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Snakin/GASA proteins
Involvement in hormone crosstalk and redox homeostasis
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Snakin/GASA proteins are widely distributed among plant
species. They are expressed in different plant organs with high
tissue and temporal specificity, and their subcellularlocalization
varies among the different members. Interestingly, all of them
maintain 12 cysteines of the C-terminus in highly conserved
positions of the aminoacid sequences that are essential for their
biochemical activity and probably responsible for their protein
structure. Despite their common features, their functions are
not completely elucidated and little is known about their mode
of action. This review focuses on the current knowledge about
this intriguing family of peptides and advances comprising
gene regulation analyses, expression pattern studies and
phenotypic characterization of mutants and transgenic plants.
Furthermore, we discuss the roles of Snakin/GASA proteins in
several aspects of plant development, plant responses to biotic
or abiotic stress and their participation in hormone crosstalk
and redox homeostasis.

Members of the Snakin/GASA protein family have been identi-
fied in a wide range of plant species, such as tomato (Solanum
lycopersicum) (GASTI, RSI-1),"? petunia (Petunia hybrida) (GIPI-
5),> Arabidopsis (Arabidopsis thaliana) (GASA 1-15),“° potato
(Solanum tuberosum) (SN1-2),”® French bean (Phaseolus vul-
garis) (FBCBP),? rice (Oryza sativa) (OsGASRI-2, OsGSRI),'""
gerbera (Gerbera hybrida) (GEG),? strawberry (Fragaria anan-
assa) (FaGAST),” beechnut (Fagus sylvatica) (FsGASA4)," maize
(Zea mays) (ZmGSLI-10),” soybean (Glicine soja) (GsGASAI),'
and pepper (Capsicum annuum) (CaSn).” Snakin/GASA genes
encode small proteins in which three distinct domains can be
defined: (1) a putative signal peptide of 18-29 residues, (2) a vari-
able region displaying high divergence between family members
both in aminoacid composition and sequence length and (3) a
C-terminal region of approximately 60 aminoacids containing 12
cysteine residues in conserved positions named GASA domain.’
Despite their common features, their functions are not completely
elucidated and little is known about their mode of action. None
of the Snakin/GASA protein sequences possess any known motif
or active site, and even though many studies have attempted to
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determine their functions in numerous plant species, their bio-
chemical activity is not fully understood yet. The fact that the
number and positions of the cysteines have remained the same
throughout evolution suggests that these residues play a central
role and might be important to determine their biochemical/
structural functions.'® This review focuses on the current knowl-
edge about this intriguing family of peptides and discusses lines
of evidence supporting the participation of Snakin/GASA genes
in the interaction between different hormonal signaling path-
ways, in redox regulation and several aspects of plant biology.

Snakin/GASA Genes and Hormone Crosstalk

Most of Snakin/GASA genes are regulated by plant hormones
and participate in hormonal signaling pathways modulating
hormonal responses and levels. The tomato Gibberellic Acid-
Stimulated Transcript 1 gene (GASTI) was the first member
of this family to be identified and was shown to be induced by
gibberellic acid (GA) in shoots of the GA-deficient g7b mutant.!
Since then, numerous Snakin/GASA genes have been described
and most of them were reported to be transcriptionally regu-
lated by this hormone. Exogenous application of GA has been
shown to increase the transcript level of six out of 15 GASA genes
(GASAI, GASA4, GASAG, GASA7, GASA8 and GASAI3),*V
GEG,"* GIP genes (GIPI, GIP2, GIP4 and GIP5),"* OsGASRI,
OsGASR2 and OsGSRI*" FaGAST,"® FsGASA4," and ZmGSL1,
ZmGSL2, ZmGSL4, ZmGSL6 and ZmGSL9.” In contrast,
expression of GASAS5, GASA9 and GASAII genes as well as SN2
is inhibited by this hormone.®"? Interestingly, the regulation
of GASA4 expression by GA is tissue specific: it is upregulated
in meristematic regions and repressed in cotyledons and leaves.’
Moreover, it has been recently reported that, under the influence
of GA, the expression pattern of GsGASAI in leaves and roots is
more complex since it depends not only on the organ affected but
also on the treatment length.'® Even though the gene regulation
by this hormone was initially considered to be a defining fea-
ture of the whole family, this regulation could not be proven for
all the members. Indeed, SNI, GASA10, GASA12, GASA14 and
GASAI5 expression is not affected by this hormone.”?

In addition, differential responses to absicic acid (ABA) have
been reported for several Snakin/GASA genes. GASA2/3 and
GASAI4 expression is induced after ABA treatment and is not
affected by GA, whereas GASA9 expression is inhibited by both
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ABA and GA.” Besides, ABA also acts as a GA antagonist in
GASTI, GIPI, GASA4-7 and SN2 expression."*®%2° In accor-
dance with these reports, analyses of GASA promoters have
revealed a high number of GA and ABA related cis-elements.”

The involvement of other hormones in modulating the expres-
sion of certain Snakin/GASA genes reveals an even more complex
regulation pattern for these genes. For example, RS/-1 expres-
sion is induced by auxin? and the GA-induced genes GASAI
and OsGSRI are downregulated by brassinosteroids (BR).'"
Moreover, OsGSRI has been shown to regulate BR levels as a
result of its direct interaction with a BR biosynthetic enzyme,
and to modulate the GA response by downregulating the expres-
sion of the rice DELLA protein, a negative regulator of GA sig-
naling.!’ Furthermore, other Snakin/GASA genes participate
in plant growth and stress tolerance through the modulation of
DELLA’s transcription.'®2%22

Finally, the overexpression of the GA-upregulated FsGASA4
has been reported to increase not only endogenous levels of sali-
cylic acid (SA), but also the expression of genes involved in SA
biosynthesis and action." In addition, SA signaling has been
shown to be blocked in the GASA5-overexpressing plants and
this blockage was partially rescued by exogenous GA.** Taken
together, these results suggest that Snakin/GASA proteins par-
ticipate in the interaction between different hormonal signaling
pathways; and therefore, they are involved in plant development
and plant environmental responses.

Tissue and Developmental Specific Expression
Patterns of Snakin/GASA Genes

Even though the expression of Snakin/GASA genes has been
described in different plant organs, a detailed examination of the
spatial localization by in situ hybridization or promoter:: GUS
histochemical staining revealed that the expression pattern of
each family member is highly specific and restricted to defined
tissues.>>7!135 For example, in strawberry, FaGAST expression
is high in fruits and roots but very low in leaves and stolons.
Within the fruit, its expression has only been detected in the
receptacle but not in achenes, whereas in roots FaGAST expres-
sion is confined to the cells at the end of the elongation zone."
In Arabidopsis, GASA8 and GASA10 were detected by RT-PCR
in all the organs analyzed.” Particularly in roots, pGASA8:: GUS
activity is strong in the cell-elongation zone and is absent from
the root tip, while pGASA10::GUS activity has been detected in
the vascular tissue and at the root tip.°

In addition, Snakin/GASA genes are mainly expressed in pre-
cise developmental stages. For instance, in gerbera, the expres-
sion pattern of GEG correlates with cessation of cell elongation
both in the corolla and in the carpel,’* and in petunia, GIP2 is
expressed in elongating stem and corollas, while GIP4 and GIP5
are expressed at earlier phases of development.®'®* Moreover, we
have shown that SNI promoter is active in young stages gradually
decreasing as the plant ages.”

Expression analyses indicate that the spatial and temporal reg-
ulation of Snakin/GASA genes is highly specific. Even though
partially overlapping localizations between different members
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of the family have been described, each one displays a distinct
expression pattern. Interestingly, they all correlate with young
tissues and actively growing organs suggesting that Snakin/
GASA genes are involved in cellular processes such as cell divi-
sion or expansion.

Subcellular Localization of Snakin/GASA Proteins

The subcellular localization of Snakin/GASA proteins var-
ies among different family members. Even though the putative
localization for some of these peptides has been proposed based
on sequence analyses, the subcellular localization of only a few
of them have been experimentally determined. The transient
expression of a GIPI:: green fluorescent protein (GFP) fusion
in tobacco bright yellow 2 (BY2) cells suggests an endoplasmic
reticulum localization.' OsGASR1::GFP, OsGASR2::GFP and
OsGSR1::GFP fusion proteins transiently expressed in onion
epidermal cells revealed that OsGASR peptides are restricted to
the apoplasm or cell wall, while OsGSR1 protein localizes to the
plasma membrane, cytoplasm and nucleus.!”" Using the same
experimental system, it has been demonstrated that GASA5
localizes to the cell wall and/or extracellular matrix, whereas
GsGASAL has been found throughout the onion epidermal
cells.’®* More recently, co-localization experiments performed
by our group have recently shown that SN1::GFP is located in
the plasma membrane of Nicotiana benthamiana agroinfiltrated
leaves.?

Despite the presence of a putative signal peptide and the lack
of other predicted targeting signals, not all the Snakin/GASA
proteins are targeted to the cell wall/extracellular matrix. It is
possible that post-translational modifications, electrostatic inter-
actions, covalent bonds to membrane lipids or attachment/inter-
action with other proteins are responsible for their localization.
Several examples of protein interactions involving snakin/GASA
proteins have been reported. A SN2-like peptide from French
bean has been shown to be associated with a proline-rich protein,
resulting in a two-component protein complex (FBCBP).? As it
was mentioned before, it has been demonstrated that OsGSR1
interacts with the BR biosynthetic enzyme DIM/DWF1;!! and
recently we have shown that SN1 self-interacts in vivo.*

Determining the appropriate subcellular localization of pro-
teins is an important step toward elucidating their functions.
However, more detailed research in this respect needs to be done
to gain insights into the biological role of Snakin/GASA proteins.

Involvement of Snakin/GASA Genes in Plant
Development and Stress Tolerance

The function assignment of some Snakin/GASA members has
been mainly based on expression profile analyses and the phe-
notypic characterization of mutants and transgenic plants. Some
of them have been involved in cellular processes such as promo-
tion of cell elongation,"*'® cell elongation arrest,'>'? and cell divi-
sion.>'*1824 Moreover, it has been demonstrated that Snakin/
GASA proteins play important roles in development programs,
including root formation, stem growth, flowering time and fruit
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ripening.>'351820 In addition, members of this family have been
also involved in biotic or abiotic stress responses like pathogen
defense,”®!7%2¢ hea, salt or oxidative stress tolerance.'*?’

Interestingly, different family members could fulfill the same
function or just the opposite one. Moreover, even though a spe-
cific function was initially assigned to a particular Snakin/GASA
gene, later evidence established that a certain member could
play different roles and might be involved in diverse plant cel-
lular processes. For example, it was first reported that SN1 and
SN2, the only snakin/GASA peptides that have been isolated
up to now, exhibits a broad spectrum antimicrobial activity in
vitro.”8 Afterward, our group has demonstrated that the over-
expression of SN/ gene in potato enhances resistance to com-
mercially relevant pathogens suggesting that it also has in vivo
antifungal and antibacterial activity.” Even though SNI consti-
tutive overexpression does not seem to alter plant phenotype, we
have recently demonstrated that SN/ silencing affects cell divi-
sion, leaf metabolism and cell wall composition. Taken together,
these findings suggest that it participates in plant growth and
development beyond its already known involvement in defense.?
In Arabidopsis, GASA4 plays a role in regulating floral meristem
identity and promotes seed size and weight.® At the same time,
it has been reported that GASA4 is involved in regulating hypo-
cotyl elongation and flowering in response to the integration of
light signaling and GA,* and equally important, the overexpres-
sion of this gene enhances tolerance to heat stress.”” Conversely,
it has been suggested that GASA5 acts as a negative regulator
not only in stem growth and floral development but also in
response to heat stress.?*** Moreover, it has been demonstrated
that GASA5 overexpression blocks SA signaling and reduces
the antioxidant capacity of Arabidopsis and the accumulation
of heat shock proteins.?? Remarkably, the overexpression of the
GA-responsive gene FsGASA4 enhances salt, oxidative and heat
stress tolerance in seed germination by means of increasing SA
biosynthesis. These results demonstrate that GA may play a cru-
cial role in early plant responses to adverse environmental condi-
tions by modulating SA levels."*%

Overall, Snakin/GASA proteins could act as integrators
of internal and environmental cues participating in hormone
homeostasis to modulate plant development and stress tolerance
through adjusting the balance of cell growth promotion and cell
growth inhibition.

Snakin/GASA Proteins and Redox Status

Computational analyses suggest that the oxidized cysteines in
all Snakin/GASA proteins have the potentiality of creating up
to five disulfide bridges.®® These conserved cysteines may be
required for the generation of an essential 3D structure and/
or for an interaction with other proteins.’® On the other hand,
disulfide bonds may act catalytically if they can be reversibly
reduced and oxidized (thiol/disulfide). As all Snakin/GASA
proteins contain putative redox-active sites (i.e., pairs of cyste-
ines separated by one or two aminoacids), it has been speculated
that they may play a role in redox regulation.?® In fact, Weiss
and coworkers have demonstrated that the expression of GIP2,
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GIP4 and GIP5 is induced by H,0, and that the overexpression
of GIP2 in transgenic petunia reduces H,O, levels in leaves after
wounding and in guard cells after osmotic stress or ABA treat-
ments.”® Moreover, this group has recently demonstrated that
the overexpression of GASA4 in transgenic Arabidopsis is able
to suppress the accumulation of both H,O, and nitric oxide in
wounded leaves. Interestingly, expression of mutated versions of
this protein in plants revealed that the conserved cysteines of
GASA4 are essential for its redox activity and the promotion
of GA responses such as flowering and seed germination.® In
addition, we observed that redox balance is altered in SIVI silenc-
ing lines since higher levels of reactive oxygen species (ROS)
were detected in these plants (Nahirfiak, unpublished results).
Furthermore, scavengers of ROS such as ascorbate, galactinol
and raffinose were significantly reduced in SNT silencing lines
with respect to wild type plants.** The fact that these lines show
affected cell division and reduced ascorbate levels supports the
proposed role of this molecule in regulating that process and
suggests that SN1 might play an important role in cell division
by modulating ascorbate accumulation. In brief, these find-
ings suggest that Snakin/GASA proteins participate in plant
developmental processes and stress responses regulating redox
homeostasis through its conserved cysteine-rich domain.

Conclusions

The identification of Snakin/GASA genes in distantly related
species highlights the importance of these proteins and suggests
that they fulfill essential functions in plants. Even though they
have been involved in different aspects of plant growth and devel-
opment, the exact role played by these proteins is still intriguing.
It is possible that the specific biological function in diverse pro-
cesses of the different members of this family is determined by
their spatial and temporal expression during plant development
and by their variable N-terminal sequence. On the other hand,
the highly conserved C-terminus domain of Snakin/GASA
proteins is essential for their biochemical activity and probably
responsible for their protein structure and/or protein interac-
tions. Although it has been demonstrated that these proteins act
as antioxidants, it remains still unknown whether it is a direct
or indirect effect and how this antioxidant activity affects physi-
ological and developmental responses. Further exhaustive experi-
ments concerning biochemical characterization of Snakin/GASA
proteins are required to improve the understanding of the mecha-
nism of action. Moreover, interaction studies with other proteins
from the host and/or pathogens would provide more hints as to
the function of this family.

Compelling evidence supports the involvement of Snakin/
GASA genes in the complex crosstalk among different hormones
at both levels biosynthesis and action. Relationships of these
genes and GA responses have been the most studied to date;
however, the existence of interactions between these genes and
other hormones are becoming apparent. In this review, we pro-
pose a simplified model explaining the participation of Snakin/
GASA proteins in developmental processes and stress tolerance
through their involvement in redox and hormone homeostasis
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Figure 1. Simplified model of Snakin/GASA proteins'’s role. Snakin/
GASA gene expression is modulated in response to different
hormones and/or external/internal signals. The encoded proteins
regulate redox homeostasis through its conserved cysteine-rich
domain and consequently participate in developmental processes
and stress tolerance through adjusting the balance of cell growth
promotion and cell growth inhibition. The involvement of Snakin/
GASA genes in plant growth and stress responses was shown, for
some members of the family, to be mediated by the modulation
of DELLA's transcription or biosynthesis of certain hormones.
Nevertheless, the functional link between these changes and the
redox status remains unclear.

(Fig. 1). So far, several unresolved questions remain to be

DELLA <-» Redox stit e SA, BR, answered; i.e., Is Snakin/GASA gene regulation by internal/
OX status others? . . . c .
¢ external signals direct or hormone-mediated?; Which is the
role of these genes in the different hormonal pathways?; Are
'L Snakin/GASA modulation of DELLA’s transcription, hor-
monal homeostasis and redox status (inter)related?
Cell division /expansion
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