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ABSTRACT Cultured tobacco cells (Nicotiana tabacum L.
cv. Wisconsin 38) synthesize a predominant 26-kDa protein
upon exposure to abscisic acid (ABA). ABA also accelerates the
rate of adaptation of unadapted cells to NaCl stress. The
ABA-induced 26-kDa protein is immunologically cross-reactive
to, and produces a similar pattern of peptides after partial
proteolysis as, the major 26-kDa protein associated with NaCl
adaptation. Both have pl values of >8.2. The synthesis of the
ABA-induced 26-kDa protein is transient unless the cells are
simultaneously exposed to NaCl stress. There is an association
between increased intracellular accumulation of ABA during
cell growth and commencement of synthesis of the 26-kDa
protein. ABA induces the synthesis of an immunologically
cross-reactive 26-kDa protein in cultured cells of several plant
species. In tobacco plants, synthesis of the 26-kDa protein could
be detected in several tissues but the highest level of expression
was seen in outer stem tissue. In root tissues, exogenous ABA
greatly stimulated the synthesis of 26-kDa protein as compared
to outer stem tissue and leaf. We suggest that ABA is involved
in the normal induction of the synthesis of 26-kDa protein and
that the presence of NaCl is necessary for the protein to
accumulate.

Abscisic acid (ABA) has been implicated as having an
important role in many plant physiological processes (1-3).
However, molecular events mediated by ABA are poorly
understood. ABA generally exerts an inhibitory effect on the
metabolism of nucleic acids and proteins. Yet, it has been
shown to induce the synthesis of specific mRNAs and
proteins, notably in barley aleurone layers (4-7) and in other
plants during seed germination and embryogenesis (8-14),
desiccation and other stresses (15, 16), and dormancy (17).
Barley aleurone cells have been used extensively to study
ABA inhibition of giberellic acid-induced synthesis of a-
amylase, where ABA appears to affect the level of transcrip-
tion and transcript stability and processing (4, 5, 18-20). In
other tissues, ABA appears to act at the level of translation
(14, 17) or transcription (15, 16).

We have demonstrated that tobacco cells undergo pheno-
typic and physiological changes during exposure to and
subsequent adaptation to NaCl and accumulate several
proteins (21). In addition, we have shown that ABA accel-
erates the rate of adaptation to NaCl (22). In this report, we
present evidence of the involvement of ABA in the synthesis
of a 26-kDa protein which is associated with NaCl adaptation.
We also show that the ABA-induced 26-kDa proteins from
cultured cells of several plant species are immunologically
related and that there is tissue-specific expression of the
26-kDa protein in differentiated tissues of tobacco plants.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

MATERIALS AND METHODS

Cell Culture. Suspension cultures of unadapted (S-0) cells
and cells adapted to NaCl (25 g/liter) (S-25) of tobacco
(Nicotiana tabacum L. cv. Wisconsin 38) were maintained as
described (23). Also used were cell suspensions of millet
(Panicum miliaceum L. cv. Abbar), soybean (Glycine max L.
cv. Wayne), cotton (Gossypium hirsutum L. cv. Tamcot-
SP37), carrot (Daucus carota cv. Danvers), potato (Solanum
tuberosum L. cv. Superior), and tomato (Lycopersicon
esculentum L. cv. VFNT-Cherry).

In Vivo Labeling. Newly synthesized proteins were labeled
in cells by adding H3’SO, to the cultures for 24 hr as described
(21). Plant tissues were labeled with 100 xCi of H3*SO, (1 Ci
=37 GBq) by incubating discs of leaf and cut sections of root,
pith, and stem outside of the pith (outer stem tissue) from
greenhouse-grown tobacco plants in 2 ml of 20 mM potassium
phosphate buffer (pH 7.0) containing S mM of each amino
acid except cysteine and methionine. After labeling for 12 hr
on a gyratory shaker at 25°C with constant room light, the
tissues were washed in phosphate buffer, filtered, suspended
in precooled (—20°C) acetone, and homogenized. All homog-
enized tissues were filtered and washed with cold acetone,
air-dried, and stored desiccated. Filter-sterilized ABA was
added to incubation flasks to a concentration of 10 uM at the
time of inoculation.

Immunoprecipitation and Electrophoresis. Radiolabeled
cells or tissues were homogenized in extraction buffer [20
mM potassium phosphate buffer (pH 7.0) containing 0.5 M
NaCl, 0.1% NaDodSO,, 0.5% Triton X-100, and 1 mM
phenylmethylsulfonyl fluoride] and placed in boiling water
for 2 min. A clear supernatant was obtained by centrifugation
at 12,000 x g for 5 min. **S incorporation into protein was
measured after trichloroacetic acid precipitation as described
(21). Twenty microliters of partially purified (IgG fraction)
rabbit antiserum against 26-kDa protein from S-25 cells was
used to immunoprecipitate >3S-labeled protein (equal cpm) in
500 wl of clear supernatant by incubation at 4°C overnight.
Antibody-antigen complex was precipitated by addition of
protein A attached to Staphylococcus aureus wall as de-
scribed by Kessler (24). The immunoprecipitated protein
complex was dissociated in extraction buffer containing 65
mM Tris-HCl (pH 6.8), 2% NaDodSO,, 5% (vol/vol) glycer-
ol, 5% 2-mercaptoethanol, 2 mM EDTA, and 1 mM phenyl-
methylsulfonyl fluoride by incubation in boiling water fol-
lowed by centrifugation at 12,000 X g for 2 min. Conditions
of single and two-dimensional electrophoresis, partial prote-
olysis, staining, and fluorography of gels were as described
(21).

Measurement of ABA. ABA was extracted from cultured
cells by homogenizing in 80% methanol containing acetic acid
(2 ml/liter) and butylated hydroxytoluene (10 mg/liter), and

Abbreviation: ABA, abscisic acid.
*To whom reprint requests should be addressed.
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Fic. 1. (A) Effect of exogenous ABA on unadapted (S-0) cells in
culture. Growth of cells in the presence (m) or absence (0) of ABA
and *5S incorporation in the presence (@) or absence (a) of ABA. (B)
Fluorogram showing newly synthesized proteins from S-0 cells.
Lanes corresponding to plus and minus ABA treatment are indicated
at the top, while days after inoculation of each * treatment is
indicated at the bottom.

recovery was monitored with [PHJABA (25). The homoge-
nate was filtered and the methanol was removed by
rotoevaporation. The pH was adjusted to 2.5-3.0 with 1 M
HCl and the extract was partitioned against redistilled hexane
on a column of diatomaceous earth (26). ABA was eluted with
redistilled ethyl acetate and concentrated by rotoevapora-
tion. The samples were further punﬁed by TLC (27) and were
methylated with diazomethane in ethyl acetate. The amounts
of ABA methyl ester in derivatized samples were measured
by GLC on a 1-m OV-11 packed column with a %3Ni electron
capture detector, based on detection of known amounts of
ABA. The identity of putative ABA methyl ester peaks
resolved by GLC was confirmed by comparing the retention
time with the authentic ABA methyl ester, chromatographic
behavior with PHJABA (purified to constant specific radio-
activity), UV light-induced racemerization of putative and
authentic ABA to a 1:1 mixture of cis- and trans-ABA, and
mass spectra of putative and authentic ABA methyl ester by
electron impact mass spectrometry.
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F1G. 2. (A) Effect of exogenous ABA on unadapted cells during
adaptanon to medium containing NaCl (16 g/liter). Growth of cells
in the presence () and absence (0) of ABA and *S incorporation in
the presence (®) and absence (a) of ABA. (B) Fluorogram showing
newly synthesized proteins of S-0 cells in medium containing NaCl
(16 g/liter). Lanes corresponding to plus and minus ABA treatment
are indicated at top, while days after inoculation of each * tréatment
is indicated at bottom.

RESULTS

Effect of Exogenous ABA on Protein Synthesis in the
Presence and Absenice of NaCl. Exogenous ABA partially
inhibited the growth and *S incorporation into protein of S-0
cells in the absence of NaCl stress (Fig. 14). However, ABA
increased the rate of adaptation of the S-0 cells in the
presence of NaCl as much as 2- to 3-fold, as determined by
increased fresh weight gain and mcreased 358 incorporation
into protein (Fig. 2A4).

A 26-kDa protein was synthesized by S-0 cells in response
to ABA on day 0 within 24 hr (Fig. 1B, lane 2). However, the
synthesis of ABA-induced 26-kDa protein was greatly re-
duced by the 4th day after inoculation (Fig. 1B, lane 4). A low
level of synthesis of 26-kDa protein began 1 hr after ABA
treatment, and after 8 hr this synthesis increased to =8% of
the total newly synthesized protein (data not shown). By the
16th day after inoculation, a 26-kDa protein was synthesized
by S-0 cells in the absence of ABA (Fig. 1B, lane 9), and this
synthesis was reduced in the ABA-treated cells (Fig. 1B, lane
10). However, the 26-kDa protein made by S-0 cells in the
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absence of ABA had a different pl than the 26-kDa protein
made by S-25 cells or S-0 cells treated with ABA (Fig. 3). The
cells treated with ABA produced two additional major
polypeptides corresponding to 29 kDa and 30 kDa (Fig. 1B,
lane 10) on day 16. Although the 26-kDa protein was
synthesized in S-0 cells in the presence and in the absence of
ABA treatment at different times, the protein was not
accumulated in sufficient amount to be detected by Coomas-
sie blue staining of the gel, even at the end of culture growth
(data not shown).

Unadapted cells under NaCl stress (16 g of NaCl per liter)
responded to exogenous ABA by rapidly synthesizing 26-kDa
protein (Fig. 2B, lane 2), and this synthesis continued until
the end of culture growth (Fig. 2B). When stressed in the
absence of ABA, the cells began to synthesize 26-kDa protein
only on day 32 (Fig. 2B, lane 9) and continued until day 56 and
beyond. Under NaCl stress, 26-kDa protein accumulated in
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Fic. 4. (A) Fluorogram showing immunoprecipitated protein
after 35S labeling for 24 hr. ABA or NaCl was added to the culture
along with ¥S. Lanes 1-4, immunoprecipitated protein from S-25
cells 35S labeled at lag phase on day 7, S-25 cells at stationary phase
on day 30, lag phase S-0 cells treated with ABA and ’S-labeled on
day 2, and stationary phase S-0 cells labeled on day 14, respectively.
Lane 5, lag phase S-0 cells transferred to medium containing NaCl (10
g/liter) and labeled. Equal amounts of immunoprecipitated 35S
protein (4 X 10° cpm) were applied in each lane except in lane 5,
where no immunoprecipitated 3*S was detected. (B) Peptide map
after partial proteolysis by S. aureus V-8 protease of im-
munoprecipitated 26-kDa proteins from S-25 cells on day 7 (lane 1)
and of S-0 cells treated with ABA on day 2 (lane 2). Equal amounts
of immunoprecipitated 3*S protein were digested and applied to each
lane.
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F1G. 5. Fluorogram of the *S-labeled and immunoprecipitated
26-kDa proteins from ABA-treated cultured plant cells of different
species. 35S-labeled protein (5 X 10° cpm) was immunoprecipitated
from extracts of each species. Suspension cultured cells untreated
and treated with ABA were used. Equal cpm of immunoprecipitated
3S-labeled protein were applied in lanes marked (+), indicating ABA
treatment. Equal volume of immunoprecipitated extract was applied
to each lane, indicating no ABA treatment (—).
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the cells and was easily detectable by Coomassie blue
staining of proteins at the end of culture growth (data not
shown). A coincidental inhibition of synthesis of 37-kDa
protein with the commencement of synthesis of 26-kDa
protein was observed in every experiment (Fig. 1B, lane 2;
Fig. 2B, lanes 2 and 9).

ABA-Induced 26-kDa Protein Is Not Salt Shock-Induced but
Appears to be the Same as 26-kDa Protein Made by Salt-
Adapted Cells. Newly synthesized 26-kDa protein was de-
tected in S-25 cells both in lag phase on day 7 and in stationary
phase on day 30. It also was detected in S-0 cells treated with
ABA early in growth on day 2 and in S-0 cells late in growth
on day 14 (Fig. 4A, lanes 1-4, respectively). S-0 cells during
early growth phase did not synthesize 26-kDa protein, even
upon exposure to NaCl at 10 g/liter for 24 hr (Fig. 44, lane
5) without ABA treatment.

Immunoprecipitated 26-kDa protein from early logarithmic
phase S-25 cells and early logarithmic phase S-0 cells treated
with ABA exhibited an identical peptide pattern after S.
aureus V-8 proteolysis (Fig. 4B). This pattern was similar to
that produced from proteolysis of 26-kDa protein from late
growth phase S-0 cells (21). However, the pI of immunopre-
cipitated 26-kDa protein from late growth phase S-0 cells was
7.8, while the pI values of 26-kDa protein from ABA-treated
early logarithmic phase S-0 cells and S-25 cells were >8.2
(Fig. 3). In both ABA-treated S-0 cells and S-25 cells, a
slightly larger protein with a lower pl coimmunoprecipitated
(marked with smaller arrows in Fig. 3) with the 26-kDa
protein.

Tobacco 26-kDa Protein Is Immunologically Related to
Protein from Different Plant Species. A 26-kDa protein could
be immunoprecipitated from extracts of cultured cells of
several plant species when treated with ABA (Fig. 5). The
immunoprecipitated 26-kDa protein was highest in tomato
cells and was considerably lower in potato, carrot, cotton,
millet, and soybean cells. No detectable 26-kDa protein was
present in cells not treated with ABA. Increased levels of
immunologically related 26-kDa protein were observed after
adaptation of cultured cells of different species (e.g., tomato,
soybean, field bindweed) to NaCl at 10 g/liter or higher
(unpublished resuit).

Expression of 26-kDa Protein in Differentiated Plant Tissues.
Much more immunoprecipitable 26-kDa protein was synthe-
sized in outer stem than in leaf or root of tobacco (Fig. 6).
Exogenous ABA appeared to stimulate the synthesis of
26-kDa protein more in root than in outer stem or leaf.
Immunoprecipitated 26-kDa protein could be detected in pith
with or without ABA treatment only after very long exposure
of x-ray film.

Association of 26-kDa Protein Synthesis with Endogenous
ABA Level. The maximum level of ABA measured in both S-0
and S-25 cells was 0.75-0.8 nmol per g fresh weight (Fig. 7).
The period of maximum ABA accumulation by S-0 cells was
on day 10 (early growth phase), while in S-25 cells the



742 Botany: Singh et al.

12 3 4 5 6 7 8

F16. 6. Immunoprecipitation of 26-kDa protein from tobacco
plant tissue treated with or without ABA. Equal cpm (2 X 10°) of
35S-labeled protein were used for immunoprecipitation and total
immunoprecipitated 35S-labeled protein was added to each lane.
Plant tissues used were stem pith (lanes 1 and 2), root (lanes 3 and
4), leaf (lanes 5 and 6), and outer stem tissue (lanes 7 and 8). (+) and
(—) ABA treatments are indicated.

maximum ABA level was attained in the lag phase between
4 and 5 days after inoculation. The synthesis of 26-kDa
protein in S-0 cells began during late logarithmic phase
between days 12 and 16, while in S-25 cells this synthesis was
greatly increased during the lag phase on day 5 (21). These
results indicate a coincidental increase of ABA content in the
cells with the commencement of synthesis of 26-kDa protein
in both NaCl-adapted and unadapted cells.

In S-0 cells that were treated with ABA and simultaneously
exposed to NaCl (10 g/liter) (Fig. 8A4), the endogenous ABA
level increased very rapidly (within 6 hr) to 30 nmol per g
fresh weight and then dropped to 4 nmol per g fresh weight
on day 2. The immediate increase in the ABA content was
caused at least in part by a rapid uptake of ABA, which was
twice as high in the presence of NaCl (data not shown). A
gradual increase in the level of ABA after day 3, to 24 nmol
per g fresh weight on day 14 (Fig. 84), was also the result of
uptake of ABA from the medium (data not shown). ABA-
treated cells under NaCl stress began synthesis of 26-kDa
protein immediately after inoculation and the synthesis
continued until day 40 (Fig. 8A Inset). Under these condi-
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Fic. 7. Endogenous levels of ABA during growth of S-0 cells in
medium without NaCl (A) and of S-25 cells in medium with NaCl (25
g/liter) (B).
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FiG. 8. Endogenous levels of ABA during adaptation of S-0 cells
to medium containing NaCl (10 g/liter) in the presence (A) and
absence (B) of ABA. The synthesis of immunoprecipitable 26-kDa
protein in cells treated with ABA is shown in A (Inset) and in cells
not treated with ABA in C. Equal amounts of total labeled protein
(10° cpm) were used for immunoprecipitation and total immunopre-
cipitated 35S was applied to each lane.

tions, 26-kDa protein began to accumulate near the onset of
cell growth.

When S-0 cells were grown in the absence of ABA under
NaCl stress, the level of endogenous ABA peaked on day 6
at 0.35 nmol per g fresh weight and on day 14 at 1 nmol per
g fresh weight (Fig. 8B). Immunoprecipitated 26-kDa protein
appeared as very faint bands from day 5 to day 14 and as
greatly intensified bands from day 16 to day 40 (data shown
until day 20 in Fig. 8C). These results demonstrate that,
under NaCl stress, ABA accumulation did not occur imme-
diately, and that the synthesis of 26-kDa protein followed an
increase in the ABA content of the cells.

DISCUSSION

Synthesis of 26-kDa protein was induced within 8 hr by
exogenous ABA in unadapted cells, but the synthesis did not
continue beyond 4 days after treatment unless the cells were
simultaneously exposed to NaCl, where the synthesis of
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26-kDa protein also was rapidly induced by ABA and
continued until the end of cell growth. In addition, the
ABA-treated cells synthesized new 29-kDa and 30-kDa
proteins on the 16th day. There was always an inhibition of
synthesis of 37-kDa protein with the beginning of synthesis of
26-kDa protein. Hammerton and Ho (28) have shown that, in
barley aleurone layer, a 37-kDa protease is inhibited by ABA.

The 26-kDa protein synthesized by NaCl-adapted cells and
the one induced by ABA are similar based on immunological
crossreactivity, production of identical peptide products
upon proteolysis, and similar pI values. The 26-kDa protein
synthesized by S-25 cells and by S-0 cells treated with ABA
differed from the 26-kDa protein made by untreated S-0 cells
by the period of the growth cycle during which they were
made and by their pI values. This might be explained by the
presence of a family of genes for 26-kDa protein or by
posttranscriptional processing of message and/or post-trans-
lational modification.

Since anti-26-kDa protein raised against tobacco protein
can immunoprecipitate 26-kDa protein from cells of unrelated
plant species, this protein may be highly conserved. Lin and
Ho (6) have reported that an ABA-induced 26-kDa protein in
barley aleurone cells is not immunologically crossreactive
with tobacco 26-kDa protein. This may not be surprising in
view of the fact that the expression of the tobacco 26-kDa
protein is tissue specific and appears to be induced by ABA
mainly in root. When cells of species other than tobacco were
adapted to grow in NaCl, they also began to accumulate
26-kDa protein (unpublished data). This suggests that the
protein may be conserved to perform a function related to
NaCl adaptation. Furthermore, the highest level of synthesis
of the protein occurs in outer stem tissue of tobacco, which
contains the water- and solute-transporting vascular tissues.

A close association between an increase in the endogenous
ABA content, the synthesis of 26-kDa protein, and the
subsequent adaptation of S-0 cells to NaCl, which involves
considerable osmotic adjustment (29), suggests that these
processes may be interdependent. Although the maximum
level of endogenous ABA in adapted and unadapted cells was
similar, S-0 cells accumulated ABA later in the growth cycle.
This may have been too late (because of a lack of receptivity)
to induce the synthesis of the 26-kDa protein made by
adapted cells. Also, localization of ABA in S-0 cells may
make the endogenous ABA ineffective. Synthesis of 26-kDa
protein during or after adaptation to salt always followed an
increase in endogenous ABA level. Although this does not
prove that endogenous ABA levels regulate the synthesis of
this protein, the correlation between the ABA content of the
cells and the induction of 26-kDa protein synthesis provides
a strong argument favoring this hypothesis.

The mRNA from S-25 cells and S-0 cells treated with ABA
produced a precursor of 26-kDa protein when in vitro
translated even in the presence of high (80 mM) NaCl
concentration (30, 31). The translation of mRNA from S-0
cells was greatly inhibited under high NaCl conditions and a
precursor of 26-kDa protein was not made. It may be that
induced synthesis or posttranscriptional processing of
mRNA for 26-kDa precursor protein is regulated by ABA and
the accumulation of 26-kDa protein is modulated by the effect
of NaCl on its relative translation. Given the complexity of
events required for adaptation to NaCl, it is unlikely that
there exists only one mode of action of ABA-mediated
regulation of adaptation to NaCl. However, the ABA-
regulated synthesis of 26-kDa protein appears to be one

Proc. Natl. Acad. Sci. USA 84 (1987) 743

important component of the overall process of adaptation to
NaCl.
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