies are tiny and therefore difficult to see. They are also most active during
sleeping hours and particularly resistant to vector control measures; including broad application
of insecticides and insecticide treated nets (5). Upon infection, this parasite undergoes a morpho-
logical change from the flagellated promastigote found in the sandfly to the non-flagellated
amastigote in mainly macrophages but also other mononuclear phagocytic cells. The lifecycle
completes upon uptake from a sandfly taking a subsequent blood meal and morphogenesis back
to the promastigote form (6). Leishmania has evolved distinct metabolic adaptations given the

unique life cycle and transitioning between sandfly and mammalian hosts. Strategies for nutrient
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acquisition, availability of carbon and nitrogen sources, and the biosynthetic needs for prolifera-
tion and morphogenesis each require unique metabolic demands (7—10). Understanding the met-
abolic pathways, especially those that differ from its host, can provide insights into potential ther-
apeutic strategies that target processes crucial for the parasite’s survival and pathogenicity.

In general, the trypanosomatids which include Leishmania spp., exhibit an elevated reli-
ance on leucine catabolism for energy production and sterol biosynthesis compared to their mam-
malian hosts (11). Sterols present a unique metabolic target in the trypanosomatids as this is the
metabolic target of one of the few anti-trypanosomal therapies, AmB. Like fungi, trypanosomes
require ergosterol, the target of AmB, while mammals require cholesterol to maintain proper mem-
brane function (12). Across mammals, fungi, and trypanosomes, the parent sterol generating
mevalonate (MVA) metabolic pathway is conserved; however, like the differences in sterol prod-
ucts, the metabolic flux into sterol biosynthesis is distinct. In mammals, the MVA pathway is pre-
dominantly supplied carbon equivalents via ATP-citrate lyase (ACL) generated acetyl-CoA (13).
Similar to many parasitic protozoa, Leishmania require acetyl-CoA synthetase (ACS) function for
acetyl-CoA production. The lack of alternative viable acetyl-CoA producing pathways in the cyto-
sol underlie the essentiality of ACS in Leishmania (14).

Leucine catabolism generates two carbon molecules that contribute to sterol biosynthesis:
1] acetyl-CoA and 2] acetoacetate. Acetyl-CoA can directly feed into the MVA pathway. Specifi-
cally, the first step of the MVA pathway involves acetoacetyl-CoA production via condensation of
two acetyl-CoA molecules to form acetoacetyl-CoA. In addition, some organisms encode a sec-
ond ACS like enzyme called acetoacetyl-CoA synthetase or 3-keto-butanoyl-CoA synthetase
(KBC) after the systematic IUPAC name of acetoacetate (15-19). These enzymes allow direct
synthesis of acetoacetyl-CoA from acetoacetate and CoA. Curiously, Leishmania spp. lack a sep-
arately encoded bona fide KBC despite a high reliance on leucine catabolism and therefore ele-
vated production of acetoacetate (Figure 1A). We report that the ACS encoded by Leishmania
infantum is a novel dual substrate enzyme and serves both ACS and KBC functionality. ACS

4
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homologs are highly conserved across Leishmania spp., suggesting that this dual function may
also be conserved.

Uncovering a dual function ACS provides new insight into the structural and biochemical
features of Acyl-CoA/NRPS/Luciferase (ANL) family enzymes that will aid the pursuit of ACS as
a drug target beyond the fight against Leishmaniasis. Parasites, fungi, and bacteria exhibit similar
metabolic vulnerabilities and have been shown to require ACS functionality during infection (17).
Additionally, many cancers in humans show a dependence on ACS, making it a focal point in
developing anti-cancer therapies. Expanding our insight into the substrate binding selectivity of
ACS could guide the design of disease specific inhibitors while reducing side effects that may

result from off-targeting other ANL family enzymes.
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Results
Leishmania spp. lack expression of a KBC via sequence homology detection.

A homology detection strategy was implemented using a standard BLAST search of short
acyl-CoA forming enzymes, specifically ACS or KBC like enzymes encoded by Leishmania spp.
We used previously characterized ACSs and KBCs as reference enzymes (name:uniprot IDs)
from humans (HsAcss2: Q9NR19, HsAacs: Q86V21), Streptomyces (SIAcs1: AOA7TU9HBWG,
S/Aacs: AOA7U9DRDG6), Cryptococcus (CnAcs1: JOVFT1, CnKbc1: J9VT24), and the model
yeast Saccharomyces (ScAcs1: Q01574, ScAcs2: P52910) (15, 17, 18, 20-23). We identified two
copies of short length acyl-CoA forming enzymes for L. infantum (LiAcs1: A41093, LiAcs2:
A410C2), L. donovani (LdAcs1: E9BG78, LdAcs2: AOA3S7TWXNO), L. braziliensis (LbAcs1:
A4HCRY9, LbAcs2: A4HCU1), and only a single copy in L. amazonensis (LaAcs1:
LAMA 000440100.1) as identified by its EuPathDB ID. Close inspection of the LaAcs1 annotated
reading frame showed an error such that only residues 282-615 are currently annotated for a 705
amino acid reading frame. The full-length protein was considered in these studies. We compared
sequences using the multiple sequence protein alignment algorithm ClustalOmega along with the
previously mentioned reference enzymes (24—-27). The percent identity matrix and sequence clus-
tering indicate that all Leishmania spp. enzymes group with previously characterized ACS en-
zymes and are more distantly related to KBC functioning enzymes (Figure 1B). Among the en-
coded Leishmania ACS candidates, the sequence homology exceeds 83% identity within species
and 78% across species, indicating a higher conservation of function than is seen in yeast, where
ScAcs1 and ScAcs2 only share 54% identity despite shared substrate preference. Conversely,
these Leishmania ACS candidates exhibit less than 25% identity compared to other KBC func-
tioning enzymes, whereas mammals, yeast, and prokaryotes exhibit >37% identity across their

encoded KBCs.

LiAcs1 exhibits dual ACS and KBC functionality.
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To characterize the biochemical and enzymatic properties of LIACS we expressed an N-
terminal His8-tagged fusion protein in E. coli and purified by immobilized metal affinity chroma-
tography (IMAC) and size exclusion chromatography (SEC) (Figure 2A). X-ray crystal structures
of ACSs from other species adopt a trimeric form; however, these studies have not assessed
oligomer formation using solution based analyses (22). To assess the oligomeric state and parti-
cle size of LIACS as well as previously studied CnAcs1 and CnKbc1, we performed dynamic light
scattering and single molecule analysis using mass photometry (17, 22). In agreement with pre-
vious crystallography, CnAcs1 forms a particle size consistent with trimer formation at 1mg/mL
(Table 1) and this trimer is stable at low particle density (227 + 7.8 kDa at 10nM, Figure 2B).
Similarly, CnKbc1, which has not been structurally characterized, exhibits a particle size con-
sistent with trimer formation at 1mg/mL (Table 1) that is also stable at low particle density (226 +
7.4 kDa at 10nM, Figure 2C). This is in contrast to LiAcs1 which shows no detectable trimer
formation under either high concentrations 1mg/mL (Table 1) or during single molecule analysis
at low concentrations (74 £ 7.8 kDa at 10nM, Figure 2A).

To biochemically characterize LiAcs1, we employed a coupled continuous assay based
on pyrophosphate-release as previously reported for detecting various acid substrate utilization
in the production of their respective acyl-CoA products (17). The specific activity for acetate utili-
zation was 960 nmol/min/mg, which is far higher than our previously reported ACS enzymes rang-
ing from 12-836 nmol/min/mg corresponding to a catalytic efficiency of Kca®?/Km@? = 20 mM's™
(Figure 3A) (22). Loss of activity was observed below pH 6.0 as has been previously described
for ACS enzymes (Figure 3B). To characterize (or determine) the substrate selectivity of LiAcs1,
we compared the activity of six carboxylic acid substrates: acetate, propionate, butyrate, aceto-
acetate, 3-hydroxybutyrate, and valerate (smallest to largest). Unlike previously characterized
ACSs, LiAcs1 exhibits both acetate and acetoacetate substrate utilization with minimal 3-hydroxy-
butyrate activity (15 % of Vinax) and no appreciable activity for the remaining acid substrates (Fig-
ure 3C). While the pyrophosphate dependent enzyme activity detection assay only measures the

7
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first half of the reaction, intermediate product formation is not released in the absence of CoA and
the reaction only progresses when CoA is present (28). To be sure that acyl-CoA products form
successfully in the presence of either acetate or acetoacetate we also performed a hydroxamate
detection assay where hydroxylamine reacts with acyl-CoA in the presence of iron to form a hy-
droxamate product that absorbs at 560nm (29, 30). We confirm acetyl-CoA and acetoacetyl-CoA
formation using this well-established assay (Supplemental Figure 1). To be sure that hydroxamate
formation was not occurring with the acyl-AMP intermediate we performed the reaction without
CoA to assure hydroxylamine itself was not serving as an electron acceptor and that acyl-AMP
release was not occurring in its presence. Together, these data indicate that LiAcs1 is an acyl-

CoA synthetase that utilizes both acetate and acetoacetate substrates.

LiAcs1 exhibits strong CoA substrate inhibition that is partially relieved by acetoacetate.
ACSs function with an ordered bi-uni-uni-bi ping pong reaction mechanism where ATP
binds first and is followed by acetate (31). These substrates are then catalyzed to form the acetyl-
AMP reaction intermediate in the adenylate forming conformation (AD-conf) while inorganic pyro-
phosphate is released (22, 32). The enzyme then undergoes a conformational shift to allow CoA
binding in the thioester forming conformation (TE-conf), where the acetyl group from acetyl-AMP
is transferred to CoA to form acetyl-CoA (22, 32). Finally, the acetyl-CoA and AMP are released.
We were curious if the dual acid substrate utilization of LiAcs1 would result in altered substrate
binding affinity compared to other ACS or KBC functioning enzymes; however, both ATP (Kn??" =
230 pM, CI (95%) = (190, 270)) and acetate (Kn®® = 61 uM, Cl (95%) = (45, 83)) exhibited similar
kinetics with Kn?"’s comparable to previously characterized ACSs (Figure 4A-B) (20, 22, 23).
Likewise, acetoacetate exhibited a Kn?*" (88 uM, Cl (95%) = (71, 110)) comparable to the Ky, for
previously reported KBCs (Figure 4C) (17). Enzyme kinetics did uncover a mild ATP substrate

inhibition yielding higher theoretical Vinax = 1.8 pmol/min/mg, CI (95%) = (1.6, 2.0) not discernible
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from the acyl or CoA substrate enzyme activity curves. The substrate inhibition for ATP corre-
sponded to a K" = 2.2 uM, CI (95%) = (1.7, 2.7).

Despite exhibiting dual substrate specificity of LiAcs1, we did not observe an appreciable
decrease in its affinity for either acetate or acetoacetate compared to other ACS and KBC en-
zymes, respectively. Interestingly, LiAcs1 displays stark CoA substrate inhibition that is unchar-
acteristic of previously described ACS enzymes and more pronounced than previously reported
KBCs (Figure 4D) (17). We fit a nonlinear regression model for substrate inhibition using
GraphPad Prism, which indicates a Ki?? = 262 uM, Cl (95%) = (110, 460) close to the Kn?® = 265
MM, Cl (95%) = (150, 620) for CoA with @ Vimax = 2.4 ymol/min/mg, Cl (95%) = (1.7, 4.9) (Figure
4D). The level of CoA substrate inhibition is far more pronounced than was previously described
for CnKbc1 based on the observation that K& = K2, Surprisingly, we observed a dramatic
reduction in CoA inhibition when the substrate is acetoacetate rather than acetate (K#® = 891
MM, CI (95%) = (600, 1275); Kn?? = 171 uM, CI (95%) = (120, 250); Vimax = 2.5 pmol/min/mg, CI
(95%) = (2.1, 3.1) where K@PP > K2P. This relationship between Ki?® and K" in the presence
of acetoacetate is similar to the CoA substrate inhibition measured for CnKbc1 (17). The differ-
ences This suggests that small acid substrate binding to LiAcs1 in the first half of the ACS reaction

influences CoA binding characteristics in the second half of the reaction.

LiAcs1 substrate pocket accommodates both large and small AMP-ester bi-substrate in-
hibitors.

Acetyl-CoA synthetases are differentiated from KBCs, medium-chain, and long-chain acyl-
CoA synthetases by the presence of a stable Tryptophan wall, which prevents larger acyl sub-
strates from entering the pocket. Given that LiAcs1 contains this ACS-like tryptophan residue
(W466) we were surprised to observe acetoacetate utilization. The utilization of both acetate and

acetoacetate suggests that LiAcs1 contains a more promiscuous substrate binding pocket com-
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pared to ACS and KBC specific enzymes. We and others have used AMP-ester based, bi-sub-
strate inhibitors of ACS, KBC and ANL-family enzymes to characterize the alkyl group sizes ac-
commodated by the different enzymes (17, 22, 33-35). We generated a series of AMP-esters
with different alkyl chain lengths, alkyl branching, and degrees of unsaturation. The inhibitors
mimic the acyl-AMP intermediate following the first half of the reaction. These bi-substrate mimet-
ics allow us to probe the small acid substrate pocket by assessing their ability to bind and inhibit
the reaction from progressing.

The profile of inhibition across these various sized and shaped AMP-esters can help us
assess the flexibility of the small acid substrate binding pocket for LiAcs1 compared to the acetate
specific CnAcs1 vs acetoacetate specific CnKbc1 enzymes. By organizing the AMP-esters ac-
cording to their Van der Waals volume from smallest to largest (from left to right) we can directly
compare size vs ability to inhibit enzyme activity plotted as the -log10 ICso (UM) such that a higher
value corresponds to an increase in inhibitor potency (Figure 5, Table 2). While ICso is substrate
concentration dependent, it can be used to as a proxy to compare relative Ki's for inhibitors to a
given enzyme when assay conditions hold substrate concentrations constant (36). The inhibition
profile of the acetate specific CnAcs1 shows a peak in inhibition for the ethyl- and cyclopropyl-
AMP derivatives with a ~3-fold drop in inhibition for the propyl- and isopropyl-AMP derivatives and
another ~2-fold drop in inhibition for the allyl- and propargyl-AMP derivatives (Figure 5, Table 2).
This steady decrease in inhibition as AMP-ester derivatives increase in size indicates CnAcs1
contains a substrate binding pocket that selects for relatively smaller alkyl substituted carboxylic
acid substrates. Conversely, the acetoacetate specific CnKbc1 exhibits a more restrictive sub-
strate binding pocket such that only the larger sized butyl-AMP ester exhibits any inhibition (Figure
5, Table 2).

Consistent with its “hybrid” substrate specificity, the AMP-ester inhibition profile for LiAcs1
is a composite of the CnAcs1 and CnKbc1 profiles such that the peak inhibition occurs with ethyl-
and cyclopropyl-AMP derivatives with a ~3 to 6-fold drop in inhibition for the propyl- and isopropyl-

10
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AMP derivatives that does not drop again for the larger allyl- and propargyl-AMP derivatives (Fig-
ure 5, Table 2). While LiAcs1 can accommodate the larger allyl- and propargyl-AMP derivatives
much better than CnAcs1 it does not extend to butyl-AMP as occurs for CnKbc1. Together, the
AMP-ester inhibition profile for LiAcs1 does confirm a more flexible substrate binding pocket that,
in turn, likely allows for both acetate and acetoacetate utilization and therefore dual ACS/KBC

functionality.

LiAcs1 structure is highly homologous to previous ACS structures.

To understand the structural basis for substrate specificity, we performed x-ray crystallog-
raphy and successfully obtained several structures of LiAcs1. We were able to generate struc-
tures in complex with combinations of CoA, AMP, acetate, and/or ethyl-AMP. The AMP-ace-
tate/CoA structure is similar overall to CnAcs1 (PDB: 7L4G) with an RMSD deviation of 1.26 A
between Ca atoms (511 residues). Previously, our group reported the crystal structures for
CnAcs1 across each step of the enzyme reaction (22). Consistent with previous structural and
biochemical analyses of adenylating enzymes, the structures highlighted a massive conforma-
tional shift that occurs in the C-terminal domain (CTD) domain between the first half of the reaction
in the adenylate (AD-conf) forming step to the thioester (TE-conf) forming second half of the re-
action. We captured LiAcs1 in the TE-conf in the presence of CoA, AMP, and acetate (Figure 6A).
The CoA molecule in LiAcs1 is located at an interface between the N- and C-terminal domains
and interacts with the side chains of K240, R237 and R636 and is engaged with the substrate
pocket consistent with previous CoA bound ACS structures (Figure 6B). However, the pantetheine
tail of the CoA molecule was disordered and could not be modeled. We were also able to capture
a unique state of the adenylate forming pocket with the AMP molecule present with an acetate in
the active site. AMP forms hydrogen bond interactions with D463, T464, Q467, T468, D552, R567
and R578 while the acetate molecule appears to remain in contact the phosphate group of AMP.
This is a very unusual finding because the presumed mechanism for generation of the acetyl-

11
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AMP intermediate of the first reaction is through nucleophilic attack of the acetate on the phos-
phate of ATP to displace pyrophosphate. ATP and acetate have been shown to bind in an ordered
fashion such that the ATP binding event allows for acetate binding. Our structure suggests that
the acetate binding pocket is not solely dependent on ATP but rather AMP is sufficient to allow
acetate binding, although our crystallization conditions include 200 mM acetate which could pre-
clude any mechanistic explanation for this binding. No previous ACS structure has shown the acid
substrate bound alone and the current structures support an ordered binding event. Hydrogen
bond interactions and electron density maps for the ligands are shown in Figure 6 B-D.

The structure without acetate bound displays a high degree of similarity compared to the
ATP-acetate/CoA bound structure with an RMSD deviation of 0.27 A between Ca atoms (661
residues). Despite the absence of the acetate molecule AMP adopts a nearly identical binding
mode with only a small shift in the phosphate group as shown in Supplemental Figure 2A. We
also generated crystals without acetate but in the presence potassium bromide or potassium thi-
ocyanate. These yielded a structure with a potassium ion bound near the AMP molecule and
generated very similar structures to the acetate bound and unbound crystals with an RMSD de-
viation of 0.39 A between Ca atoms (660 residues). The main difference found in the potassium
bound structure occurs in the loop containing residues G576 and N573 which is moved away
slightly from the AMP molecule. This results in a new contact between AMP and N573 which also

coordinates the potassium ion (Supplemental Figure 2B).

LiAcs1 acid substrate pocket is wider than the acetate restricted CaAcs2.

To better understand any differences that might exist for substrate binding between the
dual substrate binding acetate/acetoacetate utilizing LiAcs1 and an acetate restricted Candida
albicans Acs2 (CaAcs2) (PDB: 8V4R) we also crystallized CaAcs2 in the presence of AMP, ace-
tate, and CoA (22). Itis clear that the LiAcs1 exhibits an alternative binding orientation for acetate
(Supplemental Figure 4A) compared to CaAcs2 (Supplemental Figure 4B). At first look, the AMP,

12
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acetate containing substrate pockets are not large enough to accommodate acetoacetate. How-
ever, the binding pose of AMP relative to the pocket shows a 1.5 A greater distance between the
proximal oriented phosphate of AMP and the classic substrate size restricting tryptophan wall
(W466) (Figure 7A-B). About half of this distance can be attributed to orientation of the phosphate
oxygens as the distance from phosphorous atom to the tryptophan wall is 8.7 A for LiAcs1 versus
8.1 A for CaAcs2. Further pocket widening may occur with substrate accommodation as our pre-
viously reported CnAcs1 crystal structures highlighted a slight pocket widening that occurs for
AMP-ester bi-substrate mimetics. Our and others’ previous studies have illustrated substrate re-
striction occurs through the presence of a stable Tryptophan wall that prevents larger substrates
from being accommodated (22, 37). Pocket widening does occur opposite to this tryptophan wall
and appears to be determined largely by the overall flexibility of the CTD. This pocket widening
can be seen in the previously reported CnAcs1 in complex with ethyl-AMP (Supplemental Figure
4C). Therefore, we generated a structure of LiAcs1 in complex with ethyl-AMP to assess whether
substrate pocket widening also occurs for LiAcs1 in a manner that may be consistent with aceto-
acetate utilization.

The structure of LiAcs1 in complex with ethyl-AMP is very similar to the AMP-acetate/CoA
bound structure with an RMSD deviation of 1.00 A between Ca atoms (651 residues). Since the
ethyl-AMP structure was obtained without CoA added during crystallization, there’s a small shift
in the C-terminal domain relative to the CoA bound structure as shown in Supplemental Figure
3A. As previously observed with ethyl-AMP bound ACS structures, the ethyl group of the inhibitor
occupies the same site as the acetate molecule (Supplemental Figure 3B). Not surprisingly, the
ethyl-AMP inhibitor forms hydrogen bond interactions with D463, T464, Q467, T468, D552 R567
and R578 similar to AMP and the ethyl group is positioned with a hydrophobic pocket formed by
1362, T363, V438, T468 and W466 (Supplemental Figure 3C-D). The structure of monoclinic P
form of the ethyl-AMP complex was also obtained which adopts a nearly identical ligand binding
mode. A direct comparison of the ethyl-AMP bound LiAcs1 and CnAcs1 illustrates a slightly larger

13
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substrate pocket widening for LiAcs1 that results from a shift in the CTD (Supplemental Figure

4D-E).

Molecular docking supports acetoacetate utilization by LiAcs1.

To assess acetate versus acetoacetate binding energetics, we performed molecular dock-
ing experiments for each substrate in the LiAcs1 (8SF3) and CaAcs2 (8V4R) structures. Both
LiAcs1 and CaAcs2 exhibit relatively similar binding energies for acetate, while LiAcs1 exhibits a
much greater binding energy for acetoacetate (Table 4). The preferred docking pose for aceto-
acetate in LiAcs1 allows binding in a reactive pose (Figure 7C) that is not observed for CaAcs2
(Figure 7D). Therefore, while acetoacetate may be able to bind in the acetate restricted CaAcs2
enzyme albeit with much reduce binding energy compared to LiAcs1, the preferred binding orien-

tation is not likely to be reactive.
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Discussion

The lack of a separate KBC enzyme encoded by Leishmania, despite its reliance on leu-
cine catabolism, has been a puzzling aspect of its metabolism (38). Our demonstration that the
LiAcs1 has both activities provides an explanation for this metabolic conundrum. Furthermore,
the ability of LiAcs1 to serve as both an ACS and KBC in Leishmania infantum is, to our
knowledge, unprecedented for this group of adenylating enzymes. This uniquely described met-
abolic machinery is highly conserved across Leishmania spp. including L. infantum, L. donovani,
L. braziliensis, and L. amazonensis, but also highly homologous to other Acyl-CoA/NRPS/Lucif-
erase (ANL) family enzymes spanning a broad range of both prokaryotes and eukaryotes. For
Leishmania it appears this dual functionality suggests a unique evolutionary adaptation, allowing
efficient utilization of both acetate and acetoacetate as a product of ketogenesis for energy pro-
duction and biosynthesis.

To understand how the substrate binding pocket of LiAcs1 allows for dual substrate func-
tionality we tested a series of acyl-AMP intermediate mimicking AMP-esters of varying sizes. We
observed a more promiscuous substrate binding pocket than either acetate or acetoacetate spe-
cific enzymes CnAcs1 or CnKbc1. While CnAcs1 primarily accommodates small AMP-esters and
CnKbc1 only accommodates the large butyl-AMP ester, LiAcs1 is able to accommodate both
small and large AMP-esters. Looking at either the primary sequence homology and or the struc-
tural homology of LiAcs1 to previously characterized ACSs and KBCs we could not identify an
obvious molecular basis that allows for expanded AMP-ester binding or dual ACS/KBC function-
ality. We attempted to perform a specificity-determining-sites detection strategy utilizing category
informed multiple sequence alignment tools: however, we quickly realized that while the anno-
tated pool of ACS and KBC enzymes is quite large the biochemical confirmation of their substrate
specificity is sparse. Additionally, given that LiAcs1 operates in a newly described third category
with ACS/KBC dual functionality it is currently unclear what fraction of annotated ACSs also con-
tain KBC functionality.
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There are multiple pieces of data to suggest that LiAcs1 substrate specificity may be gov-
erned by emergent properties that contribute to overall protein flexibility rather than any specific
set of substrate binding residues for this class of enzymes. We already know the CTD flexibility
for this class of enzymes is enormous given the dramatic shift between the AD and TE confor-
mations. Overall enzyme and substrate pocket flexibility is likely governed by multiple intramolec-
ular interactions that may include substrate pocket adjacent intramolecular interactions. These
interactions can have distal effects to protein stability and substrate accommodation that are not
easily discerned. We provide a great example of this in our observation that substrate binding in
the AD conformation appears to affect CoA binding in the TE conformation. This became clear as
indicated by the difference in CoA substrate inhibition for LiAcs1 when either acetate or aceto-
acetate is supplied. We suspect these complex interactions contribute to LiAcs1 exhibiting an
expanded substrate pocket flexibility and is supported by an expanded AMP-ester binding profile.
This broad substrate accommodation straddles ACS and KBC AMP-ester binding profiles. The
most compelling data to suggest substrate pocket flexibility is our observation that a substrate
pocket widening occurs in the ethyl-AMP bound state for LiAcs1 beyond what we had previously
described for CnAcs1 and this substrate pocket widening allows for acetoacetate accommoda-
tion. Together, this data supports an overall flexibility of LiAcs1 that may contribute to its expanded
substrate profile and may also explain why LiAcs1 does not form a trimer like CnAcs1 or CnKbc1.
Aside from simply having a larger substrate pocket, acetoacetate accommodation hinges on the
acetate binding conformation observed in the LiAcs1 structure but not for CaAcs2.

The regulatory mechanisms governing the switch between ACS and KBC activities in Li-
Acs1 remain to be elucidated. It's possible substrate availability alone governs its contribution to
overall metabolic flux. Alternatively, our observations of CoA substrate inhibition, particularly its
modulation by acetoacetate, hint at a complex regulatory interplay between acid substrate avail-

ability, utilization, and CoA sensitivity. This substrate-induced modulation could represent a feed-
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forward mechanism where acetoacetate accumulation relieves CoA inhibition. Conversely, met-
abolic demands for CoA may increase during a shift from a ketogenic to glycolytic carbon catab-
olism such that enhanced ACS inhibition is desired.

The unique dual-function of LiAcs1 represents a potential target for novel small molecule
inhibitors that could, in turn, be selective for LiAcs1 over host enzymes given the unique substrate
features of LiAcs1. By targeting a single enzyme critical for both acetyl-CoA and acetoacetyl-CoA
production, it becomes possible to disrupt two essential metabolic pathways simultaneously. Fur-
ther studies are required to understand the landscape of ACS enzymes that may also serve a
dual ACS/KBC role, which may help elucidate the structural and specificity-determining-sites that

dictate ACS vs KBC function.
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Experimental Procedures

Cloning of Expression Constructs, Expression, and Purification

Full-length Leishmania infantum ACS construct (LeinA.00629.b.B1, Uniprot A41093, 1-705) con-
taining a non-cleavable His tag at the N-terminus (MAHHHHHH) was codon-optimized using
ATUM for E. coli expression and cloned by ATUM into ATUM vector pD431-SR via Sapl cloning,
including a double stop after the open reading frame (ORF). An example of the 5" adapter just
prior to ATG is 5-TACACGTACTTAGTCGCTGAAGCTCTTCT-3' and the 3’ adapter just after the
double stop is 5-TAGGTACGAACTCGATTGACGGCTCTTCTACC-3'. Codon optimization ex-
cluded restriction sites Ncol, Ndel, Xhol, Hindlll, and Sapl. The pD431-SR vector is kanamycin-
resistant with the p15a origin of replication accepting inserts under the T7 promoter with a lac
repressor and strong ribosome binding site (RBS). The resulting plasmid was sequence verified
and transformed into BL21(DE3) (NEB C2527). An overnight starter culture prepared in LB broth
with antibiotic was diluted 1:1000 the following day in LB media also containing antibiotic and
grown the ODegoo between 0.5 and 1.0 where the culture was then cooled to between 18-25 °C.
Expression was induced with 1mM isopropyl-p-D thiogalactopyranoside (IPTG) overnight and cell
pellets were collected for lysis via sonication as previously described (17, 22). Cleared lysates
were subjected to nickel purification and equilibration in overnight dialysis buffer as previously

described (17, 22).

Enzyme Activity Detection

Enzyme activity was measured as previously reported for CnAcs1 and CnKbc1 (17, 22, 39).
Briefly, the EnzChek Pyrophosphate assay kit (Thermo) was used as indicated by the manufac-
turer with the addition of 4 mM MgCl,, 10 mM DTT, and concentrations of CoA, ATP, and acid
substrates as indicated with a total reaction volume of 50 ul. The final enzyme concentration of
LiAcs1 was 3 pg/mL. All reagents were mixed in master mixes as allowed by each assay, ali-
quoted into 96-well half-well sized plates, incubated for 15 minutes at 37°C, with acid substrate
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provided as the start reagent. The micro plate was then read continuously in a SpectraMax i3X
Multi-Mode plate reader (Molecular Devices) at absorbance 360 nm. Michaelis-Menten constants
were determined for each substrate such that the other substrates were provided in excess, ex-
cept where CoA was provided at concentrations up to the maximum reaction velocity but before
substrate inhibition. Kinetic constants (Kn, Vmax, and K;) were determined from the non-linear re-
gression of the slopes generated from the linear reaction curves as calculated using the
GraphPad Prism statistical software. Hydroxamate forming reactions were performed under the
same conditions as the EnzChek with the addition of 150 mM hydroxylamine pH 7.5. The reac-
tions were carried out such that PPi generation was followed as normal to assure reaction curves
were stopped within their linear range using trichloroacetate (200 mM) and FeCls (370 mM). Ab-

sorbance was then measured at 560 nm with background subtracted from no enzyme controls.

Mass Photometry and Dynamic Light Scattering

Mass photometry (MP) experiments were conducted as previously described using a Refeyn
TwoMP mass photometer (Refeyn Ltd, Oxford, UK) (40). Briefly, microscope coverslips (24 mm
x 50 mm, Thorlabs Inc.) and Silicon gaskets (Grace Bio-Labs) were cleaned by sequential rinsing
with Milli-Q water and isopropanol, followed by drying with a filtered air stream. MP measurements
were carried out at room temperature in sterile PBS. Calibration of the instrument was performed
using a protein standard mixture: B-amylase (Sigma-Aldrich, 56, 112, and 224 kDa) and thy-
roglobulin (Sigma-Aldrich, 670 kDa). Movies were recorded for 60 seconds (3000 frames) using
AcquireMP software (version 2.3.0; Refeyn Ltd) with standard settings. All recorded movies were
processed and analyzed using DiscoverMP software (version 2.3.0; Refeyn Ltd). Dynamic light
scattering was performed on the same undiluted sample from mass photometry analysis using a
DynaPro NanoStar (Wyatt Technology, Santa Barbara, CA) equipped with additional static light

scattering detector and temperature control.
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Crystallization and Data Collection

Purified LiAcs1 was concentrated to 20 mg/mL in 500 mM NaCl, 20 mM Hepes pH 7.5, 5% glyc-
erol, 2 mM DTT, 0.025% sodium azide. All crystallization experiments were setup using an NT8
drop-setting robot (Formulatrix Inc.) and UVXPO MRC (Molecular Dimensions) sitting drop vapor
diffusion plates at 18 °C. 100 nL of protein and 100 nL crystallization solution were dispensed and
equilibrated against 50 uL of the latter. Ligand complexes were prepared by adding 2 mM of the
AMP, CoA and ethyl-AMP compounds to the protein prior to crystallization. Crystals of LiAcs1
were obtained from the following conditions. AMP-Acetate/CoA: Crystal Screen HT (Hampton
Research) condition A9 (30% (w/v) PEG 4000, 200 mM ammonium acetate, 100 mM sodium
citrate pH 5.6). Samples were vitrified in a fresh drop of crystallant which served as the cryopro-
tectant. AMP/CoA: JCSG+ E4 (1.26 M ammonium sulfate, 0.2 M lithium sulfate, 100 mM Tris pH
8.5) and cryoprotected in 2.5M Lithium Sulfate. Ethyl-AMP: JCSG+ B4 (10% (w/v) PEG 8000, 8%
(v/v) ethylene glycol, 100 mM Hepes pH 7.5) and cryoprotected in 20% PEG 200 + 80% crystall-
ant. AMP-K+/CoA: JCSG+ G10 (30% PEG 2000MME, 150 mM KBr) and cryoprotected in a fresh
drop of crystallant. Ethyl-AMP (P21 form): JCSG+ B5 (40% (v/v) MPD, 0.1M Na cacodylate pH
6.5, 5% (w/v) PEG 8000) and cryoprotected in a fresh drop of crystallant. X-ray diffraction data

were collected at the National Synchrotron Light Source || (NSLS-Il) beamline 19-ID (NYX).

Structure Solution and Refinement

Intensities were integrated using XDS (41) via Autoproc (42) and the Laue class analysis and
data scaling were performed with Aimless (43). Structure solution was conducted by molecular
replacement with Phaser (44) using previously determined structures of CnACS1 (PDB 7L4G)
and Salmonella ACS (PDB 2P2F) for LIACS as the search models. Structure refinement and
manual model building were conducted with Phenix (45) and Coot (46) respectively. Structure

validation was conducted with Molprobity (47) and figures were prepared using the CCP4MG
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package (48). Structure superpositions were conducted using GESAMT (49). Crystallographic

data are provided in Table 3.

Molecular Docking

Molecular docking of acetate and acetoacetate into ACS enzymes was conducted using the Mo-
lecular Operating Environment (MOE, version 2020.01; Chemical Computing Group). The crystal
structures of LiAcs1 (PDB: 8SF3) and CaAcs2 (PDB: 8V4R) which are bound to both acetate and
AMP were used to evaluate substrate preference. Binding energy of acetate was determined via
the Londong dG scoring function followed by rescoring using the GBVI/WSA dG function within
MOE. Acetoacetate was modeled into the acetate binding site and a global energy minimization
was performed using the Amber10:EHT force field. The binding energy of acetoacetate for the

ACS structures was evaluated as described above.
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Figure Legends

Figure 1. Route of acetoacetate utilization by Leishmania is not obvious based on encoded
CoA ligase homology. (A) Schematic illustrating leucine catabolism and its end products of
acetoacetate and acetyl-CoA. (B) CoA ligases encoded by Leishmania spp. and their homology
to verified ACS and KBC functioning enzymes. The following are identified by their corresponding
uniprot ID: Cryptococcus neoformans Acs1 (CnAcs1: JOVFT1), Saccharomyces cerevisiae Acs2
(ScAcs2: P52910), Saccharomyces cerevisiae Acs1 (ScAcs1: Q01574), Streptomyces lividans
Acs1 (S/Acs1: AOA7U9HBWSG), Homo sapiens Acss2 (HsAcss2: Q9NR19), Leishmania
braziliensis Acs1 (LbAcs1: AAHCRY), Leishmania braziliensis Acs2 (LbAcs2: A4HCU1), Leish-
mania infantum Acs1 (LiAcs1: A41093), Leishmania infantum Acs2 (LiAcs2: A410C2), Leishmania
donovani Acs1 (LdAcs1: E9BG78), Leishmania donovani Acs2 (LdAcs2: AOA3S7WXNO), Cryp-
tococcus neoformans Kbc1 (CnKbc,: JOVT24), Homo sapiens Aacs (HsAacs: Q86V21), Strepto-
myces lividans Aacs (SIAacs: AOA7U9DRDG6). Leishmania amazonensis Acs1 (LaAcs1:
LAMA_000440100.1) is identified by its EuPathDB ID and with a modified reading frame as dis-

cussed in the text.

Figure 2. LIACS exists as a monomer in solution. Recombinantly expressed LiAcs1, CnAcs1,
and CnKbc1 are pure as indicated by both SDS-PAGE and form a uniform population of mono-
mers in the case of LiAcs1 (A) and trimers in the case of CnAcs1 (B) and CnKbc1 (C) as indicated

by single particle analysis via mass photometry.

Figure 3. LiAcs1 is active and exhibits acetoacetate and acetate substrate utilization. (A)

Dilution series indicates enzyme is highly active across a long linear range with respect to detec-

tion assay. (B) pH sensitivity of LiAcs1 as normalized to pH 6. (C) Substrate utilization of LiAcs1.
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Figure 4. Enzyme kinetics of LiAcs1. Representative K, curves for (A) ATP, (B) acetate, (C)
acetoacetate, and (D) CoA. K, curves for CoA were performed with either acetate or acetoacetate
provided as co-substrate. All curves were fit using the GraphPad prism statistical software and

Km’'s were calculated from a minimum of three experimental replicates as reported in text.

Figure 5. Visual comparison of AMP-ester inhibition profile according to Van der Waals
volume. Inverse log of inhibition data from Table 1 plotted according to increasing Van der Waals

volume from left to right.

Figure 6. Structure of LiAcs1. (A) CnAcs1 (magenta) superimposed with LiAcs1 (coral). The
ligands from Leishmania ACS are colored: AMP (cyan), acetate (gray) and CoA (yellow). (B) Hy-
drogen bonds between LiAcs1 and CoA (yellow), AMP (cyan) and acetate (gray). (C-D) Electron

density (Fo-Fc, 3s) for acetate/AMP and CoA respectively.

Figure 7. LiAcs1 substrate pocket size allows viable pose of docked acetoacetate. Sub-
strate pocket size differences illustrated by distance from conserved tryptophan wall to phosphate
of AMP for LiAcs1 8SF3 (coral) (A) and CaAcs2 8V4R (blue) (B). Structures were oriented to
illustrate the maximal distance measured without acid substrate present. Molecular docking was
performed and acetoacetate was modeled into the acetate substrate pocket for LiAcs1 (8SF3)
(C) and CaAcs2 (8V4R) (D). Structures were oriented to illustrate the alternative binding poses of
acetoacetate that were adopted when performing a global energy minimization using the Am-
ber10:EHT force field in Molecular Operating Environment (MOE, version 2020.01; Chemical
Computing Group). In all panels, only residues within 4 angstroms of the crystalized acetate ligand

that comprised the acid substrate pocket were illustrated. lllustrations rendered by Pymol.
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Table 1. Dynamic light scattering data for recombinant proteins.

Table 2. Inhibition profile of AMP-ester isosteres.

Table 3. Crystallographic data for LiACS structures.

Table 4. Molecular docking of acetate vs acetoacetate.
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Range 1 (0.1-20 nm)

radius (nm) [Mw-R (kDa) |radius (hm) |Mw-R (kDa) [% mass
LiACS 3.69+0.06 71.5+1.7 14.12+0.10 [92.3+5.1 [100.0
CnACS 9.84 +1.21 [724 +208 6.43+0.30 [262 + 28 98.9 + 0.6
CnKBC 6.79 + 0.06 296 + 5.2 5.98 + 0.66 [225 + 64 99.8 + 0.1

Table 1. Dynamic light scattering data for recombinant proteins.
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# compound CnAcs1 CnKbc1 LiAcs1

ICs0 (UM) Lgﬁ_(;/(’ CIHLL, ICs0 (UM) f’ﬁ/" ClLL, ICs0 (LM) 3?_? ClHLL,
i methyl-AMP >100 >100 69.9 [62.8, 98.9]
i ethyl-AMP 8.0 [5.8, 11.1] >100 2.0 [1.4,2.8]
i cyclopropyl-AMP 8.7 [7.5,10.2] >100 2.2 [1.8, 2.7]
iv  propyl-AMP 21.1 [11.3, 48.0] >100 13.5 [10.7, 17.0]
v isopropyl-AMP  25.3 [21.6, 29.6] >100 6.7 [5.5, 8.3]
vi allyl-AMP 41.0 [30.0, 59.8] >100 12.5 [10.6, 14.8]
vii propargyl-AMP  55.1 [48.8, 62.6] >100 10.2 [7.5, 13.9]
viii butyl-AMP >100 7.8 [5.7,10.8] >100
ix diethyl-AMP >100 >100 >100
X cyclopentyl-AMP >100 >100 >100

Table 2. Inhibition profile of AMP-ester isosteres.
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Sample LiAcs1 LiAcs1 LiAcs1 LiAcs1 LiAcs1 CaAcs2
Ligand AMP-Acetate/CoA AMP/CoA Ethyl-AMP AMP-K+/CoA Ethyl-AMP- Amp-CoA
P21
PDB Code (8SF3) (8U2T) (8U2R) (8U2U) (8U2S) (8V4R)
Data Collection
Unit-cell a=59.02 a=59.07 a=58.91 a=58.75 a=91.21 a=b=139.41
parameters (A, °) b=69.38 b=69.92 b=74.15 b=69.46 b=61.81 c=542.25
c=151.62 c=150.72 c=151.05 c=149.38 c=134.81
b=92.98
Space group P212121 P212121 P212121 P212121 P21 P6122
Resolution (A)! 151.62-1.70 49.49-1.65 46.45-1.55 74.69-1.97 134.63-2.52  49.46-2.70
(1.74-1.70) (1.68-1.65) (1.58-1.55) (2.02-1.97) (2.59-2.52) (2.75-2.70)
Wavelength (A) 0.9795 0.9795 0.9795 0.9795 0.9795 0.9795
Temperature (K) 100 100 100 100 100 100
Observed 898,647 1,022,350 1,288,859 583,642 272,635 1,734,018
reflections
Unique reflections 68,961 75,992 96,781 44,111 51,168 86,857
<I/o()>" 12.3 (1.8) 14.5 (1.9) 16.0 (1.8) 13.5(1.6) 9.3(1.6) 14.5 (1.7)
Completeness 99.5 (98.5) 100 (100) 100 (100) 99.9 (99.6) 99.9 (100) 100 (100)
(%)’
Multiplicity 13.0 (13.6) 13.5(13.9) 13.3 (13.6) 7.0 (6.4) 5.3 (5.6) 20.0 (19.1)
Rimerge (%)"2 12.8 (175.0) 11.0 (173.1) 8.4 (164.2) 11.2 (161.4) 13.7 (118.0)  18.5(235.2)
Rrmeas (%)" 4 13.3 (181.7) 11.5 (179.7) 8.7 (170.6) 11.7 (168.7) 15.2(129.9) 18.9 (241.6)
Roim (%) 4 3.7 (48.8) 3.1(47.8) 2.4 (46.0) 3.2 (47.5) 6.4 (53.7) 4.2 (55.1)
CCqp"°® 0.998 (0.693) 0.999 (0.762) 0.999 (0.654) 0.999 (0.873) 0.997 0.999 (0.800)
(0.596)
Refinement
Resolution (A) ' 44.95-1.70 45.12-1.65 23.84-1.55 40.47-1.97 91.08-2.52 49.46-2.70
Reflections 65,452/3,405 72,074/3,795 91,862/4,819 64,534/2,196 48,521/2,575 82,259/4,353
(working/test)'
Riactor | Riree (%)"* 15.0/18.7 15.4/18.2 15.1/17.4 16.3/21.6 18.6/21.9 20.6/23.1
No. of atoms 5,248/58/462 5,196/54/476 5,210/25/503 5,192/54/222 10,161/50/17  14,387/195/41
(Protein/Ligands/
Water)
Model Quality
R.m.s deviations
Bond lengths (A) 0.009 0.009 0.008 0.012 0.002 0.003
Bond angles (°) 1.012 0.997 0.942 1.008 0.505 0.617
Mean B-factor (A?)
All Atoms 25.8 271 31.8 45.1 58.7 824
Protein 251 26.2 31.2 45.1 58.6 82.1
Ligand 27.6 32.1 20.9 44.8 41.6 106.6
Water 33.0 34.4 38.0 44.9 48.8 56.5
Coordinate error 0.19 0.17 0.14 0.19 0.30 0.35
(maximum
likelihood) (A)
Ramachandran Plot
Most favored (%) 97.6 97.6 97.1 97.9 96.1 95.6
Additionally 2.4 2.4 2.9 2.0 3.9 3.2

allowed (%)

1) Values in parenthesis are for the highest resolution shell.

2) Rmerge = thIZI |I,(hkl) - <I(hkl)>| / thIZI l,(hk/), where l,(hk/) is the intensity

3)
4)

5)

measured for the ith reflection and </(hkl)> is the average intensity of all reflections with indices hkl.

Reactor = Shit ||Fobs (hKI) | - |Feac (hkl) || / Shia |Fobs (hKl)|; Rfree is calculated in an

identical manner using 5% of randomly selected reflections that were not included in the refinement.

Rmeas = redundancy-independent (multiplicity-weighted) Rmerge (50, 51). Rpim = precision-indicating (multiplicity-weighted) Rmerge
(52, 53).

CC., is the correlation coefficient of the mean intensities between two random half-sets of data (54, 55).

Table 3. Crystallographic data for LiAcs1 and CaAcs2 structures.
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lieand CaAcs2 (8V4R) LiAcs1 (8SF3)
& (AG -kcal/mol) (AG -kcal/mol)

acetate -3.95 -3.86

acetoacetate -3.65 -4.90

Table 4. Molecular docking of acetate vs acetoacetate.
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Supporting Information Figures

Hydroxamate Product Detection
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Supplemental Figure 1. Acyl-CoA product detection. Acyl-CoA product formation is

%product relative to acetyl-CoA

confirmed in the presence of acetate and acetoacetate by measuring hydroxamate product

formation in the presence of hydroxylamine and iron.



acetate

Supplemental Figure 2. Superposition of LiAcs1 structures (A) Acetate (cyan) and non-
acetate (gold) bound structures showing the binding mode of the AMP molecules. (B) Comparison
of the acetate (coral) and potassium bound (green) LiAcs1 structures. Binding of a potassium ion
(blue sphere) near the AMP molecule results in a slight shift in the loop containing G576 and N573

which forms a new contact with the AMP ligand.



Supplemental Figure 3. Structure of LiAcs1 in complex with ethyl-AMP. (A) Superposition of
the ethyl-AMP structure (cyan) with the AMP-acetate/CoA complex (coral). The CoA and ethyl-
AMP molecule are drawn as yellow and gray spheres respectively. (B) Position of the acetate
molecule (gold) relative to ethyl-AMP in the superimposed structures. (C) Hydrogen bond
interactions (dashed lines) to the ethyl-AMP molecule (gray). (D) Electron density (Fo-Fc, 3s,
green mesh) for the ethyl-AMP molecule. The ethyl group is positioned in a hydrophobic cleft

depicted by the transparent electrostatic surface.
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Supplemental Figure 4. LiAcs1 exhibits alternative acetate binding and increased pocket
flexibility. Stereo images of (A) AMP, acetate binding pocket for LiAcs1, (B) AMP, acetate binding
pocket for CaAcs2, (C) ethyl-AMP bound LiAcs1, (D) ethyl-AMP bound CaAcs2, and the

superposition of C & D (E).
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