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Ras proteins associate with cellular membranes as a consequence of a series of posttranslational modifi-
cations of a C-terminal CAAX sequence that include prenylation and are thought to be required for biological
activity. In Drosophila melanogaster, Ras1 is required for eye development. We found that Drosophila Ras1 is
inefficiently prenylated as a consequence of a lysine in the A, position of its CAAX sequence such that a
significant pool remains soluble in the cytosol. We used mosaic analysis with a repressible cell marker
(MARCM) to assess if various Rasl transgenes could restore photoreceptor fate to eye disc cells that are null
for Rasl. Surprisingly, we found that whereas Rasl with an enhanced efficiency of membrane targeting could
not rescue the Rasl null phenotype, Ras1 that was not at all membrane targeted by virtue of a mutation of the
CAAX cysteine was able to fully rescue eye development. In addition, constitutively active Ras1'?¥-C1865 pot
targeted to membranes produced a hypermorphic phenotype and stimulated mitogen-activated protein kinase
(MAPK) signaling in S2 cells. We conclude that the membrane association of Drosophila Ras1 is not required

for eye development.

Ras proteins regulate numerous cellular processes, including
growth and differentiation. Mutations in Ras genes are associ-
ated with human cancer more frequently than those of any
other oncogene. Ras is the founding member of a class of
proteins known as CAAX proteins that are secondarily tar-
geted to cellular membranes as a consequence of the post-
translational processing of a C-terminal CAAX sequence,
where Cis an invariant cysteine, A is usually, but not always, an
aliphatic amino acid, and X is variable (30). The first step of
CAAX processing is prenylation, in which a 15-carbon farnesyl
or a 20-carbon geranylgeranyl polyisoprene lipid is added to
the CAAX cysteine via a stable thioether linkage. Two related
prenyl transferases catalyze the addition of the two polyiso-
prenes, farnesyltransferase (FTase) and geranylgeranyltrans-
ferase I (GGTase I). When the X amino acid of the CAAX
motif is L (CAAL), the protein is a substrate for GGTase I;
otherwise, FTase modifies the protein. Following prenylation
the AAX amino acids are removed by Ras-converting enzyme
I, and the newly C-terminal prenylcysteine is then methyl es-
terified by isoprenylcysteine carboxyl methyltransferase.
CAAX processing thus converts the C terminus of Ras from a
hydrophilic to a hydrophobic domain capable of targeting the
protein to cellular membranes.

Mammalian genomes encode three Ras isoforms, N-Ras,
H-Ras, and K-Ras. Following CAAX processing the C termini
of N-Ras and H-Ras are further modified by the addition of
one or two palmitate molecules, respectively, via a labile thio-
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ester linkage. The palmitate modifications allow efficient traf-
ficking to the plasma membrane (PM) (3, 7). In K-Ras, a
polybasic sequence immediately upstream of the CAAX motif
replaces the palmitate modifications and functions by forming
an electrostatic interaction with the negatively charged phos-
pholipids of the inner leaflet of the PM (7). In mammalian
systems, when the CAAX motif of a Ras protein is mutated
such that it cannot be posttranslationally modified, the Ras
protein loses all biological activity (29). This observation led to
a quest to develop anti-Ras drugs by employing agents de-
signed to inhibit CAAX processing, such as FTase inhibitors
(30).

The Ras/mitogen-activated protein kinase (MAPK) pathway
is conserved from the fission yeast Schizosaccharomyces pombe
to humans, as is CAAX processing. Indeed, as a genetically
tractable system, studies of Drosophila melanogaster were crit-
ical for elucidating these pathways (28). Among the numerous
biological processes for which Ras is required, its role in Dro-
sophila eye development has been most extensively character-
ized. The adult Drosophila eye consists of a well-ordered array
of approximately 800 identical ommatidia, each of which con-
sists of a spatially ordered group of eight photoreceptor, four
cone, and eight accessory cells. Ommatidia develop posterior
to a morphogenetic furrow in the eye imaginal disc of third-
instar larvae. Although Ras is required for the growth and
survival of all cells in the developing eye, both anterior and
posterior to the morphogenetic furrow, the developing photo-
receptors present a physiologically relevant and genetically
tractable system wherein Ras function can be assessed. The
eight photoreceptors develop in sequence and influence each
other via cell-cell interactions that signal through the Ras/
MAPK pathway. Loss-of-function studies have revealed that
Ras is required for the development of seven of the eight
photoreceptors (R1 to R7) (28). Gain-of-function studies of
Ras in flies have also been reported where constitutively active
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FIG. 1. Drosophila Rasl is inefficiently targeted to membranes.
(A) Sequence alignment of the C terminus of human Ras isoforms and
Drosophila Rasl. Features determining posttranslational modification
and subcellular localization are shown in color. a.a., amino acids.
(B) COS-1 and MDCK cells expressing YFP-Rasl, YFP-K-Ras, or
YFP-H-Ras were imaged alive with a confocal microscope. Arrow-
heads indicate Golgi accumulation of YFP-H-Ras. Scale bars repre-
sent 20 wm. (C) Triton X-114 partitions of Drosophila S2 or Jurkat cell
lysates were loaded as cell equivalents and immunoblotted with anti-
Rasl, anti-N-Ras, or anti-Erk antibodies. Percentages of protein re-
covered are given as means £ SEM (n = 3). Det., detergent; Aq.,
aqueous.

Ras1'?V expressed from a sevenless promoter results in super-
numerary R7 cells and a rough-eye phenotype (9, 27).

The Drosophila genome encodes one authentic Ras protein,
designated Rasl (also known as Ras85D), which is most sim-
ilar to mammalian K-Ras in that it lacks palmitoylation but has
a polybasic region (Fig. 1A). However, unlike mammalian K-
Ras, the CAAX motif of Drosophila Rasl, like that of other
insect Ras genes, specifies geranylgeranylation rather than far-
nesylation (16). In addition, the CAAX sequence of Drosophila
Rasl, CKML, is unusual in that it includes a lysine at the A,
position (CA;A,X). Prompted by the differences in the mam-
malian versus fly CAAX motifs, we investigated the membrane
targeting of Drosophila Ras in cultured cells and determined in
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vivo the requirement for Rasl membrane targeting with re-
spect to eye development. Surprisingly, we found that endog-
enous Rasl is inefficiently prenylated and that non-membrane-
targeted Rasl can support eye development.

MATERIALS AND METHODS

Plasmids. Rasl (wild type, Ktail, and Ktail6Q) was cloned into pEYFP-C1
(Clontech) using EcoRI and Xhol ends for expression in COS-1 and MDCK
cells. Point mutants (K187V, C186S, and 12V,C186S) were generated by site-
directed mutagenesis (QuikChange XL kit; Stratagene). YFP-Ras! and mutants
were then cloned into pActin5C using BamHI and Xbal ends for expression in
S2 cells. Ras! transgenes (Ktail, Ktail6Q, K187V, C186S, and 12V,C186S) were
cloned into CS-UAS-6xMyc (a gift from Hyung Don Ryoo) using EcoRI and
Xhol ends. Primer sequences are available upon request.

Confocal microscopy. Confocal images of COS-1, MDCK, or S2 cells express-
ing the indicated yellow fluorescent protein (YFP) constructs and treated with or
without 50 pM GGTI-2418 (gift of Said Sebti) (10) were obtained with a Zeiss
510 laser scanning microscope using a 63X, 1.4-numerical-aperture (NA) objec-
tive. Eye imaginal discs were stained with mouse anti-B-Gal (1:50), rat anti-Elav
(1:250) (both from the Developmental Hybridoma Studies Bank, University of
Towa), and anti-c-Myc (1:200) (Santa Cruz Biotechnology), followed by fluores-
cent secondary antibodies (1:200) (Jackson Laboratories). Whole mounted discs
were imaged with the Zeiss confocal microscope as a z series using the 63X
objective.

Triton X-114 partitioning. Equivalent numbers of S2 and Jurkat cells were
lysed in ice-cold RSB (10 mM Tris [pH 7.4], 10 mM NaCl, 3 mM MgCl,) with
1% Triton X-114 (Sigma). Lysates were partitioned as previously described
(6). Samples were loaded as cell equivalents on a 14% SDS-PAGE gel.
Protein was immunoblotted with a 1:1,000 dilution of mouse anti-Rasl (a gift
from Marc Therrien), a 1:200 dilution of mouse anti-N-Ras (Santa Cruz
Biotechnology), and a 1:5,000 dilution of rabbit anti-Erk1/2 (Santa Cruz
Biotechnology) antibodies, followed by infrared-conjugated secondary anti-
bodies (goat anti-mouse IR800 and goat anti-rabbit IR680; Li-Cor) at a
1:20,000 dilution. Membranes were scanned and bands were quantified by
using a Li-Cor Odyssey scanner.

Subcellular fractionation. Equivalent numbers of S2 cells were transfected
using the indicated pActin5C-YFP-Rasl construct using Effectene (Qiagen).
Cells were resuspended in fractionation buffer (10 mM HEPES [pH 7.4], 10 mM
KCl, 1.5 mM MgCl,, 1 mM dithiothreitol [DTT]) and Dounce homogenized
using 50 passes with a B pestle. Lysates were ultracentrifuged at 100,000 X g.
Samples were loaded as cell equivalents on a 14% SDS-PAGE gel and analyzed
as described above using a 1:2,000 dilution of rabbit anti-green fluorescent
protein (GFP) (Invitrogen).

MAPK analysis. Equivalent numbers of S2 cells were transfected as described
above and then incubated in serum-free Schneider’s S2 medium for 24 h. Cells
were harvested and lysed in radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, and protease inhibitor cocktail [Roche]). Ly-
sates were sonicated to release nuclear contents, and sonicates were clarified by
centrifugation. Equal amounts of protein were analyzed by SDS-PAGE and
immunoblotting as described above with anti-dpErk (Sigma), anti-Erk1 (Santa
Cruz), and anti-GFP (Invitrogen) antibodies. Membranes were scanned and
bands were quantified by using a Li-Cor Odyssey scanner.

Fly stocks. Ras85D*“#8 is a null allele that deletes the Ras85D gene (8),
referred to in the text as Rasl. UAS-Rasl, encoding wild-type Rasl, was a kind
gift of Denise Montell. UAS-Ras1?" was a gift of Jessica Treisman. Fly strains
used are as follows: transgenic flies were generated by w//’$ embryo microinjec-
tion (CBRC Transgenic Fly Core, Charlestown, MA, and Best Gene, Inc., Chino
Hills, CA) of CS-UAS-6xMyc vectors, expressing the indicated Ras! transgenes:
UAS-Ras1¥187V UAS-Ras1¥%'6Q UAS-Ras1®*", UAS-Ras1<'%%5, and UAS-
Ras1'?V¢1865 For mosaic analysis with a repressible cell marker (MARCM), we
crossed yw ey-FLP UAS-GFP; tub-GAL4 FRT%?” tub-GALS0/TM6B Tb females
to males of the different UAS-Ras! transgenes mentioned above and UAS-lacZ
in a Ras85D*“?%% null background.

Clonal analysis. Clones were generated by ey-FLP (17) using the MARCM
technique (11). Eye imaginal discs were dissected and processed according to
previously described methods (1) during the third larval instar and analyzed for
RasI*“#’B clones overexpressing the different UAS-Ras! transgenes.



VoL. 30, 2010

RESULTS

Drosophila Rasl is inefficiently prenylated. The differences
between the membrane-targeting regions of mammalian Ras
and Drosophila Ras (Fig. 1A) led us to study, in live cells, the
subcellular distribution of Ras proteins from the two phyla. We
extended the Ras proteins at their N termini with yellow flu-
orescent protein (YFP) and expressed the fusion proteins in
COS-1 fibroblasts and MDCK cells. As we reported previously
(3), whereas YFP-K-Ras was observed only at the plasma
membrane (PM) in both cell types, YFP-H-Ras was observed
on both the PM and Golgi apparatus (Fig. 1B). In contrast,
YFP-Rasl failed to decorate any membrane in COS-1 cells
and was instead seen only in the cytosol and nucleoplasm, as
evidenced by negatively imaged organelles. The predominant
pattern of YFP-Rasl in MDCK cells was also cytosolic, al-
though some YFP-Rasl associated with the PM in the region
of cell-cell contact. Thus, the membrane targeting of YFP-
Rasl is far less efficient than that of its mammalian orthologs.

To determine if the difference in the efficiency of membrane
targeting holds true for endogenous Ras, we compared Triton
X-114 partitioning profiles of Rasl in Drosophila S2 cells with
those of N-Ras in human lymphocytes (Fig. 1C). This method
allowed the quantification of the prenylated fraction of the
proteins. As expected, almost all (94% * 1%) of N-Ras in
Jurkat cells partitioned into the detergent fraction. Erk served
as a cytosolic control: 97% = 1% was recovered in the aqueous
fraction. Whereas Drosophila Rolled, the ortholog of Erk, be-
haved in S2 cells in a manner similar to that of Erk in lympho-
cytes, the partitioning of Rasl in S2 cells was dramatically
different: 38% = 4% of Rasl was recovered in the aqueous
fraction. These data indicate that endogenous Rasl is pre-
nylated less efficiently than its mammalian counterpart, sup-
porting the conclusion reached with YFP-Rasl1.

We considered that the localization of YFP-Ras1 described
above may be a consequence of an inefficient modification of
Drosophila Ras by mammalian GGTase I, and we therefore
repeated the analysis with Drosophila S2 cells. We subcloned
YFP-Rasl into an insect expression vector in which an actin
promoter drives the expression of the fusion protein (Fig. 2A).
As observed for mammalian cells, YFP-Rasl was expressed
predominantly in the cytosol and nucleoplasm, with only a
small fraction enriched on the PM. We mutated cysteine 186 to
serine to generate a mutant version of YFP-Rasl that could
not be posttranslationally modified. As expected, YFP-
Ras1¢'%5 was expressed entirely in the cytosol and nucleo-
plasm and did not decorate any membrane compartment. This
confirmed that the portion of YFP-Rasl seen on the S2 cell
PM was dependent on prenylation and suggested that a large
pool of YFP-Rasl behaved like YFP-Ras1<'®%S| consistent
with a lack of prenylation. Thus, the cytosolic localization of
YFP-Rasl in mammalian cells was not a consequence of an
incompatible, xenotypic GGTase 1.

To determine if the membrane targeting of Rasl could be
made more efficient in Drosophila cells, we substituted the
19-amino-acid hypervariable region of human K-Ras for
the analogous C-terminal amino acids of YFP-Rasl1 to gener-
ate YFP-Ras1¥!, This construct was targeted efficiently to the
PM of S2 cells (Fig. 2A), demonstrating that the human se-
quence is a good substrate for Drosophila FTase and that Rasl
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is capable of a strong membrane association when given an
efficient targeting sequence. In mammalian cells, the transport
of K-Ras from the endomembrane to the PM depends on a
polylysine motif immediately upstream of the CAAX sequence
such that the substitution of six of the lysines for glutamines
(6Q) results in a K-Ras construct that associates only with the
endomembrane (3). We replaced the lysines in YFP-Ras1¥%!
to generate YFP-Ras1¥%%? and found that, like its mamma-
lian homolog, it was restricted to the endomembrane (Fig. 2A).
Thus, the trafficking of K-Ras homologs in Drosophila cells is
similar to that seen for mammalian cells.

Whereas both the A, and A, positions of most CAAX se-
quences are occupied by aliphatic amino acids, the A, position
of Rasl is occupied by lysine. Peptides with lysine in the A,
position have been shown to be relatively poor substrates for
prenyltransferases (20). To determine if the lysine in the Rasl
A, position impedes geranylgeranylation, we substituted valine
for lysine in YFP-Ras] to yield YFP-Ras1*!'*7V, This construct
was targeted efficiently to the PM and vesicles of S2 cells with
clearing from the cytosol almost as complete as that seen with
YFP-Ras1¥%!" (Fig. 2A), suggesting that lysine 187 of Rasl
indeed inhibited modification by GGTase I. We confirmed this
result with subcellular fractionation (Fig. 2B). S2 cells express-
ing YFP-Rasl, YFP-Ras1¥'®7V, or YFP-Ras1'®%S were dis-
rupted by Dounce homogenization, and the postnuclear super-
natants (PNS) were separated into membrane (P100) and
cytosol (S100) fractions. Ninety percent of the Rolled protein
was recovered in the S100 of each PNS, confirming the effi-
ciency of the fractionation. Seventy percent of YFP-Rasl was
recovered in the S100 fraction, and this value increased to
95% =+ 1% for YFP-Ras1<'8%5, In contrast, only 39% = 1% of
YFP-Ras1%'87Y was recovered in the S100 fraction, confirming
that the change of the CAAX motif from CKML to CVML
increased the efficiency of membrane targeting.

To confirm that Rasl is a substrate for GGTase I and not
FTase, we used a specific GGTase I inhibitor, GGTI-2418 (10).
The treatment of S2 cells expressing YFP-Rasl with GGTI-
2418 eliminated all expression of the fusion protein on the
plasma membrane (Fig. 2C). The same result was obtained
with YFP-Ras1¥'87V, demonstrating that the increased effi-
ciency of prenylation observed when the A, lysine is converted
to valine reflects increased geranylgeranylation. In contrast,
YFP-Ras1¥%! was unaffected by GGTI-2418, confirming that
it is a preferred substrate for Drosophila FTase. Thus, as pre-
dicted from the CAAL motif and as shown for silkworm Ras
(16), Drosophila Rasl, when prenylated, is modified only by
GGTase 1. Moreover, our results suggest that even in the
presence of a GGTase I inhibitor, alternative prenylation by
FTase does not occur.

Cytosolic Ras1 rescues Drosophila eye development. We next
sought to examine the requirement for the membrane associ-
ation of Drosophila Rasl in vivo by studying eye development
in larvae. We used mosaic analysis with a repressible cell
marker (MARCM) (11). This exceedingly sensitive and infor-
mative approach allowed us to study the function of a variety
of Ras mutants in tissue that is otherwise null for Rasl. We
generated a series of transgenic flies that express Rasl or
various Myc-tagged mutations thereof under the control of a
UAS promoter and crossed these with flies that are heterozy-
gous for Ras1*“*°Z, a null allele distal to an FRT site (FRT®?").
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FIG. 2. Subcellular localization of wild-type Rasl and membrane-targeting mutants of Rasl in Drosophila cells. (A) S2 cells expressing the
YFP-Ras1 wild type or the indicated mutants were imaged alive with a confocal microscope. The scale bar represents 10 pwm. (B) S2 cells expressing
the indicated YFP-tagged Rasl constructs were separated into membrane (P100) and cytosolic (S100) fractions by ultracentrifugation. Fractions
were loaded as cell equivalents and immunoblotted with anti-GFP or anti-Erk antibodies. Percentages of protein recovered are given as means *
SEM (n = 3). (C) S2 cells expressing the indicated YFP-tagged Rasl1 protein were treated with or without GGTI-2418 (50 wM for 16 h) and imaged

as described above for panel A.

We then crossed these flies with MARCM lines that express
FLP recombinase from an eyeless (ey) promoter such that mi-
totic recombination at FRT sites is induced in developing eye
tissue. These flies also express Gal4 and its dominant repres-
sor, Gal80, from fubulin promoters as well as GFP from a UAS
promoter. If FLP is not expressed, Gal80 represses Gal4, and
no UAS-linked transgenes are expressed. However, when
FRT%?5 gal80 is placed in trans onto the FRT%*® Ras]*“*’®

chromosome and a source of FLP is available, mitotic recom-
bination is induced, and clones are generated that are homozy-
gous for either gal80 or Ras1*“*’®. Clones lacking gal80 are
therefore null for Ras, and Gal4 is unopposed such that both
our Ras transgene and GFP are expressed.

To establish that this technique could be used to rescue the
RasI null eye phenotype, we studied a UAS-Rasl transgenic
line along with a UAS-lacZ line as a negative control. Eye discs
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FIG. 3. Cytosolic Rasl rescues Ras null clones in the eye imaginal disc. Confocal images of eye imaginal discs of third-instar larvae
expressing LacZ or wild-type Rasl (A) or the indicated Myc-tagged Rasl constructs (B) in RasI*““’® clones. Clones were generated by the
MARCM technique and are marked by GFP (green). Dashed lines indicate the clone boundaries, which are GFP positive. Elav staining (blue)
marks neuronal cells (photoreceptors). The presence of morphologically ordered, Elav-positive cells within the Rasl clones indicates rescue.
Equivalent expression of each Ras]l mutant (panel B only) is indicated by Myc staining (red). Arrowheads indicate the morphogenetic furrow.
Images are representative of at least 30 clones analyzed per genotype. Scale bars represent 20 pwm.
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from UAS-lacZ larvae showed clonal defects in ommatidium
development, as evidenced by gaps and partially formed ro-
settes within the ommatidial array. In contrast, no defects were
observed for clones that expressed UAS-Ras! (Fig. 3A). Thus,
as expected, the absence of Rasl (Ras/““*?) resulted in a
clear phenotype in the eye disc that could be rescued with
wild-type Rasl.

We next examined eye imaginal discs from larvae transgenic
for Rasl with an altered membrane-targeting region. We in-
creased the efficiency of membrane targeting in two ways, both
validated by the cell analysis described above: we generated a
chimera with the human K-Ras-targeting sequence (UAS-
RasI®"), and we made a single-amino-acid substitution in
Rasl to promote efficient prenylation (UAS-Ras1*"7"). Sur-
prisingly, when analyzed by the MARCM technique, both of
these membrane-targeted Rasl alleles were, at best, able to
only partially rescue the Ras! null phenotype (Fig. 3Bi and ii).
This result suggests that inefficient membrane targeting of
Rasl is required for full biological activity. Because we have
shown previously that mammalian (2) and yeast (18) Ras can
signal from the endomembrane, we also tested UAS-
Ras1%"2 which expresses Rasl targeted to the endoplasmic
reticulum. This allele also provided only a partial rescue of
ommatidium development (Fig. 3Biii). Most surprising was our
result with UAS-RasI<’%5, an allele that encodes a Ras pro-
tein that is not prenylated and has no affinity for any mem-
brane. Ras1<'%% was capable of a full rescue of the RasI null
phenotype (Fig. 3Biv). Indeed, RasI*“**®* MARCM clones
that expressed Ras1<'%S often showed an enhanced recruit-
ment of supernumerary photoreceptor cells, suggesting that
Ras1¢7%% is a hyperactive allele. This result suggests that the
membrane targeting of Rasl is not required for its biological
activity in eye development.

To determine if constitutively active Ras1, previously shown
to disrupt normal eye development through excess prolifera-
tion (9, 27), also lacked the requirement for a membrane
association, we used transgenic flies with a UAS-Ras1’?" allele
and also generated a UAS-Ras1’?" allele in which the CAAX
sequence was nullified (UAS-RasI’?"-%95). As expected,
MARCM clones null for endogenous Ras! but instead express-
ing Ras1'?Y showed a clear hyperrecruitment of photorecep-
tors with the attendant distortion of developing ommatidia
(Fig. 4A). UAS-Ras1'?V*<1865  an activated allele that cannot
be prenylated, efficiently rescued RasI null clones and showed
signs of an enhanced recruitment of photoreceptors versus
UAS-Ras] and UAS-Ras1<"%S although not as dramatic as was
seen for UAS-RasI*?" (Fig. 4B). These data reveal that untar-
geted, constitutively active Rasl can support Drosophila eye
development and produce a mild hypermorphic phenotype.

In mammalian cells, constitutively active Ras proteins with-
out CAAX motifs not only are nontransforming but also can
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behave as dominant interfering proteins, presumably by se-
questering Raf-1 in the cytosol, where its kinase activity cannot
be enhanced (4). Our results suggest that this is not the case for
insect cells, since ommatidium development requires MAPK
signaling, and UAS-Ras1’?""<"%%5 led to a gain of function
rather than a loss of function. To further substantiate this
surprising result, we determined whether soluble, GTP-bound
Rasl could stimulate Rolled phosphorylation in S2 cells. As
expected, YFP-Ras1'?Y expression resulted in more phospho-
Rolled than did the expression of YFP-Rasl (Fig. 4C). Sur-
prisingly, GTPase-deficient YFP-Ras1'?V-C'8%5 was also more
potent in stimulating Rolled phosphorylation than was its
GTPase-competent counterpart, YFP-Ras1<'8%5, demonstrat-
ing that even in the non-membrane-targeted form, the 12V
mutation is activating with regard to MAPK signaling. This
suggests that in insect cells, the MAPK pathway can be driven
by soluble Ras.

DISCUSSION

Our data reveal that Drosophila Rasl is inefficiently prenyl-
ated, creating a significant pool of soluble, cytosolic protein,
and that a constitutively soluble form of Rasl is sufficient to
support the development of photoreceptors. Moreover, Rasl
stringently targeted to the PM with a more efficient CAAX
sequence or a mammalian K-Ras-targeting sequence cannot
fully rescue a Rasl deficiency. Thus, contrary to the current
dogma, our results suggest that, at least in the context of
Drosophila eye development, soluble Ras is biologically active.

Whereas at least one Ras isoform in budding and fission
yeasts, worms, and vertebrates is farnesylated, as are all mam-
malian Ras proteins, insect genomes encode but one Ras pro-
tein that is geranylgeranylated (16). This evolutionary curiosity
raises the question, What are the functional differences be-
tween a farnesyl versus a geranylgeranyl modification? The fact
that two distinct prenyltransferases evolved in primitive meta-
zoans and were conserved throughout evolution strongly sug-
gests important biological differences between 15- and 20-car-
bon polyisoprene protein modifications.

One obvious difference between prenyl modifications is the
affinity for membranes: a geranylgeranyl modification affords a
higher degree of affinity (24). Farnesylated mammalian Ras
proteins can be removed relatively easily from membranes.
Studies of fluorescence recovery after photobleaching reveal
that Ras recovers from a bleached region of PM not only by
lateral diffusion but also via release from adjacent membranes
and reassociation in the bleach zone (22). Indeed, depalmitoyl-
ated N-Ras and H-Ras are readily released from the PM and
traffic, in a retrograde fashion, through the cytosol back to the
Golgi apparatus, where they are again palmitoylated, creating
a cycle (5, 21). K-Ras also translocates through the cytosol

the morphogenetic furrow. Images are representative of at least 30 clones analyzed per genotype. Scale bars represent 20 wm. (B) Digitally zoomed

images of Elav-stained eye imaginal discs expressing Ras1, Ras

1C186$ RasllZV,ClSﬁS
>

112V ]AC40B

in Ras

, and Ras null clones revealing supernumerary

photoreceptors. The dashed lines indicate clone boundaries. The scale bar represents 10 wm. (C) Lysates of S2 cells expressing the indicated Ras!
allele were analyzed by immunoblotting for total and phospho-Rolled (Erk) as well as for YFP (Ras1 expression). The numbers superimposed onto
the blots indicate the increase in phosphorylated/total Rolled induced by the 12V mutation, expressed as a percentage of the wild type (means *

SEM [n = 4]).
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from organelle to organelle (23). In contrast, mammalian gera-
nylgeranylated Ras-related proteins, such as Rho family
GTPases and Rapl, are never found soluble in the cytosol
except in a complex with a chaperone like RhoGDI (14, 15).
Moreover, whereas AAX proteolysis and carboxyl methylation
are required for the proper localization of farnesylated Ras
proteins, geranylgeranylation is sufficient for the proper local-
ization of Rho GTPases (13). Heterotrimeric G proteins per-
haps best illustrate the functional differences between farnesy-
lation and geranylgeranylation. Nine of the 12 human G
protein vy subunits are geranylgeranylated. The transducin vy
subunit is farnesylated, and this allows the G protein to readily
dissociate from the membranes of the outer segment of pho-
toreceptor cells (12), a process that is critical for desensitiza-
tion to light (25).

Thus, it appears that the weaker membrane affinity afforded
by farnesylation is important for Ras function and, with the
exception of insects, has been conserved. It is therefore an
attractive hypothesis that the inefficiency of CAAL processing
in insects compensates for the more hydrophobic geranylgera-
nyl modification. Peptide inhibitor studies suggest that CAAX
peptides with a lysine in the A, position are modified by FTase
only 10% as efficiently as those with aliphatic residues (20).
Our observation that YFP-Ras1®'8"V is targeted more effi-
ciently to membranes than the wild-type protein is consistent
with this result and suggests that the lysine at the A, position
of the Drosophila CAAL motif is responsible for at least some
of the inefficiency. Interestingly, whereas the mosquito Aedes
aegypti has an arginine in the A, position of its Ras CAAL
sequence (16), this residue does not appear in the A; position
of the CAAX sequence of any human GTPase (19). However,
a charged residue in the A, position is not universal among
insects: the CAAL motifs of the silkworm Bombyx mori and the
beetle Tribolium castaneum have threonine in this position
(16). Perhaps these species employ other means of rendering
CAAL processing inefficient to maintain a soluble pool of Ras.
Whether or not inefficient CAAL processing is universal
among insects, it should be noted that insect Ras partially
processed by geranylgeranylation is not equivalent to farnesyl-
ated mammalian Ras in that whereas the latter comes on and
off membranes with the irreversible farnesyl modification in-
tact, the former is soluble before processing and membrane
associated afterward, and the two forms are interconverted in
only one direction. Thus, it may be that unprocessed insect Ras
performs a function that in other organisms is performed by a
cytosolic pool of farnesylated Ras.

Two studies have suggested that the prenylation of Drosoph-
ila Rasl is required for the gain-of-function phenotype of
Ras1'?V in the fly eye. Therrien et al. previously performed a
screen for suppressors of the Ras1'?V rough-eye phenotype
and identified a mutation in the B-subunit of GGTase I as one
such suppressor, suggesting that geranylgeranylation is re-
quired for the gain-of-function phenotype and that the loss of
one GGTase I allele was sufficient to revert the rough-eye
phenotype (27). In the second study, Kauffmann et al. showed
that a GGTase I inhibitor injected into whole larvae could
block the Ras1'?Y rough-eye phenotype (9). However, what is
striking about these studies is that neither a reduction in the
genetic dose of GGTase I nor the pharmacologic inhibition of
GGTase I affected normal eye development driven by endog-
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enous Rasl. Our observation that, even in the presence of a
GGTase I inhibitor, Drosophila Rasl cannot be alternately
prenylated by FTase makes the results of these two studies
even more compelling. The studies suggest that whereas the
GTP-bound, constitutively active Ras1'?Y requires gera-
nylgeranylation to produce a rough-eye phenotype, endoge-
nous Rasl supports normal eye development in the setting of
a GGTase I deficiency. Our results using the MARCM tech-
nique are consistent with this observation in that whereas wild-
type but unprocessed Ras1<'%%S fully rescued the Rasl null
phenotype, untargeted, constitutively active Ras1'2V-“186S was
a weaker allele than was Ras1'?Y in producing hypermorphic
ommatidia. This suggests that whereas at least one of the
pathways downstream of Rasl required to produce a rough-
eye phenotype are dependent on membrane-associated Rasl,
those required for normal eye development do not require the
membrane targeting of Rasl.

In mammalian systems the membrane association of Ras is
believed to be required both for productive interactions with
upstream guanine nucleotide exchange factors (GEFs) and for
interactions with downstream effectors. Although mammalian
Ras can be activated by any of several GEFs, and Ras signals
through more than a dozen effectors, those comprising the
Ras/MAPK pathway are best understood. In this pathway the
GEF is SOS, which is brought to membranes via its PH domain
and by virtue of its association with Grb2 bound to phospho-
tyrosines on activated receptors. Looking downstream, acti-
vated Ras recruits the MAPK kinase kinase (MAPKKK) Raf-1
to the PM, where it is activated through a poorly understood
and complex process. Importantly, GTP-bound Ras binds to
Raf-1 in solution but does not stimulate its kinase activity (26).
It is the Ras/Raf-1/Erk pathway that is required for Drosophila
eye development (28). Thus, there is a discrepancy between
our current understanding of the molecular events of Ras/
MAPK signaling and our unambiguous finding that nonproc-
essed Rasl can rescue the Rasl null phenotype in the devel-
oping Drosophila eye. Our observation that the canonical V12
activating mutation of Ras is a gain-of-function mutation with
regard to MAPK signaling in both natively processed Rasl and
nonprocessed Ras1<'%%% argues that the membrane require-
ment for Raf-1 activation observed for mammalian cells does
not apply to Draf (also known as Pole Hole) in insect cells. We
conclude that, at least in the context of Drosophila eye devel-
opment, soluble Rasl is biologically active.

The question of whether Ras proteins must associate with
membranes for biological activity is an important one with
regard to anti-Ras drug development, because interfering
with the membrane trafficking of Ras remains the most prom-
ising approach. While our results with Drosophila Rasl do not
condemn this approach to failure, they do suggest that soluble
Ras may not be devoid of biological activity.
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