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Transient Palmitoylation Supports H-Ras Membrane Binding but Only Partial
Biological Activity'
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ABSTRACT. H-Ras is >95% membrane-bound when modified by farnesyl and palmitate, <%
membrane-bound if only farnesyl is present, implying that palmitate provides major support for membrane
interaction. However the direct contribution of palmitate to H-Ras membrane interaction or the extent of
its cooperation with farnesyl is unknown, because in the native protein the isoprenoid must be present
before palmitate can be attached. To examine if palmitates can maintain H-Ras membrane association
despite multiple cycles of turnover, a nonfarnesylated H-Ras(Cys186Ser) was constructed, with an
N-terminal palmitoylation signal, derived from the GAP-43 protein. Although 40% of the GAP43:Ras-
(61Leu,186Ser) protein (G43:Ras61L) partitioned with membranes, the chimera had less than 10% of the
transforming activity of fully lipidated H-Ras(61Leu) in NIH 3T3 cells. Poor focus formation was not
due to incorrect targeting or gross structural changes, because G43:Ras61L localized specifically to plasma
membranes and triggered differentiation of PC12 cells as potently as native H-Ras61L. Proteolytic digestion
indicated that in G43:Ras61L both the N-terminal and the two remaining C-terminal cysteines of G43:
Ras61L were palmitoylated. A mutant lacking all three C-terminal Cys residues had decreased membrane
binding and differentiating activity. Therefore, even with correct targeting and palmitates at the C-terminus,
G43:Ras61L was only partially active. These results indicate that although farnesyl and palmitate share
responsibility for H-Ras membrane binding, each lipid also has distinct functions. Farnesyl may be important
for signaling, especially transformation, while palmitates may provide potentially dynamic regulation of
membrane binding.

Membrane binding of H-Ras is accomplished through a this event. The role of palmitate in membrane association
series of posttranslational modifications to its carboxy of H-Ras is not well-defined because the prerequisite of
terminus: covalent attachment of the C15 isoprenoid farnesyl farnesylation has forced existing models to be built largely
(1—4), proteolytic removal of the three C-terminal residues, from mutants which lack this lipid. When modified by both
methylation of the farnesylated cysteine, and palmitoylation farnesyl and palmitate, H-Ras &s95% membrane bound
of two nearby cysteines. The two types of lipid modifications and fully active; with farnesyl as the only lipids10% of
differ significantly in the stability of their attachment. the H-Ras is attached to membranes, and biological activity
Farnesyl becomes attached permanently to H-Ras at Cys186s severely compromisedl{—14). This shows that the
(2). Palmitate can be added to H-Ras at two sites, Cys181farnesyl group by itself can support only a minimal amount
and Cys1843, 5, but, in contrast to farnesyl, is attached of H-Ras membrane association and implies that palmitates
reversibly, undergoing cycles of removal and addition with are needed for full plasma membrane interaction. However,
a half-time of =2 h 6, 7). because such mutants show decreases in both membrane

Membrane binding of H-Ras has received a great deal of interaction and function, these results cannot answer whether
attention because it is a property that is critical for its ability palmitate or farnesyl make distinct contributions or share
to function in intracellular signalingdt-10). However, the responsibility for both events.
individual contributions of farnesyl and palmitate or the  An additional difficulty for studies of palmitoylation is
extent of their cooperation in membrane attachment has nofthe chemical lability of the palmitoyicysteine thioester
been clarified. Farnesylation occurs first, and initiates |inkage 6), which has prevented a direct assessment of the
membrane localization, and thus is in temporal control of stsichiometry of H-Ras palmitoylation. Although H-Ras has
two cysteines that can be palmitoylated, it is still not known
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We therefore sought ways to clarify to what extent Multiple Cloning Region, and the three components (vector,
transiently attached palmitates can, by themselves, maintainoligonucleotide, and H-Ras) were joined by ligatidi)
H-Ras interactions with membranes, and whether H-Ras The presence of the correct nucleotide sequence in the final
needs both palmitates and a permanently attached farnesytlones selected was confirmed by DNA sequencing. Poly-
to achieve a biologically functional level of association. merase chain reaction (PCR) was then used to creatgyG43

A nonfarnesylated mutant of H-Ras (ExtRas) that is 61L, a new chimeric gene identical to the first with the
palmitoylated at the original C-terminal sites has previously exception that methionine 1 of H-Ras was deleted (Figure
been designed1@). ExtRas has six lysines added to its 1). The original G4361L constructs were used as templates
C-terminus, that are designed to initiate membrane interactionfor the reaction, and primers were designed to encode the

via ionic forces and subsequently enable the protein to befirst 11 codons of GAP-43, and codons-2 of H-Ras as
palmitoylated. Approximately 40% of ExtRas binds to Well as aBanHl restriction site at each end. The chimeric

membranes, and the protein has transforming activity equiva-
lent to H-Ras6lL with the native lipid modifications.
Surprisingly, in both cellular and activated 61Leu forms,

protein which lacked all three C-terminal cysteines, 43
61L(3Se), was constructed by PCR using the G#3L
DNA as template and a mutagenic oligonucleotide for the

ExtRas causes an unusual and exaggerated differentiatios end of the DNA. The protein in which the N-terminal

of PC12 cells 16), and the effector protein, phosphatidyli-
nositol 3-kinase, binds ExtRas(61Leu) roughly 6-fold more
effectively than H-Ras 61L with the full native lipid
modifications (M.A.B. and J.E.B., manuscript in preparation).
This combination of C-terminal palmitates and lysines thus
appears to alter signaling in addition to supporting membrane
association.

Therefore, a palmitoylated H-Ras protein with a C-
terminus that was unaltered, except for the lack of a farnesyl,

cysteines were replaced by serines, @BL(C3,4S, was
constructed in a similar fashion by PCR, using @83L
DNA as template and a mutagenic oligonucleotide for the
5" end of the DNA.

Focus Formation AssayThe G43:Ras61L genes were
excised byBanHI digestion and cloned into the mammalian
retrovirus expression vector pZIP-neoSV(x)1 for use in NIH
3T3 cell transfection assays. DNA suitable for mammalian
cell transfections was prepared using a Qiagen tip-100

was desired, to maintain as nearly as possible the conformac0olumn (Qiagen). NIH 3T3 mouse fibroblasts were plated

tion and interactions of this domain. For this purpose, a
chimeric Ras protein was created, by fusing a leader
sequence, derived from the GAP-43 protellv)( to the
amino terminus of H-Ras(Cys186Ser). GAP-43, also known
as B-50 or neuromodulin, is palmitoylated at its amino
terminus, on Cys3 and Cys4§, 19. Attachment of the

at a density of 5x 1P cells per 60 mm dish and transfected
the following day with 0.110ug of the appropriate plasmid
DNA using calcium phosphate-mediated transfecti®®).(
Cells were treated with trypsin the following day and divided
equally into four dishes: three for focus analysis and one
for G418 selection. Cells on focus plates were grown in

N-terminal 11 residues of GAP-43 has been shown to enablePMEM + 10% calf serum; those on G418 selection plates

a soluble protein to become palmitoylated and membrane-
bound (7, 18, 20. Importantly, palmitoylation of GAP-43

is a dynamic modification, with a turnover rate of the GAP-
43 palmitates that is similar to those of H-Rds)(

In G43:Ras61L both the introduced N-terminal and the
retained, native C-terminal cysteines appeared to be palmi-
toylated. This provided an opportunity to examine membrane
binding and biological activity of a G43:Ras61L protein with
a C-terminus whose only change was a specific lack of
isoprenoid. The results indicate that, in the setting of the
intact cell, dynamic acylation of both N- and C-terminii can
support significant H-Ras membrane binding and one type
of biological activity (differentiation). However, a second
type of biological outcome, transformation, appeared to be
particularly sensitive to the absence of farnesyl and the
palmitate-dependent balance of membrane binding.

MATERIALS AND METHODS

Construction of Chimeric G43:Ras61L Genébe DNA
for a protein termed G431L was constructed first, using
a small oligonucleotide designed to encode the first 11 amino
acids of neuronal growth cone protein GAP-43, and the first
5 amino acids of H-Ras. The human H-Ras gene, from the
HindlIl site at codon 5 through the' 3ioncoding region,

were grown in DMEM+ 10% calf serumt+ 400 ug/mL
G418 (Genetecin, Gibco-BRL). Foci were counted at ap-
proximately 2 weeks, and the number of foci per microgram
of DNA and the number of foci per 1000 G418 colonies
calculated.

Soft Agar AssayNIH 3T3 cells stably expressing chimeric
or control proteins were seeded at a density of diigle
cells per 60 mm dish in a soft agar overlay of 0.4% Bacto-
agar (Difco) in DMEM+ 10% calf serum on top of a feeder
layer of 0.6% Bacto-agar in the same medium. Cells were
photographed after 2 weeks. The G418-selected v-H-Ras-
expressing positive control NIH 3T3 cells were kindly
provided by B. Willumsen, Copenhageiyj.

COS-1 and PC12 Cell Transfectioniposome-mediated
transfection was performed using Lipofectamine (Gibco-
BRL). COS-1 cells were seeded at approximately 50%
confluence 1 day prior to transfection, and then treated with
100 ng of the chimeric or control gene in a pcDNA3 vector.
PC12 cells were obtained as a kind gift from Dr. J. H. P.
Skene, Duke University, and were seeded at approximately
25% confluence 1 day prior to transfection and then treated
with 1—3 ug of the chimeric or control gene in a pcDNA3
vector, using Lipofectaminelg).

Immunofluorescenc€0S-1 cells that expressed chimeric
or control proteins were plated at low density on serum-

containing a Cys186Ser mutation (to prevent prenylation of coated coverslips in 6-well culture dishes. Following fixation
Ras) and an activating GIn61Leu mutation (61L) was excised with 2% paraformaldehyde, cells were treated with 5%
from a donor vector by simultaneous digestion wimdll| nonimmune rabbit serum to block nonspecific antibody
andBanH]I restriction endonucleases. The pcDNA3 vector interactions and 0.02% saponin to permeabilize the cells.
(InVitrogen) was digested at the uniqgBanHl site in the Cells were then treated with a 1:20 dilution of Y13-172 rat
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monoclonal antibody specific to H-Ras followed by a 1:50  N-terminus of G431¢ constructs

dilution of FITC-conjugated rabbit anti-rat secondary anti- GAP-43 |, TRas

body (Cappel/Organon-Teknicon), both diluted in blocking Met-Val-Cys-Cys-Met -Arg-Arg-Thr-Lys-Gln-Val-Thr-Glu-Tyr. .
solution, mounted in DABC®@glycerol solution to prevent GATCCR CCRIG CGIG TGC TCT ATG AGA ACR ACC ARA CRG GTT ACA GAA TAC A
fading, and viewed by confocal immunofluorescence mi- C-terminus of G431061L(3Sen) a4 156

croscopy. PC12 cells expressing chimeric or control protein -Asp-Glu-Ser-Gly-Ser-Met-Ser-Ser-Lys-Ser-Val-Leu-Ser (stop)

were treated similarly, except that the blocking solution used Ficure 1: N- and C-terminal amino acids and oligonucleotides
contained 0.4% bovine serum albumin, 3% horse serum, andused to construct G4¢g1L and G43,61L(3Se) chimeras. GAP-

contained 0.05% Triton X-100 and 0.05% Tween-20 instead 43 amino acids +11 (underlined) are fused to H-Ras amino acids
of saponin as permeabilization agent§)( 2—189. The two N-terminal cysteine residues available for palmi-

. . - toylation are italicized. In the C-terminus of G481L(3Se), the
Fractionation. Subcellular fractions were prepared by three serines which replace the C-terminal cysteines that are
hypotonic lysis followed by ultracentrifugation at 100@00  normally lipidated are also italicized.

as previously described28). Repeated suspension and ] ) )
resedimenting of the P-100 fractions with hypotonic buffer antibody 3E4-146 mouse anti-H-Ras, followed by Vectastain
showed that G43:Ras protein remained associated with theSécondary antibody, alkaline phosphatasezyme complex,
membranes. For salt treatment of the membranes, the P-10@nd Vectastain substrate (Vector Labs).
fraction was resuspended for 30 min on ice in hypotonic ~ Proteolytic Cleaage.The protocol was modified from one
lysis buffer to which NaCl was added to achieve a concen- Published previouslys). COS-1 cells expressing H-Ras61L
tration of 0.5 M. Separated fractions were treated with 4 OF G4361L were labeled with 3H]palmitic acid and
volumes of acetone at<€ and precipitated proteins collected |mmunopreC|'p|tates formed as described ab'ove. The samples
by centrifugation for analysis of total proteins; otherwise, Were loaded into the wells of a 24% acrylamide SIFRAGE
fractions were reconstituted in “high-SDS RIPA buffer” to g€l and overlaid with 0.1, 1.0, or 10g of endoprotease
final concentrations of 0.5% SDS, 1% NP-40, 1% sodium Glu-C (Staphylococcus aureusirain V8; Sigma) dissolved
deoxycholate, 150 mM sodium chloride, 1% (v/v) Aprotinin N & nonreducing electrophoresis sample buffer (same as
(Calbiochem) for immunoprecipitation. For testing detergent 8Pove except only 50 mM DTT and remercaptoethanol).
releasability of proteins from the P-100 membrane fraction, Electrophoresis was started and continued until the sample
the supernatant (S108 S1) was set aside, and the pellet dye just entered the s_eparatlng gel; then the current_ was
from the 100009 spin was resuspended in 900 of TESV stop_ped and proteolysis allowed to proceed fpr 30 min at
(50 mM Tris, pH 7.5, 2 mM EDTA, 100 mM NaCl, 1 mM ambient temperature. Electrophoresis was continued in o.rder
orthovanadate, g/mL leupeptin, 1 mM pepstatin, 1 mM to resolye the resulting fragments on the 24% acrylamide
Pefabloc) and 10QuL of 10% NP-40 was added. The Separating gel; then proteins were transferred to a PVDF
suspension was centrifuged at 169G0r 15 min and the meml?rane and labeled proteins detected by fluorography as
NP-40 extract (S2) removed. The pellet (P) was resuspendeciescribed above.
in 100uL of electrophoresis sample buffer. The S1 and S2 RESULTS
supernatants were treated with 10 mL of ice-cold acetone
for 1 h and centrifuged at 3000 rpm for 30 min, and the  Construction and Expression of G43:Ras61L Chimeras
precipitated proteins were dissolved in 100D of electro- A number of nonfarnesylated chimeric H-Ras proteins with
phoresis sample buffer. an alternative lipid modification (myristoylation) or trans-
Radiolabeling and Immunoprecipitatiots418-selected  membrane domain have been studiéd, (14, 23, 25 but
NIH 3T3 cells or lipofectamine-transfected COS-1 cells in each of these chimeric proteins the surrogate membrane
expressing chimeric or control H-Ras proteins were labeled targeting motif has been, like the farnesyl group, a permanent
4 h with [FH]palmitic acid (Dupont-NEN) at 1 mCi/mL and part of the H-Ras structure. To create an H-Ras in which
50 ug/mL cyclohexmide, or overnight with SHijmevalono- palmitates were the only lipids and means of membrane
lactone (American Radiolabeled Chemicals) at 200/mL, attachment, a chimeric G43:Ras61L gene was designed,
in the presence of 100M compactin to inhibit mevalonate  using the amino-terminal sequence of GAP-43 as a palmi-
biosynthesis Z4). After the labeling period, subcellular toylation signal. The first 11 codons of GAP-43 were
fractions were prepared as described above, or cells wereattached as a leader to codons1B9 of an activated H-Ras-
lysed directly in high-SDS RIPA buffer. Immunoprecipitation (61Leu/Cys186Ser) in which the 186Ser mutation prevented
was performed with 3E4-146 mouse anti-H-Ras monoclonal attachment of farnesyl (Figure 1). This protein in effect only
antibody (Quality Biotech). All samples were resolved by lengthened the amino terminus of H-Ras by 10 residues, and
SDS-PAGE and transferred to a PVDF membrane and, aswas therefore termed G#4B1L. Immunoblots of cells
needed, sprayed with Bdance (DuPont/NEN) for fluoro-  transfected with the G4g&1L construct showed the 22 kDa
graphy or developed with antibody for Western blot analysis. band expected for the fusion protein (see Figure 3A). Another
Immunoblotting.Proteins collected by centrifugation or DNA containing the 11 codons of GAP-43 attached to the
immunoprecipitation were resuspended in electrophoresisfull-length 189 codons of H-Ras, termed G.L, was also
sample buffer (2% SDS, 10 mM sodium phosphate, pH 7.0, constructed. However, when the G43LL chimera was
10% glycerol, 5%5-mercaptoethanol, 100 mM DTT, 0.01% expressed in NIH 3T3 cells, although 70% of the protein
bromophenol blue). After separation by SBBAGE, pro- was the size expected for the chimer&80% of the protein
teins were transferred electrophoretically to a PVDF mem- appeared to lack the GAP-43 leader sequence as a result of
brane, and nonspecific protein binding was blocked by occasional initiation of translation at the retained Metl of
incubating the membrane overnight in 2.5% nonfat dry milk H-Ras, producing a 21 kDa protein that was found only in
in Tris-buffered saline. Membranes were probed with primary cytosolic fractions and, as previously shown for H-Ras186Ser
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A P-100 fractions. The immunoblot showed that approximately
.](}43361L 60% of the chimeric protein was soluble and 40% was
present in the P-100 fraction. Because #id]palmitate was
m% I(J}SS-mL present in the S100 fraction, the 60% of the protein that was
= ' cytosolic therefore was not palmitoylated. The palmitates that
S P S P were present in the membrane-bound fraction of {813

underwent turnover, with a half-life similar to the palmitates

Mock G43:61L present in native H-Ras (data not shown).

B A B C A B C Cells expressing G4&1L or v-H-Ras were also incubated
n_, with [®H]mevalonolactone, a precursor of isoprenoids, to
— - - verify that the 186Ser mutation of the chimera actually
15 prevented prenylation. G41L did not incorporate label,
12— == 33 = & although the v-H-Ras protein was successfully labeled under

G43-61L HRas61L the same conditions (data not shown).

FIGURE 2. (A) G431061L is palmitoylated. COS-1 cells were _ G43:Ras6lL Is Palmitoylated at both Its N- and C-

transfected with either an empty pcDNA3 vector or the vector Terminii. G4361L retains the two C-terminal cysteines at

encoding G4g61L, and 48 h later were labeledrfé h with [?H]- positions 181 and 184 which are the natural sites of
palTi'gic_ acig ?Lr(;c(i) I();s)e?, a?d soluble, S-100 é{SL %nd mertnbra”e' palmitoylation in H-Ras. Thus, it was possible that palmi-
containing, P- , fractions were prepared. H-Ras protein was ; -

isolated bgy immunoprecipitation and r?asoﬁved by Sngfor toylation of the cysteines fro_m_ the GAP-43 quder ar_1d
fluorographic exposure (exposure time 30 days; top panel). The subsequent membrane association of the N-terminus might
membrane used to expose the film was then developed with H-Ras-allow juxtaposition of the C-terminus to the membrane and

specific antibody (bottom panel). Antibody light chains from the permit the native C-terminal sites to become acylated. To

immunoprecipitate are indicated as LC. Néi[palmitate-labeled explore this possibility, N- and C-terminafH]Jpalmitate-

protein was observed in cells transfected with vector only, indicating ) .
that the band observed in the upper panel is a result of the introducedIabeled peptides derived from GA81L and H-Ras6lL

plasmid rather than endogenous H-Ras protein. (B) Proteolytic Proteins were compared: The peptidc_as were generated by
digestion indicates that G41L is palmitoylated at its carboxy  treatment of immunoprecipitated proteins with endoprotease

terminus. COS-1 cells expressing H-Ras61L or (58BL proteins Glu-C (Staphylococcus aureu¥8 endoprotease), which
were labeled with3H]palmitate fa 4 h and H-Ras proteins isolated cleaves exposed polypeptide bonds at the carboxy-terminal

by immunoprecipitation. The samples were loaded in the wells of _. . . ) .
a 24% SDS-polyacrylamide gel and overlaid with Oug (lanes side of glutamic acid residues. As previously demonstrated

A), 1 ug (lanes B), or 1Qug (lanes C) ofStaphylococcus aureus for v-H-Ras 26), protease—treated H-Ras61L contained three
V8 endoprotease and processed as described under Materials angeptides that were labeled b$H]palmitate, with apparent

Methods. Protein fragments were transferred to a PVDF membranempglecular masses of 21, 15, and 14 kDa (Figure 2B). The
Sg:jm?t);ﬁ’gj'ggeﬁg(;'mggggg graeyﬁi d'?ﬂglteefj‘_‘lar weights of tfie]){ 21 kDa band was the full-length H-Ras61L, and decreased
in amount in the lanes containing more protease. The 14 and
proteins, was not palmitoylated (data not shown). This 15 kDa bands corresponded to digestion products which
characteristic of H-Ras fusion proteins had been observedcontained the (palmitoylated) carboxy terminus of the
previously for other chimeric H-Ras protein23]. The H-Ras61L protein, and the amounts of these peptides
chimeric forms of these two proteins exhibited similar increased with increasing amounts of protease. Previous
biochemical (C-terminal palmitoylation) and biological be- experiments using®{S]cysteine-labeled v-H-Ras protes) (
havior (poor NIH 3T3 cell focus formation and good PC12 had shown that this procedure also ygehl7 kDa fragment
cell differentiation), and results given here apply to both that contains the (nonpalmitoylated) amino-terminal region
G43pand G43, forms. Two additional chimeric DNAs were  of the H-Ras protein. NoH-labeled 7 kDa band was
also constructed. One, G481L(3Se), had codons 181, 184, detected, because the amino terminus of H-Ras61L is not
and 186 for all three of the C-terminal cysteines replaced modified by palmitate. However, the absence &f]f
with nucleotides encoding serine residues, and was designegbalmitate-derived label in this fragment indicated tt¥&d]{
to produce a G43:Ras61L protein that had palmitates only palmitate had not been metabolized and reincorporated as
at the N-terminus and lacked all C-terminal cysteines and amino acids. Furthermore, the labeling of the proteins had
their lipids (see Figure 1). The other, G&3LL(C3,49, been done in the presence of cycloheximide, which allowed
replaced the N-terminal cysteines with serines, but retainedincorporation of radiolabel only into those proteins which

the GAP-43 leader. The C-terminus of the G#3L(C3,- had been synthesized previously. The protein-attached ra-

49 protein had the 186Ser mutation to prevent farnesylation, diolabel thus remained as lipid.

but preserved the cysteines at positions 181 and 184. In the case of G4361L, four distinct palmitoylated
G43:Ras61L Is Palmitoylated but Not Prenylatebo polypeptides appeared, with apparent molecular masses of

determine directly if the chimeric protein possessed the 22, 21, 15, and 14 kDa (Figure 2B). The 22 kDa band
desired palmitate modification, COS-1 cells expressing corresponded to the full-length G481L protein, and was
G43,61L were labeled with 3H]palmitic acid, and the  abundant in the lane containing the least amount of protease.
chimeric Ras protein was isolated by immunoprecipitation. In the lane containing intermediate amounts of protease,
Figure 2A shows that the protein did incorporate palmitate, this band was replaced by &éH]palmitate-labeled 21 kDa
and that 100% of the palmitoylated protein partitioned into band, corresponding to the apparent molecular mass of a
the P-100 fraction. After fluorographic exposure, the mem- H-Ras61L protein with an intact carboxy terminus but lack-
brane was developed with H-Ras-specific antibody to ingthe N-terminal GAP-43 leader. Because there are no Glu
determine the distribution of chimera between S-100 and residues in the GAP-43 leader, the leader was presumably
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removed by cleavage at one of the several Glu residues A
(positions 3, 31, 37) in the H-Ras amino terminus, generating G43 —
a palmitoylated, N-terminal fragment too small to be retained

on the gel. The 14 and 15 kD&{]palmitate-labeled bands 6IL — =
from G4361L had precisely the same mobility as their S PSP SP SP
counterparts in the H-Ras61L sample, and also increased in 61L G43: G43: G43:
intensity with increasing amounts of protease, suggesting that 61L 61L3S C3,48
the same C-terminal cysteines were modified. The same

pattern of fragments was also generated from the; (548 B vy 'll | i""
e

proteins (data not shown). AlthougfH]palmitate labeling G43 — ol
of the N-terminal GAP-43 leader was not detectable by this e
technique, the presence of palmitate(s) at these cysteines was
inferred by the retention of membrane binding when the S1 S2 P S1S2 P
C-terminal cysteines were replaced by serines (see Figure Mock  G43:61L
3A). The presence of palmitate at the N-terminus was also
implied by the loss of membrane binding and activity of C
another mutant, G4&1L(C3,43, which lacked the cysteines 1
at positions 3 and 4 (see below). These data suggested that
the chimeric G43:Ras61L protein was palmitoylated at
cysteines in both N- and C-terminal domains.

Association of G43:RAS61L with Membran€ke ability
of the (possibly four) palmitates present in the chimeric
G4361L protein to support membrane binding of the
cytosolic H-Ras(186Ser) protein was examined in more
detail. The chimeric G4361L protein was found to be
approximately 60% in the S-100 fraction and 40% in the
P-100 in COS-1 cells (data not shown); a similar proportion
of membrane-bound G4®1L was also observed in trans-
fected PC12 cells (Figure 3A). This percentage of membrane
binding is similar to that seen with a GAP48-galactosidase
fusion protein 17), which was found to be-50% membrane-
bound. As expected, the native lipidated form of H-Ras61L
was entirely particulate. The GAP-43 leader sequence has
three basic residues in addition to the sites for palmitoylation.
These residues appeared to play only a minor role in the
maintenance of membrane binding of G#3L, as washing
the membranes of the P-100 fraction with 0.5 M NaCl to
release protein bound through ionic interactions did not
release any appreciable amount of the chimeric protein (data
not shown). In addition, the G4%1L(C3,43 protein, which
had these_basic re_sidues but which could not_ be palmitoylatedFlGURE 3. (A) G43,61L associates with membranes. Subcellular
at the amino terminus, was90% soluble (Figure 3A). membrane-containing (P) and soluble (S) fractions were prepared

If the population of protein molecules observed in the from PC12 cells transfected withuly of pcDNAS vectors encoding
P-100 fraction partitioned there by virtue of the lipophilic HRas61L [61L], GA361L, GA43,61L(3Se) [GA43:61L3S], or

character of the chimeric protein, then the protein should be $4361L(Cys3,4,S6r [G43:C3,4S]. Proteins were resolved by

. . e SDS-PAGE and H-Ras proteins detected by immunoblotting. (B)
released into solution upon solubilization of the membranes G43,61L can be released from the P-100 membrane-containing

by the detergent Nonidet P-40 (NP-40). Figure 3B shows fraction by NP-40. Subcellular fractions were prepared from NIH
the result of resuspending the P-100 (10@pPpéllet) fraction 3T3 cells that were untransfected or expressing g43. The
in 1% NP-40 and separating the detergent-insoluble materialcytosol (S1) was removed, the membrane-containing fraction was

3 ; : ; treated with NP-40, and the released NP-40 soluble proteins (S2)
from the detergent-soluble portion by centrifugation. The were separated from the NP-40 insoluble proteins (P). Proteins were

precursor of endogenous H-Ras was present in the solubleseparated by SDSPAGE and detected by immunoblotting. In

(S1) fraction, while mature endogenous H-Ras was found mock-transfected cells, the lipid-modified and trimmed endogenous
entirely in the NP-40-soluble fraction (S2) that was released H-Ras protein appears only in the detergent-solubilized, S2 fraction
from membranes. G4g51L was found in all three fractions, (asterisk) while the unmodified precursor of the endogenous H-Ras

: : AN . protein appears only in the soluble fraction (arrowhead); /643
including the NP-40 insoluble fraction. As had been found ;" (arrow) appears in all three fractions. (C) GAL is targeted

in COS-1 and PC12 cells, in NIH 3T3 cells GIBLL was  specifically to plasma membranes. Serial sections of a transfected
~60% soluble. Approximately 30% of the chimeric protein  COS-1 cells expressing G4B1L protein, viewed by confocal
partitioned with membranes and could be extracted by NP-immunofluorescent microscopy, show that nearly all of the
40 (S2), while the remaining 10% partitioned with mem- fluorescence signal is present at the plasma membrane of the cell.

. .. Transfected COS-1 cells were plated on coverslips, fixed, perme-
branes but was not released by NP-40 (P). This behavior 'Sablized, and incubated with monoclonal H-Ras antibody, followed

reminiscent of full-length, native GAP-43, which displays a by FITC-conjugated secondary antibody. The scale bar isra5
natural cytosolic pool of protein, and in whieh20% of the long.

(tOp) e

(bottom)
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Table 1: G43:Ras61L Proteins Are Weakly Transforming but Have
Strong Differentiating Activity

relative % PC12 relative
foci?/1000 transforma- cellwith- differen-
DNA transfected colonies tion out growth tiation
H-Ras61L 1250 1.00 54 1.0
G43,61L 21 0.02 57 1.0
G43,61L(3Se) ndt nd 36 0.6
G43,061L(C3,43 nd nd 6 0.1
vector 3 0 <1 0

@ Replicate 60 mm dishes of NIH 3T3 cells were transfected with
250 ng of G4361L DNA or 25 ng of H-Ras61L DNA in the pZIP-
SV(x)neo vector and were examined for either focus formation or
growth of colonies in G418. Data are from one transfection, with
6 dishes each for G4g@1L andn = 3 for pZIP vector only and
H-Ras61L. Foci per dish were counted and divided by the number of
colonies observed on a duplicate dish used for G418 selection. The
H-Ras61L DNA gave 930 fogig of DNA. Similar results were
observed in 5 independent transfections with amounts of;648
DNA ranging from 25 to 1000 ng.PC12 cells were grown on laminin-
coated dishes and transfected withd [3 ug for G43:61L(3Se)] of
the indicated DNAs, all in the pcDNA3 vector. Four days late200 : "i
cells were counted and scored as differentiated if the cell displayed at I

least 1 outgrowth longer than 2 diameters of an untransfectechcBlQ FIGURE 4: G4361L causes changes in NIH 3T3 cell morphology
#m). The experiment was replicated 4 times with similar reséitsl and can support growth of NIH 3T3 cells in soft agar. (Left panels)
= not determined. G418-selected NIH 3T3 cells were transfected with pZip-neoSV-
(x)1 vector DNAs encoding the indicated proteins. Individual

: . . . colonies displaying representative cell morphologies were photo-
membrane-associated form is Triton-insoluldl®)( Further graphed. Scale bar is 10an. (A) Cells transfected with empty

studies yvill be necessary to determing if @he Triton-insoluble pziPneo vector; (B) G461L; (C) H-Ras61L. (Right panels) G418-
population of acylated G43:Ras61L is simply denatured or selected NIH 3T3 cell lines expressing the indicated forms of H-Ras

is associated with specific, submembrane domains or struc-were seeded in 0.4% soft agar in DMEM and serum. At 2 weeks,
tures @6). colonies of average size for each cell line were photographed. Scale

G43:RAS61L Is Localized Specifically at the Plasma sgét'gr.l(()%‘ %'4%1\:_'.'_' ('::%;r s_ﬁflllesatsrénSfeCtEd with empty pZIPneo

Membrane Since there is no isoprenoid lipid attached to
G4361L, the membrane association of the protein is only 2% as many foci. G431L protein also showed poor
presumably due to the presence of palmitate on the protein.focus-forming activity £€5% of H-Ras61L) in Ratl cells
However, the in vivo turnover and in vitro lability of the (data not shown).
thioester bond by which the palmitate is attached make results NIH 3T3 cells expressing activated H-Ras proteins which
from biochemical fractionation inherently uncertain. As a contain both farnesyl and palmitoyl lipid modifications (e.qg.,
second way to assess membrane attachment, immunofluoH-Ras61L or v-H-Ras) exhibit a “transformed” morphology,
rescence was used to visualize the subcellular location ofcharacterized by an elongated, spindle-like cell shape and
this protein in an intact cell. COS-1 cells which had not taken disorderly piling of cells in the culture dish; untransfected
up DNA but were present on the same slide as transfectedcells are flatter and rounder and form an orderly monolayer.
cells served as negative controls; the low amounts of The phenotype of G418-selected NIH 3T3 cells expressing
endogenous H-Ras in untransfected COS-1 cells gave noG43,61L was intermediate between transformed and nor-
detectable immunofluorescence signal. A series of confocalmal: cells were elongated, failed to spread on the culture
sections of a COS-1 cell (Figure 3C) or of PC12 cells (Figure dish, grew unchecked by celtell contact, and formed a
5) expressing G436 1L exhibited a clear, defined signal of partially disordered monolayer (Figure 4, left panels).
H-Ras staining at the plasma membrane. No staining of To resolve more rigorously if the modest morphologic
internal membranes was observed. These data, taken witlchanges and focus formation caused by R8s61L were
the biochemical data described above, strongly indicate thatevidence of genuine transformation, G418-selected cells were
G43,61L is partially palmitoylated, but not isoprenylated, seeded in soft agar. Cell lines derived from GR&as61L-
and that the portion of the chimeric protein which binds to expressing NIH 3T3 cells were able to form small colonies
membranes is located specifically at the plasma membranein soft agar while untransfected NIH 3T3 cells were not,
G43:RAS61L Transforms NIH 3T3 Cells Pooriyhe and v-H-Ras-transformed cells formed large colonies (Figure
ability of the palmitoylated, nonisoprenylated G43:Ras61L 4, right panels). Together, these assays provide evidence that
protein to support cellular transformation was determined G43,(Ras61L can produce an authentic, but poorly trans-
by transfection of NIH 3T3 cells and assessment of focus formed phenotype in NIH 3T3 mouse fibroblasts, but at a
formation and growth in soft agar. Table 1 shows the relative frequency much below that of an oncogenic H-Ras protein
transforming activities of the chimeric proteins. The ability with both lipid modifications.
of G43,61L to form foci in NIH 3T3 cells was detectable, G43:Ras61L Induces Extension of Neurite-like Processes
but very low. Expression of the chimeric protein in cells in PC12 Cells PC12 cells expressing activated H-Ras
derived from foci or G418-resistant colonies was confirmed proteins cease proliferation and undergo neuronal-like dif-
by immunoblotting (data not shown). In comparison to the ferentiation, similar to that observed when these cells are
highly oncogenic H-Ras61L, the G4Ras61L protein caused exposed to nerve growth factd24). This biological effect,
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membranes of the axon-like outgrowths (Figure 5E). Staining
was particularly prominent at the distal ends of outgrowths
extending from the cells; veil-like sheaths of membrane
spread around the cell body also stained very brightly. G43:
Ras61L therefore was not trapped on internal membranes
despite the absence of farnesgB), and was both targeted
efficiently to the plasma membrane and highly active in PC12
cells.

C-Terminal Palmitoylation Contributes to the Biological
Activity of G43:Ras The unexpected reestablishment of
palmitoylation of the C-terminal cysteines made it possible
to examine what role lipids at the natural sites of modification
were playing in the differentiating activity of the chimera.
This was accomplished by constructing a new mutant;6543
61L(3Se), in which the C-terminal cysteines, and their
possibility for lipidation, were absent. When the G¢#3.L-
(3Se) protein was expressed in PC12 cells, there was clear
differentiation, but this chimera caused fewer outgrowths
(Figure 5C), which elongated at a much slower pace than
the original G4361L or H-Ras61L proteins (Table 1).

[ Fingay _ Beyond 4 days post-transfection, the percentage of;&43
FiIGURE 5: Expression of G4361L causes differentiation of PC12 61L(SSeD-transfected ce_lls which dl_splayed outgrowths did
cells. PC12 cells were transfected withugy each of pcDNA3 ~ NOt increase; however, in cells which had outgrowths at 4
vectors encoding (A) H-Ras61L or (B and E) Gd&LL or 3ug of days, those extensions eventually did attain lengths equivalent
DNA for (C) G43,061L(3Se) and photographed 4 days later (5 to those caused by G4B1L, although this process took
days for panel C) using phase-contrast optics. Scale bar igrh00 710 days, rather than the4 days required normally after

In panel D, PC12 cells transfected with empty vector remain small - : : :
and rounded and do not display membrane extensions. Thetransfectlon of G4361L. Subcellular fractionation (Figure

immunofluorescence signal from the endogenous H-Ras in these3A) indicated that-20% of the G4&61L(3Se) protein was
cells was too weak to be reproduced photographically. For panel membrane-associated. In contrast, the {81 (C3,49

E, cells were prepared for immunofluorescence detection of H-Ras protein, in which only the two C-terminal sites were available
proteins as described under Materials and Methods, and then1:Or palmitoylation, showed very poor activity in the PC12

visualized by confocal immunofluorescence microscopy. Scale bar . .
is 25.m. A X]Omage of images of a cell expressing @%L has cells (Table 1) and was 10% membrane-associated (Figure

been assembled to show the extent of cell elongation. The cell on3A). It therefore appeared that acylation of the C-terminal
the right displays bright staining of the ends of the numerous shorter cysteines and efficient membrane binding depended on

extensions (arrow). establishment of N-terminal palmitoylation. Thus, the GAP-
although quite different from the growth-promoting effects 43 leader, if palmitoylated, could initiate and maintain a
of activated H-Ras in NIH 3T3 cells, has also been shown modest amount of membrane binding and allow the 43
to be dependent on membrane association of R&s28. 61L(3Se) protein to cause PC12 cell differentiation, but
To determine how well the G4g61L protein might be able  G43,661L(3Sej)-supported differentiation was less efficient
to trigger this distinct biological response, PC12 cells were than G4361L. These biological results supported the
transfected, and the outgrowth of neurite-like extensions wasbiochemical evidence of palmitates at the C-terminus of the
monitored. In contrast to the poor activity of G4&LL in original G4361L. The C-terminal lipids were therefore
focus formation, G4@61L elicited a strong morphological implicated as contributing a tangible portion of the binding
response in PC12 cells (Figure 5). Gl L-expressing  of G4361L with membranes and its ability to produce
PC12 cells developed axon-like outgrowths at the same ratedifferentiation of PC12 cells.
and with the same frequency as cells expressing the fully
lipidated H-Ras61L protein (Table 1). Thus, the chimera DISCUSSION
exhibited good differentiating activity in PC12 cells, indicat- Dynamic Acylation Can Sustain Partial H-Ras Membrane
ing that there were no gross structural defects caused by theBinding These results demonstrate that, despite their biologi-
GAPA43 leader that would explain its poor transformation cal turnover, palmitates are capable of sustaining H-Ras
performance. Biochemical fractionation of PC12 cells showed membrane interaction without assistance from a permanently
proportions of G4g61L in S-100 and P-100 fractions similar  attached lipid or polybasic domain. Thus, the G43:Ras61L
to those seen for COS-1 cell fractionations (data not shown). proteins show that dynamic acylation is competent to perform
The outgrowths produced by the G@&LL protein did, its postulated role in membrane binding. However, the
however, display subtle differences from H-Ras61L-triggered significant limitations in membrane binding of the nonfar-
extensions, having a smoother profile, with little ruffling of nesylated G43:Ras61L proteins (none were better than 40%
the cell body or along the extended outgrowth. membrane-bound) also make it clear that in the native state
Using confocal immunofluorescence microscopy and an H-Ras needs both farnesyl and C-terminal palmitates to
antibody to detect H-Ras proteins, all cells that were visibly achieve a high level of membrane association. This suggests
differentiated (cells with extensions &fL00um) contained that in native H-Ras C-terminal palmitates may not assume
chimeric protein. G4@61L chimeric protein was localized constant responsibility for membrane interaction, and that
at the plasma membrane of the cell body as well as in the support from farnesyl may continue to be needed. G43:
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Ras61L will be useful for examining if palmitate removal/ farnesylated H-Ras does not accumulate in the cytoplasm
attachment sets a threshold or limits the H-Ras accumulationand potentially sequester crucial partner proteins. It remains
on membranes. to be seen if farnesyl, palmitate, or amino acids in the H-Ras
Requirements for C-Terminal Palmitate Attachment and C-terminal domain have any further roles in maximizing or
Membrane Targettinglt had not been expected that G43: stabilizing effector interactions at the membrane. Either
Ras61L would be palmitoylated at the natural C-terminal farnesyl or palmitate could also regulate interactions of H-Ras
sites. Rigorous analysis of N-myristoylated H-Ras forms had with subdomains of membranes that have unique lipid
not detected palmitate if short labeling periods or cyclohex- compositions [e.g., caveola@q, 37—-40)]. The ability to
imide was used to eliminate incorporation of radiolabel as utilize intact cells to produce G43:Ras61L proteins, with a
myristate (1, 14. Authentic C-terminal palmitoylation had  palmitoylated C-terminus whose structure and interactions
been accomplished using basic residues attached C-terminaére as close as possible to native, while specifically lacking
to the GaX motif of yeast Ras2 or H-Rad 6, 30, but G43: isoprenoid, should be useful for testing both models.
Ras61L is the first design to accomplish acylation of these The Unique Role of PalmitateThe dynamic nature of
sites in a C-terminus with only a single amino acid change H-Ras palmitoylation is its clearest distinction from farne-
(186Ser). However, even with four sites available for sylation and likely forms a crucial part of palmitate’s
palmitate attachment, 60% of G481L remained cytosolic,  character. There is a growing appreciation that reversible
indicating that steady-state palmitoylation of G#3L was palmitoylation may regulate key signal transduction pathways
less complete than for H-Ras that could be farnesylated.(41-43). The endothelial form of nitric oxide synthase
Farnesyl thus appears to be particularly effective for posi- responds to bradykinin with an increase in palmitate turnover
tioning H-Ras in locations or configurations to optimize (44, 45. -Adrenergic receptor palmitoylation is sensitive
palmitate attachment and retention. Recent studies report thato isoproterenol treatment and appears to influence receptor
farnesyl may target Ras proteins to the cytoplasmic face of phosphorylation and desensitizatig6(47). Palmitoylation
the endomembrane system, at which sites the proteins areof o subunits of several heterotrimeric G proteins is both
further processed, perhaps palmitoylated, and then traffickeddynamic and responsive to hormonal signas8—54).
to the plasma membrang9). As G4361L appears to be  Palmitoylation of thea. subunit of the G protein inhibits
efficiently localized at the plasma membrane, it will be useful interaction with its GAP protein and may prolong or
for determining the roles of palmitate and farnesyl in this potentiate signaling by this protei6%). In these examples,
unexplored targeting pathway. palmitate is more than a passive passenger on the acyl-
Palmitoylation by Itself Fails To Support Full H-Ras protein; it is potentially an active participant in the signaling
Function Despite the presence of palmitates at its C-terminus cycle. The G43:Ras61L proteins provide an opportunity to
and significant amounts of protein in the plasma membrane, learn if palmitate, in addition to its task of membrane binding,
the transformation efficiency of G43:Ras61L was seriously plays this role in signaling in H-Ras.
decreased. The potency of G43:Ras61L in PC12 cell dif- Although a great deal of effort has been given to
ferentiation demonstrated that its low transforming activity development of inhibitors of isoprenoid modification as a
did not result from an intrinsic defect in G43:Ras61L potential means to control the unwanted oncogenicity of Ras
structure caused by the GAP-43 sequences. This strength oproteins, our findings focus attention on control of palmi-
G43:Ras61L differentiating activity also suggests that the toylation as an opportunity for significant regulation of these
substantial amounts of cytoplasmic chimera are not likely proteins. The development of G43:Ras61L proteins should
to impede signaling by potentially binding Ras effector now allow studies to more clearly define the unique roles of
proteins in the cytosol31—33). The current results therefore  palmitate and isoprenoid in Ras biological function.
provide the significant finding that transformation is par-
ticularly susceptible to an unexplored limitation that occurs ACKNOWLEDGMENT
during interaction of palmitoylated G43:Ras61L with mem-
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sensitivity results from the absence of farnesyl or from a M

. _ cConeghy, and Kelly Welch for assistance with COS-1
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