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The organization of Ras proteins into nanoclusters on the inner plasma membrane is essential for Ras signal transduction,
but the mechanisms that drive nanoclustering are unknown. Here we show that epidermal growth factor receptor
activation stimulates the formation of H-Ras.GTP-Galectin-1 (Gal-1) complexes on the plasma membrane that are then
assembled into transient nanoclusters. Gal-1 is therefore an integral structural component of the H-Ras-signaling
nanocluster. Increasing Gal-1 levels increases the stability of H-Ras nanoclusters, leading to enhanced effector recruitment
and signal output. Elements in the H-Ras C-terminal hypervariable region and an activated G-domain are required for
H-Ras—Gal-1 interaction. Palmitoylation is not required for H-Ras-Gal-1 complex formation, but is required to anchor
H-Ras—Gal-1 complexes to the plasma membrane. Our data suggest a mechanism for H-Ras nanoclustering that involves
a dual role for Gal-1 as a critical scaffolding protein and a molecular chaperone that contributes to H-Ras trafficking by

returning depalmitoylated H-Ras to the Golgi complex for repalmitoylation.

INTRODUCTION

Ras GTPases regulate diverse signaling pathways that con-
trol cell growth and differentiation (Cox and Der, 2003;
Downward, 2003). Ras signal transduction can take place
from the Golgi complex and perhaps mitochondrial mem-
branes (Chiu et al., 2002; Bivona et al., 2006), but the specific
contribution of membrane localization to signal output is
best characterized for Ras on the plasma membrane. Here,
~40% of Ras proteins are organized into nanoscale domains
called nanoclusters (Prior et al., 2003; Rotblat ef al., 2004b;
Plowman et al., 2005; Roy et al., 2005). Nanoclusters comprise
~7 Ras proteins and have radii in the range of 6-11 nm. Ras
proteins that are not in nanoclusters are randomly arrayed
as monomers over the plasma membrane. Different Ras
isoforms drive the formation of spatially distinct nanoclus-
ters, which have varying requirements for plasma mem-
brane cholesterol and the actin cytoskeleton. Importantly,
Ras nanoclusters are the sites to which cytosolic effectors
such as Raf-1 are recruited and activated (Tian et al., 2007). In
the case of epidermal growth factor (EGF)-regulated mito-
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gen-activated protein kinase (MAPK) signaling, activated
Ras nanoclusters operate as digital switches that are essen-
tial for high-fidelity signal transduction across the plasma
membrane (Kenworthy, 2007; Tian et al., 2007).

H-Ras undergoes GTP-dependent lateral segregation
between different types of nanoclusters (Prior et al., 2003;
Plowman et al., 2005). GDP-H-Ras forms cholesterol-depen-
dent nanoclusters with radii of ~12 nm, whereas GTP-H-Ras
forms cholesterol-independent nanoclusters with radii of
6—8 nm (Prior et al., 2003; Plowman et al., 2005). The features
of H-Ras that are essential for nucleotide-regulated ex-
change between GTP and GDP nanoclusters have been
mapped. These include farnesylation of Cys186, palmitoyl-
ation of Cys184, specific amino acids sequences within re-
gion 1 (residues 166-172) of the hypervariable region (HVR),
and correct spacing of region 1 from the membrane anchor
provided by region 2 (residues 173-179) of the HVR. In
addition, recent molecular dynamic simulations and cell
biological experiments suggest that basic residues in helix
a4 play an important role in stabilizing the membrane con-
tacts of GTP-H-Ras (Gorfe et al., 2007). Precisely how these
structural elements of H-Ras participate in the molecular
mechanisms that actually drive Ras nanoclustering however
remains unclear.

Galectin-1 (Gal-1) is recruited to the plasma membrane in
response to H-Ras activation (Paz et al., 2001), and H-
RasG12V and Gal-1 are enriched in cholesterol-independent
membrane fractions (Ashery et al., 2006). Gal-1 appears to be
functionally important for H-Ras nanoclustering (Prior et al.,
2003). Ectopic expression of Gal-1 increases the size of GTP-
H-Ras nanoclusters (Hancock and Parton, 2005), whereas
knockdown of Gal-1 expression abrogates GTP-H-Ras nano-
clustering (Prior et al., 2003). Furthermore, a Gal-1-mediated
increase in GTP-H-Ras nanoclustering is correlated with
enhanced transforming potential of H-RasG12V (Elad-Sfadia
et al., 2002; Rotblat et al., 2004a). In vitro biochemical exper-

1404 Supplemental Material can be found at:

hitpyiwww.molbiolcel orgjeontent/suppl/2008/01/29/£07-10-1053 84§ by The Americlan Society for Cell Biology



https://core.ac.uk/display/15066408?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.molbiolcell.org/content/suppl/2008/01/29/E07-10-1053.DC1.html

iments show that H-RasG12V binds to Gal-1 via an interac-
tion that involves the Ras farnesyl group and a hydrophobic
pocket in Gal-1 (Paz et al., 2001; Rotblat ef al., 2004a). A single
point mutation (L11A) in the Gal-1 hydrophobic pocket
yields a Gal-1 interfering mutant that displaces H-RasG12V
from the plasma membrane and inhibits Ras biological ac-
tivity (Rotblat et al., 2004a).

Taken together these studies strongly suggest that a
direct molecular interaction between H-Ras and Gal-1 in
intact cells may be required for the formation of GTP-H-
Ras-signaling nanoclusters. Here we formally test this hy-
pothesis using immuno-electron microscopy (EM) spatial
mapping in combination with fluorescence lifetime imag-
ing—fluorescence resonance energy transfer (FLIM-FRET)
and bimolecular fluorescence complementation (BiFC) mi-
croscopy to define the specific role of Gal-1 in H-Ras nano-
cluster formation and signal transduction. We show for the
first time that Gal-1 is an integral component of the H-
Ras.GTP nanocluster and regulates the duration of signal
transduction by stabilizing these domains. We also define
the molecular components within H-Ras that regulate Gal-1
interactions on the plasma membrane in intact cells. These
results lead both to a new model for H-Ras nanocluster
formation and identify a hitherto unsuspected role for Gal-1
as a cytosolic chaperone for depalmitoylated H-Ras.

MATERIALS AND METHODS

Construction of Plasmids and Vectors

All Ras mutants and Gal-1 vectors used in this study have been previously
described (Niv et al., 1999, 2002; Paz et al., 2001; Jaumot et al., 2002; Roy et al.,
2005). The constructs Prtl2-YIN and Prtl2-Y2N (Bracha-Drori ef al., 2004) were
a gift from S. Yalovsky and N. Ohad (Tel Aviv University, Israel). The
Prtl2-Y1IN construct contains a cDNA encoding for the N-terminal fragment
of yellow fluorescent protein (YN; residues 1-54 of YFP [yellow fluorescent
protein]) fused to a 5-amino-acid linker (RSIAT), which is fused in turn to a
9-amino-acid EE tag. The Prtl2-Y2N construct contains a cDNA encoding for
the C-terminal fragment of YFP (YC; residues 155-238 of YFP) fused to a
17-amino-acid linker (RPACKIPNDLKQKVMNH), which is fused in turn to a
9-amino acid hemagglutinin (HA) tag. Gal-1, H-Ras, and mutant H-Ras
cDNAs were cloned into these vectors and verified by sequencing.

Cell Cultures and Transfection Procedures

Cells were incubated at 37°C in a humidified atmosphere with 5% CO,.
HEK293 (human embryonic kidney) cells were maintained in DMEM con-
taining 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin,
and 100 g/ml streptomycin. BHK (baby hamster kidney) cells were grown in
OptiMem with 2.5% FCS, 10% tryptosephosphate broth, 100 U/ml penicillin,
and 100 g/ml streptomycin. HEK293 and BHK cells were transfected with a
total of 2 ug DNA (1 pg YC and 1 ug YN construct) using calcium phosphate
(Sigma-Aldrich, St. Louis, MO) or jetPE reagent, respectively, according to the
manufacturer’s instructions.

Western Blot Analysis

HEK293 or BHK cells were lysed, and 20-50 ug proteins were subjected to
SDS-PAGE electrophoresis followed by Western immunoblot analysis as
described (Paz et al., 2001), using pan-Ras, Gal-1, YN fragment, YC fragment,
phospho-ERK, and ERK2 antibodies. Signals were visualized using enhanced
chemiluminescence (ECL) reagents (Amersham Pharmacia Biotech, Arlington
Heights, IL) and quantified by densitometry with Image Master VDS-CL
(Amersham) using Image] software (http://rsb.info.nih.gov/ij/) or Lumi-
Imager F1 software (Roche, Indianapolis, IN).

Live Cell Fluorescence Confocal Microscopy

BHK or HEK293 cells plated on coverslips were maintained in Hanks’ bal-
anced salt solution supplemented with 10 mM HEPES, pH 7.2, during imag-
ing. Cells were imaged by a Zeiss LSM 510 or an LSM META confocal
microscope (Thornwood, NY) fitted with a yellow fluorescence filter for
detection of BiFC, as described (Ozalp ef al., 2005) or with a cyan fluorescent
protein (CFP) filter. The fluorescence intensity of YN-Gal-1/YC-H-RasG12V
and YN-Gal-1/YC-H-Ras complexes was analyzed using Image] software.
The border of each cell was traced to calculate the average pixel intensity for
the whole cell.
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Quantification of BiFC by Flow Cytometry

HEK?293 cells were resuspended in phosphate-buffered saline (PBS; 0.5 X
10° cells/0.5 ml PBS) and analyzed by fluorescence-activated cell sorter
(FACS; FACSCalibur, Becton Dickinson, Los Angeles, CA). To obtain the
net fluorescence (total minus autofluorescence), measurements from 10,000
cells were collected and analyzed by CellQuest software (BD Biosciences,
San Diego, CA).

FLIM-FRET Microscopy

FLIM experiments were carried out using a lifetime fluorescence imaging
attachment (Lambert Instruments, Leutingewolde, The Netherlands) on an
inverted microscope (Olympus IX71, Melville, NY). BHK cells transiently
expressing mGFP-H-Ras constructs (donor), alone or with mRFP-Gal-1 (ac-
ceptor; using a 1:3 ratio of plasmid DNA) were excited using a sinusoidally
modulated 3 W, 470-nm LED at 80 MHz under epi-illumination. Fluorescein
was used as a lifetime reference standard. Cells were imaged with a 60X, NA
1.45 oil objective using an appropriate green fluorescent protein (GFP) filter
set. The phase and modulation were determined from a set of 12 phase
settings using the manufacturer’s software. Resolution of two lifetimes in the
frequency domain was performed using a graphical method (Clayton et al.,
2004) mathematically identical to global analysis algorithms (Verveer and
Bastiaens, 2003; Esposito ef al., 2005). The analysis yields the monomeric green
fluorescent protein (mGFP) lifetime of free mGFP donor (= 1), the mGFP
lifetime in donor acceptor complexes (= 7,), and estimates the fraction of
mGFP in donor:acceptor complexes (a). Analysis was performed on a cell-
by-cell basis. Average FRET efficiency (= 1 — 7,/7) was 53.4 * 1.35%
(mean * SEM).

Electron Microscopy

Apical plasma membrane sheets were prepared, fixed with 4% PFA, 0.1%
glutaraldehyde, and labeled with affinity-purified anti-GFP or anti-mRFP
antisera coupled directly to 5-nm gold as described previously (Prior et al.,
2003; Plowman et al., 2005). For bivariate analysis plasma membrane sheets
were labeled sequentially with anti-mRFP (2-nm gold) and anti-GFP (6-nm
gold) antibodies. Digital images of the immunogold labeled plasma mem-
brane sheets were taken at 100,000X magnification in an electron microscope
(Jeol 1011, Peabody, MA). Intact 1-um? areas of the plasma membrane sheet
were identified using Image J and the (x,y) coordinates of the gold particles
determined as described (Prior ef al., 2003; Plowman et al., 2005). Bootstrap
tests to examine differences between replicated point patterns were con-
structed exactly as described (Diggle et al., 2000), and statistical significance
was evaluated against 1000 bootstrap samples.

Fluorescence Recovery after Photobleaching

Confocal fluorescence recovery after photobleaching (FRAP) experiments to
monitor FRAP at the Golgi complex were conducted on COS-7 cells trans-
fected with vectors encoding the various GFP- and YC- tagged H-Ras proteins
and Gal-1 or YC-Gal-1 proteins. Cells were pretreated with 50 uM cyclohex-
imide for 2 h. Fluorescence was bleached at a 488-nm (GFP) or 514-nm (BiFC,
complemented YFP) polygon region comprising the Golgi complex, and
scanned images were collected at the indicated times. Fluorescence was
quantified using Image]J, and the ratio of the mean fluorescence of the Golgi
complex over the total cell fluorescence was determined. For each time point
the ratio was normalized to the ratio after the bleach and the fraction of
recovery. Fluorescence recovery half times were calculated from the time-
dependent recovery curves generated by fitting the data to a single exponent.
For presentation purposes only images were processed and corrected for
photobleach using the Image] “bleach correction” plug-in (http://www.
uhnresearch.ca/facilities /wcif /imagej/t.htm#t_bleach).

RESULTS

Gal-1 Colocalizes to H-RasG12V Nanoclusters

We have shown previously that H-Ras.GTP nanoclustering
can be modulated by Gal-1 expression level (Prior et al.,
2003; Hancock and Parton, 2005). To determine how Gal-1
might regulate H-Ras.GTP nanocluster formation, we inves-
tigated the distribution of mRFP-Gal-1 on intact plasma
membrane sheets using EM spatial mapping. In serum-
starved cells, in the absence of H-RasG12V, only a low level
of mRFP-Gal-1 was detected on the plasma membrane
sheets by immunogold labeling; spatial point pattern anal-
ysis of the gold particles showed that the plasma membrane-
localized mRFP-Gal-1 was clustered (Figure 1, A and B).
However, expression of mGFP-H-RasG12V resulted in a
substantial increase both in the extent of mRFP-Gal-1 clus-
tering (Figure 1A) and in the total amount of mRFP-Gal-1
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recruited to the plasma membrane (Figure 1B). This result
suggests that Gal-1 membrane localization and nanocluster-
ing are directly regulated by an interaction with H-RasG12V.
Interestingly, the clustering parameters (L., and sup,) of
the mRFP-Gal-1 point pattern in the presence of mGFP-H-
RasG12V, were very similar to the clustering parameters of
the mGFP-H-RasG12V point pattern (Figure 1A), indicating
that the two proteins might exist in the same domain. To
validate this interpretation plasma membrane sheets from
cells coexpressing mGFP-H-RasG12V and mRFP-Gal-1 were
colabeled with different sized gold particles. The bivariate
K-function analysis of the resulting 2 nm-/6-nm point pat-
tern shows that H-RasG12V and Gal-1 colocalize in
nanoscale clusters on the inner leaflet of the plasma mem-
brane (Figure 1C). These results formally demonstrate that
Gal-1 is a component of GTP-H-Ras-signaling nanoclusters.

Gal-1 Preferentially Interacts with H-Ras.GTP

To precisely quantify the degree to which H-Ras.GDP and
H-Ras.GTP interact with Gal-1 in intact cells we used FLIM-
FRET. FLIM-FRET quantifies the proximity of two proteins
by measuring changes in the fluorescence lifetime of the
donor fluorophore, in this case mGFP, when it interacts with
the acceptor fluorophore mRFP. We first analyzed cells ex-
pressing mGFP-H-Ras or mGFP-H-RasG12V in the presence
or absence of mRFP-Gal-1. The fluorescence lifetime of
mGFP-H-RasG12V was measured as ~2.2 ns when ex-
pressed alone, but when coexpressed with mRFP-Gal-1 the
fluorescence lifetime of mGFP-H-RasG12V decreased to 1.9
ns, a highly significant change (p << 0.0001; Figure 2A and
B), indicative of a strong molecular interaction between the
proteins attached to mGFP and mRFP. In contrast, the
change in fluorescence lifetime of mGFP-H-Ras in cells ex-
pressing mRFP-Gal-1, was substantially smaller, consistent
with biochemical data indicating that Gal-1 preferentially
interacts with GTP-bound H-Ras (Paz et al., 2001; Elad-
Sfadia et al., 2002; Rotblat et al., 2004a).
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Figure 1. Gal-1 is a structural component of H-RasG12V
nanoclusters. (A) Plasma membrane sheets were prepared
from serum-starved cells expressing mRFP-Gal-1, mGFP-
H-RasG12V, or expressing mRFP-Gal-1 and mGFP-H-
RasG12V and labeled with anti-GFP or anti-mRFP anti-
bodies conjugated to 5-nm gold. The spatial distribution of
the resulting gold patterns was analyzed by Ripley’s K-
function. L(r) — r values above the 99% confidence interval
(99% CI) for complete spatial randomness (CSR) indicate
clustering at the value of r. The maximum value of L(r) —
r occurs at sup,. Coexpression of mGFP-H-RasG12V sig-
nificantly increases Lmax and sup, of the mRFP-Gal-1
pattern (p = 0.001). Clustering of mGFP-H-RasG12V was
significantly changed when coexpressed with mRFP-Gal-1
(p = 0.001). K-functions are weighted means (n = 8)
standardized on the 99% CI. Statistical significance was
assessed using bootstrap tests. (B) Plasma membrane re-
cruitment of mRFP-Gal-1 in the presence or absence of
mGFP-H-RasG12V. Plasma membrane sheets were la-
beled with anti-mRFP antibody conjugated to 5-nm gold
and the level of gold labeling/um? was calculated. The
graph shows means (£ SEM, n = 8-19), significance dif-
ferences were assessed in t tests. Expression of H-RasG12V
significantly increases Gal-1 membrane recruitment
(**p < 0.001). (C) Colocalization of mRFP-Gal-1 and
mGFP-H-RasG12V. Plasma membrane sheets generated
from cells expressing mRFP-Gal-1 and mGFP-H-RasG12V
were colabeled with anti-mRFP (2 nm gold) and anti-GFP
(6 nm gold) antibodies. L, (r) — r curves above the 99% CI
indicate significant colocalization. The bivariate K-functions
are weighted means (n = 5) standardized on the 99% CIL.

To investigate the subcellular localization of H-Ras/Gal-1
complexes in live cells, we used BiFC (Hu et al., 2002). Here
yellow fluorescent protein (YFP) is split into two nonfluo-
rescent fragments (the N-terminal YN and the C-terminal
YC) that are fused to the protein of interest (YC-) H-Ras and
its suspected binding partner (YN-) Gal-1 (a schematic pre-
sentation of all constructs used here is given in Supplemen-
tary Information, Figure S1). Reconstitution of fluorescence
occurs when the two fragments of the split fluorophore are
brought together by protein—protein interactions (Hu et al.,
2002). We validated the BiFC assay by showing that YC-H-
Ras and YN-RBD (Ras-binding domain of Raf-1) only gen-
erated detectable fluorescence when YC-H-Ras was GTP-
loaded (Supplementary Information, Figure S2). Analysis of
the GTP-dependence of H-Ras and Gal-1 interaction dem-
onstrated strong BiFC between YC-H-RasG12V and YN-
Gal-1 on the plasma membrane, but only very weak BiFC
between YC-H-Ras and YN-Gal-1 (Figure 2C), a result that is
consistent with the FLIM-FRET data. Interestingly, YC-H-
RasG12V/YN-Gal-1, but not YC-H-Ras/YN-Gal-1, also ex-
hibited strong BiFC in the Golgi complex (Figure 2D), indi-
cating that H-Ras.GTP resident on the Golgi complex also
interacts with Gal-1.

EGF Stimulation Induces Interaction between Gal-1
and H-Ras

Taken together the data in Figures 1 and 2 demonstrate that
Gal-1 interacts specifically with GTP-H-Ras nanoclusters,
but not GDP-H-Ras nanoclusters. These experiments were
however all carried out with H-Ras that is constitutively
GTP loaded by virtue of an oncogenic G12V mutation. We
therefore used FLIM-FRET microscopy to detect de novo
interactions between mGFP-H-Ras and mRFP-Gal-1 induced
by EGF-stimulated Ras GTP-loading. Figure 3A shows that
EGF treatment induces a time-dependent decrease in mGFP-
H-Ras lifetime as a result of stimulating a corresponding
increase in mGFP-H-Ras-mRFP Gal-1 interaction. The max-
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Figure 2. Gal-1 interacts preferentially with
H-Ras.GTP. BHK cells expressing mGFP-H-
Ras or mGFP-H-RasG12V, alone, or with 2.1
mRFP-Gal-1 were imaged in the frequency do-

main in a wide-field FLIM-FRET microscope. 20
(A) Representative heat map images of the 1.9
cells showing fluorescence lifetime of mGFP- 18
H-RasG12V in presence or absence of mRFP-

Gal-1. (B) Mean fluorescence lifetime of mGFP 1.7

(= SEM) measured in 54-132 cells. Significant 1.6
differences from control mGFP-H-RasG12V or
mGFP-H-Ras lifetimes were assessed using ¢
tests (***p << 0.0001). (C) HEK 293 or BHK
cells were cotransfected with YC-H-Ras and
YN-Gal-1 or with YC-H-RasG12V and YN-
Gal-1 and imaged by fluorescence confocal mi-
croscopy. The resulting BiFC indicates a
strong direct interaction of H-RasG12V with
Gal-1 in the plasma membrane and the Golgi
complex. Typical YFP images of the HEK 293
cotransfectants are shown (left panel; bar, 10
pum). Similar images were obtained with the
BHK cotransfectants (not shown). The graph
shows mean cell fluorescence intensity of YC-
H-RasG12V/YN-Gal-1 compared with YC-H-
Ras/YN-Gal-1 (xSEM, n = 30), **p < 0.0001
evaluated in f tests. (D) HEK 293 cells were
cotransfected with YC-H-RasG12V/YN-Gal-
1/GalTCFP and imaged by dual fluorescence
confocal microscopy. Typical YFP and CFP
images and their overlay show colocalization
of YC-H-RasG12V/YN-Gal-1 complexes and
the Golgi marker GalT-CFP. Representative
immunoblots confirming similar transfection
efficiencies are shown.

C YC-H-Ras+YN-Gal-1

YC-H-RasG12V+YN-Gal-1

imum decrease in mGFP lifetime was seen 5 min after EGF
stimulation (Figure 3A), consistent with the observed kinet-
ics of Ras-GTP loading in BHK cells. We estimate using a
global analysis of the FLIM data that the maximal mGFP
FRET fraction is ~20% (Figure 3B), which again is consistent
with the maximum level of GTP loading of H-Ras achieved
after EGF stimulation (Prior et al., 2001; Elad-Sfadia et al.,
2002). The decrease in mGFP fluorescence lifetime observed
in unstimulated cells coexpressing mGFP-H-Ras and mRFP-
Gal-1 probably reflects the increased basal H-Ras.GTP levels
that are associated with exogenous expression of Gal-1
(Elad-Sfadia et al., 2002).

We next used EM spatial analysis to explore whether EGF
stimulation induces Gal-1 and H-Ras.GTP nanoclustering
through increased Gal-1 plasma membrane localization. In
serum-starved BHK cells we observed a basal level of mRFP-
Gal-1 on intact plasma membrane sheets that was organized
into nanoclusters (Figure 3C). After EGF stimulation there
was a significant recruitment of mRFP-Gal-1 to the plasma
membrane (data not shown) and a concomitant increase in
mRFP-Gal-1 nanocluster formation (Figure 3C). The maxi-
mum level of mRFP-Gal-1 nanoclustering was detected
5min after EGF stimulation, consistent with the maximum
H-Ras-Gal-1 interaction detected by FLIM-FRET (Figure
3A). By 10 min after EGF stimulation the level of mRFP-
Gal-1 nanoclustering returned to pretreatment levels (Figure
3C). We went on to analyze the effect of EGF stimulation on
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mGFP-H-Ras nanoclustering in BHK cells ectopically ex-
pressing Gal-1. A similar time-dependent increase in H-Ras
nanoclustering was detected, with the maximum increase in
nanoclustering occurring 2-5 min after EGF stimulation
(Figure 3D). After 10 min of EGF treatment the level of
H-Ras nanoclustering returned to pretreatment levels. Taken
together these experiments clearly show that EGF-stimu-
lated Ras activation drives the GTP-H-Ras—Gal-1 association
and corresponding GTP-H-Ras nanocluster formation in a
time-dependent, reversible manner.

Gal-1 Stabilizes GTP-H-Ras Signaling Nanoclusters,
Leading to Increased Effector Recruitment

We have shown that Gal-1 is an integral component of the
H-Ras.GTP nanocluster and that ectopic expression of Gal-1
increases the extent of GTP-H-Ras nanoclustering; an in-
triguing mechanism that may account for these observations
is a Gal-1-induced increase in the stability or lifetime of the
usually short-lived (<1s), transient nanoclusters. If so, be-
cause GTP-Ras nanoclusters are the sites of effector recruit-
ment (Tian et al., 2007), exogenous expression of Gal-1
would be expected to increase Raf-1 nanoclustering on the
plasma membrane. To formally test whether Gal-1 increases
H-Ras signaling by stabilizing the formation of the transient
Ras-signaling platform, we analyzed recruitment of mRFP-
Raf-1 to the plasma membrane by mGFP-H-RasG12V in the
presence or absence of Gal-1. Figure 4A shows that mGFP-
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Figure 3. EGF stimulation induces dynamic
interaction between H-Ras.GTP and Gal-1. (A)
BHK cells expressing mGFP-H-Ras and
mRFP-Gal-1 were serum-starved and stimu-
lated with 50 ng/ml EGF for the indicated
time points. The fluorescence lifetime of
mGFP-H-Ras in the absence of mRFP-Gal-1 in
serum free conditions was used as a control.
Fluorescence lifetime was measured in multi-
ple cells, the graph shows mean values = SEM
(n = 22-84), pairwise significant differences
from control mGFP-H-Ras were evaluated in ¢
tests (***p << 0.0001). (B) Global analysis and
calibration with an mGFP-mRFP fusion pro-
tein was used to calculated the fraction of
mGFP-H-Ras molecules undergoing FRET.
Bars, mean FRET fraction = SEM calculated
for the cells imaged in A. (C) Spatial analysis
of Gal-1 nanoclustering in response to EGF
stimulation. BHK cells expressing mRFP-Gal-1
and mGFP-H-Ras were serum-starved and

2min stimulated with 50 ng/ml EGF for the indi-
s 5N cated time points. Plasma membrane sheets
g;i"a were labeled with anti-mRFP antibody conju-

gated to 5-nm gold. K-functions are weighted
means (n = 9) standardized on the 99% CI.
Statistical significance was assessed in boot-
strap tests. The analysis shows that Gal-1
nanoclustering is significantly increased after
5 min of EGF stimulation compared with the
untreated control (p = 0.001). (D) Spatial anal-
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sheets were labeled with anti-GFP antibodies conjugated to 5-nm gold. K-functions are weighted means (n = 7) standardized on the 99% CI.
Statistical significance was assessed in bootstrap tests. The analysis revealed that H-Ras nanoclustering was significantly increased after 2-5

min of EGF stimulation (p = 0.001).

H-RasG12V recruited significantly more mRFP-Raf-1 to the
plasma membrane when coexpressed with Gal-1 (p = 0.007),
and most importantly, the recruited mRFP-Raf-1 exhibited
significantly increased nanoclustering (p = 0.001; Figure 4B).
We conclude that Gal-1 levels directly regulate the extent of
Raf-1 recruitment to H-RasG12V signaling nanoclusters by
regulating nanocluster stability and that this is the mecha-
nism underlying enhanced activation of the MAPK pathway
observed in cells ectopically expressing Gal-1 (Elad-Sfadia et
al., 2002).

The HVR Linker of H-Ras Is Essential for H-Ras- Gal-1
Interactions

To explore how Gal-1 may drive or facilitate GTP-H-Ras
nanocluster formation we mapped the components within
H-Ras that are important for interaction with Gal-1. We used
BiFC, quantified by FACS analysis (Ozalp et al., 2005), and
FLIM-FRET microscopy to detect changes in H-Ras—Gal-1
interaction induced by mutations in H-Ras. We focused on
components within H-Ras that are known to regulate lateral
segregation. The BiFC and FLIM-FRET measurements cor-
related well and detected no interaction between Gal-1 and
H-RasG12VAhvr, a mutant that lacks the HVR-linker se-
quence, (Figure 5, A-C) indicating that the HVR linker is an
absolute requirement for H-RasG12V and Gal-1 interaction.
To delineate the role of specific sequences within the HVR,
we examined the interaction of Gal-1 with H-RasG12VA1lala
and H-RasG12VA2ala, constructs that have region 1 or
region 2 of the HVR, respectively, replaced with alanines.
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BiFC fluorescence was detected at the plasma membrane
and Golgi complex when YC-H-RasG12VA2ala and YC-
H-RasG12VAlala were coexpressed with YN-Gal-1 (Fig-
ure 5, A and B). FLIM-FRET measurements confirmed that
both of these H-Ras HVR mutants interacted with Gal-1, but
revealed that H-RasG12VA1ala is partially compromised in
its interactions with Gal-1, whereas H-RasG12VA2ala inter-
acts to the same extent as full-length H-RasG12V (Figure
5C). Taken together these data correlate closely with the
requirements for the respective parts of the HVR for GTP-
dependent lateral segregation (Rotblat et al., 2004b). How-
ever, the requirement for specific sequences within region 1
for H-RasG12V-Gal-1 interaction may not be as absolute as
for the control of lateral segregation.

H-Ras Palmitoyl Moieties Are Dispensable for
H-Ras—Gal-1 Complex Formation But Are Required for
Membrane Targeting of the Complex

Palmitoylation regulates H-Ras trafficking between the
Golgi complex and plasma membrane and H-Ras nanoscale
organization on the plasma membrane. Therefore, we ex-
plored the role of palmitoylation in H-RasG12V-Gal-1 inter-
actions. BiFC microscopy detected complex formation be-
tween Gal-1 and the mono-palmitoylated H-RasG12V C184S
and H-RasG12V C181S mutants. Specifically, YC-H-RasG12V
C181S and YN-Gal-1 generated strong BiFC in the Golgi
complex and weaker BiFC on the plasma membrane (Figure
6A), whereas YC-H-RasG12V C184S and YN-Gal-1 gener-
ated BiFC almost exclusively at the plasma membrane (Fig-
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Figure 4. Gal-1 expression increases Raf-1 recruitment to
H-RasG12V nanoclusters. Plasma membrane sheets generated from
serum-starved BHK cells expressing mRFP-Raf-1, mRFP-Raf-1 and
Gal-1, mGFP-H-RasG12V and mRFP-Raf-1, or mGFP-H-RasG12V,
mRFP-Raf-1, and Gal-1 were labeled with anti-mRFP antibody con-
jugated to 5-nm gold to monitor mRFP-Raf-1 plasma membrane
interaction. (A) Analysis of Raf-1 membrane recruitment demon-
strates that H-RasG12V recruits significantly more mRFP-Raf-1 to
the plasma membrane in the presence of Gal-1. Bars, number of gold
particles/pm?; error bars, *SEM (n = 11, 15, 15, and 16, respec-
tively). Statistical significance of differences was assessed in t tests
(**p = 0.01). (B) EM spatial mapping of Raf-1 recruited to the plasma
membrane by H-RasG12V in the presence or absence of Gal-1.
K-function analysis of the gold patterns generated in A shows that
Raf-1 nanoclustering is significantly increased when Gal-1 and
H-RasG12V are coexpressed compared with H-RasG12V alone (p =
0.001). K-functions are weighted means (n = 15) standardized on
the 99% CI. Statistical significance was assessed in bootstrap tests.

ure 6A). These BiFC distributions correlate with the known
localization of the respective mono-palmitoylated H-Ras
proteins and are consistent with the role of the palmitate
group on C181 in trafficking H-Ras to the plasma membrane
(Roy et al., 2005). FLIM-FRET analysis also showed that the
interaction between mRFP-Gal-1 and H-RasG12V mono-
palmitoylated on C181 (mGFP-H-RasG12V C184) was
equivalent to that of mGFP-H-RasG12V (Figure 6B). Inter-
estingly, however, FLIM-FRET imaging revealed that mono-
palmitoylation of H-RasG12V on C184 (mGFP-H-RasG12V
C181S) resulted in a significantly increased interaction with
mRFP-Gal-1 compared with mGFP-H-RasG12V (Figure 6B).
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This finding may be related to the specific role of palmitoyl-
ation of C184 in regulating H-Ras.GTP-dependent lateral
segregation (Roy et al., 2005).

H-Ras and Gal-1 Complexes Traffic from the Plasma
Membrane to the Golgi Complex

Given the strong interaction between mono-palmitoylated
H-RasG12V and Gal-1, we asked whether palmitoylation of
H-Ras was completely redundant for Gal-1 binding. Muta-
tion of C181 and C184 results in an H-Ras protein that has a
normally processed CAAX motif but is not palmitoylated
and localizes almost exclusively to the cytosol and cytoplas-
mic surface of the endoplasmic reticulum (ER; Hancock et
al., 1990; Choy et al., 1999; Apolloni et al., 2000). We detect
strong BiFC between nonpalmitoylated YC-H-RasG12V
C181S, C184S and YN-Gal-1 in the cytoplasm (Figure 6A),
which was consistent with this distribution. We therefore
conclude that palmitoylation of H-RasG12V is dispens-
able for interaction with Gal-1 and that an H-RasG12V-
Gal-1 interaction can proceed in the absence of membrane
binding.

This result suggests that Gal-1 may operate as a molecular
chaperone for farnesylated H-Ras after depalmitoylation by
thioesterases. Because Ras palmitoyltransferases are local-
ized to the ER and Golgi complex (Lobo et al., 2002; Swar-
thout et al., 2005), delivery of deplamitoylated H-Ras from
the plasma membrane to the ER and Golgi complex is re-
quired for repalmitoylation and forward transport back to
the plasma membrane (Goodwin et al., 2005; Rocks et al.,
2005; Roy et al., 2005). To directly test whether Gal-1 and
H-Ras traffic from the plasma membrane to the Golgi com-
plex, we measured the FRAP of YC-H-RasG12V-YN-Gal-1
complexes on the Golgi complex. Cells were pretreated with
cycloheximide to block protein synthesis assuring that mea-
surements were made on recycling not newly synthesized
proteins. We observed fluorescence recovery of YC-H-
RasG12V-YN-Gal-1 within 30 s (Figure 7A). The halftime of
fluorescence recovery of YC-H-RasG12V-YN-Gal-1 com-
plexes in the Golgi was 30 + 12 s (mean = SEM, n = 4;
Figure 7B), which was not significantly different from the
mean values recorded for GFP-H-RasG12V (50 = 10s,n = 4;
p = 0.3). Taken together these results indicate that H-Ras
and Gal-1 are mobilized together from the plasma mem-
brane for delivery to the Golgi complex.

Gal-1 Interaction Positively Regulates H-RasG12V
Signaling via the Raf MEK/ERK Pathway

We have shown that Gal-1 stabilizes H-Ras—signaling nano-
clusters, resulting in greater Raf-1 recruitment. To address
whether stabilization of the nanocluster translates into in-
creased signal output, we analyzed the relative levels of ERK
phosphorylation (pERK) in the presence or absence of Gal-1
for each of H-RasG12V mutants assayed in Figures 5 and 6.
The results in Figure 8 show a pairwise comparison (ex-
pressed as a fold increase) between the level of pERK gen-
erated in the presence of Gal-1, compared with in the ab-
sence of Gal-1 for each H-RasG12V protein analyzed and
demonstrate that the effect of Gal-1 on H-Ras. GTP signaling
was directly correlated with the degree of Gal-1 interaction
(Figures 5 and 6). Consequently Gal-1 did not increase
H-RasG12VAhvr signal output. However, Gal-1 potentiated
signaling via the Raf/MEK/ERK pathway when coex-
pressed with GFP-H-RasG12VAlala, GFP-H-RasG12VA2ala,
GFP-H-RasG12V C181S, and GFP-H-RasG12V C184S (Fig-
ure 8). In all cases Gal-1 induced a similar fold increase in
pERK levels. Together these results show that if Gal-1 is
able to interact with H-RasG12V, it stabilizes H-Ras in a

1409



L. Belanis ef al.

A YC-H-RasG12V YC-H-RasG12VAhvr B 704

YC-H-RasG12VA1ala YC-H-RasG12VA2ala

mean fluorescence (AU)

YN-Gal-1 “

(@)

»
)

N
=
*
*
*

-
©

mean fluorescence lifetime (ns)
N

-
©

conformation that facilitates signal output via increased
nanoclustering.

DISCUSSION

A fundamental as yet unanswered question is how does
growth-factor signaling regulate Ras nanocluster formation.
Here we answer this question through the use of im-
muno-EM and spatial statistics in combination with FLIM-
FRET and BiFC microscopy. We show that two key compo-
nents of the H-Ras-signaling platform are spatially
segregated but are brought together in response to growth
factor stimulation. We suggest that the spatial segregation of
structural components of Ras nanoclusters provides a con-
trol mechanism to regulate the formation and lifetime of
Ras-signaling platforms and consequent signal output.

Ras nanoclusters are the sites of effector recruitment and
signal transmission (Tian et al., 2007). Therefore the forma-
tion and duration of these structures must be tightly regu-
lated in order to ensure appropriate signal output. We show
here that interaction between Gal-1 and H-Ras in live cells is
regulated by the bound nucleotide. When H-Ras is GDP-
loaded, Gal-1 is confined predominantly to the cytosol, but
after GTP-loading of H-Ras, Gal-1 is recruited to the plasma
membrane where it forms an integral structural component
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Figure 5. The H-Ras HVR regulates inter-
action with Gal-1. (A) BHK cells were co-
transfected with YC-H-RasG12V and YN-
Gal-1, YC-H-RasG12VAhvr and YN-Gal-1,
YC-H-RasG12VAlala and YN-Gal-1, or YC-
H-RasG12VA2ala and YN-Gal-1. Cells were
imaged by fluorescence confocal microscopy
48 h after cotransfection. Typical images are
shown in the top panel and expression levels
in the bottom panel. Images collected from 20
cells in three different experiments exhibited
similar patterns of BiFC localization. Bar, 10
pm. (B) The mean fluorescence levels of HEK
293 cells expressing YN-Gal-1/YC-H-RasG12V
HVR mutants or YN-Gal-1/YC-H-Ras were
quantified by FACS analysis. The mean fluo-
rescence obtained from three different experi-
ments is shown (mean = SEM). **p < 0.001,
YC-H-Ras compared with YC-H-RasG12V, or
YC-H-RasG12VAhvr compared with YC-H-
RasG12V. Immunoblot analysis confirmed
similar transfection efficiencies. (C) BHK cells
were cotransfected with mGFP-H-RasG12V or
mGFP-H-RasG12V HVR mutants in the pres-
ence or absence of mRFP-Gal-1, and the fluo-
rescence lifetime of mGFP was measured.
Bars, mean fluorescence lifetime of mGFP (*
SEM, n = 53-132 cells). Pairwise differences
from the control mGFP-H-RasG12V were an-
alyzed in t tests (***p << 0.0001).

of the H-Ras.GTP-signaling nanocluster. We have shown
previously that knock down of Gal-1 expression prevents
the formation of the H-Ras.GTP nanoclusters (Prior et al.,
2003) and partial mislocalization of H-RasG12V to the cy-
tosol (Paz et al., 2001). Taken together these data show that
the recruitment of Gal-1 by H-Ras.GTP, actually into plasma
membrane nanoclusters is essential for the formation of
H-Ras-signaling platforms.

The physiological relevance of these observations is un-
derscored by the dynamics of Gal-1-H-Ras interaction in
response to EGF stimulation. We show using FLIM-FRET
that Gal-1 is recruited to the plasma membrane, where it
complexes transiently with H-Ras. Importantly, the time
course of Gal-1-H-Ras interaction we report is completely
concordant with that of H-Ras GTP-loading in response to
growth factor stimulation (Prior ef al., 2001; Elad-Sfadia et al.,
2002). Furthermore the observed maximum FRET fraction
between H-Ras.GTP and Gal-1 is ~20%, which closely matches
the maximum H-Ras.GTP loading detected in BHK cells in
response to growth factor stimulation (Prior et al., 2001). We
can therefore conclude that all of the H-Ras.GTP generated
on the plasma membrane is likely bound to Gal-1, that is
H-Ras.GTP proteins in nanoclusters, as well as randomly
distributed H-Ras.GTP monomers appear to be complexed
with Gal-1. This scenario contrasts sharply with Ras.GTP

Molecular Biology of the Cell
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Figure 6. Palmitoylation is dispensable for Gal-1 H-RasG12V in-
teraction. (A) BHK cells cotransfected with YC-H-RasG12V C181S
and YN-Gal-1, YC-H-RasG12V C184S and YN-Gal-1, or YC-H-
RasG12V C181S,C184S and YN-Gal-1 were imaged by fluorescent
confocal microscopy, 48 h after cotransfection. Typical BiFC images
of the cotransfectants are shown in the top panel and expression
levels in the bottom panel. Images collected from 20 cells in three
different experiments exhibited similar patterns of BiFC localization.
Bar, 10 um. (B) BHK cells were cotransfected with mGFP-H-
RasG12V, or mGFP-H-RasG12V palmitoylation mutants in the pres-
ence or absence of mRFP-Gal-1, and the fluorescence lifetime of
mGFP was measured. Bars, the mean fluorescence lifetime of mGFP
(*=SEM, n = 44-132 cells). Pairwise statistical significance from the
control mGFP-H-RasG12V was analyzed by f tests (***p << 0.0001).

interactions with Raf-1, or the RBD, on the plasma mem-
brane in intact cells, which appear to be restricted to Ras-
.GTP in nanoclusters (Tian et al., 2007). In combination, these
data strongly suggest that the H-Ras.GTP/Gal-1 interaction
occurs before the formation of the nanocluster, in which case
it is complexes of H-Ras.GTP/Gal-1 that are actually assem-
bled into H-Ras.GTP nanoclusters. Further support for this
conclusion is provided by the highly similar clustering pa-
rameters of H-Ras.GTP and plasma membrane recruited—
Gal-1 revealed by the EM spatial analyses. We also show
that ectopic expression of Gal-1 with H-RasG12V leads to
increased recruitment of Raf-1 to H-Ras nanoclusters, con-
sistent with the observed increase in Raf/MEK/ERK signal-
ing (Elad-Sfadia et al., 2002). Thus Gal-1 stabilizes or regu-
lates the lifetime of the H-RasG12V signaling platform,
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which in turn increases the likelihood of Raf-1 recruitment.
Taken together these results provide the first demonstration
of inducible recruitment of an integral nanocluster scaffold-
ing protein and the resulting dynamic formation of a Ras—
signaling platform.

Analysis of the molecular determinants for H-Ras.GTP/
Gal-1 interaction in intact cells using FLIM-FRET and
BiFC microscopy revealed that the full-length H-Ras HVR
is essential for Gal-1 binding because deletion of residues
166-179 completely abrogated the interaction. Finer map-
ping showed that the role of region 2 (173-179) is essen-
tially that of maintaining appropriate spacing between the
G-domain and the farnesyl group of the minimal mem-
brane anchor, whereas specific sequences within region 1
(166-172) are required for Gal-1 interaction. Interestingly,
these HVR requirements closely match those previously
mapped for H-Ras.GTP-dependent lateral segregation
(Jaumot et al., 2002; Prior et al., 2003; Rotblat et al., 2004b;
Hancock and Parton, 2005), further linking complex for-
mation between H-Ras.GTP and Gal-1 with the regulated
plasma membrane nanoscale distribution of H-Ras. In
contrast, neither of the H-Ras palmitate groups is required
for Gal-1 binding. Therefore, because Gal-1 can sequester
the farnesyl group of H-Ras.GTP (Paz ef al., 2001; Rotblat
et al., 2004a), we propose that the H-Ras palmitoyl groups
alone provide the plasma membrane anchoring for the
resulting H-Ras.GTP/Gal-1 complex. Such an arrange-
ment would then allow palmitate on Cys181 to provide
membrane affinity and palmitate on Cys184 to operate as
a critical determinant of nanocluster assembly (Roy et al.,
2005).

In this context it is worth considering a recent study that
used molecular dynamics to simulate the interaction of full-
length H-Ras with a model lipid bilayer. H-Ras was ob-
served to visit two conformational states, characterized by
different modes of membrane interaction (Figure 9; Gorfe et
al., 2007). In addition to the C-terminal lipid anchor H-Ras
interacts with the bilayer either via region 1 of the HVR in
conformation 1 or the B2-3 loop of the G-domain in con-
formation 2, resulting in a larger protein-membrane inter-
facial surface area. Furthermore the acyl chains are ex-
tended and deeply inserted into the lipid bilayer in
conformation 1, but acyl chains are less ordered in con-
formation 2 (Gorfe et al., 2007). The conformational state is
regulated by nucleotide exchange, such that H-Ras.GDP
and H-Ras.GTP are associated with conformation 1 and 2,
respectively. We speculate that the H-Ras.GTP conforma-
tional state may be more favorable to Gal-1 interaction
because the farnesyl group is less deeply embedded in the
bilayer in conformation 2.

Collecting these ideas together a model for H-Ras-Gal-1
interactions on the plasma membrane can be synthesized
(Figure 9). After growth factor receptor activation, H-Ras
is GTP-loaded and preferentially visits conformational
state 2 described above (Gorfe et al., 2007). Gal-1 is re-
cruited to the membrane in part via an interaction with
the farnesyl group of H-Ras.GTP and specific sequences
with region 1 of the HVR. Gal-1-H-Ras.GTP complexes are
then the basic building block for H-Ras.GTP nanoclusters
presumably through a series of molecular collisions, with
the result that Gal-1 becomes an integral structural com-
ponent of an H-Ras.GTP-signaling nanocluster. The pres-
ence of Gal-1 contributes stability to the nanocluster, per-
haps by stabilizing the actual H-Ras.GTP molecular
structure in conformation 2; whatever the precise molec-
ular mechanism, effector recruitment and signal output
will be exquisitely dependent on the actual lifetime of the
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Figure 8. Gal-1 interaction with H-RasG12V increases pERK acti-
vation. Analysis of ability of Gal-1 to potentiate activation of pERK
induced by H-RasG12V and the H-RasG12V deletion mutants. BHK
cells were cotransfected with equivalent levels of the GFP-H-
RasG12V mutant constructs shown in the presence or absence of
Gal-1. Twenty micrograms of whole cell lysate was subjected to
SDS-PAGE, followed by immunoblotting with antibodies against
PERK, ERK, and Ras. Immunoblots visualized by ECL were quan-
tified using Lumi-Imager F1 software (Roche). Bars, the mean fold
increase in pERK levels in the presence of Gal-1 relative to the
absence of Gal-1 for each pair of cotransfectants from two indepen-
dent experiments (=SEM). Typical immunoblot of the pERK and
ERK levels are shown.
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& Figure 7. Gal-1 and H-RasG12V complexes
E translocate from the plasma membrane to the
g Golgi complex. BHK cells expressing GFP-H-
a RasG12V or coexpressing YC-H-RasG12V and
0 YN-Gal-1 were imaged live by fluorescence

confocal microscopy before and after photo-
bleaching of the Golgi complex (marked by a
red rectangle). (A) Typical images of a GFP-H-
RasG12V—transfected cell, or YC-H-RasG12V/
YN-Gal-1 cotransfectant before, immediately
after, and 30 and 60 s after photobleaching are
shown. Color-coded pixel intensities are
shown in the right panel. Bar, 10 um. (B) FRAP
of GFP-H-RasG12V or of YC-H-RasG12V-YN-
Gal-1 complexes in the Golgi as a function of
time. Data represent the mean (+SEM, n = 4)
of the normalized Golgi/total cell fluorescence
calculated as detailed in Material and Methods.
The half times of fluorescence recoveries, cal-
culated by fitting the data to a single exponent,
were 50 * 10 s for GFP-H-RasG12V and 30 *
12 s for the YC-H-RasG12V-YN-Gal-1 com-
plexes.

nanocluster. A final aspect of the model is that after Gal-1
binds to the farnesyl group, H-Ras primarily interacts
with the plasma membrane via the palmitate groups,
enabling the palmitate on C184 to critically regulate lat-
eral segregation (Roy et al., 2005).

The interaction of Gal-1 with cytosolic, unpalmitoylated
H-RasG12V is fascinating in light of recent work demon-
strating recycling of H-Ras from the plasma membrane to
the Golgi complex via a depalmitoylation cycle (Goodwin et
al., 2005; Rocks et al., 2005). It has been proposed that the
depalmitoylated H-Ras must interact with escort proteins
that shield its hydrophobic farnesyl moiety to promote free
diffusion in the cytosol (Meder and Simons, 2005). The novel
results presented here showing, 1) that Gal-1 and H-Ras
interact at the plasma membrane and the Golgi complex, 2)
that Gal-1 interacts with depalmitoylated H-Ras, and 3) that
H-Ras and Gal-1 traffic to the Golgi complex, in combination
with earlier data showing Gal-1 possesses a prenyl-binding
pocket that accommodates the farnesyl group of H-Ras (Rot-
blat et al., 2004a) are entirely consistent with Gal-1 acting as
an escort protein. Thus, building on the model described
above, after depalmitoylation of H-Ras, Gal-1 would be
ideally placed to act as an escort protein to shuttle H-Ras
from the plasma membrane to the Golgi complex for re-
palmitoylation.

In summary, our findings demonstrate how growth factor
stimulation can regulate the formation of H-Ras.GTP nano-
clusters that comprise the H-Ras-signaling platforms. Given
that many other signaling complexes are also spatially seg-
regated into domains on the inner leaflet of the plasma
membrane, we speculate that similar mechanisms may exist
to regulate the formation and lifetime of these signaling
domains.

Molecular Biology of the Cell
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Figure 9. A role for Gal-1 in H-Ras GTP-dependent lateral segre-
gation. Based on MD models of H-Ras on a lipid bilayer (Gorfe et al.,
2007) we propose that H-Ras (depicted as squares) on the plasma
membrane also exists in two conformational states that are charac-
terized by different modes of membrane interaction. On GDP-load-
ing, H-Ras preferentially assumes a conformational state that is
characterized by extended, deeply embedded acyl chains (model 1).
This conformation may be stabilized by interaction with cholesterol,
leading to the formation of H-Ras.GDP cholesterol-dependent nano-
clusters. On GTP-loading H-Ras preferentially adopts a conforma-
tional state (model 2) with a larger protein membrane interfacial
area and more flexible acyl chains. In this conformation the farnesyl
group is also less deeply inserted into the bilayer. On growth factor
activation, H-Ras.GTP preferentially assumes this conformation al-
lowing interaction of the farnesyl group with the prenyl-binding
pocket of Gal-1 (Gal-1 is depicted as a circle). The interaction of
Gal-1 with H-Ras requires the HVR, which provides the appropriate
spacing between the G-domain and the farnesyl group. After inter-
action of the farnesyl group with the prenyl-binding pocket of Gal-1,
the palmitate group at C184 is the primary component regulating
the lateral segregation of H-Ras into cholesterol-independent do-
mains. Interaction with Gal-1 stabilizes the H-Ras.GTP conforma-
tion enabling the H-Ras.GTP-Gal-1 complexes to act as the building
blocks for the H-Ras.GTP nanocluster, which is the signaling plat-
form for the recruitment of downstream effectors. After depalmi-
toylation of H-Ras, Gal-1, by shielding the hydrophobic farnesyl
group, acts as a chaperone to promote free diffusion of H-Ras from
the plasma membrane through the cytosol to the Golgi complex.
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