


Long-Chain Fatty Acylation 
of Proteins 

Sean I. Patterson and J. H. Pate Skene 

1. Introduction 

Reversible modifications of cellular proteins often serve 
as key steps in signal transduction and effector pathways, 
and the investigation of these modifications has been a prin- 
cipal route of access to signaling mechanisms. Ten years ago, 
for example, tyrosine phosphorylation was an intriguing 
oddity-a posttranslational modification known to occur in 
virtually all eukaryotic cells and to be regulated by various 
manipulations that alter cell growth or differentiation, but 
with no clear physiological role. From the elucidation of tyro- 
sine kinase pathways emerged a dramatically new view of how 
cells transduce and integrate signaling cascades control- 
ling cellular functions from growth to death (see Chapter 6). 

Today, another dynamic posttranslational modifica- 
tion-the covalent attachment of palmitate or other long- 
chain fatty acids to cysteine residues (Schmidt, 1989; James 
and Olson, 1990)-is coming to be recognized as an impor- 
tant component of signal transduction pathways. Like tyro- 
sine phosphorylation a decade ago, S-palmitoylation today 
is known to occur in all eukaryotic cells and to be regulated 
by a variety of signals that alter cell growth, metabolism, or 
repair (Huang, 1989; James and Olson, 1989; Mouillac et al., 
1992; Hess et al., 1993; Wedegaertner and Bourne, 1994; Rob- 
inson et al., 1995). Recent work has shown that palmitoylation 
is a dynamic process that can alter the targeting of proteins 
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to specific membrane domains (Peitzsch and McLaughlin, 
1993; Silvius and l’Heureux, 1994; Parton and Simons, 1995), 
the activation of signal transduction pathways (Casey, 1995; 
Mill&an et al., 19951, and the transforming activity of some 
oncogenic proteins (Kato et al., 1992). 

Long-chain fatty acylation is one of a growing class of 
lipid modifications of proteins, which includes modifications 
by phospholipids, isoprenoids, and possibly retinoids as well 
(Schmidt, 1989; Casey, 1995). Among these modifications, 
long-chain fatty acylation stands out as the only one with a 
substantial posttranslational component that includes active 
cycles of acylation and deacylation throughout the life-time 
of the protein. Because this dynamic acylation continues 
after proteins have reached vesicles, plasma membrane, and 
other cellular compartments, it is segregated spatially from 
other types of lipid modifications that occur cotransla- 
tionally or during early protein processing in the endoplas- 
mic reticulum and Golgi. 

In the nervous system, active cycles of protein palmito- 
ylation and depalmitoylation occur not only in neuronal cell 
bodies, but also in axon terminals (Skene and Virag, 1989; 
Patterson and Skene, 1994) and myelin membranes 
(Bizzozero et al., 1987; Bizzozero and Good, 1991). The func- 
tional and regulatory roles of this protein palmitoylation are 
only beginning to be resolved, but available evidence already 
suggests that dynamic cycles of palmitoylation play critical 
roles in neural development. Inhibition of ongoing protein 
palmitoylation in axonal growth cones produces a rapid dis- 
ruption of axon elongation, implying a fundamental involve- 
ment of protein palmitoylation either in the constitutive 
machinery for axon extension or in signaling pathways for 
axon guidance (Patterson and Skene, 1994). More recently, 
characterization of the first enzyme involved in dynamic pro- 
tein palmitoylation, an extracellular protein depalmitoylating 
enzyme, revealed that mutations in depalmitoylation may 
be responsible for one form of neuronal ceroid lipofuscinosis, 
a severe neurological disorder characterized by early loss of 
visual function and progressive mental retardation (Camp 
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and Hofmann, 1993; Vesa et al., 1995). Prominent and active 
palmitoylation of key proteins involved in myelin formation 
(Bizzozero et al., 1987; Yoshimura et al., 1987; Pedraza et al., 
1990) and synaptic transmission (Hess et al., 1992; Gundersen 
et al., 1995) suggests that investigation of S-palmitoylation 
and its regulation will provide valuable insights into signal- 
ing mechanisms in the mature nervous system brain as well 
as in development. 

S-palmitoylation refers to the posttranslational linkage 
of long acyl chains to specific cysteine residues on target pro- 
teins through a relatively labile thioester bond. The name 
refers to the thioester linkage and to the observation that the 
modifying acyl chain is usually palmitate, a saturated X-car- 
bon fatty acid. Some other long-chain fatty acids may be able 
to substitute for palmitate when they are available, but because 
palmitate is the most abundant long-chain fatty acid in cells, 
it is likely to be the predominant fatty acid for long-chain S- 
acylation of proteins under most cellular conditions. Although 
other long-chain fatty acids may occasionally substitute for 
palmitate, shorter acyl chains are strongly excluded from this 
reaction. The primary distinction occurs between acyl chain 
lengths of 16 and 14 carbons (Peitzsch and McLaughlin, 1993; 
Silvius and l’Heureux, 1994; Vogt et al., 1994). This chain 
length specificity is one important difference between S- 
palmitoylation and a separate lipid modification, N- 
myristoylation. The 14-carbon saturated fatty acid, myristate, 
is not used for posttranslational S-acylation of cysteine resi- 
dues, but can be attached cotranslationally in a stable amide 
linkage to amino terminal glycine residues of appropriate 
substrate proteins (Grand, 1989; Schmidt, 1989). N-myristoy- 
lation is a critical processing steps for some proteins, but 
unlike S-palmitoylation, N-terminal myristate does not 
undergo active cycles of posttranslational removal and 
replacement of the lipid chain, a key requirement of modifi- 
cation reactions used for dynamic regulation of cellular pro- 
teins. In addition to its biological importance, the existence 
of this N-myristoylation reaction is a practical concern when 
using radiolabeled fatty acids to identify protein substrates 
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for S-palmitoylation, since palmitate may be converted meta- 
bolically to myristate. 

Although a large number of S-palmitoylated proteins 
have now been characterized, remarkably little is understood 
about the enzymes and mechanisms involved in either the 
attachment or removal of palmitate. Only one depalmitoy- 
lating enzyme has been isolated, a secreted palmitoyl-pro- 
tein thioesterase whose endogenous substrates remain 
unknown (Camp and Hofmann, 1993). Despite many attempts, 
no protein palmitoylating enzyme has been isolated. There 
is, furthermore, no clearly defined recognition sequence for 
palmitoylation, as in the case of other lipid modifications 
(Casey, 1995; Milligan et al., 1995). For these reasons, some 
investigators have suggested that incorporation of long-chain 
fatty acids may occur by chemical transfer from the activated 
acyl coenzyme A (Co-A) donor to a receptive thiol group, 
without involvement of a transferring enzyme. Nonenzy- 
matic chemical acylation has been demonstrated to occur in 
vitro (O’Brien et al., 1987; Quesnel and Silvius, 1994). Although 
this matter will not be formally resolved until the purifica- 
tion of a palmitoylating enzyme or demonstration of chemi- 
cal transfer in vivo, several investigators have described 
cell-derived protein-acylating activities (Berger and Schmidt, 
1984; Bizzozero et al., 1987; Yoshimura et al., 1987; Schmidt 
and Burns, 1989) that evince properties not easily reconciled 
with the chemical transfer model. These include specificity 
for chain length of the acyl Co-A donor, sensitivity to heat 
and enzymatic degradation, and preferential acylation of two 
adjacent cysteine residues. Selective acylation of adjacent cys- 
teine residues has been described in two S-palmitoylated pro- 
teins, bovine opsin and GAP-43, and may represent a more 
general trend of dual acylation by the same or different lip- 
ids (Ochinnikov et al., 1988; Liu et al., 1993). Such dual acy- 
lation may prove to be of functional significance, since in 
vitro experiments suggest that acylation at two or more sites 
will tether a protein to a specific membrane, whereas single 
acylation allows rapid exchange between adjacent membranes 
(Shahinian and Silvius, 1995). 
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Protein S-palmitoylation is beginning to emerge as an 
important modification for dynamic regulation of proteins 
in many cells, including developing and adult neurons and 
glial cells. In this chapter, we describe methods for labeling 
and analyzing palmitoylated proteins in neurons, based on 
approaches originally described in the literature, which we 
have adapted over several years. Naturally, readers may wish 
to adapt these procedures, described in detail in the follow- 
ing sections, for their own specific applications. We have there- 
fore included descriptions of some of the problems 
encountered and some theoretical background to facilitate a 
painless transfer of these procedures to different systems. 

2. Reagents and Equipment 

2.1. Sources of Specific Reagents 

Most of the reagents described here are easily available 
from international suppliers, such as Sigma (St. Louis, MO). 
[3H]Palmitic acid is available from a number of suppliers. 
We have routinely used the product of DuPont/New England 
Nuclear (Boston, MA) at a specific activity of 50-60 Ci/mmol, 
which is economically priced when purchased in 25-mCi lots. 
[3H]Palmitoyl-CoA is also available commercially, but is pro- 
hibitively expensive. In Section 4.1.1., we describe a quick 
and cheap method for the synthesis of [3H]palmitoyl-CoA 
from E3H]palmitate. Hydroxylamine+HCl, N-ethylmaleimide, 
and cycloheximide can be obtained from Sigma. Whole tuni- 
camycin and some of its purified homologs are available from 
Boehringer Mannheim (Indianapolis, IN) and Sigma, or the 
homologs can be purified by high-pressure liquid chroma- 
tography as described (Patterson and Skene, 1995). Organic 
solvents should be of the highest available purity and at least 
reagent grade. 

2.2. General Equipment Requirements 

Equipment required for the techniques described in this 
chapter include an aspirator line with catchment bottle (for 
radioactive media), ice buckets, microfuge, centrifugal 
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vacuum desiccator (e.g., Savant Speed-Vat), rotary shaker, 
vortex, bath sonicator, heating block or boiling water bath, 
one- and two-dimensional gel apparatus for the separation 
of proteins, protein electroblotting apparatus, thin layer chro- 
matography tank and plates, autoradiographic film and 
developing facilities, autoradiographic cassettes, and the 
facilities for handling and safely disposing of organic sol- 
vents and of radioactive solids and liquids. 

2.3. Handling of Lipids and Soluents 

A major cause of problems in handling lipids is the use 
of inappropriate containers for storage or transfer. Lipids 
should routinely be kept in clean glass containers, sealed with 
some organic-solvent inert cap, such as PTFE, or with Teflon 
coating. Although the extent of the problem is not clear, 
palmitate will adhere to the polypropylene containers most 
commonly used for labeling reactions, and this problem can 
become severe when working with small amounts or in deter- 
gent-free aqueous solutions. Therefore, when drying down 
fatty acids or lipid extracts for redissolving in aqueous solu- 
tions, glass containers are always preferred. Regardless of 
the type of container, dried fatty acids to be resuspended in 
aqueous media should be sonicated in a bath sonicator for 
10 min after addition of the aqueous buffer to improve recov- 
ery. Organic solvents will usually redissolve dried lipids 
efficiently from polypropylene containers without sonication, 
although it does not hurt to take precautions. It is difficult to 
attain quantitative transfer of volatile solvents with air dis- 
placement pipets, so we recommend the use of positive 
displacement pipets for these solvents whenever possible. 
Never use polystyrene pipets or containers with organic 
solvents. Many problems with handling lipids and organic sol- 
vents arise from contamination with finger grease or deter- 
gents from improperly rinsed glassware. Rinsing glassware 
with ethanol or acetone prior to use and using tubes from 
containers only accessed with gloves can help prevent these 
problems. 
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3. Methodological Considerations 

3.1. Approaches for Measuring Different Aspects 
of the Acylation Cycle 

341 

The most commonly used method for measuring pro- 
tein acylation is the use of a radiolabeled fatty acid tracer 
(e.g., [3H]palmitate), followed by extraction of the proteins 
and analysis by gel electrophoresis and quantitative auto- 
radiography. This is a straightforward technique applicable to 
systems from isolated membranes to tissues in vivo. The most 
substantial limitation is that the incorporation of label into pro- 
teins occurs under nonequilibrium conditions, so that measure- 
ment of the incorporated radiolabel cannot be converted to a 
quantitative estimate of the steady-steady mass or molar ratios 
of fatty acid incorporated into a particular protein. Nonethe- 
less, this is the technique of choice for demonstrating active 
protein palmitoylation in a particular tissue, cell type, or mem- 
brane system, and for identifying palmitoylated proteins. 

Among the problems that can be encountered in using 
i3H]palmitate incorporation to measure protein acylation are 
the initial lag as the fatty acid is converted to its metaboli- 
cally active acyl-coenzyme A derivative, and the sometimes 
rapid and abrupt saturation of labeling. The latter problem 
may result from either depletion of radioactive fatty acid 
or saturation of some intermediate metabolic pool. This satu- 
ration effect can confound the comparison of protein 
palmitoylation observed under different conditions. One 
approach to solving this problem is to compare the time- 
course of palmitate incorporation under conditions in 
which the incorporation of radiolabel into the protein(s) 
of interest is linear. With this approach, both increased and 
decreased incorporation of 13H]palmitate can be reliably 
observed, even at short times occluded by the lag in labeling 
(see, for exam p e, lg. m a 1 F’ 3 * P tt erson and Skene [1995]) or other 
transient effects. 

Another approach to measuring regulation of palmitoy- 
lation is pulse-chase incorporation of 13H]palmitate. This tech- 
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nique has been used successfully to demonstrate receptor- 
regulated deacylation of specific proteins (James and Olson, 
1989; Wedegaertner and Bourne, 1994). In our hands, this 
technique also suffers from problems arising from satura- 
tion when the original labeling is carried out under condi- 
tions optimized for maximum labeling. Like other fatty acids, 
radiolabeled palmitate is rapidly incorporated into a broad 
range of cellular lipids, creating intracellular pools of radio- 
labeled palmitate that may confound quantitative analysis 
of depalmitoylation during a chase period. One solution is 
to use the cell-permeable thiol-modifying agent N-ethyl- 
maleimide to block covalently deacylated cysteine thiols 
(Hess, personal communication) as described in Section 
4.2.1., step 5. 

3.2. Criteria for the Identification 
of Thioester-Linked Long-Chain Acylation 

Lipid modification of proteins extends well beyond the 
incorporation of long-chain fatty acids to cysteine thiol 
groups. Proteins tethered to the extracellular surface by 
glycophosphatidylinositol anchors frequently include palmi- 
tate as their side chains (see Chapter 11). Furthermore, meta- 
bolic conversion of the abundant palmitate to the rare cellular 
fatty acid myristate occurs rapidly, giving rise to overlap- 
ping labeling of palmitoylated and myristoylated proteins. 
Prolonged incubations can even result in labeling of proteins 
through conversion of the [3H]fatty acid to [3H]acetyl-CoA, 
and incorporation of the radioactivity into amino acids. It is 
therefore frequently necessary to demonstrate directly 
whether labeling of proteins after incubation with [3H]palmi- 
tate represents S-palmitoylation or another protein modifi- 
cation This includes determination of the nature of the 
chemical bond linking the labeled lipid to the protein and 
identification of the attached lipid moiety. 

3.2.1. Linkage Analysis 
Fatty acids are known to be attached to proteins through 

both thioesters (to cysteines) and oxyesters (to serines and 
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threonines), and by amides and oxyesters in phospholipids. 
Thioesters are particularly sensitive to nucleophilic attack by 
such agents as hydroxylamine (Schmidt and Lambrecht, 
1985), which under neutral conditions, pH 7.0-8.0, can be 
used as a diagnostic test to distinguish S-palmitoylation of 
cysteine residues from the other forms of lipid attachment. 
Under more basic conditions, pH 10.0-12.0, removal of fatty 
acid is more rapid and quantitative, but oxyesters also 
become susceptible to cleavage. The common way of ana- 
lyzing protein-lipid linkage is to separate 13H]palmitate- 
labeled proteins in two identical samples on two parallel lanes 
of a polyacrylamide gel (see Chapter 3), and then to assess 
the loss of incorporated radiolabel after incubating one of 
the gel lanes in neutral hydroxylamine: 

1. Disassemble the gel apparatus and fix the gel for 30 min 
in 25% (v/v) isopropanol in water at room temperature 
with gentle agitation. Wash the gel in several changes of 
distilled water (210 gel volumes) for 30-60 min (shorter 
times for lower-percentage acrylamide gels). 

2. Divide the lanes and place one in at least 10 gel volumes 
of l.OM hydroxylamine.HCl (Sigma) made to pH 7.0-8.0 
with KOH. Place the second gel piece in an equal volume 
of l.OM Tris-HCl made to pH 7.0-8.0 with KOH. Incu- 
bate at room temperature for 4 h with gentle agitation. 

3. Wash the gel pieces with water as in step 1. 
4. Stain and destain the proteins in the gel, for example, 

0.05% (w/v) Coomassie brilliant blue in isopropanol/ 
H,O/acetic acid 25:65:10 to control for differential load- 
ing of proteins or loss during incubations. 

5. Prepare the gel for autoradiography or fluorography (as 
described in Section 4.1.3., step 15). 

3.2.2. Fatty Acid lcfentification 
Cellular proteins can incorporate a number of different 

fatty acids, generally segregated into short (12-14 carbon acyl 
chains) and long (>16 carbon acyl chains) fatty acylation. 
Techniques exist for the quantitative analysis of endogenous 
fatty acids within cellular proteins, but they are laborious, 
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require specialized equipment, and for many purposes are 
excessive. The analysis of incorporated fatty acid is routinely 
carried out after labeling with radiolabeled myristate or 
palmitate to identify each kind of modification. However, 
since cells are capable of converting each label into the other 
(Olson et al., 1985), formal demonstration that the incorpo- 
rated radioactivity represents in large part the same fatty acid 
as added is required. The techniques for fatty acid analysis 
presume that sufficient radiolabeled protein (about lo-fold 
the amount used for simple [3H]palmitate incorporation into 
protein analysis) can be acquired in a reasonably pure form- 
that is separated from other radiolabeled proteins. Ideally, 
this can be carried out by polyacrylamide gel electrophore- 
sis, although for rare proteins or when the migration posi- 
tion of the protein on a gel is crowded or ambiguous more 
exhaustive purification is called for. 

1. 

2. 

3. 

4. 

5. 

Separate the 13H]palmitate labeled proteins on an appro- 
priate polyacrylamide gel, remove from the apparatus, 
and fix in three changes of 25% (v/v) isopropanol in 
water, with gentle agitation for a total of 3 h. Using pre- 
stained markers or a reversible protein stain to identify 
the migration position of the relevant protein, cut out 
the part of the gel containing the protein. 
Dehydrate the gel fragment with three washes in at least 
10 vol methanol for 60 min to overnight. 
Treat the gel fragment with 10 vol O.lM KOH in metha- 
nol for 4 h at room temperature. 
Transfer the liquid to a separating funnel and extract 
with 1 vol chloroform and 1 vol H,O. Collect the lower 
(organic) phase and re-extract the upper (aqueous) phase 
with an equal volume of chloroform. Pool the organic 
extracts and wash three times with equal volumes of 
chloroform/methanol/H,0 (1:lO:lO). 
Dry the washed organic extract in a Speed-Vat or under 
a nitrogen stream in a glass tube, redissolve in methanol, 
and spot onto C,, reversed-phase TLC plates (Whatman, 
Hillsboro, OR), with methyl-fatty acid standards (satu- 
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rated and unsaturated, C14-C&, Sigma) in a parallel lane 
for comparison. Develop plates twice with acetone/metha- 
nol/H,O (8:2:1), drying thoroughly between the runs. 

6. The migration position of the radioactive fatty acid(s) 
can be identified either by direct autoradiography or by 
spraying the plate with a 10% (w/v) solution of 2,5- 
diphenyl oxazole (PPO) in ether followed by fluorogra- 
phy for lower levels of radioactivity. The thoroughly 
dried plate should be apposed to suitable X-ray film 
(e.g., Kodak X-OMAT AR) preflashed to an optical 
density of’O.1 and exposed at -70°C. Marking the plate 
with fluorescent paint can help to align the fluorogram 
after development. 

7. To visualize the standards, separate the standard lane, 
spray with a 10% (w/v> solution of phosphomolybdic acid 
(Sigma) in ethanol, air-dry, and then briefly heat to =15O”C. 
The standards should turn a dark, dirty green against a 
background that varies from yellow to light green. 

3.3. Measurements of Lipid Radiolabeling 

The metabolic incorporation of radiolabel into proteins 
occurs through the same intermediate used for the synthesis 
of lipids, that is, acyl-CoAs. The fraction of label added to 
intact cells that ends up in protein is very small compared to 
the incorporation into neutral- and phospholipids. Routine 
measurement of lipid-labeling confers several advantages. 
The health and metabolic activity of the biological sample 
can be monitored, since a robust incorporation of radioac- 
tivity into the lipids demonstrates that the cells were capable 
of taking up the fatty acid, converting it to the activated acyl- 
CoA in an ATP-dependent step, and finally incorporating 
the fatty acid into distinct lipid classes. The pattern of lipid- 
labeling can be quite distinctive and, thus, can be used to 
assess the purity of the biological preparation, particularly 
with regard to contamination of cultures by microorganisms. 
Bacteria appear to take up and incorporate L3H]palmitate into 
protein and lipid more efficiently than mammalian cells and 
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can thus give misleading results, even when barely detect- 
able by visual inspection of the cultures. If anomalous pro- 
tein and lipid-labeling patterns appear together, some form 
of contamination is quite likely. 

The relative incorporation of [3H]palmitate into protein 
and lipid appears to vary with the labeling conditions, and 
further with the metabolic state of the cells. It therefore can- 
not be reliably used to normalize results quantitatively between 
experiments. However, quantitation can often provide useful 
information when changes in the incorporation of i3H]palmi- 
tate are observed between samples within an experiment. 
Thus, parallel changes in the level of protein and lipid-label- 
ing more likely indicate variation in sample size or an altera- 
tion in the uptake or metabolism of fatty acid than direct 
alterations in the rate of palmitoylation or depalmitoylation. 

The starting point for the analysis of cellular lipids 
described here is the dried organic extract of the labeling reac- 
tion, as described in Section 4.1.3. (step 10). 

1. 

2. 

3. 

4. 

5. 

Lipid extracts are redissolved in chloroform/methanol 
(4:l) and spotted onto aluminum-backed silica gel 60 TLC 
plates (Art. 5553, EM Science) cut to a height of 10 cm. 
Heat the plates briefly (loo-110°C for 15 min; do not go 
over 115°C); after allowing to cool, develop once with 
butanol/acetic acid/H,0 (5:2:3) in an enclosed pre-equil- 
ibrated TLC tank for 8-9 cm. 
Remove the plates from the TLC tank and allow to air-dry 
in a fume hood. Using a hair drier can expedite this step. 
For samples with low amounts of radioactivity, the plates 
can be permeated with 2,5-diphenyloxazole (PPO) in 
ether for fluorography. Pour an ice-cold 10% (w/v) solu- 
tion of PPO in ether over the tilted plate in the direction 
of chromatography, since some smearing of the neutral 
lipid and fatty acid will occur; then quickly dry with an 
air stream or hair drier. 
Expose the dried TLC plates for 3-10 d at -70°C to X-ray 
film (Kodak X-OMAT AR) preflashed to an optical den- 
sity of 0.1 AU. After development, radiolabeled bands 
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can be quantitated by transmittance optical density and 
identified by reference to labeled or unlabeled lipid stan- 
dards. The latter can be transiently visualized by brief expo- 
sure to iodine vapor in a sealed tank (in the fume hood). 
The phosphomolybdate stain described in Section 3.2.2. can 
also be used, but is not compatible with fluorography. 

The incorporation of [3H]palmitate into material comi- 
grating with phosphatidylcholine is often great enough to 
overwhelm the signal from palmitoyl-CoA. If this is the case, 
aliquots of lipid extract can be enriched for palmitoyl-CoA 
by phase-partitioning prior to step 1. Redissolve the dried 
lipid extracts in 1.1 mL chloroform/methanol/l0 mM Tris, 
pH 7.4 (5:5:1) with brief sonication. Then proceed as described 
in Section 4.1.1., step 4. The upper aqueous phase obtained 
from this procedure will be substantially enriched in pal- 
mitoyl-CoA. This procedure is very sensitive to the quantity 
of lipid and the salt content of the sample and may require 
considerable work to establish reliably on a routine basis. 

3.4. The Use of Protein Synthesis Inhibitors 
and Tunicamycin 

In many instances, it is important to distinguish palmito- 
ylation during the initial processing of a protein from ongo- 
ing cycles of acylation and deacylation that may subserve 
more dynamic roles in the regulation of protein localization 
or activity. Cycloheximide and homologs of tunicamycin may 
be used to distinguish early processing from the late post- 
translational component of S-palmitoylation and to probe the 
functional roles of ongoing palmitoylation in living cells 
(Patterson and Skene, 1994,1995). Cycloheximide inhibits pro- 
tein synthesis and, thus, the cotranslational component of all 
forms of protein acylation, without directly interfering with S- 
palmitoylation. Furthermore, primary neuronal cultures and 
many cell lines can be pretreated with cycloheximide for at least 
an hour before addition of radiolabeled palmitate without 
compromising cell viability or metabolism. This effectively 
isolates the late posttranslational component of palmitoylation 
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and makes it possible to measure addition and turnover of 
palmitate separate from early protein processing. For the spe- 
cial case of proteins in mitochondria, where cotranslational 
palmitoylation may continue in the presence of cyclohexim- 
ide, puromycin or chloramphenicol also may be added. 

Tunicamycin, a well-characterized inhibitor of protein 
glycosylation, also inhibits posttranslational protein palmi- 
toylation and, thus, can be used to probe the function of this 
modification in intact cells (Patterson and Skene, 1994). Because 
tunicamycin produces an acute disruption of ongoing cycles 
of protein palmitoylation, it can be used to investigate the 
functional roles of ongoing cycles of protein palmitoylation. 
Experimental procedures and technical considerations in using 
these agents to investigate protein S-palmitoylation have been 
described in detail elsewhere (Patterson and Skene, 1995). 

4. Incorporation of [3H]Palmitate into Proteins 

The techniques for labeling proteins with [3H]palmitate 
can be loosely divided into two categories based on the form 
of the radiolabel: use of the immediate precursor of S-pal- 
mitoylation, palmitoyl-CoA, or use of palmitic acid and rely- 
ing on metabolic conversion to the active derivative (Table 1). 
Conceptually, this can be compared to the use of 32P-labeled 
ATP or inorganic phosphate, respectively, for the phospho- 
rylation of cellular proteins. In both cases, the energetically 
activated donor of the protein-modifying group is not cell- 
permeable and can be used only in those systems in which 
access to the intracellular compartment is provided, whereas 
the cell-permeable precursor requires energy-dependent 
metabolic activation and is incorporated into multiple cellu- 
lar pools that require separation from the target proteins of 
interest before analysis. 

4.1. S-Palmitoylation with fVf]PaZmitoyl-CoA 

The labeling of subcellular fractions, such as microsomes 
or membranes, either in their native state or solubilized with 
detergent, provides important information about the spatial 
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Table 1 
Comparison of S-Palmitoylation with Palmitate or Palmitoyl-CoA 

Label Addition 
S-palmltoylation 

of GAP-43” 

2 pM [3H]palmltoyl-CoA 100 
2 PM [3Hlpalmitoyl-CoA ATP/CoA 139 f 6 
2 FM PHlpalmitate 8k6 
2 pM [3H]palmitate ATP/CoA 71 t 37 
2 pM [3H]palmitoyl-CoA 200 ~JM palmitate 93 ?I 9 
2 PM [3H]palmitoyl-CoA 200 fl palmitoyl-CoA 7k4 

“Measured with lo-mm mcubatlons with growth cone membranes as described 
m the text and expressed as a percentage (ISD) of labeling with 2 pM palmltoyl- 
CoA with no additions 

segregation of palmitoylating reactions in the cell that may 
reflect the varying functions of the substrates, and can be 
used to analyze factors impinging on the process in a man- 
ner not available in intact cells. Whereas these components 
can be analyzed separately by the use of protein synthesis 
inhibitors (Section 3.4.1, palmitoylation in other fractions, 
such as in the terminals of long neuronal axons or in the deter- 
gent-resistant complexes that may be specialized for signal 
transduction are not as easily distinguished. 

The patterns of palmitoylated proteins in intact cellular 
vesicles labeled with [3H]palmitate and membranes derived 
from these vesicles labeled with [3H]palmitoyl-CoA are 
remarkably similar (Patterson and Skene, 1994). The palmito- 
ylation of endogenous proteins in membrane and membrane- 
derived preparations assumes their copurification with the 
membranes. It is sometimes desirable to use added proteins 
to follow the process, to control their levels, or if the protein 
of interest does not copurify with the membranes in the pro- 
tocol used. Furthermore, addition of a protein that has a free 
cysteine thiol, but does not undergo S-palmitoylation in situ, 
is a useful control for the extent of nonenzymatic palmi- 
toylation under the specific reaction conditions used. Thus, 
we have used deacylated preparations of the protein GAP- 
43 and bovine serum albumin (BSA) in conjunction to opti- 
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mize labeling conditions of the former over the latter. Section 
4.1.2. includes a description of the procedure for chemically 
reducing the thiols to ensure quantitative control over the 
concentration of free protein thiol in the reaction solutions. 

4.1.1. Synthesis of[3H]Palmitoyl-CoA 
1. 

2. 

3. 

4. 

5. 

Dry 100-1000 PCi 13H]palmitate (60 Ci/mmol, DuPont 
NEN) in a glass screw-cap vial (e.g., Kimble Opticlear, 
12 x 35 mm), and redissolve in 100 PL of 0.05% (v/v) 
Triton X-100,1 mM CoA (Boehringer Mannheim, Mann- 
heim, Germany), 5 mM ATP, 5 mM MgCl,, and 10 mM 
Tris, pH 7.5, containing l-10 U/mL long-chain acyl:coen- 
zyme A transferase (Boehringer Mannheim). Vortex gen- 
tly but thoroughly to dissolve the fatty acid while avoiding 
foaming. Add the MgCl, from a 100-1000X stock after 
dissolving the [3HJpalmitate to avoid solubility problems 
with the fatty acid. 
Incubate at 37°C for l-2 h with continuous gentle agita- 
tion or occasional gentle vortexing; try to avoid foam- 
ing. If preferred, the reaction can be monitored by 
removing microliter aliquots, diluting in 1.1 mL chloro- 
form/methanol/water (5:5:1), and separating the phases 
with chloroform and water as described in step 5. Small 
aliquots of the upper (total -0.75 mL) and lower (total 
-1.13 mL) phases can then be transferred, dried in scin- 
tillation vials (important to remove the chloroform that 
quenches the scintillants), mixed with a scintillation 
cocktail, and the radioactivity determined in a scintilla- 
tion counter to calculate the conversion efficiency. 
To quench the reaction, add 1 mL chloroform/metha- 
nol (1:l) and mix thoroughly, preferably with brief 
bath sonication. 
Spin down any precipitated material (5 min in a cooled 
microfuge at maximum speed) and transfer the cleared 
supernatant to a fresh glass vial. 
Add 0.5 mL chloroform and 0.275 mL H,O, vortex for 
-30 s or bath sonicate, and then centrifuge briefly to obtain 
a clean separation of the phases. 
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6. Carefully remove the upper phase, without bringing any 
interface material or lower phase, and transfer to another 
glass vial. Dry this material completely in a Speed-Vat 
(-1-2 h) and redissolve in a small volume of dimethyl 
sulfoxide (DMSO). 

7. Transfer aliquots (2 x 1 pL) to 1.5-mL microfuge tubes 
containing 0.5 mL methanol and serially dilute lo- and 
loo-fold. Place the tubes in scintillation vials, add 10 mL 
scintillant, and determine the radioactivity in a scintil- 
lation counter to calculate the recovery. 

8. A further aliquot (-1 pL) should be diluted in chloro- 
form/methanol for the analysis of composition by TLC 
as described in Section 3.3. 

Recovery of radioactivity in the upper aqueous phase 
should be 70-90%. Analysis by TLC should show 290% radi- 
oactivity comigrating with S-palmitoyl-CoA standard 
(Boehringer Mannheim), and the rest with free palmitic acid 
close to the solvent front. 

An alternative technique for those who do not wish to 
involve themselves in synthesizing label is to use the meta- 
bolic synthesis of [3H]palmitoyl-CoA in the preparation. 
Membranes (and also detergent-solubilized membranes) con- 
tain an endogenous activity that will convert free fatty acids 
to their CoA derivatives in the presence of ATP, CoA, and 
MgCl,. For membranes that do not contain a strong long- 
chain acyl CoA synthetase activity, the purified enzyme can 
be added. We have used this property to synthesize actively 
and continuously [3H]palmitoyl-CoA from L3H]palmitate in 
labeling mixtures by including 5 mM ATP and 1 mA4 CoA in 
the reactions. This method has the advantage of continuously 
replacing the [3H]palmitoyl-CoA that is consumed by lipid 
synthesizing pathways. The disadvantage is that the endog- 
enous palmitate will immediately start competing with added 
radiolabel, rendering the specific activity of the [3H]palmi- 
toyl-CoA unpredictable. Thus, monitoring the level of 
[3H]palmitoyl-CoA in the reaction will not provide informa- 
tion on the chemical concentration of palmitoyl-CoA. In 
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side-by-side comparisons, we have found that either 
[3H]palmitoyl-CoA or [3H]palmitate with ATP and CoA at 
equal concentrations could give more efficient radiolabeling 
of proteins (Table 1). 

4.1.2. Preparation of Reduced Protein Substrates 
for Palmitoylation 

Proteins stored in aqueous solutions can undergo chem- 
ical oxidation of free cysteine thiols, which interferes with 
subsequent quantitation of protein S-palmitoylation. Fortu- 
nately, much of this oxidation is inter- or intraprotein forma- 
tion of cystine bridges (particularly with adjacent cysteines) 
that can be reversed by treatment with an appropriate reduc- 
ing agent, such as dithiothreitol (DTT). 

1. 

2. 

3. 

4. 

Dissolve the protein(s) in a buffered aqueous solution 
suitable for subsequent dilution in the labeling buffer. 
Adjust to 10 mM DTT by addition from a 1M stock 
(which can be stored in aliquots at -20°C) and incubate 
at 55°C for -15 min. 
Centrifuge the tube(s) in a microfuge for 5 min at maxi- 
mum speed. If there is any precipitate, a separate deter- 
mination of actual protein concentration should be made 
(this should not be a problem with freshly prepared pro- 
teins). Transfer supernatant aliquots to the reaction tubes. 
If nonreducing conditions are desired for the labeling 
reaction, proteins should be reduced with DTT in 
advance, dialyzed against several changes of buffer at 
4”C, and can be stored frozen in aliquots. In this case, do 
not reuse tubes after thawing. 

4.1.3. Labeling of Membranes with [3H]Palmitoyl-CoA 
Protein palmitoylating activity appears to remain 

strongly associated with membrane preparations from many 
sources and probably represents an integral membrane 
protein(s). Although different conditions are able to modify 
the efficiency of protein palmitoylation with added radiola- 
bel, overall the membrane-associated activity is robust and 
tolerant to very different conditions. We have observed effi- 
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Table 2 
Solution for Palmitoylation of Membranes 

353 

Component Final Comments 

NaCl 
KC1 
CaCl, 
w3c1, 
HEPES, pH 7.1-7.2 
BSA (fatty acid-free) 
DTT 
[3H]palmitoyl-CoA 

20 mM 
100 mM 

0.1 mM 
ld!4 

20 mM 
20 pg/mL 

1mM 
-0.3 pMd 

From 11X stock” 
From 11X stock 
From 11X stock 
From 11X stock 
From 11X stock 
Freshly reduced with DTTb 
From 1M stock’ 
From 2100X DMSO stock 

“The salts and buffer can be made up as a single 11X stock solution, stable at 
room temperature. 

bAs described in the text for monitoring nonenzymatic acylatlon. 
CAqueous solution aliquoted and stored at -20°C. 
‘Higher concentrations give progressively worse problems with cheml- 

cal labeling 

cient labeling under conditions varying from the most simple 
buffers (2 mM HEPES at pH 7.4) to complex buffers that 
mimic the intracellular environment (see Table 2) or elution 
conditions from ion-exchange columns. 

1. 

2. 

3. 

4. 

5. 

Prepare suspended membranes at a concentration of -1 
mg/mL membrane protein (this can be varied substan- 
tially according to availability or need). 
Add 11X assay buffer (see Table 2). Add the appropriate 
amount of DTT and reduced BSA stock solutions and 
aliquot the mix into screw-cap reaction tubes. 
Add GAP-43 (or other protein) substrate if required. Add 
assay buffer to a final volume of 100 pL, or for time-courses 
(n + 1) x 100 yL, w h ere n is the number of time-points. 
Transfer tubes to 37°C and preincubate lo-15 min to allow 
the temperature to stabilize. 
Initiate labeling by addition of [3H]palmitoyl-CoA (l-10 
@i/l00 PL = 0.25-2.5 w) from a stock solution in DMSO 
and mix immediately. Then return the tube to 37°C. 
Alternatively, L3H]palmitate (l-100 pCi/lOO pL), CoA, 
ATP, and MgCl, can be used as described in Section 4.1 .l. 
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6. 

7. 

8. 

9. 

10. 

11. 

For a time-course, remove an aliquot (100 PL) before 
addition of label, transfer to a tube containing 1 mL chlo- 
roform/methanol (l:l), and add an appropriate amount 
of radiolabel to the quenched sample for the zero time- 
point. Transfer further 100~PL aliquots to individual 
tubes at the desired times and quench with chloroform/ 
methanol (1:l). 
For single time-point experiments, quench the labeling 
by addition of 1 mL chloroform/methanol (1:l) to each 
tube, followed by vortexing. Sonicate the tubes in a bath 
sonicator for 15 min, and then continue the extraction at 
room temperature for at least 30 min. 
If the protein pellet did not break up into a smooth sus- 
pension in step 7, we recommend continuing the extrac- 
tion overnight at -20°C. Precipitation of small amounts 
of protein can be improved by transfer of the tubes to 
-20°C for 30 min to overnight. This is not usually neces- 
sary in the presence of added protein (e.g., BSA), which 
acts as carrier protein. 
Pellet proteins by centrifugation in a microfuge at top 
speed for 5 min at 4°C. To prevent contamination of the 
microfuge by radioactivity, it is important that all mix- 
ing and centrifugation steps with organic solvents be 
carried out with tightly fitting screw-cap tubes with some 
form of seal (e.g., rubber, Teflon, PTFE). 
Transfer IlO-PL aliquots (i.e., one-tenth total volume) of 
the organic supernatants to a parallel set of glass tubes, 
and warm to 37°C for -1 h without caps. Then take to 
dryness in a Speed-Vat. The predrying period is to 
reduce the chloroform that boils over at the low pres- 
sures of the Speed-Vat. Alternatively, ensure that the 
vacuum does not drop below 5 mbar. 
Remove the remaining supernatants from the protein 
pellets, using a gel loading tip to get the final liquid 
from the bottom of the tube. Remember that this 
extract contains most of the added radioactivity and 
that volatile solvents easily form contaminating aero- 
sols and drip from air-displacement pipets. We perform 
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12. 

13. 
14. 

15. 

this step using a low-pressure aspirator with a “hot” col- 
lecting bottle. 
Resuspend the pellets in 0.5 mL chloroform/methanol 
(2:l) and transfer to fresh tubes with a further 0.5 mL 
wash (use positive displacement pipets or aerosol-resis- 
tant pipet tips). Break up the pellets with vortexing and 
sonication as for steps 7 and 8. Centrifuge as for step 9, 
and discard the radioactive supernatant. Repeat the 
organic wash with 1 mL chloroform/methanol (2:l) 
without transferring the pellet to fresh tubes. 
Allow the pellets to air-dry for -30 min. 
Add sample buffer (1% [v/v] SDS, 5 mM EDTA, 10 n-&I 
DTT, 20% [v/v] glycerol, 10 mM Tris-HCl, pH 7.0), and 
heat until the pellet is redissolved. 
Separate the proteins by one- or two-dimensional gel 
electrophoresis as appropriate; stain and destain as 
usual. Prepare the gels for fluorography by incubating 
in APEX (55% [v/v] acetic acid, 15% [v/v] ethanol, 30% 
[v/v] xylenes, 1% [w/v] PPO) for 60 min to overnight, 
followed by at least three lo-min washes in water. Dry 
the gel and appose to preflashed X-ray film at -70°C. 
Good exposures depend on the protein of interest, but as 
a rough guide, they can be obtained within 1 wk to 1 mo. 

4.1.4. Labeling with Solubilized Protein 
Acylating Activity 

As mentioned above, a limiting factor in the analysis of 
protein palmitoylating activities is the presence in mem- 
branes of other metabolic pathways that also use [3H]palmi- 
toyl-CoA as a substrate, predominantly lipid synthetic 
pathways. One approach to dealing with this limitation is 
the separation of the proteins responsible by any number of 
techniques currently available, most of which first require 
solubilization of the proteins. We have previously reported 
(Patterson and Skene, 1994) the solubilization of a protein 
palmitoylating activity from the washed membranes of neu- 
ronal growth cones using the nonionic detergent Lubrol-PX 
(currently available under the tradename Thesit, from 
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Boehringer Mannheim), and a number of other groups have 
also successfully solubilized similar activities with other deter- 
gents. Distinct properties of these crude activities suggest that 
there may be a family of protein palmitoylating enzymes. 

The procedures we have used for protein palmitoylation 
proteins with detergent-solubilized membranes are essen- 
tially the same as for the membranes themselves (Section 
4.1.3.). The labeling reactions are carried out in a volume of 
100 PL at a protein concentration of 1 mg/mL in the solution 
described in Table 2. The concentration of [3H]palmitoyl-CoA 
is the same, as are the time-course, quench, and processing. 
The major difference is that a smaller aliquot of lipid is used 
for the analysis by TLC to prevent overloading of the TLC 
plate owing to the presence of detergent in the organic extract. 
It should be noted that although the presence of detergent 
helps to suppress nonenzymatic labeling of proteins 
(Patterson and Skene, unpublished data), it is worthwhile 
monitoring this process routinely by addition of reduced 
BSA, as described in Section 4.1.2. 

4.2. S-Palmitoylation with [3H]PaLmitate 

Labeling with i3H]palmitate shares the problems assoc- 
iated with the metabolism of [3H]palmitoyl-CoA, but has the 
advantage of not requiring direct access to the intracellular 
compartment. It is thus useful for cultured cells, tissue slices, 
or even tissues in vivo, although moving away from dis- 
persed cells dramatically increases the problems of uptake 
of radiolabel and competition with large endogenous pools 
of palmitate. Furthermore, the extraction procedures for tis- 
sues are more laborious than for cultured cells. 

The procedures for labeling require maintenance of 
the viable cells in a suitable medium with [3H]palmitate. 
Unlike labeling with [3H]palmitoyl-CoA where concentra- 
tions of label greater than low micromolar facilitate nonen- 
zymatic labeling, it is desirable to use high concentrations of 
extracellular fatty acid to compete as efficiently as possible 
with the intracellular pools. The limitations encountered are 
thus physical (the solubility of the fatty acid) or economic. In 



This section describes the procedure for labeling intact, 
cultured cells firmly attached to a substratum, as developed 
for nerve growth factor-differentiated PC12 cells and cul- 
tured adult dorsal root ganglion (DRG) neurons. The 
amounts and volumes described below are for labeling of 
subconfluent PC12 cells or 2 DRG ganglia in a 35-mm dish 
or 6-well plate. 

1. 

2. 

3. 

Make up the physiological incubation medium. This is 
normally the same as culture medium, but without serum 
or other fatty acid binding components. Bicarbonate 
buffering should be used for incubation in a culture incu- 
bator. If incubations are to be carried out without use of 
a humidified incubator, they should be kept short (545 
min) to prevent substantial alterations in osmolarity 
resulting from evaporation. The medium may also include 
cycloheximide at lo-100 pg/mL in order to inhibit 
protein synthesis (Section 3.4.). Incubation medium 
should be pre-equilibrated for temperature and gas con- 
tent, as appropriate. 
Dry down the desired amount of PH]palmitate (plus a little 
extra for pipeting) in a glass tube in a Speed-Vat. Redis- 
solve in DMSO at 1000X the desired final concentration, 
Wash the cells with incubation medium. If the cells have 
been cultured with serum, then at least two washes with 
an equivalent volume are required. If the cells were cul- 
tured serum-free, then in principle the medium need 
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the presence of physiological concentrations of divalent cat- 
ions, fatty acids become insoluble between 10 and 50 pM (the 
exact concentration depends on the composition of the physi- 
ological salt solution). The presence of serum proteins can 
also act as an alternative reservoir for fatty acid that will com- 
pete with the cells or tissue (Patterson and Skene, 1994,1995). 
When encountering failure to label proteins with L3H]palmi- 
tate, solubility problems should immediately be considered 
as a possibility. 

4.2.1. Labeling of Continuous Cell Lines 
and Primary Cultures 
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only be replaced without washing. Take care not to let 
the cells dry out, which dramatically reduces adhesion 
and viability. This is particularly easy to do if the cells 
have been cultured without serum. Return the dishes to 
the incubator for at least 15 min or at least 30 min if cyclo- 
heximide is being used to inhibit protein synthesis. 

4. To initiate labeling, add the desired amount of L3H]palmi- 
tate in DMSO. When operating near the limit of solubil- 
ity, it may be preferable to make up the labeling medium 
separately with sonication in order to ensure good solu- 
bility. If this is not feasible, add the label to the medium 
while swirling, but not so violently that cells are dis- 
lodged. With phase-contrast microscopy, precipitated 
palmitic acid may be clearly seen as a fuzzy contamina- 
tion that tends to float to the medium surface. 

5. If a chase is being performed, remove the medium and 
either wash two times or replace with medium contain- 
ing 0.1% (w/v) fatty acid-free BSA f the relevant stimu- 
lant for chasing. At this stage, N-ethylmaleimide (NEM) 
may also be included in the wash and chase buffer at 
0.1-l mM. If cell adhesion is a problem, the medium may 
simply be replaced with medium containing NEM. Allow 
10 min before adding a chase stimulant. More than 30 
min in the presence of NEM can be highly detrimental 
to cell viability and adhesion. PC12 cells appear to be 
much more sensitive to NEM treatment than primary 
cultures of adult sensory neurons, and quite quickly lose 
adhesion with higher concentrations. 

6. To terminate labeling, transfer the dish(es) to ice and 
wash with ice-cold medium with sufficient EDTA to 
buffer divalent cation& or preferably with PBS/l mM 
EDTA if it causes no cell rupture or loss of cell adhesion. 
If there is loss of cell adhesion, the original incubation 
medium should be transferred to microfuge tubes and 
pelleted (3 min at 1OOOg at 4”C), the medium aspirated, 
and the same tubes used to collect the scraped cells from 
the equivalent wells or dishes (step 7). Furthermore, if 
BSA is used in a chase, ensure that it is absent from the 
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wash medium. Immediately after washing, quench the 
cells by addition of 0.5 mL ice-cold methanol. At this 
point, either process the dishes immediately, as 
described below, or store them at -20 or -80°C until ready 
for processing. 

7. Scrape the cells into the methanol with a rubber police- 
man or a microspatula whose angled end is covered with 
Tygon tubing (or some other inert tubing). Transfer the 
suspension to screw-cap tubes (see step 61, and pool with 
a further 0.5-mL methanol wash of each well or dish. The 
resulting volume is usually -1 mL and can be assumed to 
be -0.75 mL methanol/O.15 mL wash medium. Add 0.75 
mL chloroform to make up the extraction solution of 
chloroform/methanol/water (5:5:1). Mix thoroughly 
with sonication in a bath sonicator for 15 min. 

8. Proceed with the analysis of protein and lipid as described 
in steps 8-15 of Section 4.1.3. 

4.2.2. Labeling of Tissues In Vivo 

Similar techniques to those described in the previous 
section can be used to label proteins in tissue slices and neu- 
rons in vivo (our own unpublished data, and data from Hess 
[1992]). Although there is considerable information available 
about the pharmacokinetics of [3H]palmitate in neuronal sys- 
tems in vivo (Kimes et al., 1983,1985; Tabata et al., 1986; Miller 
et al., 1987; Yamazaki et al., 19891, for labeling of proteins it 
can briefly be summarized as a problem of delivering a suf- 
ficient amount of label to the target region. In vivo, only a 
fraction of injected radiolabeled palmitate ends up in pro- 
tein, resulting in a very low specific activity of the palmitate 
incorporated through S-palmitoylation in a comparatively 
large quantity of protein. There is also a delay in the uptake 
of the radiolabeled fatty acid as it partitions in many physi- 
ological pools, such that longer labeling periods are required. 

For the labeling of neural cells in the living rat retina, 
we (in collaboration with Hess) have injected 2-4 PL vol of a 
saturated solution of 13H]palmitate in DMSO (estimated at 
about 1 mCi) into the aqueous humor of the eye of an 
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anesthetized hooded rat using a Hamilton syringe connected 
through inert tubing to a 2%gage needle inserted 3 mm 
through the sclera anterior to the retina. The volume was cho- 
sen to minimize damage to the neurons through increased 
pressure in the eye, and the solvent to be miscible with the 
intraocular solution (to forestall catastrophic precipitation of 
the fatty acid in the presence of the aqueous humor) and at a 
level nontoxic to neurons. The rats were permitted to recover 
from anesthesia and were sacrificed at 4-24 h after the injec- 
tion. The retinas were dissected out, minced with a razor 
blade, and homogenized in a glass microhomogenizer in chlo- 
roform/methanol/water (5:5:1). Analysis of the protein and 
lipid was then carried out essentially as described in steps 
8-15 of Section 4.1.3. The organic extracts of the homogenized 
retina with chloroform/methanol (2:l) were monitored for 
radioactivity by drying and scintillation counting, and the 
extractions were repeated until the radioactivity extracted 
had leveled off close to background (three to six washes). 
The labeling of retinal proteins could be seen at 4 h and 
peaked after 16 h injection. 

5. Perspectives 

A central characteristic of posttranslational palmitoy- 
lation is the rapid replacement of the fatty acid moieties 
compared to the degradation of the protein(s) to which 
they are attached. It is not known which part of this cycle 
of attachment and removal is under physiological regula- 
tion, or whether the primary functional significance is 
reflected most directly in the rate of acyl chain attachment, 
removal, or the balance between the acylated and deacylated 
forms. However, the most commonly used method for 
measuring palmitoylation is the incorporation of externally 
added radiolabeled palmitic acid, under conditions in 
which isotopic equilibrium has not been achieved. Although 
this is sufficient to demonstrate that the protein(s) in ques- 
tion does indeed incorporate the fatty acid and to proceed 
some distance in analyzing its regulation, it does not per- 
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mit the direct determination of any of these three variables 
required for quantitative analysis of the cycle of palmi- 
toylation in situ. 

Many of the intracellular substrates for palmitoylation 
are known to be involved in signal transduction and the con- 
trol of cytoskeletal and membrane dynamics (Casey, 1995; 
Milligan et al., 1995). The functional implications of palmi- 
toylation of these proteins are still unclear. However, it has 
been observed that palmitoylated proteins are enriched in a 
specialized subcellular membrane fraction known as the 
detergent-insoluble, glycosphingolipid-enriched complex 
(Parton and Simons, 1995, and unpublished data). In many 
cells such domains are enriched in cell-signaling molecules, 
such as heterotrimeric G-proteins and protein-tyrosine 
kinases, and in brain-derived synaptosomes they are enriched 
in protein components of the synaptic membrane fusion 
machinery (Bennet et al., 1992). Thus, palmitoylation may 
serve to concentrate components of signal transduction or 
effector machinery within a small region of the membrane to 
increase the efficiency of their interaction and promote 
directed cellular responses in a manner analogous to the 
phosphorylation-dependent interaction of proteins con- 
taining SH2 domains. 

The implication of this focus on specialized subdomains 
of the membrane is that the tools we are currently using to 
investigate S-palmitoylation may still be too crude to extract 
useful information about the functioning of the cycle in situ. 
Further technical developments will be required before S- 
palmitoylation can be measured with the kind of quantita- 
tive exactitude currently possible with other protein 
modifying pathways. 
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