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Abstract

Hedgehog proteins govern crucial developmental steps in animals and drive certain human
cancers. Before they can function as signaling molecules, Hedgehog precursor proteins must
undergo N-terminal palmitoylation by Hedgehog acyltransferase (HHAT). Here we present
cryo-electron microscopy (EM) structures of human HHAT in complex with its palmitoyl-CoA
substrate and of a product complex with a palmitoylated Hedgehog peptide at 2.7-A and

3.2-A resolutions, respectively. The structures reveal how HHAT overcomes the challenges

of bringing together substrates that have different physiochemical properties from opposite
sides of the endoplasmic reticulum membrane within a membrane-embedded active site for
catalysis. These principles are relevant to related enzymes that catalyze acylation of Wnt and
the appetite-stimulating hormone ghrelin. The structural and mechanistic insights may advance the
development of inhibitors for cancer.

One Sentence Summary:

Snapshots of the Hedgehog acyltransferase reaction reveal mechanisms of palmitoylation
necessary for Hedgehog signaling.

Main text:

Hedgehog signaling is crucial for mammalian development. Downregulated in most adult
tissues, aberrant Hedgehog activation has been implicated in pancreatic, breast, lung,

and other malignancies (1). Mammals contain three Hedgehog proteins—Sonic, Desert,

and Indian Hedgehog—each of which operates as a secreted morphogen for short- and
long-range cell-to-cell signaling. Before they can initiate downstream signaling, Hedgehog
precursor proteins must undergo a series of processing steps that culminate in the attachment
of an acyl lipid by the enzyme Hedgehog acyltransferase (HHAT) (fig. S1A) (2, 3). The
attached lipid is required for downstream signaling and is structurally recognized by the
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Hedgehog receptor Patchedl (4-6). Inhibition of HHAT is a new avenue for therapeutic
intervention in Hedgehog-dependent cancers (7). HHAT is the only major component of the
Hedgehog signaling pathway for which an atomic structure has not been reported.

HHAT is an endoplasmic reticulum (ER) membrane protein that catalyzes the transfer of

a palmitoyl lipid from palmitoyl-CoA to the N-terminal cysteine of Hedgehog precursor
proteins (2, 8). The enzyme displays exquisite selectivity for Hedgehog proteins, which are
thought to be its only substrates (9). On the basis of low (< 15%) amino acid sequence
similarity, HHAT can be classified as a member of the diverse family of membrane bound
O-acyl transferase (MBOAT) enzymes (8, 10). Most MBOAT family members acylate
lipids as part of lipid biosynthesis pathways (10-12). Three members—HHAT, GOAT, and
Porcupine—are functionally distinct in that they acylate protein substrates. Like HHAT, the
mature products of GOAT and Porcupine, the appetite-stimulating hormone ghrelin and the
developmental and oncogenic regulator Wnt, respectively, operate as key secreted signaling
molecules (13, 14). The members of this enzyme triumvirate are thought to obtain their
hydrophobic acyl-CoA donor substrates from the cytosolic leaflet of the ER membrane and
their hydrophilic protein substrates from the lumen of the ER. This localization suggests a
remarkable mechanistic feat: HHAT, GOAT, and Porcupine obtain physiochemically diverse
substrates from opposite sides of a membrane and bring them together within a membrane-
embedded active site to achieve catalysis. Available three-dimensional structures of lipid-
modifying MBOAT enzymes (ACAT1, DGATL, and DItB) provide limited mechanistic
insights into this process because those enzymes acylate small lipophilic molecules rather
than hydrophilic proteins, and they have low sequence identity with protein-modifying
enzymes (10-13 % with HHAT) (15-20). Additionally, no structure of any MBOAT enzyme
in complex with an acceptor substrate or an acylated product has been determined.

To investigate its molecular mechanisms, we determined cryo-electron microscopy (EM)
structures of human HHAT that represent snapshots of its reaction coordinate: a 2.7-A
resolution structure of a complex with palmitoyl-CoA, and a 3.2-A resolution structure with
a palmitoylated Hedgehog peptide product.

We expressed full length human HHAT in mammalian cells and purified it for functional
and structural analyses (fig. S1B). Using an assay to measure the activity of the enzyme in
microsomes and in purified form, we observe Kinetic parameters similar to those previously
reported (8), indicating that the sample used for cryo-EM analysis has full activity (fig. S2).

Size-exclusion chromatography suggested that HHAT is monomeric (fig. S1C). At merely
57 kDa, HHAT was too small for high-resolution single particle cryo-EM studies on its
own. Consequently, we developed monoclonal antibodies that recognize conformational
epitopes on human HHAT to use as fiducial markers. We identified two antibodies that

were able to bind to the enzyme simultaneously and used these for cryo-EM analysis of
HHAT in complex with its palmitoyl-CoA substrate. Single particle cryo-EM analysis of
HHAT in complex with Fab fragments of these antibodies (denoted 1C06 and 3H02) and the
palmitoyl-CoA substrate yielded a structure at 2.7-A resolution (Fig. 1A, fig. S3). Density
for the HHAT polypeptide (amino acids 1-491) is well resolved in the map (fig. S4A).

The resulting atomic model has good stereochemistry and agreement with the map (fig.
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S4D, table S1). Density is well-resolved for the variable domains of the Fab fragments,
which contact HHAT, but less well-ordered for the constant domains. The antibodies bind on
opposite sides of the membrane. Neither antibody contacts the palmitoyl-CoA substrate (Fig.
1A, B).

The structure of HHAT reveals 12 transmembrane & helices (TM1-TM12), intervening
ahelical (IH1-1H11) and loop regions. The enzyme spans the ER membrane with

only minimal regions extending into the cytosol or lumen (Fig. 1, fig. S1D). A

structural “MBOAT fold” identified from structures of lipid-modifying MBOATS (15-20)

is recognizable in the TM4-TM11 portion of HHAT (fig. S5, S6). This region contains a
hallmark histidine residue (His379 in HHAT) that has been implicated in catalysis (10, 14,
21). Substantial differences in the MBOAT fold region create features particular to HHAT
that constitute substrate binding and access sites (as described below). TM10 and TM11 are
longer than their counterparts in other MBOAT structures (fig. S6); together with intervening
cytosolic helix IH10 (also found only in HHAT), this motif forms a distinctive archway that
appears to be involved in palmitoyl-CoA substrate access (Fig. 1C). The TM1-TM3 region,
which has no structural counterpart in the lipid-modifying enzymes, forms a module (Fig.
1C, fig. S6) that is involved in Hedgehog substrate binding.

The molecular surface of HHAT contains invaginations from both sides of the membrane
(Fig. 2). The cytosolic opening is occupied by well-defined density for palmitoyl-CoA (Fig.
2B). Its binding site comprises two distinct sections: one cavity for the acyl chain and one
occupied by the CoA moiety (Fig. 2D). These cavities meet with an approximate right
angle at the hallmark His379 near the middle of the membrane, thereby identifying the
active site. A concomitant bend in the substrate occurs near its central carbonyl carbon,

the site of transfer to hedgehog. Basic and hydrophilic residues on the enzyme’s cytosolic
side coordinate the CoA moiety and its phosphate groups (Fig. 2B, fig. S7). The acyl chain
adopts an extended conformation within its cavity, which is slender and roughly colinear
with the midline of the membrane. The walls of acyl cavity are lined by hydrophobic amino
acids that are conserved among HHAT orthologs (figs. S7, S8). The binding location of
palmitoyl-CoA indicates that this substrate would access the active site from the cytosolic
side of the membrane, consistent with where palmitoyl-CoA is synthesized (22).

The archway, formed by the TM10-IH10-TM11 motif, connects the active site to the
membrane and contains density for a second palmitoyl-CoA molecule (Fig. 2C). This
palmitoyl-CoA molecule is oriented vertically with its COA moiety near the cytosolic side
and its acyl chain extending luminally along the enzyme’s transmembrane surface (Fig. 2A,
C). The archway is the only membrane-exposed opening to the cytosolic leaflet large enough
to accommodate a palmitoyl-CoA, and its chemical environment is apt for palmitoyl-CoA
access to the active site: hydrophilic amino acids face the active site whereas hydrophobic
ones face the membrane (Fig. 2C). The phosphate groups of the CoA moiety are within
hydrogen bonding distance to Arg403 and His428 on the inside of the archway (Fig. 2C).
Substitution of either of these residues with tryptophan, which would be expected to narrow
the archway, reduce catalytic activity (fig. S9), corroborating the archway as the access route
for palmitoyl-CoA to the active site.
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On the surface of the membrane-spanning region of HHAT, nestled between a V-shaped
arrangement of TM1 and TM7, resides density for a heme B prosthetic group (Fig. 1A, 3A).
Although it was not previously noted as a component of HHAT or other MBOAT enzymes,
biochemical analysis confirms that purified HHAT contains a stoichiometric amount of
heme (fig. S10B). Its location and density for surrounding detergent molecules suggest that
the heme would be directly exposed to membrane lipids. To evaluate this hypothesis, we
performed an all-atom molecular dynamics simulation and observe that the heme interacts
with surrounding membrane lipids (fig. S10C, and Movie S1). We found that mutation of
Cys324, which coordinates the central iron (Fig. 3B), abolishes detectable catalytic activity
(Fig. 4). A distance of 22 A between the heme and the active site is presumably too far for a
direct role in catalysis. Marked reduction in thermal stability of the mutant is consistent with
a structural role (fig. S11). Further analysis is required to assess possible biochemical and
physiological importance of the heme and whether these are regulatable by oxidation state.

We found that the luminal antibody (1C06) is a potent inhibitor of HHAT whereas the
cytosolic antibody (3H02) has minimal effect on catalytic activity (fig. S2D). The inhibitory
antibody partially occupies a V-shaped cleft that would be exposed to the ER lumen in

a cellular setting (Fig. 1B). Suspecting that this cleft might comprise the binding site for

the acceptor substrate, we pursued a structure using only the cytosolic antibody to obtain
structural information for the interaction with Hedgehog.

To investigate Hedgehog binding, we pre-formed a complex of HHAT with the cytosolic
antibody and added stoichiometric amounts of palmitoyl-CoA and a peptide substrate
comprising the first 12 amino acids of partially processed human Sonic Hedgehog. Single
particle cryo-EM analysis yielded a structure at 3.2 A resolution (Fig. 4, figs. S3, S12). The
structure contains well-ordered density for a palmitoylated Hedgehog peptide product within
the active site (Fig. 4). Like in the other structure, density for the polypeptide of HHAT

is well-resolved throughout. The structures superimpose with an RMSD of 0.46 A. There
are noteworthy side chain conformational differences that appear to be involved with the
release of the CoA byproduct, but there are no domain-level differences or a-helical shifts
between the structures. The absence or presence of the luminal antibody has no discernable
effect on the structure of the enzyme, confirming that its inhibition is due to occlusion of the
Hedgehog binding site.

Well-defined density for the peptide and palmitoyl group portions of the product, including
density for the amide linkage to the N-terminal cysteine (C,4) of Hedgehog, indicates

that the palmitoylation reaction has occurred (Fig. 4C). The acyl chain is located in a
position analogous to that observed in the substrate complex (Fig. 4). Density is also present
for the CoA byproduct of the reaction (fig. S12), which is displaced by approximately

5 A toward the cytosolic solution relative to its location in the substrate complex (Fig.

4E). With displacement of the CoA, the side chain of Trp335 swings in and seals off

the acyl cavity from the cytosolic side of the enzyme (Fig. 4E-F). This and concomitant
rearrangements of interacting residues Met334 and Asn392 (fig. S13) constitute the only
marked conformational differences in HHAT between the structures. Mutation of Trp335
to lle has no discernable effect on palmitoyl transfer activity, suggesting that Trp335 does
not have a direct role in catalysis (fig. 4G). As before, a palmitoyl-CoA molecule occupies
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the archway, presumably poised to enter the active site chamber following release of the
products.

Sonic, Desert, and Indian Hedgehog contain a conserved peptide sequence at their N-termini
(24CGPGRyg) that has been shown to underlie their ability to act as substrates of HHAT

(9) (fig. S14). The consensus comprises an N-terminal cysteine (C4), a proline (Pyg),

an arginine (Ryg), and intervening glycine residues. The first eight amino acids of the
palmitoylated Hedgehog peptide product, containing this consensus sequence, are ordered
within the luminal cavity of the reaction chamber (Fig. 4C). The peptide makes an S-shaped
curve in the active site, with the palmitoylated Co4 binding deepest within the enzyme.

The tightly bent conformation of the peptide is facilitated by the flexibility of glycine
residues and a turn that occurs at Pog (Fig. 4C). The peptide makes extensive van der

Waals and hydrogen bonding interactions with HHAT. The residues involved emanate from
a congregation of secondary structural elements that converge on the luminal side of the
reaction chamber (Fig. 4B-D). Among these, the IH2 helix, within the TM1-TM3 structural
element, shields the peptide from the membrane (Fig. 4B). Notable hydrogen bonds include
one between His379 and the carbonyl oxygen of the amide bond at the palmitoylated
N-terminus and one between Asp339 and the amide nitrogen (Fig. 4D). Mutation of either
Asp339 or His379 nearly eliminates activity (fig. 4G), as has been observed previously for
His379 (21). Several aromatic amino acids lining the peptide-binding site also contribute

to the contour of the peptide binding site, but those we tested have only modest effects on
activity when mutated (fig. 4G). The only ion pair interaction with the peptide portion of
the product is between Glu59, a component of the TM1-TM3 element structural element,
and R,g. Corroborating a previous implication of R,g in substrate specificity (9), mutation of
either Glu59 or Ryg to alanine diminishes both kst and Keat/ K (fig. S2B). The compacted
shape of the peptide and the confines of the luminal cavity indicate that the reaction occurs
in the middle of the membrane, shielded from both bulk solvent and the lipid bilayer.

The structures of substrate and product complexes indicate how HHAT overcomes an
impressive challenge: bringing together two substrates—separated by a membrane and with
divergent chemical properties—into a membrane-embedded active site to achieve catalysis
(fig. S15). HHAT utilizes a remarkably efficient design to catalyze Hedgehog acylation.
Palmitoyl-CoA accesses the active site by passing under the archway, which complements
the substrate’s physiochemical properties and localization. It then proceeds to its substrate
binding site. By contrast, the Hedgehog substrate reaches the active site from the aqueous
environment of the lumen. Catalysis has been proposed to proceed through either a one step
or a two-step mechanism(3, 8). Our work cannot definitively distinguish between these, but
the following one-step mechanism seems more plausible: Asp339 acts as a general base to
activate the amino terminal end of Hedgehog for nucleophilic attack on the carbonyl carbon,
thereby releasing CoA as the leaving group and forming the amide linkage of the fully
mature Hedgehog product (fig. S15B). Our work indicates that release of its products is
directional. The CoA byproduct is released into the cytosol, as is evidenced by its binding
location in the structure. Palmitoylated Hedgehog can only be released into the lumen for the
simple reason that the Hedgehog polypeptide would be too large to fit through the narrow
path exposed to the cytosol. The enzyme therein transfers one palmitoyl acyl group across
the membrane per reaction cycle.
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In vitro experiments indicate that in addition to the chemical modification of Hedgehog,
HHAT can enable movement of an intact palmitoyl-CoA molecule from the cytosolic leaflet
of the membrane to the luminal one (23). The physiological implications of this biochemical
functionality are not known. However, the structure shows that this functionality is not
involved in the palmitoylation of Hedgehog because the catalytically competent palmitoyl-
CoA substrate within the active site is located on the cytosolic side, because the CoA moiety
is released into the cytosol, and because the confines of the active site would prohibit
simultaneous binding of both the Hedgehog substrate and palmitoyl-CoA in the luminal
cavity.

Our work reveals marked differences from the structures of MBOAT enzymes that acylate
lipophilic substrates. Unlike DGAT1 and ACAT1, which are catalytically active only

as dimers or tetramers (16-20), the present study identifies that HHAT functions as a
monomer. The dimer interfaces of those enzymes roughly correspond to the location of
the heme in HHAT (fig. S16). The palmitoyl-CoA access archway is found exclusively

in HHAT; DGAT1 and ACAT1 have a cleft between two transmembrane helices, roughly
corresponding to TM9 and TM10 in HHAT, that may act as the access route for acyl-

CoA substrates of those enzymes but is sealed in the structure of HHAT (fig. SI6A-

C). Different modes of acyl-CoA access may contribute to substrate specificities of the
enzymes, with HHAT having preference for palmitoyl-CoA, whereas DGAT1 and ACAT1
utilize an array of acyl-CoA donors. The slender cavity of HHAT in which the palmitoyl
moiety of the substrate binds is distinct from a bulging cavity observed in ACAT1/DGAT1
enzymes (fig. SI6E-F) — a difference that is also in line with the acyl donor specificity
profiles of the enzymes. With regard to acyl acceptor substrate binding, in contrast to the
Hedgehog binding site—which is shielded from the membrane and exposed to the aqueous
environment of the ER—Iarge cavities in DGAT1 and ACAT1 are directly exposed to the
luminal leaflet of the membrane by openings in their molecular surfaces that may function
as entry and egress routes for the lipophilic acyl acceptor substrates and products (fig.
S16D-G). In HHAT, protein substrate access and the release of fully mature Hedgehog
occur via a membrane-embedded cavity that is nonetheless hydrophilic and exposed only to
the lumen. These principles provide a structural framework for inhibitor development and
may be relevant to the mechanisms of acylation of ghrelin and Whnt.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Overall structure of HHAT.
(A, B) Cryo-EM reconstruction (A) and cartoon representation (B) of HHAT in complex

with palmitoyl-CoA and two Fab antibody fragments, viewed from the membrane. Variable
domains of antibodies are shown. (C) Architecture of HHAT; helices drawn as cylinders.
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Fig. 2. Palmitoyl-CoA substrate complex.
(A) Binding of two palmitoyl-CoA molecules (sticks with green carbon atoms): one in the

active site and one in the archway. Regions of HHAT that contact these ligands are pink; the
archway is tan. (B) Detailed view of palmitoyl-CoA substrate in the active site. Its density
(green surface) and interacting amino acids (pink sticks) are shown. (C) Palmitoyl-CoA

in the archway, shown from the membrane perspective. (D) Slice of the molecular surface
of HHAT highlighting the active site cavities and bound ligands. An arrow indicates the
carbonyl carbon of palmitoyl-CoA in its substrate binding site.
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Fig. 3. Heme prosthetic group.
(A) Density for the heme. (B) Interactions with HHAT. Amino acids contacting the heme are

drawn as sticks. Dashed lines indicate hydrogen bonds and interactions with Fe(lll).
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Fig. 4. Palmitoylated Hedgehog peptide product complex.
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(A) Cryo-EM reconstruction, in orthogonal views. (B) Overall structure, highlighting the
locations of ligands. Regions in contact with the product are colored blue. (C-D) Close up
views of the product, showing cryo-EM density (C) and contacting HHAT residues. (E) A
curved arrow indicates repositioning of Trp335 from the substrate complex (light blue) to
the product complex (pink). Positioning of the CoA byproduct relative to the substrate is
indicated. (F) Slice of the molecular surface showing the product in the reaction chamber
and the CoA byproduct in the cytosolic cavity. Dots indicate the disordered C-terminal
region of the Hedgehog peptide. (G) Relative enzymatic activity of indicated mutants.
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