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Background: The acyltransferase Porcupine transfers a monounsaturated fatty acid, palmitoleate, to Wnt proteins.
Results: Structure-function analysis of Wnt3a and Porcupine identified key regions necessary for stability, activity, and
signaling.
Conclusion: Residues in predicted transmembrane domain 9 within Porcupine and surrounding Ser-209 in Wnt3a are essential
for palmitoleoylation.
Significance: This analysis provides insight into mechanisms operative within the membrane-bound O-acyltransferase family.

Wnts comprise a family of lipid-modified, secreted signaling
proteins that control embryogenesis, as well as tissue homeosta-
sis in adults. Post-translational attachment of palmitoleate
(C16:1) to a conserved Ser in Wnt proteins is catalyzed by Por-
cupine (Porcn), a member of the membrane bound O-acyltrans-
ferase (MBOAT) family, and is required for Wnt secretion and
signaling. Moreover, genetic alterations in the PORCN gene lead
to focal dermal hypoplasia, an X-linked developmental disorder.
Despite its physiological importance, the biochemical mecha-
nism governing Wnt acylation by Porcn is poorly understood.
Here, we use a cell-based fatty acylation assay that is a direct
readout of Porcn acyltransferase activity to perform structure-
function analysis of highly conserved residues in Porcn and
Wnt3a. In total, 16-point mutations in Porcn and 13 mutations
in Wnt3a were generated and analyzed. We identified key resi-
dues within Porcn required for enzymatic activity, stability, and
Wnt3a binding and mapped these active site residues to pre-
dicted transmembrane domain 9. Analysis of focal dermal hy-
poplasia-associated mutations in Porcn revealed that loss of
enzymatic activity arises from altered stability. A consensus
sequence within Wnt3a was identified (CXCHGXSXXCXXKXC)
that contains residues that mediate Porcn binding, fatty acid
transfer, and Wnt signaling. We also showed that Ser or Thr, but
not Cys, can serve as a fatty acylation site in Wnt, establishing
Porcn as an O-acyltransferase. This analysis sheds light into the
mechanism by which Porcn transfers fatty acids to Wnt proteins
and provides insight into the mechanisms of fatty acid transfer
by MBOAT family members.

Post-translational modification of proteins with one or more
fatty acids controls a dynamic range of cellular processes such
as membrane trafficking and targeting, lipid raft targeting, and
signaling activity (1–5). The most common form of fatty acyla-

tion is protein S-palmitoylation, which occurs by covalent
attachment of the 16-carbon saturated fatty acid, palmitate
(C16:0), to one or more cysteine residues through a thioester
linkage. The mechanism of action of S-palmitoyl acyltrans-
ferases has been well documented and extensively reviewed (2).
Recently, secreted signaling proteins (Hedgehog and Wnt) and
hormones (Ghrelin) have been reported to contain fatty acids
attached via amide (N)-linkage or oxyester (O)-linkage (3, 6, 7).
The diverse mechanisms governing these reactions are cur-
rently being uncovered.

Wnts are secreted, lipid-modified signaling proteins that
control embryonic development and self-renewal in adult tis-
sue (8 –12). Wnt proteins activate signaling cascades that result
in the transcription of genes involved in proliferation, differen-
tiation, and migration. Aberrant activation of the Wnt signaling
pathway has been linked to a variety of human cancers, includ-
ing melanoma, breast, colon, and head and neck (9, 13, 14).
Because of its importance in diseases, there is significant inter-
est in understanding the biochemistry of Wnt processing and
secretion.

Production of an active Wnt signal is initiated by the acyl-
transferase Porcupine (Porcn),2 which catalyzes transfer of
palmitoleate (C16:1), a 16-carbon monounsaturated fatty acid,
to a highly conserved serine residue (Ser-209 in Wnt3a) (3,
15–17). Attachment of palmitoleate is required for Wnt func-
tion. Mutation of the conserved Ser to Ala in Wnt or pharma-
cological inhibition of Porcn blocks Wnt fatty acylation, intra-
cellular trafficking and secretion, binding to its cell surface
receptor, Frizzled, and signaling activity (3, 15, 17–19). Porcn is
required for Wnt activity during development, because muta-
tions in the PORCN gene cause focal dermal hypoplasia (FDH),
also known as Goltz syndrome, an X-linked multisystem disor-
der characterized by developmental malformations (20 –22). In

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM57966 (to M. D. R.) and F31GM100691 (to J. R. E.).

1 To whom correspondence should be addressed: Cell Biology Program,
Memorial Sloan-Kettering Cancer Center, 1275 York Ave., Box 143, New
York, NY 10065. Tel.: 212-639-2514; Fax: 212-717-3317; E-mail: reshm@
mskcc.org.

2 The abbreviations used are: Porcn, Porcupine; MBOAT, membrane-bound
O-acyl transferase; FDH, focal dermal hypoplasia; PAT, palmitoyl acyltrans-
ferase; Hhat, Hedgehog acyltransferase; GOAT, ghrelin O-acyltransferase;
ACAT, acyl CoA cholesterol acyltransferase; DGAT, diacylglycerol acyltrans-
ferase; ER, endoplasmic reticulum; TMD, transmembrane domain; 125I-
IC15:1, [125I]iodo-pentadecenoic acid; STF, Super TOPFlash; RL, Renilla lucif-
erase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 24, pp. 17009 –17019, June 13, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JUNE 13, 2014 • VOLUME 289 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 17009



adults, Porcn is a therapeutic target for blockade of Wnt path-
way activation in Wnt-driven disorders (23, 24). Porcn inhibi-
tors reduce tumor growth in Wnt-driven mammary cancers in
mice and in head and neck cancer cell lines (25, 26).

Porcn is an endoplasmic reticulum (ER)-resident integral
membrane protein. It has 11 predicted transmembrane
domains (TMDs) and belongs to the membrane-bound O-acyl-
transferase (MBOAT) family (27). In mammals, 16 MBOAT
members encoded by 11 genes have been identified. Biochem-
ical analysis of this family has been hampered by the extreme
hydrophobicity of the proteins because of the presence of mul-
tiple TMDs. Most MBOAT family members are involved in
neutral lipid biosynthesis (ACAT1/2 and DGAT1/2) and phos-
pholipid remodeling (LPEAT1– 4 and GUP1). Only three mem-
bers, Porcn, Hedgehog acyltransferase (Hhat), and ghrelin
O-acyltransferase (GOAT), have been shown to have protein
substrates. Hhat catalyzes attachment of palmitate to the N-ter-
minal Cys of Hedgehog proteins (28), and GOAT mediates
transfer of octanoate to Ser-3 of proghrelin, an appetite-stimu-
lating hormone (29). All family members share a conserved
MBOAT homology domain that is thought to be necessary for
enzymatic activity. This region harbors an invariant His residue
positioned within a stretch of highly conserved hydrophobic
amino acids and a well conserved Asp/Asn surrounded by
hydrophilic residues (27). Mutation of the conserved His
reduces the catalytic activity of ACAT1/2, DGAT1, GOAT,
Hhat, and Porcn, placing this residue as part of the putative
active site (17, 29 –32). Mutational analyses of other conserved
residues in ACAT, DGAT, and Hhat have identified several
residues within the MBOAT homology domain that are
required for catalysis. However, no unifying consensus model
for the MBOAT active site has been described.

In this study, we present a structure-function analysis of
Porcn acyltransferase activity. Rather than relying on reporters
of Wnt signaling activity as an indirect readout for Porcn activ-
ity (33), we directly monitored monounsaturated fatty acid
transfer to Wnt by Porcn. We exploited a cell-based fatty
acylation assay that uses [125I]iodo-pentadecenoic acid (125I-
IC15:1), a radioiodinated palmitoleate analog, as a substrate for
Porcn. 125I-IC15:1 is sterically similar to palmitoleate (C16:1)
and provides a robust, accurate, and direct readout of Porcn
acyltransferase activity in the cell (17). To determine the func-
tional significance of highly conserved residues, we generated a
series of truncation and point mutants within Porcn that tar-
geted the MBOAT homology domain as well as residues that
are mutated in FDH. We identified residues that are important
for Wnt binding, acyltransferase activity, and stability of Porcn.
In addition, the positional requirement of highly conserved res-
idues surrounding the Wnt3a palmitoleoylation site was ana-
lyzed. Taken together, this structure-function analysis has
enabled us to generate an initial working map of the active site
of Porcn and to define a consensus sequence for Wnt
palmitoleoylation.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—The following antibodies were
purchased as follows: rabbit polyclonal anti-Wnt3a (Cell Sig-
naling Technology), mouse monoclonal anti-FLAG M2, rabbit

polyclonal anti-FLAG (Sigma-Aldrich), mouse monoclonal
anti-Myc 9E10 (Monoclonal Antibody Core Facility, MSKCC),
HRP-conjugated secondary antibodies (Thermo Scientific),
goat anti-rabbit Alexa Fluor 594, and goat anti-mouse Alexa
Fluor 488 (Invitrogen). Protein A/G plus agarose was purchased
from Alpha Diagnostics Intl., Inc.

Plasmids, Cell Culture, and Transfection—Cloning of Myc-
tagged Wnt3a into pcDNA3.1 has been previously described
(28). N-terminal FLAG-tagged Porcn cDNA was generated
from a murine Porcupine clone in pcDNA3.1 (a gift from Dr.
Joseph Goldstein (UT Southwestern)). WT Porcn corresponds
to NCBI accession number NP_076127.1. PCR fragments
encoding C-terminally FLAG-tagged Porcn constructs �1–55
and �1–94 and N-terminally FLAG-tagged Porcn �416 – 613
and �371– 461 were amplified by PCR and ligated into the
NheI/KpnI restriction sites of pcDNA3.1. All Wnt3a and Porcn
point mutants were generated by site-directed mutagenesis
using the QuikChange mutagenesis kit (Agilent Technologies).
COS-1 cells were obtained from ATCC and grown in DMEM
containing 10% FBS. Super TOPFlash/FOPFlash and pRL-TK
plasmids were a kind gift from Dr. Anthony M. C. Brown (Weill
Cornell Medical College). Super TOPFlash (STF) has 8� T cell
factor binding sites upstream of a thymidine kinase promoter
and firefly luciferase ORF. Super FOPFlash contains 8�
mutated T cell factor-binding sites. Transfections were per-
formed with Lipofectamine 2000 (Invitrogen).

Synthesis of 125I-Iodo-Fatty Acids—Iodo cis-9-pentadecenoic
acid (IC15:1) was synthesized by the Sloan-Kettering Organic
Synthesis Core Lab. Conversion into 125I-iodo fatty acids was
performed using 125I-NaI (PerkinElmer Life Sciences) as previ-
ously described (34, 35).

Metabolic Labeling of Cells with Radioiodinated Fatty Acid
Analogs—COS-1 cells transfected with plasmids encoding
Wnt3a-myc and FLAG-Porcn were incubated in DMEM con-
taining 2% dialyzed FBS for 2 h. Cells were labeled with 30 �Ci
of 125I-IC15:1 for 5 h at 37 °C. Cells were lysed in 500 �l of
radioimmunoprecipitation assay buffer, and cleared total cell
lysates were immunoprecipitated with 5 �l of the indicated
antibody and 60 �l of protein A/G-agarose beads for 16 h at
4 °C. Immunoprecipitates were eluted in sample buffer con-
taining 60 mM DTT and electrophoresed on 12.5% SDS-PAGE
gels. Radiolabel incorporation into Wnt3a was detected on a
Fuji FLA-700 phosphorimager and quantified using Image-
Gauge software. Protein expression was detected by Western
blotting using enhanced chemiluminescence (Thermo Scien-
tific) and quantified with Quantity One software (Bio-Rad) on a
GS-800 calibrated densitometer.

Immunofluorescence and Confocal Microscopy—Forty-eight
hours after transfection, COS-1 cells were washed twice with
PBS and fixed with 4% (v/v) paraformaldehyde in PBS for 20
min at room temperature. The cells were washed with PBS and
permeabilized with 0. 2% Triton X-100 in PBS for 5 min at room
temperature and then washed twice with PBS. The cells were
stained with anti-FLAG antibody at 1:250 dilution in 3% BSA
and incubated for 1 h. The cells were placed in PBS for 20 min,
followed by a 45-min incubation with secondary antibodies and
1:5000 dilution of Hoechst dye in PBS. Coverslips were
mounted on slides using ProLong Gold mounting solution
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(Invitrogen). The images were acquired on a Leica inverted SP5
confocal microscope using a 63� oil immersion objective.

Wnt Signaling Activity Assays—HEK293T cells in 100-mm
plates were transfected with 3 �g of the indicated Wnt3a-Myc
construct, 3 �g of STF or Super FOPFlash, and 0.3 �g pRL-TK.
Twenty-four hours post-transfection, cells were seeded in
6-well plates at an initial density of 0.6 � 106 cells/well and
grown for 24 h. Cells were lysed according to manufacturer
specifications, and Wnt3a pathway activity was detected using
the Dual-Luciferase� reporter assay (Promega). Firefly lucifer-
ase and Renilla luciferase (RL) activity were recorded as relative
luciferase units using a VeritasTM microplate luminometer
(Promega). Relative Wnt signaling activity measurements were
calculated by normalizing firefly luciferase to RL, followed by
normalization of TOPFlash to FOPFlash.

Protein Stability Assay—Porcn-transfected COS-1 cells were
split into 60-mm dishes and cultured for 24 h at 37 °C. The cells
were placed in DMEM containing 10% FBS, 100 �g/ml of cyclo-
heximide, and 40 �g/ml of chloramphenicol and incubated for
0, 5, 10, and 24 h. At each time point, the cells were lysed in 500
�l of 1� radioimmunoprecipitation assay buffer, and Porcn
was immunoprecipitated from the total cell lysate with anti-
FLAG antibody and 60 �l of protein A/G-agarose beads for 16 h
at 4 °C. Samples were eluted in sample buffer containing 60 mM

DTT, electrophoresed on 12.5% SDS-PAGE gels, transferred
onto PVDF membranes, and probed with anti-FLAG antibody.
Protein expression was quantified as described above.

Co-immunoprecipitation Assay—COS-1 cells were co-trans-
fected with 3 �g of Wnt3a-Myc and 4 �g of FLAG-Porcn
cDNAs. Forty-eight hours after transfection, cells were rinsed
with STE and lysed with 500 �l of modified radioimmunopre-
cipitation assay for 15 min (50 mM Tris, pH 7.4, 1% Nonidet
P-40, 0.25% sodium deoxycholate, 50 mM NaCl, 1 mM EDTA).
Total cell lysates were immunoprecipitated with 5 �l of the
indicated antibody and 60 �l of protein A/G-agarose beads for
16 h at 4 °C and eluted in sample buffer containing 60 mM DTT.
Samples were electrophoresed on 12.5% SDS-PAGE gels, trans-
ferred onto PVDF membranes, and probed with anti-Wnt3a or
anti-Myc or anti-FLAG antibodies, as indicated.

Bioinformatics—MBOAT family sequences (Mus musculus)
were identified by querying the NCBI-conserved domain data-
base against pfam03062. Multiple sequence alignment of
murine MBOAT and Wnt family members was carried out
using the ClustalW2 multiple sequence alignment server.
Porcn membrane topology prediction was performed using the
MEMSAT-SVM server (36), and a graphical model was gener-
ated by Protter Server (37).

RESULTS

N- and C-terminal Mutants of Porcn Lack Acyltransferase
Activity and Aggregate in the ER—To identify a minimal region
of Porcn retaining acyltransferase activity, we generated N- and
C-terminal truncations. A web-based topology prediction pro-
gram, MEMSAT-SVM (38), was utilized to aid in the design and
placement of truncation points to avoid membrane-spanning
regions. We used the MEMSAT-SVM topology prediction
server for its consistency in predicting the topology of Porcn
across species and its accuracy in predicting GOAT topology

(39). MEMSAT-SVM predicted 11 TMDs with invariant His-
341 embedded in TMD 9 (Fig. 1A). Based on this model, we
engineered N- and C-terminal truncations, missing one or
more predicted transmembrane helices, each carrying a FLAG
tag at the opposite end of the truncation site. The enzymatic
activity of these mutants was tested in a cell-based Wnt palmi-
toylation assay (17). COS-1 cells were co-transfected with
cDNAs encoding Myc-tagged Wnt3a and either WT or trun-
cated Porcn and labeled with 125I-IC15:1. Wnt3a was immuno-
precipitated from cell lysates, and the amount of 125I-IC15:1
incorporated into Wnt3a was determined by phosphorimaging
analysis after SDS-PAGE. Two C-terminal truncations (�415–
461 and �374 – 461) expressed truncated Porcn proteins, but
these mutants failed to promote Wnt3a acylation (Fig. 1B). We
tested whether the enzymatic defects observed were due to
altered intracellular localization. Analysis by indirect immuno-
fluorescence and confocal imaging revealed punctate immuno-
staining, a pattern characteristic of aggregated, and misfolded
protein (Fig. 1C). Expression of the N-terminal deletion
mutants was not detected by Western blot, but immunofluo-
rescent confocal imaging analysis again revealed aggregated
protein (data not shown). Thus, these N- and C-terminal dele-
tion mutants are misfolded and devoid of protein acyltrans-
ferase (PAT) activity.

Identification of Key Residues in the MBOAT Homology
Domain of Porcn—The MBOAT homology domain is the most
conserved region of the MBOAT family, with residues sharing
50% or more conservation (Fig. 2A). Mutational analysis iden-
tified several residues in this region in ACAT1/2, DGAT, and
Hhat that are critical for catalytic activity (30 –32), but the
requirement of these amino acids for Porcn PAT activity has
not been explored. In murine Porcn, the MBOAT homology
domain spans residues 305–342 and harbors putative catalytic
sites Asn-306 and His-341. To determine the functional signif-
icance of this region in Porcn, nine conserved residues within
the MBOAT homology domain were individually mutated to
Ala. Based on their effect on Porcn PAT activity, these mutants
could be classified into three categories. Two mutations did not
significantly alter Porcn activity (N306A and W312A), indicat-
ing that these residues are not required for acyltransferase
activity (Fig. 2C). Three other mutants (W305A, Y316A, and
Y334) exhibited moderate defects in activity (30 –50% of WT)
(Fig. 2C). Three mutants (S337A, L340A, and H341A) had little
to no activity (�20% of WT), indicating that these residues are
critical for acyltransferase activity (Fig. 2, B and C). S172A was
used as a control, because it does not localize to the MBOAT
homology domain, and mutating this residue had no effect on
Porcn activity. T333A was the only point mutant whose expres-
sion was not detected by Western blotting. Immunofluorescent
confocal imaging analysis detected low expression levels,
altered intracellular localization, and protein aggregation in the
ER. Thus, a complete assessment of the effect of this mutant on
Porcn activity and/or biochemical properties could not be
established and was not included in further characterization
(Fig. 2D). Taken together, this mutational analysis identified six
residues within the MBOAT homology domain of Porcn that
are essential for enzymatic activity.
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We next tested the effect of the MBOAT homology domain
mutations on protein stability. Porcn transfected COS-1 cells
were treated with cycloheximide to block new protein synthe-
sis, and levels of WT and mutant proteins were monitored as a
function of time. WT Porcn was very stable, with 60% still pres-
ent after 24 h of cycloheximide blockade. All mutants, except
Y316A, exhibited stability comparable with WT, ranging from
48 to 98% remaining at 24 h (Table 1). Y316A was much less
stable than WT, with 24% remaining after 24 h (Table 1). With
the exception of T333A, proper intracellular localization of all
point mutants to the ER was confirmed by indirect immunoflu-
orescence and confocal microscopy, indicating that defects in
enzymatic activity were not due to mislocalization or misfold-
ing (Fig. 2D).

The ability of the Porcn mutants to bind to the Wnt3a pro-
tein substrate was assessed in a co-immunoprecipitation assay
using COS-1 cells co-expressing Wnt3a and Porcn. Three
Porcn mutants with severe enzymatic activity defects (Y334A,
S337A, and H341A) exhibited impaired ability to co-immuno-
precipitate with Wnt3a; all other mutants associated with

Wnt3a to the same extent as WT (Fig. 2E). Interestingly, the
catalytically dead mutant L340A was still able to bind Wnt3a,
suggesting that this residue might be involved in facilitating
fatty acid recognition rather than Wnt protein substrate
binding.

FDH-associated Mutations Are Detrimental to Porcn Stability—
Over 70 mutations in the PORCN gene have been identified in
FDH patients, including single nucleotide changes, microdele-
tions, insertions, and others (40 – 42). Approximately 26% of
FDH-causing mutations are missense mutations in the PORCN
coding region, but how these mutants affect Porcn function is
not clear. To understand the biochemical mechanism by which
missense mutations alter Porcn activity, the FDH-associated
Porcn mutants L331R, R365Q, R228C, and S136F were gener-
ated and tested for PAT activity, stability and intracellular
localization. In contrast to MBOAT homology domain
mutants, all FDH-associated mutations except R228C exhib-
ited moderate to severe enzymatic defects (Fig. 3A) and com-
promised protein stability (Fig. 3B). The R228C mutation was
described in an FDH patient with two heterozygous mutations

FIGURE 1. Porcn truncation mutants lack acyltransferase activity and aggregate in the ER. A, predicted transmembrane topology map of murine Porcn
protein (NP_076127.1) generated using the MEMSAT-SVM server. The rectangles represent predicted transmembrane helices, and numbers indicate bound-
aries. B, COS-1 cells co-expressing Wnt3a-Myc and FLAG-Porcn, either WT or truncated, were labeled with 125I-IC15:1 for 5 h. Cell lysates were immunoprecipi-
tated (IP) with anti-Myc or anti-FLAG antibodies and analyzed by SDS-PAGE and phosphorimaging (top panel) or Western blotting (WB, middle and bottom
panels) with anti-Wnt3a or anti-FLAG antibodies. C, COS-1 cells expressing WT or truncated FLAG-tagged Porcn were fixed, stained with DAPI (blue), and
analyzed by indirect immunofluorescence with anti-FLAG antibody (green) and confocal microscopy.
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(43). Because Arg-228 is not conserved across species, and the
patient’s mother, who is clinically unaffected, has the same
heterozygous mutation, the pathological significance of the
R228C mutation was uncertain. Our finding that Arg-228
Porcn is essentially indistinguishable from WT Porcn suggests
that this mutation does not contribute to the disease state. In
addition, indirect immunofluorescence and confocal imaging
analysis of S136F revealed protein aggregation, probably caused
by misfolding (Fig. 3C). These findings suggest that altered sta-
bility and/or folding could be the underlying cause for enzy-
matic dysfunction in at least some of the FDH mutants
described to date.

Identification of Conserved Residues in Wnt Required for
Porcn-dependent Fatty Acylation—Although Wnt3a was origi-
nally reported to be palmitoylated on Cys-77 (44), further stud-
ies revealed that this residue is instead engaged in a disulfide

bond and that the authentic fatty acylation site is Ser-209 (3, 15,
17). The residues surrounding Ser-209 in Wnt3a are highly
conserved across species, from hydra to human Wnt proteins
(Fig. 4A), but the importance of these amino acids for Porcn-
mediated fatty acylation has not been explored. Alanine-scan-
ning mutagenesis was used to alter conserved residues sur-
rounding Ser-209 in Wnt3a. The ability of each mutant protein
to incorporate 125I-IC15:1 was tested. Five of the Wnt3a
mutants were acylated to the same extent (S211A and W218A)
or to levels 40 –50% (K204A, G210A, and T216A) of WT Wnt3a
(Fig. 4, B and C). The other mutants exhibited severe acylation
defects (�20% of WT) (Fig. 4C). Of note, the presence of each of
the four Cys that form disulfide bonds in Wnt proteins (15, 45)
was required for fatty acylation. We then tested the ability of the
Wnt3a mutants to bind Porcn in a co-immunoprecipitation
assay (Fig. 4D). S211A and W218A, which are acylated to WT

FIGURE 2. Mutational analysis of conserved residues within the MBOAT homology domain of Porcn. A, residues that are conserved (black boxes) or similar
(gray boxes) in the MBOAT homology domain in 50% or more of the 16 MBOAT family members in the mouse (M. musculus) are highlighted. B, COS-1 cells
co-expressing Wnt3a-Myc and either WT or mutant FLAG-Porcn were labeled and analyzed as in Fig. 1b. The experiment was performed three times in
duplicate; a representative image is shown. C, quantification of experiments in B. Relative acyltransferase activity was determined by calculating the level of
125I-IC15:1 incorporation per amount of immunoprecipitated (IP) Wnt3a for each mutant Porcn construct and then normalizing to WT Porcn, which was set to
100%. Each bar represents the average of three experiments and is expressed as the percentage of WT Porcn activity; error bars indicate S.D. D, the intracellular
localization of WT and mutant Porcn was analyzed as in Fig. 1C. E, lysates from COS-1 cells co-expressing Wnt3a and the indicated Porcn constructs were
immunoprecipitated with anti-FLAG antibody followed by Western blotting (WB) with anti-Wnt3a or anti-FLAG antibody (top two panels). Total cell lysates (TCL)
were analyzed directly by Western blotting with anti-Wnt3a and anti-actin antibodies.
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levels, associated with Porcn, as did K204A, which has moder-
ately decreased fatty acylation. None of the acylation-deficient
mutants were able to co-immunoprecipitate with Porcn.

The S209A mutant of Wnt3a has been shown to have defec-
tive signaling activity, and this has led to the conclusion that
Wnt palmiteoylation is required for signal transduction (3, 17,

33). To examine the correlation between protein fatty acylation
levels and Wnt signaling, we utilized a luciferase-based reporter
of Wnt activity, STF. HEK293T cells were transfected with STF,
RL, and Wnt3a, and luciferase activity was measured. All of the
Wnt3a point mutants exhibited reduced signaling activity com-
pared with WT Wnt3a (Fig. 4C). These reductions in signaling
output, in general, correlated with reduced levels of fatty acyla-
tion. However, the W218A construct exhibited near WT levels
of 125I-IC15:1 incorporation but displayed signaling defects,
arguing that this residue might be involved in mediating events
downstream of Porcn activity. In summary, these results indi-
cate that the highly conserved region surrounding Ser-209
plays a critical role in mediating the interaction between Por-
cupine and Wnt and that disruption of this region results in
acylation defects, thus affecting downstream signaling activity.

Porcupine Can Acylate Ser and Thr but Not Cys Residues—
With the exception of Hhat, all MBOAT family members with
known substrates are O-acyltransferases, transferring fatty
acids to hydroxyl groups (-OH) of proteins or lipids. For Porcn
and GOAT, the modified residue on the protein substrate is Ser.
We tested whether Thr or Cys in position 209 of Wnt3a would
substitute for Ser as fatty acid acceptor for Porcn. As depicted in
Fig. 5A, 125I-IC15:1 was transferred to Wnt3a containing S209T
but not to S209C. The S209T construct exhibited signaling
activity even greater than that of WT Wnt3a, whereas S209A

FIGURE 3. FDH-associated mutations alter stability and intracellular localization of Porcn. A, COS-1 cells co-expressing Wnt3a-myc and the indicated
Porcn constructs were labeled and analyzed as in Fig. 1B. Each bar represents the average of three experiments and is expressed as the percentage of WT Porcn
activity (mean � S.D.). B, COS-1 cells expressing the indicated Porcn constructs were treated with 100 �g/ml of cycloheximide and 40 �g/ml of chloramphen-
icol for 0, 5, 10, or 24 h. At each time point, lysates were immunoprecipitated with anti-FLAG antibodies and analyzed by Western blotting after SDS-PAGE. The
amount of FLAG signal at each time point was determined by densitometry; each point indicates the mean � S.D. (n � 2). The values for the percentage of
Porcn protein remaining at 24 h were: 60.78% for WT, 21.93% for S136F, 82.86% for R228C, 34.06% for L331R, and 30% for R365Q. C, the intracellular localization
of WT and mutant Porcn constructs was analyzed as in Fig. 1C.

TABLE 1
Relative stability of Porcn point mutants

Porcn
Remaining

at 24 ha S.E.

%
MBOAT homology domain mutants

Wild type 60.78 3.27
S172A 61.47 10.76
W305A 68.89 2.46
N306A 76.33 3.64
W312A 48.35 4.32
Y316A 24.74 10.03
Y334A 70.53 4.11
S337A 58.47 8.56
L340A 59.00 0.14
H341A 98.99 1.01

FDH-associated mutants
S136F 21.93 13.95
R228C 82.86 5.84
L331R 34.06 8.18
R365Q 30.28 19.31

a Relative stability of Porcn point mutants after 24 h of incubation with cyclohexi-
mide and chloramphenicol. The data are expressed as percentages of 0 h control
(n � 2).
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and S209C mutants were inactive (Fig. 5B). Thus, Porcn strictly
functions as an O-acyltransferase and can form oxyester link-
ages to either Ser or Thr.

DISCUSSION

A Map of the Active Site of Porcn—Porcn-mediated attach-
ment of palmitoleate to Wnt proteins ensures Wnt passage

through the secretory pathway and proper signaling activity. At
the biochemical level, this reaction has been difficult to study in
a quantitative manner, partly because of the hydrophobic
nature of Porcn and the lack of tools to accurately detect ac-
ylated Wnt. In this report, we undertook a systematic approach
to dissect the complexities of the Porcn-mediated fatty acyla-
tion reaction. A cell-based fatty acylation assay that provides an

FIGURE 4. Mutational analysis of conserved residues surrounding Ser-209 in Wnt3a. A, multiple sequence alignment of a highly conserved region of Wnt
family members from diverse species. Black boxes denote residues that are conserved in 80% or more sequences. B, COS-1 cells transfected with FLAG-Porcn
and the indicated Wnt3a constructs were labeled with 125I-IC15:1 for 5 h. Cell lysates were immunoprecipitated (IP) with anti-Myc or anti-FLAG antibodies and
analyzed by SDS-PAGE and phosphorimaging (top panel) or Western blotting (WB, middle and bottom panels) with anti-Wnt3a or anti-FLAG antibodies. The
experiment was repeated three times in duplicate; a representative image is shown. C, black bars, quantification of experiments in B. Phosphorimaging signals
were normalized to Wnt3a protein levels and then expressed as a percentage of WT Wnt3a (set at 100%). Each bar represents the mean � S.D. (n � 3– 6). Gray
patterned bars, HEK293T cells were transfected with STF or FOPFlash, RL, and either WT or mutant Wnt3a. 48 h after transfection, STF luciferase activity was
measured, normalized to RL and FOPFlash activity, and expressed as a percentage of WT; bars represent means � S.E. (n � 3). D, lysates from COS-1 cells
co-expressing WT Porcn and the indicated Wnt3a constructs were immunoprecipitated with anti-Myc or anti-FLAG antibody followed by Western blotting with
anti-Wnt3a or anti-FLAG antibody. E. V., empty vector.
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accurate and direct measurement of Porcn acyltransferase
activity (17) was combined with alanine-scanning mutagenesis
of highly conserved residues and regions within Porcn and
Wnt3a. Here we identify key residues that are crucial for the
intracellular localization, stability, and activity of these proteins
and provide molecular level information regarding interactions
between Wnt and Porcn. In total, 16 Porcn mutants (2 trunca-
tion mutants, 9 MBOAT homology domain mutants, 1 random
site mutant, and 4 FDH-associated mutants) and 13 Wnt point
mutants were analyzed. When mapped within a predicted
topology model of Porcn, a striking pattern was observed for
the Porcn mutants. Nearly all of the inactive Porcn mutants
localize to TMD 9, whereas all of the constructs retaining cat-
alytic activity localize to predicted cytoplasmic or luminal loops
(Fig. 6). This analysis defines a critical active site region within
predicted TMD 9 essential for catalysis by Porcn.

A recent study examined the effect of multiple Porcn muta-
tions that occur in FDH on Wnt signaling activity (33). Several
of the mutants overlap with those tested in this study. Three of
the four FDH mutants, we analyzed (S136F, L331R, and R365Q)
showed decreased stability and mislocalization, which is likely
the cause of the decreased fatty acyltransferase activity that we
observed (Fig. 3) and could potentially explain the disease phe-
notype. Proffit et al. (33) also noted decreased expression levels
for R365Q Porcn but obtained the opposite result for S136F and
L331R Porcn, which exhibited nearly normal activity when

assayed in a �-catenin signaling assay. The reason for this dif-
ference may be related to the use of an assay that is distal and
not a direct readout of the initial biochemical event, Porcn-
mediated acylation of Wnt.

We observed that N- and C-terminal truncation mutants of
Porcn were unstable and inactive. These residues are likely
needed to maintain enzyme integrity and when deleted cause
the protein to become misfolded and more susceptible to deg-
radation. However, this was not the case for the MBOAT
homology domain mutants which, except for Y316A, had sta-
bilities close to that of WT Porcn. Despite its lower stability,
Y316A retained a moderate level of acyltransferase activity.
With the exception of T333A, none of the MBOAT homology
domain mutants that we examined exhibited observable alter-
ations in subcellular localization. Thus, residues in the inactive
mutants are likely involved in mediating the acyltransferase
reaction, by either binding to the protein or the fatty acid sub-
strate or directly catalyzing fatty acid transfer.

Invariant His and Asn/Asp residues are highly conserved and
regarded as putative catalytic sites for all MBOATs. However,
several differences regarding the requirement for these residues
have been observed. Mutation of the invariant histidine resi-
dues abrogates activity in all family members tested but only
reduces activity by 50% in Hhat. The residue immediately adja-
cent to the conserved His is required for catalytic activity in
Porcn and Hhat, but not in ACAT1 (30, 32). Of note, the L340A
Porcn mutant was catalytically inactive but could still bind to
Wnt3a. This suggests that Leu-340 might be involved in bind-
ing to palmitoleolate, consistent with its localization within a
TMD (Fig. 6). Conversely, the conserved Asn/Asp is not
required for Porcn acyltransferase activity (Asn-306), but it is
essential for Hhat and GOAT activity (29, 32). Mutational anal-
yses of other conserved residues within the MBOAT homology
domain have been performed for ACAT1, ACAT2, DGAT1,
and DGAT2, based on sequence conservation across species,
and in Hhat, based on sequence homology among MBOATs
with protein acyltransferase activity. Similarities and differ-
ences among the overlapping mutants are summarized in Table
2. Mutation of the Ser-337 equivalent results in complete inac-
tivity or severe enzymatic defects in ACAT1 and ACAT2 (46).
We observed a similar result for Porcn, whereas another
group reported that the S337A Porcn mutation was able to
fully restore Wnt signaling activity to Porcn null cells (33). In
Porcn, Y334A exhibited moderate defects in activity,
whereas mutation of this residue in Hhat has no detectable
effect (32). Mutations of Trp-305 in Porcn or Phe-338 in Hhat
results in partial loss of acyltransferase activity (32). Consider-
ing that Porcn, Hhat, and GOAT catalyze distinct biochemical
reactions with different fatty acid and protein substrates, it is
perhaps not surprising that the active sites of these enzymes are
not identical.

Identification of a Consensus Sequence within Wnt Necessary
for Porcn-mediated Fatty Acylation—Site-directed mutagene-
sis of the sequences immediately upstream and downstream of
the conserved Ser acylation site led to identification of residues
required for fatty acylation of Wnt3a. Based on this analysis, we
propose the following consensus sequence for Porcn-mediated
acylation: CXCHGXSXXCXXKXC. This sequence overlaps

FIGURE 5. Porcn can transfer a fatty acid to either Ser or Thr at position
209 in Wnt3a. A, COS-1 cells expressing WT Porcn and the indicated Wnt3a
constructs were labeled and analyzed as in Fig. 1b. The experiment was
repeated two times in duplicate; a representative image is shown. B, relative
luciferase activity for the Wnt3a constructs in A was determined as in Fig. 4C.
IP, immunoprecipitation; WB, Western blot.
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significantly with the Wnt family sequence conservation sur-
rounding Ser-209 (Fig. 4A) but identifies multiple conserved
residues (Lys-204, Gly-210, Ser-211, Thr-216, and Trp-218)
that are not required for Wnt acylation. The products of a
blastp interrogation of the human proteome are nearly all Wnt
proteins. However, we found two proteins that retain six of the
residues surrounding Ser-209: �-defensin and netrin G1, both
of which are secreted proteins that could be potential Porcn

substrates. Further experiments will be required to explore this
possibility.

A close correlation was observed between 125I-IC15:1 incor-
poration and signaling activity of the Wnt mutants (Fig. 4C).
However, W218A Wnt3a was acylated to levels near WT but
displayed signaling defects. This suggests that this residue
might be involved in mediating distal events downstream of
Porcn, such as the interaction between Wnt and its cell surface
receptor, Frizzled. In fact, the equivalent Trp-218 residue in
Xenopus Wnt8 (Trp-196) is engaged in van der Waals interac-
tions with an Asn residue in the cysteine-rich domain of Friz-
zled (15). The K215A construct was a poor substrate for Porcn-
mediated acylation but exhibited nearly 50% of the signaling
activity of WT Wnt3a. One could speculate that the Lys to Ala
mutation induces a conformational change that is conducive to
Wntless binding and Wnt pathway activation, thereby bypass-
ing the acylation step.

Both GOAT and Porcn transfer a fatty acid to a Ser residue
via oxyester linkage. Although hedgehog proteins, which are
the only known substrates for mammalian Hhat, are palmitoy-
lated on an N-terminal Cys, we have shown that Hhat can also
attach palmitate to Ser (47). This could potentially occur

FIGURE 6. Predicted transmembrane topology map of the active site of Porcn. Graphical representation of the predicted topology of Porcn as generated
by Protter Server (37). MBOAT homology domain (circles) and FDH-associated mutants (squares) are highlighted according to their effect on Porcn PAT activity.
Red boxes represent residues that are essential for enzymatic activity (inactive mutants), and green boxes indicate residues that are not required for PAT activity
(active mutants).

TABLE 2
Relative acyltransferase activity of other MBOAT family member
mutants
Percentages indicate relative enzymatic activity compared with wild type controls.

Residue in
Porcn PORCN HHAT GOAT ACAT1 ACAT2

% % % % %
Trp-305 50 32
Asn-306 80 10 0
Tyr-334 40 100
Ser-337 13 0 27
Leu-340 20 30 70a

H341A 4 50 0 0 0
References (32) (29) (46) (48)

a This residue in ACAT1 was mutated to a Cys. All others represent Ala
mutations.
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through initial attachment via an oxyester link, followed by
intramolecular rearrangement to an amide bond. Here we show
that Porcn can also recognize a Thr residue placed within the
consensus sequence for Wnt3a palmitoleoylation, a property
shared by GOAT (29). This finding supports the designation of
Porcn as an O-acyltransferase that attaches fatty acids via
oxyester linkage. Because all Wnt proteins described to date
contain Ser and not Thr at this site, it is likely that Ser is
required for downstream functions of Wnt that occur after
acylation.
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