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(Background: Mammalian genomes encode 24 “DHHC” S-palmitoyltransferases.
Results: Sorting signals were mapped in DHHC4/6, and the localization of DHHC3 was shown not to impact substrate

Conclusion: Lysine-based signals target DHHC4/6 to the endoplasmic reticulum, and DHHCS3 localization is a primary deter-

Significance: This work highlights how DHHC protein targeting is regulated and the relationship between DHHC targeting and
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Intracellular palmitoylation dynamics are regulated by a fam-
ily of 24 DHHC (aspartate-histidine-histidine-cysteine) palmi-
toyltransferases, which are localized in a compartment-specific
manner. The majority of DHHC proteins localize to endoplas-
mic reticulum (ER) and Golgi membranes, and a small number
target to post-Golgi membranes. To date, there are no reports of
the fine mapping of sorting signals in mammalian DHHC pro-
teins; thus, it is unclear how spatial distribution of the DHHC
family is achieved. Here, we have identified and characterized
lysine-based sorting signals that determine the restricted local-
ization of DHHC4 and DHHC6 to ER membranes. The ER tar-
geting signal in DHHC6 conforms to a KKXX motif, whereas the
signal in DHHC4 is a distinct KXX motif. The identified dilysine
signals are sufficient to specify ER localization as adding the
C-terminal pentapeptide sequences from DHHC4 or DHHC6,
which contain these KXX and KKXX motifs, to the C terminus of
DHHCS3, redistributes this palmitoyltransferase from Golgi to
ER membranes. Recent work proposed that palmitoylation of
newly synthesized peripheral membrane proteins occurs pre-
dominantly at the Golgi. Indeed, previous analyses of the
peripheral membrane proteins, SNAP25 and cysteine string
protein, are fully consistent with their initial palmitoylation
being mediated by Golgi-localized DHHC proteins. Interest-
ingly, ER-localized DHHCS3 is able to palmitoylate SNAP25 and
cysteine string protein to a similar level as wild-type Golgi-lo-
calized DHHC3 in co-expression studies. These results suggest
that targeting of intrinsically active DHHC proteins to defined
membrane compartments is an important factor contributing to
spatially restricted patterns of substrate palmitoylation.
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S-Palmitoylation has emerged over recent years as a highly
versatile regulator of diverse cellular proteins. Prominent roles
for palmitoylation include regulating protein-membrane inter-
actions, protein targeting to defined intracellular membranes
or membrane subdomains, and protein stability (1-4). A major
breakthrough in the palmitoylation field came through studies
in yeast that identified palmitoyltransferases that were active
against Ras and casein kinase (5, 6); comparison of the amino
acid sequences of these palmitoyltransferases, Erf2 and Akrl,
revealed a common 5l-amino acid “DHHC”-cysteine-rich
domain that was essential for palmitoylating activity. These
studies were pivotal in defining palmitoylation as an enzymatic
process and led to the subsequent identification of DHHC
palmitoyltransferases in higher organisms; in mammals, at least
24 DHHC proteins are genetically encoded (7, 8).

The recent development of techniques that allow purifica-
tion of bulk cellular palmitoylated proteins combined with pro-
teomic approaches has led to the description of palmitoylomes
from several cell types (9—11). These studies have captured the
diversity of palmitoylated substrates and highlighted palmitoy-
lation as a prominent post-translational modification. In the
rodent brain, more than 250 proteins are palmitoylated (10),
which can be broadly classified as peripheral or integral mem-
brane proteins. Peripheral proteins, such as Ras, Ga subunits,
and Src family kinases, are dependent upon palmitoylation for
membrane association (4).

Palmitoylation is a highly dynamic process, and many soluble
proteins undergo continuous cycles of palmitoylation and
depalmitoylation (4). Seminal work suggested a model to
explain how this dynamic palmitoylation acts to control the
precise intracellular distribution of mammalian Ras proteins as
follows (12, 13): following synthesis, H- and N-Ras are farnesy-
lated on a C-terminal CAAX motif, providing a weak mem-
brane affinity that allows transient interaction with any intra-
cellular membrane; when transiently associating with the
Golgi, farnesylated Ras is recognized by Golgi-localized DHHC
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protein(s), resulting in palmitoylation and stable membrane
attachment; membrane anchoring of Ras at the Golgi facilitates
forward trafficking to the plasma membrane; and depalmitoy-
lation on any membrane compartment releases Ras back into
the cytosol, and the cycle of transient membrane interaction/
palmitoylation continues.

A subsequent study that monitored temporal changes in the
intracellular distribution of microinjected farnesylated N-Ras
suggested that Ras palmitoylation is spatially restricted to the
Golgi (14). Furthermore, all of the other peripheral membrane
proteins that were examined in this study were also suggested
to be palmitoylated at the Golgi following their biosynthesis,
consistent with the notion that this membrane compartment
acts as a superreaction center for the palmitoylation of newly
synthesized soluble proteins (14). However, it is important to
note that this study did not directly monitor palmitoylation,
and indeed previous work has shown that Erf2, the DHHC pro-
tein that palmitoylates yeast Ras, is localized to the ER* (15).
Furthermore, a very limited set of palmitoylation substrates was
examined in this study. Thus, additional work is clearly
required to more rigorously test the hypothesis that the Golgi is
the predominant site for palmitoylation of peripheral mem-
brane proteins. Nevertheless, it should be noted that the idea
that palmitoylation of peripheral membrane proteins occurs
predominantly at the Golgi in mammalian cells is consistent
with other studies that have highlighted Golgi-localized DHHC
proteins as being active against a range of peripheral proteins in
co-expression studies (16—19).

If the Golgi is a specialized reaction platform for the palmi-
toylation of peripheral proteins, how might this be achieved?
Possibilities include the following: (i) DHHC proteins active
against peripheral membrane proteins are restricted to the
Golgi to ensure spatial control of palmitoylation of this class of
proteins; (ii) association of DHHC proteins with membrane
compartments, such as the endoplasmic reticulum, is incom-
patible with palmitoyltransferase function; and (iii) co-factors
required for efficient palmitoylation are present only at the
Golgi.

At present, there is very little information available on how
the spatial distribution of the cellular palmitoylation machinery
is achieved and the correlation between DHHC substrate spec-
ificity and substrate intracellular localization. The aims of the
present study were 2-fold: to identify signals that mediate tar-
geting of DHHC proteins to a defined intracellular location (in
this case the ER) and to use this information to test the hypoth-
esis that DHHC activity toward peripheral proteins is
restrained by compartmental specificity.

EXPERIMENTAL PROCEDURES

Plasmids—SNAP25 and cysteine-string protein (CSP) con-
structs with N-terminal EGFP tags were as described previously
(20, 21). HA-tagged versions of DHHC3, DHHC4, and DHHC6
were kindly provided by Dr. Masaki Fukata (National Institute
of Physiological Sciences, Osaka, Japan) (7). Mcherry-Rab11

2 The abbreviations used are: ER, endoplasmic reticulum; CSP, cysteine string
protein; TGN, trans-Golgi network; ANOVA, analysis of variance; BFA,
brefeldin A.
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was as described previously (22). TGN38-GFP was a gift from
Professor George Banting (University of Bristol) (23). Untagged
DHHC4 was generated by inserting the coding sequence and
stop codon of this protein into the pEGFP-N1 (Clontech) vec-
tor backbone between HindIII and Sall sites. All other mutant
constructs used in this study were generated by site-directed
mutagenesis and verified by DNA sequencing (University of
Dundee DNA Sequencing Service).

Antibodies—A rabbit polyclonal GM130 antibody was
obtained from Abcam (Cambridge, UK), mouse monoclonal
HA antibody used for cell staining was from Cambridge Biosci-
ence (Cambridge, UK), rat antibody against HA used for immu-
noblotting was from Roche Applied Science (East Sussex, UK),
and mouse monoclonal GFP antibody (JL8) was from Clontech.
DHHC4 antibody was purchased from Sigma.

Cell Culture and Transfection—PC12 cells were cultured in
RPMI1640 containing 10% horse serum and 5% fetal calf serum
at 37 °C in a humidified atmosphere containing 7.5% CO,. For
immunofluorescence analyses, PC12 cells were plated onto
poly-D-lysine-coated glass coverslips and transfected with 0.5
png of each plasmid using Lipofectamine 2000 (Invitrogen).
Approximately 40 h post-transfection, the cells were fixed and
stained with antibodies prior to confocal microscopy analysis.

HEK293 and HEK293T cells were maintained in DMEM
supplemented with 10% fetal calf serum at 37 °C in a humidified
atmosphere containing 5% CO,. Cells were plated onto 24-well
plates and analyzed ~20 h post-transfection.

Cell Fixation and Labeling—Transfected cells on coverslips
were washed in PBS and fixed in 4% formaldehyde for 30 min at
room temperature. The cells were then washed in PBS contain-
ing 0.3% BSA (PBSB) and permeabilized in PBSB containing
0.25% Triton X-100 for 6 min. The cells were washed and incu-
bated with primary antibodies (1:50) in PBSB for 1 h and then
with the appropriate Alexa Fluor-conjugated secondary anti-
bodies (1:400) for 1 h. The specific antibodies that were used for
each experiment are indicated in the figure legends.

Confocal Microscopy and Image Analysis—Image data were
acquired on a Leica SP5 confocal microscope at Nyquist sam-
pling rates and deconvolved using Huygens software (Scientific
Volume Imaging). Image] software was used to calculate Pear-
son’s correlation coefficient (R) values for co-variance of the
fluorescence signals. Images shown that were not analyzed
quantitatively were not processed by deconvolution.

Analysis of Palmitoylation by [PH]Palmitate Labeling—For
analysis of DHHC palmitoylation, HEK293T cells were trans-
fected with 1 ug of the respective plasmids. For analysis of CSP
or SNAP25 palmitoylation, cells were transfected with EGFP-
tagged SNAP25/CSP (0.8 ng) and HA-DHHC (1.6 ug) con-
structs. Approximately 20 h post-transfection, the cells were
incubated in [*H]palmitic acid (0.5 mCi/ml) in DMEM with 1%
defatted BSA for 3hat 37 °C. The cells were washed and lysed in
SDS dissociation buffer. The samples were resolved by SDS-
PAGE and transferred to nitrocellulose membranes for immu-
noblotting analysis or exposed to film with the aid of a Kodak
Biomax Transcreen LE intensifier screen for detection of
[®H]palmitate incorporation.

Analysis of CSP Palmitoylation by Band Shift—HEK293 cells
were transfected with EGFP-CSP (0.8 ug) and HA-DHHC (1.6
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pg) constructs. Approximately 20 h post-transfection, the cells
were washed and lysed in SDS dissociation buffer. The samples
were resolved by SDS-PAGE and transferred to nitrocellulose
membranes for immunoblotting analysis.

RESULTS

The C-terminal Pentapeptide Sequences in DHHC4 and
DHHC6 Are Required for ER Localization—Previous studies
have identified dilysine-based ER localization motifs located at
the extreme C termini of specific proteins, which conformed to
the sequence KXKXX or KKXX (with the final X representing
the terminal residue in a protein sequence) (24) (Fig. 1A4). Very
little information is currently available to describe how DHHC
protein targeting is regulated. Thus, we screened the sequences
of the 24 mammalian DHHC proteins to assess whether any of
these proteins contain possible ER localization signals con-
forming to these consensus motifs.

DHHC4 and DHHCG6 both contain possible dilysine-based
ER targeting signals at their C termini (Fig. 1A). Furthermore,
both of these proteins localized to the ER, displaying marked
overlap in fluorescence profiles with RFP-ER (which consists of
the KDEL ER retrieval motif fused to red fluorescent protein)
(Fig. 1B). Interestingly, when the C-terminal 5 amino acids were
removed from DHHC4 and DHHCS, the proteins lost their
restricted distribution at the ER (Fig. 1B). The DHHC4(1-338)
mutant was redistributed to the Golgi, displaying a marked
overlap with GM130 (Fig. 1C), whereas DHHC6(1-408) asso-
ciated with the plasma membrane and an intracellular com-
partment that was proximal to but clearly distinct from the
Golgi (Fig. 1C). Quantitative measurements of fluorescence
intensity co-variance of the DHHC4/DHHC6 proteins versus
RFP-ER and GM130 through whole cell image stacks were pro-
vided by calculating Pearson’s correlation values (Fig. 1, B and
C). This quantitative analysis confirmed a statistically signifi-
cant decrease in co-variance of the DHHC4 and DHHC6
mutants with RFP-ER and an increase in co-variance with
GM130 fluorescence signal. The level of change in the calcu-
lated R values going from two proteins with strong co-localiza-
tion to two proteins with little co-localization is consistent with
previous studies (25, 26).

It should be noted that an earlier publication reported that
Myc-tagged DHHC4 localized to the Golgi in HEK293T cells
(27), whereas a more recent study showed ER localization of the
protein in primary neurons (28). Although DHHC4 was sug-
gested to localize to the Golgi in HEK293T cells, no data were
presented showing co-localization with Golgi marker proteins
(27). Thus, we revisited DHHC4 localization in HEK293T cells
to determine if DHHC4 exhibited a distinct localization in this
cell type compared with PC12 cells. HA-tagged DHHC4 was
clearly localized to the ER in HEK293T cells, showing strong
overlap with RFP-ER (Fig. 2, A and B). Because it was formally
possible that the HA tag on our construct might be perturbing
normal DHHC4 targeting, we also constructed an untagged
form of the protein, which was recognized by a commercial
antibody (Fig. 2C). Untagged DHHC4 displayed an ER localiza-
tion in both PC12 and HEK293T cells (Fig. 2D), confirming that
the HA tag was not responsible for the ER localization of
DHHC4. Note that the antibody used was not able to detect
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endogenous DHHC4, and thus we were unable to study the
distribution of endogenously expressed DHHCA4.

To more precisely define the ER targeting motif in DHHCS6,
single amino acid substitutions were introduced into the C-ter-
minal pentapeptide, and fluorescence intensity co-variance
against RFP-ER was quantified. Mutation of either Lys-410 or
Lys-411 to alanine led to a marked and significant loss of fluo-
rescence co-variance with RFP-ER, whereas the other muta-
tions were without effect (Fig. 3). These results confirm that the
ER localization signal in the C-terminal tail of murine DHHC6
conforms to the consensus KKXX. The sequence of the C-ter-
minal pentapeptide in murine DHHC4 is KKKEK, which con-
forms to both KXKXX and KKXX consensus sequences. Thus,
we examined the effects of individually mutating each lysine
residue at the first, second, and third position of the KKKEK
sequence. Surprisingly, only substitution of the third lysine
(Lys-341) led to a loss of ER localization (Fig. 4); even when the
first and second lysines were mutated in tandem, DHHC4
retained an ER distribution (Fig. 4). These findings suggest that
the signals that regulate ER localization of DHHC4 are not
completely conserved with DHHCG6, and the ER targeting motif
of DHHC4 conforms more to a KXX sequence. Indeed, bovine
DHHC4 lacks a dilysine motif but does retain lysine 341 (see
Fig. 14).

ER Targeting Signals from DHHC4 and DHHC6 Are Suffi-
cient to Relocate DHHC3 from Golgi to ER Membranes—Having
identified ER targeting signals present within two distinct
DHHC proteins, we next examined whether the C-terminal 5
amino acids from DHHC4 and DHHC6 (which contain the
identified lysine-based sorting signals) were sufficient to relo-
cate the Golgi-localized DHHC3 protein onto ER membranes.
Asa control, the sequence KGKRD (a bona fide signal sufficient
for ER targeting from human UDP-glucuronyl transferase (24))
was also added to DHHC3. All three signals led to a loss of Golgi
localization (co-variance with GM130; Fig. 54) and a marked
relocation to ER membranes marked by RFP-ER (Fig. 5B).
Indeed, the movement of DHHC3 onto ER membranes was
substantial, and we were unable to visually detect any overlap of
the DHHC3 mutant proteins with GM130 staining (Fig. 54). It
was formally possible that the addition of these pentapeptides
to DHHC3 led to ER retention by disrupting intrinsic Golgi
targeting signals in the C terminus of DHHC3. However, this is
unlikely to be the case because truncation of the C-terminal 50
amino acids from DHHC3 (DHHC3(1-250)) did not lead to ER
retention (Fig. 5B).

ER-localized DHHC3 Proteins Are Palmitoylated and Retain
Palmitoyltransferase Activity against Peripheral Proteins—Re-
cent work by our group and others on the peripheral membrane
proteins SNAP25 and CSP is consistent with the initial palmi-
toylation of these proteins taking place on Golgi membranes
(16,17, 21, 29). In addition, it has been suggested that the Golgi
might be the focal point for palmitoylation of many peripheral
membrane proteins (14). We have previously proposed that
CSP and SNAP25 utilize an intrinsic weak membrane affinity of
their cysteine-rich domains to “sample” intracellular mem-
branes and seek out their partner DHHC proteins (16, 20, 21).
The underlying reason for why palmitoylation of these proteins
might be restricted to the Golgi is not clear, but this suggests

JOURNAL OF BIOLOGICAL CHEMISTRY 39575



Targeting and Spatial Regulation of DHHC Proteins

A consensus .. .KxKxx .. .KxKxx
.. .XKKxx .. .XKKxx

DHHC4 DHHC6
HUMAN .. .RKKQE HUMAN . . .EKKNR
RAT .. .KKKKR RAT . . .EKKNR
MOUSE .. .KKKEK MOUSE . . .EKKNR
BOVINE .. .ERKEK BOVINE . . .EKKNR
XENOPUS .. .HKKDR XENOPUS .. .EKKTR
SALMON .. .QKKDH SALMON .. .EKKVK

. | . . .
HA-DHHC4 GM130 HA-DHHC4 merge

HA-DHHC4(1-338) HA-DHHC4 (1-338) merge

GM130 HA-DHHC6 merge

HA-DHHC6

HA-DHHC6(1-408)

GM130 HA-DHHC6 (1-408) merge

0.8

o
©

0.6

2
o

0.4

N
'

0.2

o
N

Pearson’s correlation (R) versus GM130

Pearson’s correlation (R) versus RFP-ER

il

WT 1-338 WT 1-408 i WT 1-338 WT 1-408
DHHC4 DHHC6 ‘DHHC4  DHHC6

FIGURE 1.C-terminal pentapeptide sequences are required for ER localization of DHHC4 and DHHC6. A, the sequences of the final 5 amino acidsin DHHC4
and DHHC6 proteins from various species are shown. The consensus sequences of recognized ER retrieval motifs are shown for comparison. B, full-length
DHHC4/DHHC6 proteins or mutants lacking the final 5 amino acids (DHHC4(1-338) and DHHC6(1-408)) were co-transfected into PC12 cells with a plasmid
encoding RFP-ER, which is sorted to the ER. The HA tag of the DHHC proteins was labeled with a mouse HA antibody and subsequently with anti-mouse Alexa
Fluor 488. Representative images acquired using a Leica SP5 confocal microscope are shown. Scale bars, 5 um. ImageJ software was used to determine the
fluorescence intensity co-variance (Pearson’s correlation co-efficient) of DHHC proteins against that of RFP-ER. The truncated forms of DHHC4 and DHHC6 both
displayed a significant reduction in co-variance with RFP-ER compared with the full-length DHHC proteins when analyzed using Student’s t test (**, p < 0.01;
*** p < 0.001; n = 5-6 cells for each protein). C, PC12 cells were transfected with plasmids encoding DHHC4, DHHC4(1-338), DHHC6, or DHHC6(1-408). The
cells were labeled with mouse anti-HA and rabbit anti-GM130 and subsequently with anti-mouse antibody conjugated to Alexa Fluor 543 and anti-rabbit
antibody conjugated to Alexa Fluor 488. Representative images acquired using a Leica SP5 confocal microscope are shown. Scale bars, 5 um. The truncated
forms of DHHC4 and DHHC6 both displayed a significant increase in co-variance with GM130 compared with the full-length DHHC proteins when analyzed
using Student’s t test (***, p < 0.001; n = 5-8 cells for each protein). Error bars, S.E.
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HA-DHHC4
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FIGURE 2. Localization of HA-DHHC4 in HEK293T cells and untagged DHHC4 in PC12 and HEK293T cells. A, a plasmid encoding HA-DHHC4 was trans-
fected into HEK293T cells, which were labeled with anti-HA and subsequently with anti-mouse antibody conjugated to Alexa Fluor 488. A representative image
acquired using a Leica SP5 confocal microscope is shown. B, as A except with co-transfection with a plasmid encoding RFP-ER. C, HEK293T cells were transfected
with HA-DHHC4 (4-WT) or with empty vector (control). Lysates were resolved by SDS-PAGE and transferred to nitrocellulose forimmunoblotting analysis using
anti-HA or anti-DHHC4 antibodies. Positions of molecular weight markers are shown on the /eft. D, a plasmid encoding untagged DHHC4 was co-transfected
with RFP-ER into PC12 cells (top) or HEK293T cells (bottom). The cells were subsequently labeled with anti-HA and then with anti-mouse antibody conjugated
to Alexa Fluor 488. Representative images acquired using a Leica SP5 confocal microscope are shown. Scale bars in all panels, 5 um.
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FIGURE 3. Fine mapping of the ER localization motif in DHHC6. Plasmids encoding DHHC6 with single point mutations in the C-terminal pentapeptide were
co-transfected into PC12 cells with a plasmid encoding RFP-ER, which is sorted to the ER. The HA tag of the DHHC proteins was labeled with a mouse HA
antibody and subsequently with anti-mouse antibody conjugated to Alexa Fluor 488. Representative images acquired using a Leica SP5 confocal microscope
are shown. Scale bars, 5 um. ImageJ software was used to determine the fluorescence intensity co-variance (Pearson’s correlation co-efficient) of DHHC6
proteins against that of RFP-ER. The K410A and K411A DHHC6 mutants both displayed a significant decrease in co-variance with RFP-ER compared with
wild-type DHHC6 when analyzed using a one-way ANOVA (***, p < 0.001; n = 5-7 cells for each protein). Error bars, S.E.

that there is a lack of DHHC activity against these proteins
at the ER. We thus tested whether ER targeting of DHHC3
affects the activity of this protein. As a first step, we analyzed
palmitoylation of wild-type DHHC3 in comparison with the
ER-localized mutants. “Autopalmitoylation” of the DHHC
domain is thought to be a prerequisite for subsequent palmitate
transfer to substrate proteins. Because palmitoylation assays
were performed in HEK293T cells, we first confirmed that wild-
type DHHC3 and DHHC3 with an added dilysine motif display
the same differential localization as was observed in PC12 cells
(Fig. 6A). All of the ER-localized DHHC3 proteins displayed
similar levels of palmitoylation as seen for wild-type DHHC3 in
HEK293T cells (Fig. 6B). Interestingly, the ER-targeted
DHHCS3 proteins were observed to migrate at a faster rate than
wild-type DHHC3 on SDS-polyacrylamide gels (Fig. 6B, bot-
tom). This suggests that DHHC3 may undergo some post-
translational modification following its exit from the ER.

We also examined the palmitoylation status of DHHC4 in
comparison with DHHC3 and the Golgi-localized DHHC4-
AKKKEK mutant. Fig. 68 shows that both wild-type and
mutant DHHC4 are palmitoylated, albeit at lower levels than
DHHCS3 (Fig. 6C).

The finding that ER-localized forms of DHHC3 or DHHC4
are palmitoylated at levels similar to those of their Golgi coun-
terparts provides evidence that the observed changes in local-

39578 JOURNAL OF BIOLOGICAL CHEMISTRY

ization of mutant proteins are not related to a loss of protein
integrity (i.e. misfolding). Also, because palmitoylation of
DHHC proteins is linked to their functional activity as palmi-
toyltransferases, this suggests that mutant forms of DHHC3/
DHHC4 might retain similar activity as the wild-type proteins.
Thus, we next examined if localization of DHHC3 to the ER
affects its ability to palmitoylate specific substrate proteins.
SNAP25b and CSP are palmitoylated by a subset of Golgi-local-
ized DHHC proteins, including DHHCS3, in co-expression stud-
ies (16, 17). Thus, EGFP-SNAP25b was co-transfected into
HEK293T cells together with wild-type DHHC3 or the three
ER-localized DHHCS3 proteins, and the cells were labeled with
[*H]palmitic acid to monitor palmitoylation. Compared with
control (co-transfection with empty vector), all DHHC3 pro-
teins promoted a robust increase in [*H]palmitate incorpora-
tion into SNAP25b (Fig. 7A). This suggests that DHHC3 pro-
teins localized to the ER retain full palmitoyltransferase activity
against this substrate protein. In addition to the Golgi, we have
previously suggested that dynamic palmitoylation of mature
SNAP25 might also occur at recycling endosomes and/or the
trans-Golgi network (TGN) (17, 22). Thus, although we did not
detect the dilysine mutants of DHHC3 at the Golgi by immu-
nofluorescence (Fig. 5), it was formally possible that a small
pool of these DHHC3 mutants might be associated with endo-
somes/TGN and that the observed palmitoylation of SNAP25
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might be occurring on these membrane compartments. Thus,
we examined whether one of the mutants, DHHC3(KKKEK),
displayed overlap with markers of recycling endosomes (Rab11)
or TGN (TGN38) in PC12 cells. Fig. 7B shows that there was no
noticeable overlap of DHHC3(KKKEK) with these membrane
compartments, suggesting that the measured palmitoylation of
SNAP25b reflected palmitoylation at the ER.

In addition to SNAP25, we also examined whether the ER-
localized DHHCS3 proteins were active against CSP. The palmi-
toylation of CSP can be easily monitored because it is accom-
panied by a marked hydroxylamine-sensitive band shift on
SDS-polyacrylamide gels (Fig. 84) (20). Fig. 8B demonstrates
that co-expression of DHHC3 or one of the ER-localized
DHHC3 proteins (in this case the KKKEK mutant) led to a
marked increase in palmitoylation of CSP as revealed by a band
shift on SDS gels. Furthermore, activity of all three ER-localized
forms of DHHC3 toward CSP was confirmed by labeling with
[*H]palmitic acid (Fig. 8C). Both assays thus failed to uncover
differences in palmitoylation of CSP by wild-type and ER-local-
ized DHHC3.

Selective Palmitoylation of an ER-localized CSP Mutant by
ER DHHC3 Mutants—We previously described a mutant form
of CSP, in which 4 of the 14 palmitoylated cysteines are mutated
to leucine residues (CSP(4CL)) (20). This mutant protein dis-
plays an increased membrane affinity and mislocalizes to ER
membranes (20) (Fig. 94). The CSP(4CL) mutant is not palmi-
toylated when expressed in cells, most likely due to a physical
separation of the protein from its partner Golgi-localized
DHHC proteins (20). Indeed, mixing of ER and Golgi mem-
branes with BFA was previously shown to promote a robust
palmitoylation of the 4CL mutant (16, 20). Because this
CSP(4CL) protein is localized at the ER, we tested whether it
would display differential palmitoylation by wild-type DHHC3
(Golgi-localized) and the ER-localized DHHC3 mutants.
Indeed, in the absence of DHHC co-expression or with wild-
type or inactive (DHHS) mutant DHHC3 co-expression,
CSP(4CL) did not display a band shift on SDS gels that would be
indicative of palmitoylation (Fig. 9B). Importantly, however,
ER-localized DHHC3 mutants were able to palmitoylate the
CSP(4CL) protein (Fig. 9B). This result provides strong evi-
dence that DHHC3 is able to function as a palmitoyltransferase
when localized to ER membranes.

DISCUSSION

The mammalian DHHC family was described in 2004 (7), but
there is currently a lack of information on how intracellular
patterning of these proteins is achieved or regulated. Targeting
information for DHHC?2 is contained within the C-terminal 68
amino acids, but the precise signals mediating intracellular tar-
geting of this or other DHHC proteins have not been defined
(30). Thus, the identification of ER localization signals in the
C-terminal tails of DHHC4 and DHHCG6 represents an impor-
tant step toward delineating how DHHC proteins achieve their
respective localizations.

Fine mapping of the ER localization signal in DHHC6 clearly
showed that this conformed to the established consensus
sequence KKXX. However, the results obtained with DHHC4
were more surprising. The sequence of the mouse DHHC4 ter-
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FIGURE 5. C-terminal pentapeptides from DHHC4 and DHHC6 promote relocalization of DHHC3 onto ER membranes. A, ER localization motifs from
DHHC6 (EKKNR), DHHC4 (KKKEK), and UDP-glucuronyl transferase (KGKRD) were fused to the C terminus of DHHC3, and the constructs were transfected into
PC12 cells. The cells were labeled with mouse anti-HA and rabbit anti-GM130 and subsequently with anti-mouse antibody conjugated to Alexa Fluor 543 and
anti-rabbit antibody conjugated to Alexa Fluor 488. Representative images acquired using a Leica SP5 confocal microscope are shown. Scale bars, 5 um.Image)
software was used to determine the fluorescence intensity co-variance (Pearson’s correlation co-efficient) of DHHC proteins against that of GM130. The DHHC3
mutants with ER localization motifs all displayed a significant reduction in co-variance with GM130 compared with wild-type (WT) DHHC3, assessed using a
one-way ANOVA (***,p < 0.001; n = 6-7 cells for each protein). B, PC12 cells were co-transfected with DHHC3 plasmids and a plasmid encoding RFP-ER, which
is sorted to the ER. The HA tag of the DHHC proteins was labeled with a mouse HA antibody and subsequently with anti-mouse antibody conjugated to Alexa
Fluor 488. Representative images acquired using a Leica SP5 confocal microscope are shown. Scale bars, 5 um. The DHHC3 mutant with ER localization motifs
displayed a significant increase in co-variance with RFP-ER when analyzed using a one-way ANOVA (***, p < 0.001; n = 5-7 cells for each protein). A truncated
DHHC3 protein lacking the C-terminal cytoplasmic domain (DHHC3(1-250)) did not show an increased level of co-variance with RFP-ER. Error bars, S.E.
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FIGURE 6. Palmitoylation of wild-type and mutant DHHC proteins. A, HEK293T cells were transfected with wild-type DHHC3 or DHHC3(KKKEK). The cells
were fixed and stained with an anti-HA antibody and subsequently with anti-mouse antibody conjugated to Alexa Fluor 488. Representative images acquired
using a Leica SP5 confocal microscope are shown. B and C, HEK293T cells were transfected with empty vector (control), wild-type DHHC3, or DHHC3 fused to
the ER localization signals from DHHC6, DHHC4, or UDG-glucuronyl transferase (EKKNR, KKKEK, and KGKRD, respectively) (B) or with wild-type DHHC3,
wild-type DHHC4, or DHHC4 lacking the C-terminal 5 amino acids (AKKKEK) (C). Twenty hours post-transfection, the cells were labeled with [*H]palmitic acid for
3 h, lysed in sample buffer, resolved by SDS-PAGE, and transferred to duplicate nitrocellulose membranes. The membranes were exposed to film with the aid
of a Kodak Biomax Transcreen LE intensifier screen for detection of [*H]palmitate incorporation (top panels) or were probed with anti-HA for detection of
expression levels of the DHHC proteins (bottom panels). The positions of molecular weight markers are shown on the left of all panels.

minal pentapeptide is KKKEK, conforming to both KXKXX and
KKXX consensus motifs. However, we found that the lysines at
positions 1 and 2 of the KKKEK sequence could be mutated in
tandem without an effect on ER localization, whereas the third
lysine (Lys-341) was essential for ER targeting. Interestingly a
similar KXX sequence was identified as being important for ER
localization of the membrane-bound progesterone receptor
(31). Because a single lysine was not sufficient for ER localiza-
tion of DHHC, it is likely that other structural/sequence ele-
ments of DHHC4 contribute to ER targeting of this protein.
The identification of ER localization signals in DHHC4 and
DHHC6 presented the opportunity to test how intracellular
localization of DHHC family members affects their intrinsic
palmitoylation activity. This issue is particularly relevant when
one considers how spatially restricted palmitoylation might
occur. The proteins studied here (SNAP25 and CSP) are mod-
ified by Golgi-localized DHHC proteins, and indeed the Golgi
might be the primary site of palmitoylation of many such
peripheral membrane proteins (14). Current evidence that
palmitoylation of newly synthesized SNAP25 and CSP takes
place at the Golgi includes the following observations: (i) palmi-
toylation and membrane binding of newly synthesized SNAP25
and CSP are only mediated by Golgi-localized DHHC proteins
in co-expression studies (16, 17, 21); (ii) depletion of Golgi
DHHC proteins blocks SNAP25 palmitoylation (29, 32); (iii)
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palmitoylation of a CSP mutant trapped on ER membranes only
occurs when ER and Golgi membranes are mixed by BFA treat-
ment (16).

Several distinct mechanisms could account for newly synthe-
sized SNAP25 and CSP (and other peripheral membrane pro-
teins) being palmitoylated specifically at the Golgi: (i) DHHC
proteins with specificity for these substrates are targeted exclu-
sively to the Golgi, (ii) essential co-factors required for palmi-
toylation of these substrates are spatially restricted to the Golgi
(e.g. the DHHC9 accessory protein GCP16 (33)), and/or (iii) the
non-palmitoylated forms of these substrates have a high affinity
for Golgi membranes. To explore these different possibilities,
we added the ER localization signals from DHHC4, DHHC6
and UDP-glucuronyl transferase onto DHHC3, which was cho-
sen due to its broad substrate specificity toward peripheral pro-
teins (7, 16-19). All three ER retrieval signals promoted the
complete relocation of DHHC3 onto ER membranes. We did
not detect obvious association of the mutants with Golgi, TGN,
or recycling endosome membranes as assessed by confocal
microscopy. Despite this dramatic change in the localization of
DHHC3 induced by the attached dilysine motifs, the mutant
proteins displayed a similar ability as wild-type DHHC3 to
palmitoylate SNAP25 and CSP. This observation is generally
consistent with the notion that spatially restricted palmitoyla-
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together with mcherry-Rab11 (top) or TGN38-GFP (bottom) into PC12 cells. HA-DHHC3(KKKEK) was detected using an anti-HA antibody followed by an
anti-mouse secondary antibody conjugated to either Alexa Fluor 488 (top) or Alexa Fluor 543 (bottom). Representative images acquired using a Leica SP5
confocal microscope are shown. Scale bars, 5 um. The boxed regions highlighted on the images in the first and second columns are shown at higher magnifi-
cation in the zoom images. The boxed regions in the zoom images are added to aid visual analysis of fluorescence overlap of the co-transfected proteins. Error

bars, S.E.

tion of SNAP25 and CSP at the Golgi occurs due to the specific
targeting of their partner DHHC proteins to this compartment.

Previous work has shown that dilysine motifs can function
either as retrieval or retention signals, dependent upon the
identity of the surrounding amino acids (34). One concern was
that the palmitoylation activity of DHHC3 mutants bearing
dilysine motifs might have reflected a very small fraction of the
proteins, undetectable by confocal imaging, that reached the
Golgi before being retrieved by the COPI machinery. Thus, to
further examine whether ER-localized DHHC3 is an active
palmitoyltransferase, we studied palmitoylation of an
ER-trapped CSP mutant (CSP(4CL)). Importantly, palmitoyla-
tion of this mutant was only significantly increased by ER-local-
ized DHHC3 mutants and not by Golgi-localized wild-type
DHHC3. This observation provides strong evidence that
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DHHC3 localized
palmitoyltransferase.
Although CSP and SNAP25 are palmitoylated by the same
subset of DHHC proteins in co-expression studies, it is inter-
esting to note that whereas palmitoylation and stable mem-
brane binding of newly synthesized SNAP25 is markedly inhib-
ited by BFA treatment, CSP is unaffected (16, 35). BFA disrupts
Golgi integrity and results in formation of a mixed ER-Golgi
compartment. This difference in BFA sensitivities occurs
despite the proposal that both proteins initially access mem-
branes via an intrinsic weak membrane affinity of their respec-
tive cysteine-rich domains (16, 21). Because Golgi DHHC pro-
teins retain palmitoyltransferase activity following BFA
treatment (16), this might imply that non-palmitoylated
SNAP25 exhibits a higher affinity for intact Golgi membranes

to ER membranes 1is an active
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FIGURE 8. Palmitoylation of CSP by ER-localized DHHC3. A, 0.8 g of EGFP-
CSP was transfected into HEK293T cells with empty vector (control) or with 1.6
g of HA-DHHC3 (3-WT). Twenty hours post-transfection, the cells were incu-
bated eitherin 1 mTris (pH 7) or 1 m hydroxylamine (pH 7) (HA) for 20 h at room
temperature. The treated samples were then resolved by SDS-PAGE, trans-
ferred to nitrocellulose, and probed with an antibody against GFP. CSP under-
goes a marked band shift following palmitoylation, and the positions of
palmitoylated and unpalmitoylated CSP are highlighted by arrowheads. B,
duplicate samples of cells transfected with EGFP-CSP alone (control) or with
wild-type (WT) or ER-localized (KKKEK) DHHC3 were lysed 20 h post-transfec-
tion, resolved by SDS-PAGE, and transferred to nitrocellulose membrane for
immunoblotting analysis using antibodies against the GFP or HA tags. , cells
co-transfected with EGFP-CSP and wild-type or ER-localized DHHC3 proteins
were labeled with [*H]palmitic acid for 3 h, lysed in sample buffer, resolved by
SDS-PAGE, and transferred to duplicate nitrocellulose membranes. The mem-
branes were exposed to film with the aid of a Kodak Biomax Transcreen LE
intensifier screen for detection of [*H]palmitate incorporation (top) or were
probed with anti-GFP for detection of EGFP-CSP (bottom).

than for ER or fused ER-Golgi membranes. In this case, disrup-
tion of Golgi integrity by BFA would lead to an inhibition of
SNAP25 palmitoylation because membrane interaction of the
non-palmitoylated protein is reduced. Thus, a preference for
interaction with Golgi membranes might also contribute
(together with the specific targeting of partner DHHC proteins
to the Golgi) to spatial patterning of SNAP25 palmitoylation. If
this is the case, then overexpression of DHHC proteins at the
ER may be sufficient to compensate for a lower affinity of the
non-palmitoylated protein for ER versus Golgi membranes. It is
clear, however, that many peripheral membrane proteins do
not exhibit a strong preference for interaction with Golgi mem-
branes in their non-palmitoylated state. As previously dis-
cussed, CSP palmitoylation and membrane binding is unaf-
fected by BFA treatment (16), and thus for this protein,
palmitoylation patterns are likely to be almost entirely directed
by DHHC membrane targeting.

Interestingly, all three ER-localized DHHC3 proteins
migrated at a lower molecular weight on SDS-polyacrylamide
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CSP(4CL) mutant. A, EGFP-CSP(4CL) mutant is localized to the ER. Scale bar, 5
um. B, the CSP(4CL) mutant was co-transfected into HEK293 cells with wild-
type or ER-localized DHHC3 mutants (control represents co-transfection with
empty vector). The cells were lysed 20 h post-transfection, resolved by SDS-
PAGE, and transferred to nitrocellulose membrane forimmunoblotting anal-
ysis using antibodies against the GFP or HA tags. The CSP(4CL) mutant is not
palmitoylated when expressed alone or together with wild-type DHHC3 (WT)
or inactive DHHC3 (DHHS). In contrast, a band representing palmitoylated
CSP(4CL) is apparent following co-transfection with ER-localized DHHC3
(EKKNR and KGKRD). The graph shows the percentage of CSP(4CL) palmitoy-
lation following co-expression with the different DHHC3 proteins (n = 3).
Only the ER-localized mutants (EKKNR and KGKRD) produced a significant
increase in EGFP-CSP(4CL) palmitoylation compared with control (empty vec-
tor), analyzed using a one-way ANOVA (**, p < 0.01;*,p < 0.05). Error bars, S.E.

gels than wild-type DHHC3. This might suggest that DHHC3
undergoes a post-translational modification(s) upon delivery to
the Golgi or the ER-Golgi intermediate compartment. At pres-
ent, we do not know the nature of this modification, but glyco-
sylation is a possibility. We do not believe that the different
migration of wild-type and mutant forms of DHHCS3 reflects
differences in palmitoylation because the level of [*H]palmitate
labeling of the wild-type and mutant proteins was similar.
Many studies have highlighted DHHC3 as a highly active
palmitoyltransferase with broad substrate specificity. In light of
this, it was interesting that DHHC3 incorporated a greater
amount of [*H]palmitic acid than DHHC4 in the radiolabeling
experiments reported herein. This difference does not imply
that DHHC3 is more heavily palmitoylated than DHHC4, but it
does point to palmitoylation of DHHC3 being more dynamic.
Thus, perhaps a high intrinsic rate of palmitate turnover on
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DHHC3 and the ease with which this enzyme “gives up” its
attached palmitate groups to substrates is one reason why this
DHHC protein is frequently identified as a highly active palmi-
toyltransferase. Nevertheless, DHHC4 has been suggested to be
a functional palmitoyltransferase with activity toward -secre-
tase 1 (36).

At present, we do not know the importance of spatial restric-
tion of palmitoylation of peripheral proteins, such as CSP and
SNAP25, to the Golgi. One possibility is that palmitoylation-
dependent trapping of these proteins at the Golgi is more con-
ducive to the subsequent trafficking of the palmitoylated pro-
teins to the plasma membrane. In this regard, it is interesting to
note that vesicle budding from the Golgi was postulated to
occur at cholesterol-rich membrane platforms (37). Because
palmitoylated proteins have a high affinity for cholesterol-rich
membranes (38), palmitoylation and subsequent lateral segre-
gation of proteins at the Golgi may serve to provide a tight
coupling between palmitoylation and plasma membrane
delivery.

In summary, the work described provides an important step
toward understanding how intracellular patterning of the
DHHC family is achieved and clearly suggests that DHHC pro-
teins are targeted in a manner to support spatially restricted and
directed palmitoylation.
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