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Wnt proteins regulate a large number of processes, including
cellular growth, differentiation, and tissue homeostasis, through
the highly conserved Wnt signaling pathway in metazoans. Porcu-
pine (PORCN) is an endoplasmic reticulum (ER)-resident integral
membrane enzyme that catalyzes posttranslational modification of
Wnts with palmitoleic acid, an unsaturated lipid. This unique form
of lipidation with palmitoleic acid is a vital step in the biogenesis
and secretion of Wnt, and PORCN inhibitors are currently in clin-
ical trials for cancer treatment. However, PORCN-mediated Wnt
lipidation has not been reconstituted in vitro with purified enzyme.
Here, we report the first successful purification of human PORCN
and confirm, through in vitro reconstitution with the purified
enzyme, that PORCN is necessary and sufficient for Wnt acylation.
By systematically examining a series of substrate variants, we show
that PORCN intimately recognizes the local structure of Wnt
around the site of acylation. Our in vitro assay enabled us to exam-
ine the activity of PORCN with a range of fatty acyl-CoAs with
varying length and unsaturation. The selectivity of human PORCN
across a spectrum of fatty acyl-CoAs suggested that the kink in the
unsaturated acyl chain is a key determinant of PORCN-mediated
catalysis. Finally, we show that two putative PORCN inhibitors that
were discovered with cell-based assays indeed target human
PORCN. Together, these results provide discrete, high-resolution
biochemical insights into the mechanism of PORCN-mediated
Wnt acylation and pave the way for further detailed biochemical
and structural studies.

Wnts are secreted signaling proteins that play important
roles in asymmetric patterning of embryos and adult tissue
homeostasis (1–3). An essential component of biogenesis and
secretion of Wnt is post-translational attachment of a special-

ized lipid, palmitoleic acid, to a highly conserved serine residue
by an ER3-resident integral membrane enzyme, PORCN (Fig. 1)
(4 –9). PORCN belongs to the membrane-bound O-acyl trans-
ferase (MBOAT) family of integral membrane enzymes that
catalyze fatty acylation of a diverse spectrum of substrates (10).
PORCN is one of the only three known MBOAT family mem-
bers that work on protein substrates (11). Palmitoleic acid is a
monounsaturated fatty acid, making Wnt the only known pro-
tein to be modified with such a lipid as well as the only known
substrate of PORCN (7, 11). Because Wnt proteins regulate cell
proliferation and are misregulated in a number of human can-
cers, the Wnt signaling pathway has been targeted for develop-
ment of cancer therapies (1, 12–14). Given the dependence of
all of the Wnts, except one, on PORCN for palmitoleoylation
and biogenesis, PORCN has been a popular target in the Wnt
signaling pathway (15). Progress in medicinal chemistry has led
to the discovery of PORCN inhibitors that have shown promise
as leads for anticancer drugs (13, 16 –18).

Despite the broad importance of the Wnt signaling pathway
and PORCN forming an essential component of Wnt biogene-
sis, it has still not been shown with purified enzyme, in vitro,
that PORCN is indeed the acyltransferase for Wnt. All of the
inhibitor development for PORCN relied on cell-based assays
(19, 20); thus, in vitro structure–activity relationship studies
have not been possible. Although recently Wnt acylation has
been reconstituted (21), it used crude membranes rather than
purified enzyme. Consequently, it was never conclusively
shown that PORCN is necessary and sufficient for acylation of
Wnt. Members of the MBOAT family of enzymes have been
notoriously recalcitrant to heterologous recombinant purifica-
tion, and this has been a stumbling block for the field to obtain
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a refined understanding of their structures, substrate interac-
tions, and mechanisms of action.

Here, we report the first purification and in vitro biochemical
investigation of Wnt acylation by human PORCN (hPORCN)
with purified enzyme preparations. We begin by determining
the experimental topology of hPORCN and outline, for the first
time in the literature to our knowledge, a method for heterolo-
gous overexpression and purification of hPORCN. We demon-
strate the enzymatic activity of our purified hPORCN prepara-
tion and show that the local structure of Wnt at the site of
lipidation is an important determinant for substrate palmito-
leoylation by hPORCN. Furthermore, we show that purified
hPORCN contains bound zinc ions and demonstrate that it is
inhibited by C59 and LGK974, two inhibitors that have been
reported in the literature using cell-based assays (13, 17).
Finally, because we can control all of the components of our in
vitro assay, we examine the activity of human PORCN with a
range of fatty acyl-CoAs by systematic variation of the fatty acyl
chain length and unsaturation. This had not been possible until
now because it could not be addressed conclusively whether the
selectivity of PORCN for different acyl-CoAs relied on PORCN
itself or some other carrier protein that provided the acyl-CoA.
Our results show that PORCN likely recognizes the kink in the
unsaturated fatty acyl substrate, palmitoleoyl-CoA, and we fur-
ther dissect its mechanism using mutagenesis to reveal key res-
idues important for its function.

Results

Topological analysis of hPORCN

Several topological models have been put forward for
PORCN (22–24). These range from 8 to 11 TM helices that
place the C terminus either in the cytoplasm or in the lumen of
ER (Fig. 2B). We decided to tackle this problem by using selec-
tive permeabilization of the plasma membrane and accessibil-
ity, to an externally added protease, of a fluorescent protein
fused at various parts of hPORCN (Figs. 1C and Fig. 2A). Briefly,
in this cell-based assay, a fluorescent reporter protein is fused at
different parts of a transmembrane protein. For an ER-resident
integral membrane protein, selective permeabilization of the
plasma membrane followed by treatment with a protease only
abolishes signal when the fluorescent reporter is exposed to the
cytoplasm (25). However, when it faces the lumen of the ER, the
fluorescent reporter is protected. In contrast, total permeabili-
zation of all membranes, including organellar membranes, fol-
lowed by protease treatment abolishes all signals. We system-
atically evaluated both termini and all of the putative loop
regions of hPORCN by this method, and our combined prote-
ase accessibility results converged on a 10-TM helix topology
model for hPORCN (Fig. 2C), thus placing both termini in the
cytoplasm. This model is in agreement with model 2 (Fig. 2B)
proposed by Nile and Hannoush (23). Similar to Hedgehog
acyltransferase and ghrelin O acyltransferase, two other
MBOAT family members that work on protein substrates,
PORCN contains the putative active-site histidine on the ER
luminal side. However, a reentrant loop was not found in
PORCN, whereas ghrelin O-acyltransferase and Hedgehog

acyltransferase have one and two putative reentrant loops,
respectively (26 –28).

Purification and biochemical activity of hPORCN

We evaluated many different parameters for heterologous
overexpression and purification of hPORCN. While optimizing
this preparation, we paid special attention to using mild deter-
gents so as not to compromise the stability of the purified pro-
tein. In addition, modification of the interhelical loop, where
significant variation exists among human PORCN isoforms
(Fig. S1A), enabled us to enhance the stability of the purified
hPORCN enzyme. This modified construct (hPORCN_LM)
was used for all the in vitro biochemical assays (Fig. S1B). We
also discovered that the addition of the phospholipid 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) was criti-
cal to ensuring stability during the purification and monodis-
persity in size-exclusion chromatographic profile (Fig. S1C),
leading us to consider POPS as essential for a biochemically
well-behaved preparation.

In vitro assay to demonstrate Wnt acylation by hPORCN

The substrate of PORCN is unacylated Wnt. However, puri-
fication of Wnt proteins has been mired in considerable tech-
nical challenges (29). Moreover, acylation of Wnt is essential for
its biogenesis and secretion (30). Thus, even if we were to suc-
ceed at isolating and purifying unacylated Wnt, we were uncer-
tain whether it would be properly folded and serve as a sub-
strate. Hence, we decided at the outset to focus on peptide
fragments of Wnt as surrogate substrates for demonstrating the
activity of PORCN. The structure of XWnt8 bound to the cys-
teine-rich domain of mouse Frizzled-8 showed that the site of
palmitoleoylation has a tongue-shaped structure that is held
together by multiple disulfide bonds (5). We speculated that the
local structure of this region might be critical in the engage-
ment of PORCN with Wnt and decided to test a substrate rep-
resenting the sequence of human Wnt1 (hWnt1) from Met-214
to Met-234 with two disulfide bonds (Fig. 3A). In an HPLC-
based assay, upon incubation with the hPORCN_LM, the peak
representing the peptide became lower in intensity, and a new
peak appeared that upon mass spectrometric identification was
confirmed to be the palmitoleoylated peptide (Fig. 3 (B and C)
and Table 1). Because PORCN is the single enzyme that cata-
lyzes palmitoleoylation of all Wnt proteins, we evaluated
sequences corresponding to other Wnts in this assay. Our puri-
fied hPORCN_LM preparation also palmitoleoylated substrate
fragments corresponding to human Wnt3A (hWnt3A) and
human Wnt11 (hWnt11), thus demonstrating that it was able
to work on a number of different Wnt sequences as substrates,
as would be expected from a functionally active PORCN prep-
aration (Figs. S2 and S3).

To investigate the effect of altering the substrates and the
fatty acyl-CoA on the reaction catalyzed by hPORCN, we
needed to devise a more high-throughput assay than the
HPLC-MS assay described above. We adapted the coupled
enzyme assay that has been widely used for assaying DHHC
palmitoyltransferases (31–33). This assay (Fig. 4A) relies on the
free CoA that is released during the acylation reaction from
acyl-CoA, and then a second enzyme, �-ketoglutarate dehydro-
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Figure 1. Reaction catalyzed by PORCN and sequence conservation of PORCN and Wnt. A, schematic of PORCN-mediated palmitoleoylation of Wnt
proteins. PORCN transfers fatty acyl-CoA to a conserved serine residue of Wnt proteins in the ER. B, multiple-sequence alignment of the region neighboring the
palmitoleoylation site (asterisk) of Wnt proteins across different species. Two disulfide bridges formed by two pairs of cysteine residues are indicated. Fully
conserved residues are in the most intense color. C, sequence alignment of PORCN homologs. Predicted transmembrane helices are shown as cylinders. Highly
conserved asparagine (blue) and histidine (red) residues are marked by asterisks. Positions of GFP insertions for the fluorescence protease protection assay are
indicated with balloons above the alignment. The GFP/hPORCN fusion constructs with the GFP signals retained or lost after protease treatments are colored
green or white, respectively. The expression of hPORCN-IG1 (red cross) was very poor, and thus the data were not interpretable.
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genase complex (�KDH), uses the free CoA to generate succi-
nyl-CoA and NADH. The NADH production can be monitored
by fluorescence. Upon incubation with the peptide substrate
and palmitoleoyl-CoA in the presence of the components of the
coupled enzyme assay, prominent hPORCN activity was
detected. In contrast, N301A and H336A mutants of hPORCN,
which are thought to be catalytically deficient mutants (4, 22,
24), showed significantly decreased enzymatic activities (Fig.
4B). The reaction catalyzed by PORCN bears some similarity to
that catalyzed by members of the DHHC family of S-acyltrans-
ferases that use palmitoyl-CoA to palmitoylate substrate pro-
teins on cysteines. The DHHC members that have been studied
in vitro have been shown to function by a two-step mechanism
where the enzymes undergo autoacylation to form a discrete
acyl-enzyme intermediate in the first step (31–33, 37). This first
step also results in release of free CoA-SH. In a subsequent step,
the autoacylated DHHC enzyme transfers the palmitoyl group
to the substrate in a transpalmitoylation reaction. Thus, DHHC
enzymes show robust autoacylation activity when treated with
palmitoyl-CoA alone in the absence of a protein substrate. We
interrogated whether PORCN undergoes a similar autoacyla-
tion step by adding all other components of the assay except the
peptide substrate. However, we only saw acylation activity from
purified hPORCN_LM in the presence of the peptide substrate,
suggesting that hPORCN does not form a stable, discrete acy-
lated species. In an effort to further optimize the assay, we
tested various lipid additives that could enhance the activity of
hPORCN. Of PC, PI, and PS, only PS showed considerable
enhancement of hPORCN activity. Hence, all subsequent
assays were carried out in the presence of PS (Fig. 4C).

Biochemical interrogation of hPORCN

DHHC enzymes contain bound zinc ion that helps in posi-
tioning the catalytic residues optimally (31). Because there have
been no reports in the literature of homogeneous PORCN
preparations, the metal content of PORCN has not been inves-
tigated. ICP-MS experiments with our purified hPORCN_LM
sample revealed that hPORCN purifies with bound zinc. Meas-
urements with varying concentrations of protein suggested that
each protomer of PORCN binds one zinc ion (Fig. 4E). To assess
the role of the bound zinc in catalytic activity, we attempted to
use chelating reagents (EDTA or 4-(2-pyridylazo)resorcinol) to
remove the zinc from hPORCN. However, despite trying
chelating reagents of various hydrophobicities, we were not
able to remove zinc from hPORCN (data not shown).

The enzymatic activity that we observed with the peptide
fragment of hWnt1 opened up the possibility of dissecting the
molecular basis of interaction between PORCN and Wnt using
mutagenesis. Members of the MBOAT family have a highly
conserved histidine that is thought to take part in catalysis (10).

Mutating this residue in hPORCN to alanine abolished catalytic
activity, reinforcing its importance for PORCN function. Meas-
urement of the catalytic activity with varying pH results in a
steep increase between pH 6.0 and pH 8.0 with much less vari-
ation thereafter, which is consistent with a protonatable histi-
dine involved in catalysis (Fig. 4D).

Structural determinants of substrate recognition by hPORCN

To investigate the aspects of the substrate that are important
for catalysis by PORCN, we designed a number of substrate
variants. However, in doing so, we noted that although there are
several known Wnt proteins, there is only one enzyme (viz.
PORCN) that catalyzes palmitoleoylation of all of them. Thus,
to make our conclusions general, we designed the substrate
variants based on the sequence, in this region, of a number of
different Wnt proteins (Fig. 3A). The first panel of substrate
fragments that we designed was aimed at investigating the
minimal length and the structural constraints necessary for
hPORCN to recognize its substrate (Fig. 5A). Although
hWnt11pC, a substrate corresponding to hWnt11, is efficiently
palmitoleoylated, the same substrate without the disulfide
bridges shows very little activity, thus underscoring the impor-
tance of the disulfide bridges in constraining the local structure
of the substrate. In interrogating the minimal length of the sub-
strate recognized by PORCN, hWnt3Ap, with 22 residues and
two disulfide bonds, is almost indistinguishable in our assay
from hWnt3ApL, with 27 residues and two disulfide bonds.
However, both hWnt3ApS, with 8 residues and one disulfide
linkage, and hWnt3ApM, with 13 residues and one disulfide
linkage, are poor substrates. These data suggest that two disul-
fide bonds make the minimal unit that is recognized as a
substrate by hPORCN. This is reinforced by the fact that
hWnt1p_C218A is a poor substrate, whereas hWnt1p, with the
same length but two disulfide bonds, is an excellent substrate
for hPORCN (Fig. 5B). To further investigate the structural
requirements imposed by the two individual disulfide bonds,
we generated hWnt1p_C220A, a substrate fragment that has
the outer disulfide bond, thus possessing the right macrocyclic
structure, but no inner disulfide bond, which further constrains
the structure of the peptide. Intriguingly, hWnt1p_C220A also
proved to be a poor substrate, indicating that the constraints
imposed by both of the disulfide bonds are important determi-
nants for substrate recognition by hPORCN.

Besides the highly conserved cysteines that form the disulfide
bonded structure, several residues in the surrounding region
around the serine, where Wnts become palmitoleoylated, are
also highly conserved (Fig. 1B). To test whether these are also
important for Wnt acylation, we tested several mutants;
K309A, H331A, and W323A are all, individually, poor sub-

Figure 2. PORCN topology determination using the fluorescence protease protection assay. A, schematic of the FPP assay. HeLa cells expressing mCe-
rulean (blue oval), ER-mRFP (magenta oval), and hPORCN-GFP (yellow circle) fusion proteins were treated with digitonin to permeabilize the plasma membrane,
releasing cytosolic mCerulean. Then cells were subjected to the Proteinase K treatment to digest fluorescent tags exposed to the cytosol. B, graphical
representation of the predicted topologies of PORCN from the literature. C, hPORCN tagged with eGFP at the N and C terminus and different loops (Fig. 1C and
Table 2) are co-expressed with the ER-mRFP and cytosolic mCerulean in HeLa cells. The ER-mRFP protein has fusions of the bovine prolactin signal sequence,
mRFP, and a KDEL ER retention sequence, and its red fluorescent tag faces into the ER lumen. Digitonin selectively permeabilizes the plasma membrane.
Following digitonin treatment, cells are treated with the protease Proteinase K. A scheme of the hPORCN membrane topology consistent with the protease
protection results is shown to assist the reader.
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strates for Wnt, arguing for these residues to be important
aspects of Wnt–PORCN interaction (Fig. 5B).

PORCN inhibitors

Owing to the importance of Wnt proteins in cellular prolif-
eration, differentiation, migration, and polarity, inhibitors of
Wnt signaling pathway have recently attracted attention as
therapeutic avenues for Wnt-driven cancers. Because the
palmitoleoylation by PORCN is essential for the biogenesis and
secretion of Wnt, PORCN is a prominent target for developing
such inhibitors for various cancers. Several hPORCN inhibitors
have been reported in the literature. However, these com-
pounds were discovered through cell-based assays, and their
action on hPORCN has never directly been demonstrated
through an in vitro assay with purified enzyme. We decided to
focus on two of these inhibitors, LGK-974 and C59 (13, 17).
LGK-974 is currently in clinical trials. In ITC experiments,
LGK-974 bound to purified hPORCN_LM with a Kd of 0.39 �M

(Fig. 5C). C59 is particularly insoluble in aqueous buffers, mak-
ing its ITC experiment particularly challenging. Thus, the inhi-
bition of hPORCN by C59 was tested using the coupled enzyme
assay, resulting in an IC50 of 0.67 �M (Fig. 5D). Although LGK-
974 was comparatively more soluble, the compound is fluores-
cent, thus interfering with the signal from NADH in the cou-
pled enzyme assay. Hence, the IC50 of LGK-974 was not
determined.

Fatty acyl-CoA selectivity

PORCN uses a noncanonical fatty acyl-CoA (i.e. palmito-
leoyl-CoA with an unsaturation in the middle of the fatty acyl
chain). This causes a prominent kink in the ground state con-
formation of the fatty acyl chain. However, there is currently no
understanding about the shape of the binding site where
PORCN binds palmitoleoyl-CoA. It is also not known how the
activity of PORCN depends on the length of the fatty acyl chain
and the specific position of the unsaturation. To investigate the
fine-grained constraints in the fatty acyl chain recognition by
PORCN, we systematically evaluated a series of fatty acyl-CoAs
as shown in Fig. 6A. Because our assay is assembled completely
in vitro, we could control all of the components and examine
the preference of PORCN for other CoAs, keeping everything
else identical. Interestingly, among the saturated acyl-CoAs,
there is an increase in the catalytic activity from hexanoyl-CoA
(n � 6) to decanoyl-CoA (n � 10), after which there is an abrupt
drop for dodecanoyl-CoA (n � 12). Upon further increase in

the fatty acyl chain length, the activity stays at approximately
the same level until the unsaturated palmitoleoyl-CoA, which is
the best substrate for hPORCN. Interestingly, there is a very
sharp drop in catalytic activity when we tested unsaturated fatty
acyl-CoAs with more carbon atoms than palmitoleoyl-CoA,
thus indicating that these are poor substrates. These data indi-
cate that PORCN recognizes both the position of the kink in the
acyl chain and the length of the fatty acyl chain.

Discussion

More than 10 years after the discovery that secreted Wnt
proteins have a monounsaturated fatty acyl modification that is
indispensable for the biogenesis and function of Wnt proteins,
there has been very little biochemical characterization of
PORCN, the enzyme responsible for catalyzing this modifica-
tion. The reason for this gap of knowledge is that that there has
been no report of successful purification of PORCN from native
or heterologous sources. Here, we have successfully overex-
pressed and purified human PORCN and have demonstrated
its catalytic activity through a reconstituted in vitro assay with
fragments of a number of Wnt proteins. This part of Wnt is held
together by two disulfide bonds. Although it has been shown
that a peptide fragment can act as a surrogate substrate for
PORCN (21), the structural constraints that are needed were
not probed. Our studies reveal the detailed local structural con-
straints on Wnt that enable it to be utilized as a substrate of
PORCN and show that a linear substrate or one with a single
disulfide bond is a poor substrate, whereas one with two disul-
fides is a much better substrate. These results indicate that the
local structure around the site of acylation is an important fea-
ture in the recognition of Wnt substrates by PORCN. This sug-
gests that PORCN makes contacts with several residues in this
region and is able to “read out” the fine structural details of the
substrate. This is consistent with the high degree of sequence
conservation in Wnt proteins in this specific region. Further-
more, we have experimentally determined the topology of
hPORCN, demonstrating that hPORCN has 10 TM helices
with both the N and the C termini in the cytosol.

The fact that PORCN does not have an obviously recogniz-
able zinc-binding motif in any of its extramembranous seg-
ments leads to the possibility that the transmembrane domain
harbors part of the zinc-binding site and that the bound zinc ion
takes active part in catalysis. The binding of zinc ion is reminis-
cent of functionally related DHHC enzymes that catalyze fatty
acylation of proteins with saturated fatty acids, predominantly

Figure 3. LC-MS analysis of PORCN mediated Wnt fatty acylation using the Wnt fragments. A, hWnt1pL, hWnt3ApL, and hWnt11pC have been synthe-
sized with a C-terminal amide. B, reverse-phase HPLC chromatogram of free hWnt1p and palmitoleoylated hWnt1p. C, zoomed-in mass range for the [M � H]�

ions of the palmitoleoylated hWnt1p sample.

Table 1
Monoisotopic mass of free or palmitoleoylated peptides

[M � H]�

Free form Palmiltoleoylated form
Monoisotopic

mass calculated
Monoisotopic

mass measured
Monoisotopic

mass calculated
Monoisotopic

mass measured

hWnt1p 2428.98 2428.95 2665.19 2665.17
hWnt3Ap 2518.11 2518.10 2754.32 2754.31
hWnt11pC 2520.18 2520.20 2756.39 2756.37
hWnt1pL 3111.34 3111.34 3347.55 3347.53
hWnt3ApL 3015.32 3015.32 3251.53 3251.51
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palmitic acid, at the cytosolic face of the membrane. In the case
of DHHC enzymes, although they bind two zinc ions per mono-
mer, the zinc ions play a structural role rather than taking an
active part in catalysis (31). Further experiments will delineate
the specific functional role of zinc ions for PORCN. Unlike
DHHC enzymes, however, hPORCN does not form a stable
autoacylated enzyme that we can detect in our assays. This sug-
gests that binding of the substrate Wnt triggers a conforma-
tional rearrangement that drives the catalytic reaction forward.

One critical question about PORCN is its selectivity for acyl-
CoAs of different chain length and shape. The critical structural
aspect of palmitoleoyl-CoA that is different from the saturated

fatty acyl CoA is the distinct bend in the acyl chain that is
formed by the cis double bond in its lowest-energy conforma-
tion. Existing structures reveal that proteins that are involved in
the biosynthesis of palmitoleoyl-CoA (i.e. stearoyl-CoA desatu-
rase (SCD)) (34, 35) or proteins that specifically recognize the
unsaturated aliphatic chain (i.e. Wnt deacylase Notum) (36)
assert selectivity for the unsaturated fatty acyl group by forming
a bent acyl-chain– binding cavity in which the shape of the cav-
ity closely mimics this bent conformation of the palmitoleoyl
chain (Fig. 6C). To interrogate whether PORCN has a similar
cavity, we tested the fatty acyl selectivity of hPORCN, and
intriguingly, the selectivity for saturated acyl-CoAs drops

Figure 4. Coupled enzyme assay for hPORCN acylation activity. A, schematic of the coupled-enzyme assay. B, purified WT and N301A and H336A mutants
of PORCN (500 nM) were incubated with 50 �M of hWnt1p peptide and 50 �M palmitoleoyl-CoA. Activity was normalized to WT PORCN (100%). Graphs represent
the relative protein acyltransferase (PAT) activities of WT, N301A, and H336A, along with the reaction without adding the peptide, the reaction with only
palmitoleoyl-CoA, and the reaction with only palmitoleoyl-CoA and the peptide. C, PAT activities in the presence of different additives. Percentage activity was
normalized to that in the presence of POPS. D, hPORCN activity is shown as a function of pH as well as that of �KDH complex in the bottom panel. The coupled
reaction rate is dominantly fast enough not to limit the palmitoleoylation reaction. The assay conditions for C and D were the same as for B. E, ICP-MS analysis
of purified hPORCN sample. The table (inset) shows the zinc/protein ratios for the different measurements. n � 3; error bars, S.D.

Figure 5. Structural and mutational dissection of Wnt using the coupled enzyme assay and biochemical characterization of hPORCN inhibition. A,
graphs represent PAT activities using the synthetic Wnt peptides varied in length, sequence, and the number of disulfide bonds. Purified hPORCN (500 nM) was
incubated with 50 �M Wnt peptides in the presence of 50 �M palmitoleoyl-CoA. The sequences of the peptides are shown in Fig. 3A. B, the hPORCN was
incubated with 50 �M of WT hWnt1p peptide (hWnt1P) or hWnt1p mutants in the presence of 50 �M palmitoleoyl-CoA. C, isothermal titration calorimetric
titration of LGK974 binding to purified hPORCN. D, IC50 curve for hPORCN inhibition by C59. IC50 values were determined by fitting a three-parameter
dose–response curve (GraphPad Prism); n � 3; error bars, S.D.
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sharply after C10. Considering that the unsaturation in palmi-
toleoyl-CoA is right in the middle of the acyl chain, this predic-
tion closely agrees with where the kink in the acyl chain of
palmitoleoyl-CoA occurs. In other words, in a bent cavity mim-
icking the shape of the palmitoleoyl chain, the length of the C10
acyl chain would roughly correspond to the first arm of the
cavity (Fig. 6D). hPORCN also sharply discriminates between
C16:0, the saturated palmitoyl-CoA, and its cognate substrate,
C16:1, palmitoleoyl-CoA. All of these data suggest that
hPORCN has a bent cavity where the palmitoleoyl-CoA binds
(23). Notably, hPORCN also is highly selective for C16:1 over
C18:1. This indicates that the length of the second arm of the
cavity of hPORCN is a snug fit for palmitoleoyl-CoA and does
not allow for promiscuity with regard to the acyl chain length. It

is important to note here that the enzyme that generates the
monounsaturated acyl-CoAs, SCD, resides in the same ER
membrane as PORCN. SCD generates both C18:1 and C16:1
CoA. However, Wnts are predominantly modified with C16:1.
Our results show how this selective screening occurs at the
stage of PORCN.

Interestingly, the structure of XWnt8 bound to the cysteine-
rich domain of mouse Frizzled-8 reveals the acyl group in
XWnt8 binding in a more linear conformation to the extracel-
lular domain of Frizzled-8 (5). This is in sharp contrast to the
bent acyl chains binding to the hydrophobic cavities seen in the
structures of SCD or Notum (34 –36). Although the authors
were not able to verify whether or not the acyl chain in their
preparation was an unsaturated palmitoleoyl group, this sug-

Figure 6. Fatty-acyl-CoA selectivity of PORCN. A, graph showing hPORCN activity for acyl-CoAs of varying saturated hydrocarbon chain lengths (C6:0 –C16:0)
and unsaturated lengths (palmitoleoyl-CoA; C16:1(n-7)), heptadecenoyl-CoA (C17:1(n-7)), cis-vaccenoyl-CoA (C18:1(n-7)), and oleoyl-CoA (C18:1(n-9)). B, fatty
acyl-CoA selectivity assay for human DHHC20 palmitoyltransferase measured with a coupled-enzyme assay. Selectivity is normalized to palmitoyl-CoA (16:0
CoA). Data are the average � S.E. (error bars) from three independent measurements. C, molecular rendition (gray) of mSCD1 (PDB code 4YMK), hNOTUM (PDB
code 4UZQ), and XWnt8 in complex with Frizzled 8 CRD (PDB code 4F0A). The bound fatty-acid chains are highlighted in green. Arrowheads, positions of the
double bonds within the acyl chains. D, a stick model of unsaturated (cis-C16:1(n-7)) palmitoleoyl-CoA, showing the kink around the cis double bond of the acyl
group. The round arrows indicate rotations around carbon– carbon single bonds that can result in a more linear structure.
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gests two aspects about the recognition of the fatty acyl chain by
Frizzled. 1) Frizzled receptors do not have the same shape selec-
tive cavity for a palmitoleic acid lipid group like SCD or Notum,
which begs speculation that the unsaturated fatty acyl group is
only required at the earlier stages of the Wnt signaling pathway.
2) Assuming that the acyl chain in the XWnt8 –Frizzled com-
plex is indeed a palmitoleoyl group, it can nevertheless adopt a
more linear-like conformation by rotation about the carbon–
carbon single bonds. The associated energetic cost is likely
compensated by favorable interactions with the acyl chain–
binding groove in Frizzled (5) (Fig. 6, C and D).

Another intriguing aspect of the fatty acyl selectivity of
hPORCN is a comparison of its selectivity between C16:0 and
C16:1 with that of members of the DHHC family of enzymes.
DHHC enzymes catalyze acylation of their substrates in two
steps. The first step is an autoacylation of the enzyme that also
reflects the fatty acyl chain selectivity of the enzyme (37). In a
coupled enzyme assay, human DHHC20 shows very little selec-
tivity for C16:0 over C16:1 (Fig. 6B). We recently solved the
crystal structure of human DHHC20 and zebrafish DHHC15
(31). Both structures show that DHHC enzymes form a cavity in
the membrane where the acyl chain binds. Presumably, this
cavity can accommodate both a saturated acyl chain and an
unsaturated acyl chain, most likely in a similar linear-like con-
formation. Our data suggest that the cavity in hPORCN is con-
siderably more constrained, thus creating a large penalty for
accommodating the saturated acyl-CoA.

Experimental procedures

Plasmid construction and molecular biology

Synthetic human PORCN codon-optimized DNA (DNA 2.0)
was cloned into a pPICZ-C vector for Pichia pastoris expression
with a PreScission cleavage site followed by an eGFP coding
sequence and a 10� His tag at the C terminus. To generate a
construct for expressing more stable human PORCN protein,
14 amino acids (PYFIPLNGDRLLRN, residues 216 –229) in an
interhelical loop were removed, and mutations for C187A (a
potential palmitoylation site) (4), A194S, K231G, R232T,
K233M, and A234V were performed by Phusion site-directed
mutagenesis. Sequence alignment between WT human
PORCN and the modified version is shown in Fig. S1B. The
vector containing the modified human PORCN sequence was
used as a cloning template of single point mutations for human
PORCN mutant analyses.

WT human PORCN gene obtained from Open Biosystems
(GE Lifesciences) was cloned into a pEGFP vector (Addgene)
with a cytomegalovirus promoter for expression in HEK293T
cells. For a fluorescence protease protection (FPP) assay, an
eGFP coding sequence was inserted at the N terminus, C ter-
minus, or interhelical loops of human PORCN by exponential
megapriming PCR (38) or Gibson assembly (39) cloning meth-
ods. For protease accessibility to the eGFP fusion tag, a linker
region was inserted between the eGFP and human PORCN
sequences using the site-directed mutagenesis. Constructs
used for the FPP assay are listed in Table 2.

Fluorescence protease protection assay

The fluorescence protease protection assay was performed
essentially as described previously (25). HeLa cell cultures were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with fetal bovine serum, glutamine, and penicillin/
streptomycin in a humidified incubator at 37 °C with 5% CO2.
HeLa cells were seeded onto 8-well glass-bottom imaging
chambers (Nunc LabTek II) in the evening prior to the day of
transfection. The next day, cells in each well were transiently
transfected with 150 ng of DNA of hPORCN constructs along
with 75 ng of mCerulean and 75 ng of ER-mRFP (25, 40) using
Lipofectamine 3000 (Invitrogen) according to the manufactu-
rer’s instructions. 48 h after transfection, cells were washed
with KHMC buffer (110 mM potassium acetate, 20 mM HEPES-
NaOH, pH 7.2, 3 mM magnesium chloride, and 10 mM calcium
chloride) and then maintained in 250 �l of the same. 40 �M

digitonin (Calbiochem) and 0.6 mg/ml Proteinase K (Wor-
thington) solutions were freshly prepared in KHMC buffer.

To permeabilize the plasma membrane, 250 �l of 40 �M dig-
itonin was added to the cells in the wells to give a final digitonin
concentration of 20 �M. Progress was followed by time-lapse
imaging with an interval of 2 min to prevent photobleaching.
Once the cytoplasmic mCerulean signal disappeared, indicat-
ing plasma membrane permeabilization, imaging was stopped.
The time interval was then changed to 15 s, and imaging was
restarted followed by the addition of 100 �l of Proteinase K
solution to give a final protease concentration of �100 –120
�g/ml. Imaging after protease addition was carried out for 2.5–
3.5 min (10 –15 cycles). All imaging was done on a Zeiss
LSM780 confocal microscope with a Plan-Apochromat �63/
1.40 numerical aperture oil objective. Images were processed
and created using the freely available software FIJI (41).

Table 2
GFP/hPORCN fusion constructs used for the fluorescence protease protection assay
Downward arrows indicate the GFP insertion sites of the fusion constructs.

Location of eGFP inserted
to human PORCN encoded Linker at the N terminus of eGFP Linker at the C terminus of eGFP

hPORCN-NG 2M1 (eGFP)-LEVLFQGPSRAGGSGGSGGSGT-M1

hPORCN-CG G4562 G456-SNSLEVLFQGPTAAGGSGG SGGSGAAVSK-(eGFP)
hPORCN-IG1 P482S49 P48-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-S49

hPORCN-IG2 H712M72 H71-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-M72

hPORCN-IG3 S922S93 S92-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-S93

hPORCN-IG4 V1182T119 V118-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-T119

hPORCN-IG5 G1822R183 G182-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-R183

hPORCN-IG6 K2312R232 K231-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-R232

hPORCN-IG7 K2722D273 K272-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-D273

hPORCN-IG8 F3382S339 F338-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-S339

hPORCN-IG9 K3612R362 K361-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-R362

hPORCN-IG10 D4182T419 D418-GPTAGGSGGSGGSGAAA-(eGFP) (eGFP)-SGGSAGGSATGGSGHS-T419
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Yeast transformation, protein expression, and purification

The pPICZ vectors containing the human PORCN expres-
sion constructs were electroporated into P. pastoris strain
SDM1163, and the transformants were plated on YPDS plates
containing 700 �g/ml Zeocin (Invitrogen). Protein expression
by selected colonies in 1–2-ml scale cultures were assessed
using fluorescence-detection size-exclusion chromatography
(42). For large-scale purification, selected colonies were grown
in 20 ml of YPD medium overnight at 30 °C. These overnight
cultures were then used to inoculate 1.5-liter BMGY (0.1 M

potassium phosphate, pH 6.0, 3.4 g/liter yeast nitrogen base, 1%
glycerol, 0.4 �g/ml biotin, 100 �g/ml Zeocin) cultures. Cells
were allowed to grow for �24 h to an A600 of �20 at 30 °C. Then
cells were pelleted by centrifugation and resuspended in 1.5
liters of BMMY (0.1 M potassium phosphate, pH 6.0, 3.4 g/liter
yeast nitrogen base, 1% methanol, 0.4 �g/ml biotin, 25 �g/ml
Zeocin). Cells were incubated for another �36 h at 23 °C. Cells
were harvested by centrifugation. The pelleted cells were flash-
frozen in liquid nitrogen and stored at �80 °C. Frozen cells
were disrupted using Retsch MM400 millers with liquid nitro-
gen cooling. �26 g of milled cell powder was suspended in
�200 ml of lysis buffer containing 100 mM HEPES, pH 7.9, 450
mM NaCl, 1 mM tris(2-carboxyethyl)phosphine, 1.5% (w/v)
n-dodecyl-�-D-maltoside, 0.1% (w/v) cholesteryl hemisucci-
nate, protease inhibitors (benzamidine, 4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochloride, soy trypsin inhibitor,
pepstatin, leupeptin), and DNase. The lysate was extracted
using a magnetic stirrer at 4 °C for 1 h and then centrifuged at
38,000 � g for 30 min at 4 °C. The supernatant was loaded onto
a column containing 3 ml of TALON resin (Clontech). The
column was washed with 2.5 column volumes of wash buffer
containing 25 mM Tris-HCl, pH 7.8, 350 mM NaCl, 1 mM tris(2-
carboxyethyl)phosphine, 4 mM n-decyl-�-D-maltoside (DM),
20 mM imidazole, and 0.1 mg/ml POPS (obtained from Avanti)
followed by an additional wash with 1.5 column volumes of the
same buffer without imidazole. Prior to on-column PreScission
protease cleavage, the protein-bound resin was resuspended in
2 column volumes of wash buffer without imidazole. The resin
slurry was then rotated for 5 h at 4 °C. The cleaved protein was
collected by gravity flow and concentrated with a 50,000 molec-
ular weight cut-off 15-ml concentrator (Millipore) to �0.35 ml.
The concentrated protein sample was loaded onto a Superose 6
Increase 10/300 GL size-exclusion column equilibrated with
buffer that consists of 20 mM HEPES, pH 7.3, 250 mM NaCl, 4
mM DM, 20 mM imidazole, and 0.1 mg/ml POPS at 4 °C. The
fractions containing the target protein were pooled and con-
centrated using the same concentrator. Protein concentration
was measured using the 660-nm protein assay kit (Thermo
Fisher Scientific).

Peptide synthesis and PORCN inhibitors

Substrate-mimicking peptides for WT or mutant Wnts with
a point mutation, varying in lengths or the number of disulfide
bonds, were purchased from CPC Scientific (Sunnyvale, CA) or
synthesized in-house. All of the peptides used for this study had
�95% purity. The peptides used for this study are listed in Fig.
3A. Full experimental details for the in-house synthesized pep-

tides can be found in the supporting material. C59 (�99%
purity) and LGK974 (�97% purity) inhibitors were purchased
from Calbiochem.

Synthesis of Wnt peptides using solid-phase peptide
synthesis—Linear peptides were synthesized by the Fmoc
(N-(9-fluorenyl)methoxycarbonyl) solid-phase peptide synthe-
sis method (43) using a 433A peptide synthesizer (Applied Bio-
systems). Rink amide resins (Sigma) were used as solid sup-
ports, and amino acids were coupled using HATU (Aapptec)
and N,N	-diisopropylcarbodiimide (Thermo Fisher Scientific).
For regioselective disulfide bond formation, cysteines with dif-
ferent protecting groups were used for the synthesis; the side
chains of the first/fourth cysteines (in the primary sequence)
and second/third cysteines were protected with an acet-
amidomethyl and trityl group, respectively. After the synthesis,
synthesized peptides were released from the resins and depro-
tected in Reagent B (TFA/phenol/water/triisopropyl silane,
88:5:5:2) for 2– 4 h at room temperature. The resins were
removed by filtering through an empty gravity-flow column
(Bio-Rad, Econo-Pac), and the filtrate was collected on ice-cold
diethyl ether to precipitate peptides. Peptides were collected by
centrifugation (2000 g x 5 min), and washed two times using
diethyl ether. These crude linear peptides were dried under a
vacuum desiccator overnight.

Formation of disulfide bonds—The formation of the disulfide
bond formed by the second and third cysteines in the primary
sequence was carried out in an oxidative condition using
DMSO. Dry peptides were first dissolved in 20% acetonitrile
containing 0.1% TFA to approximately 5 mg/ml and were
added to the folding solution (0.1 M Tris-Cl, pH 7.8 – 8.3, 1 M

guanidine hydrochloride, 1% DMSO, and 0.1 mM peptide) to
initiate the formation of disulfide bond. After folding for 2– 4
days at 4 °C, the pH of the solution was dropped to 2.5–3.5 to
quench the folding reaction, and the solution was supple-
mented with 10% acetonitrile to prevent the nonspecific bind-
ing of peptides to plastic surfaces during the subsequent puri-
fication steps. The solution was filtered through a 0.22-�m disc
membrane filter (Durapore, EMD Millipore), and the filtrate
was loaded onto a C18 semi-prep column (10 � 250 mm) over-
night using a 0.5–1.5-ml/min flow rate to remove salts. After
extensive washing using H2O containing 0.1% TFA, bound pep-
tides were eluted using 70% acetonitrile containing 0.1% TFA.
Peptide concentrations were estimated by using calculated
molar extinction coefficients at 280 nm based on the sequence
of peptides and by measuring the absorbance at 280 nm. The
peptide solution was diluted to 0.1 mM using 20% acetonitrile
containing 0.1% TFA for the next step.

The formation of the disulfide bond formed by the first and
fourth cysteines was carried out by adding a 10 –14-eq amount
(in molar ratio) of iodine (0.1 M stock solution in methanol) to
the peptide solution. The reaction was continued for 1 h at
room temperature and quenched by adding ascorbic acid pow-
der until the solution became colorless. For subsequent purifi-
cation using ion-exchange chromatography, the solution was
supplemented with sodium acetate (20 mM), and pH was
adjusted to 3.0 using hydrochloric acid.
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Purification of folded peptides using ion-exchange
chromatography and reversed-phase HPLC

After completing the formation of disulfide bonds, the pep-
tide solution was first loaded onto a cation-exchange chroma-
tography column (HisTrap SP, 5 ml; GE Healthcare) using a
5-ml/min flow rate. The column was washed with buffer A (20
mM sodium citrate, pH 3.0, 10% acetonitrile) until a stable base-
line was reached, and bound peptides were eluted by increasing
buffer B (buffer A supplemented with 1 M NaCl) concentration
from 0 to 100% for 40 min (200 column volumes), collecting
5-ml fractions. Peak containing peptide with the correct molec-
ular weight was identified by analyzing each fraction using
LC-MS. Finally, the peptide was purified by reversed-phased
high-performance liquid chromatography (RP-HPLC) using a
semi-prep C18 (10 � 250 mm; Waters BEH�) column, and the
purity of purified peptide was confirmed by a run on an analyt-
ical C18 (4.6 � 250 mm; Waters BEH�) column before carrying
out functional experiments. Water containing 0.1% TFA (sol-
vent A) and acetonitrile containing 0.1% TFA (solvent B) were
used for gradient elution in RP-HPLC purification. The gradi-
ent conditions for the RP-HPLC purification were as follows:
increase of solvent B concentration from 20 to 35% for 15 min
using 4.7 ml/min and 1 ml/min for semi-prep and analytical
purification, respectively.

HPLC of acylated Wnt peptides

The reaction samples were prepared by adding 10 �l of the
designated peptide (1 mM), 2 �l of palmitoleoyl-CoA (10 mM),
and 10 �l of the purified hPORCN enzyme (25 �M) to 230 �l of
a buffer containing 20 mM HEPES, pH 7.3, 150 mM NaCl, 4 mM

DM, and 0.1 mg/ml POPS. The reaction mixture was incubated
at 15 °C for 3 h and then was added to 250 �l of 80% acetonitrile
solution containing 0.1% TFA. Prior to HPLC analysis, the pre-
cipitate was removed by centrifugation at 20,000 � g for 10 min.
Then the reaction product was purified by reversed-phased
HPLC using a preparative C4 (214TP, 10 � 250 mm; Grace�)
column with the gradient conditions as follows: increase of sol-
vent B concentration from 5 to 95% for 15 min using 5 ml/min.
The solvent A and B are water containing 0.1% TFA and 80%
acetonitrile solution containing 0.1% TFA, respectively. The
target peaks were then analyzed by LC-MS.

LC-MS analysis of intact and acylated Wnt peptides

Wnt peptides were analyzed on a LC-MS system, which
includes a 6320 TOF LC-MS mass spectrometer with a Dual
AJS ESI source (Agilent), and a 1290 Infinity HPLC system with
a 1290 autosampler (Agilent). Peptides were separated on a
Poroshell 300SB-C3 column (1.0 � 75 mm, 5 �m; Agilent) with
a 6-min linear gradient of 20 – 80% mobile phase B at a flow rate
of 300 �l/min. Mobile phase A is composed of 97.9% water, 2%
acetonitrile, and 0.1% formic acid. Mobile phase B contains 98%
acetonitrile, 1.9% water, and 0.1% formic acid. The purity of all
reagents used in the analysis was HPLC grade. The Vcap and
nozzle voltages were 4500 and 1000 V, respectively. The MS
data acquisition was performed in positive mode with a mass
range of m/z 400 –3200. LC-MS data were analyzed using Agi-
lent MassHunter Qualitative Analysis B.07.00 software.

Coupled-enzyme assay

To measure rates of hPORCN-catalyzed palmitoleoylation,
we adopted and modified a fluorescence-based coupled-en-
zyme assay described previously (33). The kinetic assays were
carried out in 384-well low-volume plates (Thermo Fisher Sci-
entific) at 25 °C. Plates were read in a Tecan M1000Pro instru-
ment. Prior to the start of the assay, 10 �l of reaction solution A
(0.25 mM oxidized NADH (NAD�), 0.2 mM thiamine pyrophos-
phate, 2 mM 2-oxoglutarate, and fatty acyl-CoA substrate in a
buffer containing 20 mM HEPES, pH 7.3, 150 mM NaCl, 4 mM

DM, and 0.1 mg/ml POPS) and 10 �l of reaction solution B
(�KDH and peptide substrate in the same buffer) were mixed.
For the pH dependence assay, 20 mM HEPES, pH 7.3, in the
buffer was replaced with the same concentration of MES for pH
6.0 – 6.5, HEPES for pH 7.0 –7.5, and Tris-HCl for pH 8.0 –9.5,
respectively. The �KDH was prepared in-house as described
previously (44). To determine the optimal concentration of
�KDH required for the assay, �KDH was titrated until the slope
of the reaction progress curve become constant. The purified
hPORCN enzyme was added into the assay mixture to initiate
the reaction (2 �l into 20 �l). To analyze the reaction rates,
NADH production was monitored with 340-nm excitation and
465-nm emission for 15 min. The linear part of reaction pro-
gression curve was used to determine initial velocities derived
from the hPORCN-catalyzed reactions. The background sig-
nals resulting from the spontaneous hydrolysis of fatty acyl-
CoAs were subtracted from the initial velocities. To determine
apparent Km values in the two-substrate system, the rates were
measured by varying the concentrations of one substrate at sat-
urating concentration of the other substrate. The data were
fitted to the Michaelis–Menten model using the nonlinear least
square function in GraphPad Prism version 6, obtaining the
kinetic parameters (Fig. S4). All enzymatic assays were per-
formed in triplicate.

To determine the IC50 of C59, the compound was serially
diluted (1 nM to 100 �M) in 10 �l of reaction solution A holding
a 2% DMSO concentration. 2 �l of purified hPORCN enzyme
was added into the solution, followed by incubation at room
temperature for 5 min. Then the reaction was initiated by add-
ing 10 �l of reaction solution B, to give final concentrations of
200 nM hPORCN, 50 �M hWnt1p peptide, and 50 �M palmito-
leoyl-CoA. The IC50 of C59 was calculated based on the inhibi-
tion of NADH fluorescence signaling. The data were collected
and analyzed as described above.

For the hDHCH20 fatty acyl-CoA selectivity experiments,
the assay was done as published (31) with minor changes. Reac-
tion buffer was changed from MES to HEPES at pH 7.0, and the
assay was done in a 384-well plate instead of a 96-well plate with
a total reaction volume of 40 �l.

Isothermal titration calorimetry

hPORCN protein sample was purified in the same manner as
described above, except that the final buffer for size-exclusion
chromatography consisted of 25 mM HEPES, pH 7.5, 300 mM

NaCl, 4 mM DM, and 0.1 mg/ml POPS. The same buffer with 1%
DMSO was used to prepare LGK974 inhibitor titrant. Prior to
the experiment, 1% DMSO was added to the protein sample for
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buffer matching. Data were collected during 15 3-�l injections
of 250 �M inhibitor into 15–25 �M of hPORCN at 18 °C with
stirring at 480 rpm and 180-s injection spacing, using a Micro-
Cal i200 microcalorimeter (Malvern Instruments). The heat
exchanged during each injection was integrated using NITPIC
version 1.2.0 (45) and fit to nonlinear regression analysis as a
single-site binding using SEDPHAT version 12.1b, obtaining
thermodynamic parameters. GUSSI version 1.1.0 (45) was used
to plot the processed data.
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