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Protein myristoylation was investigated in the yeast
secretory pathway. Conditional secretory mutations
were used to accumulate intemediaries in the pathway
between the endoplasmic reticulum and Golgi (sec 18,
20), within the Golgi (sec 7), and between the Golgi
and plasma membrane (sec 1, 3, 4, 5, 6, 8, 9). The
accumulation of vesicles was paralled by the enrich-
ment of a defined subset of proteins modified either via
ester or amide linkages to myristic acid: Myristoylated
proteins of 21, 32, 49, 56, 75, and 136 kDa were
enriched between the endoplasmic reticulum and
Golgi; proteins of 21, 32, 45, 56, 75, 136 kDa were
enriched by blocks within the Golgi; and proteins of
18, 21, 32, 36, 49, 68, and 136 kDa were trapped in a
myristoylated form by blocks between the Golgi and
plasma membrane. This enrichment of myristoylated
proteins was reversed upon returning the cells to the
permissive temperature for secretion. The fatty acid
was linked to the 21-kDa protein via a hydroxylamine-
resistant amide linkage (N-myristoylation) and to the
proteins of 24, 32, 49, 56, 68, 136 kDa via hydroxyl-
amine-labile ester linkage (E-myristoylation). In ad-
dition, myristoylated proteins of 21, 56, and 136 kDa
were glycosylated via amino linkages to asparagine.
This suggests they are exposed to the lumen of the
secretory pathway. Three proteins (24, 32, and 56)
were E-myristoylated in the presence of protein syn-
thesis inhibitors, indicating this modification can occur
posttranslationally. After using cycloheximide to clear
protein passengers from the secretory pathway the
21-, 32-, and 56-kDa proteins continued to accumulate
in a myristoylated form when vesicular transport was
blocked between the Golgi and plasma membrane.
These data suggest that myristoylation occurs on a
component of the secretory machinery rather than on
a passenger protein.

The intracellular transport of vesicles plays an essential
role in subcellular compartmentalization (1). Some of the
biochemical machinery of vesicular transport has recently
been identified using in vitro reconstitutions (2) and genetics
(3, 4). However, little mechanistic detail is known. Results
from two independent systems (viral membrane fusion and in
vitro reconstitutions of vesicular transport) suggest that fatty
acid acylation of proteins plays a role in vesicular transport
and membrane-to-membrane fusion. Specifically, the influ-
enza hemagglutinin protein loses its ability to induce mem-

brane-to-membrane fusion when it is deacylated chemically
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with hydroxylamine or through genetic mutations (5-7). Fur-
ther, Rothman and colleagues (8-10) have shown that acyl-
CoA is required for the in vitro reconstitution of vesicular
transport through the stacks of the Golgi apparatus (8-10). It
has not been known, though, if the fatty acid acylation of
protein is required in situ either for vesicular transport or
membrane-membrane fusion. We have addressed this ques-
tion by examining the fatty acid acylation of proteins during
the formation of transport vesicles in yeast. Saccharomyces
was selected because mutants can be used to conditionally
block different loci in the secretory pathway (11), resulting in
the accumulation and, thus, selective enrichment of specific
populations of vesicles and their proteins.

Three forms of fatty acid modification of proteins have
been previously described: a carboxyl-terminal phosphodies-
ter bond to a phosphatidyl inositol-containing glycan (12); an
amide bond of myristic acid to an amino-terminal glycine (N-
myristoylation) (13); and an ester linkage (14) of palmitic
acid to cysteine or, occasionally, to serine or threonine. While
some forms of palmitoylation have been shown to be reversi-
ble, N-myristoylation is believed to be irreversible and obli-
gatorily cotranslational (15). [Throughout this paper the term
myristoylation is used for all covalent linkages of myristic
acid to protein. This includes both myristic acid amide linked
to amino-terminal glycines (N-myristoylation) and myristic
acid associated with protein via hydroxylamine sensitive link-
ages (E-myristoylation)].

In yeast the palmitoylation of some proteins has been
described (14, 16) and the N-myristoyl transferase has been
characterized, purified (13), cloned, sequenced, and demon-
strated to be essential (17). However, the myristoylation of
yeast proteins has not been fully described. The recent iden-
tification of numerous yeast homologues for mammalian pro-
teins acylated with fatty acids, such as the small G-proteins,
provides further impetus for a description of myristoylation
in yeast. To establish benchmarks by which fatty acid acyla-
tion of the secretory machinery could be studied, this paper
characterizes some of the Basic phenomenology of myristoy-
lation in yeast. (i) Myristic acid can be incorporated into
proteins via either a hydroxylamine-resistant amide bond or
a hydroxylamine-labile ester bond. (ii) E-Myristoylation of
some proteins occurs in the presence of protein synthesis
inhibitors, indicating this form of acylation can occur post-
translationally. (iii) A number of E-myristoylated proteins
are also glycosylated via amino linkages to asparagine. (iv)
Blocking secretory traffic with a conditional, reversible secre-
tion mutant in yeast results in the selective enrichment of a
subset of fatty acylated proteins.

Secretory mutants were used to accumulate intermediaries
between the endoplasmic reticulum and Golgi apparatus
(group I mutants), within the Golgi (group II), and between
the Golgi and plasma membrane (group III). It was found that
different mutations that block secretion at the same locus
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exhibited similar, though not identical, profiles of proteins
bearing covalently bound myristic acid. Specific subsets of
myristic acid-labeled proteins were enriched when secretion
was blocked in group I, group II, and group III secretory
mutants. Even after clearing the secretory pathway with
protein synthesis inhibitors during subsequent accumulation
of vesicles many of these proteins were enriched in a myris-
toylated form. These results suggest that each round of vesic-
ular budding, targeting, and fusion is accompanied by a round
of fatty acid acylation and deacylation of the secretory ma-
chinery.

MATERIALS AND METHODS

Chemicals—Cerulenin was from Calbiochem; endoglycosidase-H,
Trasylol, phenylmethylsulfony! fluoride, and L-1-tosylamido-2-phen-
ylethylchloromethyl ketone were from Boehringer-Mannheim; [*H]
myristic acid, [*H]palmitic acid, and En*Hance were from Du Pont-
New England Nuclear; yeast nitrogen base and Bacto-Peptone were
from Difco. Trizma base and cycloheximide were from Sigma.

Yeast Strains—The wild-type Saccharomyces cerevisge strain X-
2180 1A and the secretory mutants were obtained from the Yeast
Genetic Stock Center, Berkeley, CA.

Growth Media—Yeast were grown in YPD?® (1% yeast extract w/
v, 2% Bacto-Peptone w/v, 2% dextrose w/v) or YPD'® (same, except
with 0.1% w/v dextrose).

Labeling with FPH]Mpyristic Acid—Yeast were incculated into
YPD?*% at a 1:1000 dilution from a stationary stock and grown for
15 h to a density of 2 X 107 cells/m} at 25 °C in a rotary air shaker.
Cells were harvested, and resuspended at a density of 2 X 10® cells/
ml. Cerulenin (10 mg/ml in dimethyl sulfoxide) was added to a final
concentration of 2.5 ug/ml. After 10 min ["H]myristic acid {Du Pont-
New England Nuclear) was added from a stock of 10 mCi/ml EtOH
to a final concentration of 3¢ uCi/ml. Cells were incubated in the
[*H]myristic acid at either 25 or 37 °C in a rotary water bath for 1 h.

Cell Extracts—After 1 h of incubation in [*H]myristic acid 4 ml of
cells were added to 10 ml of ice-cold 10 mm NaN,, and harvested in
a Sorvall SA-6000 at 1500 cpm. The pellet was resuspended in 1 ml
of ice-cold 10 mM sodium azide, harvested with a 30-s spin in a
microcentrifuge (15k rpm) and resuspended in 200 ul of lysis buffer
(10 mM Tris-HCI, pH 7.4, 5 mm EDTA, 150 mM NaCl, 10% glycerol,
1% Triton, 1% sodium deoxycholate, 1% SDS)' with additional
protease inhibitors (1% Trasylol, 1 mM phenylmethylsulfonyl fluo-
ride, 0.1 mg/ml L-1-tosylamido-2-phenylethylchloromethyl ketone).
Approximately 200 gl of glass beads (Thomas Scientific no. 5663
R50), rinsed with lysis buffer, were added and the cells were vortexed
vigorously in the cold rcom for 4 min. The tubes were spun for 10
min in a tabletop microcentrifuge at maximum speed. The superna-
tant was removed and the protein concentration determined with a
Bio-Rad dye binding assay.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis—All
gels were made with gradients of 6-12% acrylamide at pH 3.2.
Samples were resuspended in sample loading buffer, boiled for 3 min,
and 50 ug of protein were loaded per lane. The gels were stained,
destained, prepared for fluorography by soaking in ENHANCE (Du
Pont-New England Nuclear) for 1 h, soaked in 3% glycerol for 30
min, dried, and exposed to preflashed Kodak X-Omat film at —80 °C
for 10-15 days.

Scanning of Gels—All fluorographs were scanned with an LKB
2222020 Ultrascan XL laser densitometer. The data was imported
to an IBM-AT for analysis and plotting.

Characterization of [°H] Myristate—Samples were run on prepara-
tive SDS-PAGE with prestained molecular weight markers at both
ends of the gel. Prior to staining the gels were cut in 3-mm-wide
horizontal strips. A 2-cm vertical column with the molecular weight
standards and part of the sample was left intact and stained, de-
stained, and prepared for fluorography. A 5-mm piece from each
horizontal strip was homogenized and suspended in Aquasol, and the
tritium bands were identified in a liquid scintillation counter. This
identification was later confirmed by comparing the liquid scintilla-
tion counts of the horizontal strips with the fluorograms of the vertical
column from the gel. The protein in the horizontal bands was ex-

! The abbreviations used are: SDS, sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis; HPLC, high performance liquid
chromatography; Endo-H, endonuclease-H.
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tracted and analyzed with reversed phase HPLC for fatty acids as
previously described (18). The strips were homogenized in 1 ml of
0.1% SDS; 0.05 M NHHCO;; 5% (v/v) 2-mercaptoethanol. The
samples were heated at 100 °C for 5 min and then incubated overnight
in 0.2 mg/ml trypsin at 37 °C in a rotary water bath. The trypsin
digested solution was filtered through a 0.22-um millex filter. The
filtered solution was acidified by the addition of 50 gl of 1 M formic
acid. 1 ml of petroleum ether was added, and the solution was vortexed
and then allowed to stand. The petroleum ether was removed. Few
counts partitioned into the organic phase. The aqueous phase was
lyophilized overnight and then resuspended in 83% (v/v) methanol
and 17% (v/v) HCI (final concentration of HCI = 2 M). Each sample
received 10 pl each of 20 mg/ml stocks of myristic acid and palmitic
acid, and it was then heated in a Pierce low vacuum tube at 110 °C
for 60 h at reduced pressure. After the samples cooled to room
temperature the reaction solution was extracted with three 1-m}
washes of petroleum ether. All of the *H counts partitioned in the
organic phase. Samples were evaporated and then resuspended in 250
«l of methanol. Separation and identification of the petroleum ether-
extractable radioactivity were achieved by reversed-phase HPLC
using a 4.6-mm X 250-cm Beckman Ultrosphere ODS column eluted
with 80% (v/v) acetonitrile, 0.1% triflucroacetic acid, 0.02% trieth-
ylamine as the mobile phase at a flow rate of 1 ml/min. 1-ml fractions
were collected and their radioactivities were measured in Hydrofluor
{National Diagnostics, Somerville, NJ). The absorbance elution pro-
file of the methyl ester and free fatty acid internal standards were
used to identify radioactive methanolysis products.

Hydroxylamine Treatment—The myristic acid-protein bonds were
tested for sensitivity to hydroxylamine either by separating the pro-
teins on a gel and then soaking the gel in hydroxylamine or by first
treating the cell extracts with hydroxylamine and then separating the
proteins on a gel.

To pretreat the samples with hydroxylamine, 100 ug of cell extract
protein was added to an equal volume of either 2 M Tris, pH 10, or
freshly made 2 M hydroxylamine, pH 10. After 1 h at room tempera-
ture 100% trichloroacetic acid was added to a final concentration of
10%. The precipitate was washed with 70% EtOH (4 °C). The precip-
itated protein was resuspended in Neville gel-loading buffer to a
concentration of 1 mg/ml. The proteins were run on SDS-PAGE as
described above.

To treat the samples with hydroxylamine after gel electrophoresis,
cell extracts were run in duplicate on SDS-PAGE as described above.
The gel was stained, destained, washed for 10 min in H;0, and then
cut in half to separate the duplicated lanes. One half of the gel was
soaked for 12 h in 1 M hydroxylamine, pH 10, with the other half in
1 M Tris, pH 10. The bathing solutions were replaced three times.

Endoglycosidase-H (Endo-H) Digestion—18 ul of cell extract was
boiled with 2 ul of 10% SDS/0.5 M Tris HC1/0.5 M dithiothreitol for
2 min. After cooling 35 ul of 0.3 M sodium citrate, pH 5.5, 8 ul of
protease inhibitors (20% Trasylol, 20 mM phenylmethylsulfonyl flu-
oride, 4 mM L-1-toxylamido-2-phenylethylchloromethyl ketone) and
3 ul of either 1 unit/ml Endo-H or H,0 were added. The samples
were then incubated at 37 °C for 18 h after which they were resolved
by SDS-PAGE and fluorography.

Secretion Assays—Cells were grown to a density of 2 X 107 cells/
ml in YPD*%%, harvested, and resuspended at a density of 2 x 10°
cells/ml in YPD*'® to induce invertase production. At select times
200 pl samples of cells were added to 1.2 ml of ice-cold 10 mM NaNs.
The cells were harvested and assayed for secreted invertase as de-
scribed by Goldstein and Lampen (19). The harvested cells were
resuspended in 500 ul of ice-cold 0.1 M NaOAc pH 5.3, 10 mM NaN,,
0.1 M sucrose and incubated at 37 °C for 10 min. The tubes were
chilled and 0.5 ml of 0.5 M potassium phosphate buffer, pH 7.0, was
added, and the tubes were then vortexed and boiled. After the tubes
were cooled, the cells were pelleted in a microcentrifuge and 20 gl of
the supernatent was added to 0.5 ml of glucose oxidase/peroxidase/
potassium phosphate buffer, pH 7.0/0-dianisidine/glycerol and in-
cubated at 30 °C for 30 min. The OD was read at 540 nM.

RESULTS

PH] Myristic Labeling in Wild-type and sec 18 Yeast—Wild-
type yeast x-2180 were incubated with [*H]myristic acid and
cerulenin (which inhibits fatty acid biosynthesis, see below),
and the incorporation of the fatty acid into proteins was
examined by SDS-PAGE and fluorography (Fig. 1). [°H]
Myristic acid was incorporated into proteins of apparent
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FiG. 1. Labeling of yeast proteins with [*H]myristic acid at
25 and 37 °C. Wild-type yeast x-2180 or sec 18 were grown overnight
in YPD to a density of 2 X 10" cells/ml. They were harvested and
resuspended to a density of 1 X 10® cells/ml in YPD"'“, [*"H]Myristic
acid (Du Pont-New England Nuclear) was added from a stock of 10
mCi/ml EtOH to a final concentration of 30 xCi/ml, and the cells
were incubated at either 25 or 37 °C. After 60 min of labeling, 3.75
ml of cells were added to 10 ml of ice-cold 10 mM NaNj,, harvested,
washed with ice-cold 10 mM NaN., and resuspended in 200 ul of ice-
cold lysis buffer in 1.5-ml tubes. Extracts of the cellular proteins were
obtained by adding 200 ul of glass-beads and vortexing the cells
vigorously for 4 min in the cold room. The tubes were spun in a
microcentrifuge at 4 °C for 10 min to pellet unbroken cells. The
supernatant was transferred to another tube and a Bio-Rad Coo-
massie Blue assay was used to determine protein concentration. 50
ug of protein was run in each lane of a 6-12% SDS-PAGE gel. The
gels were stained, soaked in EN'HANCE for fluorography, dried, and
exposed to Kodak X-Omat film for 14 days.

molecular mass of 24, 32, 36, 56, 68, 75, 136, and 240 kDa.
Labeling of proteins from wild-type yeast was similar at 25
and 37 °C, with the exception that, at 37 °C, the 136-kDa
band increased and the 240-kDa band decreased.

Yeast secretory mutant sec 18 secretes normally at 25 °C
but at 37 °C accumulates proteins in the endoplasmic reticu-
lum (11). At the permissive temperature for secretion the
pattern of myristoylation of proteins was indistinguishable
from wild-type cells. However, at the restrictive temperature
there were distinct differences in the pattern of protein ac-
ylation: proteins of apparent molecular mass 21, 32, 49, 56,
and 136 kDa were more intensely labeled while those of 36,
68, and 240 kDa were not labeled at all (Fig. 1, right).

Effect of Cerulenin on [*H] Myristic Acid Labeling—Previous
incubations of yeast cells with "H-labeled fatty acids has
resulted in the labeling of a limited number of proteins (14,
16). Cerulenin blocks fatty acid biosynthesis (20) and could
potentially increase the specific activity of the ["H]myristoyl
CoA pool. We found that adding cerulenin increased the
efficiency of incorporation of [*H]palmitic acid or [*H]myris-
tic acid more than 10-fold without affecting which proteins
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were being labeled (data not shown). Thus, with cerulenin,
we could study labeling after a 15-min incubation which is
shorter than the cell cycle (90 min) and short enough to allow
labeling in the presence of protein synthesis inhibitors (see
below).

Effect of Cerulenin on Secretion—Because cerulenin was
being used to increase the radiolabeling of proteins accumu-
lated in secretory mutants it was important to ascertain if it
affects the secretory pathway. Secretion was assayed by mon-
itoring the extracellular activity of the secretory enzyme in-
vertase which was induced by resuspending yeast in low
glucose (0.1%). The presence of cerulenin (Fig. 2, empty
circles) had no detectable effect on the kinetics or magnitude
of invertase induction or secretion ( filled circles, mock-treated
cells).

To test for potential effects of cerulenin on the reversibility
of the secretory mutants, secretion was studied in sec 18. The
cells were induced to secrete invertase, but were kept at the
restrictive temperature for secretion. After 1 h of accumulat-
ing invertase, cycloheximide (200 ug/ml) was added to block
further protein synthesis (this level of cycloheximide blocks
99% of ["S]methionine incorporation into trichloroacetic
acid-precipitable counts, data not shown). The cells were
returned to the permissive temperature for secretion in the
presence or absence of cerulenin. Once again, there was no
difference in the kinetics or the magnitude of the secretion of
the accumulated invertase secretion between the control (Fig.
2, filled triangles) or cerulenin treated (empty triangles) cells.
Therefore, the concentration of cerulenin (2.5 ug/ml) used to
increase the sensitivity of ['H]myristic acid labeling neither
affected the functioning of the secretory pathway (Fig. 2,
circles) nor the reversibility of the secretory mutant (trian-
gles).

Cerulenin blocks growth in yeast in minimal media (21).
However, the cerulenin-induced block of yeast growth is re-
versed by the addition of either 100 ug/ml myristic or palmitic
acid (22). The results presented here demonstrate that ceru-
lenin has no observable short term effects on the secretory
system. Either cerulenin can block secretion only after long
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F1G. 2. Cerulenin does not affect secretion of invertase. cir-
cles, sec 18 were grown overnight in YPD to a density of 2 x 10" cells/
ml. They were harvested and resuspended to a density of 1 x 10°
cells/ml in YPD"'", to induce invertase production and incubated in
a rotary bath at 25 °C. At 15, 30, 60, 90, and 120 min after resuspen-
sion 3.75 ml were harvested, washed, and external invertase was
assayed by measuring the conversion of sucrose to glucose. The
invertase activity was plotted as a function of time after resuspension
in YPD"'" either in the presence (empty symbols) or absence (filled
symbols) of 2.5 ug/ml cerulenin. triangles, after the cells were resus-
pended in YPD"'" to induce invertase production they were kept at
37 °C, the nonpermissive temperature for secretion, in the presence
or absence of 2.5 ug/ml cerulenin. After 1 h they were returned to
25 °C, the permissive temperature. Samples were taken 0, 30, and 60
min after shifting the cells to 25 °C and assayed for invertase activity
as described above. The error bars, shown when larger than the data
symbol, represent the standard deviation of six samples.
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incubations, or exogenous fatty acids in the media’s yeast
extract was sufficient to offset its effects.

Identification of the *H Label—Since cells can metabolize
myristic acid it was important to determine if the tritium
label was still associated with myristic acid. The *H-labeled
bands in the gel were cut out, subjected to acid methanolysis,
and the fatty acids separated by reversed-phase HPLC (18).
Throughout the procedure, none of the counts partitioned
into the aqueous phase, indicating that little of the *H label
had been incorporated into amino acids. The elution profile
of the *H label from the 21- and 32-kDa bands are plotted in
Fig. 3. Approximately 85% of the "H label associated with the
21- and 32-kDa proteins eluted with the myristate or methyl
myristate standards. The remaining 15% of the radiolabel
from both protein bands comigrated with the palmitate or
methyl palmitate standards. Similar results were obtained for
the 24-, 36-, 49-, 56-, and 68-kDa bands (data not shown).

Characterization of Myristate-Protein Bonds—Fatty acid
acylation of proteins occurs via hydroxylamine-labile ester
bonds or hydroxylamine-resistant amino-terminal amide
bonds (23). The fatty acid-protein bond on the 21-kDa protein
was >95% resistant to hydroxylamine treatment at 25 °C,
while at 37 °C it was 50% resistant. Both the shape of the *H
scan and the fluorogram indicate that this increased hydrox-
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21%
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Myristate Methy!
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FiG. 3. *H label is myristic acid. Cells were labeled with [*H]
myristic acid as in Fig. 1. 500 ug of cell extracts was run on preparative
SDS-PAGE. The *H bands were cut out and the protein extracted
from the gel. After digesting the protein with trypsin and acid meth-
anolysis to release the label, none of the counts partitioned into the
aqueous phase. (This suggests that none of the “H label was reincor-
porated into amino acids.) The nonpolar phase was separated on
reversed-phase HPLC (18). The elutant was collected in 80 fractions
which were counted for tritium. Superimposed on the tritium profiles
are the locations of the absorbance peaks for the palmitic acid,
methyl-palmitate, myristic acid, and methyl-myristate standards
which were run with the samples. The upper tracing shows the *H
profile for the hydroxylamine-resistant 21-kDa band, while the lower
tracing is the hydroxylamine-sensitive 32-kDa band. With both sam-
ples 85% of the tritium label migrated with methyl myristate or
myristic acid.
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ylamine sensitivity at 37 °C is due to the induction of a second
protein of slightly slower mobility (greater apparent molecular
weight). In many of these 6-12% gradient gels it was difficult
to distinguish the bands we refer to as 21 and 24 kDa at 37 °C.
When the [*H]myristoylated form of the 21-kDa band is
enriched at the restrictive temperature it sometimes obscures
the 24-kDa band. When the samples harvested at 25 and
37 °C are run side-by-side the two bands can be distinguished
as seen in Fig. 1 and 3. The 32-, 36-, 49-, 56-, 68-, 136-, and
240-kDa proteins were linked to fatty acid via hydroxylamine
labile bonds (Fig. 4, A-C). Indistinguishable results were
obtained when samples were run in parallel lanes on a gel,

25C 37C Temperature
- + - + Hydroxylamine
a A B C D Lane
—— <136
B
<49
- <36
- Rl <32
<18

@iee
@i 9e

- N -
52 88 8883 ]
x x xx ==

55 o5 583 5

FIG. 4. Sensitivity of the [*’H]lmyristic acid-protein bonds to
hydroxylamine. sec 18 were labeled as in Fig. 1 with [*H]myristic
acid at 25 °C, the permissive temperature for secretion, and 37 °C,
the restrictive temperature for secretion. Cell extracts were incubated
either with 1 M Tris or 1 M hydroxylamine, pH 10, for 1 h at room
temperature. The samples were precipitated with 10% trichloroacetic
acid, resuspended in gel loading buffer, and the proteins separated on
SDS-PAGE and prepared for fluorography as in Fig. 1. a, fluorogram
of [*H]myristoylated proteins from sec 18 cell extracts grown at 25 °C
(lanes A and B) or 37 °C (lanes C and D). Prior to running the
proteins on the gel the samples in lanes A and C were soaked in 1 M
Tris and the samples in lanes B and D were incubated in 1 M
hydroxylamine, pH 10. Scans of the fluorogram of gels of sec 18. b,
scans of proteins labeled at the permissive temperature from lanes A
and B. The scans of the Tris-HCl-treated lanes are plotted as dashed
lines, and the hydroxylamine treated lanes are plotted as solid lines.
¢, scans of proteins at the restrictive temperature from lanes C and
D. The scans of the Tris-HCl-treated lanes are plotted as dashed
lines and the hydroxylamine-treated lanes are plotted as solid lines.
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and then half of the gel was incubated in hydroxylamine for
10 h.

Some of the Acylated Proteins are N-Glycosylated—If a
protein is N-linked glycosylated then it must at least partially
face the lumen of the secretory pathway (24, 25). To further
characterize the [*H]myristoylated bands the cell extracts
from sec 18 were digested with endoglycosidase H, which
specifically cleaves off sugar groups N-linked to asparagines
(Fig. 5). Endo-H digestion resulted in the complete shift in
molecular mass of the 21-, 56-, and 136-kDa proteins indicat-
ing that they must, at least partially, face the lumen of the
secretory pathway.

Myristoylation of Yeast Secretory Mutants—The tempera-
ture-sensitive mutations used in this work can be divided into
three groups based on where they block within the secretory
pathway. Group I mutants block between the endoplasmic
reticulum and the Golgi (sec 18, 20). Group II block within
the Golgi (sec 7), and group III block secretion between the
Golgi and the plasma membrane (sec 1, 3, 4, 5, 6, 8, 9). The
data is depicted in Fig. 6, a and b, and summarized in Table
I. Briefly, blocking the transport at any point in the secretory
pathway resulted in an increased myristoylation of a 21-kDa
band. The fatty acid linkage to this band at the permissive
temperature is hydroxylamine-resistant, suggesting that it is
bound via an amide linkage (IN-myristoylation). The in-
creased labeling obtained at the nonpermissive temperature
is hydroxylamine-sensitive, suggesting that it is bound via an
ester bond (E-myristoylation). The profile of myristic acid
labeling depended on the location of the secretory block. For
example, blocking secretion in group I mutants (sec 18, 20)
resulted in the additional enrichment of myristoylated pro-
teins of apparent molecular mass of 32, 49, 56, and 136 kDa
(Fig. 6, a and b, and Table I). The myristic acid protein bond
was hydroxylamine labile in all four cases, suggesting an ester
linkage (Table I). The 36- and 68-kDa bands seen in the wild-
type and in the mutants at the permissive temperature were
no longer [*H]myristate labeled (Fig. 6, a and b, and Table I).
When transport was blocked within the Golgi using a group

sec 18
37.C

25C

Temperature
Endo-H

<136

<68
<56
<49
<36

<32

24
21

FiG. 5. Some of the myristoylated proteins are N-linked
glycosylated. Effects of Endo-H digestion on total cell extracts from
sec 18. Cell extracts were made, as described in Fig. 1, from sec 18
cells labeled with [*H]muyristic acid at 25 and 37 °C. The extracts
were incubated 18 h at 37 °C in citrate buffer either with 1 ul of
ddH,0 (—=) or 1 ul of Endo-H, 1 unit/ml (+) and then subjected to
SDS-PAGE and fluorography.
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II mutant sec 7 there was an increased [*H]myristate labeling
of 21-, 32-, 56-, and 136-kDa bands as seen with group I
mutants. However, there was no change in the labeling of a
36-kDa band (which decreased in group I). There was also a
decreased labeling of a 24-kDa band (which did not change in
group I) and an increased labeling of a 45-kDa band (which
was not labeled in group I) (Fig. 6, a and b, and Table I).
Similar data were obtained using sec 14 which also blocks
within the Golgi (data not shown).

Transport is blocked between the Golgi and the plasma
membrane in group III mutants. The proteins labeled with
[*H]myristic acid in these mutants at the permissive and
restrictive temperature are shown for sec 1, 3, 4, 5, 6, 8, and 9
(Fig. 6, a and b). There was increased labeling of a 21-kDa
band at the restrictive temperature in all the mutants (as seen
with group I and II mutants). The labeling of a 36-kDa band
was also substantially increased. This band was not labeled
at the restrictive temperature in group I and did not change
in group II mutants. In group III mutants there was a con-
sistent decrease in labeling of the 56-kDa band whose labeling
increased both in group I and II mutants (except sec 1). A 68-
kDa band was more strongly labeled when transport was
blocked after the Golgi. This band was not labeled in yeast
with secretion blocks prior to the Golgi and its labeling was
slightly increased when secretion was blocked within the
Golgi. The labeling of the 136-kDa band increased substan-
tially in all secretion mutants. However, it was also increased
slightly when wild-type yeast were shifted to 37 °C.

Differences in Acylation Patterns within Each Group of
Secretory Mutants—All secretory mutants within a single
group did not yield identical patterns of myristoylation.
Blocks in group III (between the Golgi and plasma membrane)
resulted in an increased acylation of a 32-kDa band in sec 1
and 6 and had no effect on myristoylation in sec 3, 4, 8 and 9
(Fig. 6). Likewise, sec 1 and sec 6 yielded an increased [*H]
myristic acid labeling of a 24-kDa band at the restrictive
temperature. Yet secretory blocks in sec 3, 5, 8, and 9 (post-
Golgi), as well as sec 7 (within the Golgi), and sec 20 (before
the Golgi) all decreased the labeling of the 24-kDa band.
Several other small differences can be seen in Fig. 6. For
example, in sec 4 a protein of approximately 43 kDa is acylated
at the restrictive temperature but is not labeled in any other
mutant.

Ten sec mutants have been identified that all block traffic
between the Golgi and the plasma membrane. Some differ-
ences between the mutations have already been reported.
While all block at 37 °C, some do so within minutes of the
temperature shift, others take hours to do so. After returning
the temperature to 25 °C, some of the mutants secrete all the
proteins that accumulated during the block while others se-
crete only newly synthesized proteins. The small differences
in protein acylation observed within group III mutants do not
necessarily correlate with the phenotypic differences such as
reversibility but they do further characterize these mutants.

Chase of [PH]Myristic Acid Labeling after Reversing Block
of the Secretory Pathway—Blocking secretory traffic results
in a significant change in the profile of [*H]myristoylated
proteins (Fig. 6). It is possible that these changes are the
result of indirect effects of the secretory block. We therefore
compared the time course with which sec 18 at the restrictive
temperature reverses its profile of protein myristoylation to
the wild-type profile with the time course of reversal of the
secretory phenotype. sec 18 was labeled with [*H]myristic acid
at 37 °C for 50 min (Fig. 7). Protein synthesis was subse-
quently inhibited with 200 ug/ml cycloheximide, and the cells
were washed with an excess of cold myristic acid. After 10
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a

sec mutant wt 18 20 T 1 3 4 S 6 8 9 sec mutant
temperature | 25 37 25 37|25 37 25 37 25 37|25 37|25 37|25 37|25 37|25 37|25 37| temperature

136 136

68 68

56 56

49 49

36 36

32 32

24 24

21 21

18 18

FIG. 6. a, [*H]myristic acid labeling of proteins in yeast secretory mutants. The yeast secretory mutants were
grown overnight at the permissive temperature, 25 °C, in YPD to a density of 2 X 107, then harvested and
resuspended at a density of 1 X 10% in YPD®'%, Four ul of 10 mg/ml cerulenin in dimethyl sulfoxide was added to
each 15-ml culture (final concentration, 2.7 ug/ml). After 10 min [*H]myristic acid (Du Pont-New England
Nuclear) was added from a stock of 10 mCi/ml EtOH to a final concentration of 30 xCi/ml, and the cells were
incubated in a rotary water bath at either 25 °C (the permissive temperature for secretion) or 37 °C (the restrictive
temperature for secretion). After 60 min the cells were harvested and prepared for SDS-PAGE and fluorography
as described in Fig. 1. b, scans of the fluorograms of [*H]myristic acid labeling of the secretory mutants. Scans of
the fluorograms in Fig. 6a for sec 1, 7, 8, and 18 are shown for the permissive temperature (solid line) and the
restrictive temperature (dashed line).
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TaBLE I
Effect of secretory block on [*H]myristoylated proteins
Each of the [*H]myristic acid-labeled bands is characterized by (i) apparent molecular weight (kDa), (ii) whether
the intensity of label increases or decreases during secretory block, (iii) whether the band is sensitive or resistant
to digestion by Endo-H, (iv} whether the myristic acid-protein bond is hydroxylamine sensitive, (v) whether the
[*H]myristic acid labeling is blocked in presence of cycloheximide (S) or continues in its presence (R). The band

21a has a slightly faster mobility than the 21b band.

Group [ Group II Group 111
M,
l{:lg)%lg::ll‘;. Endo-H Hydroxyl Cyclohex I;:Eeglglcll‘: Ii‘xz:lg)%lg::l]? Endo-H Hydroxyl Cyclohex
14 Increase
18 Decrease R® S Decrease Increase R
21a Decrease R R R No change R R S
21b Increase S S S Increase Increase R S R
24 No change S Decrease No change R S S
32 Increase R S Increase Increase S S R
33 Increase
36 Decrease R No change Increase R S S
45 Increase
49 Increase R S Increase S
56 Increase S S Increase Decrease R
60 Decrease
68 Decrease R No change Increase
75 Increase Increase
136 Increase S S Increase Increase S S S
“ R, resistant; S, sensitive.
by keeping sec 18 cells at the restrictive temperature. After
I 40 min, 200 ug/ml of cycloheximide (which inhibits 99% of
'g protein synthesis within 3 min) was added. After an additional
g o 10 min, [*H]myristic acid was added for a 10-min incubation.
| In the absence of cycloheximide four major bands were labeled
2 with [*H]myristic acid during the 10-min incubation: 21, 32,
2| ° 2‘$m 56, and 136 kDa (Fig. 8a). The proteins at 32 and 56 kDa
=, . D were labeled with [*H]myristic acid to a similar extent in the

0.0

o o = % ®
Minutes after shift to 26C

Fi1G. 7. Protein acylation pattern reverses when cells are
shifted from the restrictive to permissive temperature. Cells
were labeled with [*H]myristic acid for 50 min at 37 °C as described
in Fig. 1, and then 200 pg/ml of cycloheximide was added. After an
additional 10 min (¢ = 60) half the cells were put at 25 °C and half
were kept at 37 °C. At t = 60 (just before the temperature shift), ¢t =
70 (10 minutes after), ¢t = 20, and ¢ = 60 aliquots of cells were taken.
Cell extracts were made of each sample and the proteins were sepa-
rated on SDS-PAGE and prepared for fluorography as described in
Fig. 1. The [*H]myristic acid labeling of the 21-kDa (open circle), 32-
kDa (closed circle), and 36-kDa (¢triangle) proteins are shown.

min (¢ = 60 min) half the cells were put at 25 °C and samples
were taken at 0, 10, 20, and 60 min after the temperature
shift. Fluorograms of the gels of the cell extracts show that at
37 °C there was little change in the pattern of myristoylation
(data not shown). However, at 25° C there was a rapid de-
crease of the 21-, 32-, (Fig. 7), and 56-kDa (data not shown)
bands which specifically accumulate with secretory block.
Simultaneously, bands appeared at 36 (Fig. 7) and 68 kDa
(data not shown), both of which are seen in the wild-type
phenotype. The band at 36-kDa only appeared transiently
with a peak between 10 and 20 min. The time course of
reversal of the profile of myristoylation to the wild-type
phenotype correlates well with the time course of reversal of
the sec phenotype in sec 18 (Fig. 2, triangles).
E-Myristoylation Can Occur Posttranslationally—To test if
myristoylation in yeast could occur in the absence of protein
synthesis, but while the secretory system was still carrying
proteins, newly synthesized proteins were accumulated in the
endoplasmic reticulum, or early post-endoplasmic reticulum,

presence of cycloheximide. Cycloheximide reduced the label-
ing of the protein at 21 kDa to 40% of the control and blocked
the labeling of the 136-kDa protein (Fig. 8a). At 25 °C 100%
of the 21-kDa protein is hydroxylamine insensitive. At 37 °C
there is an increase of labeling which is hydroxylamine-
sensitive, and thus presumably on a different site or different
protein. The cycloheximide insensitive label that is observed
at 37 °C is apparently on this same hydroxylamine-sensitive
component.

The extent of labeling of the 32 and 56 kDa in the presence
of cycloheximide implies either that the myristoylated pro-
teins were hypoacylated, or that they can become hyperac-
ylated, or that the protein-myristic acid linkage can turn over
relatively rapidly. The decreased labeling of the 21- and 136-
kDa proteins in the presence of cycloheximide could either
indicate that their half-lives are shorter than the 10-min chase
period or, alternatively, that they can only be labeled cotrans-
lationally.

Effect of Cycloheximide on Vesicular Transport—We next
attempted to distinguish whether the [*H]myristic acid-la-
beled proteins were passengers in the secretory pathway or
whether they constituted part of the secretory machinery. If
the secretory pathway could be cleared of passenger proteins
and if vesicular transport could be maintained, we could
accumulate vesicles enriched in trafficking machinery. We
first assayed how long it took to clear proteins from the
secretory pathway during incubation with the protein synthe-
sis inhibitor cycloheximide. Yeast were induced to produce
and secrete invertase by incubation in a media of reduced
(0.1%) dextrose (Fig. 8b). At various time points yeast were
harvested and assayed for extracellular invertase activity (Fig.
8, solid boxes). When cycloheximide was added 30 min after
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FIG. 8. g, effect of cycloheximide on [*H]myristic acid labeling of
proteins accumulated in secretory pathway. sec 18 was kept at 37 °C,
the restrictive temperature for secretion, while newly synthesized
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the induction of invertase the appearance of invertase on the
cell surface stopped in less than 5 min (Fig. 85, empty circles).
When cycloheximide was added during the maximal rate of
invertase production (40 min after induction) it still took less
than 5 min to clear the secretory pathway of all invertase
(Fig. 8b, empty triangles). Similar results were found when
yeast were assayed for phosphatase secretion (data not
shown).

In the presence of cycloheximide the secretory pathway is
cleared of passenger proteins within 5 min. However, under
these conditions, transport of vesicles, devoid of their con-
tents, continues. If a group III mutant is incubated at the
restrictive temperature vesicles start accumulating in the bud
until they fill the entire cell. This accumulation of vesicles is
unaffected by 200 ug/ml cycloheximide.? Thus, by incubating
cells in cycloheximide prior to placement at the restrictive
temperature it should be possible to accumulate vesicles that
are empty, or significantly depleted, of passenger proteins.

Effect of Cycloheximide on. [PH] Myristic Acid Labeling—The
secretory pathway of a group III mutant (sec 1) was emptied
of constituents by blocking protein synthesis with cyclohexi-
mide for 10 min. Next the cells were incubated at the restric-
tive temperature (to accumulate vesicles) for 15 min in the
presence of [*H]myristic acid and cycloheximide. The labeling
was limited to 15 min because of concern about the cytotox-
icity of prolonged incubation with cycloheximide. Cyclohexi-
mide blocked the enrichment of four acylated proteins (ap-
proximate molecular masses of 24, 36, 68, and 136 kDa) during
vesicular accumulation (Fig. 8c). This does not distinguish
whether these four proteins are passengers in the secretory
pathway or whether they are part of the secretory machinery.
However, enrichment of four myristoylated proteins (appar-
ent molecular masses of 21, 32, 49, and 56 kDa) was either
not affected, or only marginally reduced, by cycloheximide.
These are not likely to be newly synthesized protein passen-
gers in the secretory pathway and thus are candidates for
components of the secretory machinery.

DISCUSSION

In recent years an increasing number of proteins have been
recognized to have covalent bonds to fatty acids. Three dif-
ferent bonds between fatty acids and proteins have been
described. One is an ester or thioester bond to palmitic acid
which is synthesized posttranslationally (26, 27). A second is
an amide linkage by myristic acid to an amino-terminal
glycine which apparently occurs cotranslationally (26, 28). A

28. M. Simon, manuscript in preparation.

proteins accumulated between the endoplasmic reticulum and the
Golgi. After 40 min cycloheximide (200 pg/ml) was added to one half
of the cells. After 10 additional min [*H]myristic acid was added to
both samples for a 10-min incubation. Cell extracts were made and
run on SDS-PAGE and prepared for fluorography as described in
Fig. 1. b, effect of cycloheximide on movement of proteins through
secretory pathway. Yeast were grown overnight in YPD®* to suppress
all invertase production. After resuspension in YPD*'% (1 X 10° cells/
ml) to induce invertase production, the cells were incubated in a
rotary bath at 25 °C. After 30 (empty circle) or 40 (empty triangle)
min cycloheximide (0.2 mg/ml) was added to cells. At various time
points 0.2 ml of cells were added to 1.3 ml of ice-cold 10 mM sodium
azide. These were harvested and assayed for invertase activity. The
error bars, shown when larger than the data symbol, represent the
standard deviation of four samples. ¢, effect of cycloheximide on [*H]
myristic acid labeling of sec 1. Cycloheximide (200 ug/ml) was added
to sec 1 at a density of 2 X 107 cells/ml in YPD for 10 min at 25 °C.
Next the cells were incubated at 37 °C for 15 min in the presence of
[*H]myristic acid and cycloheximide. The cells were then harvested
and prepared for SDS-PAGE and fluorography as described in Fig.
1. d, effect of cycloheximide on [*H]myristic acid labeling of sec 18.
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third type of bond links the carboxyl-terminal of the protein
to a phosphatidyl inositol containing glycan (12).

The results presented in this paper indicate that myristoy-
lation of most yeast proteins resembles ester-linked acylation
which is usually associated with palmitoylation: the myristate
bonds are cleaved by hydroxylamine, suggesting they form an
ester link (Fig. 4, a and b), and a number of the proteins can
be myristoylated in the presence of protein synthesis inhibi-
tors (Fig. 8, a and c¢). The similarity between palmitoylation
and the myristoylation observed here is not the result of
elongation of myristic acid (14 carbons) to palmitic acid since
the *H label associated with each protein was shown to be
myristic acid. However, it is possible that the “palmitoyl
transferases” are promiscuous and, in the absence of palmi-
tate, use myristic acid. This is supported by the observation
that [*H]palmitic acid can label some proteins whose mobility
on SDS-PAGE is similar to those labeled with [*H]myristic
acid (data not shown). However, until these proteins are
purified it cannot be determined which fatty acid is bound to
the protein in situ,

Three ways have been suggested by which acylation can
play a role in intracellular protein targeting. One, that acyla-
tion increases the hydrophobicity of proteins thereby anchor-
ing them directly to membranes (29-31) or via a receptor for
myristoylated proteins (32). Two, the addition of a glyco-
phospholipid membrane anchor acts as an apical targeting
signal for secretory proteins in polarized epithelial cells (39).
Three, fatty acid acylation may be involved with vesicular
trafficking or fusion since acetyl-CoA is needed in the in vitro
reconstitution of vesicular traffic in the Golgi (8).

The findings presented here suggest that fatty acid acyla-
tion of proteins has a role in in situ vesicular budding, target-
ing, and fusion: (i) when transport through the secretory
pathway is blocked so that vesicles accumulate, there is a
buildup of proteins labeled with [*H]fatty acid; (ii) reversal of
the block reverses the accumulation; and (iii) acylation of
proteins continues as long as there is vesicular movement and
is independent of whether there are protein passengers in the
vesicles.

Intermediary organelles were accumulated using yeast mu-
tants that block at different steps in the secretory pathway.
Enriching these intermediaries resulted in increased [*Hlfatty
acylated labeling of selected proteins. Different mutants that
block at the same step and therefore accumulate the same
intermediaries of secretory machinery and passengers had
very similar patterns of myristoylation. For example, all group
IIT (post-Golgi) mutants accumulated 36-, 68-, and 136-kDa
myristoylated protein bands. The 36- and 68-kDa bands were
not labeled when transport was blocked in group I (prior to
the Golgi) or in group II (within the Golgi). A complete
summary of these results is shown in Fig. 6 and Table 1.

Similar results have been previously reported for incubation
in the presence of [*H]palmitic acid (14). When transport is
blocked pre-Golgi (sec 18) a highly acylated protein is ob-
served at 32 kDa and when transport is blocked post-Golgi
(sec 1) a highly acylated band is observed at 36 kDa. It was
suggested that the palmitoylation was on a 32-kDa protein
whose molecular mass increased to 36 kDa after glycosylation
in the Golgi (14). The 36-kDa protein described in our study
is Endo-H-resistant suggesting that it is not glycosylated.
However, an important question is whether the labeling oc-
curs on machinery of the secretory pathway or on protein
passengers en route to other destinations. To distinguish
between these possibilities group III mutants were incubated
in cycloheximide to block protein synthesis then shifted to
the restrictive temperature in the continued presence of cy-
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cloheximide to accumulate secretory vesicles. There is signif-
icant [*H]lmyristic acid labeling of the 21-, 32-, 49-, and 56-
kDa (Fig. 8a) proteins even though the secretory pathway was
substantially depleted or empty of secretory proteins. The
continued accumulation of the labeled form of the 21-, 32-,
and 49-kDa bands in the presence of cycloheximide suggests
they are not passengers in the secretory system, but compo-
nents of the vesicular machinery. In contrast, when vesicles
were accumulated in the absence of cycloheximide three ad-
ditional bands at 24, 36, and 68 kDa increased their labeling
with [*H]myristic acid suggesting that they may be secretory
proteins. Returning the cells to the permissive temperature
reverses the secretion block and returns the [*H)myristic acid
labeling to the wild-type phenotype. These results suggest
that some of the [*H]myristic acid labeling occurs on the
proteins involved in the functioning of the secretory pathway.
One possible explanation is that some protein components
are acylated with a fatty acid during vesicular budding and
then deacylated during vesicular targeting and fusion. If the
block is prior to the deacylation step intermediaries are ac-
cumulated which are enriched in fatty-acylated vesicular pro-
teins.

Rothman and colleagues (8) have demonstrated that acyl-
CoA is needed to reconstitute the in vitro transport of vesicles
from cis to medial Golgi. The work presented here is consistent
with this observation and suggests that the fatty acid acyla-
tion of proteins also plays a role in the in situ intracellular
transport of vesicles. There are at least two potential func-
tions for acylation in the cycle of vesicular budding, targeting,
and fusion which would require a round of fatty acid acylation
and deacylation. Acylation may allow the transient attach-
ment of trafficking machinery to the vesicle or may be nec-
essary to prime the machinery to allow membrane-to-mem-
brane fusion.

Membrane localization of a number of proteins is affected
by fatty acid acylation (33). A number of small, 21-24 kDa,
GTP-binding ras-like molecules which are involved in the
secretory pathway, such as rab3A (34), YPT1 (35), and SEC4
(36), cycle between cytosolic and membrane-bound forms.
Some have been shown to be acylated (16). Bourne (37) has
suggested that binding of GTP to these small proteins may
be involved in attaching these molecules to vesicles and that
hydrolysis of GTP, upon vesicular targeting, would dissociate
these molecules. In line with the observations of Rothman
and colleagues (8), fatty acid acylation could transiently as-
sociate these proteins with a budding vesicle. Upon targeting,
these proteins could be deacylated and returned to the cyto-
solic pool. One obvious advantage to a soluble targeting mech-
anism over an integral membrane protein is that it would
preclude having to retrieve the address molecule from the
plane of the target membrane once the vesicle fuses.

For some proteins myristoylation alone is necessary but not
sufficient for membrane localization. Evidence exists for a
specific membrane-receptor for myristoylated p60*° (32, 38).
Vesicles may also have specific receptors for myristoylated
proteins which are involved in targeting and transport. The
specificity of targeting will be determined by the transient
attachment of the proper myristoylated protein to the vesicle’s
receptor. This vesicular protein could be a generic addressing
molecule receptor. After it became part of the target mem-
brane it could be used for targeting vesicles to a subsequent
step in the secretory pathway upon attachment of a new
targeting molecule.

Alternatively, fatty acylation may be necessary to prime
components of the fusion machinery. Acylation of some viral
fusion proteins is necessary for their fusagenic ability. For
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instance, hydroxylamine treatment of influenza viruses de-
creases hemagglutinin-mediated fusion (5, 6). Further, dele-
tion of any of the three potential acylation sites severely
inhibits, or abolishes, the ability of influenza virus hemagglu-
tinin to induce membrane fusion (7). Thus, acylation of a
fusion component of the vesicular trafficking machinery may
be necessary to allow vesicular-target membrane interaction
or fusion in a mechanism analogous to the influenza virus
fusion. Either during or after fusion this complex would be
deacylated of its fatty acid.
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