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Eukaryotic elongation factor 1␣ (eEF1A) can be post-translationally modified by the addition of phosphorylglycerylethanolamine
(PGE). [14C]Ethanolamine was incorporated into the PGE modification, and with carrot (Daucus carota L.) suspension culture cells,
eEF1A was the only protein that incorporated detectable quantities
of [14C]ethanolamine (Ransom et al., 1998). When 1 mM CaCl2
was added to microsomes containing [14C]ethanolamine-labeled
eEF1A ([14C]et-eEF1A), there was a 60% decrease in the amount of
[14C]et-eEF1A recovered after 10 min. The loss of endogenous
[14C]et-eEF1A was prevented by adding EGTA. Recombinant eEF1A,
which did not contain the PGE modification, also was degraded by
microsomes in a Ca2ⴙ-regulated manner, indicating that PGE modification was not necessary for proteolysis; however, it enabled us to
quantify enodgenous eEF1A. By monitoring [14C]et-eEF1A, we
found that treatment with phospholipase D or C, but not phospholipase A2, resulted in a decrease in [14C]et-eEF1A from carrot microsomes. The fact that there was no loss of [14C]et-eEF1A with
phospholipase A2 treatment even in the presence of 1 mM Ca2ⴙ
suggested that the loss of membrane lipids was not essential for
eEF1A proteolysis and that lysolipids or fatty acids decreased proteolysis. At micromolar Ca2ⴙ concentrations, proteolysis of eEF1A
was pH sensitive. When 1 M CaCl2 was added at pH 7.2, 35% of
[14C]et-eEF1A was lost; while at pH 6.8, 10 M CaCl2 was required
to give a similar loss of protein. These data suggest that eEF1A may
be an important downstream target for Ca2ⴙ and lipid-mediated
signal transduction cascades.

As a critical protein for cell survival, elongation factor 1
alpha (eEF1A) has generated a lot of interest in recent
years. eEF1A is a multifunctional protein that is essential
for protein translation (Browning, 1996; Merrick and Hershey, 1996). In addition, it binds and bundles actin (Demma
et al., 1990; Edmonds et al., 1995), activates phosphatidylinositol (PI) 4-kinase (PI4K) (Yang et al., 1993), binds
(Durso and Cyr, 1994; Durso et al., 1996) and severs microtubules (Shiina et al., 1994), and binds calmodulin
(Durso and Cyr, 1994; Kaur and Ruben, 1994; Moore et al.,
1998) and Ca2⫹/calmodulin-dependent protein kinases
(Wang and Poovaiah, 1999). Putative roles in the ubiquitindependent protein degradation pathway (Gonen et al.,
1994) and apoptosis (Duttaroy et al., 1998) have also been
described.
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eEF1A is a soluble protein that is found associated with
the cytoskeleton (Demma et al., 1990; Dharmawardhane et
al., 1991; Collings et al., 1994; Clore et al., 1996), protein
bodies (Clore et al., 1996), and microtubules in situ (Ohta et
al., 1990; Hasezawa and Nagata, 1993; Durso et al., 1996;
Hasezawa et al., 1997). eEF1A fractionates with the endoplasmic reticulum (Hayashi et al., 1989), cytoskeleton
(Yang et al., 1990; Tan and Boss, 1992; Durso and Cyr, 1994;
Shiina et al., 1994; Ransom et al., 1998), and plasma membranes (Ransom et al., 1998). There are several lines of
evidence indicating that the function and distribution of
eEF1A are sensitive to changes in cytosolic pH (Condeelis,
1995; Liu et al., 1996a). At a cellular pH above 7.0, eEF1A
loses its ability to bundle F-actin (Edmonds et al., 1995).
The decrease in actin bundling is consistent with observed
changes in eEF1A distribution in vivo (Aerts et al., 1987;
van Duijn and Inouye, 1991). Liu et al. (1996b) also discovered that the bundling of F-actin by eEF1A precludes it
from interaction with aminoacyl-tRNA for protein translation. Thus, in response to an increase in cytosolic pH, a
change in the binding of eEF1A to F-actin would decrease
actin bundling while at the same time permitting eEF1A to
bind aminoacyl-tRNA and facilitate protein synthesis.
Changes in cytosolic pH and Ca2⫹ have also been implicated as critical factors affecting cytoskeletal structure during cell elongation in plants. For example, in alfalfa root
hairs, exposure to nod factor causes changes in pH
(Ehrhardt et al., 1992; Felle et al., 1996), Ca2⫹ (Ehrhardt et
al., 1996), and actin depolymerization (Cárdenas et al.,
1998). In pollen tubes, Ca2⫹ gradients correlate positively
with tip growth (Pierson et al., 1994, 1996; HoldawayClarke et al., 1997). Holdaway-Clarke et al. (1997) suggest
that there are coordinated changes in Ca2⫹ and cytoskeleton in the growing pollen tube. Subsequent work indicates
that in the region of the pollen tube where actin filaments
are being depolymerized as the tip is extended, the pH
increases to 7.2 (Feijó et al., 1999).
In previous work we characterized the phosphorylglycerylethanolamine (PGE) modification of carrot (Daucus
carota L.) cell eEF1A (Ransom et al., 1998). PGE-modified
eEF1A in carrot suspension culture cells was present in
soluble, microsomal, and plasma membrane fractions. It
co-purified with an F-actin-enriched fraction and bound
F-actin in vitro. Although the PGE modification provides a
possible mechanism for eEF1A to interact with lipids or
membranes in the cell, the function of the PGE modification in vivo is not known.
We wanted to determine if PGE-modified eEF1A is sensitive to Ca2⫹, pH, and lipases. We reasoned that lipases
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would hydrolyze the lipid moiety and release eEF1A from
a hydrophobic (lipid) environment. We found that both
Ca2⫹ phospholipase C and D decrease the amount of
eEF1A associated with a carrot microsomal fraction; however, the loss does not result from the release of a soluble
[14C]et-eEF1A, but, rather, from proteolysis. PGE modification provided a means for quantifying the loss of eEF1A,
but was not essential for proteolysis. Proteolysis of eEF1A
is sensitive to physiological changes in pH and could be
inhibited by treatment with EGTA or benzamidine.
We propose that this essential, multifunctional protein is
a sensitive monitor of intracellular pH and Ca2⫹. By analogy to electronic circuitry, eEF1A serves as a gate that can
process an input signal (e.g. a change in pH) to generate
multiple output signals (e.g. changes in cytoskeletal structure and protein synthesis). Furthermore, because eEF1A is
so abundant, we propose that proteolysis may provide an
effective means of rapidly decreasing functional activity.
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microsomal fraction was kept on ice and either used immediately or frozen at ⫺80°C until use. Protein concentration was determined using the Micro-BCA assay with bovine serum albumin as a standard.
TCA Precipitation of [14C]et-eEF1A
TCA precipitation of [14C]et-eEF1A was performed and
the filters were washed to remove non-covalently bound
lipids, as previously described (Ransom et al., 1998). The
washed filters were air-dried, placed in scintillation vials
with Biosafe II cocktail, and counted in a scintillation
counter (Minaxi Tri-CARB 4000 series, United TechnologiesPackard, Meriden, CT). Data are reported as disintegrations
per minute recovered minus a control of the same size filter
paper that was incubated in the same beaker throughout
the entire procedure to determine non-specific binding to
the filter paper.

MATERIALS AND METHODS
Wild carrot (Daucus carota L.) cells were grown in suspension culture and transferred weekly as previously described (Chen and Boss, 1990). Trichloroacetic acid (TCA),
phospholipase D (Streptomyces species), phospholipase A2
(Crotalus durissus), PI-specific phospholipase C (Bacillus
cereus), aprotinin, leupeptin, and benzamidine were purchased from Sigma-Aldrich (St. Louis). [14C]Ethanolamine
(55 mCi/mmol) was purchased from American Radiolabeled Chemicals (St. Louis). Phospholipase C (Bacillus
cereus) was purchased from Calbiochem-Novabiochem
(San Diego). Lysed, transformed Escherichia coli expressing
recombinant castor bean phospholipase D␣, Arabidopsis
phospholipase D␤, phospholipase D␥, and vector alone
were prepared as previously described (Pappan et al.,
1998). Caspase inhibitors were a gift from Dr. Gary Smith
(Glaxo Wellcome Inc., Research Triangle Park, NC). Antibodies to ABP-50 (Dictyostelium discoideum eEF1A) were a
gift from Dr. John S. Condeelis (Albert Einstein College of
Medicine, New York). Micro-BCA protein assay reagent
was purchased from Pierce Chemical (Rockford, IL). Bradford protein assay reagent was purchased from Bio-Rad
Laboratories (Hercules, CA). The phosphor imager
(Storm, Molecular Dynamics, Sunnyvale, CA) and a phosphor imager tritium screen were used for the radioisotopic analysis.
In Vivo Labeling and Isolation of Membranes
Two days after transfer, carrot cells were incubated with
[14C]ethanolamine (4 Ci/0.3–0.8 g fresh weight) for 48 h.
The carrot cells (2 g/2 mL buffer/0.5 g polyvinylpolypyrrolidone) were homogenized using a Dounce homogenizer
and the following buffer: 30 mm Tris, pH 7.2, at 25°C, 2 mm
EGTA, 1 mm EDTA, 1 mm sodium molybdate, 25% [v/v]
glycerol, 1 mm phenylmethylsulfonyl fluoride (PMSF), and
10 mm ␤-mercaptoethanol at 4°C. The homogenate was
centrifuged at 700g for 5 min. The 700g supernatant was
separated by centrifugation for 1 h at 40,000g, and the
resulting pellet was used as the microsomal fraction. The

Phospholipase Treatment of the Microsomal Fraction
Prior to treatment of the microsomal fraction with phospholipases, microsomes were resuspended in 10 mL of
ice-cold buffer consisting of 20 mm Tris-HCl, 3 mm MgCl2,
pH 7.2, and concentrated by centrifugation at 40,000g for 30
min at 4°C. The washed pellet was resuspended in 0.1 mL
of 20 mm Tris-HCl, pH 6.8 or 7.2 (25°C). The phospholipase
treatments were carried out using 112 g of membrane
protein in a total volume of 120 L. The membranes were
added to the reaction buffer consisting of 20 mm Tris-HCl,
1 mm EGTA, 0.1% (v/v) Triton X-100, with and without 2
mm CaCl2 (unless otherwise indicated). Phospholipases
were added immediately after addition of the membranes
(phospholipase A2, 20 units; phospholipase D, 20 units;
phospholipase C, 20 units; PI-specific phospholipase C, 3
units unless otherwise indicated), and the reaction mixture
was incubated at 25°C on a rotary shaker (200 rpm) for 10
min. The reaction was stopped by adding 3 mm EGTA and
placing the reactions on ice.
Aliquots were removed from each reaction for analysis
of [14C]et-eEF1A by TCA precipitation, by SDS-PAGE
through 10% (w/v) polyacrylamide, and for analysis of
residual [14C]phosphatidylethanolamine by lipid extraction and thin layer chromatography. The lipids were separated in a CHCl3:MeOH:NH4OH (65:25:4) solvent system
and quantitated with a scanner (System 500, Bioscan, Inc.,
Washington, DC). After these initial experiments characterizing the different phospholipases, we optimized the
phospholipase assays to determine the least amount of
phospholipase D needed to observe a reproducible loss in
[14C]et-eEF1A from microsomal membranes by TCA precipitation. Based on the concentration curve performed
(data not shown), the rest of the phospholipase D assays
were carried out using 5 units. When we used 5 units of
phospholipase D/112 g of membrane protein, there was
no discernible loss of membrane protein on a Coomassie
Blue-stained SDS-polyacrylamide gel; however, we still
were able to quantitate a loss of [14C]et-eEF1A by TCA
precipitation.
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Experiments using protease inhibitors were performed
as follows: benzamidine (100 mm in water), aprotinin (5
mm in water), and leupeptin (3.5 mm in water) were added
1 min before the addition of phospholipase D. The reactions were incubated at 25°C on a rotary shaker (200 rpm)
for 10 min. The reactions were stopped by adding 15 L of
ice-cold 25 mm EGTA and placing the test tubes on ice.
Aliquots were removed from each reaction for analysis of
[14C]et-eEF1A by TCA precipitation.
For experiments using extracts from E. coli expressing
recombinant phospholipase D␣, phospholipase D␤, phospholipase D␥, or vector alone, carrot microsomes were
resuspended in 20 mm Tris-HCl at pH 6.5 for phospholipase D␣ and at pH 7.0 for phospholipase D␤ and phospholipase D␥. Phospholipase D␣ activity was tested using
the conditions described by Pappan et al. (1997, 1998).
Carrot microsomes (30 g) were added to the reaction
buffer consisting of 100 mm 2-(N-morpholino)-ethanesulfonic acid (MES), pH 6.5, 5 mm CaCl2, 0.5 mm SDS, and 1%
(v/v) ethanol. Phospholipase D␣ or vector alone (30 g of
E. coli extracts) was added immediately after addition of
the carrot microsomes, and the reaction was incubated at
30°C in a shaking water bath for 30 min. The reaction was
stopped by placing the test tubes on ice. Aliquots were
removed from each reaction for analysis as described
above. For phospholipase D␤ and phospholipase D␥, the
carrot microsomes (30 g) were added to the reaction
buffer consisting of 100 mm MES (pH 7.0), 80 mm KCl, and
1% (v/v) ethanol. An extract of phospholipase D␤, phospholipase D␥, or vector alone (30 g of lysed E. coli extracts) was added immediately after addition of the carrot
microsomes and the reaction was incubated at 30°C in a
shaking water bath. After 30 min the tubes were placed on
ice to stop the reaction and aliquots were removed from
each reaction for analysis as described above.
His-Tagged Recombinant eEF1A
Tomato eEF1A cDNA fused to a six-His tag was expressed in E. coli and purified using resin (Probond, Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol (Invitrogen). The recombinant eEF1A (1 g unless
indicated otherwise) was added to (112 g) microsomes
and incubated for 10 min in the presence or absence of 1
mm Ca2⫹, as indicated above. The proteins were separated
by SDS-PAGE and analyzed by western blotting using
chemiluminescence to detect the His-tagged antibody according to the manufacturer’s protocol (Pierce Chemical).
As a control, the catalytic domain of PI4K␣ fused to a
six-His tag, a 62-kD polypeptide (Stevenson et al., 1998),
was expressed in E. coli and purified in the same manner.
RESULTS
Treatment with Phospholipase D or C Results in a Loss of
[14C]et-eEF1A from Microsomal Membranes
If the PGE post-translational modification of eEF1A facilitates the association of eEF1A with membranes, then we
hypothesized that treating the membranes with phospho-
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lipases D, C, or A2 might hydrolyze the lipid-anchored
[14C]ethanolamine eEF1A to produce phosphatidic acid,
diacylglycerol, or fatty acids, respectively, and the remaining 14C-labeled peptide should be recovered in the soluble
fraction. In addition, treatment with PI-specific phospholipase C should release [14C]phosphoethanolamine eEF1A
into the supernatant if the PGE attachment is part of a GPI
anchor. We tested these hypotheses by incubating different
phospholipases with microsomal membranes. The lipase
treatments were carried out with and without 1 mm Ca2⫹,
because Ca2⫹ is generally required for maximum phospholipase activity (Wang, 1993; Wang et al., 1993).
After the reactions were completed, the reaction mixture
was separated into microsomal and supernatant fractions
by centrifugation. Each fraction was analyzed by SDSPAGE, followed by transfer to polyvinylidene difluoride
membrane for western-blot analysis using an antibody to
D. discoideum eEF1A (Demma et al., 1990). Western-blot
analysis indicated a loss of protein from both the supernatant and pellet when microsomal membranes were treated
with Ca2⫹ alone, with phospholipase C, or with phospholipase D, suggesting that eEF1A was being proteolytically
degraded and not just released from the microsomes to a
soluble fraction (data not shown). To determine whether
eEF1A was being proteolytically degraded, we added recombinant eEF1A to a microsomal fraction and analyzed
total protein in the reaction mixture. As shown in Figure
1A, in the presence of 1 mm Ca2⫹, recombinant eEF1A was
degraded within 20 min, as determined by western-blot
analysis using a His-tagged antibody.
To show a clear effect of the protease(s), eEF1A was
added at three different concentrations (1.2, 0.8, and 0.4 g)
to the same amount of microsomal protein. The protease
activity was inhibited by adding EGTA (compare lanes 1–3
and 5–7, Fig. 1A). Lane 4 is the time zero control with 1.2
g of eEF1A added in the presence of EGTA. A similar loss
of eEF1A could be seen after only 10 min in the presence of
100 m Ca2⫹ (Fig. 1B, lanes 1–5). To determine whether the
microsomal proteases would degrade recombinant proteins in general, the recombinant PI4K␣ catalytic domain, a
62-kD recombinant polypeptide expressed and purified
with the same protocols used for eEF1A, was added. Using
the same microsomal fraction, we found no detectable loss
of the PIK␣ polypeptide after 10 min in the presence or
absence of 100 m Ca2⫹ (Fig. 1B, lanes 6–9).
Although we could detect a loss of eEF1A on western
blots, in order to quantify the loss and to study the fate of
the endogenous protein, we used [14C]ethanolamine to
label the PGE post-translational modification and monitored the recovery of TCA-precipitable 14C-labeled protein.
From previous work we knew that eEF1A was the only
protein that incorporated [14C]ethanolamine in carrot microsomal membranes and that [14C]ethanolamine was incorporated into a PGE post-translational modification
(Ransom et al., 1998). The TCA precipitation data were
consistent with the results of the western blot. TCA precipitation showed that Ca2⫹ alone, phospholipase C with
and without Ca2⫹, phospholipase D with and without
Ca2⫹, and PI-specific phospholipase C plus Ca2⫹ caused a
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Figure 1. eEF1A is sensitive to Ca2⫹-regulated, membraneassociated proteases. Recombinant eEF1A or PI4K␣ catalytic domain
was added to 112 g of microsomal protein in the absence (⫺) or
presence (⫹) of CaCl2 in a 120-L reaction mixture, as described in
“Materials and Methods.” Thirty-five-microliter aliquots were removed at the times indicated, and proteins were separated by SDSPAGE and analyzed by western blots using an antibody to the six-His
tag. The Ca2⫹ concentration was 1 mM in A and 100 M in B. A, The
amount of recombinant eEF1A (reEF1A) added to the microsomes
was varied. Lane 1, 1.2 g; lane 2, 0.8 g; lane 3, 0.4 g; lane 4, 1.2
g; lane 5, 1.2 g; lane 6, 0.8 g; lane 7, 0.4 g. Lanes 1 through 4
are ⫺Ca2⫹ and lanes 5 through 7 are ⫹1 mM Ca2⫹. Lanes 1 through
3 and 5 through 7 were incubated 20 min; lane 4 was placed
immediately into sample buffer. B, Recombinant proteins (1 g) were
incubated with the microsomes for 10 min (lanes 2–9) or added
immediately to sample buffer, lane 1. Lanes 1 through 5, recombinant eEF1A; lane 1, 2, and 3 are ⫺Ca2⫹. Lanes 4 and 5 are ⫹100 M
Ca2⫹. Lanes 6 through 9, recombinant PI4K␣ (rPI4K␣) catalytic domain; lanes 6 and 8, are ⫹100 M Ca2⫹ and lanes 7 and 9 are
⫺Ca2⫹.

loss of [14C]et-eEF1A from microsomal membranes and
phospholipase A2 did not (Fig. 2). These data suggested
that a Ca2⫹- and/or lipase-activated protease was present.
The loss of eEF1A was not the result of a general loss of
membrane lipid because when phospholipase A2 was
added, there was no significant loss of eEF1A plus or
minus Ca2⫹. In fact, more [14C]et-eEF1A was recovered
from microsomal membranes treated with phospholipase
A2 plus Ca2⫹ than from those treated with Ca2⫹ alone, and
under these conditions, phospholipase A2 degraded more
than 98% of the lipids, as determined by TLC (data not
shown). One explanation is that the lysolipids and fatty
acids produced by phospholipase A2 protected [14C]eteEF1A from Ca2⫹-induced proteolysis. A 1 mm Ca2⫹ concentration tended to enhance the loss of [14C]et-eEF1A
when phospholipase D but not phospholipase C was
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Figure 2. [14C]et-eEF1A is lost from microsomes treated with 1 mM
Ca2⫹, phospholipase D (PLD) or phospholipase C (PLC), but not
phospholipase A2 (PLA2). Carrot cells were incubated with [14C]ethanolamine (10 Ci/g fresh weight) for 2 d, and harvested as described
in “Materials and Methods.” The 40,000g microsomal pellet was
washed, concentrated by centrifugation, and resuspended in reaction
buffer. Phospholipases were added to 112 g of membrane protein,
and the reaction was incubated at 25°C with shaking (200 rpm) for 10
min. The reaction was stopped by adding ice-cold EGTA. Aliquots were
removed from each reaction, and the recovery of [14C]et-eEF1A was
monitored by TCA precipitation analysis. The means of four values
from two experiments are reported. PI-PLC, PI-phospholipase C.

added. With PI-specific phospholipase C, there was no loss
unless Ca2⫹ was added, and the loss of [14C]et-eEF1A from
microsomal membranes was equal to that of Ca2⫹ alone.
To study the specificity of the response to phospholipase
D and because commercial lipases could have proteases
present, we used three different isoforms of plant phospholipase D expressed in E. coli. Only castor bean phospholipase D␣ caused a significant loss of [14C]et-eEF1A (Table
I). An equivalent E. coli extract containing the vector alone
was used as a control. The fact that under the same conditions, the E. coli extract with vector alone did not enhance
the loss of [14C]et-eEF1A compared with the buffer control
suggested that the castor bean phospholipase D␣ was the
active agent and that phospholipase D␣ enhanced Ca2⫹induced proteolysis of eEF1A. In similar experiments, the

Table I. Phospholipase D␣ causes a decrease of [14C]et-eEF1A recovered from microsomes
Carrot microsomes (30 g of protein) resuspended in 20 mM
Tris-HCl (pH 6.5) were added to reaction buffer consisting of 100 mM
MES (pH 6.5), 5 mM CaCl2, 0.5 mM SDS, and 1% (v/v) ethanol. The
reaction was incubated at 30°C in a shaking water bath for 30 min.
Aliquots were removed from each reaction for recovery of [14C]eteEF1A by TCA precipitation analysis. The means of four values from
two experiments are reported.
Sample

[14C]et-EF1A

dpm/mg

MES buffer
Vector alone
Phospholipase D␣
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vector control, Arabidopsis phospholipase D␤, and Arabidopsis phospholipase D␥ all failed to show a loss of [14C]eteEF1A (data not shown).
EGTA and Benzamidine Inhibit the Loss of [14C]et-eEF1A
from Microsomes Treated with Ca2ⴙ or Phospholipase D
To characterize the types of proteases involved in the
loss of [14C]et-eEF1A from microsomal membranes, we
pretreated the membranes with different protease inhibitors. For these experiments we reduced the amount of
phospholipase D added from 20 units to 5 units/112 g of
membrane protein. As can be seen in Figure 3, under these
conditions, there was not a visible loss of membrane proteins based on Coomassie Blue staining. The common protease inhibitors PMSF and pepstatin did not prevent eEF1A
proteolysis (data not shown); however, this may be because
PMSF and pepstatin are not water soluble and were therefore dissolved in ethanol, and the high percentage of ethanol required in the reaction (⬎16%) would have activated
phospholipase D (Munnik et al., 1998). To avoid activation
of phospholipase D, we used water-soluble protease inhibitors. Pretreatment of the [14C]et-eEF1A microsomal membranes with a cocktail mix of leupeptin (3.5 mm), aprotinin
(5 mm), and benzamidine (100 mm) prevented the loss of
[14C]et-eEF1A when either phospholipase D or Ca2⫹ was
added (Fig. 4, A and B).
To determine if one inhibitor alone would prevent proteolysis of [14C]et-eEF1A, we pretreated the membranes
with either benzamidine (a Ser protease inhibitor, 100 mm),
aprotinin (a Ser protease inhibitor, 5 mm), or leupeptin (a

Figure 4. Protease inhibitors prevent the Ca2⫹- or phospholipase D
(PLD)- induced proteolysis of [14C]et-eEF1A at pH 6.8 and pH 7.2. A,
Either benzamidine (Ben) alone or a cocktail (Inh) of aprotinin (5
mM), leupeptin (3.5 mM), and benzamidine (100 mM) were added to
microsomes (112 g of membrane protein) for 1 min, followed by the
addition of phospholipase D (5 units) or Ca2⫹ (100 M) as indicated,
or microsomes were treated with CaCl2 (100 M), MgCl2 (100 M), or
MnCl2 (100 M). The reactions were incubated at 25°C with shaking
(200 rpm) for 10 min, as described in “Materials and Methods” and
analyzed by TCA precipitation. B, The reaction conditions are the
same as in A except the pH of the reactions was 7.2. The recovery of
[14C]et-eEF1A was analyzed by TCA precipitation. The means of four
values from two experiments are reported.
Figure 3. Phospholipase D (PLD) treatment did not result in a general
loss of membrane protein. Either Ca2⫹ (100 M), 10% (v/v) ethanol,
or phospholipase D (5 units) were added to microsomes prepared as
described in Figure 2. The reaction containing 112 g of membrane
protein was incubated at 25°C with shaking (200 rpm) for 10 min.
The reaction was stopped by adding ice-cold EGTA. An aliquot from
each reaction (20 L) was analyzed by SDS-PAGE (10%, [w/v]). The
SDS-polyacrylamide gel was stained with Coomassie Blue dye and
dried. The arrow denotes the migration of eEF1A. Molecular mass
markers are shown on the left (in kD).

thiol protease inhibitor, 3.5 mm) for 1 min before the addition of Ca2⫹ or phospholipase D. Only benzamidine prevented the loss of [14C]et-eEF1A (Fig. 4, A and B). At these
concentrations, benzamidine also inhibited phospholipase
D activity (data not shown) so that we cannot determine
whether phospholipase D actvity was necessary for proteolysis. In addition, because Ca2⫹ is known to increase
phospholipase D␣ activity (Wang, 1993, 1997; Wang et al.,

Downloaded from on July 13, 2017 - Published by www.plantphysiol.org
Copyright © 2000 American Society of Plant Biologists. All rights reserved.

962

Ransom-Hodgkins et al.

1993), we could not distinguish between a direct activation
of a protease by Ca2⫹ or indirect activation resulting from
Ca2⫹ activation of phospholipase D.
Calpeptin, an inhibitor of calpain (100 m) and cyclosporin A, an inhibitor of calcineurin inhibitor, were also
tried but had no effect on [14C]et-eEF1A proteolysis using
isolated membranes (data not shown). Ca2⫹ and calmodulin can destabilize microtubules in vitro (Durso and Cyr,
1994; Moore et al., 1998), so we reasoned that calmodulin
might enhance the proteolysis of [14C]et-eEF1A. However,
when excess calmodulin (100 m) was added to microsomes in the presence or absence of Ca2⫹, the loss of
[14C]et-eEF1A caused by treatment with phospholipase D
was not affected (data not shown). These data do not rule
out a role for calmodulin, because there may have been
sufficient calmodulin already present in the microsomal
fraction; however, they do not support a role for a Ca2⫹calmodulin-mediated proteolysis of eEF1A.
Because Ca2⫹ and eEF1A can affect the viability of cells,
we asked if inhibitors of programmed cell death would
prevent the loss of [14C]et-eEF1A from microsomes treated
with phospholipase D with and without Ca2⫹. The caspase
inhibitors ZVAD-FMK and ACDEVD-CHO (50 m dissolved in DMSO and water, respectively) did not prevent
proteolysis of [14C]et-eEF1A (data not shown). We also
tried to use these inhibitors in vivo by adding them to
carrot cells prior to the addition of Mas 7. Mas 7 increases
intracellular Ca2⫹ (Tucker and Boss, 1996) and results in a
45% loss of eEF1A recovered from whole-cell microsomes;
however, neither caspase inhibitor prevented the loss of
[14C]et-eEF1A (data not shown). The lack of effect of
caspase inhibitors in vivo is equivocal, because the inhibitors may not have entered the cells.
The effect of other divalent cations was compared. Mn2⫹
and Mg2⫹ at equal molar concentrations could not substi-
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Figure 6. Treatment with Ca2⫹ causes a decrease of [14C]et-eEF1A
recovered from microsomes. Ca2⫹ (1, 10, 100, and 1,000 M) was
added to microsomes (112 g of membrane protein) prepared as
described in Figure 2. The reaction was incubated at 25°C with
shaking (200 rpm) for 10 min. The reaction was stopped by adding
ice-cold EGTA. An aliquot of each reaction (20 L) was separated by
10% (w/v) SDS-PAGE. The gel was dried and exposed to a phosphor
imager tritium screen for 1 week.

tute for 1 mm CaCl2 at pH 6.8 (Fig. 4, A and B). At pH 7.2,
1 mm Ca2⫹ tended to be more effective, but there was no
statistically significant difference in the [14C]et-eEF1A recovered. In all the experiments, EGTA was the only treatment that routinely decreased the loss of eEF1A during the
10-min incubation, suggesting that the protease was Ca2⫹
regulated.
Effects of Ca2ⴙ and pH on the Loss of [14C]et-eEF1A

Figure 5. The effect of Ca2⫹ on [14C]et-eEF1A is pH dependent. Ca2⫹
(1, 10, 100, and 1,000 M) was added to microsomes (112 g of
membrane protein) prepared as described in Figure 2. The reaction
was incubated at 25°C with shaking (200 rpm) for 10 min and
stopped by adding ice-cold EGTA. Recovery of [14C]et-eEF1A was
analyzed by TCA precipitation. The means of four values from two
experiments are reported.

Edmonds et al. (1995) observed that eEF1A loses its
ability to bundle F-actin at pH 7.2 compared with pH 6.8.
Therefore, we asked what effect pH would have on the
amount of [14C]et-eEF1A we recovered from microsomal
membranes treated with various concentrations of Ca2⫹.
Carrot microsomal membranes containing [14C]et-eEF1A
were treated with four concentrations of CaCl2 (1, 10, 100,
and 1,000 m) at pH 6.8 and 7.2. At pH 7.2, 1 m CaCl2
resulted in a 35% loss of [14C]et-eEF1A (Fig. 5). However,
the amount lost did not increase with increasing CaCl2. At
pH 6.8, 10 m CaCl2 was needed to cause a significant loss
of [14C]et-eEF1A. At pH 6.8, increasing concentrations of
CaCl2 resulted in decreased recovery of [14C]et-eEF1A. Radiographic analysis of microsomal proteins blotted onto
polyvinylidene difluoride indicated that the decrease in
[14C] resulted from a loss of [14C]et-eEF1A (Fig. 6). These
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data suggest that in a living cell at physiological levels of
Ca2⫹, eEF1A will be most sensitive to Ca2⫹-mediated proteases at pH 7.2.
DISCUSSION
We have demonstrated a loss of [14C]et-eEF1A from
carrot microsomal fractions treated with Ca2⫹ alone, phospholipase D, or phospholipase C. The loss of eEF1A was
pH and Ca2⫹ sensitive and could be prevented by adding
EGTA or benzamidine. Proteolysis may seem like a wasteful mechanism for altering cellular metabolism; however,
eEF1A is a very abundant protein within the cell and may
act as a cellular buffer by binding soluble proteins and
aminoacyl-tRNA. Proteolysis would provide a rapid means
of decreasing functional activity and provide a ready
source of amino acids for protein synthesis in response to
stress. It is conceivable that eEF1A is synthesized and
degraded in a manner similar to key proteins involved in
cell cycle regulation, whose appearance and disappearance
signal each stage of the cell cycle (Wilkinson, 1995; Hershko and Ciechanover, 1998).
The observation that no [14C]et-eEF1A is lost after treatment with phospholipase A2 with or without Ca2⫹ indicates that proteolysis does not result from a general hydrolysis of membrane lipid. Furthermore, the fact that there is
no apparent proteolysis when phospholipase A2 is added
in the presence of Ca2⫹ points to a key role for phospholipase D, because lysolipids formed by phospholipase A2
treatment would inhibit endogenous phospholipase D
activity even in the presence of Ca2⫹ (Ryu et al., 1997;
Kawabe et al., 1998). The proteolysis of [14C]et-eEF1A in
the presence of the plant recombinant phospholipase D␣
but not phospholipase D␤ or phospholipase D␥ also provides evidence for a Ca2⫹/phospholipase D sensitive
protease(s).
Proteolysis is Ca2⫹ regulated. Benzamidine, a Ser protease inhibitor, prevented proteolysis but is also known to
inhibit phospholipase D activity (X. Wang, unpublished
results), so it is not clear if a Ser-protease is involved.
EGTA, however, consistently prevented eEF1A proteolysis
whether we used recombinant eEF1A or the endogenous
protein. Ca2⫹ could directly activate a membraneassociated protease(s) or, by activating a phospholipase D
or phospholipase C, the increased Ca2⫹ could release a
protease(s) or eEF1A and thereby enhance enzymesubstrate interaction. In either event, the sensitivity of
eEF1A to m Ca2⫹ provides a mechanism whereby eEF1A
could serve as a very important target in signal transduction pathways.
We used [14C]et-eEF1A to quantify the loss of eEF1A.
Although measurement reflects the amount of PGEmodified eEF1A in the microsomes and not the total pool of
available eEF1A, we found no indication of a selective loss
of the [14C]et-eEF1A isoform of eEF1A based on comparative analysis of western blots using both immunodetection
and radiography (with a phosphor imager). Under conditions where there was a quantifiable loss of [14C]et-eEF1A,
there was a visible decrease in eEF1A on the western blots,
and, most importantly, recombinant eEF1A, which did not
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exhibit post-translational modification, was also sensitive
to proteolysis.
While our experimental treatments were only for 10 min,
prolonged increases in phospholipase D and Ca2⫹ can lead
to cell death (Wang, 1997; Berridge et al., 1998). Sustained
increases in phospholipase D are associated with senescence (Paliyath et al., 1987; Paliyath and Droillard, 1992) or
hypersensitive response (Young et al., 1996), and elevated
intracellular Ca2⫹ levels are associated with the onset of
apoptosis (McConkey and Orrenius, 1997). It is reasonable
that changes in the amount of eEF1A, which would affect
both protein synthesis and cytoskeletal structure, would be
an important factor in regulating the programming of cell
death (Duttaroy et al., 1998) or senescence.
In summary, we have shown that proteolysis of eEF1A is
sensitive to physiologically relevant changes in Ca2⫹ and
pH. The sensitivity of eEF1A to Ca2⫹ provides a mechanism whereby eEF1A could serve as a very important
target in signal transduction pathways. For example, turnover of eEF1A would contribute to the restructuring of the
actin cytoskeleton in growing tip cells in response to an
oscillation in cytosolic pH and Ca2⫹ (Pierson et al., 1994,
1996; Holdaway-Clarke et al., 1997; Feijó et al., 1999). In
addition, proteolysis of eEF1A could contribute to the decrease in bundling of the F-actin cytoskeleton with a
change in pH from 6.8 to 7.2 (Edmonds et al., 1995). The
decrease in F-actin bundling in turn could increase protein
synthesis mediated by the eEF1A that remains bound to the
actin (Liu et al., 1996b). Thus, this essential, multifunctional
protein, eEF1A, provides a sensitive monitor of intracellular pH and Ca2⫹ and can impact multiple downstream
responses. By analogy to an electronic circuit, eEF1A could
serve as a gate, which would sense an input signal such as
a change in pH or Ca2⫹ and generate multiple output
signals such as changes in cytoskeletal structure and protein synthesis.
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