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Molecular Recognition of the Palmitoylation Substrate Vac8
by Its Palmitoyltransferase Pfa3™
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Palmitoylation of the yeast vacuolar protein Vac8 is impor-
tant for its role in membrane-mediated events such as vacuole
fusion. It has been established both in vivo and in vitro that Vac8
is palmitoylated by the Asp-His-His-Cys (DHHC) protein Pfa3.
However, the determinants of Vac8 critical for recognition by
Pfa3 have yet to be elucidated. This is of particular importance
because of the lack of a consensus sequence for palmitoylation.
Here we show that Pfa3 was capable of palmitoylating each of
the three N-terminal cysteines of Vac8 and that this reaction was
most efficient when Vac8 is N-myristoylated. Additionally,
when we analyzed the Src homology 4 (SH4) domain of Vac8
independent of the rest of the protein, palmitoylation by Pfa3
still occurred. However, the specificity of palmitoylation seen
for the full-length protein was lost, and the SH4 domain was
palmitoylated by all five of the yeast DHHC proteins tested.
These data suggested that a region of the protein C-terminal to
the SH4 domain was important for conferring specificity of
palmitoylation. This was confirmed by use of a chimeric protein
in which the SH4 domain of Vac8 was swapped for that of Meh1,
another palmitoylated and N-myristoylated protein in yeast. In
this case we saw specificity mimic that of wild type Vac8. Com-
petition experiments revealed that the 11th armadillo repeat of
Vac8is an important element for recognition by Pfa3. This dem-
onstrates that regions distant from the palmitoylated cysteines
are important for recognition by DHHC proteins.

S-Palmitoylation (hereafter referred to as palmitoylation) is a
widespread post-translational modification in which the fatty
acid palmitate (16:0) is attached to a cysteine residue via a thio-
ester linkage. Palmitate can be released from a cysteine by
hydrolysis of the thioester linkage; thus palmitoylation is a
reversible modification. Numerous eukaryotic proteins are pal-
mitoylated, and substrates include both peripheral and trans-
membrane domain proteins. The functional consequences of
palmitoylation are diverse. Membrane association, protein sta-
bility, and protein trafficking are among the properties that can
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be modulated by the palmitoylation status of a protein
(reviewed in 1, 2).

The enzymes responsible for palmitoylation have only
recently been identified. The first protein acyltransferases
(PATs)? discovered were Erf2 and Akrl in yeast, which palmi-
toylate Ras2 and Yck2, respectively (3, 4). Both Erf2 and Akrl
are transmembrane proteins with an Asp-His-(His/Tyr)-Cys
(DHHC) motif embedded in a cysteine-rich domain (CRD).
Homology with this domain has identified five additional
DHHC proteins in Saccharomyces cerevisiae. These seven
proteins account for the bulk of palmitoylating activity in the
cell (5).

To date 23 DHHC proteins have been identified in mammals
(6). As the field has progressed DHHC proteins have been
linked to the regulation of neurotransmission (7-9), nitric
oxide release (10), and cell-cell contacts (11). Palmitoylation of
Huntingtin by HIP14 (DHHC17) plays a protective role in
inhibiting aggregation of the Huntingtin protein (12). Muta-
tions in DHHC9 and DHHCI15 are associated with forms of
X-linked mental retardation (13, 14). Accordingly, understand-
ing the structure, function, and mechanism of this large family
of enzymes is of obvious interest.

An important goal is to understand what features of sub-
strates DHHC proteins recognize. A subclass of palmitoylated
proteins consists of peripheral proteins that are modified at
cysteines near a site of N-myristoylation. N-Myristoylation is
the addition of a myristate fatty acid (14:0) to an N-terminal
glycine residue via an irreversible amide linkage (15, 16).
N-Myristoylated proteins that are palmitoylated include mem-
bers of the Go; family of G proteins and most nonreceptor
tyrosine kinases (17). The S. cerevisiae protein Vac8 is also pal-
mitoylated at cysteines that are just downstream of its N-myr-
istoylated glycine (18). Vac8 is a scaffolding protein consisting
primarily of 11 armadillo repeats involved in protein-protein
interactions (19, 20). Located at the vacuolar limiting mem-
brane, Vac8 is involved in several membrane-mediated events,
including vacuolar fusion, vacuolar inheritance, cytoplasm-to-
vacuole targeting, and nuclear autophagy (18, 21-24). The
N-terminal cysteines, and presumably the palmitoylation that
occurs there, are required for the function of Vac8 in vacuolar
fusion and vacuolar inheritance (18, 24, 25). We recently dem-
onstrated both genetically and biochemically that the yeast
DHHC protein Pfa3 is a Vac8 PAT (26).

3 The abbreviations used are: PAT, protein acyltransferase; WT, wild type;
DHHC, aspartic acid, histidine, histidine, cysteine; CRD, cysteine-rich
domain; myr, N-myristoylated; SH4, Srchomology 4; Arm, armadillo repeat;
DTT, dithiothreitol; Ni-NTA, nickel-nitrilotriacetic acid; GFP, green fluores-
cent protein.
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Palmitoylated proteins are often broadly grouped into sub-
classes defined by the sequence context in which the palmitoy-
lated cysteine occurs, such as the N-myristoylated, palmitoy-
lated subclass described above. However, unlike the well
characterized consensus motifs of N-myristoylation and preny-
lation, there is no single sequence requirement for palmitoyla-
tion outside of the presence of a cysteine residue. This has made
the identification of palmitoylation candidates difficult.

The lack of a universal palmitoylation consensus motif led us
to analyze the region(s) of Vac8 that are specifically recognized
by its PAT Pfa3. It is currently unknown how DHHC PATSs
recognize their substrates for palmitoylation. Here we used
Pfa3 palmitoylation of Vac8 as a model to understand what
elements in substrates with Src homology 4 (SH4) domains
determine specific palmitoylation by DHHC PATs. SH4
domains are N-terminal membrane-anchoring regions that
consist of an N-myristoylation motif followed by a second
membrane-targeting signal (17). In Src that second signal is a
polybasic region that interacts at membranes with acidic phos-
pholipid head groups (27). In Vac8 that second signal is palmi-
toylation (18). Gaining an understanding of how Vac8 is palmit-
oylated by Pfa3 will give us insight into how other SH4 domain
proteins are palmitoylated, including several proteins that play
roles in important mammalian signaling pathways.

EXPERIMENTAL PROCEDURES

Plasmids—Standard molecular biology techniques were used
to manipulate DNA. Unless otherwise noted, all PCR products
were ligated into pCR2.1-TOPO (Invitrogen) prior to subclon-
ing into expression vectors and sequenced. Plasmids used in
this study are listed in Table 1.

The bacterial expression vector NpT7Q (pML938) was con-
structed by inserting a double-stranded oligonucleotide con-
taining the ribosomal binding site, multiple cloning site, and
hexahistadine tag of pQE60 into the EcoRI and HindIII sites of
NpT7-5. VACS coding sequence was amplified from pML658.
The mutations in pML964, pML965, pML966, and pML967
were incorporated into the 5’ primer of a standard PCR and
subcloned into NpT7Q as Ncol/HindIII fragments. The muta-
tions in pML1024, pML1025, pML1026, and pML1027 were
incorporated using the QuikChange site-directed mutagenesis
kit (Stratagene). To obtain higher expression levels, the C7 and
CA mutants were subcloned from NpT7Q into pQE60 as an
Ncol/HindIII and EcoRI/HindIII fragment, respectively.
Vac8[Arm1-11](CA) (pML1374) was generated using a 3’
primer that annealed to the 3’ end of armadillo repeat 11
(amino acid 480) and a 5’ primer that incorporated the cysteine
mutations. The resulting PCR fragment was subcloned into
pQE60 as an Ncol/Bglll fragment. Vac8[Arm1-10](CA)
(pML1393) was generated using a 3’ primer that annealed to
the 3’ end of armadillo repeat 10 (amino acid 440), amplifying
from pML1374 to incorporate the cysteine mutations, and
subcloned the PCR fragment into pQE60 as an Ncol/BglII
fragment.

To generate Vac8[ArmA11]CA, the cysteine mutations in
pML1417 were incorporated into the 5 primer of a standard
PCR that amplified VACS8 from vac8-10 (18). The resulting
PCR fragment was subcloned into pQE60 as an Ncol/BgllII frag-
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TABLE 1
Plasmids used in this study
Name Description
pML311 pQE60, Ga,-6xHIS
pML938 NpT7Q
pML964 NpT7Q, VAC8(C4S)-MYC
pML965 NpT7Q, VAC8(C5S)-MYC
pML966 NpT7Q, VAC8(C7S)-MYC
pML967 NpT7Q, VAC8(C4,5S)-MYC
pML1024 NpT7Q, VAC8-MYC
pML1025 NpT7Q, VAC8(C4,7S)-MYC
pML1026 NpT7Q, VAC8(C4,5,7S)-MYC
pML1027 NpT7Q, VAC8(C5,7S)-MYC
pML1064 pQE60, GFP-6xHIS
pML1065 pQE60, VACS[SH4]-GFP-6xHIS
pML1133 pQE60, YGL108c-MYC-6xHIS
pML1135 pQE60, MEHI-MYC-6xHIS
pML1164 pQE60, PSR2-MYC-6xHIS
pML1226 pQE60, MEHI[SH4]-GFP-6xHIS
pML1228 pQE60, MEHI[SH4]-VAC8-MYC-6xHIS
pML1234 pQE60, VAC8(C4,5S)-MYC
pML1241 pQE60, VAC8(C4,5,7S)-MYC
pML1245 pQE60, VACS8[SH4](C4,5,7S)-GFP-6xHIS
pML1249 pQE60, MEHI[SH4](C4,5,7S)-GFP-6xHIS
pML1374 pQE60, VACS[ARM1-11](C4,5,7S)-MYC-6xHIS
pML1393 pQE60, VAC8[ARM1-10](C4,5,7S)-MYC-6xHIS
pML1417 pQE60, VACS[ARMA11](C4,5,7S)-MYC-6xHIS
Vac8-10 pRS416, VAC8Aarm11 (18)
pBB131 NMTI (53)
pQE60 Qiagen
NpT7-5 Ref. 54
pML658 pQE60, VAC8-MYC-6xHIS (26)
pML125 pEG(KG), GST-ERF4 (3)
pML124 pESC-TRP, FLAG-ERF2 (3)
pML393 pESC-TRP, PFA4-FLAG (26)
pML394 pESC-TRP, PFAS-FLAG (26)
pML395 pESC-TRP, PFA3-FLAG (26)
pMLA477 pESC-TRP, AKRI-FLAG (26)
pML851 pESC-TRP, PFA3-FLAG-6xHIS

ment. MEH1 and PSR2 coding sequences were amplified from
genomic DNA and inserted into pQE60 as Ncol/BglII frag-
ments. YGL108c coding sequence was amplified from genomic
DNA and inserted into pQE60 as an Ncol/BamHI fragment.

To produce a C-terminally hexahistadine-tagged GFP
(pML1064), the coding region of monomerized GFP was ampli-
fied and ligated into pQE60 as an Ncol/BglII fragment. SH4-
GFP-6xHIS constructs were generated by ligating double-
stranded oligos containing a ribosomal binding site and the
SH4 sequence of interest into pML1064 at the EcoRI and Ncol
sites. The SH4 chimera (pML1228) was generated using overlap
extension PCR as described previously (28). The chimera was
then subcloned into pQE60 as Ncol/BglII fragments.

Goy;-6xHIS (pML311) was generated by amplifying the cod-
ing sequence of rat Go;; and ligating it into pQE60 as an Ncol/
BamHI fragment. PFA3-6xHIS-FLAG (pML851) was gener-
ated by ligating a double-stranded oligonucleotide containing a
hexahistadine sequence into PFA3-FLAG (pML395) at the Pacl
and BglII sites.

Isolation of Yeast Membranes—yPH499 (Stratagene) was
transformed with the appropriate pESC expression con-
struct(s). Cells were grown, and membranes were isolated as
described previously (29). Protein concentration was deter-
mined by Bradford assay.

In Vitro PAT Assay—[*H]Palmitoyl-CoA was synthesized
using [*H]palmitate (45 Ci/mmol; PerkinElmer Life Sciences),
coenzyme A (Sigma), and acyl-CoA synthase (Sigma) as
described (30) with the following modification. Following syn-
thesis, [*H]palmitoyl-CoA was separated from palmitate by
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chloroform/methanol extraction (31) and subsequently puri-
fied on a C8 reversed phase cartridge (30). In vitro PAT assays
and fluorography were performed essentially as described (29).
Palmitoyl-CoA concentrations varied from 0.8 to 1.5 uM, and
all reactions were allowed to proceed for 10 min. For the quan-
titation presented in Fig. 1, filter binding was performed essen-
tially as described (32) except protein was precipitated in the
presence of 0.04 mg/ml bovine brain membranes at room tem-
perature for 15 min, and precipitated protein was filtered on a
25-mm APFA glass filter (Millipore) using a Millipore filtration
unit. For the quantitation presented in Fig. 2C, soluene extrac-
tion of the protein of interest was performed as described pre-
viously (26, 29). For the quantitation presented in Figs. 46,
densitometry was performed by pre-flashing hyperfilm MP (GE
Healthcare) prior to exposure. The films were scanned and
quantitated by Image] software (National Institutes of Health).
To ensure that the signal of interest was in the linear range of
the film, a standard curve was included with the exposures.

Purification of N-Mpyristoylated Proteins—Escherichia coli
JM109 cells were transformed with the vector carrying the sub-
strate to be N-myristoylated and pBB131 (NMT1), grown at
37 °Cto Aggp = 0.4, induced with 0.3 mm isopropyl 1-thio--p-
galactopyranoside in the presence of 1 ug/ml chloramphenicol,
and incubated for 21 h at 30 °C. Cells were harvested, washed,
and suspended in lysis buffer (50 mm Tris, 1 mm EDTA, 1 mm
DTT, pH 7.4). Complete protease inhibitor tablets (Roche
Applied Science) were included only in the lysis step. Cells were
lysed using a French press at 1000 p.s.i. for three passages and
cleared by centrifugation at 25,400 X g for 30 min. To purify
nonmyristoylated Vac8-myc-6xHis, the protein was expressed
in E. coli in the absence of pBB131. Exceptions to this protocol
are appropriately noted.

TX114 Partitioning—French press lysis supernatants were
adjusted to 1% Triton X-114 (Sigma) and subjected to partition-
ing first described by Bordier (33). Briefly, the supernatant/Tri-
ton mixture was incubated at 4 °C for 5 min, layered onto a 6%
sucrose cushion, incubated at 4 °C for 5 min, incubated at 37 °C
for 5 min, and centrifuged at a low speed for 10 min in a swing-
ing bucket rotor. The aqueous phase was recovered; the deter-
gent phase was set aside, and the aqueous phase was subjected
to another round of partitioning. The two detergent phases
were then pooled and further purified.

Purification of N-Myristoylated and Nonmyristoylated
Vac8-myc-6xHis—Cells were processed as described above
except the lysis buffer was pH 8. The supernatant was applied to
a HiLoad 26/10 fast flow 64-ml Q-Sepharose column using a
fast protein liquid chromatography system (Amersham Bio-
sciences) equilibrated with lysis buffer. The column was washed
with 80 ml of lysis buffer, and protein was eluted with 500 ml of
an ascending NaCl gradient (0—500 mm) in lysis buffer. Frac-
tions containing Vac8-myc-6xHis were identified by Western
blot, pooled, and applied to a 20-ml hydroxylapatite column
(Bio-Rad) that was equilibrated with 200 ml of HAP buffer (20
mM Tris, 1 mm DTT, 100 mMm NaCl, pH 8.0). The column was
washed with 200 ml of HAP buffer, and protein was eluted with
300 ml of an ascending KP; gradient (0 —150 mm) in HAP buffer.
Fractions containing Vac8-myc-6xHis were identified by West-
ern blot and pooled. The pool was buffer-exchanged into final
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buffer (20 mm Tris, 1 mM EDTA, 1 mM DTT, 100 mm NaCl, pH
8) and concentrated using an Amicon ultrafiltration device. An
E. coli culture of 2 liters yielded 2.4 —3.8 mg of full-length myr-
Vac8-myc-6xHis as determined by comparison with standards
on Coomassie Blue-stained gels. An E. coli culture of 1 liter
yielded 4 mg of full-length nonmyristoylated Vac8-myc-6xHis.

Partial Purification of Myristoylated Vac8-myc Cysteine
Mutants—Cells were processed as described above except
these mutants were expressed in E. coli BL21(DE3), cultured to
Agoo = 0.6, and induced with 0.5 mmM isopropyl 1-thio-B-p-
galactopyranoside. The supernatant was diluted 1:1 with lysis
buffer and applied to a 10-ml Q-Sepharose column (Amersham
Biosciences) equilibrated with 50 ml of buffer A (50 mm Tris, 1
mM EDTA, 1 mm DTT, pH 7.4). The column was washed with
100 ml of buffer A, and protein was eluted with 100 ml of an
ascending NaCl gradient (0-500 mm) in buffer A. Fractions
containing myr-Vac8 were identified by Western blot and
pooled. Only the C7 mutant was concentrated in a Centri-
con-30 (Amicon). Each partially purified protein maintained its
N-myristoylation as determined by electrophoretic mobility
shift (supplemental Fig. S1). The concentrations of full-length
wild type and cysteine mutants were determined by quantita-
tive Western blot in which extrapolation to a linear curve of
known amounts of wild type myr-Vac8-myc-6xHis was per-
formed using the Odyssey Infrared Imaging System (LI-COR
Biosciences).

Purification of N-Myristoylated C7 and CA Vac8-myc Cys-
teine Mutants—To improve protein yields, the C7 (pML1234)
and CA (pML1241) mutants were expressed from pQE60 plas-
mids in JM109 E. coli. Cells were processed as described above.
To enrich for N-myristoylated protein, the supernatant was
subjected to Triton X-114 partitioning. The detergent fractions
were pooled and diluted to 0.5% Triton X-114. Q-Sepharose (10
ml) was equilibrated with 50 ml of buffer A (50 mm Tris, 1 mm
EDTA, 1 mMm DTT, 5 mMm NaCl, pH 7.4) and incubated with the
pooled, diluted detergent fractions at 4 °C for 30 min. The resin
was reconstituted into a column and was washed with 100 ml of
buffer A. Protein was batch-eluted three times with buffer B (10
ml) (50 mMm Tris, 1 mm EDTA, 1 mm DTT, 500 mm NaCl, pH
7.4). The fraction containing the most Vac8 was diluted 1:4 in
buffer A and concentrated using an Amicon ultrafiltration
device. E. coli cultures of 500 ml yielded 2.5 mg of full-length C7
and 1.5 mg of full-length CA.

Purification of N-Myristoylated Mehl-myc-6xHis—Cells
were processed as described above except the culture was har-
vested after 4 h at 30 °C, and the lysis buffer (50 mm Tris, 10 mm
B-mercaptoethanol, pH 7.4) contained EDTA-free complete
protease inhibitor tablets (Roche Applied Science). To enrich
for N-myristoylated protein, the supernatant was subjected to
Triton X-114 partitioning. The detergent fractions were
pooled, diluted to 0.5% Triton X-114, and applied to a 4- ml
Ni-NTA column (Qiagen) that was equilibrated with 40 ml of
buffer A (50 mm Tris, 5 mm -mercaptoethanol, 10% glycerol,
100 mm NaCl, pH 7.4). The column was washed with 100 ml of
buffer A, and protein was batch-eluted five times with 200 mm
imidazole (4 ml) in buffer A. Fractions containing myr-Meh1-
myc-6xHis were identified by Western blot and pooled. The
pool was buffer-exchanged into buffer B (50 mm Tris, 1 mm
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EDTA, 1 mMm DTT, 100 mMm NaCl, pH 7.4) and concentrated
using an Amicon ultrafiltration device. An E. coli culture of 1
liter yielded 0.9 mg of myr-Meh1-myc-6xHis.

Purification of N-Myristoylated Ygll108-myc-6xHis—Cells
were processed as described above except the culture was har-
vested after 4 h at 30 °C, and the lysis buffer (50 mm Tris, 10 mm
B-mercaptoethanol, 300 mm NaCl, pH 7.2) contained EDTA-
free complete protease inhibitor tablets (Roche Applied Sci-
ence). The supernatant was diluted 1:1 with lysis buffer and
incubated with 4 ml of Ni-NTA, equilibrated with 40 ml of
buffer A (50 mm Tris, 10 mm B-mercaptoethanol, 300 mm NaCl,
pH 7.2), at 4 °C for 60 min. The resin was reconstituted into a
column and washed with 80 ml of buffer B (50 mm Tris, 10 mMm
B-mercaptoethanol, 300 mm NaCl, 10% glycerol, 10 mM imid-
azole, pH 7.2) followed by 20 ml of buffer C (50 mm Tris, 10 mm
B-mercaptoethanol, 100 mm NaCl, 10% glycerol, 10 mm imid-
azole, pH 7.2). Protein was batch-eluted five times with 300 mm
imidazole (4 ml) in buffer C. Fractions containing myr-Ygl108-
myc-6xHis were determined by Western blot analysis.

Purification of N-Myristoylated SH4-GFP-6xHis Proteins—
myr-Vac8[SH4]-GFP-6xHis, myr-Vac8[SH4](C4,5,7S)-GFP-
6xHis, myr-Meh1[SH4]-GFP-6xHis, and myr-Meh1[SH4]-
(C7,8S)-GFP-6xHis were purified as follows. It was confirmed
that each SH4-GFP fusion could be N-myristoylated by
[PH]myristate incorporation (supplemental Fig. S2C). Cells
were processed, and protein was purified as described for myr-
Meh1-myc-6xHis except the culture was harvested after 21 h.
E. coli cultures of 1 liter yielded 5 mg of myr-Vac8[SH4]-GFP-
6xHis, 5 mg of myr-Vac8[SH4](C4,5,7S)-GFP-6xHis, 2.9
mg of myr-Mehl[SH4]-GFP-6xHis, and 1.6 mg of myr-
Meh1[SH4](C7,8S)-GEP-6xHis.

Purification of N-Myristoylated Meh1[SH4]-Vac8-myc-6xHis—
Cells were processed as described above for N-myristoylated
proteins. myr-Meh1[SH4]-Vac8-myc-6xHis was purified as
described in the partial purification of N-myristoylated myr-
Vac8-myc cysteine mutants above. An E. coli culture of 500 ml
yielded 38 mg of full-length myr-Meh1[SH4]-Vac8-myc-6xHis.

Purification of N-Myristoylated Vac8[ArmI-11](C4,5,7S)-
myc-6xHis—Cells were processed as described above for
N-myristoylated proteins. myr-Vac8[Arm1-11](C4,5,7S)-
myc-6xHis was purified as described in the purification
of N-myristoylated C7 and CA myr-Vac8-myc cysteine
mutants above except a Q-Sepharose column was gravity
loaded, and protein was eluted with 100 ml of an ascending
NaCl gradient (0-500 mm) in buffer A (50 mm Tris, 1 mm
EDTA, 1 mm DTT, pH 7.4). Fractions containing Myr-
Vac8[Arm1-11](C4,5,7S)-myc-6xHis were pooled, diluted
1:4 in buffer A, and concentrated using an Amicon ultrafil-
tration device. An E. coli culture of 1 liter yielded 1.8 mg of
full-length myr-Vac8[Arm1-11](C4,5,7S)-myc-6xHis.

Purification of N-Mpyristoylated Vac8[Armi1-10](C4,5,7S)-
myc-6xHis and Vac8[ArmA11](C4,5,7S)-myc-6xHis—Cells
were processed as described above for N-myristoylated pro-
teins. Cells were processed, and protein was purified as
described for myr-Mehl-myc-6xHis except the culture was
harvested after 21 h and the Ni-NTA column was gravity
loaded. E. coli cultures of 1 liter yielded 2 mg of myr-
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Vac8[Arm1-10](C4,5,7S)-myc-6xHis and 0.6 mg of
myr-Vac8[ArmA11](C4,5,7S)-myc-6xHis.

Purification of N-Mpyristoylated Ga,,;-6xHis—Ga;,-6xHis
was expressed in JM101 cells with pBB131 as described above
except protein was induced with 0.1 mMm isopropyl 1-thio-B-D-
galactopyranoside. The supernatant was applied to a 5-ml Ni-
NTA column that was equilibrated with 25 ml of buffer A (50
mM Tris, 20 mM B-mercaptoethanol, 100 mm NaCl, 0.1 mm
phenylmethylsulfonyl fluoride, pH 8). The column was washed
with 50 ml of buffer A, and protein was eluted with ascending
imidazole gradient (10—200 mm) in buffer A supplemented
with 10% glycerol. Fractions containing myr-Gaey,-6xHis were
identified by Western blot and pooled. The pool was buffer-
exchanged by dialysis into buffer B (20 mm Hepes, 1 mM EDTA,
1 mm DTT, 10% glycerol, pH 8) and concentrated using an
Amicon ultrafiltration device. An E. coli culture of 1.2 liter
yielded 4.5 mg of myr-Ga;;-6xHis.

Partial Purification of Pfa3—-6xHis-FLAG—Membranes
from cells transformed with pML851 were extracted with 1%
Triton X-100 at 5 mg/ml total protein in extraction buffer (50
mM Tris, 100 mMm NaCl, 10% glycerol, 5 mm B-mercaptoethanol,
10 pg/ml pepstatin A, 1.6 ug/mlleupeptin, 1.6 ug/mllima bean
trypsin inhibitor, 0.7 ug/ml aprotinin, 0.1 mM phenylmethyl-
sulfonyl fluoride, pH 8) rotating for 1 h at 4 °C. Insoluble mate-
rial was pelleted at 200,000 X g for 20 min. The extract (7.5 mg
of total protein) was diluted 1:1 in extraction buffer and allowed
to bind to 2 ml of Ni-NTA resin for 1 h at 4 °C. The resin was
reconstituted in a column and washed with 20 ml of wash buffer
(50 mm Tris, 100 mm NaCl, 10% glycerol, 5 mm B-mercaptoeth-
anol, 0.1% Triton X-100, 0.5 mg/ml bovine liver lipids (Avanti
Polar Lipids), 1 pg/ml pepstatin A, 1.6 ug/ml leupeptin, 1.6
pg/ml lima bean trypsin inhibitor, 0.7 ug/ml aprotinin, 0.1 mm
phenylmethylsulfonyl fluoride, pH 8). Bound proteins were
batch-eluted four times with 2 ml of elution buffer (50 mm Tris,
100 mm NaCl, 10% glycerol, 200 mm imidazole, 1 mm B-mer-
captoethanol, 0.1% Triton X-100, 0.5 mg/ml bovine liver lipids,
1 nug/ml pepstatin A, 1.6 ug/ml leupeptin, 1.6 ug/ml lima bean
trypsin inhibitor, 0.7 wg/ml aprotinin, pH 8). Fractions contain-
ing Pfa3 were identified by in vitro PAT assays using myr-Vac8-
myc-6xHis as substrate, and the two fractions with the most
activity were pooled.

Purification of Pfa3-FLAG and Akri-FLAG—Membranes
from cells expressing pML395 or pML477 were extracted as
described above, and the proteins were purified as described
(26) with the following exceptions: 1 mm S-mercaptoethanol
was present in all buffers; all buffers containing 0.1 mg/ml
bovine liver lipids were increased to 0.5 mg/ml; and Akrl-
FLAG was eluted with 3xFLAG peptide (Sigma). The peak frac-
tions were identified by Western blot and pooled. DHHC-
FLAG concentrations were determined by extrapolation to a
linear curve of known bovine serum albumin concentrations
using SYPRO Ruby protein gel stain (Invitrogen).

RESULTS AND DISCUSSION

N-Mpyristoylation Is Required for Efficient Palmitoylation of
Vac8 by Pfa3—To date there has been inconsistency in whether
palmitoylation of N-myristoylated substrates requires prior
N-myristoylation. On one hand, members of the Src family of

JOURNAL OF BIOLOGICAL CHEMISTRY 17723


http://www.jbc.org/cgi/content/full/M109.005447/DC1

Recognition of Vac8 by Pfa3

protein-tyrosine kinases need to be N-myristoylated before
palmitoylation. Iz vivo, mutation of the N-myristoylation site
(G2A) in Lck or Fyn yields protein that is neither N-myristoy-
lated nor palmitoylated (34). Fyn G2A mutants cannot be pal-
mitoylated in vitro, and in competition assays only an N-myris-
toylated Fyn peptide could inhibit palmitoylation of the wild
type (WT) protein (35). On the other hand, palmitoylation of
Ga; subunits of heterotrimeric G proteins does not require
prior N-myristoylation. Mutation of the N-myristoylated gly-
cine of Ga;; does not abolish iz vivo palmitoylation of Gey; if it
is co-expressed with G-y subunits (36). It is postulated that by
localizing Gey;; to the membrane, GBy is bringing Ge;; into the
proximity of a membrane-bound PAT. Thus, it is membrane
association and not N-myristoylation that confers the ability of
Ga;; to be palmitoylated. Dunphy et al. (30) reported similar
results with reconstitution of Goy; PAT activity in vitro.

In yeast, a Vac8 mutant that is not N-myristoylated (G2A) is
able to incorporate [*H]palmitate, although at a much reduced
level. This small amount of palmitoylation is able to maintain
vacuolar inheritance at a WT level (18). It is thought that tran-
sient membrane interactions, potentially via protein-protein
interactions, are sufficient to allow for palmitoylation of the
nonmyristoylated Vac8. This would suggest that it is mem-
brane association, and not N-myristoylation, that promotes
Vac8 palmitoylation in yeast.

To investigate how N-myristoylation of Vac8 affects in vitro
palmitoylation by Pfa3, we prepared both N-myristoylated and
nonmyristoylated Vac8 and assayed them as substrates for Pfa3.
Consistent with in vivo data, palmitoylation of N-myristoylated
Vac8 was considerably greater than that of nonmyristoylated
Vac8 (Fig. 1). However, nonmyristoylated Vac8 was palmitoy-
lated by Pfa3 to a detectable level and in a manner that was
dependent on substrate concentration. Hence, N-myristoyla-
tion significantly enhances palmitoylation but is not an abso-
lute requirement for substrate recognition. These data suggest
that the primary role of N-myristoylation is to increase Vac8
hydrophobicity, thereby allowing it to sample the membrane
(or detergent micelle) where Pfa3 resides.

Vac8 Is Palmitoylated by Pfa3 at All Three N-terminal Cys-
teine Residues—The N-terminal N-myristoylated glycine of
Vac8 is followed by three cysteine residues at positions 4, 5, and
7. Mutation of all three cysteine residues to serine produces a
Vac8 protein that is no longer palmitoylated in vivo (18) or in
vitro by Pfa3 (26). The mutation also produces several pheno-
types, including defective vacuolar inheritance (18), defective
homotypic vacuole fusion in vitro, and fragmentation of the
vacuole in vivo (24).

Evidence suggests that Pfa3 is responsible for the majority of
Vac8 palmitoylation (26, 37). However, deletion of PFA3 does
not eliminate palmitoylation of overexpressed Vac8 (26). It is
possible that Pfa3 is only capable of palmitoylating a subset of
three cysteines of Vac8 and that another enzyme is responsible
for the palmitoylation of the remaining cysteine(s), accounting
for the residual Vac8 palmitoylation seen in pfa3A cells. To
determine whether Pfa3 is capable of palmitoylating Vac8 at
each of the three N-terminal cysteine residues, we generated
Vac8 cysteine mutants (Fig. 24) and assessed their ability to be
palmitoylated by Pfa3 in vitro. The mutants were N-myristoy-
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FIGURE 1. Palmitoylation of nonmyristoylated Vac8 by Pfa3. Vac8 proteins
were expressed in bacteria with or without Nmt1 and purified using conven-
tional chromatography. The amount of Vac8 protein was determined as
detailed under “Experimental Procedures.” Increasing amounts of Vac8 were
incubated with [*H]palmitoyl-CoA and with partially purified Pfa3-6xHis-
FLAG (@, myr-Vac8; M, Vac8) or without partially purified Pfa3- 6xHis-FLAG (O,
myr-Vac8; [, Vac8) for 10 min. For each experiment three replicates were
assayed. Two were quantitated by scintillation spectroscopy as described
under “Experimental Procedures” (averaged in graph), and the third was ana-
lyzed by fluorography (inset) (3-day exposure). Data shown are from a single
experiment, which is representative of three independent experiments.

lated by co-expression in bacteria with Nmt1 and partially puri-
fied. The amount of myr-Vac8 protein for each mutant was
normalized by immunoblot (Fig. 2B) and assayed.

myr-Vac8 C4 or C5 was palmitoylated by Pfa3 to 10% of WT
(Fig. 2C). Palmitoylation of myr-Vac8 C7 was low but detecta-
ble at 1% of WT. To confirm C7 palmitoylation, we further
purified this mutant and used it as a substrate in a PAT assay.
C7 was palmitoylated by Pfa3 in a concentration-dependent
manner (Fig. 2D). Thus, Pfa3 could palmitoylate myr-Vac8 at
each of the three N-terminal cysteine residues, although not all
equally.

A common phenomenon in palmitoylation is the depend-
ence of palmitoylation at one cysteine on the presence of an
additional cysteine(s) (38). C4,5 and C4,7 were the best mutant
substrates for Pfa3. Both were palmitoylated to significantly
higher levels than C5,7. One possibility is that the proximity of
Cys-4 to the N-myristoylated glycine enhanced palmitoylation
at the second site. Additionally, palmitoylation of the C4,7
mutant was greater than the additive palmitoylation of the pro-
teins containing one cysteine at either position. This suggests
that the addition of a cysteine at position 4 improved palmitoy-
lation at position 7. Interestingly, palmitoylation of the C5,7
mutant was not much greater than the additive palmitoylation
of C5 and C7. Unlike Cys-4, it appears that the absence or pres-
ence of Cys-5 has little effect on palmitoylation of Cys-7. Of
note, palmitoylation of myr-Vac8 was not additive in that the
cumulative palmitoylation of C4, C5, and C7, or of any double

VOLUME 284 +NUMBER 26+JUNE 26, 2009



A MGSCCSC WT
MGSCS SS C4
MGSSCSS C5
MGSSSSC C7
MGSCCSS C4,5
MGSCSSC C4,7
MGSSCSZC C5,7
MGSSSSS CA
B WT C4 C5 C7 C45 C47 C57 CA
I—--—o-v-- PR———— :.l
C I I WTI C4 CIS C7 é4,5 C4,7I C5,7 CIA
: - ew—
QIOO T -]
z
(=) .
s
% 60 H -
=
E ] i
g || =&
=
- 20 H -
WT C4 C5 C7 C45 C4,7 C57 CA
D oM 0 025 05 10 20

e a——— | C7

- e |\ |

FIGURE 2. Palmitoylation of Vac8 cysteine mutants by Pfa3. A, Vac8 N-ter-
minal cysteine residues at positions 4, 5, and 7 were mutated in various com-
binations to serine residues. The remaining cysteine(s) is denoted in boldface
and determines the name given to each mutant. B, WT or mutant Vac8 pro-
teins were expressed in bacteria with Nmt1 and partially purified. The amount
of myr-Vac8 protein in each preparation was determined by quantitative
Western blot. Samples of 250 ng myr-Vac8 were analyzed by an anti-Myc
Western blot. G, partially purified Pfa3-6xHis-FLAG was incubated with 80 nm
myr-Vac8 mutants and [*H]palmitoyl-CoA for 10 min. Half of each reaction (20
wl) was quantitated by scintillation spectroscopy as described under “Exper-
imental Procedures” (graph), and the other half was analyzed by fluorography
(inset) (5-day exposure). Data are the average of three independent experi-
ments each performed in duplicate. The error bars represent the standard
deviation. The 100% values are as follows: experiment 1, 18.1 fmol/min;
experiment 2, 34.6 fmol/min; experiment 3, 41.2 fmol/min. D, increasing
amounts of WT or C7 Vac8 were incubated with partially purified Pfa3-6xHis-
FLAG and [*H]palmitoyl-CoA for 10 min. The reactions were analyzed by flu-
orography (top panel, 7-day exposure; bottom panel, 1-day exposure).

mutant with the remaining single mutant, was at most 50% of
WT.

Other groups provide support for our findings in vivo. Vac-
uolar binding of the C4 and C5 mutants is decreased by 60%,
and that of the C7 mutant is decreased by 90% (39). These data
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are consistent with the decreased palmitoylation we observed
for C4 and C5 and almost absent palmitoylation of C7. Analysis
of Vac8 function showed that the C7 mutant could not rescue
Vac8 function in vacuole fusion or vacuole inheritance better
than Vac8 lacking all three cysteines. Interestingly, the C4 and
C5 mutants can rescue function despite their decreased vacuo-
lar localization. Subramanian et al. (39) argued that the cysteine
at position 7 is capable of being palmitoylated because addition
of Cys-7 to the C4 or C5 mutants restores vacuole localization
to WT levels and suggested that palmitoylation of Cys-7 occurs
only if the proximal cysteine at position 4 or 5 has already been
modified. Peng et al. (40) found similar results. We provide the
first direct evidence both that Cys-7 is palmitoylated and that a
DHHC PAT can palmitoylate a substrate at more than one site.
An important question for future investigations is to determine
whether the enzyme palmitoylates a single site, followed by
release of the substrate, or whether the reaction is processive.
Mechanistic insight into the action of DHHC PAT's will be key
to developing and characterizing inhibitors of these enzymes.

Pfa3 Does Not Palmitoylate All SH4 Domain Proteins—We
sought to test the role of SH4 domains in recognition by DHHC
PATs. Yeast has five proteins with palmitoylated SH4 domains
as follows: Vac8, Ygl108, Mehl, Gpal, and Gpa2. It was sug-
gested that the redundant phosphatases Psrl and Psr2 each
contain a N-myristoylated and palmitoylated SH4 domain (5).
However, neither was identified as a substrate for N-myristoy-
lation using an algorithm to identify N-myristoylation motifs.
To determine whether Psr1 and Psr2 should be considered, we
cloned PSR2 and co-expressed it with Nmtl in bacteria. No
incorporation of [*H]myristate into Psr2 was detected (supple-
mental Fig. S24), and therefore Psr1 and Psr2 were not included
in our analysis of palmitoylated SH4 domains. Gpal and Gpa2,
the yeast G protein « subunits, were not studied because they
were not amenable to purification in our system. Hence, we
analyzed Ygl108 and Mehl, in addition to Vac8 (Fig. 34), to
determine whether Pfa3 universally recognizes SH4 domain
proteins as substrates for palmitoylation.

Ygl108 (open reading frame name YGL108c) is a protein of
unknown function localized at the cell periphery (41). Palmi-
toylation of Ygl108 was detected in a large scale analysis of yeast
palmitoylated proteins (5). Ygl108 contains a predicted N-myr-
istoylation site (5), and when we expressed it in bacteria with
Nmt1, Ygl108 incorporated [*H]myristate (supplemental Fig.
S2B). Collectively, these data support the presence of a bona
fide SH4 domain in Ygl108. Mehl/Egol/Gse2 (hereafter
referred to as Meh1) is part of the EGO/GSE protein complex
involved in regulating rapamycin-induced microautophagy
(42) and intracellular sorting of the amino acid permease Gap1
(43). Meh1 distributes to the vacuole membrane (42, 44) and
endosomes (43). Palmitoylation of Meh1 was demonstrated by
mass spectrometry and confirmed by acyl-biotin exchange (5).
Mehl is predicted to be N-myristoylated (44), and when we
expressed Mehl in bacteria with Nmtl, it incorporated
[*H]myristate (supplemental Fig. S2B).

We have previously established an in vitro assay to analyze
the specificity of palmitoylation by yeast DHHC proteins (29).
Five (Akrl, Erf2/Erf4, Pfa3, Pfa4, and Pfa5) of the seven yeast
DHHC proteins are amenable to overexpression in yeast cells,
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FIGURE 3. Palmitoylation of SH4 domains. A, alignment of palmitoylated
yeast SH4 domains analyzed in this study. The sites, or presumed sites, of
palmitoylation are denoted in boldface. Band C, membranes expressing Akr1-
FLAG, FLAG-Erf2/GST-Erf4, Pfa3-FLAG, Pfad-FLAG, Pfa5-FLAG, or empty vector
(PESC) were incubated with [*H]palmitoyl-CoA and 1 um (B) myr-Vac8-myc-
6xHIS, myr-Meh1-myc-6xHIS, or myr-Ygl108-myc-6xHIS (C) myr-Vac8[SH4]-
GFP-6xHIS, myr-Vac8[SH4](CA)-GFP-6xHIS, myr-Meh1[SH4]-GFP-6xHIS, or
myr-Meh1[SH4](CA)-GFP-6xHIS. Reactions were analyzed by fluorography
with exposure lengths ranging from 1 to 3 days. The vector-incubated (pESC)
reactions from C were also analyzed by immunoblot with GFP antibodies to
ensure that the substrate was not proteolyzed during the reaction. The
amount analyzed by Western blot represents 40% of that analyzed by fluo-
rography. Asterisk denotes Erf2 autoacylation.

and membranes derived from these cells can be used as a source
of enzyme. Previous studies using this assay showed that Pfa3 is
the primary DHHC protein to palmitoylate myr-Vac8, with
very weak palmitoylation by Erf2/4 (26, 29) (Fig. 3B), whereas
Erf2/Erf4 displayed specificity for Ras2 (29). Here we used this
assay to analyze the specificity of palmitoylation of myr-Ygl108
and myr-Mehl. myr-Ygl108 was not palmitoylated by Pfa3.
Instead it was palmitoylated by Erf2, Pfa4, and slightly by Pfa5.
myr-Meh1 was most robustly palmitoylated by Akr1. This con-
firmed data demonstrating that in akrIA cells Meh1 palmitoy-
lation is reduced (5). However, a small amount of palmitoyla-
tion by Pfa3 was detectable. Thus, there may be some DHHC
redundancy in regard to Mehl palmitoylation. This would
explain results observed by Hou et al. (37) showing that mem-
brane association of Mehl was unchanged in akriA cells,
whereas mutation of cysteines 7 and 8 produced a soluble pro-
tein (43). Neither myr-Ygl108 nor myr-Mehl was a good sub-
strate for Pfa3, suggesting that Pfa3 does not universally recog-
nize SH4 domain proteins as substrates.

An SH4 Domain Is Not Sufficient to Confer Specificity for a
DHHC Protein—To analyze more directly the role of the SH4
domain in substrate palmitoylation, we fused the first 18 amino
acids of Vac8 or Meh1 to GFP. N-Myristoylated fusion proteins
were expressed and purified from bacteria. In a membrane PAT
assay, the SH4 domain of either myr-Vac8 or myr-Mehl was
sufficient to support palmitoylation at the appropriate cys-
teines of the fusion protein (Fig. 3C). However, the fusion pro-
teins lost the substrate specificity of the full-length proteins
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(Fig. 3B). Whereas full-length myr-Vac8 was palmitoylated
almost exclusively by Pfa3, the myr-Vac8 SH4 domain fused to
GFP was palmitoylated by each of the five DHHC proteins
tested. This is consistent with in vivo studies demonstrating
that Vac8[SH4]-GFP is palmitoylated to similar levels in WT
and pfa3A cells (37). Additionally, WT Vac8-GFP localized
exclusively to the limiting membrane of the vacuole, but
Vac8[SH4]-GFP was found on both the plasma membrane and
internal membranes (37). This is accordant with Vac8[SH4]-
GEFP being palmitoylated by multiple DHHC proteins, poten-
tially resulting in its expanded subcellular distribution.
myr-Meh1 was palmitoylated best by Akr1 and Pfa3 (Fig. 3B),
but the Mehl SH4 domain fused to GFP was palmitoylated by
each of the DHHC proteins tested except Akrl (Fig. 3B). Col-
lectively the data show that both SH4-GFP fusion proteins are
promiscuous substrates. Thus, despite harboring the palmitoy-
lated cysteines and surrounding amino acids, the SH4 domain
does not account solely for the specificity of palmitoylation.

The failure of Akr1 to palmitoylate Meh1[SH4]-GFP palmi-
toylation in the membrane assay was surprising. To reconcile
this result, we tested the ability of purified Pfa3 and Akrl to
palmitoylate various substrates (Fig. 4). First, we tested the
specificity of myr-Vac8 and myr-Mehl palmitoylation. The
specificity observed in the membrane assays was recapitulated
in assays with purified components. myr-Vac8 was palmitoy-
lated specifically by Pfa3 (Fig. 44). myr-Mehl was palmitoy-
lated efficiently by Akrl and poorly by Pfa3 (Fig. 4B). Both myr-
Vac8[SH4]-GFP and myr-Mehl[SH4]-GFP were capable of
being palmitoylated in this assay by Akr1 (Fig. 4, C and D) but
were significantly better substrates for Pfa3. These data suggest
that although Pfa3 is capable of palmitoylating isolated SH4
domains, elements in the rest of the substrate restrict specificity
of palmitoylation to a particular enzyme(s).

The SH4-GFP data point to the importance of regions down-
stream of the SH4 domain in directing palmitoylation. If this is
correct, this region of Vac8 might confer Pfa3 specificity to a
non-Vac8 SH4 domain. To address this question we generated
a chimeric protein in which the SH4 domain of Vac8 was
swapped with that of Meh1. The N-myristoylated chimeric pro-
tein was purified from bacteria. In a membrane PAT assay, myr-
Meh1[SH4]-Vac8 was palmitoylated specifically by Pfa3 (Fig.
5A). This pattern of palmitoylation mimicked that of full-length
Vac8, not full-length Meh1 (Fig. 3B). When assayed using puri-
fied DHHC proteins, the chimera was palmitoylated best by
Pfa3 (Fig. 5B), and palmitoylation by Akrl was no higher than
the spontaneous acylation rate by the substrate alone. These
data support the importance of elements distant from the pal-
mitoylated cysteines in regulating palmitoylation. Additionally,
any elements that may be present in the Meh1 SH4 domain that
confer specificity to Akrl were not potent enough to achieve
robust palmitoylation by Akrl in the context of the chimera,
similar to the results for the myr-Meh1[SH4]-GFP fusion.

Vac8 Armadillo Repeat 11 Is Partially Responsible for Recog-
nition by Pfa3—Manipulation of the SH4 domain described
above suggests a role for a Vac8 region(s) outside of the SH4
domain in substrate recognition. To address this question
directly, we performed competition experiments (Fig. 6). Ini-
tially we determined if the CA mutant could compete for palmi-
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FIGURE 4. Specificity of palmitoylation by Pfa3 and Akr1. Increasing amounts of myr-Vac8-myc-6xHIS (A), myr-Meh1-myc-6xHIS (B), myr-Vac8[SH4]-GFP-
6xHIS (C), or myr-Meh1[SH4]-GFP-6xHIS (D) were incubated with [3H]palmitoyI—CoA and either no enzyme (@), 10 nm Pfa3-FLAG (A), or 10 nm Akr1-FLAG (H).
Reactions were analyzed by fluorography and quantitated by densitometry with exposure lengths ranging from 8 h to 2 days. Data are the average of three
independent experiments. The error bars represent the standard deviation. Representative films are shown in supplemental Fig. S3A, and 100% values are

shown in supplemental Table 1.

toylation of the WT protein. CA cannot be palmitoylated by
Pfa3, but it was able to compete with WT myr-Vac8 (Fig. 64,
circles). Modest competition was seen at equimolar concentra-
tions of WT and CA (0.1 um), and at 20-fold excess CA (2 um)
palmitoylation of WT was almost undetectable. This suggests
that Pfa3 recognizes regions of Vac8 downstream of the SH4
domain. To exclude the possibility that the sequence surround-
ing the palmitoylated cysteines was responsible for the compe-
tition seen with CA, we next determined if myr-Vac8[SH4]CA-
GEFP could compete for palmitoylation of WT myr-Vac8 (Fig.
6A, squares). myr-Vac8[SH4]CA-GFP cannot be palmitoylated
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by Pfa3 nor does it contain the C-terminal elements of Vac8 we
propose are recognized by Pfa3. myr-Vac8[SH4]CA-GFP was
unable to compete with WT, even at 20-fold excess concentra-
tions. myr-Vac8[SH4]-GFP was a substrate and therefore
expected to compete. However, because it lacked the non-SH4
elements of Vac8, it was only competitive at the highest con-
centration tested (Fig. 6A, triangles). As another test of speci-
ficity, we assayed the ability of myr-Ge;; to compete with WT
myr-Vac8. myr-Go;, is not a substrate for Pfa3 (data not
shown), but it is N-myristoylated. Accordingly, it can partition
into detergent micelles with Pfa3. As expected, myr-Ge;; did
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FIGURE 5. Palmitoylation of Meh1[SH4]-Vac8. A, membranes expressing
Akr1-FLAG, FLAG-Erf2/GST-Erf4, Pfa3-FLAG, Pfa4-FLAG, Pfa5-FLAG, or empty
vector (pESC) were incubated with [*Hlpalmitoyl-CoA and 1 um myr-
Meh1[SH4]-Vac8-myc-6xHIS. Reactions were analyzed by fluorography with
an exposure length of 2 days. B, increasing amounts of myr-Meh 1[SH4]-Vac8-
myc-6xHIS was incubated with [*H]palmitoyl-CoA and either no enzyme (@),
10 nm Pfa3-FLAG (A), or 10 nm Akr1-FLAG (H). Reactions were analyzed by
fluorography and quantitated by densitometry with an exposure length of 2
days. Data are the average of three independent experiments. The error bars
represent the standard deviation. Representative films are shown in supple-
mental figure S3A, and 100% values are shown in supplemental Table 1.

not compete (Fig. 64, diamonds), suggesting that the competi-
tion seen by the other proteins was specific.

To further define the region(s) of Vac8 that is recognized by
Pfa3, we generated Vac8 truncation proteins with the cysteines
mutated (Fig. 6B). The N-myristoylated proteins were purified
from bacteria. Mutation of the cysteines allowed us to assess the
ability of the proteins to compete with WT myr-Vac8 inde-
pendent of their ability to be palmitoylated by Pfa3. When Vac8
was truncated after armadillo repeat (Arm) 11 (Vac8[Arm1-
11]CA), the protein was able to compete with WT myr-Vac8
(Fig. 6C, open triangles) in a manner similar to full-length CA
(Fig. 6C, circles). This suggests that the region downstream of
Arm 11 is not important for recognition of Vac8 by Pfa3. Vac8
truncated after Arm 10 (Vac8[Arm1-10]CA) (Fig. 6C, open
diamond) competed less well than full-length CA but better
than myr-Vac8[SH4]CA-GFP (Fig. 6C, squares). To determine
whether this partial reduction was due to the loss of Arm 11 and
not the combined loss of the entire region downstream of Arm
10, we tested a Vac8 protein lacking just Arm 11
(Vac8[ArmA11]CA) (Fig. 6B). myr-Vac8[ArmA11]CA com-
peted with WT myr-Vac8 similarly to truncation after Arm 10
(Fig. 6C, open squares), suggesting that Pfa3 is recognizing
sequences in Arm 11. Because Myr-Vac8[ArmA11]CA demon-
strated only a partial loss of competition, there are probably
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additional sites between the SH4 domain and Arm 11 that con-
tribute to the interaction between Pfa3 and Vac8.

Our findings suggest that DHHC proteins recognize multiple
determinants on their substrates. The isolated SH4 domain of
Vac8 is sufficient for palmitoylation by Pfa3. However, the pres-
ence of additional contacts between Pfa3 and Vac8 is strongly
supported by the competition experiments described above.
We have mapped one of these elements to Arm 11. Arms are
imperfect ~42-amino acid repeats with a conserved structure
consisting of three a-helices. Tandem Arms fold over each
other and form a superhelix, yielding a crescent-shaped tertiary
structure (45). We speculate that the myristoyl group on Vac8
inserts into the membrane, bringing the SH4 domain into prox-
imity of the presumed catalytic domain of Pfa3, the DHHC-
CRD. Membrane topology predictions suggest that the DHHC-
CRD is located at the membrane interface, coinciding with the
end of a cytoplasmic loop and the beginning of the third trans-
membrane domain. If the Vac8 structure is similar to that of
other Arm proteins, then Arm 11 is at the end of the crescent
and is likely to contact Pfa3 at a site distant from the DHHC-
CRD. The large cytoplasmic tail of Pfa3 is a candidate for this
interaction. It is possible that DHHC PAT's are similar to mito-
gen-activated protein kinases that recognize their substrates
through interactions at the active site and a docking site distant
from the active site (46). Multiple contact sites between the
enzyme and substrate would permit greater specificity. Our
data show that myr-SH4-GFP fusions clearly can access the
active site of multiple DHHC PATs. In the context of the full-
length protein, however, we speculate that the substrate is not
able to bind appropriately to other regions of the enzyme to
permit proper orientation of the SH4 domain at the active site.

While this manuscript was in revision, two studies of mam-
malian DHHC proteins were published that support our find-
ings. In a study documenting substrate specificity of neuronal
DHHC proteins, Huang et al. (47) reported that regions outside
the DHHC-CRD contribute to specificity. DHHC3 and Hun-
tingtin interacting protein (HIP)14/DHHC17 are neuronal
palmitoyltransferases that have overlapping substrate specific-
ity. Huntingtin is a substrate for HIP14 but not for DHHCS3.
HIP14 has an N-terminal cytoplasmic domain composed of
ankyrin repeats. Appendage of the ankyrin repeat domain to
the N terminus of DHHC3 enables it to palmitoylate Hunting-
tin, suggesting that binding of Huntingtin to the ankyrin
repeats positions it for interaction with the catalytic domain of
DHHCS3. In a separate study, Greaves et al. (48) provide support
for our contention that residues distant from the palmitoylated
cysteines are important for enzyme recognition. SNAP-25 is a
soluble NSF attachment protein receptor protein palmitoylated
at a cluster of cysteine residues near the N terminus of the
interhelical domain that connects two coiled coil domains. A
previous study demonstrated the importance of a glutamine-
proline-alanine-arginine-valine motif at the end of the inter-
helical domain for palmitoylation and membrane association of
SNAP-25 (49). Greaves et al. (48) showed that mutation of the
proline within that motif resulted in the loss of palmitoylation
by DHHCS3.

When presented with SH4 domains as GFP fusions, the spec-
ificity of the DHHC proteins studied here was lost. Our findings
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FIGURE 6. Pfa3 recognizes Vac8 armadillo repeat 11. A, increasing amounts of myr-Vac8(CA)-myc (@), myr-Vac8[SH4]-GFP-6xHIS (A), myr-Vac8[SH4](CA)-
GFP-6xHIS (M), or myr-Ga;,-6xHIS ( #) were incubated with 0.1 um myr-Vac8-myc-6xHis, [*H]palmitoyl-CoA, and partially purified Pfa3-6xHis-FLAG. B, diagram
representing the proteins analyzed in C. C, increasing amounts of myr-Vac8(CA)-6xHIS (@), myr-Vac8[SH4](CA)-GFP-6xHIS (M), myr-Vac8[Arm1-11](CA)-myc-
6xHIS (A), myr-Vac8[Arm1-10](CA)-myc-6xHIS (¢ ), or myr-Vac8[ArmA11](CA)-myc-6xHIS (C]) were incubated with 0.1 um myr-Vac8-myc-6xHis, [*Hlpalmitoyl-
CoA and partially purified Pfa3-6xHis-FLAG. A and C, reactions were analyzed by fluorography and quantitated by densitometry with an exposure length of 4 h.
Data are the average of three independent experiments. The error bars represent the standard deviation. Representative films are shown in supplemental Fig.

S3, Band C, and 100% values are shown in supplemental Tables 2 and 3.

suggest that DHHC proteins broadly recognize short peptide
sequences. This has implications for the use of fluorescent acy-
lated peptides as reporters for acylation-dependent trafficking
in cells (50, 51). These peptides may be promiscuous substrates
for DHHC proteins in vivo, whereas full-length proteins might
be palmitoylated by a restricted set of DHHC enzymes.

The discovery that a region(s) of Vac8 distant from the SH4
domain is key to specific recognition by Pfa3 also has important
implications for the development of inhibitors of DHHC pro-
teins. If our evidence for specific Pfa3 and Vac8 interactions
extends to other DHHC:substrate pairs, then it should be pos-
sible to identify small molecules that specifically disrupt the
interaction between an individual DHHC protein and its sub-
strate. Although there is evidence for functional redundancy
among the DHHC proteins (5, 26, 52), the existence and con-
servation of a large family of DHHC proteins suggest that they
have specific and important roles in physiology.
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