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Abstract

Post-translational S-palmitoylation directs the trafficking and membrane localization of hundreds
of cellular proteins, often involving a coordinated palmitoylation cycle that requires both protein
acyl transferases (PATs) and acyl protein thioesterases (APTs) to actively re-distribute S-
palmitoylated proteins towards different cellular membrane compartments. This process is
necessary for the trafficking and oncogenic signaling of S-palmitoylated Ras isoforms, and
potentially many peripheral membrane proteins. The de-palmitoylating enzymes APT1 and
APT2 are separately conserved in all vertebrates, suggesting unique functional roles for each
enzyme. The recent discovery of the APT isoform-selective inhibitors ML348 and ML349 has
opened new possibilities to probe the function of each enzyme, yet it remains unclear how each
inhibitor achieves orthogonal inhibition. Herein we report the high-resolution structure of human
APT2 in complex with ML349 (1.64 A), as well as the complementary structure of human APT1
bound to ML348 (1.55 A). Although the overall peptide backbone structures are nearly identical,
each inhibitor adopts a distinct conformation within each active site. In APT1, ML348 is
positioned above the catalytic triad, but in APT2, the sulfonyl group of ML349 forms hydrogen
bonds with active site resident waters to indirectly engage the catalytic triad and oxyanion hole.
Reciprocal mutagenesis and activity profiling revealed several differing residues surrounding the
active site that serve as critical gatekeepers for isoform accessibility and dynamics. Structural
and biochemical analysis suggests the inhibitors occupy a putative acyl-binding region,
establishing the mechanism for isoform-specific inhibition, hydrolysis of acyl substrates, and

structural orthogonality important for future probe development.
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Introduction

Post-translational S-palmitoylation anchors target proteins to membranes using a high-
energy thioester, which can be readily hydrolyzed by enzymes or other cellular nucleophiles. In
contrast, stable modifications like N-myristoylation and S-prenylation modify proteins via an
amide or thioether linkage. Thus, while some proteins evolved as targets of stable lipidation,
others use reversible membrane anchors for dynamic spatial regulation. Indeed, blocking Ras
palmitoylation attenuates growth signaling and transformation in mutant cells’. Similarly, G
proteins are rapidly de-palmitoylated following activation?, potentially redistributing active
signaling proteins to attenuate signaling. While such rapid de-palmitoylation events may be
enzyme-mediated, signal-dependent conformational changes could still be necessary to expose
the S-palmitoylated cysteine to promote enzymatic hydrolysis.

The first characterized cytosolic protein de-palmitoylase, acyl protein thioesterase
(APT1/LYPLA1), was identified biochemically from rat liver®. Although it was previously
annotated as a lysophospholipase®’, both rat and yeast APT1 exhibit >65-fold to >2000-fold
greater catalytic efficiencies (ke/Km) as a Gsa protein de-palmitoylase® ¢, respectively. Rat and
yeast APT1 were each shown to catalyze the de-palmitoylation of Gia; (N-myristoylated and S-
palmitoylated) 10-fold to 70-fold faster than Ras (S-farnesylated and S-palmitoylated)®,
respectively, demonstrating the enzyme can discriminate between different S-palmitoylated
substrates. Nevertheless, thioester hydrolysis is significantly more exergonic than ester
hydrolysis, which likely accounts for the majority of rate acceleration. APT2 (LYPLAZ2) shares 68%
protein sequence identity with APT1’, and displays similar Ras de-palmitoylase and
lysophospholipase activity in vitro” . While APT1 and APT2 likely share many common
substrates, in cellular assays only APT2 affects the palmitoylation of GAP-43°, while only APT1
participates in the de-palmitoylation of BK potassium channels’ and the melanoma adhesion
molecule (MCAM)"". However, these observed isoform-specific activities could also represent

differential over-expression, knockdown, or subcellular localization in each model. Overall, many
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studies of protein de-palmitoylation rely on the dual APT1/APT2 inhibitor Palmostatin B’?, which
obscures the contributions from each individual enzyme. Nonetheless, dual APT1/APT2
inhibition disrupts over-expressed Ras trafficking and reverts certain malignant phenotypes’?.

Later screening efforts identified piperazine amide competitive inhibitors with exquisite
selectivity for APT1 and APT2"*"° (Figure 1a). The APT1 inhibitor ML348 and the APT2
inhibitor ML349 are isoform-selective, relatively potent (K = 200-300 nM), and exhibit
orthogonality beyond the solubility of each probe’. Because both inhibitors incorporate a
common piperazine amide linked to a 5-membered heterocycle (thiophene or furan), each was
hypothesized to occupy a similar position in the active-site’. Since there is no reported
structure of APT2, the structural elements that impart inhibitor orthogonality and substrate
selectivity have remained elusive. Here we present the co-crystal structures of APT1 and APT2
binding to their respective selective inhibitors. Surprisingly, neither inhibitor directly hydrogen
bonds to amino acid side chains, but rather coordinate structural waters and occlude access to
the catalytic residues. Mutagenesis along the 35-a2 loop and the G3 helix revealed the basis for
inhibitor selectivity, which involves several residues that influence distinct loop conformations
between APT1 and APT2. These elements engage each inhibitor, forming a hydrophobic fatty
acyl-binding channel adjacent to the catalytic triad. Overall, these findings provide mechanistic
insight to isoform-selective substrate specificity and reveal new directions for inhibitor

optimization.

Results

Co-crystal structures of APT1-ML348 and APT2-ML349. Differential scanning fluorimetry
indicates a ~5 °C higher melting temperature (T,) in APT1 (59.2 °C) relative to APT2 (54.4 °C)
(Figure 1b). Thus, crystallization could be disfavored by additional disorder in APT2. Upon
ligand binding, both APT1 and APT2 are stabilized by 3.5 - 3.7 °C. Similar values were

measured using a thermal shift assay, where heat denaturation and centrifugation are used to
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monitor protein solubility’” (Figure 1c). Again, APT1 is more thermally stable than APT2 by 4 °C,
and inhibitor engagement considerably impedes denaturation.

Using this information, we readily obtained co-crystals of both APT1-ML348 and
APT2-ML349. The structure of APT2 has not been reported, and therefore obtaining this model
was critical for understanding the origins of inhibitor selectivity. Atomic structures of
APT1-ML348 and APT2-ML349 were subsequently determined at 1.55 A and 1.64 A resolution,
respectively (Table 1). Although a previously reported APT1 structure implied formation of a
weak dimer’®, both APT1-ML348 and APT2-ML349 form distinct dimer interfaces in each
respective asymmetric unit, suggesting that oligomerization is likely an artifact of crystallization.

Each APT structure adopts an atypical a/p hydrolase fold featuring a central, seven-stranded,
mostly parallel B-sheet, corresponding to strands B1-f3 and 6-p9, surrounded by variable
lengths of loops, helices and strands (Figures 2a-b). In both enzymes, the nucleophilic serine
(APT1-Ser199/APT2-Ser122) assumes the typical strained conformation at the apex of the
elbow between B6-a3, whereas the histidine base (APT1-His209/APT2-His210) and aspartate
(APT1-Asp174/APT2-Asp176) are positioned on nearby extended loops between 39-a5 and 38-
o4, respectively. APT1 and APT2 include non-canonical insertions of an anti-parallel 34-85
sheet, the corresponding 5-a2 loop, and a short G1 helix. Furthermore, both enzymes replace
the fourth a-helix of the canonical fold with a short helical segment, termed G3, which is
structurally divergent between the APT1-ML348 and APT2-ML349 structures, and an additional
short helix in APT2, termed G4.

Unlike other a/f hydrolase lipases, APT homologues lack a distinctive ‘cap’ domain
important for substrate binding and a flexible ‘lid’ that protects the active site from solvent.
Instead, APTs may use the 5-a2 loop, which is flanked on one side by G1/38-a4 loop and G3
helix on the other to form a relatively long (~20 A) putative acyl-binding channel wherein both
ML348 and ML349 reside. This hydrophobic channel shows varying degrees of openness

between APT1, APT1-ML348 and APT2-ML349 (Figures 2c-d and S1). In the distant bacterial
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homologue FTT258 (PDB: 4F21), the analogous loop domain demonstrates dynamic
conformational changes proposed to define the active and inactive states, suggesting the loop
closes upon substrate binding to initiate hydrolysis’®. However, this substrate driven
conformational change could differ among APTs, especially because the shorter G1 helix and
the non-canonical f4-35 sheet replace this loop in all vertebrate APTs (Figures S2a-b).
Although part of B4 and G1 pack with the $5-a2 loop to form one end of the channel, the overall
functional role of the B4-B5 sheet and G1 motif remains speculative. The resulting hydrophobic
channel has sufficient space and polarity to accommodate long chain fatty acyl chains. Because
APT enzymes are more active towards long chain fatty acyl substrates®’, shorter acyl chains
may not provide enough free energy to counteract the entopic penalty of binding (increasing K.,)
or bind too deep in the channel. Either would impede substrate orientation and activity. In
comparison to the unbound structure, ML348 binding pushes out the f5-a2 loop, suggesting

loop flexibility in this non-canonical region likely contributes to inhibitor engagement.

Structural features of ML348 and ML349 engagement. In the structure of APT1-ML348, two
waters form hydrogen bonds to the anilide carbonyl, whereas in APT2 the same waters interact
with the piperazine amide carbonyl (Figures 3a-d). Clearly, the piperazine amide carbonyls of
ML348 and ML349 motifs interact differently in each enzyme, showing no clear structure-activity
relationship shared between APT1 and APT2"*7°. Regardless, the bulk of both ML348 and
ML349 molecules occupy the hydrophobic channel where their water-coordinated carbonyl
groups are superimposed. One of these waters forms a hydrogen bond to the backbone
carbonyl of APT1-GIn83/APT2-Pro86 and the backbone amide of APT1-Gly77/APT2-Met79,
whereas the second forms hydrogen bonds to APT1-Glu84/ APT2-Glu87. In addition, APT1-
Trp145/APT2-Trp-148 forms putative n-n stacking interactions with the aromatic anilide of

ML348 and the thiophene of ML349, respectively. On the other end, APT1-Phe181/APT2-
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Phe183 also forms a n-n stacking interaction between the ML348 furanyl group and ML349
anisole group, respectively.

The G3 helix has weak sequence similarity between APT1 and APT2, suggesting it may be a
site of functional divergence (Figures S2a-b). In APT1, Arg149 of G3 forms a hydrogen bond
with a water molecule that coordinates the ML348 piperazinyl amide carbonyl and the Pro80
backbone carbonyl in the $5-a2 loop (Figure S3a). In contrast, His152 in the APT2 G3 helix
forms a n-n stacking with the ML349 anisole group, and Arg153 forms a hydrogen bond with
Asp84 side chain of the B5-a2 loop (Figure S3b). Most importantly, both the anilide ring of
ML348 and the thiochromene heterocycle of ML349 are positioned directly above the catalytic
triad, blocking substrate access. The ML348 trifluoromethyl substituent passively blocks the
catalytic triad through a series of hydrophobic contacts, including those with Leu30, Leu176,
and the hinge residue lle75. In contrast, the ML349 sulfone group participates in a hydrogen
bond network with water molecules, making indirect contacts with both the oxyanion hole and
the catalytic triad (Figures 3a-d).

At first glance, we initially hypothesized the ML349 sulfone might act as a tetrahedral
transition state inhibitor since the sulfonyl group of ML349 is in proximity to the catalytic
residues Ser122, His210, and the oxyanion hole backbone carbonyl oxygens of GIn123 and
Leu33 (Figures 3b and 3d). On closer analysis, ML349 appears to form indirect hydrogen
bonds to APT2 via two intervening water molecules, each tethered by hydrogen bonds to the
catalytic machinery in the active site. One water molecule forms a hydrogen bond to an
oxyanion hole amide through its oxygen lone pair, while also serving as a hydrogen bond donor
to an ML349 sulfone oxygen. The other water molecule is positioned near the histidine base
(His210) where it would normally become polarized to participate in acyl-intermediate hydrolysis,
but instead forms a hydrogen bond to the other ML349 sulfone oxygen.

Next, we examined if the enzyme-inhibitor complex depends on the presence of the sulfonyl

oxygens. A racemic ML349-sulfoxide derivative demonstrated some residual inhibition, but
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ML349-thioether completely lost any ability to bind APT2 (Figures 4b and S4a-c). In order to
test whether the serine nucleophile participates in ML349 binding, we synthesized an ML349-
fluorescein (ML349-FL) conjugate to probe active site binding by fluorescence polarization,
independent of substrate hydrolysis (Figure 4a). Interestingly, both ML349 and the ML349-FL
bind the catalytic dead APT2-S122A mutant with similar affinity (Figures 4a-b), confirming
Ser122 does not engage the thiochomene sulfone. Pre-treatment with either ML349 or
hexadecylfluorophosphonate (HDFP) blocked ML349-FL polarization with APT2, ruling out any
alternative binding mechanisms while confirming overlap between HDFP and ML349 binding
sites. Furthermore, both activity-based and fluorescence polarization competition studies
confirmed that ML349 has at least 20-fold lower K4 than the racemic ML349-sulfoxide towards

APT2, and no significant binding by ML349-thioether (Figure 4b and S4a).

Molecular Dynamics Simulations. To complement the characterization noted above, we
carried out molecular dynamics simulations of the enzyme-ligand complexes to investigate how
each sulfonyl oxygen of ML349 interacts in the presence of active site resident waters to
stabilize the enzyme-inhibitor complex in comparison with sulfoxide variants. In order to monitor
enzyme-inhibitor interactions, we constructed the distance between two designated atoms
throughout the course of the simulated trajectories. These distances were displayed graphically
over 50 ns periods from separate simulations for ML349 and the two in silico generated
enantiomers (S)-ML349 sulfoxide (oxygen atom pointing towards His210) and (R)-ML349
sulfoxide (oxygen pointing towards oxyanion hole) (Figure 4c). Whereas, the sulfonyl containing
ML349 showed essentially no motion in the active site during our simulations, both (S)-ML349-
sulfoxide and (R)-ML349-sulfoxide — enzyme simulations displayed increased fluctuations at
His210 (Figures 4d-f). The (R)-ML349-sulfoxide showed significantly more fluctuation than the
(S)-ML349-sulfoxide, suggesting the pro-(S) sulfone oxygen may play a more significant role in

active site stabilization. All together, these simulations demonstrate how both sulfone oxygens
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of ML349 minimize disorder in the active site by indirectly engaging the catalytic residues
through water-mediated hydrogen bonds, and are consistent with the findings from the thermal

denaturation and kinetic analysis.

The B5-a2 loop and G3 helix are responsible for inhibitor selectivity. APT1 and APT2 have
only a few divergent residues in the ligand-binding region (Figure 5a). In order to examine
whether these positions are responsible for functional discrimination between ML348 and
ML349, we performed reciprocal site-directed mutagenesis between APT1 and APT2 at these
sites and carried out steady-state kinetic assays with the fluorogenic substrate resorufin acetate
(ResOAc)” (Figures 5b and S5a-d). As confirmation of proper fold, essentially every reciprocal
mutant displayed similar K, values except for APT1-L176M, which might be explained by its
position close to the catalytic triad (Figures S2b and S5a). APT1-1le75 (Leu78 in APT2)
introduces a steric clash with the trifluoromethyl group of ML348 (Figure 5c¢), and may disrupt
ML349 binding. Indeed, the APT1-175L variant reduced ML348 binding by almost 10-fold (K; =
2.2 yM), concurrent with enhanced sensitivity to ML349 (K; = 370 nM). The analogous APT2-
L781 mutant only partially mirrored the reversal observed in APT1-175L, yielding measurable
ML348 binding (K; = 5.8 uM), but introduces a new steric clash at the ML349 thiophene sulfur to
weaken ML349 binding. Thus, lle75 and Leu78 play important roles in dictating selectivity, but
these roles are distinct with each inhibitor.

Since the reciprocal mutations at APT1-175L/APT2-L78I do not fully reconstitute the observed
potency and orthogonality of the wild type enzymes, synergistic residues were profiled by
combining several reciprocal mutations. The triple APT1-175L/S82A/Q83P mutant completely
abolished ML348 inhibition, but showed weaker ML349 potency (K; = 1.2 uM) compared to just
the single I75L mutant (K; = 370 nM). Since the APT1-Q83P mutation alone had no effect on
selectivity, we examined if APT1-S82 cooperates with APT1-175 to impart inhibitor orthogonality.

Interestingly, the double mutant APT1-175L/S82A slightly improved ML348 and ML349 inhibition
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compared to APT1-175L alone. The triple mutant APT1-175L/S82A/Q83P no longer binds ML348,
and loses significant potency for ML349. Taken together, this data demonstrate that the
selectivity effect cannot be isolated to a single mutation, and S82A synergizes with Q83P to
impact ML348 selectivity. Alternatively, the single APT2-P86Q and the double mutant APT2-
L78I/A85S have essentially the same K; values as either wild-type APT2 or APT2-L78I. Since
the APT2 triple mutant L781/A85S/P86Q improved ML348 potency, neither A85S nor P86Q by
itself has much effect on preventing ML348 binding. As shown for APT1, the synergetic effect is
observed when both residues are mutated together. Ultimately, switching the G3 helix between
APT1 and APT2 led to the most robust selectivity reversal, where APT1-
I75L/S82A/Q83P/R149H/A150R/S151A was potently inhibited by ML349 (K; = 180 nM) and lost
all potency for ML348. The reciprocal mutant APT2-L781/A85S/P86Q/H152R/R153A/A154S was
similarly inhibited by ML348 (K; = 430 nM) had no residual inhibition by ML349. Clearly, the G3
helix influences B5-a2 loop dynamics to differentially engage ML348 and ML349, through
interactions with the ML348 piperazinyl amide and the ML349 methoxyphenyl ring. Altogether,
these structural features form the basis for orthogonal inhibition through a combination of

differential flexibility and steric constraints.

Substrates and selective inhibitors engage a common acyl-binding pocket. Based on the
arrangement of hydrophobic residues, we predict the acyl chain of native substrates lies in the
same channel as ML348 and ML349. Interestingly, HDFP increased the T, of each APT
enzyme by over 10 °C (Figure S6), suggesting lipid engagement provides a major source of
energetic stabilization that decreases the Kj for long chain acyl substrates. To explore acyl
engagement more directly, we performed product competition studies with ML349-FL. While
oleic acid is competitive with ML349-FL binding, the observed ICs;, value (9.9 + 0.6 uM) is above
the 6 uM critical micelle concentration (CMC) for the lipid (Figure S7)*'. Incubation with 1-

oleoyl-2-hydroxy-sn-glycero-3-phosphocholine produced slightly more potent ML349-FL
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competition (ICso = 4.3 + 0.4 pM), although it also serves as a substrate and releases oleic acid.
Interestingly, the catalytic dead APT2-S122A mutant showed no ML349-FL competition with 1-
oleoyl-2-hydroxy-sn-glycero-3-phosphocholine. Thus, any competition is likely driven by
released oleic acid upon lysophosphatidylcholine hydrolysis, and subject to the same potential
micellar affects. To overcome this experimental obstacle, we directly assayed acyl binding using
the environmentally sensitive acyl-fluorophore BODIPY-FL-C6, which exhibits increased
fluorescence in nonpolar environments?’. A constant, sub-micellar concentration of BODIPY-FL-
C4s was incubated with increasing concentrations of each enzyme, reporting dose-dependent,
saturable fluorescence enhancement with APT1 (Ky =2.5+ 0.5 yM) and APT2 (K4 =2.8+ 0.5
MM) (Figure 6a). Furthermore, BODIPY-FL-C,¢ exhibited a dose-dependent reduction in
fluorescence after addition of ML348 in APT1 or ML349 in APT2, further supporting competition
for the enclosed acyl-binding pocket (Figures 6b-c). Although the precise BODIPY-FL-Cys
orientation and binding mode are unknown, this assay confirms BODIPY engagement to a non-

polar site displaced selectively in each APT isoform by its corresponding competitive inhibitor.

Discussion

APT1 and APT2 are broadly invoked whenever describing the dynamic turnover of S-
palmitoylation on proteins’®. While ML348 and ML349 superficially share a common piperazinyl
amide chemotype, our high-resolution structural analyses reveal distinct binding modes that
block access to the catalytic triad and occlude the putative acyl-binding pocket. Ligand
engagement by a hydrophobic channel is not surprising, since APT1 and APT2 react
exceptionally fast with aliphatic fluorophosphonate probes and HDFP, and much slower with
polar, PEG-fluorophosphonate probes’ ?*. The potent dual APT1/APT2 inhibitor Palmostatin B
also incorporates a 10-carbon chain ', reinforcing the benefit conferred by an acyl binding

element.
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Based on structural and sequence alignment of APTs across vertebrates, any determinants
promoting functional orthogonality between APT1 and APT2 are not immediately obvious

(Figure S2b). Several studies suggest that APT1 and APT2 harbor intrinsic substrate

©CoO~NOUTA,WNPE

10 preferences” ’°, and clearly APT1 and APT2 possess sufficient structural variance to enable

12 isoform-selective inhibition. Herein we carried out reciprocal mutagenesis at divergent residues
14 distal from the catalytic triad, revealing functional differences affecting inhibitor engagement.
Although definitive evidence supporting the precise mode of acyl group engagement will require
19 further crystallographic analysis, our current biochemical competition data demonstrates that
21 each isoform-selective inhibitor occludes acyl engagement across the non-polar channel, which
23 likely forms upon substrate engagement by the closure of the f5-a2 loop. Alternatively, the acyl
25 group could potentially occupy the shallow groove contiguous along the catalytic site and acyl-
217 binding pocket (Figure S8). Since this groove is largely solvent exposed with mixed polarity, it
more likely helps dock lysophospholipid head groups or the palmitoylated protein domains.

32 While this model is intuitive, any functional role for the adjacent groove will require further

34 biochemical studies, potentially after HDFP inactivation. However, part of the 38/a4 region also
36 features several divergent residues closer to the active site. These additional residues could

38 cooperate in substrate acquisition, supporting additional investigation to dissect further

40 functional divergence. Overall, the observed inhibitor orthogonality is solely derived from the
acyl-binding channel, thus any substrate selectivity beyond acyl-chain selection is more likely
45 promoted through distal sites not engaged by either ML348 or ML349.

47 Based the structural models presented, we speculate APT enzymes primary hydrolyze

49 substrates with reduced membrane partitioning, including lysophospholipids, prostaglandin

o1 esters, or singly S-palmitoylated substrates. Further S-acylation of each APT enzyme likely

53 localizes the enzyme in close proximity to membrane-bound substrates, thereby enhancing
substrate acquisition and relative activity. Following substrate recruitment and acyl engagement,

58 we propose that the 35-a2 loop closes to encapsulate the non-polar acyl chain, providing
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significant enzyme stabilization to drive polar coordination of the acyl thioester. Additional
interactions may further align the peptide, culminating in the thioester hydrolysis and
subsequent release of product. This model readily accommodates S-palmitoylated sites near
the protein termini or disordered regions, allowing the peptide and acyl chain to thread along the
contiguous groove. Dually lipidated proteins, such as N-myristoylated and S-palmitoylated Lck
and G,a4, may require additional rearrangements to engage the active site. Here the N-myristoyl
group could expand the binding pocket by shifting the flexible 35-a2 loop to accommodate both
lipids, or one acyl group could remain engaged in the membrane and thread next to the f4-$5
sheets and G1 helix. Deciphering the precise mechanism of substrate engagement will likely
require additional structural analysis, potentially capturing native substrates with a catalytic dead
enzyme, or through the design of tailored fluorophosphonate probes to mimic acylated peptide
substrates.

Overall, the structures of APT1-ML348 and APT2-ML349 show highly similar active sites with
distinct inhibitor conformations despite a related chemotype. Inhibitor selectivity depends on
distinct residues lining a divergent flexible loop, reminiscent of the lid domain of related bacterial
hydrolases’. More potent inhibitors may be optimized to directly engage each protein,
potentially by displacing active site waters, or through extended engagement of the shallow
proximal groove. Furthermore, we report the unique sulfonyl-engagement of ML349 by APT2,
suggesting further exploration of sulfonyl functional groups when optimizing active site-directed
reversible hydrolase inhibitors. Ultimately, this structural analysis highlights the subtle
differences between APT1 and APT2 leveraged by ML348 and ML349, which will provide value
in future studies profiling the physiological function and substrates of each enzyme across both

lipidated peptides and metabolites.

Methods

See Supporting Information for additional methods.
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Protein expression, purification, and crystallization. APT1 and APT2 genes were amplified
from human 239T cell cDNA and inserted into pMCSG?7 to introduce an in-frame N-terminal
poly-histidine tag for expression. BL21 (DE3) E.coli (Novagen) cultures (ODgyo = 0.6) were
induced with 0.5 mM IPTG for 16 h at 25 °C. Cell pellets were resuspended in 50 mM HEPES
pH 7.8, 300 mM NaCl, 10% glycerol, sonicated, and centrifuged at 35,000x g for 30 min. Talon
cobalt affinity beads (Clontech) were incubated with the cleared supernatant for 1 h, and then
washed with 50 mM HEPES pH 7.8, 150 mM NaCl, and 1 mM imidazole buffer. The proteins
were eluted with 50 mM HEPES, 150 mM NaCl, 150 mM imidazole buffer. The eluted samples
were dialyzed overnight in the presence of TEV protease to remove excess imidazole and to
cleave the HisTag, yielding ~10 mg / mL of protein. Protein samples were supplemented with 20%
glycerol and stored at -80 °C. For crystallization, protein stock solutions pre-incubated with
inhibitors were prepared at 8 mg / mL and supplemented with 5 mM dithiothreitol (DTT). APT1
was incubated with 3 mM ML348 and APT2 was incubated with 1 mM ML349 for at least one
hour at 4 °C before setting crystal trays for incubation at 20 °C. Crystals were produced by
sitting drop vapor diffusion with drops containing 2 pL of enzyme-inhibitor complex and 2 pL of
reservoir solution. For APT1-ML348, the best-diffracting crystals were formed from reservoir
solution containing 0.1 M sodium citrate pH 5.5, 22-24% PEG 3350, and 200 mM MgCl,. For
APT2-ML349, the best-diffracting crystals were formed from reservoir solution containing 0.1
mM sodium citrate pH 5.5, 20-24% PEG 3350. Larger, better diffracting crystals were formed by
microseeding 1 d after setup. After 1-2 weeks, thin plate crystals formed. Reservoir solution was

supplemented with 25% ethylene glycol for cryopreservation.

Data Collection and Structure Determination. Diffraction data for APT1-ML348 and
APT2-ML349 were collected on the Advanced Photon Source LS-CAT beamlines 21-ID-D and
21-ID-G, respectively. The data were processed with MOSFLM? and scaled with SCALAZ.

APT1-ML348 was solved to 1.55 A resolution by molecular replacement using MOLREP?® with
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the A chain of APT1 (PDB ID: 1FJ2) as the search model. The structure of APT2-ML349 was
solved to 1.64 A resolution by molecular replacement via Balbes?’, which also used the APT1
structure as the search model. Both structures went through iterative rounds of manual electron
density fitting and structural refinement in Coot?® and Buster?. Difference electron density maps
contoured at 2c showed the presence an inhibitor associated with each protein chain.
Coordinates and restraint files for each ligand were created by Grade® with the mogul+gm
option. Data collection and refinement statistics for each structure are listed in Table 1. Figures
were generated using PyMol Molecular Graphics system (Schrédinger). Atomic coordinates for
APT1-ML348 and APT2-ML349 have been deposited in the PDB as entries 5SYM and 5SYN,

respectively.

Molecular Dynamics Simulations. Molecular dynamics simulations were performed for

APT2-ML349, APT2-ML349 (R-sulfoxide), and APT2-ML349 (S-sulfoxide) using the CHARMM

Page 16 of 30

macromolecular modeling program®, version c39b2, as described in the Supporting Information.

Supporting Information
Methods including thermal denaturation, molecular dynamics simulations, fluorescence binding
assays, synthetic procedures and characterization, and additional figures as described in the

text.
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21 Figure Legends

23 Figure 1. Isoform-selective inhibitors stabilize APT1 and APT2. (a) Chemical structures of
25 ML348 and ML349. (b) ML348 and ML349 impart dose-dependent thermal stabilization of APT1
27 and APTZ2, respectively, by differential scanning fluorimetry. (¢) Thermal shift assay

corroborates thermal stabilization of APT enzymes by selective ligands.

34 Figure 2. Co-crystal structures of APT1-ML348 and APT2-ML349 reveals conformational
36 changes induced upon ligand binding. (a) Co-crystal structure of APT1-ML348. A 2 o omit

38 map is shown for ML348. The catalytic triad is indicated in sticks, and the non-canonical 4-p5
40 sheet, the G1 helix, and the 35-a2 loop are colored purple (b) Co-crystal structure of

42 APT2-ML349. A 2 c omit map is shown for ML349, where the catalytic triad is indicated in sticks.
45 Other features highlighted in APT1-ML348 are colored in purple. (c) Structure alignment of

47 APT1-ML348 and APT2-ML349. Regions of significant conformational differences are shown in
49 red-dotted circles. (d) Structural variance of APT1 (PDB: 1FJ2) in orange and APT1-ML348 in

o1 dark blue. Significant conformation changes are observed for the G1 helix, f4-85 stands and

53 B5-02 loop.
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Figure 3. Distinct binding modes promote inhibitor binding in APT1 and APT2. (a) The
hydrophobic channel of the APT1-ML348 complex from different perspectives. Side chains of
residues within 3.5 A of ML348 (green) are shown as grey sticks. Water molecules are shown
as red spheres and hydrogen bonds by red dotted lines. (b) The hydrophobic channel of
APT2-ML349 complex from different perspectives. Side chains of residues within 3.5 A of
ML349 (orange) are shown in grey sticks, with similar notation for waters and hydrogen bonds.
(c) Two dimensional ligand plot of ML348 interactions with APT1. Red dashed lines represent
hydrogen bonds and grey dashed lines indicate n-x stacking interactions. Chemical features are
color coded and labeled. (d) Two dimensional ligand plot of ML349 with corresponding labels as
described in (c).

Figure 4. ML349 indirectly engages the catalytic triad and oxyanion hole of APT2. (a)
ML349-FL exhibits APT2-dependent fluorescence polarization. (b) Chemical structures of
ML349 derivatives are shown above the dose-dependent ML349-FL displacement by ML349
derivatives in APT2 and APT2-S122A. (c) Structural representation of the S and R oxygen
atoms comprising the ML349 sulfone group in APT2. Atomic distances are shown with dotted
lines corresponding to the color schemes used to present the molecular dynamics simulations.
Blue represents the distance from the His210 t-nitrogen to ML349-S-oxygen. Brown represents
the distance from the ML349-S-oxygen to Q123 backbone amide nitrogen. Red represents the
distance from the ML349-S-oxygen to S122 oxygen. Green represents the distance from His210
t-nitrogen to the ML349-R-oxygen. Black represents the distance from the ML349-R-oxygen to
the Q123 backbone amide nitrogen. Purple represents the distance from the ML349-R-oxygen
to the S122 oxygen. (d) Molecular dynamic simulation of APT2-ML349 demonstrates little active
site fluctuation between the sulfone oxygens and catalytic triad. (e) Bound (S)-ML349-sulfoxide
promotes flexibility of His210 to destabilize the active site. (f) Bound (R)-ML349-sulfoxide

promotes flexibility even greater flexibility of His210 and similarly destabilizes the active site.
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Figure 5. The divergent B5-a2 loop imparts Inhibitor selectivity. (a) Structural view of

divergent residues near the ligand-binding region. APT1 (dark blue) is shown bound to ML348

©CoO~NOUTA,WNPE

10 (green) and APT2 (teal) is shown bound to ML349 (orange). Homologous vertebrate sequences
12 near the B5-a2 loop and G3 helix are shown, highlighting highly divergent (yellow) and less

14 divergent (grey) residues that were selected for mutagenesis. (b) Summary of kinetic and
inhibition parameters of APT reciprocal mutants using ResOAc substrate hydrolysis. (c) APT1-
19 175 and APT2-L78 contribute to inhibitor selectivity caused by isoform-selective steric clashes,

21 highlighted in black dashed lines.

25 Figure 6. Isoform-selective inhibitors displace sub-micellar fluorescent lipids. (a) APT
27 enzymes enhance BODIPY-FL-C; fluorescence. (b) BODIPY-FL-C,¢ competition with ML348
29 and ML349 against APT1. (c) BODIPY-FL-C4s competition with ML348 and ML349 against

APT2.
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Table 1: Crystallography Data Collection and Refinement Statistics

Data Collection APT1-ML348 APT2-ML349
PDB Code 5SYM 5SYN

Space group P222, C2

Unit Cell Dimensions

a, b, c(A) 71.7,73.7,81.8 78.2,79.8, 138.6
o, B,y (°) o=B=y=90° a=y=90°, p=93.3°
Wavelength (A) 0.9792 0.9786

Resolution (A)?

35.84-1.55 (1.57-1.55)

55.81-1.64 (1.67-1.64)

Rmerge 0.057 (0.42) 0.095 (0.488)
lis(l)® 18.5 (4.2) 7.1 (2.0)
Completeness (%)° 100 (100) 93.2 (84.5)
Redundancy 8.1 (7.8) 3.7(2.9)
Refinement

Resolution (A) 1.55 1.64

Ruwork 0.18 0.22

Riree 0.20 0.25
Monomers/ASU 2 4

Protein atoms 6909 6615
Heterogen atoms 470 546

Water molecules 362 310
Unique Reflections 63533 97049
r.m.s.deviations

Bonds (A) 0.01 0.01
Angles (°) 1.10 1.06
MolProbity Score 1.12 1.08

@ Statistics for highest resolution bin of reflections in parentheses.
® Intensity signal-to-noise ratio.

¢ Completeness of the unique diffraction data.
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