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SHORT COMMUNICATION

Alternative splicing of Myb-related genes MYR1 and
MYR2 may modulate activities through changes in
dimerization, localization, or protein folding
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Arabidopsis genes MYRT and MYR2 are regulators of flowering time under low light intensity. These Myb-related genes
are expressed as alternative splice variants affected in their coiled-coil and DNA-binding domains. We tested whether
alternative splicing could affect dimerization and localization of MYR1 and MYR2, thereby potentially affecting their
activity. Using MYR1 as a model for variants within the coiled-coil region, we detected 2 types of homodimers. For MYR2,
alternative splicing in the DNA-binding Myb-like domain abolished the ability of MYR2 to dimerize. Alternative splicing in
the coiled-coil domain did not affect nuclear localization, as determined by transient expression in tobacco, while alter-
native splicing in the DNA-binding domain of MYR2 yielded a distinct intranuclear localization pattern that may reflect
changes in phosphorylation-dependent protein folding. Thus alternative splicing of these genes may result in changes in
dimerization or protein folding resulting in changes in activity and abundance of MYRT or MYR2 protein.

MYR1 and MYR2 are members of the G2-like family of Myb
transcription factors. The G2-like family belongs to the GARP
superfamily, which was named after maize GOLDEN2,' the
ARR B-class proteins from Arabidopsis,* and Chlamydomonas
Dsr1.? G2-like proteins possess one copy of the Myb-like DNA-
binding domain. The G2-like family consists of about 42 mem-
bers in Arabidopsis. Previously characterized G2-like proteins
include KANADI1-4, APL, and GLK1-2, which are required
for establishment of polarity in lateral organs,*> phloem iden-
tity,® and chloroplast development,” respectively. We recently
demonstrated that the G2-like paralogous genes MYRI and
MYR?2 exhibit phloem-specific expression and are redundant
negative regulators of flowering time under low light intensity.®
Together, these reports demonstrate that the G2-like family
plays important roles in diverse aspects of plant growth and
development.

MYRI1 and MYR2 belong to subgroup II comprised of
15 Myb-Coiled-Coil (Myb-CC) transcription factors in
Arabidopsis, containing a central CC region, an N-terminal
Myb-like DNA-binding domain, and a C-terminal transac-
tivation domain.’ The Myb-like DNA-binding domain, as
represented by the ARR B-class protein ARRI10, consists of 3
a-helices connected by a type-1 and type-II B-turn. The a2
helix, type-II B-turn, and a3 helix form an HTH variant motif.
The residues on the HTH motif, especially those on helix a3,
bind the major groove of target DNA, while the N-terminal
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flexible arm contacts the minor groove.” Both MYRI and
MYR?2 are expressed as several alternatively spliced isoforms
(Fig. 1A). Alternative splicing occurs immediately after the
highly conserved LHEQLE sequence motif in the CC region
(affecting MYR1 and MYR2) and within the type-I B-turn
connecting helices al and a2 in the Myb-like DNA-binding
domain (affecting MYR2 only). All splicing variants are the
result of 3" splice site variation. G2-like genes UNEI6" and
At3g24120 also undergo alternative splicing at the same CC site
as MYRI and MYR2.

Although the majority of intron-containing genes in
Arabidopsis produce alternatively spliced transcripts,'? physi-
ological roles for isoforms derived from alternative splicing are
currently known for only a few plant genes. For a recent review
see ref. 13. Distinct functions of protein isoforms can result from
altered protein—protein, protein—~DNA, or protein—ligand inter-
actions as well as changes in post-translational modifications,
stability, or localization.! As alternative splicing of MYR1 and
MYR2 affects domains involved in protein—protein interac-
tion (CC domain) or localization and DNA binding (Myb-like
domain) we used yeast two-hybrid (Y2H) analysis and transient
expression of GFP fusions to study isoform dimerization and
localization, 2 factors that could influence activities of MYR1
and MYR2.

Alternative splicing within the CC domains of MYR1 and
MYR?2 is conserved (Fig. 1A). Hence, only MYR1 was used
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Figure 1. Alternative splicing of MYRT and MYR2 affects dimerization and localizations (A) Schematic diagram of alternative splicing in MYR1 and
MYR2. Both MYR1 and MYR2 contain 3 domains: Myb-like DNA-binding domain (Myb), coiled-coil domain (CC), and transactivation domain (TA).
Conserved alternative splicing at the CC domain of MYR1 and MYR2 results in 3 isoforms. In addition, alternative splicing at the Myb-like DNA-
binding domain of MYR2 yields 2 isoforms. (B) MYR1 isoforms produced from alternative splicing at the CC domain form 2 distinct homodimers in
yeast and possibly one heterodimer. Yeast AH109 cells co-transformed with 2 plasmid DNAs as shown in the interaction grid were spotted on SD
plates lacking tryptophan and leucine (-T -L), tryptophan, leucine, and histidine (-T -L -H), or tryptophan, leucine, and adenine (-T -L -A), and incu-
bated at 30 °C for 3-10 d. (C) MYR2 isoform At3g04030.2, produced from alternative splicing at the Myb domain, forms neither a homodimer nor
a heterodimer with At3g04030.2 or At3g04030.3, respectively, while At3g04030.3 can form a homodimer. For different MYR2 isoform assays (C, at
right) yeast AH109 was co-transformed with 2 plasmid DNAs, as exemplified by the DB-At3g04030.3/AD-At3g04030.3 assay using plasmid combina-
tions 1 through 5: 1, DB-At3g04030.3, AD-At39g04030.3; 2, DB-At3g04030.3, AD; 3, DB, AD-At39g04030.3; 4, DB, AD; 5, positive control (pGBKT7-53
+ pGADT7-RecT), and grown on drop-out plates as shown. (D-H) Subcellular localization of GFP-MYR2 isoforms and mutants transiently expressed
in Nicotiana benthamiana. MYR2 isoform GFP-At3g04030.3 was evenly distributed throughout the nucleus in all cells (D). In most cells (79%), GFP-
At3g04030.2 was also evenly distributed throughout the nucleus. However, in 21% of cells (n = 1771), a portion of GFP-At3g04030.2 localized to a
single spot or multiple spots (inset in red box) in the nucleus (E and H, left panel). Insets in white boxes (D, E) show GFP/DAPI overlay images for
nuclei. Point mutants K70A (F) or K74A (not shown) of GFP-At3g04030.3 mimic the nuclear spot localization pattern seen for GFP-At3g04030.2.
The double mutant (K70A K74A, K70A K78A, and K74A K78A) forms of GFP-At3g04030.3 aggregate outside of the nucleus in some cells, while triple
mutant (K70A K74A K78A) GFP-At3g04030.3 forms extra-nuclear aggregates in all GFP-positive cells (G). Nucleus in (G) is surrounded by dashed white
line. T72E (At3g04030.3) (H, center panel; n = 445) or T71E (At3g04030.2) (H, right panel; n = 715) mutations enhanced the localization of GFP to one
or multiple spots in the nucleus. Categories of GFP localization (H) are: 1, evenly distributed throughout the nucleus; 2, localized to a single nuclear
spot; 3, localized to multiple nuclear spots. Bar in (D) = 10 um for (D-G).

to study interactions among CC-related isoforms. In yeast, the
longest MYR1 CC domain (residing within aa residues 119-233
from At5g18240.1 used for Y2H involving MYR1) homodimer-
ized and supported the most rapid yeast growth on both —His
and —Ade plates, while homodimerization of the polypeptide
with a 2-aa deletion from the CC region (At5g18240.5) sup-
ported slower yeast growth (Fig. 1B). In contrast, a 6-aa deletion
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from the CC domain (At5g18240.2) prevented homodimeriza-
tion detectable in 3-10 d incubation, although with long-term
incubation (16 d) yeast growth was detectable on both —His
and —Ade plates (data not shown). Interestingly, a heterodimer
involving At5g18240.1 and At5g18240.2 was detectable, but
only on —His plates and only with one AD/DB fusion combi-
nation (Fig. 1B). For MYR2, the Myb-like and CC domains
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(aa residues 1-344) but not the C-terminal activation domain
were used to test the effects of alternative splicing in the
Myb-like domain. The MYR2 isoform At3g04030.2 formed
neither a homodimer nor a heterodimer with At3g04030.2
or At3g04030.3, respectively, while At3g04030.3 formed a
homodimer (Fig. 1C). As the CC domain was identical for both
of these MYR2 isoforms, effects on dimerization were due to
differences in the Myb-like domain. The varying abilities of
the MYR1 CC isoforms to support yeast reporter activation as
homodimers suggests that relative levels of MYR1 isoforms in
plants cells may affect strength of dimerization and interactions
with the as yet unknown targets of MYRI.

For At3g04030.2, alternative splicing at the Myb-like DNA-
binding domain results in a deletion of 3 nucleotides affecting
2 aa residues: deleting K70 and causing an A71T substitu-
tion within the type-I B-turn connecting helices al and o2
(Fig. 1A) compared with At3g04030.3. As previously reported
for GFP-MYR1,* GFP-MYR2 based on the longest isoform
(At3g04030.3) localized exclusively to and was evenly dis-
tributed throughout the nucleus of tobacco epidermal cells
(Fig. 1D). While alternative splicing within the MYRI or
MYR2 CC domain did not alter this nuclear pattern of localiza-
tion (data not shown), alternative splicing within the Myb-like
domain for isoform At3g04030.2 resulted in the appearance of
GFP localized to one or more spots within the nucleus in 21%
of GFP-positive cells (Figs. 1E and 1H, left panel), with the
remaining cells showing GFP evenly distributed throughout
the nucleus as noted for At3g04030.3 (Fig. 1D). The varying
number of intranuclear GFP spots observed for cells expressing
isoform At3g04030.2 suggests that protein aggregation pro-
moted by disruption of the B-turn within the Myb-like domain
of MYR2" rather than localization to a specific intranuclear
compartment explains the altered appearance of GFP fused to
isoform At3g04030.2 compared with At3g04030.3 (Fig. 1E vs.
1D)

To further examine the influence of the aa changes within
the B-turn of MYR2, we tested several mutant versions of
At3g04030.3, including mutation of K70, along with nearby
basic residues, K74 and K78 (Fig. 1A), in all possible combi-
nations, to Ala or Arg, and T72 to Ala or Glu. The latter 2
mutations were introduced to mimic a constitutive non-phos-
phorylated (T72A) or phosphorylated (T72E) Thr residue. We
discovered that the K70A (Fig. 1F) or K74A (data not shown)
substitutions in At3g04030.3 yielded a small percentage of
GFP-positive cells with the same altered intranuclear distribu-
tion of GFP observed for At3g04030.2, i.e., GFP concentrated
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in one or more nuclear spots (Fig. 1F). Further, Ala substitution
of any 2 of residues K70, K74, or K78 resulted in localization of
GFP-MYR2 to extra-nuclear aggregates for a small percentage
of cells, while Ala substitution of all three Lys residues resulted
in near complete loss of nuclear localization and caused GFP-
MYR?2 to form extra-nuclear aggregates in all GFP-positive cells
(Fig. 1G). Substitution of any or all aa residues K70, K74, or
K78 with Arg produced evenly distributed nuclear localization
identical to that observed for At3g04030.3 (data not shown),
confirming the importance of basic aa residues at these posi-
tions for normal nuclear localization and solubility.

Interestingly, the T72E mutation in At3g04030.3 mimicked
the At3g04030.2 localization, and led to a substantial increase in
the proportion of GFP-positive cells showing GFP concentrated
in nuclear spots (Fig. 1H, compare left panel to center panel) and
the effect of Thr to Glu substitution was further enhanced by
the equivalent mutation (T71E) in At3g04030.2 (Fig. 1H, right
panel). In contrast, T72A or T71A mutations in At3g04030.3
or At3g04030.2, respectively, did not change GFP localization
from that observed for T72 and T71 versions of At3g04030.3 and
At3g04030.2 (data not shown). Considering that T72 is immedi-
ately followed by Pro (Fig. 1A), it is possible that 7*TP is a potential
Ser/Thr-Pro phosphorylation motif, a regulatory site implicated in
many cellular activities." Importantly, this Pro is conserved as the
first residue of helix a2 in nearly all GARP superfamily members,
approximately half of which possess the Ser/Thr-Pro phosphory-
lation motif, indicating that cis/trans prolyl isomerization,” with
phosphorylation-dependent regulation' for many GARPs, is an
important regulatory mechanism in this family.

We have demonstrated the potential for alternative splicing of
MYRI and MYR2 to yield proteins with isoform-specific homodi-
merization characteristics. Additionally, disruptions in the B-turn
region within the Myb-like domain of MYR2 could increase the
likelihood of improper protein folding and aggregation. The rela-
tive levels of alternatively spliced isoforms of MYR1 and MYR2
together with phosphorylation-dependent cis/trans prolyl isomeri-
zation may contribute to modulation of MYR1 and MYR2 activi-
ties as regulators of flowering time.
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