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Dimerization and DNA-binding of ASR1, a small hydrophilic
protein abundant in plant tissues suffering from water loss
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Abstract

The Asr gene family is present in Spermatophyta. Its members are generally activated under water stress. We present evidence that
tomato ASR1, one of the proteins of the family, accumulates in seed during late stages of embryogenesis, a physiological process char-
acterized by water loss. In vitro, electrophoretic assays show a homo-dimeric structure for ASR1 and highlight strong non-covalent inter-
actions between monomers prone to self-assemble. Direct visualization of single molecules by atomic force microscopy (AFM) confirms
that ASR1 forms homodimers and that uncovers both monomers and dimers bind double stranded DNA.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Asr genes; Lycopersicon esculentum; Seed; Dimerization; Atomic force microscopy
Several types of environmental abiotic stress affect plant
behavior by means of changes in gene expression [1]. We
have focused on one of the many stress- and ABA-induced
genes in plants, namely the genes of the Asr family, induced
by ABA, stress, and fruit ripening. The first Asr gene was
reported in Lycopersicon esculentum [2,3]. Despite the fact
that the model plant Arabidopsis lacks Asr genes, the Asr

gene family appears widespread in the plant kingdom [4].
In tomato, Asr is a family composed of at least four genes,
Asr1, Asr2, Asr3, and Asr4 [5], which are expressed differ-
entially in leaf and root under water stress [4]. Biochemical
experiments showed that ASR1 protein from tomato binds
to a short DNA consensus sequence [6], which is in agree-
ment with its localization in the nucleus [2]. Likewise, ASR
protein from grape binds DNA [7] and those from pine and
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lily also have a nuclear localization [8,9]. Cakir et al. [7]
have suggested that grape ASR forms dimers that might
function as a part of a transcription-regulating complex
involved in the control of sugar transport during grape rip-
ening [10].

High hydrophilicity and water-stress induction in vege-
tative tissues are common features shared by ASRs and
most LEA (late embryogenesis-abundant) proteins [4],
which are expressed at high levels during late embryo mat-
uration [11]. On the other hand, ASR proteins lack any of
the known structural motifs typical of LEA proteins and
their expression in seed development has not yet been eval-
uated. Therefore, to explore if physiological desiccation
correlates with an accumulation of ASR proteins, we inves-
tigated its presence in developing seeds.

In addition, we wanted to focus on molecular aspects
that might give us a clue about the mechanism underlying
ASR1 involvement in the response to dryness. To that pur-
pose, we looked at its quaternary structure and also took
advantage of Atomic Force Microscopy (AFM) [12], a
high-resolution technique which allows visualization of
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Fig. 2. ASR1 accumulates in different tomato organs. Western blot
analysis was performed to test for the presence of ASR1 in tomato leaf,
root, stem and fruit pericarp. The expected migration position for ASR1
(15 kDa) is indicated by arrowheads. Immunodetection was achieved by
means of a specific anti-ASR1 antibody as described in Materials and
methods.
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nucleoprotein complexes [13]. This is the first report of an
ASR protein–DNA complex at the single molecule level by
means of AFM. We show that, at least in vitro, ASR1
forms homodimers, which bind double strand DNA.

Materials and methods

Plant material and stress treatments..Tomato (Lycopersicon esculentum

M. Cv. UC82b) plants were grown in soil pots for 1 month under standard
greenhouse conditions. Fruit pericarp was collected from tomato fruit at a
mature red stage. Seeds were harvested from tomato fruits (25–70 days
post anthesis) grown under standard greenhouse conditions. The whole
seed was used for protein extraction. For water-stress experiments, whole
plants were removed from their pots, dried for 24 h on the laboratory
bench and leaves, stems, and roots were then detached. Unstressed con-
trols were obtained from plants that were not subjected to drying condi-
tions. In all cases, the collected material was immediately immersed in
liquid nitrogen and stored at �80 �C until protein extraction.

Antibody production. To develop an ASR1-specific antiserum, anti-
bodies were raised against either the whole pure recombinant protein (see
below) or a synthetic peptide corresponding to the C-terminus of ASR1,
divergent from other members of the ASR family: GCKKKLRGDTT
ISSKLLF-COOH (Bio-synthesis Inc., Lewisville, TX, USA). The purified
peptide was intramuscularly injected into rabbits. The resulting antiserum
was diluted 1/2500.

Protein extraction and Western blotting. Soluble proteins were
extracted using Extraction Buffer (50 mM NaHPO4, pH 7; 10 mM b-
mercaptoethanol; 10 mM Na2EDTA; 0.1% N-lauril-sarcosine; 0.1% Tri-
ton X-100). Western blots were performed according to [14], loading 50 lg
of protein. After 0.1% SDS–16.5% PAGE, proteins were electroblotted
onto a Hybond-C Extra nitrocellulose membrane (Amersham Pharmacia
Biotech). Membranes were stained with Ponceau Red to ensure equal
loading and then incubated with ASR1-specific antiserum (1/2500). Bound
antibodies were detected using an anti-rabbit immunoglobulin G-peroxi-
dase conjugate (Bio-Rad) diluted (1/4000). For visualization of enzymatic
activity, the ECL chemiluminescence detection system (Amersham Phar-
macia Biotech) was used.

Urea treatment. Tomato pericarp proteins were incubated overnight
with gentle stirring in cracking buffer containing 8 M urea. Samples were
then loaded in 8 M urea–PAGE for Western blot assays under the same
conditions as indicated below.

ASR1 purification. The coding region of the Asr1 cDNA was subcloned
into the PRSET B vector (Invitrogen). The recombinant plasmid was
introduced into the Escherichia coli BL21 strain. ASR1 protein was
purified by affinity chromatography (HisTrap Kit, Pharmacia Biotech)
taking advantage of its histidine-rich tract. Purification was monitored by
loading 5 lg ASR1 in PAGE stained with Coomassie blue.

Protein elution. Pure ASR1 was subjected to 0.1% SDS–16.5% PAGE.
Gel regions corresponding to 15, 30, and 45 kDa were excised from the gel
and left overnight in a Tris–glycine buffer (25 mM Tris, 250 mM glycine,
0.1% SDS). The eluted proteins were concentrated using the methanol–
chloroform–water method [15] and resuspended in extraction buffer. The
two forms of pure eluted proteins were analyzed by a second 0.1% SDS–
16.5% PAGE and Western blotting.

Atomic Force Microscopy (AFM). ASR1 samples (20 pg/ll) were pre-
incubated for 20 min with CsCl-purified pBluescript SK+ plasmid (60 pg/
ll) at a molar ASR1 monomer/DNA ratio of 10:1 in 4 mM Hepes, pH 7.4,
in the presence of 1 mM ZnCl2. The mix (10 ll) was then deposited onto
Fig. 1. ASR1 protein accumulation at different stages of seed development. Tot
were analyzed by Western blot as described in Materials and methods. The num
of the 15-kDa molecular weight marker is indicated on the right.
freshly cleaved muscovite mica, incubated for 2–5 min, washed with 0.5 ml
MilliQ water (Millipore) and blown dry briefly in a gentle stream of
nitrogen. Tapping-mode AFM was performed using a Nanoscope III
Multimode-AFM with a J-type piezoelectric scanner and microfabricated
silicon cantilevers of 125 lm in length and a force constant of 40 N/m
(NanoDevices, Veeco Metrology, Santa Barbara, CA, USA). The images
(512 by 512 pixels) were captured with a scan size of between 0.5 and 3 lm
at a scan rate of 1–2 Hz. Images were processed by flattening using
Nanoscope software.

Results

ASR1 accumulation during embryogenesis

We explored if ASR proteins are present in programmed
physiological events associated with desiccation. We con-
centrated on ASR1, for which we have a good immunode-
tection system and investigated its accumulation in
developing seeds by Western blot analysis (Fig. 1). The
protein was readily detected in seed only at developmental
stages corresponding to late embryogenesis (55–70 days
post anthesis).

ASR1 protein forms dimers in vitro

Immunodetection revealed ASR1 to accumulate in sev-
eral tomato organs (leaf, root, stem, and fruit). Its electro-
phoretic mobility (15 kDa) was coherent considering the
calculated molecular weight (115 amino acid residues,
13 kDa) (Fig. 2). To our surprise, we detected a band cor-
responding to 30 kDa, which suggested the existence of a
al protein was extracted from seed at different stages of ontogeny. Proteins
bers over the lanes indicate the days post-anthesis. The migration position



Fig. 3. ASR1 forms stable dimers. (Left panel) Western blot for ASR1
purified from transformed E. coli. (Right panel) Total fruit protein was
subjected (+) or not (�) to urea treatment and analyzed by Western blot.
Immunodetection was as indicated for Fig. 2.

Fig. 4. ASR1 monomer self-assembles in vitro. Recombinant pure ASR1
monomer and dimer were eluted off a gel similar to that in Fig. 3 (left) and
reloaded separately onto a new gel for Western blot using the same
antibody.
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dimer at least in some organs such as fruit and root. In
order to discriminate between a heterodimer and a
homodimer and rule out possible post-translational modi-
fications, we analyzed the quaternary structure of recombi-
nant ASR1 purified from transformed E. coli. Again, we
detected the same two major forms (Fig. 3, left panel).
The molecular mass corresponding to one of the bands
from pure ASR1 turned out to be twice as much as the
observed for the ASR1 monomer, thus confirming that it
forms homodimers.

As the presence of SDS during electrophoresis had no
effect on dimer disaggregation, we tested a caotropic agent
such as urea for its ability to dissociate dimers. Fig. 3 (right
panel) shows that urea had only a partial effect, if any, in
disaggregation of the abundant dimer obtained from fruit.
Given that ASR1 proteins cannot form disulfide bonds (as
they lack cysteine residues) we concluded that ASR1
dimers result from strong non-covalent bonds between
identical subunits.

To test the possibility that ASR1 forms can aggregate or
disaggregate spontaneously, we isolated the pure mono-
meric and dimeric forms by eluting them directly off the
gel. When re-subjected to electrophoresis separately, the
resulting immunoblot shows that the pure monomer was
able to dimerize even in the presence of detergent (Fig. 4,
lane 1) and that the dimer dissociated into monomers
(Fig. 4, lane 2). We can thus conclude that in vitro, self-as-
sociation of ASR1 polypeptides occurs.

ASR1 homodimers bind DNA

Next, we took advantage of AFM to confirm and char-
acterize the dimerization tendency of ASR1 and at the
same time to test, in a direct way, its previously claimed
DNA-binding activity (Kalifa et al. 2004). After pre-incu-
bating ASR1 together with circular 3-kb dsDNA at the
molar ratio of 10:1, ASR1 was observed to bind DNA as
monomers and homodimers (Fig. 5, marked with an
arrow). ASR1 monomers were visually identified as small
globular particles of 0.43 ± 0.01 nm in height and
12 ± 0.27 nm in diameter on the average. These dimensions
were identical when incubated without DNA (data not
shown).
Discussion

The presence of ASR1 in tomato seeds, particularly dur-
ing late embryogenesis, is worthy of note because this
developmental stage is characterized by an extremely low
water content [16]. A similar situation of physiological dry-
ness occurs in pollen, where an ASR-like protein builds up
as well, as reported in lily plants [9]. Although tomato
ASR1 does not have any of the classic LEA sequence
motifs, it possesses several short peptide sequences, like
EEKK, which have been demonstrated to be over-repre-
sented in LEA group 2a [17].

Our findings provide the first evidence, by means of two
independent methodological approaches, of in vitro dimer-
ization of an ASR-like protein. In this context, there are
other examples of dimeric stress-responsive non-ASR pro-
teins in plants functioning as transcription factors [18].
Similarly, a group of known LEA proteins can form oligo-
mers [19]. The unusual feature of SDS- and urea-resistant
bonds observed for ASR1 polypeptides (which contain
no cysteine residues) is likely to be the result of a particular
packed oligomer structure with a close interface contact
between subunits [20] generated by highly connected amino
acid side chains [21]. Strong non-covalent bonds have also
been reported for other small proteins, namely the SP1 pro-
tein from aspen [22] and the human amyloid peptide
involved in Alzheimer disease [23].

The sequence specificity of the observed DNA-binding
activity remains to be defined. Nevertheless, such an activ-
ity is consistent with the proposed role of Asr-like proteins
as transcription factors [7]. However, based on its abun-



Fig. 5. AFM images of ASR1 bound to DNA. The images are presented as surface plots at a 62� viewing angle to emphasize topography. The small
arrows point to ASR1 dimers bound to DNA.
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dant expression in several tissues, at least for Asr1 [5], and
its high degree of hydrophilicity [4], an alternative and not
mutually exclusive structural function such as direct pro-
tection from water loss cannot be ruled out, as is the case
for a mitochondrial LEA protein able to protect enzymes
from drying [24].

Whatever the molecular mechanism is, different
approaches point in the same direction towards defining
a physiological function for ASR proteins. Tolerance to
osmotic stress achieved by ASR1 in the heterologous yeast
model [25], positive selection on Asr2 in a tomato wild spe-
cies that inhabits a desertic region [26] and results from
ASR-overexpressing transgenic plants [27] together strong-
ly suggest that conferring drought and salt resistance is a
main function of this family of proteins. Further research
is needed to decipher the role of the demonstrated dimer-
ization on this proposed physiological function.
Acknowledgments

This research was in part supported by University of
Buenos Aires, Argentina. We are indebted to Fundación
Antorchas, CONICET, and ANPCyT, Argentina, for fel-
lowships awarded to Laura Maskin, Nicolás Frankel,
and Gustavo Gudesblat, respectively. The authors thank
Hebe Goldman, Silvio Ludueña, and Rachel Greenblatt
for their help in antibody production, AFM experiments,
and revision of the English language, respectively.
References

[1] S. Ramanjulu, D. Bartels, Drought- and desiccation-induced modula-
tion of gene expression in plants, Plant Cell Environ. 25 (2002)
141–151.

[2] N.D. Iusem, D.M. Bartholomew, W.D. Hitz, P. Scolnik, Tomato
transcription induced in water stress and ripening, Plant Physiol. 102
(1993) 1353–1354.

[3] M.M. Rossi, N.D. Iusem, Tomato (Lycopersicon esculentum) genomic
clone homologous to a gene encoding an abscisic acid-induced
protein, Plant Physiol. 104 (1994) 1073–1074.

[4] L. Maskin, G.E. Gudesblat, J.E. Moreno, F.O. Carrari, N. Frankel,
A. Sambade, M.M. Rossi, N.D. Iusem, Differential expression of the
members of Asr gene family in tomato (Lycopersicon esculentum),
Plant Sci. 161 (2001) 739–746.

[5] N. Frankel, F. Carrari, E. Hasson, N.D. Iusem, Evolutionary history
of the Asr gene family, Gene 378 (2006) 74–83.

[6] Y. Kalifa, A. Gilad, Z. Konrad, M. Zaccai, P. Scolnik, D. Bar-Zvi,
The water- and salt-stress regulated Asr1 gene encodes a zinc-
dependent DNA-binding protein, Biochem. J. 381 (2004) 373–378.

[7] B. Cakir, A. Agasse, C. Gaillard, A. Saumonneau, S. Delrot, R.
Atanassova, A grape ASR protein involved in sugar and abscisic acid
signaling, Plant Cell 15 (2003) 2165–2180.

[8] J.T. Wang, J.H. Gould, V. Padmanabhan, R.J. Newton, Analysis and
localization of the water-deficit stress-induced gene (lp3), J. Plant
Growth Regul. 21 (2002) 469–478.

[9] H.-J. Wang, C.-M. Hsu, Y.J. Guang, C.-S. Wang, A lily pollen ASR
protein localizes to both cytoplasm and nuclei requiring a nuclear
localization signal, Physiol. Plantarum 123 (2005) 314–320.

[10] F. Carrari, A.R. Fernie, N.D. Iusem, Heard it through the grapevine?
ABA and sugar cross-talk: the ASR story, Trends Plant Sci. 9 (2004)
57–59.

[11] H.J. Chung, H.Y. Fu, T.L. Thomas, Abscisic acid-inducible nuclear
proteins bind to bipartite promoter elements required for ABA



L. Maskin et al. / Biochemical and Biophysical Research Communications 352 (2007) 831–835 835
response and embryo-regulated expression of the carrot Dc3 gene,
Planta 220 (2005) 424–433.

[12] G. Binnig, C.F. Quate, C. Gerber, Atomic force microscope, Phys.
Rev. Lett. 56 (1986) 930–933.

[13] C. Bustamante, C. Rivetti, Visualizing protein–nucleic acid interac-
tions on a large scale with the scanning force microscope, Annu. Rev.
Biophy. Biomed. 25 (1996) 395–429.

[14] J. Sambrook, D.W. Russell, Molecular Cloning: A Laboratory
Manual, third ed., Cold Spring Harbor Laboratory, Cold Spring
Harbor, New York, 2001.

[15] M.P. Deutscher, Guide to Protein Purification, in: Methods in
Enzymology, Academic Press, New York, 1990, pp. 285–306.

[16] I. Demir, R.H. Ellis, Changes in seed quality during seed development
and maturation in tomato, Seed Sci. Res. 2 (1992) 81–87.

[17] M.J. Wise, A. Tunnacliffe, POPP the question: what do the LEA
proteins do? Trends Plant Sci. 9 (2004) 13–17.

[18] G.D. Amoutzias, E. Bornberg-Bauer, S.G. Oliver, D.L. Robertson,
Reduction/oxidation–phosphorylation control of DNA binding in the
bZIP dimerization network, BMC Genomics 7 (2006) 107–116.

[19] T.L. Ceccardi, N.C. Meyer, T.J. Close, Purification of a maize
dehydrin, Protein Expr. Purif. 5 (1994) 266–269.

[20] M.A. Mendes, B.M. de Souza, L.D. dos Santos, K.S. Santos, M.S.
Palma, Analyzing glycerol-mediated protein oligomerization by
electrospray ionization mass spectrometry, Rapid Commun. Mass
Spectrom. 19 (2005) 2636–2642.
[21] K.V. Brinda, S. Vishveshwara, Oligomeric protein structure net-
works: insights into protein-protein interactions, BMC Bioinformat-
ics 6 (2005) 296–310.

[22] W.X. Wang, O. Dgany, S.G. Wolf, I. Levy, R. Algom, Y. Pouny, A.
Wolf, I. Marton, A. Altman, O. Shoseyov, Aspen SP1, an exceptional
thermal, protease and detergent resistant self-assembled nano-parti-
cle, Biotechnol. Bioeng. 95 (2006) 161–168.

[23] S. Lesne, M.T. Koh, L. Kotilinek, R. Kayed, C.G. Glabe, A. Yang,
M. Gallagher, K.H. Ashe, A specific amyloid-beta protein assembly
in the brain impairs memory, Nature 440 (2006) 352–357.

[24] J. Grelet, A. Benamar, E. Teyssier, M.H. Avelange-Macherel, D.
Grunwald, D. Macherel, Identification in pea seed mitochondria of a
late-embryogenesis abundant protein able to protect enzymes from
drying, Plant Physiol. 137 (2005) 157–167.
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