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SUMMARY

Capacitative Ca®* influx, which occurs in response to mobili-
zation of intracellular Ca®* stores, is a general feature of many
cell types. Although the mechanism of capacitative Ca* entry
is not known, evidence suggests the involvement of small G
proteins that are prenylated on a cysteine residue near their
carboxyl termini. We have investigated the actions of famesyl-
cysteine analogs on capacitative Ca®* influx. Using human
embryonic kidney 293 cells, we found that S-famesylthioacetic
acid, N-acetyl-S-farmesyl-L-cysteine, N-pivaloyl-S-famesyl-L-
cysteine, and N-acetyl-S-gernylgemyl-L-cysteine blocked the
activation of capacitative Ca?* influx, whereas N-benzoyl-S-

farnesyl-S-cysteine had no effect on capacitative Ca2* entry.
Inhibition by S-famesyithioacetic acid was concentration de-
pendent (5-20 um) and specific for Ca?* influx through non-
voltage-gated Ca?* channels. A single protein band of 26-28
kDa was labeled specifically with a photoaffinity analog of
famesylcysteine. GTP binding to the photoaffinity-labeled band
was demonstrated. These findings suggest, but do not prove,
that a prenylated substrate, possibly a small G protein, is linked
functionally to capacitative Ca®* entry in human embryonic
kidney 293 cells.

Capacitative Ca2* influx is a general feature of many cell
types that is characterized by entry of extracellular Ca%*
after depletion of intracellular Ca®* stores (1, 2). The mech-
anism by which the content of intracellular stores is coupled
to influx of Ca%* across the plasma membrane is unknown.
Current hypotheses include direct Ca%* storage vesicle mem-
brane-plasma membrane interactions as well as gating of
plasma membrane channels by mediators generated on de-
pletion of intracellular Ca%* stores (2-12).

Fasolato et al. (5) and Bird and Putney (13) have presented
evidence for involvement of small G proteins in the capaci-
tative Ca%* entry pathway. Rac has been shown to mediate
growth factor-induced Ca?* influx (14). Many G proteins,
including small G proteins and the y subunits of heterotri-
meric G proteins, are prenylated/methylated at a carboxyl-
terminal cysteine residue (15-19). Prenylation has been
shown to affect protein-lipid or protein-protein interactions
(16, 17).

FC analogs have unique biological actions in different cel-
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lular signaling systems. Scheer and Gierschik (20) reported
that AFC inhibited receptor-mediated activation of a G pro-
tein in isolated membranes. Ding et al. (21) demonstrated
that specific FC analogs could affect superoxide release in
human neutrophils. Ma et al. (22) observed that FC analogs
blocked platelet aggregation. The mechanism of these actions
of FC analogs is not yet fully understood, but they do not
seem to be related to effects on methyltransferase activity
(21, 22). It is quite possible that they interfere with protein-
lipid or protein-protein interactions mediated via prenylated
cysteine residues.

SS is an inhibitor of cellular secretion acting via G protein
activation, and its receptors are widely distributed in various
tissues (23, 24). We have found recently that SSTR2 couples
to a pathway that raises [Ca®*]; in several cell types.! When
the cDNA for SSTR2 was expressed in HEK 293 cells, a rapid
release of intracellular Ca%* was induced by SS (25). Thus,
HEK 293 cells expressing the SSTR2 receptor are a useful
model to study agonist-induced release of sequestered intra-

1 L. Chen and A. H. Tashjian, Jr. Manuscript in preparation.

ABBREVIATIONS: FC, S-all-trans-famesyl-L-cysteine; AFC, N-acetyl-S-farnesyl-L-cysteine; AGGC, N-acetyl-S-germnylgemyl-L-cysteine; BBB,
N-a-4-benzoylbenzoyl-L-biocytin; BBB-FC, N(N-a-4-benzoylbenzoyl-L-biocytin)-S-all-trans-famesyl-L-cysteine; [Ca®*}, cytosolic free calcium
concentration; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N',N’-tetraacetic acid; FTA, S-famesylthioacetic acid; HBSS, Hanks’ balanced
salt solution; HEPES, N-2-hydroxyethyl-piperazine-N’-2-ethanesulfonic acid; PFC, N-pivaloyl-S-famesyl-L-cysteine; SDS, sodium dodecy! sulfate;
PAGE, polyacrylamide gel electrophoresis; SS, somatostatin; SSTR2, somatostatin receptor subtype 2; Tg, thapsigargin; HEK; human embryonic

kidney; SMS, somatostatin analog SMS201-995 (octreotide).
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cellular Ca%* and the subsequent Ca%* depletion-initiated
Ca2* influx pathway.

We report herein that several FC analogs block capacita-
tive Ca®?* entry in SSTR2-transfected HEK 293 cells. These
analogs specifically inhibited capacitative Ca2* entry
through a non-voltage-dependent CaZ?* influx pathway. The
inhibitory mechanism is different from that of other known
blockers of capacitative Ca%* influx, such as SK&F 96365
(26, 27) and carboxy-amido-triazole (28, 29), which inhibit
both voltage-gated and non-voltage-operated Ca?* influx.
Therefore, these FC analogs should prove useful as new
reagents to investigate the biochemical mechanisms of capac-
itative Ca®* entry.

Materials and Methods

Fura-2 acetoxymethyl ester was obtained from Molecular Probes
(Eugene, OR). Tg was obtained from Calbiochem (San Diego, CA).
Culture media and sera for cell culture were purchased from GIBCO
(Grand Island, NY). Other chemicals were obtained from Sigma
Chemical (St. Louis, MO). [*2°I]Tyr"!-somatostatin (2000 Ci/mmol)
and [a-3?P]GTP (2300 Ci/mmol) were obtained from Amersham (Ar-
lington Heights, IL). Immobilized monomeric avidin-agarose was
purchased from Pierce Chemical (Rockford, IL). Avidin-conjugated
horseradish peroxidase and prestained and biotinylated molecular-
weight markers were from BioRad (Hercules, CA). The luminal
chemiluminescence Western blotting detection reagents were pur-
chased from Amersham Life Science (Clearbrook, IL).

HEK 293 cells stably expressing SSTR2. HEK 293 cells (Amer-
ican Type Culture Collection, Rockville, MD) were transfected stably
with the cDNA for SSTR2. A cDNA clone of mouse SSTR2A in the
plasmid PCMV6C (provided by Dr. Graeme 1. Bell, Department of
Biochemistry and Molecular Biology, University of Chicago, Chicago,
IL) was cotransfected into HEK 293 cells with pcDNAIneo using the
lipofectin method according to manufacturer’s protocol (GIBCO/
BRL, Gaithersburg, MD). Transfected cells were selected with 500
ug/ml G418 and individual colonies were isolated. SSTR2 receptor
positive clones were identified by '2°I-Tyr'!-somatostatin binding
assays (30).

Cell culture. HEK 293 cells were cultured as monolayers at 37°
in Eagle’s minimum essential medium supplemented with 10% (v/v)
fetal bovine serum in a humidified atmosphere of 95% air/5% CO,.
Rat pituitary GH,C, cells (31) were grown in Ham’s F10 medium
supplemented with 15% horse serum and 2.5% fetal bovine serum.

Measurement of [Ca?*],. All measurements were performed in
Fura-2-loaded cells. Cells were harvested in HEPES-buffered
HBSS-II (118 mM NaCl, 4.6 mM KCl, 10 mM D-glucose, 20 mM
HEPES, pH 7.2) containing 0.02% EDTA. The cell suspension was
washed once with HBSS-I (1 mM CaCl,, 118 mM NaCl, 4.6 mMm KCl,
10 mM D-glucose, 20 mM HEPES, pH 7.2), and cells were loaded with
Fura-2 acetoxymethyl ester (50-100 uMm) for 30 min at 37°. The cells
were then washed twice with HBSS-I and resuspended in the same
buffer. Fluorescence measurements of the cell suspension were per-
formed at 30° with constant stirring using a Spex Fluorolog FIIIA
spectrophotofluorometer (Spex Industries, Edison, NJ) at an excita-
tion wavelength of 342 nm and an emission wavelength of 492 nm.
[Ca%*); was calculated using the equation: [Ca®*]; = K, (F — F,,;,)/
(Fnax — F), where K is 224 nM (32) and F is the fluorescence signal
in arbitrary units. F,,, (maximum fluorescence) was obtained by
permeabilizing the cells with 25 uM digitonin in the presence of 1 mm
CaCl,, and F;, (minimum fluorescence) was obtained by chelating
calcium with 5 mmM EGTA [pH adjusted to 8.3 with 1 M Tris base].

Mn?* entry was measured using a Hitachi F-2000 Spectrofluorim-
eter (Hitachi, Yokohama, Japan). Fluorescence emission at 500 nm
was obtained after dual wavelength excitation at 340 and 360 nm.

Cell extract preparation. Whole-cell homogenates and soluble
cell fractions were prepared as described previously (33).

Measurement of protein. Protein concentration was determined
by the BioRad method, according to the manufacturer’s protocol.

FC analogs. BBB was prepared according to the published pro-
cedure (34). The syntheses of FC methyl ester (35), AFC (36), FTA
(36), PFC (21, 22), and AGGC (36) have been reported previously.
The conditions used for photolysis, SDS-PAGE, and Western blotting
of BBB-FC-photolabeled HEK 293 cell homogenates (see below) were
identical to those reported for the photoaffinity labeling and detec-
tion of aspartic proteases (34).

Proton NMR (*H NMR) spectroscopy was obtained with a Varian
VRX 5008 Spectrometer (San Fernando, CA) operating at a proton
frequency of 499.843 MHz. Dimethylsulfoxide-dg was used as the 'H
NMR solvent. The residual proton absorption of the deuterated sol-
vent was used as the internal standard. All 'H NMR chemical shifts
are reported as d values in ppm, and the coupling constants (J) are
given in Hertz. Mass spectra were obtained on a Finnigan 4000 mass
spectrometer (San Jose, CA).

Synthesis of BBB-FC. 1-Ethyl-2-(2-dimethylaminopropyl)carbo-
diimide (19 mg, 0.10 mmol) was added in one portion to a solution of
BBB (52 mg, 0.089 mmol), FC methyl ester (38 mg, 0.11 mmol), and
1-hydroxybenzotriazol hydrate (15 mg, 0.11 mmol) in dimethylform-
amide (2 ml). The mixture was stirred at 0° for 2 hr and then stored
overnight at room temperature. The reaction was quenched with
3.5% aqueous HCI (10 ml), and the solution was extracted with
n-butanol (3 X 25 ml). The combined organic layers were washed
with brine (2 X 20 ml), dried over MgSO,, filtered, and concentrated
to give a white solid. The material was purified by silica gel chroma-
tography (5% methanol in Dulbecco’s culture medium) to obtain the
methyl ester as a white crystalline solid in 73% yield: thin layer
chromatography Ry = 0.43 (5% methanol in Dulbecco’s culture me-
dium); ["H NMR (dimethylsulfoxide-dg) 5 8.58 (1 H, d, J = 7.9 Hz),
843(1H,d,J =75Hz),802(2H,d,J =89Hz),7.78(1H,d,J =
8.9 Hz), 7.74-7.67 (6 H, m), 7.56 2 H, t, J = 7.9 Hz), 6.37 (1 H, s),
6.31 (1 H,s),5.12(1 H, t,J = 7.5 Hz), 5.03 (2 H, br 8), 4.514.41 (2
H, m), 426 (1 H, t,J = 5.5 Hz), 4.08 (1 H, t, J = 5.5 Hz), 3.61 (3 H,
8), 3.20-2.95 (7 H, m), 2.84-2.66 (4 H, m), 2.53 (1 H, d, J = 12Hz),
2.06-1.94 (8 H, m), 1.88 (1 H, t, J = 7.5 Hz), 1.79-1.68 (2 H, m),
1.48-1.20 (10 H, m), 1.59 (3 H, s), 1.58 (3H, s8), 1.51 (3 H, 8)];
fast-atom bombardment, high-resolution mass spectrometry (nitro-
benzyl acid) m/z 924.4380 (M+Na)*, C oHg;N50,S, requires 901.

The corresponding carboxylic acid of BBB-FC was obtained by
saponification of its methyl ester with 10% aqueous KOH in metha-
nol (5.0 ml) according to the published procedure (34). The NMR
spectra of the acid was essentially identical to the methyl ester,
except that the singlet resonance at d 3.61 ppm was absent.

Photoaffinity labeling of HEK 293 cell homogenates. Total
homogenates of HEK 293 cells (0.2 mg of protein) were incubated for
10 min at room temperature in a final volume of 200 ul containing 20
uM BBB-FC. FTA or other additions were made to the final concen-
trations indicated in the figure legends. The sample tubes were
incubated in ice-cold water and photolyzed with strong light (350
nm) for 15 min. Samples that were not subjected to photolysis were
treated identically and used as controls for nonspecific labeling.
After photolysis, 30 ul of 100% trichloroacetic acid was added to each
sample (final concentration, 15%) and kept on ice for 10 min. The
protein precipitates were collected by centrifugation for 10 min and
washed three times with 500 ul of ice-cold acetone to remove residual
trichloroacetic acid. The pellets were resuspended in 100 ul of 2X
Laemmli/SDS sample buffer (37) and boiled for 15 min before anal-
ysis by SDS-PAGE (12%) (37). The gels were transblotted onto a
nitrocellulose membrane, and biotinylated proteins were identified
with horseradish peroxidase-linked streptavidin and detected by
chemiluminescence.

Streptavidin fractionation of photoaffinity-labeled HEK
293 cell homogenates. The soluble fraction of HEK 293 cell homog-
enates was photolyzed as described above. After photolysis, 30 ml of
streptavidin-linked agarose beads (Pierce Chemical) was added and
mixed at 4° for 30 min. Samples were pelleted and the beads were
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washed twiee with 0.5 ml of phosphats:buffered sslution (1% = 10
mM Na,HPO,, pH 7.4, 160 mM NaCl). The beads were then sus-
pended in 50 ul of Laemmli/SDS sample buffer and boiled for 20 min.
The samples were centrifuged and the supernatant solutions were
analyzed by SDS-PAGE. The gels were transblotted onto a nitrocel-
lulose membrane and analyzed by chemiluminescence (as described
above) and for GTP binding.

GTP binding. The transfer blots from the streptavidin fraction-
ation were incubated in buffer (50 mM Tris-Cl, pH 7.5, 5 mm MgCl,,
2 mM dithiothreitol, 0.3% Tween 20, 0.3% bovine serum albumin, 0.1
mM ATP) with shaking at room temperature for 1 hr. The blot was
then transferred to buffer containing [a-*2PIGTP (1 mCi/ml; specific
activity, 2300 Ci/mmol) with shaking at room temperature for 1 hr.
The blot was washed three times with buffer and [a-3?P]GTP binding
was detected by autoradiography.

Inhibition of Capacitative Ca?* Influx 1497
sie alevation of (Caé "], was obaerved, eonsisting of a tvanafant
peak followed by a sustained plateau above the basal [Ca?*),
(Fig. 1A). When EGTA was added to chelate extracellular
Ca?*, the elevated plateau phase of [Ca2*]; fell to below the
base-line (Fig. 1A). When SMS 201-995 was added to cells in
Ca2*-free buffer, the transient spike in [Ca®*]; was still
elicited but the plateau phase of rise in [Ca%*], was elimi-
nated (Fig. 1B), indicating that the second phase of CaZ*
elevation (presumably capacitative Ca%?* entry; see below)
was dependent on influx of extracellular CaZ?*. Furthermore,
if intracellular Ca%* pools were depleted by prior incubation
with Tg, SS no longer elicited entry of extracellular CaZ*,
indicating that the plateau phase of Ca®* influx was capac-

itative. When FTA (10 uM) was added before (Fig. 1C) or after
(Fig. 1D) addition of SMS, the plateau phase of rise in [Ca%*);
was eliminated, indicating that FTA inhibited receptor-acti-
vated entry of extracellular Ca?*. It should be noted that
FTA alone can induce a small increase in [Ca?*]; (Fig. 1, C
and F), which is dependent on extracellular Ca%* (data not
shown). The mechanism of this small FTA-induced Ca®*
influx is unknown at present.

Results

Inhibition of capacitative Ca®?* influx by FTA. HEK
293 cells stably expressing SSTR2 were loaded with Fura-2
and challenged with a supermaximal concentration (100 nm)
of the somatostatin receptor agonist, SMS 201-995 (Oct-
reotide), in the presence of 1 mm extracellular Ca%*. A bipha-
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Fig. 1. Actions of FTA on SS- and Tg-induced Ca?* influx. A through F, results with HEK 293 cells. G, results with GH,C, cells. HEK 293 cells
stably expressing the SSTR2 receptor (A through F) were loaded with Fura-2 in HBSS-I buffer and washed with HBSS-| buffer (except in B, in which
cells were washed with HBSS Ca?*-free buffer) before measurements of [Ca?*],. The SS agonist octreotide (SMS, 100 nm) was added to induce
Ca?* release from intracellular stores (the initial large peak in [Ca®*]). A, After establishment of the second phase of rise in [Ca2*},, due to influx
of extracellular Ca®*, addition of 5 mm EGTA caused a rapid fall in [Ca®*].. B, In Ca®*-free buffer, addition of SMS (100 nm) elicited only the acute
rise in [Ca?*), due to release of intracellular Ca?*. There was no secondary plateau because there was no free extracellular Ca2* available to enter
the cells. C, When FTA (10 uM) was added before SMS, the secondary phase of rise in [Ca?*], was blocked. D, When FTA (10 um) was added after
establishment of SMS-induced Ca?* entry, it terminated that process. E, Release of intracellular Ca2* stores was induced by Tg (1 uM). The peak
phase was followed by a gradual decline in [Ca?*],, which is the balance between extrusion of Ca2* from the cell and depletion-induced entry of
extracellular Ca®*. When FTA (10 uM) was added, there was a decrease in [Ca2*}; due to diminished entry of extracellular Ca2*. F, When FTA (10
uM) was added before the Tg (1 uMm), the rate of fall of [Ca®*], from the Tg-induced peak was greater than in cells treated with Tg alone (E). G, Rat
pituitary GH,C, cells, which have voltage-gated Ca®* channels, were loaded with Fura-2 and washed with Ca®*-containing HBSS-| buffer.
Addition of 30 mm KCI caused entry of extracellular Ca?* (not observed in Ca2*-free buffer) and a rise in [Ca?*}, which was not affected by
subsequent addition of 10 um FTA. Addition of FTA before KCI did not block depolarization-induced entry of extracellular Ca?* in GH,C, cells (data
not shown).
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Tg, an inhibitor of the ATPase that loads inositol(1,4,5)-
trisphosphate-sensitive Ca®* stores, induces capacitative
Ca?* entry in cells due to depletion of certain intracellular
Ca®* storage compartments (1). When HEK 293 cells were
incubated with Tg (1 um), a prolonged elevation of [CaZ*];
was observed (Fig. 1E). In the absence of extracellular CaZ*
or after addition of EGTA, the Tg-induced rise in [CaZ*]; fell
rapidly toward base-line (not shown), indicating that the
prolonged phase of elevation of [Ca®*]; was due to entry of
extracellular Ca%?*. Addition of FTA, after Tg, decreased
Ca2* entry (Fig. 1E). If FTA was added before Tg, the half-
time of decay of the Tg-induced fluorescence maximum (Fig.
1F) was decreased from 220 * 15 sec to 105 * 15 sec (mean *
standard error of five experiments).

Inhibition of Tg-induced Ca%?* entry by FTA was concen-
tration dependent. In Ca®*-free HBSS buffer, Tg elicited a
rapid rise and a rapid decrease in [Ca®*]; (Fig. 2). Addition of
1 mm Ca?* caused rapid Ca?* influx, and preaddition of FTA
inhibited this Ca?* influx in a concentration-dependent man-
ner (Fig. 2). Because HEK 293 cells do not have voltage-
operated L-type Ca%* channels (no Ca2?* influx is induced by
50 mM extracellular K*), inhibition by FTA of Ca?* influx in
these cells must occur via another channel or pathway. To
test directly whether FTA could inhibit influx of Ca®*
through voltage-operated Ca?* channels, we examined the
action of FTA on high K*-induced Ca®* entry in another cell
type, GH,C, rat pituitary cells, which have well-character-
ized L-type Ca%* channels (38-40). Even at high concentra-
tions, FTA (50 uM) did not inhibit Ca%* influx induced by KCl
in GH,C, cells (Fig. 1G). This result also demonstrates that
FTA does not act by chelating CaZ?* or as a nonspecific Ca®*
entry blocker.

Inhibition by FTA of Tg-stimulated entry of extracel-
lular Mn?*. We used an additional approach to demonstrate
depletion-induced divalent cation influx by measuring Mn?*
entry into Fura-2-loaded HEK 293 cells. When Mn2* binds to
Fura-2, the fluorescence of the probe is quenched (41). Thus,
Mn?*, which can enter cells via certain Ca%* influx path-
ways, can be used as a surrogate for Ca®* (41). Fura-2 was
excited at two wavelengths (340 and 360 nm) to allow simul-
taneous monitoring of changes in [Ca?*]; and quenching of

Xu et al.
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fluorescence by Mn?*. The data in Fig. 3 show the emission
at 492 nm from Fura-2-loaded HEK 293 cells. The increase in
[Ca2%*]; induced by Tg was indicated by the peak in fluores-
cence excited at 340 nm (Fg,,) (Fig. 3A). There was a small
decrease in fluorescence excited at 360 nm (Fgq,). When
extracellular Mn?* was added, it entered the cells rapidly
and quenched fluorescence excited at both wavelengths (Fig.
3B). When FTA (20 uMm) was added before addition of extra-
cellular Mn?*, there was attenuation in the rate of MnZ*
entry as monitored by the decrease in fluorescence excited at
both wavelengths (Fig. 3A). The initial rate of Mn?*-induced
fluorescence quenching, in cells pretreated with Tg and then
FTA, decreased to 30 = 10% (mean * standard error of six
independent measurements) of the rate observed in cells
pretreated with Tg alone (Fig. 3A versus Fig. 3C). The rate of
fluorescence quenching by Mn?* in control cells (not pre-
treated with Tg) was similar to that observed in cells pre-
treated with both Tg and FTA (see Fig. 3B versus Fig. 3A),
indicating that FTA inhibited depletion-induced Mn?* (and
so Ca?*) entry essentially to basal control levels.

Actions of several FC analogs on CaZ* influx. Because
FTA is a potent inhibitor of both bovine and human methyl-
transferases (22), we tested other FC analogs (methyltrans-
ferase substrates as well as inhibitors) to determine whether
inhibition of depletion-induced Ca®* influx could be ex-
plained by inhibition of methyltransferase activity. The re-
sults shown in Fig. 4 indicate that AFC (Fig. 4A) and AGGC
(Fig. 4C), which are substrates for methyltransferase (22),
inhibited Tg-induced Ca®* influx. PFC, which is neither a
substrate nor an inhibitor of methyltransferase, inhibited
Ca2* influx modestly (Fig. 4B), and N-benzoyl-FC, which is
also neither a substrate nor an inhibitor, had no effect on
Ca?* influx, even at a concentration of 200 uM. Importantly,
S-adenosyl-L-homocysteine, which is a potent inhibitor (K; =
1.6 uM) of methyltransferase (21), had no effect on Ca?*
influx at a concentration of 50 uM (data not shown). Because
PFC could inhibit Ca?* influx, whereas it does not bind to the
methyltransferase (19), and because S-adenosyl-L-homocys-
teine had no effect on Ca?* influx, although it is a potent
inhibitor of methyltransferase, we conclude that the inhibi-
tory actions of the FC analogs FTA, AFC, AGGC, and PFC on

FTAOuM
Fig. 2. Concentration-depen-
" FAsuM dent inhibition by FTA of Tg-
: induced entry of extracellular

Ca?*. HEK 293 cells were
loaded with Fura-2 and sus-
pended in Ca?*-free HBSS-II
buffer. Tg (1 um) was added to
release intracellular Ca2* stores,
and after about 10 min, 1 mm
Ca?* was added to the buffer to
initiate Ca®* influx (FTA = 0 mm).
Addition of increasing concen-
trations of FTA (5-20 um) were
made just before the Ca?* addi-
tion, as shown by the arrow
marked FTA.
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Fig. 3. Action of FTA on deple-
tion-induced entry of extracellu-
lar Mn2*. HEK 293 cells were
loaded with Fura-2 and resus-
pended in Ca?*-free HBSS-II
buffer. Fluorescence emission
was monitored at 492 nm after
excitation at 340 or 360 nm. A,
Tg (1 uM) was added about 3.3
min before addition of FTA (20
uM) and subsequent addition of

100 sec

Relative Fluorescence

AFC

AGGC

120 sec

MnCl, (250 um). B, MnCl, (250
pM) was added to untreated
control cells. C, Tg (1 um) was
added about 2.5 min before ad-
dition of MnCl, (250 um). FTA
reduced the rate of Mn2* entry
induced by Tg to about the
basal rate of Mn?* influx (see A
and B com with C). The
time line in B applies to all three
panels.

T9

[Ca™} nM §

©
—
]

l B,FC

[Ca*inM 8

T
8

Fig. 4. Actions of several FC analogs on Tg-induced Ca?* influx. HEK 293 cells were incubated with Tg (1 uMm), and then the individual FC analogs
were added separately and the effects on [Ca?*], were monitored. A, 50 um AFC. B, 50 um PFC. C, 10 um AGGC. D, 200 um N-benzoyl-FC (B,FC).

Ca?* influx induced by Tg are not likely to be explained by
inhibition of methyltransferase activity.

Photoaffinity labeling of HEK 293 cell homogenates
with an FTA photoprobe. To begin to investigate the tar-
get of FTA action, we used a benzophenone derivative of
biotinylated FTA (BBB-FC). Whole homogenates of HEK 293

cells were incubated with BBB-FC in the absence or presence
of excess FTA for 10 min at room temperature. The samples
were then photolyzed for 15 min at 0°. After SDS-PAGE, the
biotinylated proteins were identified with horseradish perox-
idase-linked streptavidin using chemiluminescence. After
photolysis, a band of 26-28 kDa was prominently labeled
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(Fig. 5, lane 2, arrowhead). This band was not detected in the
unphotolyzed control sample (Fig. 5, lane 1) and labeling was
completely blocked by added FTA (Fig. 5, lane 3).

GTP binding. Streptavidin beads were used to isolate
biotinylated proteins after photoaffinity labeling. These pro-
teins were separated on SDS-PAGE and the gel was trans-
blotted. The blot was analyzed by chemiluminescence and for
[32P]GTP binding. A single band of about 26-28 kDa was
detected by chemiluminescence only in the sample that was
irradiated with light in the absence of added FTA (Fig. 6, lane
2). Labeled GTP binding was superimposed on the 26-28-
kDa band (Fig. 6, lane 5). GTP binding was not detected in
streptavidin-isolated unirradiated samples or in samples
photolyzed in the presence of added FTA.

The photoaffinity labeling of a single 26-28-kDa band with
an FTA photoprobe and the binding of GTP to this same band
suggest a selective interaction of FTA with a molecule that
can also bind GTP. This dually labeled band has the size
characteristics of a small G protein. However, our data do not
prove that the FTA target is, in fact, a G protein or that the
labeled band is a functional target for inhibition of capacita-
tive CaZ?* entry by FTA. Nevertheless, together with previous
data that a small G protein is involved in capacitative Ca®*
entry (5, 13, 14), our findings with a new class of Ca®*
depletion-induced Ca?* entry inhibitors suggest that this
hypothesis should be pursued further.
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Fig. 5. Photoaffinity labeling of HEK 293 cell homogenates with an
FTA probe. HEK 293 cell homogenates (0.2 mg of protein) were pho-
toaffinity labeled with BBB-FC, and the labeled proteins were resolved
on a 12% SDS-PAGE gel, blot transferred, and detected by chemilu-
minescence (see Materials and Methods). Lane 1, incubation with 20
uM BBB-FC without irradiation (—hv). Lane 2, incubation with 20 um
BBB-FC with irradiation (+hv). Lane 3, incubation with 20 um BBB-FC
plus 1 mm FTA with irradiation (+hv + FTA). Amowhead, specifically
labeled band with a molecular mass of 26-28 kDa.
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Fig. 6. Isolation of photoaffinity-labeled HEK 293 cell products and
GTP binding. HEK 293 cell homogenates were photoaffinity labeled as
described in Materials and Methods and mixed with streptavidin beads.
Biotinylated products that bound to the beads were released by boiling
in sample buffer and were separated on a 12% SDS-PAGE gel, blot
transferred, and analyzed by chemiluminescence (lanes 7-3) and for
[*2P]GTP binding (lanes 4-6). Lanes 1 and 4, incubation with 20 um
BBB-FC without irradiation (—hv). Lanes 2 and 5, incubation with 20 um
BBB-FC with irradiation (+hv). Lanes 3 and 6, incubation with 20 um
BBB-FC plus 1 mM FTA with imadiation (+hv + FTA). Arrowhead,
specifically labeled band with a molecular mass of 26-28 kDa.

Discussion

Results presented in this report demonstrate that FTA and
certain other FC analogs inhibit capacitative Ca%* influx in-
duced either by agonist action or release of intracellular Ca®*
stores by Tg. These inhibitors acted on a non-voltage-gated
Ca?* influx pathway. It is known that Ca2?* entry through
Ca®*-release activated Ca®* channels is sensitive to membrane
potential. Therefore, we examined the action of FTA at depo-
larizing concentrations of extracellular K* (30 mM) and found
that FTA inhibited Mn?* entry induced by Tg to the same
extent as observed in low K* (4.6 mM) buffer (data not shown).
The Ca®* entry-inhibiting activity of FC analogs is not related
to possible activities as substrates or inhibitors of methyltrans-
ferase because FC analogs inert with respect to methyltrans-
ferase were active here. To probe the possible cellular targets of
FTA action, we performed affinity-labeling experiments with a
photoactivatable derivative of FC. A single band with a molec-
ular weight of 26-28 kDa was specifically labeled, and this
band also had GTP binding activity. Although we have not
demonstrated that this band contains the cellular target of FTA
action on Ca®* influx, it has the size and nucleotide binding
characteristics of the small G protein family of transducing
factors. Because only a single band of 26-28 kDa was labeled
with the FTA photoaffinity probe in the crude whole-cell ho-
mogenate, it is unlikely that FTA interacts directly with the
CaZ*-release activated Ca®* channel to block Ca?* entry.

How a small G protein might act to mediate capacitative
Ca?* influx is not known (5, 13). However, prenylation is known
to be important for the interaction of several small G proteins
with the cell membrane components (15, 16), for example, in-
teraction of the stimulatory and inhibitory GDP/GTP exchange
proteins and their effector proteins (16, 42), possibly via preny-
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lated protein-protein or protein-lipid interactions. Small G pro-
teins play a role in several signal transduction pathways, in-
cluding depletion-induced Ca®* entry (1, 13, 43). For example,
Rac has been shown to be involved in Ca%* influx induced by
growth factors (14). Rac is also a mediator of superoxide release
in human neutrophils. We speculate that Rac or another small
G protein may be involved functionally in capacitative Ca®*
influx, and FC analogs could act to interfere with prenylated
protein-lipid or prenylated protein-protein interactions to an-
tagonize this influx pathway. However, until the specific molec-
ular target of FTA (or other FC analogs) is identified, the pre-
cise mechanism of action of these agents to inhibit depletion-
induced Ca®* entry remains speculative. Nevertheless, these
FC analogs should prove to be useful probes for elucidating the
biochemical mechanism or mechanisms of capacitative Ca®*
entry.
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