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Increased fes1a thermotolerance is induced by BAG6 knockout
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Abstract

Key message (1) The fesla bag6 double mutant shows an increased short term thermotolerance compared to fesla.
BAG®6 is a suppressor of Fes1A; (2) IQ motif is essential to effective performance of BAG6. (3) Calmodulin was involved

in signal transduction. (4) BAG®6 is localized in the nucleus.

Abstract HSP70s play an important role in the heat-induced stress tolerance of plants. However, effective HSP70 function
requires the assistance of many co-chaperones. BAG6 and Fes1 A are HSP70-binding proteins that are critical for Arabidopsis
thaliana thermotolerance. Despite this importance, little is known about how these co-chaperones interact. In this study, we
assessed the thermotolerance of a fesla bag6 double mutant. We found that the fesla bag6 double mutant shows an increased
short-term thermotolerance compared to fes/a. However, calmodulin inhibitors diminished this enhanced thermotolerance
in the fesla bag6 double mutant. In addition, we found the IQ motif to be essential for effective BAG6 performance. Since
BAGH6 is localized in the nucleus, the signal transduction is likely to involve nuclear calcium signaling.

Keywords BAG®6 - Suppressor - Calmodulin - IQ motif

Introduction

Plants have developed various strategies for high-tempera-
ture stress resistance. For example, brief exposure to sub-
lethal temperatures in one study resulted in plants that were
able to survive more severe heat stress (Vierling 1991).
However, this feature (termed acquired thermotolerance) is
only exhibited when heat shock proteins (HSPs) acclimate.
For example, HSP70 is specifically able to disperse protein
aggregates and to facilitate the re-folding of heat-denatured
proteins. Overexpression of cytosolic AtHSC70-1 resulted in
an increase in basal thermotolerance (Sung and Guy 2003).
However, a decrease in the expression of cytosolic HSP70s
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in Arabidopsis thaliana led to a 2 °C reduction in the sur-
vival temperature of the antisense lines when compared to
the wild type (WT) (Lee and Schoffl 1996). Furthermore,
co-chaperones are essential to some HSP performance. For
example, HSP70s, only in assistance of nucleotide exchange
factors (NEFs) promote the re-folding of heat-denatured
proteins and also facilitate the folding of newly synthesized
proteins (Kityk et al. 2012; Mayer 2013).

HSP70s are composed of a highly conserved N-terminal
nucleotide-binding domain (NBD) with ATPase activity
and a substrate-binding domain (SBD). SBD substrates are
processed with the energy generated by ATP hydrolyzation.
Only when ADP is liberated from NBD does HSP70 release
the substrate. After the substrate is released, the next cata-
lytic cycle begins. In the functional cycle of HSP70, the dis-
association of ADP with HSP70 is a rate-limiting step that
is accelerated by NEFs (Shomura et al. 2005). In plants, the
Fes1A protein is a NEF that increases molecular chaperone
efficiency (Fu et al. 2015). Furthermore, the knockout of
Fes1A results in HSP70 degradation and reduced thermo-
tolerance (Zhang et al. 2010).

In addition to performing other diverse roles, plant BAG
(Bcl-2-associated-athanogene) proteins are thought to func-
tion as NEFs (Doukhanina et al. 2006). Arabidopsis has seven
BAG homologues; BAG1—4 are similar to animal BAGs, while
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BAGS5-7 each have a calmodulin-binding domain (Douk-
hanina et al. 2006). In transgenic tobacco, Arabidopsis BAG4
confers tolerance to a wide range of abiotic stresses, such as
UV light, cold, oxidants, and salt (Doukhanina et al. 2006).
BAGS®6, the longest protein in the BAG family, is involved in
programmed cell death (Kang et al. 2006), which aids in cell
defense against pathogens (Kabbage and Dickman 2008; Li
et al. 2017a). BAG6 also improves basal thermotolerance in
Arabidopsis (Echevarria-Zomefio et al. 2016).

Using Saccharomyces cervisae, Alberti et al. (2004) pro-
posed a model to describe how HSP70 co-chaperones coop-
erate and compete in interactions with HSP70 to affect the
destiny of the HSP70 substrate. In the model, the carboxyl-
terminus HSP70-interacting protein (CHIP) is responsible
for directing the degradation of the HSP70-targeted protein.
However, the initiation of this process is determined by com-
petition between BAG1 and HSPBP1 (HSP70-binding protein
one which is a homolog of Fes1) (Alberti et al. 2004). While
BAGT1 associates with the ATPase domain of HSC70, CHIP
induces the degradation of the HSP70 client protein (Alberti
et al. 2004). However, HSPBP1 antagonistically prevents the
degradation of HSP70 by inhibiting CHIP ubiquitin ligase
activity (Alberti et al. 2004). Despite these findings, the degree
of cooperation and/or antagonism between these plant HSP70
co-chaperones remains largely unknown.

Heat stress can destroy membrane integrity and disturb
intracellular Ca®* levels; therefore, Ca’* and Ca*-regulated
pathways are likely to be involved in thermotolerance (Dat
et al. 1998; Larkindale and Knight 2002; Sangwan et al. 2002).
AtCaM3 knockout mutants showed a clear reduction in ther-
motolerance and exhibited down-regulated accumulation of
HSPs (Zhang et al. 2009). Thus, AtCaM3 is in the heat stress
signal transduction pathway. In addition, the nuclear localized
OsCaM 1-1 mediates the signaling of acquisition thermotoler-
ance in rice (Wu et al. 2012), and the nuclear calcium signal-
ing might affect the thermotolerance. BAG6 contains an 1Q
domain and therefore may be capable of binding calmodulin
(CaM) (Kang et al. 2006), but little is known about the poten-
tial connection between the function of BAG6 and CaM.

In this experiment, we first explored the subcellular
location of BAG6. By evaluating alterations in acquired
thermotolerance of a fes/a bag6 double mutant, we then
determined the cooperative dynamics between BAG6 and
Fes1A. Finally, the correlation between calmodulin and the
performance of BAG6 in thermotolerance was examined.

Results
BAG6 is a heat-induced nuclear protein

Western blot indicated that Arabidopsis grown at 22 °C
did not express BAG6 protein (Fig. 1). However, BAG6
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molecules with a 180 kDa molecular weight began to mark-
edly accumulate when Arabidopsis was exposed to high tem-
peratures in the range of 36-38 °C (Fig. 1; Supplementary
Fig. S1a). When heat-treated Arabidopsis was homogenized
with 100 mM Tris-HCI (pH 8.0) and subjected to 10,000xg
centrifugation for 30 min, no BAG6 protein was detected in
the supernatant. Despite the fact that it was very abundant in
the centrifugation pellet (Fig. 2a). We isolated the nucleus
and the tonoplast membrane from Arabidopsis. Histone 3
(nuclei protein marker) and Vacuolar H+-pyrophosphatase
(vacuolic marker protein) Western blot results showed that
there was no contamination from vacuolic marker proteins
in purified nuclei and no contamination from Rubisco
(Fig. 2b). Histone 3 and BAG6 were concurrently concen-
trated in the purified nuclear fraction (Supplementary Fig.
S1b). When Histone 3 was used as a loading control for
Western blot, the ratio of BAG6 to Histone 3 in the total
protein content almost equaled that in the purified nuclei
fraction (Fig. 2b; Supplementary Fig. S1c). This suggests
that BAG®6 is a nucleus protein. In contrast, no BAG6 protein
was detected in the purified fraction of tonoplast membrane
(Supplementary Fig. S1d). Furthermore, GFP images of root
cells (Fig. 2c; Supplementary Fig. S2a and b) and guard cells
(Supplementary Fig. S2c¢) indicated that the BAG6—GFP
fusion was located in the nucleus. This result was found
for both the BAG6—GFP transgenic plants grow at room
temperature and plants exposed to high temperature (Sup-
plementary Fig. S2d). These findings are consistent with the
conclusion from the determination of BAG®6 in the isolated
nucleus fraction.

BAG®6 is a suppressor of the Fes1A mutant

FeslA is a nucleus- or cytosolic-located protein. There-
fore, only the nucleus- or cytosolic-located BAG proteins,
BAG 1-4 and 6, were included in this study on the coop-
eration between Fes1 A and BAG. PCR and sequencing
results indicated that all bag/—4 and 6 T-DNA mutants
were null mutants (Supplementary Fig. S3). Salk_017591C
harbored a T-DNA insertion at the 5'-UTR of the BAG!

., BAG6

— —— — — —— —— o—— — e A ot

22 32 34 36 38 40 42 36 38°C
WT bag6

Fig. 1 Heat-induced expression of BAG6. The 10-day-old seedlings
grown at 22 °C were exposed to a range of high temperatures for 2 h,
and total protein was then extracted. BAG6 was immunodetected with
the anti-BAG6 antibody. The bag6 mutant exposed to high temper-
ature was used as a negative control. Actin functioned as a loading
control
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Fig.2 The enrichment of BAG6
in the purified nucleus fraction
and the sub-cellular location

of BAG6 as shown by confocal
images of BAG6—GFP fusion.

a BAG®6 is evident in the pellet
by differential centrifugation
between 500 and 10,000xg, but
it is not detected in the superna-
tant after 10,000xg centrifuga-
tion for 30 min. b The detection
of BAG6 in the purified cell
nucleus fraction. Nuclear and
vacuolar marker proteins (i.e.,
Histone 3 and V-PPase) were
determined. Histone 3 was used
as a loading control. ¢ Confocal
images of BAG6—GFP fusion
in root tip cells of a transgenic
Arabidopsis. The green and blue
light channels show BAG6—
GFP fluorescence and DAPI
fluorescence, respectively. The
two light channel images are
merged

pellet supernatant
WT

©

BAGG6-GFP

BAG6-GFP + DAPI

gene; salk_030295 had a T-DNA insertion at the fourth
exon of the BAG2 gene; the T-DNA in salk_124153C
was located in the first intron of the BAG3 gene; and the
BAG4 gene was interrupted by a T-DNA insertion in the
first exon (salk_052541) (Supplementary Fig. S4). Since
BAGG6 was the primary research focus for this study, we
included and identified two independent bag6 mutants.
One mutant has a T-DNA insertion in the second exon
(salk_047959C), while another was interrupted by a
T-DNA insertion in the third exon (salk_073331C) (Sup-
plementary Fig. S4). Despite the knockout of these BAG
genes, the growth of these single bag mutants was normal
and all presented phenotypes that were the same as the WT
(Supplementary Fig. S5).

Acquired thermotolerance evaluation (Fig. 3a) indicated
that each of these bag mutants showed no change in acquired
thermotolerance (Fig. 3b, c, f, g) when compared to the WT.
This suggests that a single mutation of these BAG genes has
no effect on their acquired thermotolerance.

" BAGG6 (~180kDa)
TS WS V-PPase (~70kDa)
Histone 3 (~17 kDa)

Rubisco

(B)
S B BAG6

e V-PPase

M 2 M Histone 3

? - Rubisco
bagb WT WT

total protein nucleus

) N

To assess the effect of the second mutation at BAGs in
fesla, we bred the fesla bag series of double mutants. These
double mutants grew normally at room temperature (Sup-
plementary Fig. S5), but some of them exhibited differences
in acquired thermotolerance. The results of thermotoler-
ance evaluations for the fesla bag series of double mutants
revealed that the second mutation of BAG1, BAG2, BAG3,
or BAG4 in fesla did not alter the heat sensitivity in fes/a
(Fig. 3d, e). However, knockout of BAG6 notably increased
thermotolerance in fes/a (Fig. 3f, g). Nonetheless, the bag6
single mutant exhibited no change in acquired thermotoler-
ance, and our second independent replicate of the fes/a bag6
mutant confirmed this pattern.

We selected HSP70 and HSP17.7 as representatives
to determine HSP expressions in the fes/a bag6 mutants.
At the heat acclimation stage, the fesla, bag6, and fesla
bag6 mutants accumulated approximately equal amounts

@ Springer



76

Plant Molecular Biology (2019) 100:73-82

Fig.3 Thermotolerance in fesla
or bag single mutants and in
fesla bag double mutants. a
The 10-day-old seedlings were
first acclimated at 38 °C for 2 h,
followed by a lethal heat treat-
ment at 45 °C for 1-3 h. Sub-
sequently, the seedlings were
transported to a growth chamber
with normal conditions for
recovery. The phenotypes were
photographed after 10 days.

b, ¢ After exposure to the

high temperature stress, bagl,
bag2, bag3, and bag4 mutant
phenotypes were not different
from those of the WT. Like-
wise, there were no differences
between the WT and the two
bag6 mutants (f, g). d, e There
was no change in thermotoler-
ance in fesla plus bagl, bag2,
bag3, or bag4 double mutants.
However, the two fesla bag6
(fesla bag6-1 and fesla bag6-
2) double mutants manifested
improved thermotolerance
compared to fesla (f, g)

(A)

45°C
1~3h

38°C
2h

22°C 22°C/10d

j;esla g * fesla WT
f(_;g‘]a bag4 i fesda bag3 fesla bag
3 'w:,ﬂé i e

WT  bag6-2
fesla fesla bagé6-

a s
o ,N': > N
o 2 C’; et

of HSP70 and HSP17.7, but the fesla bag6 double mutant  BAG6 binds HSP70
expressed more HSP at the recovery stage, especially
HSP17.7 (Fig. 4). This suggests that BAG6 depressed HSP BAG6 possesses a commonly conserved BAG domain,

expression in fes/a.
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which is likely responsible for association with HSP70.
Via co-immunoprecipitation, we investigated the possi-
ble binding between BAG6 and HSP70 in WT and fesla



Plant Molecular Biology (2019) 100:73-82

77

Fig.4 Differential expression of

Re/24h Re/48h Re/72h

HSPs among Arabidopsis fesla

RT 38°C/2h

and bagb6 single mutants, fesla
bag6 double mutants, and WT
plants. Ten-day-old seedlings
were first acclimated at 38 °C
for 2 h, followed by a sub-lethal
heat treatment at 44 °C for

2 h. Subsequently, seedlings
were transported to a growth
chamber with normal condi-
tions for recovery (Re). At the
indicated times (shown at the
top of this figure), total proteins
were extracted for Western blot. RT

38°C/2h

———— —— ——— v Wy HSP 70

‘ HSP17.7

Actin

o & & 8 & & & &
Sy \® N Y
& & & &
¢ g § §
44°C/2h Re/24h

Actin was used to confirm equal
protein loading

S— —— HSP70 \ ;0

WT  bag6é fesla

Fig.5 Binding of Arabidopsis BAG6 with HSP70. Ten-day-old
plants were subjected to 2 h treatment at 38 °C and used for co-
immunoprecipitation. HSP70 in the homogenate of the bag6-1, fesla,
or WT were trapped by BAG6-IgG/protein A agarose; resulting
HSP70 was determined with Western blot. Inputs of proteins are indi-
cated

mutant. BAG6, regardless of Fes1 A knockout, was able to
bind HSP70 in vivo (Fig. 5). Thus, the capacity of BAG6 or
Fes1A to bind to HSP70 appears to be independent.

Calmodulin is involved in fes1a bag6
thermotolerance

BAG6 contains a characteristic IQ motif capable of
CaM (Kang et al. 2006). To determine the contribution
of the IQ motif to BAG6 performance, we substituted
three highly conserved residues (5751 — A, 576Q — A,
and 580R — A) in the IQ motif (this mutant is referred
to hereafter as BAG6-mIQ). Subsequently, we studied

the subcellular localization of BAG6—mIQ proteins. We
saw instant expression of GFP fusion in relevant onion
epidermis cells, which indicates that both fusion proteins
(i.e., BAG6—GFP and BAG6—mIQ—-GFP) were located in
the nucleus (Fig. 6a). Utilizing a heat inducible promoter,
we generated the BAG6-mIQ and BAG6 complementary
lines with the genetic background of the feala bag6 dou-
ble mutant (Fig. 6b; Supplementary Fig. S6a). Western
blot of BAG6 in the isolated nucleus fraction indicated that
the heat-induced complementary BAG6-—mIQ and BAG6
proteins were intensely enriched in the nucleus material
from BAG6-mIQ and BAG6 complementary lines (Sup-
plementary Fig. S6b). This suggests that the complemen-
tary BAG6-mIQ and BAG®6 proteins entered the nucleus
and that mutation of the IQ motif did not change the sub-
cellular localization of BAG6. Thermotolerance evalua-
tion showed that overexpression of BAG6—mIQ had no
effect on the thermotolerance of the fes/a bag6 double
mutant (Fig. 6¢), while the complementary expression of
BAG®6 proteins in the fesla bag6 double mutant resulted in
a decrease of thermotolerance in the fesla bag6 (Fig. 6d).
These results suggest that the IQ motif is an essential
domain for BAG6.

When 10 uM of trifluoperazine (TFP) and 60 uM of W7
were included in the culture medium, the acquired thermo-
tolerance of the fesla bag6 double mutant was identical
to that of fesla (Fig. 7). However, the fesla bag6 dou-
ble mutant manifested its thermotolerance better than the
fesla in Murashige—Skoog (MS) medium (Fig. 3f, g). In
other words, the effect of BAG6 was diminished when the
function of calmodulin was inhibited.
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Fig.6 The BAG6-—mIQ (IQ
mutated BAG6) and BAG6
were introduced to fesla bagb
double mutants to complement
the loss of BAG®6, respectively.
a A BAG6—mIQ-GFP fusion
and a BAG6—-GFP fusion were
introduced into onion epidermal
cells via a gene gun. Confo-

cal images of both BAG6—
mIQ-GFP and BAG6-GFP
(control) fusions are shown. b
The presence of BAG6-mIQ
and BAG®6 proteins in comple-
mentary lines was examined
with Western blot. Rubisco (B)
was used as a loading control.

¢ Acquired thermotolerance in
two OE-BAG6-mIQ comple-
mentary lines (mIQ-1 and -2).

d Acquired thermotolerance in
two OE-BAG6 complementary
lines (BAG6-OE-1 and -2). The
temperature regime used for this
trial is identical to that depicted
in Fig. 3a

Discussion
BAG®6 is a nuclear-located protein

Homologs of the Arabidopsis BAG protein family are
divided into groups and are identified by the numbers one
through seven (Doukhanina et al. 2006). Some of their sub-
cellular localizations have been determined. BAG7 is con-
stitutively located in the ER, and it is involved in modulating
cell death pathways as part of the unfolded protein response
during heat stress (Williams et al. 2010). When plants are
subjected to high temperatures, BAG7 undergoes SUMOyla-
tion, proteolytic cleavage, and translocation from the ER
to the nucleus (Li et al. 2017b). Although BAG1-BAG4
contain ubiquitin-like and BAG domains, their sub-cellular
localizations are different. BAG1-3 are located mainly in
the cytosol, whereas BAG4 is both a cytosolic and nuclear
protein (Lee et al. 2016). BAGI acts as a cofactor in HSC70-
mediated proteasomal degradation of unimported plastid
proteins (Lee et al. 2016). Meanwhile, BAGS is a mitochon-
drial protein and is involved in regulation of this organelle’s
Ca’* levels. Studies have found that BAGS5 affects leaf senes-
cence (Li et al. 2016; Fu et al. 2017).

At the beginning of our experiment, we performed West-
ern blot on BAG6. We homogenized the heat-treated Arabi-
dopsis sample with 100 mM Tris-HCI (pH8.0) and collected
the supernatant after 10,000xg centrifugation (Fig. 2). No
BAG®6 was detected in the supernatant, but we did find vacu-
olar H+-pyrophosphatase in the supernatant. Instead, BAG6
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was abundantly present in the pellet created by differential
centrifugation (in the range of 500-10,000xg). In principle,
a 10,000xg centrifugation force should only precipitate very
large particles, for example, the cell nucleus. Thus, our result
seems to disagree with Li and Dickman (2016) suggestion
that BAG®6 is a vacuolar protein.

BAGH6 has possible nuclear targeting sequences. We used
the online software PSORT (https://psort.hgc.jp/) to predict
the location of BAG6. The PSORT prediction shows that
BAG®6 has nucleus targeted sequences and might localize
with high confidence (certainty =0.987) to the nucleus. In
concordance with this prediction, we found the concentrated
BAG® in our purified nuclear fraction (Fig. 2; Supplemen-
tary Fig. S1b), but no BAG6 was detected in the purified
tonoplast membrane fraction (Supplementary Fig. S1d).
Furthermore, the green fluorescence distribution of the
BAG6-GFP fusion we saw suggested that BAG6 accumu-
lated in the nucleus (Fig. 2; Supplementary Fig. S2b-d).
Our transformation work with Allium cepa epidermis cells
provided additional evidence that BAG6 may localize to the
nucleus (Fig. 6a). However, more work is needed to confirm
these findings and to better understand BAG6 function.

BAGS6 acts as a suppressor of Fes1A
via a calmodulin-related pathway

BAG®6 is a heat-induced protein and is involved in plant
responses to both biotic and abiotic stresses (Kang et al.
2006; Kabbage and Dickman 2008; Li et al. 2017a). For
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Fig. 7 Effect of the calmodulin
inhibitors TFP and W7 on fesla
thermotolerance-enhancing
suppressor BAG6. Then 10 pM
TFP (left) and 60 uM W7
(right) were included in the cul-
ture medium. After 10 days of
growth, Arabidopsis seedlings
were evaluated for acquired
thermotolerance (as depicted in
Fig. 3a)

example, the Arabidopsis bag6 mutant exhibits increased
basic thermotolerance (Echevarria-Zomeifio et al. 2016). In
this experiment, we found that the bag6 single mutation
had no effect on acquired thermotolerance (Fig. 3f, g).
However, BAG6 acted as a suppressor of Fes1A (Fig. 3f,
g). Furthermore, an additional knockout of BAG6 in
fesla increased HSP70 and small HSP 17.7 expression
(Fig. 4). This result agrees with the observed improve-
ment in theromtolerance of the fes/a bag6 double mutant.
This concurs with previous work, which showed that loss
of BAG6 enhances basic thermotolerance (Echevarria-
Zomeifio et al. 2016).

In co-immunoprecipitation assays, we detected that
BAG®6 associated with HSP70 (Fig. 5). In contrast, Kang
et al. (2006) found no connection between BAG6 and
HSP70 in S. cervisiae. In light of the fact that BAG®6 is a
nuclear protein and that HSP70s can move into the nucleus
(Calikowski et al. 2003; Noel et al. 2007; Jungkunz et al.
2011; Burstenbinder et al. 2017), we suggest that the interac-
tion of BAG6 and HSP70 likely takes place in the nucleus.
Since Fes1A is a cytosolic and nuclear protein (Zhang et al.
2010; Inze et al. 2012), we also predict that both cooperative

and antagonistic interactions between Fes1 A and BAG6 are
apt to take place in the nucleus.

Kang et al. (2006) found that the calmodulin-related
pathway was involved in BAG6 function. In a related
manner, we found that the mutation of the IQ motif in
BAG®6 inhibited the function of BAG6 as a suppressor of
Fes1A (Fig. 6), and we found that application of calmodu-
lin inhibitor TFP or W7 to the culture medium prevented
the improvement of thermotolerance in the fesla bag6
double mutant (Fig. 7). BAG6, when acting as a Fes1A
suppressor, depends on calmodulin. Calmodulin and
calmodulin-like proteins belong to a large protein family,
and they have functions in various subcellular structures
(Zeng et al. 2015; Mohanta et al. 2017). Some of these
proteins can move into the nucleus (Liu et al. 2008; Wu
et al. 2012; Charpentier and Oldroyd 2013) and regulate,
together with a calcium/calmodulin dependent kinase, the
nuclear calcium signaling that affects many downstream
pathways (Charpentier and Oldroyd 2013). Therefore,
knockout of BAG6 means that there may be a release of
calmodulin or calmodulin-like proteins from the nucleus.
This likely changes the dynamics of nuclear calcium
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signaling (Charpentier and Oldroyd 2013), further enhanc-
ing HSP expression in fes/a bag6 and improving acquired
thermotolerance.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana mutants (Supplementary Table S1)
were obtained from ABRC (http://abrc.osu.edu), and T-DNA
insertions were confirmed using PCR and sequencing (Sup-
plementary Table S2). Homozygous mutants bred from a
twice-backcrossed individual were used for experiments.
Arabidopsis (ecotype Col-0) and mutant lines were grown
under controlled conditions (a 16-h light/8-h dark cycle with
a 22 /18 °C temperature cycle) in a plant growth chamber.

Generation of transgenic Arabidopsis strains

We amplified the entire BAG6 cDNA sequence using RT-
PCR and then inserted it into a pGEM-T vector, resulting
in the plasmid BAG6—pGEM-T. To determine the impor-
tance of the IQ motif to thermotolerance in fesla bag6
double mutants, we substituted three highly conserved
residues in the IQ motif (we refer to this mutant hereafter
as BAG6-mIQ). BAG6-mIQ was amplified from the plas-
mid BAG6—pGEM-T via splicing overlap extension PCR
and was then inserted into a pGEM-T vector, generating the
plasmid BAG6-mIQ-pGEM-T. Subsequently, we inserted
BAG6-mIQ or BAG6 into the plasmid ProLeHSP23.8-
pBI121. Accordingly, the expression of BAG6-—mIQ or
BAG6 was controlled by a strongly heat-inducible pro-
moter of LeHSP23.8 (Yi et al. 2006). We then introduced
the plasmids into Arabidopsis by floral-dip transformation.
The transgenic lines were selected using kanamycin and
further confirmed by PCR. All of the primers are listed in
Supplementary Table S3.

Chemical and heat treatments of A. thaliana

To evaluate the role of Ca** in BAG6 suppression of thermo-
sensitivity in fes/a, 10 uM TFP (Sigma-Aldrich) and 60 pM
W7 (Sigma-Aldrich) were used to inhibit calmodulin in
MS medium. After 10 days of growth, the seedlings were
exposed to a 38 °C condition for 2 h which was followed by a
2 h lethal treatment at 45 °C. The challenged seedlings were
then shifted to a growth chamber with normal growth condi-
tions for seven days of recovery. Subsequent to recovery, the
phenotypes were photographed.
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Sub-cellular localization of BAG6

The BAG6 and the BAG6-—mIQ cDNAs were
amplified with the primers (BAG6-GFP-F and
BAG6-GFP-R) from the plasmids BAG6—pGEM-T and
BAG6-mIQ-pGEM-T, respectively. Subsequently, we
inserted these cDNAs into the Xhol and EcoRI sites
of the plasmid P35sCaMV-GFP-pRT101, produc-
ing the plasmid P35sCaMV-BAG6-GFP-pRT101 and
P35sCaMV-BAG6—-mIQ-GFP-pRT101, respectively. The
construct of P35sCaMV-BAG6—GFP was cloned into the
Pstl site of the pPCAMBI3301 vector, which was used for
transforming Arabidopsis with use of the floral-dip method.
The transgenic lines were then selected using the herbi-
cide BASTA and were further confirmed by PCR (all of
the primers are listed in Supplementary Table S4). Before
observation of GFP, 0.1 ug/ml DAPI solution was used to
stain the nucleus of the transgenic lines. A confocal laser
scanning microscope (Leica TCS SP8 MP) and a fluores-
cent microscope (Carl Zeiss Axio Imager Z2) were used
to determine the subcellular localization of the GFP fusion
proteins. For instant expression analysis of GFP, the con-
struct of P35sCaM V-BAG6—mIQ-GFP was introduced into
onion epidermal cells using a Bio-Rad Biolistic PDS-1000/
He Particle Delivery System (Bio-Rad Laboratories, Her-
cules, CA).

To purify the nucleus, the seedlings were treated at 38 °C
for 2 h. Nuclei isolation was then performed via the Cel-
Lytica PN Plant Nuclei Isolation/Extraction Kit (Sigma-
Aldrich). The purity of the isolated nuclear fraction was
examined by Western blot with a few critical protein mark-
ers. The tonoplast membrane was isolated according to the
method of Vera-Estrella et al. (2005).

Immunoblotting

Western blot was performed according to the method of
Zhang et al. (2010). Two BAG6 rabbit polyclonal anti-
bodies were generated by Abmart using the BAG6 amino
acids 1-300 (N-terminal) and the amino acids 672-1043
(C-terminal) as antigens. The primary antibodies used
were the anti-BAG6 polyclonal antibody, the anti-HSC70
monoclonal antibody (SPA-817; Stressgen, San Diego, CA,
US), the anti-HSP17.7 antibody (AS07 255; Agrisera), the
anti-Histone three antibody (AS10 710; Agrisera), the anti-
vacuolar H+-pyrophosphatase (V-PPase) antibody (AS12
1849; Agrisera), and the Anti GFP antibody (AS15 2987;
Agrisera).

In vivo co-immunoprecipitation assays

An immuno-precipitation assay was performed to examine
possible protein interactions (Zhang et al. 2010). The plant


http://abrc.osu.edu

Plant Molecular Biology (2019) 100:73-82

81

sample was first homogenized in 50 mM Tristan-HCl. The
homogenized sample was then sonicated for 30 min at 4 °C
and centrifuged at 12,000Xg. The supernatant from the pro-
tein extraction was subsequently mixed with prepared anti-
BAG®6 polyclonal antibody/protein-A SepharoseTM beads,
and the mixture was then incubated at 4 °C for 2 h. After five
washes, we analyzed the bound proteins with Western blot
using the anti-HSC70 monoclonal antibody.
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