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ABSTRACT

Heterotrimeric G-proteins are involved in a well-conserved signal transduction
mechanism in eukaryotic cells, moderating a diverse number of signaling pathways in
mammalian and plant systems. In mammalian systems, specificity of G-protein interactions with
downstream effectors is achieved through a diverse array of α-, β-, and γ-subunits, allowing for
dozens of highly selective G-protein heterotrimers. However, the model plant system
Arabidopsis thaliana contains far fewer subunit combinations, suggesting it must have some
alternate method of conferring G-protein specificity. We propose that splice variants of the
Arabidopsis thaliana G-protein β-subunit may provide a mechanism for establishing this
specificity.
Phenotype assays of transgenic lines containing only a single A. thaliana β-subunit splice
variant revealed that individual splice variants are differentially effective at restoring a wild-type
phenotype when inserted in the agb1-2 knockout mutant background. The results of five
phenotype assays suggest that the splice variants may act differently on downstream effectors or
may act on different downstream effectors entirely. Additionally, a comprehensive yeast-2hybrid screening of the four splice variants against a cDNA library isolated from Arabidopsis
seedlings supports the hypothesis that β-subunit splice variants may provide a mechanism for
conferring specificity to the Arabidopsis G-protein signal transduction system..
The results of the yeast 2-hybrid and phenotype assays suggested that at least two splice
variants might have differing interacting partners. Moreover, the presence of a diverse
population of receptor-like kinases with functions that accompany the functions of G-proteins
has implications regarding the nature of G-protein signaling in plants, especially in the ways it
differs from the mammalian G-protein signal transduction system.
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Introduction

G-proteins in the Model Plant System
The heterotrimeric G-protein paradigm represents a well-conserved method of signal
transduction in eukaryotic cellular systems. The inactive heterotrimer consists of an α-subunit
with inherent GTPase activity that is tightly bound to both a βγ dimer and GDP; before
activation, the heterotrimer can be found bound to a seven-transmembrane domain G-protein
coupled receptor (GPCR). Upon ligand association with the extracellular component of the
GPCR, conformational changes facilitate the exchange of GDP for GTP in the associated αsubunit, simultaneously causing the disassociation of the now-activated α-subunit from the
GPCR and the βγ dimer. The freed αsubunit and βγ dimer can both continue
to activate downstream effectors until the
α-subunit hydrolyzes its GTP back to
GDP. The α-subunit, returned to its
inactive conformation, associates again
with the GPCR and βγ dimer until the
next cycle is initiated by ligand binding
(Jones and Assmann, 2004). Through
this mechanism, heterotrimeric G-

Figure 1: Visual representation of active and inactive Gproteins. Green bars represent a seven-transmembrane domain
G-protein coupled receptor (GPCR); purple hook represents
the extracellular binding domain of the GPCR; pink ball
represents the ligand. α-, β-, and γ-subunits are labelled
accordingly.
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proteins act as signal transducers, converting the binding of an extracellular ligand into an
intracellular response (Figure 1).
Additionally, G-proteins, despite their implied action in a diverse number of signaling
pathways, have high specificity for their downstream targets (Trusov et al, 2007). Mammalian
systems have high subunit diversity - 23 known α- subunits, 5 β-subunits, and 12 γ-subunits which allow for the creation of dozens of unique heterotrimers, conferring the mammalian Gprotein system with the specificity necessary to act effectively on a variety of downstream
interactors (Chakravorty et al, 2012). Plant systems, notably the model organism , lack such
subunit diversity, possessing approximately one α-subunit, a single β-subunit, and three γsubunits. However, this lowered heterotrimer diversity in Arabidopsis does not coincide with
decreased diversity in G-protein interaction patterns; G-proteins are implicated in a diverse array
of plant signaling pathways, including ion channel activity, cell division and proliferation
processes, and responses to wounding and disease (Perfus-Barbeoch et al, 2004). The
discrepancy between the diversity of pathways associated with G-protein interaction and the
relatively homogeneity of G-protein subunits in Arabidopsis suggests that plants utilize
additional methods of establishing heterotrimeric specificity. We hypothesize that alternative
splicing, particularly of the β-subunit, may help confer additional specificity in the Arabidopsis
G-protein signal transduction system..

AGB1.1-AGB1.4: Four Splice Variants of the Arabidopsis G-protein β-subunit
To date, four splice variants of AGB1, the gene that encodes the A. thaliana G-protein βsubunit, have been identified. Hereafter designated AGB1.1-AGB1.4 or 1.1 - 1.4, these four
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splice variants have unique structures due to amino acid sequence variation. AGB1.1 represents
the full transcript, in which an alpha-helical segment and a relatively linear structure lead in to a
“beta-propeller” consisting of seven “blades” of alternating beta sheets. AGB1.2 and AGB1.3 are
heavily truncated variants of the full transcript. AGB1.2 lacks the alpha-helical leading segment
and half of the first blade. AGB1.3 shifts out of frame at the start of the seventh blade and ends
midway through the same blade. AGB1.4 is identical to the full (AGB1.1) transcript except for a
five amino acid deletion (hereafter called the “-VARYS” sequence) at the start of the first blade
(TAIR, 2013). Initially, we hypothesized that the four splice variants were capable of acting as
individually valid G-protein β-subunits, perhaps differentially targeting downstream interactors.

Phenotype Assay and Yeast 2-Hybrid Screening of the Splice Variants
Phenotype assay of four transgenic lines of Arabidopsis, each of which expressed a single
splice variant of the G-protein β-subunit inserted over an agb1-2 (i.e. the β-subunit knockout)
mutant background, supported the original hypothesis, namely that the four splice variants could
act as individual G-protein β-subunits. Thus far, five successful assays (hypocotyl length, lateral
root count, leaf shape, rosette diameter, and silique length) have been conducted, the results of
which have been summarized in Table 2 and are discussed in detail in the Results.
After discovering that the transgenic lines (especially 1.4) may differentially restore
aspects of the wild-type phenotype, we began the next phase of the research. In an effort to
identify unique interactors and/or patterns of interaction between the four splice variants, yeast 2hybrid assays have been conducted. Four bait strains, each containing only a single β-subunit
splice variant, were screened against a library of cDNA isolated from Arabidopsis seedlings.
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Results

Detailed Phenotype Assay Results
Note on Nomenclature
All transgenic lines are named with the format AGB1.splice variant – line – individual.
AGB1.1-2-1 (or simply 1.1-2-1), for example, is a plant that contains beta-subunit splice variant
one and is the first individual from the second line. Aside from the line’s splice variant
designation (i.e. AGB1.1, 1.2, 1.3, or 1.4), the naming system has little bearing on the
experimental results and was used solely for the sake of convenience. For information on the
establishment of lines, see the Materials and Methods section.
Note Regarding Figures, Statistical Tests, and Levels of Significance
All of the following graphs are similarly formatted. Error bars indicate the range of
standard error. Sample sizes are given as black numbers above error bars. Asterisks above the
sample size indicate the level of significance regarding the experimental line’s deviation from
agb1-2, the β-subunit knockout control, under a two-tailed unpaired t-test. The ranges of
significance are as follows: one asterisk denotes 0.05>p>0.01; two asterisks denote
0.01>p>0.001; three asterisks denote 0.001>p>0.0001; and four asterisks denote p<0.0001.
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Assays of Hypocotyl Length, Lateral Root Formation, and Petiole Shape
The full transcript (AGB1.1) was necessary to restore wild-type hypocotyl length
phenotype (t-test, p<0.0001). The heavily truncated AGB1.2 and AGB1.3 and the nearlycomplete transcript of AGB1.4 failed to recapitulate the longer hypocotyls (t-test, p>0.05 for
almost all lines), instead showing the shortened growth associated with the agb1-2 knockout
mutant (Figure 2).
Notably, both the full transcript (t-test, p<0.01 for all lines) and AGB1.4 (t-test, p<0.05
for almost all lines) inhibited lateral root formation to an equal if not greater level than wild-type
controls, though AGB1.2 and AGB1.3 again more closely resembled the well-described
knockout phenotype (p>0.05 for almost all lines) of high lateral root count (Figure 3).
Qualitative analysis of a holistic petiole length/leaf shape phenotype in our transgenic
lines revealed differentiated phenotypic effects of the four splice variants. Knockout mutants
complemented with AGB1.4 simultaneously express the rounded leaves of the agb1-2 knockout
mutant and extended petioles that more closely resemble wild-type. The full transcript of
AGB1.1 matched the wild-type phenotype of extended petioles and lanceolate leaves while the
heavily truncated AGB1.2 and AGB1.3 showed knockout phenotypes, growing relatively short
petioles and rounded leaves (Figure 4, Table 1).

Additional Assays of Adult Rosette Size and Silique Length Phenotypes
Assay of adult plant phenotypes yielded additional instructive results. The rosettes of
wild-type Arabidopsis are significantly larger in diameter than agb1-2 knockout plants of the
same age (Ullah et al., 2003), a trend matched by the plants in our assay (t-test, p<0.05).
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Phenotypes of the experimental lines containing the full transcript, the AGB1.1 lines, were both
significantly different from the knockout (t-test, p<0.05 for all lines) and closely matched wildtype phenotypes. The remaining three β-subunit splice variants did not significantly restore the
wild-type rosette diameter phenotype, displaying no significant difference (t-test, p<0.05 for
almost all lines) from the knockout mutant (Figure 5).
Similarly, the full-length transcript recapitulated the wild-type silique-length phenotype
(t-test, p<0.0001 for Col-0 and all 1.1 lines). Moreover, the knockout mutant showed
significantly shortened, blunted siliques when compared to the wild-type phenotype, a pattern
well-described in previous assay (Lease et al. 2001). The truncated 1.2 and 1.3 splice variant
siliques were, in many cases, significantly shorter than agb1-2 (t-test, p<0.001 for most lines),
displaying what appeared to be an exaggerated version of the knockout phenotype. Almost all of
the 1.4 lines’ silique phenotypes appeared similar to that of the knockout (t-test, p>0.05 for
almost all lines). However, the siliques of experimental line 1.4-11-6 were significantly longer
(t-test, p<0.0001) than wild-type (Figure 6).
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Figure 2: Mean hypocotyl length of transgenic β-subunit splice variant lines. Col-0 and
agb1-2 represent the wild-type and mutant background controls, respectively. Sample sizes are
given above error bars. Level of significance indicated by number of asterisks: one asterisk
denotes 0.05>p>0.01; two asterisks denote 0.01>p>0.001; three asterisks denote
0.001>p>0.0001; and four asterisks denote p<0.0001.
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Figure 3: Mean lateral root count in transgenic lines containing a single splice variant of
the Arabidopsis β-subunit gene. Col-0 and agb1-2 serve as controls for the wild-type and mutant
background,. Sample sizes given above error bars. Level of significance indicated by number of
asterisks: one asterisk denotes 0.05>p>0.01; two asterisks denote 0.01>p>0.001; three asterisks denote
0.001>p>0.0001; and four asterisks denote p<0.0001.
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Figure 4: Images of wild-type (Col-0), knockout (agb1-2), and experimental line leaf shape and
petiole phenotypes taken from the population used in the qualitative assay.

Table 1: Results of qualitative assessment of wild-type and knockout character of the leaf
10shape
and petiole length of the single splice variant experimental lines of (note that SV stands for Splice
Variant). Scores ranged from 0 (most like agb1-2) to 4 (most like Col-0) and were assigned to an entire
pot based on holistic examination of the combined leaf and petiole character of all four plants in the pot.
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Figure 5: Mean rosette diameter in transgenic lines containing a single splice variant of the Arabidopsis thaliana βsubunit gene. Col-0 and agb1-2 serve as controls for the wild-type and mutant background, respectively. Sample
sizes given above error bars. Level of significance indicated by number of asterisks: one asterisk denotes
0.05>p>0.01; two asterisks denote 0.01>p>0.001; three asterisks denote 0.001>p>0.0001; and four asterisks denote
p<0.0001.

Figure 6: Mean silique length in transgenic lines containing a single splice variant of the β-subunit gene.
Col-0 and agb1-2 serve as controls for the wild-type and mutant background, respectively. Sample sizes given
directly above error bars. Level of significance indicated by number of asterisks: one asterisk denotes 0.05>p>0.01;
two asterisks 0.01>p>0.001; three asterisks 0.001>p>0.0001; and four asterisks p<0.0001.
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Table 2: Summarization of five phenotype assays conducted on four transgenic lines of
Arabidopsis (1.1-1.4) containing only a single splice variant of AGB1. Col-0 and agb1-2 served
as the wild-type and β-subunit knockout mutant controls, respectively. Note that a white
background indicates a wild-type phenotype, and a black background resembles a knockout
phenotype.
Assayed
Phenotype

Col-0
Phenotype

agb1-2
Phenotype

1.2
1.3
1.1
1.4
Phenotype
Phenotype
Phenotype
Phenotype

Hypocotyl
Length

longer
hypocotyl

shorter
hypocotyl

longer
hypocotyl

shorter
hypocotyl

shorter
hypocotyl

shorter
hypocotyl

Lateral
Root
Formation

lateral root
formation
inhibited

no inhibition lateral root
of lateral
formation
root
inhibited

no
inhibition
of lateral
root

no
inhibition
of lateral
root

lateral root
formation
inhibited

Leaf
Shape

lanceolate
leaves,
extended
petioles

rounded
leaves,
shortened
petioles

lanceolate
leaves,
extended
petioles

rounded
leaves,
shortened
petioles

rounded
leaves,
shortened
petioles

rounded
leaves,
extended
petioles

Rosette
Diameter

larger
diameter

smaller
diameter

larger
diameter

smaller
diameter

smaller
diameter

some large,
some small

Silique
Length

longer
siliques

shorter
siliques

longer
siliques

shorter
siliques

shorter
siliques

shorter
siliques
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Yeast 2-Hybrid Assay Overview

Procedural information (number of colonies grown, number screened, number
sequenced) regarding the yeast 2-hybrid assays can be found in Table 3. Note that the
designations 4A and 4B refer simply to two separate yeast matings conducted for the identical
1.4 splice-variant yeast; they are merely an organizational convenience and do not reflect any
difference in the identity of the yeast used in the mating. At least 1.4 million colonies were
screened for each splice variant, and all colonies that showed the presence of a single interactor
of greater than 500 base pairs after gel electrophoresis were sequenced.
Table 3: Detailed procedural information for the individual yeast 2-hybrid assays. Note that there
is no functional difference between the β-subunit splice variant constructs used in the 1.4A and 1.4B yeast
screening. Due to the relatively low yield evident in the first assay, a second one was conducted. These
two screens were given A and B designations strictly for organizational purposes.

Splice
Variant

Colonies
Screened

Colonies
Streaked

Colonies
Grown after
Streaking

Single Bands,
>500 base pairs

1.1

4.4 million

291

279

185

1.2

4.4 million

50

42

24

1.3

~2.2 million

115

67

38

1.4A

215,000

47

44

34

1.4B

~1.2 million

161

~150

111

Full results of the yeast 2-hybrid assay are included in Appendix A (Splice Variant
Interactor Database, or SVID). Note that proteins associated with the ribosome or chloroplast
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are considered unlikely interactors due to the lack of G-protein interactions with proteins in these
organelles and are highlighted in red in the supplement. For ease of identification, γ-subunits are
highlighted in gold and putative proteins about which little is known are highlighted in blue.
Italics indicate a protein interaction considered noteworthy.
Excluding eighteen jumbled or incomplete sequence reads, 91 unique proteins were
identified as interacting with AGB1.1 (SVID 1.1). Gamma subunits 1 and 2 (AGG1 and AGG2)
were identified, along with the known interactors VIP1 and synaptogamin A. Especially
noteworthy were several kinase or kinase-like interactors (PINOID 2, NET4B, BIN2, CK2) and
many proteins implicated in wound or infection response (TOM2A, JAR1).
Yeast 2-hybrid assay of the two heavily truncated splice variants indicated that AGB1.2
and AGB1.3 have a highly homogenous population of interactors, almost all of which are
currently suspect. AGB1.2 had four highly unlikely interaction partners associated with
organelles typically unaffected by G-protein activity (ribosome, chloroplast, and peroxisome)
and one interactor (VOZ2) that may be associated with biotic/abiotic stress responses (SVID
1.2). AGB1.3 had three interacting partners, all of which were ribosomal proteins (SVID 1.3).
Yeast 2-hybrid assay of AGB1.4 revealed that the almost full-length transcript likely
interacts with a variety of proteins, including known interactors (AGG1, VIP1). Moreover,
AGB1.4 may interact in disease resistance pathways (AT5G45490) and receptor-like kinases
(RKF3, RLK) (SVID 1.4).
After excluding highly unlikely interactors (i.e. proteins found in the ribosome and
chloroplast), AGB1.1 and AGB1.4 were found to share thirteen potential interaction partners.
Seventy suspected interactions were found to be unique to 1.1 and twenty-three unique to 1.4
(Figure 7, SVID Overlap).
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Figure 5: Graphical representation of the shared and unique interactors implicated in the Y2H
assays of AGB1.1 and AGB1.4

Discussion
Taken together, the results of the phenotype and yeast 2-hybrid assays provide evidence
that alternative splicing of the Arabidopsis G-protein β-subunit may provide a method for
conferring specificity for the heterotrimer’s downstream interactors; in other words, the results of
our investigation suggest that a division of labor may exist between at least two of the
Arabidopsis β-subunit splice variants. Indeed, many of our phenotypic observations are
supported by evidence gathered from Y2H experiments, and some of the hypotheses generated
by Y2H data are clarified under closer examination of our phenotypic results.
First, we must examine the near-total absence of likely hits for splice variants 1.2 and 1.3
in the Y2H assay. The lack of interaction partners evident for the truncated variants of the βsubunit can be attributed to one of two phenomena, one of which is supported by evidence from
the phenotype assays. The first explanation for the Y2H results is that 1.2 and 1.3 simply have
few, if any interactors (SVID 1.2, SVID 1.3). This hypothesis is supported by our phenotypic
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findings, as the two truncated variants consistently failed to restore any aspect of the wild-type
phenotype (Table 1). Taken together, the Y2H and phenotype assays of the 1.2 and 1.3 splice
variants suggest that the two truncated variants do not act as standard β-subunits and simply fail
to interact with any downstream effectors, resulting in the apparent expression of knockout
phenotypes. There are, however, two alternative hypotheses for the apparent absence of 1.2 and
1.3 phenotypes/Y2H interactors. First, the two truncated proteins may merely unstable in vivo as
a result of the substantial deletions inherent in their amino acid sequences, a hypothesis which
would be difficult to test using Y2H or phenotype assay. Western blot would allow for the
exploration of relative protein expression, providing the information necessary to support or
refute this hypothesis. However, if the protein itself is not unstable, then the RNA transcript may
simply be under-expressed or unstable. Though initial efforts to quantify mRNA derived from
the splice variants met with difficulty, it would likely be worthwhile to resume this line of
investigation, as mRNA isolation followed by qPCR would reveal the relative transcription rates
of the four splice variants.
It is worth noting, however, that AGB1.2 displayed an interaction with a protein (VOZ2)
that may be associated with G-protein interaction. VOZ2 is one of a pair of proteins that
redundantly regulate the timing of flowering Arabidopsis and is potentially located in the
cytoplasm prior to its activation (Yasui et al 2012). The β-subunit, known to influence auxin
signaling, may indirectly play a part in the flowering process (Ullah et al, 2003; Lease et al,
2003; SVID 1.2). The only hits in our Y2H assay for this protein, however, were out of frame,
suggesting that the interaction may not occur in planta.
Yeast 2-hybrid assay of the interactors of AGB1.1 and AGB1.4, however, indicated a
diversity of potential protein partners (SVID 1.1, SVID 1.4). The presence of many known β-
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subunit interactors in the full-transcript 1.1 screen, including VIP1, two gamma subunits, and
synaptogamin A supported the validity of the assay (Tsugama et al, 2010; Trusov et al, 2008;
Schapire et al 2008). Moreover, the ability of AGB1.4 to tightly and repeatedly associate with a
γ-subunit (specifically AGG1) in Y2H assay lends credence to the hypothesis that the splice
variant can act as a unique β-subunit, despite its five amino acid deletion. Additionally,
investigation of the functionality of proteins identified as 1.1 and 1.4 interactors in the Y2H
assay offers additional insight into the Arabidopsis G-protein signaling paradigm and suggests
molecular explanations for many of our phenotypic observations.
Furthermore, the presence of several receptor-like kinases (RLKs) in the population of
1.1 and 1.4 interactors offers potential insight into the mechanism of G-protein interaction in
Arabidopsis. Divergence between the mechanisms of activation between plant and animal Gprotein systems is well-documented; it is likely that plants do not utilize as diverse a population
of seven-membrane G-protein coupled-receptors (GPCRs) as mammalian systems (Chakravorty
et al, 2012). The finding that many processes in which G-proteins interact (i.e. cell proliferation,
wound response, hormone response) are also moderated by the function of receptor-like kinases
supports the hypothesis that the Arabidopsis G-protein system may utilize RLKs in place of
GPCRs in some of its signaling pathways (Kieber et al, 1993; Anthony et al, 2004; Li et al,
2001). The differential interaction patterns of 1.1 and 1.4 with these kinases suggests that the βsubunit splice variants may be capable of preferentially targeting unique downstream effectors.
Exploration of the functions of these RLK interactors reveals that splice variants 1.1 and
1.4 may help moderate a litany of regulatory and developmental intracellular pathways.
According to the results of the Y2H assay, AGB1.1 may interact with both casein kinase 2 and
PINOID 2, protein kinases involved with cell wall morphogenesis and auxin transport and
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signaling, respectively (Klopffleisch et al, 2011; Bögre et al, 2003). These results place the full
transcript of the Arabidopsis β-subunit in the midst of several complex cellular signaling
mechanisms. Casein kinase 2 is implicated in the establishment of proper cell wall carbohydrate
composition, and its activity has previously been linked to G-protein signaling (Klopflleisch et
al, 2011). Additionally, PINOID 2 has been directly linked to organ development – particularly
lateral root genesis – through its role in enhancing polar auxin transport (Benjamins et al, 2001).
The presence of PINOID in the population of β-subunit interactors is particularly notable, as it
offers a molecular explanation for the phenotypes observed in the lateral root count assays
(Figure 3). 1.1 and 1.4 generated similar lateral root count phenotypes, and the only difference
between their structure is the five amino acid deletion (-VARYS) at the N-terminus of 1.4 (Table
2). Thus, an interesting proteomics hypothesis observation emerges from the phenotypic and
Y2H assay results, namely that the interaction of the Arabidopsis β-subunit with specific auxin
transport proteins (i.e. PINOID 2) may not depend on the VARYS sequence.
Additionally, the results of the yeast 2-hybrid assay suggest that AGB1.4 may act on its
own unique population of kinases. Notable among the proteins unique to 1.4 is BSK3,
brassinosteroid-signaling kinase that facilitates the transmission of the signal that emerges from
interaction between brassinosteroids and the BRI1 receptor. In other words, 1.4 appears to
moderate an intermediate step in the brassinosteroid-signaling pathway, a pathway known to act
complementarily to auxin in the promotion of cell expansion and elongation (Tange et al, 2008;
Nemhauser et al, 2004). Interestingly, cell expansion and elongation processes are crucial in
establishing hypocotyl length, silique length, and rosette diameter phenotypes, and 1.1 and 1.4
differed greatly in their ability to restore the wild-type phenotype for these measures in our
assays (Figures 2, 5, 6). These observations (i.e. two splice variants of the Arabidopsis β-subunit
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may act independently on complementary signaling pathways corresponding to observed
phenotypic differences) suggest that 1.1 and 1.4 may be able to target different downstream
effectors. Thus, the Y2H findings, many of which provide possible biochemical explanations for
phenotypic results, lend support to the hypothesis that β-subunit splice variants may act as
functionally unique components of the G-protein heterotrimer.
The Y2H assay also marked several proteins associated with wound and pathogen
response as potential β-subunit splice variant interactors. JAR1, for example, is known to act as
a moderator of the diverse signaling patterns of jasmonate and its derivatives. Tight regulation
of the levels of jasmonate and its derivatives is crucial for proper response to microbial infection
and wounding, and the influence of G-proteins and β-subunit splice variants on these pathways
merits further investigation (Meesters et al, 2014). In a similar vein, the presence of TOM2
among the potential β-subunit interactors suggests that Arabidopsis G-proteins may moderate a
plant’s response to viral infection. The TOM family of proteins include TOM1, a seventransmembrane receptor and TOM2, a four-pass transmembrane protein that interacts with both
itself and TOM1 (Tsujimoto et al, 2003). Notably, the G-protein heterotrimer is commonly
associated with seven-transmembrane GPCRs, suggesting that there may be an integral link
between G-protein signaling and the tobamovirus infection pathway. The presence of these
possible interactions between β-subunit splice variants and proteins integral to wound and
disease response offers additional insight into the complex Arabidopsis G-protein system.
Together, the yeast 2-hybrid and phenotype assay results complement one another, and a
synthesis of their implications reveals an interesting possible role for the β-subunit splice variants
in Arabidopsis G-protein signaling. The two methods of assay suggest that the truncated splice
variants (1.2 and 1.3) do not act as a traditional component of the heterotrimer. This
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hypothesis is supported by the inability of the two splice variants to restore the wild-type
phenotype in any of the assays, supplemented with their complete lack of plausible interactors
evident in the Y2H assay (Table 2, SVID 1.2, SVID 1.3). Splice variant 1.1, the full-length
transcript, consistently restored the wild-type phenotype and appeared to produce an exaggerated
version of the wild-type phenotype in the hypocotyl length and lateral root count phenotypes
(Figure 2, Figure 3, Table 2). The presence of proteins known to interact with auxin transport
and other crucial components of cell elongation pathways in the Y2H assay provided a molecular
explanation for these phenotypic results (SVID 1.1). Finally, the Y2H data offered a possible
solution to the mystery of the intermediate phenotypes generated by 1.4 (Table 2). Splice variant
1.4 interacted with regulatory proteins in hormonal signaling pathways that moderate many of
the tested phenotypes (i.e. lateral root formation and cell elongation phenotypes like hypocotyl
and silique lengths). Disrupting these signaling pathways by removing the full-length β-subunit
transcript while keeping the slightly-altered 1.4 splice variant may influence the interaction of
these hormones with downstream effectors, producing the intermediate phenotypes observed in
the assays.
In short, the phenotype assays and Y2H data suggest the following speculative functions
for the four Arabidopsis β-subunit splice variants. AGB1.1 produces the full transcript of the
protein that interacts with hormonal and wound response pathways and acts as a component of
the G-protein heterotrimer. The slight variation introduced by the deletion of the five amino acid
sequence of AGB1.4 does not disrupt the protein’s ability to act as a heterotrimer subunit, but it
does allow 1.4 to preferentially target unique downstream effectors and/or act as a moderator of
the normal signaling patterns of the β-subunit. AGB1.2 and AGB1.3, however, do not appear to
act as traditional heterotrimer subunits, though it is possible that they serve some unknown
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regulatory function. However, this proposed system is not definitive, and further research will
be necessary in order to confirm or refute these hypotheses.
To continue this research, we will work to identify potentially unique interactors between
1.1 and 1.4 by utilizing one-on-one yeast 2-hybrid screens. Based on our current Y2H data, we
propose that a one-on-one Y2H assay using the four β-subunit splice variants and the three
known gamma subunits would likely be informative. Bimolecular fluorescence
complementation and co-immunoprecipitation are viable means of exploring the location and
strength, respectively, of any unique interactors deemed especially interesting. If any of these
unique interactions can be directly associated with a phenotype, a new round of phenotype
assays will be conducted. In addition to using the already-created transgenic lines that contain
only a single splice β-subunit splice variant, new transgenic lines will be created through T-DNA
insertion designed to disrupt the gene of interest. The phenotypes of the β-subunit transgenic
lines and the lines containing the gene of interest could then be directly compared.
Further, detailed examination of the protein interactors identified in the Y2H assay has
offered insight into protein interaction patterns that may differ between the splice variants,
suggesting specific courses of future research. The presence of kinases associated with
moderating the complementary brassinosteroid and auxin signaling pathways (BIN2, BSK3,
PINOID), for example, suggests that analyzing phenotypes associated with these hormonal
signaling pathways may be worthwhile. Previous research conducted on casein kinase 2, a
putative β-subunit interactor associated with establishing proper cell wall carbohydrate
composition, shows that analysis of the glycome of our transgenic plant lines may help provide
evidence that the β-subunit splice variants act as unique heterotrimer components (Klopffleisch
et al, 2011). Finally, the appearance of wound and disease response proteins (JAR1, TOM2) in
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the interactors identified by the Y2H suggests that exploration of the effect of the β-subunit
splice variants on A. thaliana’s ability to respond to microbial stress may be worthwhile.
The phenotype and yeast 2-hybrid assays support the hypothesis that unique β-subunit
splice variants may target unique downstream effectors, a mechanism that would confer
additional specificity to the Arabidopsis G-protein signaling paradigm. There is much left to be
learned about the four β-subunit splice variants, but we are confident that additional research on
this aspect of the A. thaliana G-protein system will lead to increased insight into this crucial
system of eukaryotic signal transduction.

Materials and Methods

Establishment of Transgenic Lines
T-DNA insertion was used to disrupt the β-subunit gene, creating an agb1-2 mutant background
(Ullah et al. 2003). Individual splice variants were then reintroduced into the mutant background
using the native promoter and coupled with
a gene encoding resistance to Basta. The
native promoter constituted approximately
2kb of the genome upstream of the βsubunit gene. The transgenic lines were
allowed to self-fertilize, and individuals
Figure 6: Representation of the genetic sequence
encoding the transgenic lines.
homozygosity using a standard Basta resistance assay. Individuals from separate lines were
from these lines were tested for

chosen based on their apparent hardiness and the strength of seed production in their parent

23

plant. One individual from at least three separate lines for each splice variant provided the seeds
for use in the assays. All credit for the creation of these lines belongs to David Chakravorty.

Seed Sterilization
All seeds were sterilized using a bleach bomb or ethanol wash. Seeds to be sterilized
with the bleach bomb technique were placed in 1.5 mL tubes inside a vacuum-sealable chamber.
One hundred milliliters of bleach and 1 mL of 1N hydrochloric acid were mixed inside a beaker
placed in the container. Air was vacuumed out of the chamber, and the chamber was then sealed.
Seeds were left in the subsequent chlorine gas treatment for four to five hours.
Alternatively, seeds were cleansed using ethanol in a multi-step process. After an initial
90% ethanol wash, the seeds underwent three repetitions of a 70% ethanol wash and were then
allowed to dry.

Hypocotyl Length Assay
Six to ten seeds from each line were plated on 0.5x MS media with 1% sucrose and 1%
agar with four lines on each plate. Four replicates of all experimental lines and six replicates of
the wild-type and the mutant background were established. Position of the lines and types of line
on each plate were randomized. Seed plates were wrapped in foil and grown in darkness for four
days at 21 degrees Celsius. Seed plates were photographed, and hypocotyl lengths were
measured using ImageJ.
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Lateral Root Assay
Three seeds of each line were plated on 0.5x MS media with 1% sucrose and 1% agar
with two lines per plate. Four replicates of all experimental lines and six replicates of the wildtype and the mutant background were established. Position of the lines and types of line on each
plate were randomized. Seed plates were kept under standard short day (eight hour day, sixteen
hour night) conditions at twenty-one degrees Celsius with a light intensity of 120 ± 20
microEinsteins/m2/minute for ten days. Lateral roots and lateral root primordia were counted
using a dissecting microscope.

Qualitative Leaf/Petiole Phenotype Assay
Three-week old seedlings of each experimental line, grown on 0.5x MS media with 1%
sugar and 1% agar, were transferred into standard MetroMix® soil. Each pot contained four
seedlings from a single experimental line, and two pots for each line were established. These
seedlings were allowed to grow an additional four weeks in soil under standard short day (eight
hour day, sixteen hour night) conditions at twenty-one degrees Celsius with a light intensity of
120 ± 20 microEinsteins/m2/min They were then ranked on an arbitrary scale based on their
similarity to the leaf shape and petiole length of wild-type (a score of 4) and knockout controls (a
score of 0). Rankings were given based on a holistic examination of the phenotypes of all the
plants in the pot.
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Rosette Diameter
Two-week old seedlings of each experimental line, grown on 0.5x MS media with 1%
sugar and 1% agar, were transferred into standard MetroMix® soil. Four replicates for each line,
each placed one to a pot, were established. The soil was fertilized with a weak solution of
MiracleGro® twice a week when the seedlings displayed signs of nutrient deficiency after
approximately two weeks in soil, with at least two plants from each experimental line surviving
to adulthood. After eight weeks of total growth under standard short day (eight hour day, sixteen
hour night) conditions at twenty-one degrees Celsius with a light intensity of 120 ± 20
microEinsteins/m2/min, standardized pictures of the rosettes were taken, and their diameter was
measured using ImageJ.

Silique Length
Two-week old seedlings of each experimental line, grown on 0.5x MS media with 1%
sugar and 1% agar, were transferred into standard MetroMix® soil. Four replicates for each line,
each placed one to a pot, were established. The soil was fertilized with a weak solution of
MiracleGro® twice a week when the seedlings displayed signs of nutrient deficiency after
approximately two weeks in soil, with at least two plants from each experimental line surviving
to adulthood. After approximately 8-9 weeks of growth under standard short day (eight hour
day, sixteen hour night) conditions at twenty-one degrees Celsius with a light intensity of 120 ±
20 microEinsteins/m2/min, the plants were moved from short-day growth conditions to long-day
growth conditions (16 hours day, 8 hours night) at twenty-one degrees Celsius with a light
intensity of 120 ± 20 microEinsteins/m2/min for an additional 7-8 weeks. After 16 weeks of
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total growth and continued biweekly fertilization, 8-16 green, healthy siliques were cut from the
primary shoot of the adult plant. Standardized photos of the siliques were taken, and their length
was measured with ImageJ.

Yeast 2-Hybrid Assay
Splice variant sequences were amplified using PCR and cloned into the pCR8 Gateway
entry vector. After verification of successful cloning by qualitative gel electrophoresis, the
sequences were then transferred to a Y2H Gateway destination vector (pDEST-GBKT7) using
Gateway recombination. These four single-splice variant yeast vectors were then transformed
into Y2HGold.

Figure 7: Graphic illustrating fundamental principle of yeast 2-hybrid assay. A bait protein
(AGB1 splice variant) is attached to the binding domain associated with a transcription factor. The prey
protein (the proteins associated with our seedling cDNA library) is attached to activating domain that
targets the bait protein’s binding domain. When the bait and prey proteins interact, the BD and AD are
brought together, activating the transcription factor and leading to the expression of a reporter gene.
The preferential expression of the reporter gene allows colonies of yeast to grow in selective media
when the bait and prey proteins interact, allowing for identification of potential interaction partners.
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Testing for Auto-Activation of Bait Constructs
Samples of yeast cultures containing an empty vector or one of the four splice variants
were plated on Sc-His and various concentrations (0, 1, 2, and 5mM) of 3-AT. After four days
of growth, the plates were examined, and the concentration of 3-AT necessary to inhibit autoactivated histidine synthesis was noted. AGB1.1 and AGB1.4 were grown on 2mM 3-AT while
1 mM sufficed for lines AGB1.2 and AGB1.3.

Mating
Liquid cultures of the bait strains (those containing the β-subunit splice variants) were
created in 50 mL of Sc-Trp media and grown from 16-24 hours until the yeast was in the
exponential stage of its growth (concentration = 0.8 OD600 +/- 0.1). The bait strain liquid
colonies were then collected and placed in a 2L flask with 2-3 mL of a cDNA yeast library strain
created from a control population of A. thaliana seedlings. Mating proceeded in approximately
fifty mL of 2 x YPD media plus adenine for 24 hours at 30 degrees Celsius, consistently shaken
at 40 rpm.

Screening
The yeast mating was collected and resuspended in 0.9% sterile sodium chloride. To test
titer strength, 100 mL of 1/100, 1/1000, and 1/10000 dilutions of the mating was plated on ScTrp, Sc-Leu, and Sc-Trp -Leu for a total of nine plates. The remaining volume of mating was
plated equally on 35-40 plates of Sc-Trp-Leu-His media with the concentration of 3-AT
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necessary to inhibit auto-activated histidine synthesis. After 7-9 days of growth in 29-30 degrees
Celsius, the colonies were counted and streaked onto new Sc-Trp-Leu-His media.

Sequencing
The streaked colonies were allowed to grow in 29-30 degrees Celsius for 1-2 days; the
number of colonies successfully transferred were then noted. A small sample of these colonies
then underwent two-step PCR (1 min. denaturing at 94 degrees Celsius, thirty cycles of 10
seconds at 98 degrees Celsius followed by 3 minutes at 68 for annealing and extension) and were
then purified using the Omega BioTech E.Z.N.A® Cycle Pure Kit or, for all samples collected
from 1.2, 1.3, and 1.4 colonies, the USB ExoSAP-IT PCR Product Clean-up, Affymetrix kit.
Gel electrophoresis allowed for the identification of all colonies with a reasonably large (at least
500 base pairs) interactor for sequencing. BLAST searches of the resulting sequences against
the NCBI non-redundant nucleotide collection returned potential interactors.

Statistical Analysis
In order to examine the ability of each splice variant to reestablish the wild-type
phenotype, an unpaired two-tailed t-test was conducted comparing the phenotypic values (i.e.
rosette diameter, silique length, lateral root count, and hypocotyl length) of each experimental
line to the β-subunit knockout control, agb1-2. All calculations done in Excel.
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Appendix A: Splice Variant Interactome Database
Full results of the yeast 2-hybrid assay are included in this appendix, also known as the
Splice Variant Interactor Database, or SVID. Note that proteins associated with the ribosome or
chloroplast (highlighted in red) are considered unlikely interactors due to the lack of established
G-protein interactions with proteins in these organelles. For ease of identification, G-protein γsubunits are highlighted in gold and putative proteins about which little is known are highlighted
in blue. Italics indicate a protein interaction considered noteworthy. Links to relevant
publications are included under “citations and additional information.”
Complete Results of Yeast 2-Hybrid Assay: AGB1.1 screened against Unstressed Seedling
cDNA
Locus Tag

Other
Names

Description

Citations and Additional Information

# of
Hits

AT1G09340

CRB

chloroplast stem-loop
binding protein

ABA-responsive RNA-binding proteins are
involved in chloroplast and stromule function in
Arabidopsis seedlings.

1

AT1G15390

ATDEF
1,
PDF1A

peptide deformylase
1A

Distinctive features of the two classes of eukaryotic
peptide deformylases.

2

AT1G15820

LHCB6

light harvesting
complex photosystem
II subunit 6

LHCB6 light harvesting complex photosystem II
subunit 6

AT1G16720

HCF173

high chlorophyll
fluorescence
phenotype 173 protein

AT1G20110

FYVE1

RING/FYVE/PHD
zinc finger-containing
protein

AT1G20160

SBT5.2

serine-type
endopeptidase SBT5.2

Encodes HCF173, a protein with weak similarities
to the superfamily of the short-chain
dehydrogenases/reductases. HCF173 is involved in
the initiation of translation of the psbA mRNA.
Mutants shows a high chlorophyll fluorescence
phenotype (hcf) and are severely affected in the
accumulation of PSII subunits
The C-terminal region (640-967) of Arabidopsis
CPL1 interacts with the abiotic stress- and ABAresponsive transcription factors.
serine-type endopeptidase SBT5.2
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1

1

1

30
AT1G21280

N/A

hypothetical protein

AT1G29930

AB140,
CAB1,
CAB140

chlorophyll A/B
binding protein 1

AT1G32400

TOM2A

tobamovirus
multiplication 2A
protein
ATP-dependent
protease La (LON)
domain-containing
protein
Sadenosylmethioninedependent
methyltransferase
domain-containing
protein

Evidence for network evolution in an Arabidopsis
interactome map.

1

1
Arabidopsis TOBAMOVIRUS MULTIPLICATION
(TOM) 2 locus encodes a transmembrane protein
that interacts with TOM1.

1

Sorting signals, N-terminal modifications and
abundance of the chloroplast proteome.

1

Roles of Trm9- and ALKBH8-like proteins in the
formation of modified wobble uridines in
Arabidopsis tRNA.

1

60S ribosomal protein L3-1

3

AT1G35340

N/A

AT1G36310

N/A

AT1G43170

ARP1,
EMB22
07

60S ribosomal protein
L3-1

AT1G43700

VIP1

VIRE2-interacting
protein 1

AT1G48430

N/A

Dihydroxyacetone
kinase

AT1G53680

ATGST
U28
GSTU28

glutathione Stransferase TAU 28

Encodes glutathione transferase belonging to the tau
class of GSTs. Naming convention according to
Wagner et al. (2002).

1

1

1

A bZIP protein, VIP1, is a regulator of osmosensory
signaling in Arabidopsis. Tsugama D, et al. Plant
Physiol, 2012 May. PMID 22452852,
Sequence and analysis of chromosome 1 of the
plant Arabidopsis thaliana.

AT1G55520

ATTBP
2, TBP2

TATA-box-binding
protein 2

Interaction between the Arabidopsis thaliana heat
shock transcription factor HSF1 and the TATA
binding protein TBP.Role of the TATA binding
protein-transcription factor IIB interaction in
supporting basal and activated transcription in plant
cells.

AT1G64720

CP5

membrane related
protein CP5

Large-scale characterization of integral proteins
from Arabidopsis vacuolar membrane by twodimensional liquid chromatography.

AT1G66200

ATGSR
2,
GLN1;2,

glutamine synthetase

AT1G74470

N/A

geranylgeranyl
diphosphate reductase

The cytosolic glutamine synthetase GLN1;2 plays a
role in the control of plant growth and ammonium
homeostasis in Arabidopsis rosettes when nitrate
supply is not limiting.
Encodes for a multifunctional protein with
geranylgeranyl reductase activity shown to catalyze
the reduction of prenylated geranylgeranylchlorophyll a to phytyl-chlorophyll a (chlorophyll
a) and free geranylgeranyl pyrophosphate to phytyl
pyrophosphate.
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2

1

5

31
AT1G75330

OTC

ornithine
carbamoyltransferase

OTC ornithine carbamoyltransferase

1

AT1G76060

EMB17
93

protein EMBRYO
DEFECTIVE 1793

Sequence and analysis of chromosome 1 of the
plant Arabidopsis thaliana.

1

1

AT1G76200

N/A

hypothetical protein

Resolving and identifying protein components of
plant mitochondrial respiratory complexes using
three dimensions of gel electrophoresis.Meyer EH,
et al. J Proteome Res, 2008 Feb. PMID 18189341

AT1G76990

ACR3

ACT domaincontaining protein 3

Molecular characterization of a novel gene family
encoding ACT domain repeat proteins in
Arabidopsis.

1

AT2G18770

N/A

SR-beta domaincontaining protein

SR-beta domain-containing protein

1

AT2G20990

SYT1,
SYTA

synaptotagmin A

AT2G21330

ATFBA
1, FBA1

fructose-bisphosphate
aldolase 1

AT2G22360

DJA6

molecular chaperone
DnaJ

AT2G23070

AT2G23600

CK2
ALPHA
CP,
CKA4
ATME8,
ATMES
2, ME8,
MES2

Encodes a plasma membrane localized protein with
similarity to synaptotagmins, a class of membrane
trafficking proteins. SYT1 is expressed in all tissues.
Loss of function mutations show hypersensitivity to
NaCl and electrolyte leakage from the plasma
membrane.
Increased fructose 1,6-bisphosphate aldolase in
plastids enhances growth and photosynthesis of
tobacco plants.
Regulation of plant immunity through ubiquitinmediated modulation of Ca(2+) -calmodulinAtSR1/CAMTA3 signaling.
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1

1

casein kinase 2, alpha
polypeptide

Arabidopsis G-protein interactome reveals
connections to cell wall carbohydrates and
morphogenesis.

1

methylesterase 2

Identification of likely orthologs of tobacco
salicylic acid-binding protein 2 and their role in
systemic acquired resistance in Arabidopsis
thaliana.

1

AT2G24280

N/A

alpha/beta-Hydrolases
superfamily protein

Sequence and analysis of chromosome 2 of the
plant Arabidopsis thaliana.

1

AT2G26700

PINOID
2

protein kinase

Growth signalling pathways in Arabidopsis and the
AGC protein kinases.

1

AT2G30500

NET4B

Sequence and analysis of chromosome 2 of the
plant .

3

AT2G35240

MORF6

putative plastid developmental protein DAG

1

AT2G36990

ATSIG6
, SIG6

Dual temporal role of plastid sigma factor 6 in
Arabidopsis development.

1

Kinase interacting
(KIP1-like) family
protein
putative plastid
developmental protein
DAG
RNA polymerase
sigma factor sigF

32
AT2G39420

N/A

alpha/beta-Hydrolases
superfamily protein

alpha/beta-Hydrolases superfamily protein

1

AT2G42270

N/A

U5 small nuclear
ribonucleoprotein
helicase

U5 small nuclear ribonucleoprotein helicase

1

Isolation and identification of ubiquitin-related
proteins from Arabidopsis seedlings. Hydroponic
isotope labelling of entire plants (HILEP) for
quantitative plant proteomics; an oxidative stress
case study.
Characterization and subcellular localization of a
small GTP-binding protein (Ara-4) from
Arabidopsis: conditional expression under control
of the promoter of the gene for heat-shock protein
HSP81-1.
Arabidopsis scaffold protein RACK1A interacts
with diverse environmental stress and
photosynthesis related proteins.
Heterologous expression of stearoyl-acyl carrier
protein desaturase (S-ACP-DES) from Arabidopsis
thaliana in Escherichia coli.
A novel approach to dissect the abscission process
in Arabidopsis.

AT2G42600

ATPPC2
, PPC2

phosphoenolpyruvate
carboxylase 2

AT2G43130

ARA-4,
ARA4

Ras-related protein
ARA-4

AT2G43560

FKBP16
-3

peptidyl-prolyl cistrans isomerase

AT2G43710

ATSSI2,
FAB2

acyl-[acyl-carrierprotein] desaturase

AT2G44010

N/A

hypothetical protein

AT2G46370

JAR1

jasmonic acid-amido
synthetase JAR1

The role of JAR1 in Jasmonoyl-L: -isoleucine
production during Arabidopsis wound response.

1

1

1

3

1

3

AT3G01480

CYP38

peptidyl-prolyl cistrans isomerase

AtCYP38 ensures early biogenesis, correct
assembly and sustenance of photosystem II.
Modifications to the Arabidopsis defense proteome
occur prior to significant transcriptional change in
response to inoculation with Pseudomonas syringae.

AT3G03150

N/A

hypothetical protein

Sequence and analysis of chromosome 3 of the
plant Arabidopsis thaliana.

1

AT3G05670

N/A

RING/U-box protein

Identification and characterization of nuclear pore
complex components in Arabidopsis thaliana.

4

AT3G08740

N/A

elongation factor EFP

elongation factor EF-P

1

AT3G09900

E1E,
RABE1
E

RAB GTPase-like
protein E1E

RAB GTPase-like protein E1E

1

AT3G11670

DGD1

digalactosyldiacylglyc
erol synthase 1

Characterization of the Arabidopsis thermosensitive
mutant atts02 reveals an important role for
galactolipids in thermotolerance.

1

AT3G11930

N/A

universal stress
protein-like protein

universal stress protein-like protein

3
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AT3G12120

ATFAD
2, FAD2

AT3G13120

N/A

AT3G17365

N/A

AT3G22120

CWLP

AT3G22142

N/A

FAD2 omega-6 fatty
acid desaturase

30S ribosomal protein
S10
S-adenosyl-Lmethionine-dependent
methyltransferase-like
protein
cell wall-plasma
membrane linker
protein
protease
inhibitor/seed
storage/LTP family
protein

AT3G22942

AGG2

G-protein gamma
subunit 2

AT3G28900

N/A

60S ribosomal protein
L34-3

AT3G44010

N/A

ribosomal protein s29

AT3G44010

N/A

AT3G47370

N/A

AT3G58640

N/A

mitogen activated
protein kinase kinase
kinase-like protein

AT3G59680

N/A

hypothetical protein

AT3G63140

CSP41A

chloroplast stem-loop
binding protein-41

AGG1

guanine nucleotidebinding protein
subunit gamma 1

AT3G63420

40S ribosomal protein
S29
Arabidopsis thaliana
40S ribosomal protein
S20-2 mRNA,
complete cds

Major enzyme responsible for the synthesis of 18:2
fatty acids in the endoplasmic reticulum. Contains
His-rich motifs, which contribute to the interaction
with the electron donor cytochrome b5. Mutations
in this gene suppress the low temperature-induced
phenotype of Arabidopsis tocopherol-deficient
mutant vte2.

1

30S ribosomal protein S10

3

S-adenosyl-L-methionine-dependent
methyltransferase-like protein

3

Advanced proteomic analyses yield a deep catalog
of ubiquitylation targets in Arabidopsis.

1

Advanced proteomic analyses yield a deep catalog
of ubiquitylation targets in Arabidopsis.

1

Ggamma1 + Ggamma2 not equal to Gbeta:
heterotrimeric G protein Ggamma-deficient mutants
do not recapitulate all phenotypes of Gbetadeficient mutants.

1

1
ribosomal protein s29

1

40S ribosomal protein S29

1

1

mitogen activated protein kinase kinase kinase-like
protein

1

Sequence and analysis of chromosome 3 of the
plant Arabidopsis thaliana.
The RNA-binding proteins CSP41a and CSP41b
may regulate transcription and translation of
chloroplast-encoded RNAs in Arabidopsis.
Over-expression of a truncated Arabidopsis thaliana
heterotrimeric G protein gamma subunit results in a
phenotype similar to alpha and beta subunit
knockouts.
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34
Encodes a novel E3 ubiquitin ligase that acts as a
central negative regulator of Arabidopsis floral
organ size. Organ size is limited by restricting the
period of proliferative growth, rather than the rate
of growth and appears to act in a novel pathway,
independent of ANT and JAG. Both mRNA and
protein are expressed in all actively growing
regions of the plant and the vasculature and the
protein is rapidly turned over by proteasomemediated degradation.
Sequence and analysis of chromosome 3 of the
plant Arabidopsis thaliana.
Sequence and analysis of chromosome 4 of the
plant Arabidopsis thaliana.
Encodes AtEHD2, one of the Arabidopsis Eps15
homology domain proteins involved in endocytosis
(AtEHD1, At3g20290).
nucleoside diphosphate kinase type 1 (NDPK1)
gene, complete *Note that this was typically a fairly
short fragment, and may in fact, not be a true
interactor

AT3G63530

BB,
BB2,
EOD1

BB E3 ubiquitin
ligase BIG BROTHER

AT3G63540

N/A

hypothetical protein

AT4G02120

N/A

putative CTP synthase

AT4G05520

ATEHD
2, EHD2

EHD2 EPS15
homology domain 2
protein

AT4G09320

NDPK1

NDPK1 nucleoside
diphosphate kinase 1

AT4G13940

ATSAH
H1,
EMB13
95

MEE58
adenosylhomocystein
ase 1

Encodes a S-adenosyl-L-homocysteine hydrolase
required for DNA methylation-dependent gene
silencing.

2

2

1

1
1
1

10

AT4G18710

ATSK21
, BIN2

BIN2 Shaggy-related
protein kinase eta

ATSK (shaggy-like kinase) family member that
encodes an AtSK protein involved in the cross-talk
between auxin and brassinosteroid signaling
pathways.Regulation of brassinosteroid signaling
by a GSK3/SHAGGY-like kinase.

AT4G19600

CYCT1;
4

cyclin T1-4

Chromosomal DNA or involved in immune
response to Cauliflower mosaic virus (CaMV).

2

AT4G32420

N/A

cyclophilin-like
peptidyl-prolyl cistrans isomerase family
protein

Interactions of Arabidopsis RS domain containing
cyclophilins with SR proteins and U1 and U11
small nuclear ribonucleoprotein-specific proteins
suggest their involvement in pre-mRNA Splicing.

1

AT4G32530

N/A

ATPase, F0/V0
complex, subunit C
protein

Arabidopsis V-ATPase activity at the tonoplast is
required for efficient nutrient storage but not for
sodium accumulation.

2

AT4G35090

CAT2

catalase 2

Mutation of Arabidopsis CATALASE2 results in
hyponastic leaves by changes of auxin levels.

1

AT4G36390

N/A

Methylthiotransferase

Sequence and analysis of chromosome 4 of the
plant Arabidopsis thaliana.

1

AT5G01880

DAFL2

RING-H2 finger
protein ATL74

Sequence and analysis of chromosome 5 of the
plant Arabidopsis thaliana.

1

AT5G02480

N/A

HSP20-like chaperone

Sequence and analysis of chromosome 5 of the
plant Arabidopsis thaliana.Tabata S, et al. Nature,
2000 Dec 14. PMID 11130714

4
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AT5G02870

N/A

60S ribosomal protein
L4-2

AT5G13980

N/A

Glycosyl hydrolase
family 38 protein

Glycosyl hydrolase family 38 protein

1

AT5G15580

LNG1,
TRM2

protein longifolia1

LONGIFOLIA1 and LONGIFOLIA2, two
homologous genes, regulate longitudinal cell
elongation in Arabidopsis.

1

AT5G17670

N/A

hydrolase-like protein

hydrolase-like protein

1

AT5G17770

ATCBR,
CBR,
CBR1

NADH--cytochrome
B5 reductase 1

Cytochrome b5 reductase encoded by CBR1 is
essential for a functional male gametophyte in
Arabidopsis.

1

AT5G22080

N/A

Chaperone DnaJdomain superfamily
protein

Sequence and analysis of chromosome 5 of the
plant Arabidopsis thaliana.

1

AT5G24314

PDE225
,
PTAC7,
TAC7

plastid
transcriptionally
active7

TAC7, an essential component of the plastid
transcriptionally active chromosome complex,
interacts with FLN1, TAC10, TAC12 and TAC14
to regulate chloroplast gene expression in
Arabidopsis thaliana.

1

AT5G41190

ATNOB
1, NOB1

RNA-binding protein
NOB1

RNA-binding protein NOB1

1

AT5G41790

CIP1

COP1-interactive
protein 1

COI1 links jasmonate signalling and fertility to the
SCF ubiquitin-ligase complex in Arabidopsis.

4

AT5G44250

N/A

Unknown protein

Unknown protein

1

AT5G49720

ATGH9
A1,
KOR1,
RSW2,
TSD1

endo-1,4-beta-Dglucanase

Developmental consequences of the tumorous shoot
development1 mutation, a novel allele of the
cellulose-synthesizing KORRIGAN1 gene.

1

AT5G51110

N/A

transcriptional coactivator/pterin dehydratase

4

AT5G61970

N/A

Sequence and analysis of chromosome 5 of the
plant Arabidopsis thaliana.

1

AT5G64400

N/A

Sequence and analysis of chromosome 5 of the
plant Arabidopsis thaliana.

1

transcriptional
coactivator/pterin
dehydratase
signal recognition
particle subunit
SRP68
hypothetical protein

60S ribosomal protein L4-2

2
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Other
Names

Description

AT1G13440

GAPC2

glyceraldehyde 3phosphate
dehydrogenase GAPC2

AT1G20160

SBT5.2

serine-type
endopeptidase SBT5.2

AT1G20810

FKBP18

peptidyl-prolyl cis-trans
isomerase FKBP18

AT1G43700

VIP1

VIP1 VIRE2interacting protein 1

Metal-binding ability of VIP1: a bZIP
protein in Arabidopsis thaliana.

5

AT1G70160

N/A

hypothetical protein

Sequence and analysis of chromosome
1 of the plant Arabidopsis thaliana.

1

Locus Tag

AT1G72050

TFIIIA

transcription factor IIIA

AT1G74470

N/A

geranylgeranyl
diphosphate reductase

AT2G01290

RPI2

RPI2 ribose 5phosphate isomerase A

AT2G13360

AGT

alanine--glyoxylate
aminotransferase

AT2G20990

SYT1,
SYTA

synaptotagmin A

AT2G34010

N/A

AT2G34010
hypothetical protein

Citations and Additional Information
Regulation of plant cytosolic
glyceraldehyde 3-phosphate
dehydrogenase isoforms by thiol
modifications.
Carbonic anhydrases, EPF2 and a novel
protease mediate CO2 control of
stomatal development.
Proteome-wide screens for small
ubiquitin-like modifier (SUMO)
substrates identify Arabidopsis proteins
implicated in diverse biological
processes.

Transcript levels, alternative splicing
and proteolytic cleavage of TFIIIA
control 5S rRNA accumulation during
Arabidopsis thaliana development.
Metabolic compartmentation of plastid
prenyllipid biosynthesis--evidence for
the involvement of a multifunctional
geranylgeranyl reductase.
Deficiency in a cytosolic ribose-5phosphate isomerase causes chloroplast
dysfunction, late flowering and
premature cell death in Arabidopsis.
Characterization of Arabidopsis
serine:glyoxylate aminotransferase,
AGT1, as an asparagine
aminotransferase.
Arabidopsis synaptotagmin SYTA
regulates endocytosis and virus
movement protein cell-to-cell transport.

Number
of Hits
1

1

1

2

2

3

1

1

1
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AtSIG6, a plastid sigma factor from
Arabidopsis, reveals functional impact
of cpCK2 phosphorylation.
Characterization and subcellular
localization of a small GTP-binding
protein (Ara-4) from Arabidopsis:
conditional expression under control of
the promoter of the gene for heat-shock
protein HSP81-1.
The Arabidopsis aquaporin PIP1;2 rules
cellular CO(2) uptake.

AT2G36990

ATSIG6,
SIG6

RNA polymerase sigma
factor sigF

AT2G43130

ARA4

ARA4 Ras-related
protein ARA-4

AT2G45960

ATHH2

aquaporin PIP1-2

AT2G48010

RKF3

putative LRR receptorlike serine/threonineprotein kinase RKF3

Identification by PCR of receptor-like
protein kinases from Arabidopsis
flowers.

1

N/A

RING/U-box protein

Proteome-wide screens for small
ubiquitin-like modifier (SUMO)
substrates identify Arabidopsis proteins
implicated in diverse biological
processes.

3

AT3G17365

N/A

S-adenosyl-Lmethionine-dependent
methyltransferase-like
protein

Sequence and analysis of chromosome
3 of the plant Arabidopsis thaliana.

3

AT3G47490

N/A

HNH endonuclease

Sequence and analysis of chromosome
3 of the plant Arabidopsis thaliana.

1

AT3G48560

AHAS,
CSR1

acetolactate synthase

AT3G57050

CBL

cystathionine beta-lyase

AT3G62830

ATUXS2,
AUD1

UDP-glucuronic acid
decarboxylase

Molecular genetics of nucleotide sugar
interconversion pathways in plants.

1

AT3G63420

AGG1

GG1 guanine
nucleotide-binding
protein subunit gamma
1

Signaling specificity provided by the
Arabidopsis thaliana heterotrimeric Gprotein γ subunits AGG1 and AGG2 is
partially but not exclusively provided
through transcriptional regulation.

9

AT4G02840

N/A

Small nuclear
ribonucleoprotein
family protein

Proteomic analysis of the Arabidopsis
nucleolus suggests novel nucleolar
functions.

4

AT4G18390

TCP2

transcription factor
TCP2

TCP transcription factors interact with
AS2 in the repression of class-I KNOX
genes in .

2

AT3G05670

Dominance variation across six
herbicides of the Arabidopsis thaliana
csr1-1 and csr1-2 resistance alleles.
Sorting signals, N-terminal
modifications and abundance of the
chloroplast proteome.

1

1

1

1

1

39
FKBP-like peptidylprolyl cis-trans
isomerase family
protein
HAD superfamily,
subfamily IIIB acid
phosphatase

Sorting signals, N-terminal
modifications and abundance of the
chloroplast proteome.

1

AT4G26555

FKBP

AT4G29260

N/A

AT5G01600

ATFER1

ferretin 1

AT5G02480

N/A

HSP20-like chaperone

AT5G11450

PPD5

PsbP domaincontaining protein 5

AT5G38420

RBCS2B

ribulose bisphosphate
carboxylase small chain
2B

AT5G45490

N/A

putative disease
resistance protein

Evidence for network evolution in an
Arabidopsis interactome map.

AT5G51110

N/A

AT5G59820

ZAT12

transcriptional
coactivator/pterin
dehydratase
RHL41 high light
responsive zinc finger
protein ZAT12

Sorting signals, N-terminal
modifications and abundance of the
chloroplast proteome.
The zinc-finger protein Zat12 plays a
central role in reactive oxygen and
abiotic stress signaling in Arabidopsis.

AT5G62300

N/A

40S ribosomal protein
S20-1

N/a

4

AT5G64330

NPH3

NPH3 root
phototropism protein 3

Mutations in the NPH1 locus of
Arabidopsis disrupt the perception of
phototropic stimuli.

1

AT5G65920

N/A

U-box domaincontaining protein 31

Sequence and analysis of chromosome
5 of the plant Arabidopsis thaliana.

1

AT5G67280

RLK

receptor-like kinase

Sequence and analysis of chromosome
5 of the plant Arabidopsis thaliana.

1

The vegetative vacuole proteome of
Arabidopsis thaliana reveals predicted
and unexpected proteins.
GSH threshold requirement for NOmediated expression of the Arabidopsis
AtFer1 ferritin gene in response to iron.
Systematic identification of functional
plant modules through the integration
of complementary data sources.
Developmental defects in mutants of
the PsbP domain protein 5 in
Arabidopsis thaliana.
Unique and overlapping expression
patterns among members of
photosynthesis-associated nuclear gene
families in Arabidopsis.

1

1

1

1

1

1

1

2
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1.1 only

Shared by 1.1 and 1.4

1.4 only

AT1G15390

peptide deformylase 1A

AT1G20160

serine-type
endopeptidase
SBT5.2

AT1G13440

AT1G20110

RING/FYVE/PHD zinc
finger-containing
protein

AT1G43700

VIP1 VIRE2interacting
protein 1

AT1G20810

AT1G21280

hypothetical protein

AT1G74470

geranylgeranyl
diphosphate
reductase

AT1G70160

AT1G32400

tobamovirus
multiplication 2A
protein
ATP-dependent
protease La (LON)
domain-containing
protein
S-adenosylmethioninedependent
methyltransferase
domain-containing
protein
Dihydroxyacetone
kinase

AT2G20990

synaptotagmin A

AT1G72050

transcription
factor IIIA

AT2G36990

RNA
polymerase
sigma factor
sigF
Ras-related
protein ARA-4

AT2G01290

RPI2 ribose 5phosphate
isomerase A

AT2G13360

alanine-glyoxylate
aminotransferas
e

AT2G34010

AT2G34010
hypothetical
protein

glutathione Stransferase TAU 28
TATA-box-binding
protein 2

AT3G05670

AT2G45960

aquaporin PIP12
HNH
endonuclease

AT1G64720

membrane related
protein CP5

AT3G63420

AT1G66200

glutamine synthetase

AT5G02480

AT1G75330

OTC ornithine
carbamoyltransferase

AT5G51110

putative LRR
receptor-like
serine/threonine
-protein kinase
RKF3
RING/U-box
protein
S-adenosyl-Lmethioninedependent
methyltransferas
e-like protein
GG1 guanine
nucleotidebinding protein
subunit gamma
1
HSP20-like
chaperone
transcriptional
coactivator/pteri
n dehydratase

AT1G76060

protein EMBRYO
DEFECTIVE 1793

AT1G35340

AT1G36310

AT1G48430

AT1G53680
AT1G55520

AT2G43130

AT2G48010

AT3G17365

AT3G47490

glyceraldehyde
3-phosphate
dehydrogenase
GAPC2
peptidyl-prolyl
cis-trans
isomerase
FKBP18
hypothetical
protein

AT3G48560

acetolactate
synthase

AT3G57050

cystathionine
beta-lyase
UDPglucuronic acid
decarboxylase

AT3G62830

AT4G02840

Small nuclear
ribonucleoprotei
n family protein
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AT1G76200

hypothetical protein

AT4G18390

AT1G76990

ACT domain-containing
protein 3

AT4G26555

AT2G18770

SR-beta domaincontaining protein

AT4G29260

AT2G21330

fructose-bisphosphate
aldolase 1
molecular chaperone
DnaJ

AT5G01600

AT2G23070

casein kinase 2, alpha
polypeptide

AT5G38420

AT2G23600

methylesterase 2

AT5G45490

AT2G24280

alpha/beta-Hydrolases
superfamily protein

AT5G59820

AT2G26700

protein kinase PINOID
2

AT5G64330

AT2G30500

Kinase interacting
(KIP1-like) family
protein

AT5G65920

AT2G35240

putative plastid
developmental protein
DAG

AT5G67280

AT2G39420

alpha/beta-Hydrolases
superfamily protein

AT2G42270

U5 small nuclear
ribonucleoprotein
helicase

AT2G42600

phosphoenolpyruvate
carboxylase 2
peptidyl-prolyl cis-trans
isomerase FKBP16-3

AT2G22360

AT2G43560

AT2G43710

acyl-[acyl-carrierprotein] desaturase

AT5G11450

transcription
factor TCP2
FKBP-like
peptidyl-prolyl
cis-trans
isomerase
family protein
HAD
superfamily,
subfamily IIIB
acid
phosphatase
ferretin 1
PsbP domaincontaining
protein 5
ribulose
bisphosphate
carboxylase
small chain 2B
putative disease
resistance
protein
RHL41 high
light responsive
zinc finger
protein ZAT12
NPH3 root
phototropism
protein 3
U-box domaincontaining
protein 31
receptor-like
kinase

42
AT2G44010

hypothetical protein

AT2G46370

jasmonic acid-amido
synthetase JAR1
peptidyl-prolyl cis-trans
isomerase CYP38

AT3G01480

AT3G03150

hypothetical protein

AT3G08740

elongation factor EF-P

AT3G09900

RAB GTPase-like
protein E1E
digalactosyldiacylglycer
ol synthase 1
universal stress proteinlike protein
FAD2 omega-6 fatty
acid desaturase
cell wall-plasma
membrane linker protein

AT3G11670
AT3G11930
AT3G12120
AT3G22120

AT3G22142

protease inhibitor/seed
storage/LTP family
protein

AT3G22942

G-protein gamma
subunit 2
40S ribosomal protein
S29
mitogen activated
protein kinase kinase
kinase-like protein

AT3G44010
AT3G58640

AT3G59680

hypothetical protein

AT3G63530

BB E3 ubiquitin ligase
BIG BROTHER

AT3G63540

hypothetical protein

AT4G02120

putative CTP synthase

AT4G05520

EHD2 EPS15 homology
domain 2 protein

AT4G09320

nucleoside diphosphate
kinase 1
NDPK1 nucleoside
diphosphate kinase 1
(fragment)

AT4G09320

AT4G13940

MEE58
adenosylhomocysteinas
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e1
AT4G18710
AT4G19600
AT4G32420

AT4G32530

Shaggy-related protein
kinase eta
cyclin T1-4
cyclophilin-like
peptidyl-prolyl cis-trans
isomerase family
protein
ATPase, F0/V0
complex, subunit C
protein

AT4G35090

catalase 2

AT4G36390

Methylthiotransferase

AT5G01880

AT5G15580

RING-H2 finger protein
ATL74
Glycosyl hydrolase
family 38 protein
protein longifolia1

AT5G17670

hydrolase-like protein

AT5G17770

NADH--cytochrome B5
reductase 1
Chaperone DnaJdomain superfamily
protein

AT5G13980

AT5G22080

AT5G24314
AT5G41190
AT5G41790
AT5G44250
AT5G49720
AT5G61970

AT5G64400

plastid transcriptionally
active7
RNA-binding protein
NOB1
COP1-interactive
protein 1
Unknown protein
endo-1,4-beta-Dglucanase
signal recognition
particle subunit SRP68
hypothetical protein
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