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Abstract

Ral, a member of the Ras-p21 superfamily of small GTPases, has been shown to require the calcium-signaling protein calmodulin
(CaM) for activation. In the present work, we investigated the properties of the Ral-CaM interaction. Using CaM affinity binding
assay with lysates from mammalian cells overexpressing various Ral mutants, we found that RalB(V23, DCAAX) lacking the C-ter-
minal isoprenylation region bound significantly less efficiently to CaM. Binding of other mutants containing critical amino acid
changes in the nucleotide or substrate binding regions (residues 23, 28, and 49) was not affected. In addition, all mutants bound
significantly better in the presence of calcium versus the calcium chelator EGTA. Using in vitro transcription–translation in the pres-
ence of geranylgeranyl pyrophosphate, we demonstrate enhanced Ral binding to CaM. Inhibition of isoprenylation in cells in cul-
ture with lovastatin resulted in decreased binding of CaM to Ral. The present results show that post-translational isoprenylation of
Ral is important in Ral–CaM interaction.
� 2005 Elsevier Inc. All rights reserved.
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Small GTP-binding proteins belonging to the Ras
superfamily are important in cell signaling pathways
controlling cell proliferation, differentiation, trafficking,
and cytoskeleton organization [1]. Ral, a member of the
Ras subfamily, consists of two highly related proteins,
RalA and RalB. The two Ral isoforms are 85% identical
and most of the difference lies in the C-terminal region
[2]. Ral undergoes activation through exchange of
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GDP for GTP and is inactivated upon hydrolysis of
bound GTP to GDP [3].

Ral can be activated in response to high intracellular
calcium concentrations [1]. Thus, Ral is activated by the
calcium ionophore ionomycin, while activation by lyso-
phosphatidic acid or epidermal growth factor is blocked
by phospholipase C inhibitor [4]. A basic/hydrophobic
amino acid rich region that forms an amphipathic a-he-
lix is found in the C-terminal region of RalA and has
been shown to bind calmodulin [5]. Calcium stimulates
GTP binding to RalA while it reduces the binding of
GDP to RalA [6]. Binding of GTP to RalA was in-
creased 3-fold in the presence of calcium/calmodulin
[7]. In addition, the GTPase activity of Ral was stimu-
lated by calcium/calmodulin [6]. We have shown that
calmodulin is required for the thrombin-induced activa-
tion of RalA and RalB in human platelets [8]. In addi-
tion, both RalA and RalB have a calcium-dependent
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calmodulin binding site in their C-terminal region and a
calcium-independent binding site in their N-terminal
region [8].

The Ras family proteins are post-translationally
modified through prenylation of their conserved C-ter-
minal CAAX box (where C is cysteine, A is an ali-
phatic amino acid, and X could be any residue)
which targets the GTPase to the plasma membrane
[9,10]. Following isoprenylation, the last three amino
acids of the CAAX box are cleaved, and a methyl
group is added at the cysteine residue [11]. The pro-
tein is farnesylated when the last amino acid is Ala,
Cys, Gln, Met, or Ser, and geranylgeranylated when
the last amino acid is Leu or Phe [11,12]. Since the
last amino acid of Ral is leucine, Ral is modified
through geranylgeranylation. In contrast to Ral, Ras
is farnesylated at its C-terminus. In addition to Ras
farnesylation, palmitoylation or a polybasic region,
found in the hypervariable domain immediately up-
stream of the CAAX box, is required for localization
of Ras to the plasma membrane [10]. Since all Ras
proteins are polyisoprenylated, but only some are
palmitoylated, isoprenylation is the major determinant
for membrane localization [9]. Mutation of the Ras
C-terminal Cys186 prevents the membrane localization
of Ras and blocks transformation, highlighting the
importance of post-translational modifications [9].
Thus, the membrane localization may be necessary
for high affinity protein–protein interactions. Since
Ral is also post-translationally modified through pre-
nylation, we wished to test the hypothesis that the
CAAX box is required for the interaction of Ral with
calmodulin. We used various Ral mutants and found
the C-terminal isoprenylated region to be important
for calmodulin interaction. In addition, an inhibitor
of Ral isoprenylation, lovastatin, reduces binding of
calmodulin to Ral from cell lysates. This suggests that
post-translational modifications necessary for mem-
brane association of Ral are also required for calmod-
ulin binding.
Methods

Plasmids and chemicals. The pRK5-[RalB] mutant vectors
[RalB(V23), RalB(N28), RalB(V23, D49), RalB(V23, DN11), and
RalB(V23, DCAAX)] were generously provided by Dr. M. White
(University of Texas Southwestern Medical Center, Dallas, Texas,
USA). The pGBKT7 plasmids containing RalA and RalB were de-
scribed previously [8]. Sepharose 4B coupled Calmodulin and
[35S]methionine (specific activity >1000 Ci/mmol) were purchased from
Amersham Biosciences. Lipofectamine 2000 and cell culture media
were obtained from Invitrogen. TnT coupled rabbit reticulocyte lysate
system was from Promega. Polyclonal RalB antibody was obtained
from Transduction. All other reagents were from Sigma unless
otherwise indicated.

Cell culture. HeLa cells were maintained in DMEM supple-
mented with 10% FBS (v/v), 1.5 g/L NaHCO3, and 100 U penicillin/
streptomycin solution at 37 �C in 5% CO2 and 95% air (v/v) on 24-well,
35 or 100 mm plates.

Cell transfections and lysis. Mammalian expression vectors con-
taining mutant RalB proteins were transfected into HeLa cells using
Lipofectamine 2000 in accordance with the manufacturer�s instruc-
tions. For transfection, 4 lg of DNA plus Lipofectamine was added to
HeLa cells (�70% confluent) in 35 mm plates. Proteins were expressed
overnight and lysed in buffer containing 50 mM Tris–HCl, pH 7.5,
200 mM NaCl, 2 mM MgCl2, 0.1% NP-40, and 10% glycerol plus
protease inhibitor cocktail with 500 lM Ca2+ or 5 mM EGTA.

In vitro transcription–translation. The TnT Coupled Rabbit Retic-
ulocyte Lysate System was used for in vitro transcription and trans-
lation of [35S]Met-labeled RalA or RalB following the manufacturer�s
instructions with slight modifications. That is, 1 lg of pGBKT7-[RalA]
or -[RalB] plasmid was used in the presence or absence of 1 lM
geranylgeranyl pyrophosphate, the substrate for isoprenylation.

CaM affinity binding assay. CaM binding assays were performed
essentially as described previously [8]. For experiments using in vitro
transcribed and translated Ral, 50 ll of Calmodulin–Sepharose 4B
beads or blank Sepharose 4B beads were equilibrated in binding
buffer containing 20 mM Hepes, pH 7.4, 200 mM KCl, 1 mM MgCl2,
20% glycerol, and 0.55% Triton X-100. Binding reactions were carried
out overnight at 4 �C using 7.5 ll TnT reaction mix with 500 lM
Ca2+ or 5 mM EDTA. CaM–Sepharose beads were washed 3· with
binding buffer and bound proteins were recovered in Laemmli�s
sample buffer by heating at 100 �C. Proteins were separated on 13%
SDS–PAGE gels and fixed for 1 h in gel fixer solution (50% methanol
and 10% acetic acid). Following two washes with double-distilled
water, the gel was incubated with 1 M sodium salicylate to enhance
radioactive signal. Just prior to drying, the gel was incubated for
10 min in pre-drying buffer (7% methanol, 7% acetic acid, and 1%
glycerol). Dried gels were exposed to autoradiography film for 2–3
days at �70 �C.

To determine the binding preference of Ral to CaM, HeLa cells
overexpressing the various Ral mutants were lysed in buffer (50 mM
Tris–HCl, pH 7.5, 200 mMNaCl, 2 mMMgCl2, 0.1% NP-40, and 10%
glycerol plus protease inhibitor cocktail) and incubated with 50 ll
CaM–Sepharose beads for 2 h at 4 �C as described previously [8].
Proteins were separated on 13% SDS–PAGE gels and transferred to
PVDF membrane. Western blotting with polyclonal anti-RalB anti-
body was used to demonstrate the binding to CaM–Sepharose.

In vivo inhibition of Ral isoprenylation and cell fractionation. HeLa
cells at 80% confluence were serum-starved for 24 h prior to treatment
with lovastatin (50 or 100 lM) or DMSO (0.2% or 0.4%). Following
24 h treatment with lovastatin, cells were washed in PBS and collected
in buffer containing 20 mM Hepes, pH 7.4, 200 mM KCl, 1 mM
MgCl2, and 1 mM PMSF. Cells were lysed by sonication (Heat Sys-
tems ultrasonicator, Microson) using 3 pulses of 15 s each. The soluble
cytosolic fraction, which was used in affinity binding experiments with
CaM–Sepharose as described above, was collected by centrifugation at
100,000g for 2 h at 4 �C. Binding was performed at 4 �C for 2 h and
Western blotting using monoclonal RalA antibody was carried out to
demonstrate binding of CaM to Ral.
Results and discussion

Previous studies have shown that calcium (Ca2+)
and Ca2+/calmodulin (Ca2+/CaM) play a role in the
activation of the small GTPase Ral following certain
physiological stimuli [5,8]. We have previously shown
that both RalA and B contain regions capable of bind-
ing CaM in a Ca2+-dependent and -independent man-
ner, and raised the possibility that the C-terminal



Fig. 1. CaM binding to C-terminal truncated Ral is reduced. CaM–
Sepharose was incubated with HeLa cell lysates (500 lg protein)
expressing the Ral mutants RalB(V23), RalB(N28), RalB(V23,DN11),
RalB(V23,DCAAX) or RalB(V23,D49) in the presence of 500 lMCa2+

or 5 mM EGTA. Ral bound to CaM–Sepharose was determined by
Western blotting (top) and quantified (bottom) using Quantity One.
The blot shows data in the presence of Ca2+ from a representative
experiment repeated three times.
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region of RalB may act as an inhibitory domain [8]. In
a more recent work, we have shown that Ral and CaM
can bind and regulate the enzymatic activity of the
Ca2+-dependent enzyme phospholipase C-d1 [13]. The
importance of RalA in Ca2+-dependent intracellular
signaling pathways was observed when cells treated
with the Ca2+ ionophore ionomycin had elevated levels
of active GTP-bound Ral [4]. In addition, increases in
intracellular Ca2+ due to release from intracellular
stores using thapsigargin could also activate Ral while
depletion of Ca2+ using the chelator BAPTA-AM
inhibited thrombin-mediated activation of Ral in plate-
lets [14]. In in vitro experiments, Ca2+ was found to
stimulate the binding of GTP and reduce the binding
of GDP to Ral in a dose-dependent manner [6]. Taken
together, RalA activation could be mediated by a com-
mon signaling event that involves Ca2+ [14]. The goal
of the present study was to determine the role of
post-translational lipid modifications in the CaM–Ral
interaction.

It has been shown that the carboxy-terminal CAAX
box of Ral is a substrate for geranylgeranylation
[15,16], and that the post-translational modification by
the addition of lipids plays an important role in its tar-
geting to cell membranes [17]. A mechanism for CaM-
mediated regulation of Ral has been suggested through
experiments showing the dissociation of RalA from syn-
aptic vesicle membranes by exogenous CaM in a Ca2+-
dependent manner [18]. A similar regulatory mechanism
was seen for K-RasB [19] and the Ras-related Rab3A
and -3B small GTPases [20,21]. Interestingly, although
the GTPase activity of RalA was reported to be stimu-
lated by Ca2+/CaM, the Ca2+/CaM-mediated dissocia-
tion of RalA from membranes was independent of
nucleotide status [18].

In order to further define the interaction between Ral
and calmodulin, in the present study we used cultured
HeLa cells that were transfected with five different RalB
mutant clones. Using CaM affinity binding assay we
found that the Ral mutants containing critical amino
acid changes in the nucleotide or substrate binding re-
gions (residues 23, 28, and 49) and the mutant lacking
the N-terminal 11 amino acids RalB(V23, DN11) did
not alter binding to CaM (Fig. 1, top panel). However,
the binding of CaM to the constitutively active mutant
lacking the C-terminal isoprenylated region RalB(V23,
DCAAX) was significantly reduced. Binding of all mu-
tants to CaM was reduced in the presence of the calcium
chelator EGTA compared to samples containing calci-
um (Fig. 1, bottom panel). The cysteine residue in the
C-terminal region is the site for the addition of the lipid
isoprenoid group. Removal of the last four amino acids
prevents the incorporation of Ral into the membrane. It
has been previously suggested that CaM causes dissoci-
ation of Ral from the membrane [18]. The observed
weakened interaction of CaM with non-isoprenylated
Ral in this study suggests that the isoprenoid group is
important in Ral–CaM interaction.

We next wished to determine whether the addition of
the isoprenyl group alone is necessary and sufficient to
improve the affinity of CaM for Ral. Therefore, we used
the rabbit reticulocyte lysate system to in vitro tran-
scribe and translate (TnT system) recombinant Ral pro-
tein in the presence or absence of the substrate
geranylgeranyl pyrophosphate (GPP). We found that
in the presence of GPP in vitro transcription and trans-
lation of Ral was improved and that binding to CaM
relative to input was also significantly enhanced
(Fig. 2). Addition of the geranylgeranyl lipid moiety
provides hydrophobic character to Ral, which could
strengthen interactions with the C-terminal CaM bind-
ing domain of Ral. Thus, it is possible that CaM plays
a role in the recycling of Ral from the membrane to
the cytosol and that isoprenyl group is essential in this
process.

In order to establish whether inhibition of Ral isopre-
nylation alters binding of CaM to Ral in cultured mam-
malian cells, we used HeLa cells treated with lovastatin.
Lovastatin inhibits 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase, leading to decreased
isoprenylation of small GTPases [22]. We performed



Fig. 2. CaM binds preferentially to isoprenylated Ral in vitro.
Recombinant RalA was in vitro transcribed and translated in the
presence or absence of the Ral isoprenylation substrate geranylgeranyl
pyrophosphate plus [35S]Met. Ral bound to CaM–Sepharose was
separated on SDS–PAGE and visualized by exposing dried gels to
autoradiography film for 2–3 days at �70 �C.

Fig. 3. Inhibition of Ral isoprenylation by lovastatin reduces binding
to CaM. (A) Reduced binding of Ral to CaM–Sepharose is seen when
isoprenylation is inhibited by 50 lM lovastatin treatment (top).
Bottom panel shows an aliquot of the input to highlight equivalent
protein in the binding reaction. (B) An increase in Ral in cytosol (top)
and a corresponding decrease in membrane (bottom) fraction in the
presence of lovastatin is shown to confirm inhibition of Ral
isoprenylation.
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CaM–Sepharose affinity binding assay using cell lysates
from lovastatin treated HeLa cells and control DMSO
treated cells (Fig. 3A). Reduced binding of Ral to
CaM–Sepharose is seen when isoprenylation is inhibited
by lovastatin treatment (50 lM) (top). At higher concen-
trations of lovastatin (100 lM), we observed a complete
inhibition of Ral protein synthesis (results not shown).
An increase in Ral in cytosol (Fig. 3B, top) and a corre-
sponding decrease in membrane (Fig. 3B, bottom) frac-
tion in the presence of lovastatin are shown to
demonstrate the inhibition of Ral isoprenylation. These
experiments show that Ral isoprenylation is necessary
for high affinity binding to CaM. Together, these studies
highlight the importance of post-translational modifica-
tion of Ral in Ca2+/CaM-dependent signaling pathways.
Conclusion

In the present work, we demonstrate that binding of
CaM to the constitutively active mutant lacking the
C-terminal isoprenylated region of Ral (DCAAX mu-
tant) is significantly reduced compared to all other mu-
tants tested. In addition, the binding of CaM to Ral
occurs preferentially to the isoprenylated form of Ral
in a Ca2+-dependent manner. Using lovastatin to inhibit
isoprenylation of endogenous Ral, we found that bind-
ing to calmodulin is reduced. The present results show
that the Ral/CaM interaction is disrupted by removal
of the C-terminal Ral isoprenylated moiety (CAAX)
and thus post-translational modifications necessary for
membrane association are also involved in a CaM-med-
iated regulatory mechanism for Ral.
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