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ABSTRACT Expression of the calmodulin-related TCH
genes of Arabidopsis is strongly and rapidly up-regulated in
plants after a variety of stimuli, including touch. As an
approach to investigating the mechanism(s) of TCH gene
regulation, a manipulable cell culture system in which TCH
gene expression is regulated has been developed. In response to
increased external calcium or heat shock, TCH2, -3, and -4
mRNA levels significantly increased. Significantly, these two
stimuli are known to result in cytoplasmic calcium increases,
therefore implicating a role for calcium itself in the regulation
of calmodulin-related genes. Further, external calcium is re-
quired for maximal heat-shock induction of expression of the
TCH genes but not of the 70-kDa heat shock protein; therefore,
there may exist at least two distinct mechanisms of heat shock
induction of gene expression. Calcium ion regulation of genes
encoding calcium-binding proteins may ensure the efficacy of
calcium ion as a transient second messenger and the mainte-
nance of cellular homeostasis. This possible regulatory circuit
would likely be relevant not only for plant cells but also for the
great variety of animal cells that transduce extracellular stim-
uli, such as hormones and electrical impulses, into calcium
signals.

Despite their passive appearance, plants sense and actively
respond to many environmental stimuli. The long-term re-
sponses often include developmental alterations that result in
phenotypes better adapted to the specific stresses of the local
environment. For example, plants exposed to wind tend to be
shorter and sturdier and, thus, less easily damaged by wind.
It is now clear that plants possess sensory networks capable
of generating genetic responses to a variety of environmental
stimuli. For example, in response to touch, rain, wind,
wounding, and darkness, there is a strong and rapid induction
of expression of at least five specific genes in Arabidopsis (1).
Because touch represents a common and most basic feature
of several of the inductive stimuli these genes were termed
the touch (TCH) genes. Ten to 30 min after stimulation, TCH
mRNAs increase in abundance 10- to 100-fold (1). Sequence
analysis indicates that the TCHI gene most likely encodes an
Arabidopsis calmodulin; TCH2 and TCH3 encode proteins
closely related to calmodulin (1). In addition, another gene
with 13% amino acid divergence from TCHI has been iso-
lated from Arabidopsis and shown to be similarly induced in
expression by touch stimulation (2). Regulation of expression
of this calmodulin-related gene family in Arabidopsis sug-
gests that calcium ions and calmodulin-related proteins may
be involved in transduction of environmental signals or in the
elicitation of developmental alterations. As yet, partial se-
quence analysis of TCH4 has not revealed similarities to
sequences in the data bases (1).

Changes in the cytoplasmic concentration of Ca>* most
likely serve as a major second messenger in plants. Fluctu-
ations in Ca?* concentrations have been implicated in evok-
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ing cellular responses to a great variety of environmental
stimuli (for reviews, see refs. 3-5). For example, it is possible
that [Ca2*] acts as a second messenger after touch stimula-
tion and evokes cellular responses, including the induction of
expression of the calmodulin-related TCH genes. Indeed,
Knight et al. (6) have recently shown that touch stimulation
led to rapid and transient [Ca?*] fluxes. Therefore, a homeo-
static regulatory network may exist, whereby Ca?* directly
or indirectly controls the expression of the genes that encode
calmodulin-related proteins, thus ensuring that enough Ca?*-
binding proteins are produced to chelate available Ca2*.

Because of the universal significance of Ca?* in eukaryotic
signal transduction, it is important to investigate the possi-
bility of cytoplasmic [Ca?*] homeostasis through Ca?*-
induced calmodulin-related gene induction. If Ca?* acts as a
positive regulator of gene expression, we would predict that
induction of TCH gene expression would also occur in
response to other stimuli, unrelated to touch, that are known
to result in cytoplasmic [Ca?*] increases. Precise physiolog-
ical experiments with intact plants, however, are difficult
because of the inability to alter the availability of external
Ca?*. To overcome this problem and to create a more
manipulable experimental system, we sought to determine
whether cultured cells are capable of faithful regulation of
TCH gene expression. We report that TCH gene expression
is regulated in cultured cells by two stimuli that are known to
lead to increases in cytoplasmic [Ca2*], increased external
[Ca?*], and heat shock. Characteristics of this regulation and
the evidence for distinct mechanisms of heat shock induction
of gene expression are described.

MATERIALS AND METHODS

Arabidopsis Root Cell Culture and Manipulations. Sterile, 2-
to 3-week-old Arabidopsis (Columbia) roots were finely
chopped and maintained in Gamborg’s B5 medium with
kinetin at 0.2 mg/liter and 2,4-dichlorophenoxyacetic acid at
0.05 mg/liter to stimulate growth of callus cells. Cells were
maintained at 24°C in constant light and subjected to rotary
shaking at 120 rpm for 3 to 6 weeks. Fourteen to 24 hr before
experimentation, cells and medium were pooled and divided
equally among four to six flasks. Sterile CaCl,, MgCl,, or
water was added to the medium as described. After the
appropriate time, the medium was removed, and the cells
were immediately frozen in liquid nitrogen. This procedure of
harvesting cells takes =15 sec. To generate a sudden heat
shock, an equal volume of medium at 47°C was added to the
cells; the cells were then placed in a rotary shaker water bath
at 37°C for the appropriate duration. Addition of an equal
volume of 24°C medium to the cells had no effect on TCH
gene expression (data not shown).

RNA Purification and Northern (RNA) Analysis. Total RNA
was purified essentially as described (7), and Northern anal-
ysis was conducted as described (1).

Abbreviations: HSF, heat shock factor; HSP70, 70-kDa heat shock
protein.
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RESULTS

TCH Gene Expression Is Induced in Cultured Cells by
Increased External Ca?*. Sudden increases in extracellular
[Ca?*] have been shown to result in increases of cytoplasmic
[Ca?*] in cultured plant and animal cells (8-10). Fig. 1 shows
that cultured primary Arabidopsis root cells exposed to high
extracellular [Ca?*] for 30 min accumulate increased levels of
TCH2, -3, and -4 mRNAs (lanes 10 Ca?>* and 100 Ca?*). The
TCH1 mRNA levels, however, are not significantly affected.
This example of non-coordinant TCH gene activity is con-
sistent with previous studies that indicated that differences
may occur in the mechanisms of regulation of the different
TCH genes (1). Expression of the gene encoding the Arabi-
dopsis 70-kDa heat shock protein (HSP70) is also unaffected
by increased [Ca?*], further indicating that there is not a
general induction of gene expression. This finding is consis-
tent with studies showing that raising intracellular [CaZ*]
alone is insufficient to activate HSP70 expression (11, 12). To
control for potential nonspecific effects of increased concen-
trations of divalent cations, cells were exposed to similar
concentrations of MgCl,, and, as seen in Fig. 1 (lanes 10 Mg
and 100 Mg), TCH mRNA levels are unchanged. Therefore,
Ca?t itself, or some effect of increased [Ca?*], may be
sufficient for the induction of expression of the TCH2, -3, and
-4 genes.

Similar to the kinetics of TCH gene induction by touch
stimulation in intact Arabidopsis plants, TCH2, -3, and -4
transcripts begin to accumulate within 10 min after Ca?*
addition to the medium of cultured cells (Fig. 2, lane 10’).
These data are consistent with the hypothesis that Ca?*, as
a second messenger, is generated by mechanical stimulation
and evokes an initial regulatory event that leads to increased
TCHZ2, -3, and -4 mRNA accumulation. The significance of
the slight increase in TCH1 mRNA levels in this experiment
(Fig. 2, top row) is unknown because this induction is
variable (for example, see Fig. 1). Strikingly, the time points
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FiG. 1. Regulation of TCH gene expression by increased extra-
cellular Ca?*. Cells were untreated (lane 0) or exposed to 10 mM
MgCl, (10 Mg), 100 mM MgCl, (100 Mg), 10 mM CaCl, (10 Ca?*), or
100 mM CaCl; (100 Ca?*) for 30 min. Total RNA was purified, and
2 ug of RNA was electrophoresed through formaldehyde gels. (A)
Gels were blotted to filters, and filters were hybridized with the
cDNA probes listed at left. Blank regions of photographs of the five
autoradiograms were cut to show only the bands of hybridization to
display results of all probes in a single composite figure. (B) Ethidium
bromide-stained gel before blotting to show that similar amounts of
RNA were loaded per lane. The two prominent bands are rRNA.
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Fi16.2. Kinetics of Ca?* induction of TCH gene expression. Cells
were untreated (lane 0) or were exposed to 100 mM CaCl, for 10 min
(10"), 20 min (20"), 30 min (30’), 1 hr (1H), or 2 hr (2H). (A) Northern
blot analysis (as in Fig. 1) of RNA hybridized to the cDNA probes
listed at left. (B) Ethidium bromide-stained gel before blotting.

at which the TCH3 and -4 mRNA transcripts reach maximum
levels are virtually identical in touch-stimulated plants and
Ca?*-treated cultured cells. That is, TCH3 mRNAs accumu-
late to highest levels 30 min-1 hr after Ca?* addition (Fig. 2,
lanes 30’ and 1H); similarly, in plants, TCH3 transcripts are
at maximal levels 30 min-1 hr after touch stimulation (1).
Likewise, TCH4 expression levels are maximal after 10 min
in both Ca?*-induced cultured cells (Fig. 2, lane 10’) and in
touch-treated plants (1). TCH2 mRNAs, however, reach
peak levels more rapidly in Ca?*-treated cultured cells (with-
in 10 min, lane 10’) than in touch-stimulated plants (30 min-1
hr) (1).

The TCH transcripts also demonstrate a rapid decrease in
accumulation within 1-2 hr after sustained external [Ca%*]
increases (Fig. 2; TCH2 and TCH4, lanes 30’ and 1H; TCH3,
lane 2H), suggesting an adaptation to increased external
[Ca?*] and/or a negative feedback regulation of TCH gene
expression within 2 hr.

TCH Gene Expression Is Induced by Heat Shock in Cultured
Cells. Another stimulus shown to result in cytoplasmic [Ca?*]
increases in cultured cells is heat shock (13-15). Thirty
minutes after a sudden change from 24°C to 37°C, there is a
significant increase in accumulation of TCH2, -3, -4 and
HSP70 mRNAs and a somewhat weaker effect on the levels
of TCH1 transcripts (Fig. 3, compare lanes 0 and HS). To
determine whether the heat shock induction of TCH gene
expression depends on the presence of external Ca*, EGTA,
a Ca’*-specific chelator, was added to the medium. The
presence of EGTA lowers the magnitude of heat shock
induction or abolishes the heat shock induction of TCH gene
expression (Fig. 3, compare lanes HS and HS+EGTA). This
inhibition is likely due to the specific chelation of Ca?*
because EGTA in the presence of additional Ca?>* has no
detectable effect on heat shock induction (Fig. 3, lane
HS+EGTA+Ca?*). It is possible that the residual induction
of TCH gene expression that occurs in the presence of EGTA
is due to heat shock-induced release of Ca?* from intracel-
lular stores; alternatively an additional Ca*-independent
mechanism may act to regulate TCH gene expression. In the
absence of heat shock, EGTA alone has no effect on TCH
gene expression (data not shown). Heat shock induction of
HSP70 expression is unaffected by the presence of EGTA;
therefore, the addition of EGTA to the medium does not
nonspecifically inhibit gene induction. More significantly,
because maximal induction of only the TCH genes and not of
HSP70 depends on the availability of external Ca?*, heat
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Fic. 3. Heat shock induction of the TCH and HSP70-encoding
genes and the effects of external EGTA. Cultured cells were main-
tained at 24°C (lane 0) or subjected to 37°C for 30 min, as described
fully in text, with no additions to the medium (HS), in the presence
of 100 mM EGTA (HS+EGTA) or in the presence of 100 mM EGTA
and 10 mM CaCl, (HS+EGTA+Ca?*). (A) Northern blot analysis of
total RNA (as in Fig. 2) hybridized to the cDNA probes listed at left.
(B) Ethidium bromide-stained gel before blotting.

shock induction of gene expression must result by at least two
distinct mechanisms.

The kinetics of induction of expression of the TCH genes
by heat shock are similar, but slightly delayed, relative to the
time course of Ca?* induction and again are distinct for the
different TCH genes. TCH2 mRNAs reach maximal levels 10
min after heat shock stimulation and stay relatively constant
for =1 hr (Fig. 4, lanes 10, 20’, 30’, and 1H). Regulation of
expression of TCH3 and -4 is more transient, reaching
maximal accumulation of transcripts at 1 hr and 30 min
respectively, after heat shock stimulation (Fig. 4, lanes 1H,
30’). These slight differences in the kinetics of TCH gene
induction by different stimuli may indicate variation in the
signals or mechanism(s) involved in TCH gene regulation, as
described fully in the Discussion.

DISCUSSION

The TCH genes of Arabidopsis were isolated as a result of the
increased accumulation of the corresponding mRNAs after
mechanical stimulation of plants (1). Three of the five TCH
genes encode proteins closely related to the Ca?*-binding
protein calmodulin. The rapid and strong induction of ex-
pression of calmodulin-related genes suggested that in re-
sponse to the inductive stimuli, such as touch, there is an
immediate but temporary requirement in the cells for in-
creased synthesis of Ca?*-binding proteins, perhaps due to
cytoplasmic [Ca?*] increases (1). Subsequently, transient
cytoplasmic [Ca?*] increases have been documented in
touch-stimulated plants (6). It is possible, therefore, that the
calmodulin-related TCH genes may be regulated directly or
indirectly in response to an increased accumulation of cyto-
plasmic Ca?*, the ligand for calmodulin and calmodulin-
related proteins. Despite the significance of this possible
regulatory circuit, the regulation of calmodulin-related gene
expression by stimuli known to cause cytoplasmic [Ca?*]
increases has not been previously reported for any organism.

Two stimuli known to result in elevated cytoplasmic
[Ca?*], heat shock and increases of external Ca?*, signifi-
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Fi1G. 4. Kinetics of heat shock induction of the TCH and HSP70-
encoding genes. Cultured cells were untreated (lane 0) or subjected
to heat shock, as described in text, for the times indicated. (A)
Northern blot analysis of total RNA (as in Fig. 2) hybridized to the
cDNA probes listed at left. (B) Ethidium bromide-stained gel before
blotting.

cantly induce expression of the Arabidopsis TCH2, -3, and 4
genes. TCH1 expression, however, is not significantly in-
duced, indicating that the requirements for TCH1 regulation
are distinct. Full induction of TCH gene expression by heat
shock requires the presence of external Ca?* because the
presence of EGTA in the medium significantly suppresses the
induction. These results support the hypothesis that TCH2,
-3, and 4 gene expression levels respond to changes in
cytoplasmic [Ca?*]. Such a feedback circuitry would ensure
that enough Ca?*-binding proteins are synthesized to accom-
modate increases in cytoplasmic [Ca?*], thus maintaining the
effectiveness of Ca?* as a transient cellular signal and en-
suring that [Ca?*] does not reach cytotoxic levels. The
development of a cell culture system that demonstrates TCH
gene regulation will greatly simplify dissection of the mech-
anisms of regulation of gene expression. For example, using
specific inhibitors of calmodulin function, we will be able to
determine whether calmodulin function is required for TCH
gene regulation in response to [Ca?*] increases and heat
shock. In addition, direct measurements of cytoplasmic
[Ca?*] levels using indicators such as aequorin (16), fura-2
(17), or indo-1 (17) and manipulations of cytoplasmic [Ca?*]
levels can be used to more directly determine whether Ca?*
fluxes are necessary and/or sufficient for TCH gene regula-
tion.

Distinct Mechanisms of Heat Shock Regulation of Gene
Expression. The experiments described demonstrate that
there are probably at least two distinct mechanisms by which
heat shock regulates gene expression. Heat shock induction
of HSP70 expression is unaffected by the availability of
external Ca?*; whereas maximal heat shock induction of the
TCH genes is likely to occur, at least in part, by an influx of
external Ca?* because TCH gene induction is partially, but
specifically, inhibited in the presence of EGTA. One possible
explanation for the residual induction in the absence of
available external Ca2* is that heat shock may also release
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Ca?* from internal stores; heat shock-induced release of Ca?*
from internal stores has been demonstrated in other cell types
(13-15). Alternatively, TCH gene regulation by heat shock
could occur via two independent and additive pathways, one
that is influenced by external [Ca?*] and one that is not.

The role of Ca2* in the heat shock-induction of HSP70-
encoding gene expression has been investigated in a variety
of organisms. The heat shock factor (HSF) that interacts
specifically with the cis-regulatory element upstream of heat
shock genes is activated by a two-step mechanism in higher
eukaryotes. The first step requires Ca?* for the binding of
HSF to the heat shock element (18, 19). HSF binding to the
heat shock element, however, is not sufficient for transcrip-
tional activation (19, 20); a second step, possibly phosphor-
ylation of the HSF, subsequently results in HSP70-encoding
gene induction (19-21). Induction of expression of the gene
HSP70, but not of TCH2, -3, and <4, is unaffected by the
chelation of external [Ca?*], suggesting that, even with
external EGTA, the cytoplasmic [Ca?*] is sufficient to acti-
vate HSF DNA binding after heat shock. Therefore, HSF is
probably not involved in activation of TCH gene expression
after heat shock. Alternatively, if HSF is involved in TCH
gene regulation, activation of HSF must have distinct re-
quirements, such as Ca?* influx or greater cytoplasmic
[Ca?*], for activation of these genes.

Complexities of TCH Gene Regulation. We have found that
a variety of stimuli induce TCH gene expression. For exam-
ple, TCH gene expression in plants increases after touch,
wind, rain, wounding, darkness, and heat shock (ref. 1, and
unpublished results). Several of the inductive stimuli may be
related because they share mechanical properties; however,
heat shock and darkness are seemingly unrelated, nonme-
chanical stimuli. In addition, expression of TCH2, -3, and 4
genes is regulated in cultured cells after heat shock and
increases in external [Ca?*] (Figs. 1 and 3) and cold shock
(unpublished work). Although these stimuli appear unre-
lated, they share two features: (i) induction of TCH gene
expression and (ii) involvement of [Ca?*] changes as a
response or mediator of physiological responses. These data
are consistent with the hypothesis that the TCH genes are
up-regulated in response to stimuli that generate Ca’*
changes.

Although expression levels of the three TCH genes, TCH2,
-3,and 4, are up-regulated in response to the same stimuli (an
exception being TCH3 regulation after ethylene treatment;
ref. 1), the TCH2, -3, and -4 transcripts accumulate with
distinct kinetics, and each kinetic profile differs depending on
the stimulus. Furthermore, the genes are differentially sen-
sitive to the stimuli. Therefore, regulation of the different
TCH genes likely occurs via mechanisms that are distinct or
variable for each gene. In addition, for each gene either a
distinct regulatory mechanism functions in response to each
stimulus or, more likely, the regulatory machinery is not
simply an on/off switch but functions to control strength and
temporal variation in the TCH gene responses. This com-
plexity of TCH gene regulation reflects the known complex-
ities of Ca?* as a second messenger. Magnitude, duration,
spatial localization, and frequency of spiking are examples of
characteristics of the Ca?* signal that are thought critical for
the elicitation of appropriate cellular responses to diverse
stimuli (22-25). Because several of the TCH genes encode
calmodulin-related proteins, they may be up-regulated fol-
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lowing stimuli that evoke [Ca?*] changes, as shown here, and
the characteristics of the Ca?* signal may control the strength
and kinetics of TCH gene expression.

A molecular dissection of the mechanism(s) involved in
TCH gene regulation after different inductive stimuli, such as
heat shock and increased extracellular [Ca2*], is now exper-
imentally feasible with the cell culture system described.
Identification of the specific cis and trans regulatory elements
will undoubtedly yield insight on the role of Ca?* and its
variations in signaling characteristics in regulating gene ex-
pression and plant responses to environmental stimuli.
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