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Abstract

Calmodulin (CaM) influences many cellular processes by
interacting with various proteins. Here, we isolated AtBAG6,
an Arabidopsis CaM-binding protein that contains a central
BCL-2-associated athanogene (BAG) domain. In yeast and
plants, overexpression of AtBAG6 induced cell death
phenotypes consistent with programmed cell death (PCD).
Recombinant AtBAG6 had higher affinity for CaM in the
absence of free Ca®>* than in its presence. An IQ motif
(IQXXXRGXXXR, where X denotes any amino-acid) was
required for Ca® " -independent CaM complex formation and
single amino-acid changes within this motif abrogated both
AtBAG6-activated CaM-binding and cell death in yeast and
plants. A 134-amino-acid stretch, encompassing both the 1Q
motif and BAG domain, was sufficient to induce cell death.
Agents generating oxygen radicals, which are known to be
involved in plant PCD, specifically induced the AtBAG6
transcript. Collectively, these results suggest that AtBAG6 is
a stress-upregulated CaM-binding protein involved in plant
PCD.
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Introduction

In both plants and animals, the cytosolic free calcium level
([Ca2+]cyt) is normally maintained at submicromolar levels,
but can be transiently elevated with complex forms of
amplitude, frequency and duration by specific external
stimuli.™# Transiently elevated [Ca® "]y in the cell leads to
binding of Ca®* to intracellular regulatory proteins, initiating a
wide variety of cellular processes.® Calmodulin (CaM) is a
ubiquitous Ca®* receptor protein that regulates the activities
and functions of a wide range of CaM-binding proteins
(CaMBPs), including metabolic enzymes, transcription fac-
tors, ion channels, protein kinases/phosphatases, and struc-
tural proteins.*®

The overall shape of CaM is a dumbbell, with the N- and C-
terminal globular domains separated by a flexible central
helix. Ca® " -binding to CaM induces conformational changes
that facilitate binding of Ca® */CaM-dependent target proteins
and subsequent modulation of their biological activities.®
Although considerable research has focused on the Ca?*-
bound form of CaM, it is known that the Ca?* -free state of
CaM, apocalmodulin (ApoCaM), also binds to other (or
overlapping) proteins and signals cellular responses.”®
ApoCaM differs from Ca®*-bound CaM in its three-dimen-
sional structure, and it also binds target proteins differently,
utilizing binding motifs such as the 1Q motif (IQXXXRGXXXR)
and noncontiguous binding sites.®'® Therefore, CaM may
cycle between Ca2*-free and Ca®*-bound states, and bind
different proteins in each state to trigger specific cellular
functions.™®

In plant cells, Ca®*-signaling is implicated in diverse
processes, including thigmomorphogenesis, light signal
transduction, gibberellic acid signaling, pathogen-challenged
defense signaling, and salt stress signaling.""'2 Since CaM is
known to transduce Ca?®* -signals by modulating the activity of
numerous and diverse CaMBPs, thereby generating physio-
logical responses to various stimuli, many CaM and CaMBPs
have been isolated with a view to furthering our understanding
of Ca®*-mediated plant signaling pathways.'®>™'® However,
many aspects of plant CaM and CaMBPs signaling, as well as
their functional significance, remain unclear.

BAG (BCL2-associated athanogene) family proteins were
originally identified in mammals due to their ability to associate
with the antiapoptotic protein, BCL2, and promote cell
survival.'® Further studies revealed that BAG family genes
exist in a number of eukaryotes whose members share at
least one copy of a 50 amino-acid conserved domain (BAG
domain) that interacts with heat shock protein 70 (HSP70/
HSC70).'%'8 BAG proteins may serve as bridging molecules
that recruit HSP70/HSC70 to a specific target protein. As a
consequence, this family of cochaperones functionally



regulates diverse cellular pathways, such as programmed cell
death (PCD) and stress responses.'® While information is
available on the biological roles of BAG proteins in mammals,
no plant homologs of BAG family members have been
functionally characterized to date.

To determine the biological role(s) of CaM in plants, we
have previously isolated a number of CaMBP(s).2°22 Here,
we report the isolation and characterization of an Arabidopsis
gene encoding a BAG protein homolog (AtBAG6). Our data
indicate that AtBAG6 expression in yeast and plant cells
induces cell death. Furthermore, the IQ motif within the
AtBAB6 sequence is required for Ca®* -independent complex
formation with CaM and AtBAG6-mediated cell death in yeast
and plant. This is the first documented evidence that a BAG
domain protein is involved in Ca®*/CaM-mediated signaling
in eukaryotes.

Results

Cloning AtBAG6 encoding a CaM-binding protein

To unequivocally establish the role of CaM-mediated signal-
ing in plants, many CaMBPs that may link Ca®*/CaM signals
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to specific responses have been cloned.'®'423 |n this study,
we screened an Arabidopsis cDNA expression library
constructed from heat-treated plant seedlings using At-
CaM2::HRP as a probe.2%?2 |n all, 11 positive clones were
obtained from a total of 5 x 10° recombinant phages. Based
on the restriction patterns of plasmid inserts, the genes coding
for CaMBPs were classified into seven different loci. Since the
protein encoding CaMBP1 conferred the highest CaM-binding
activity (data not shown), this gene was selected for further
study. Proteins encoded by other CaMBPs are not structurally
related to CaMBP1, and will be described elsewhere.
Sequence determination of CaMBP1 and comparison to
sequences within GenBank™ revealed that the nucleotide
sequence of the 2105 bp cDNA clone contains a partial coding
region (encoding 674 amino acids) and a full 3’-untranslated
region. The 5'-truncated region of the cDNA was recovered by
RACE-PCR, and sequenced. The 3170 nucleotide full-length
cDNA contained an open reading frame encoding a putative
117kDa protein consisting of 1043 amino-acid residues
identical to AtBAG6 (accession no. At2g46240).>* Accord-
ingly, CaMBP1 was redesignated AtBAG6 (Figure 1). In
mammals, BAG domain proteins interact with other proteins to
modulate cellular processes. To identify the plant proteins
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Figure 1 Deduced amino-acid sequence of AtBAG6 and comparison of its putative CaMBD (IQ motif) to ones of other CaM-binding proteins. (a) Deduced amino-acid
sequence of AtBAG6. The predicted CaMBD (light gray), BAG domain (underlined) and glutamic acid-rich regions (dark grey) are indicated. (b) Schematic representation
of AtBAG6 and alignment of protein sequences from AtBAG6 with CaMBDs from AtBAGS5 (A. thaliana BAG domain containing protein; NP_172670), AtEICBP (A.
thaliana EICBP protein; AC007168), LeER66 (Lycopersicon esculentum ER66 protein; AAD46410), MYA1 (A. thaliana myosin MYA1; S46444), NtcNMP-RIC (Nicotiana
tabacum CaMB-channel protein; AAB53255), HaSF16 PSP (Helianthus annuus SF16 protein; CAA52782), and ATM2 (A. thaliana myosin MYA1; S46444). Amino-acid
residues identical to the consensus CaMBD sequences are depicted in black

Cell Death and Differentiation



&

A CaM-binding BAG domain protein in Arabidopsis
CH Kang et a/

86

associated with AtBAG6, we employed the yeast two-hybrid
screening system using full-length AtBAG6 as bait. We
identified 33 yeast colonies that expressed both reporter
genes (Adet/lacZt) in an AtBAG6-dependent manner.
Sequence analyses revealed that all the AtBAG6-associated
proteins are AtCaM isoforms, specifically, five AtCaM1s
(accession no. At5g37780), 14 AtCaM2s (accession no.
At2g41110), seven AtCaM3s (accession no. At3g56800),
two AtCaM4s (accession no. At1g66410), three AtCaM6s
(accession no. At5g21274) and two AtCaM7s (accession no.
At3g43810). These results indicate that AtBAG6 mainly
interacts with AtCaM isoforms in vivo.

Mapping of CaMBD within AtBAG6

Comparative sequence analysis of AtBAG6 with other known
proteins revealed the presence of a putative CaM-binding 1Q
motif®>2® and a BAG domain'~'® in the middle of the
sequence (Figure 1). A glutamic acid-rich region was
identified near the carboxyl terminus of the protein sequence
on a database using the ScanProsite program (http://
www.expasy.org/cgi-bin/scanprosite).2° To determine the
CaM-binding regions in AtBAG6, we performed the
CaM::HRP overlay assay with Escherichia coli-expressed
recombinant AtBAG6 proteins. To this end, we generated
GST-fused constructs containing full-length cDNA (desig-
nated DO) and five serial deletion derivatives of AtBAG6 (D1,
D2, D3, D4, and CDD) (Figure 2a). Recombinant proteins
were produced in E. coli, purified, and verified by anti-GST
polyclonal antibodies. The molecular weight (MW) of recom-
binant AtBAG6 was much higher than the calculated size (the
expected MW of DO is about 143kDa) (Figure 2b). This
difference may result from the anomalous electrophoretic
mobility caused by the large number of Glu residues within the
AtBABG6 sequence, which reduce SDS binding.3%3" Four
recombinant proteins (DO, D2, D3, and CDD) containing the
putative CaMBD interacted with AtCaM2::HRP, whereas GST
only (data not shown) and GST fusion proteins lacking the
predicted 1Q motif (D1 and D4) did not interact
with AtCaM2::HRP (Figure 2b). Importantly, CaM bound
AtBAGS in the absence, but not the presence of Ca®*. Similar
results were obtained when 6-His-tagged AtBAG6 recombi-
nant proteins were used to perform this assay (data not
shown).

Crucial residues of the CaM-binding motif

Comparative analysis of the CaM-binding regions of many
CaMBP proteins has led to the identification of multiple
sequence motifs required for CaM complex formation.,® We
identified a putative 1Q motif, a structural characteristic of
CaMBDs that has been identified previously, between Ala®"2
and Lys®®' of AtBAG6 (Figure 1). To further determine
whether the I1Q motif in the region is required for CaM-binding,
we separately substituted 11e®”® in the CDD (described in
Figure 1a) with Val, Ser, and Asn (designated CDD'®"%,
CDD'®"%S and CDD'"®N, respectively) (Figure 3a). Recombi-
nant proteins were produced in E. coli and analyzed for CaM-
binding activity using the CaM overlay assay. CaM bound to
the wild-type CDD and CDD'®”%V but not to CDD'*”°S or
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Figure 2 Identification of the CaM-binding domain of AtBAG6. (a) Schematic
representation of AtBAG6 (D0) and serial fragment constructs (D1-D4, and
CDD). The 1Q motif and BAG domain are depicted by a circle and a box,
respectively. Amino-acid positions of each serial fragment are indicated. D0-D4,
and CDD represent six GST fusion constructs containing the indicated fragments
of AtBAG6. CaM-binding ability is indicated as Yes (CaM-binding) or No (no
CaM-binding). (b) CaM-binding analysis. Six GST fusion proteins of serial
fragment mutants (D0-D4, and CDD) of AtBAG6 were produced in E. coli. The
recombinant proteins were analyzed by Western blotting with an anti-GST
antibody (left panel). The CaM::HRP overlay assay was performed in the
absze+nce (5mM EGTA, middle panel) or presence (1 mM CaCl,, right panel) of
Ca

CDD'"®"®N mutant proteins (Figure 3a). Similar results were
obtained when we performed the yeast two-hybrid assay with
full-length AtBAG6 and AtCaM2 (Figure 3b). Taken together,
these results indicate that 11e®”® in AtBAG6 is crucial for
interactions and specific complex formation with AtCaMs.

Induction of cell death by AtBAG6 in yeast

The BAG domain was originally identified in human cells,
based on its ability to bind to BCL2 (an antiapoptotic protein)
and promote cell survival.'®32 Accordingly, we investigated
whether the biological function of AtBAG6 is associated with
cell survival by expressing the protein in a unicellular yeast
system. A cDNA encoding full-length AtBAG6 was subcloned
into the episomal pYES2 vector under control of the GAL1
promoter, which allows for the conditional expression of this
protein when cells are grown in galactose-containing medium.
Unexpectedly, we found that expression of A{BAG6 in yeast
cells induced cell death (Figure 4a).

More than eight genes have been identified in Arabidopsis
that encode proteins with a BAG domain.?* To investigate
whether other members of this family are also involved in
yeast cell death, two AiBAG6 paralogues, AtBAG1
(At5g52060) and AtBAGS8 (At3g29310), were transformed
into yeast cells. The amino acid similarities between the BAG
domain of AtBAG6 and those of AtBAG1 and AtBAGS8 are 58,
and 52%, respectively. Expression of AtBAG6 dramatically
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Figure 3 Characterization of the 1Q motif of AtBAG6. (a) CaM-binding to the 1Q
motif of CDD in vitro. CDD mutants that contain single amino-acid substitutions
were fused to the C-terminus of GST, and expressed in E. coli. The recombinant
proteins were analyzed by Western blotting with an anti-GST antibody (left
panel). The CaM::HRP overlay assay (described in Materials and Methods) was
performed in the absence (5 mM EGTA, middle panelg or presence (1 mM CaCl,,
right panel) of Ca2™. CDD®™, CDD'"*® and CDD'™"*" represent replacement
of 1l in the 1Q motif with Val, Ser, and Asn, respectively. (b) Interactions
between AtBAG6 and AtCaM2 in yeast. The indicated combinations of bait
(pGBT9) and prey (pGAD424) constructs were transformed into the yeast
reporter strain, PJG69-4. Transformants were examined for growth in the
absence of Trp, Leu (SD-WL) or Trp, Leu, Ade (SD-WLA) and for the B-
galactosidase assay. (1) interactions between tumor suppressor p53 (pTD1-1)
and simian virus 40 large T-antigen (pVA3-1); (2) interactions between wild-type
AtBAG6 (BD::AtBAG6) and AtCaM2 (AD::AtCaM2); (3) interactions between
AtBAGE"®"Y (BD::AtBAG6°™") and AtCaM2 (AD:AtCaM2); (4) interactions
between AtBAGE'™*S (BD:AtBAG6°7%) and AtCaM2 (AD:AtCaM2); (5)
interactions between AtBAGE™™*N (BD:AtBAGE®™™) and AtCaM2 (AD:At-
CaM2); (6) BD vector (pGBT9) and AD::AtCaM2; (7) BD::AtBAG6 and AD vector
(pGAD424); (8) BD:AtBAGE°™" and AD vector (pGAD424); (9) BD::AtBA-
G6°75 and AD vector (pGAD424); 10, BD::AtBAGE™™ and AD vector
(PGAD424)

induced cell death; however, transformants expressing
AIBAG1 or AIBAGS8 did not exhibit cell death (Figure 4a).
This suggests that, of the Arabidopsis BAG proteins, AIBAG6
is a specific cell death inducer.

The cell death phenotype induced by AtBAG6 was further
confirmed by trypan blue exclusion and 4/, 6'-diamino-2-
phenylindole dihydrochloride (DAPI) staining (Figure 4b and
data not shown). DAPI staining revealed that the majority of
cells not expressing AtBAG6 had a normal and single round-
shaped nucleus, whereas an abundance of abnormally
shaped and fragmented nuclei (approximately 50%) was
observed in the cells expressing AtBAG6 (Figure 4b).
Expression of AtBAG6 also resulted in exposure of phospha-
tidylserine on the surface of the cytoplasmic membrane, as
revealed by FITC-annexin V staining (Figure 4c), as well as
the occurrence of DNA strand breaks, demonstrated by
TUNEL assay (Figure 4b).3®** Furthermore, alterations
associated with cell death induced by AtBAG6 included
abnormal morphology, cell shrinkage, increased vacuolation
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Figure 4 AtBAG6 induces cell death in yeast. (a) Functional analysis of
Arabidopsis BAG family proteins in yeast cells. Yeast cells transformed with
plasmid pYES2 (control) containing BAX (Moon et al.®®), AtBAGS, AtBAGT, or
AtBAG8 were cultured in glucose-based medium to an ODggo 0f ~ 1.0 at 30°C
for 12 h. Equal numbers of cells were spotted on minimal SD medium plates in
the presence of glucose or galactose, as described in Materials and Methods.
Photographs were taken after culturing at 30°C for 2 days. (b, ¢, and d) AtBAG6-
induced programmed cell death in yeast. Yeast cells transformed with plasmid
pYES2 (control) containing AtBAG6 grown on either glucose or galactose were
stained with DAPI-TUNEL (for detection of cell death and DNA strand breaks),
Annexin V-PI (for detection of exposed phophatidylserine), or dihydrorhoda-
mine123 (Rh123, for detection of reactive oxygen generation), respectively.
Experimental conditions were described in Materials and Methods. Scale bar,
5um

without membrane rupture, and loss of plasma membrane
integrity (data not shown). All these morphological character-
istics are hallmarks of apoptosis.3+3¢
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Reactive oxygen species (ROS) have been implicated as
effectors of PCD in animal and yeast cells.3"*® Accordingly,
the role of ROS in AtBAG6-induced cell death was examined.
Production of ROS was monitored using dihydrorhoda-
mine123. Upon oxidation by ROS, nonfluorescent dihydro-
rhodamine123 changes into the fluorescent chromophore,
rhodamine123.%° As shown in Figure 4d, yeast cells expres-
sing AtBAG6 exhibited strong fluorescence when incubated
with dihydrorhodamine123, whereas control cells grown in
glucose-containing medium exhibited no significant fluores-
cence, suggesting that the generation of ROS may mediate
AtBAG6-induced cell death in yeast.

Requirement of the 1Q motif and BAG domain for
AtBAG6-mediated cell death

To identify the critical domain in AtBAG6 responsible for
inducing cell death, deletion mutant clones of AtBAG6
(depicted in Figure 2a and Supplementary Figure 1) were
subcloned into the pYES2 vector and cell death phenotypes
were investigated (Figure 5 and Supplementary Figure 1).
Colonies formed by yeast cells harboring all of the constructs
on glucose-based medium were detected with approximately
the same efficiency as control transformants (Figure 5, left
panel). However, transformants harboring both the 1Q motif
and BAG domain (DO, D3, CDD) showed greatly reduced
colony formation on galactose medium (Figure 5, right panel).

To further investigate the significance of CaM-AtBAG6
interactions in AtBAG6- mediated cell death, we investigated
the cell death phenotype of AtBAG6 containing a single
amino-acid substitution in the IQ motif (described in Figure 3).
Transformants harboring full-length AtBAG6 or AtBAG6'°”>"
(1% substituted with Val) resulted in a dramatic decrease in
colony formation and cell viability on galactose medium.
However, those containing AtBAG6°7>S or AtBAGE®™°N
(11e°”® substituted with Ser or Asn, respectively) displayed
similar colony-forming efficiency in glucose- or galactose-

Deletion mutants of AtBAG6
10 10° 102 10

10° 10° 10* 10" Death

Control No
DO Yes

D1 No

D2 No

D3 Yes

D4 No
CcDD Yes

Glucose Galactose

Figure 5 Identification of the cell death domain in AtBAG6. The specified
constructs depicted in Figure 2 were transformed into the yeast strain, W303a.
Equal numbers of cells were spotted on minimal SD medium plates in the
presence of glucose or galactose, as described in Materials and Methods.
Photographs were taken after culturing at 30°C for 2 days. Inducibility of cell
death is indicated as Yes (inducible) or No (not inducible)
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based medium (Figure 6a). Similar results were obtained
when the CDD domain was tested with these mutations
(Figure 6b and data not shown). Taken together, these results
provide strong evidence that the CaM-binding domain is
required for AtBAG6-mediated cell death in yeast.

AtBAG6 does not bind AtHSC70, an Arabidopsis
heat shock protein

Since BAG family proteins in animals are known to interact
with and regulate the activity of HSP70/HSC70 (heat shock
proteins of relative molecular mass 70 kDa) family molecular
chaperones, we investigated whether AtBAG6 interacted with
AtHSC70 (accession no. X74604) — a plant homolog of
animal HSP70/HSC70. GST fusion proteins of AtBAG6, CDD
(a fragment from GIn®° to Pro®®® of AtBAGS), and two
AtBAG6 paralogues, AtBAG3 (At5g07220) and AtBAG5
(At1g12060), were produced in E. coli and analyzed for their
ability to interact with 6-His-tagged AtHSC70 by far-Western
blot analysis.'®'” AtBAG3 and AtBAG5 bound to the
AtHSC70, whereas AtBAG6 and CDD did not (Figure 7 and
data not shown).

a 10* 10° 10° 10' 10° 10° 10° 10' Death
Control No
AtBAG6 Yes
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Figure 6 CaM-binding IQ motif is required for AtBAG6-induced cell death. (a)
PpYES2 vector (control) containing full-length AtBAGS, or AtBAG6 mutants that
contain single amino-acid substitutions were transformed into a yeast strain,
W303a. Equal numbers of cells were spotted on minimal SD medium plates in the
presence of glucose or galactose, as described in Materials and Methods.
Photographs were taken after culturing at 30°C for 2 days. AtBAGE"™,
AtBAGE™®® and AtBAGE'™"*N represent replacement of 11e%”® in the AtBAGS
with Val, Ser, and Asn, respectively. (b )pYESZvector (control) contalmng a CbhD
(depicted in Figure 2), or a CDD mutant (CDD'*”®S substitution of 115 in the
CDD domain with Ser) were transformed into a yeast strain, W303a.
Transformants were grown in glucose-based medium to an ODggo of 1.0,
washed three times with water, and then cultured for 0-24 h in fresh glucose
medium. The optical densities of the media at ODgqo Were measured (left panel).
The same cultures in the left panel (10° cells) were plated on galactose-based
medium. The number of viable cells was determined after incubating the plates at
30°C for 3 days, and the data were normalized to the value of cells cultured in
glucose medium
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Figure 7 AtBAG6 does not interact with AtHSC70. Recombinant GST and
GST-AtBAG3, GST-AtBAG5, and GST-AtBAG6 (560-693) proteins were
expressed in E. coli. In all, 20 ug of crude extract was resolved by 12% SDS-
PAGE, transferred onto a PVDF membrane, and detected with anti-GST (left
panel). A duplicate membrane was probed with recombinant His-AtHSC70 and
followed by detection with anti-His that is conjugated to horseradish peroxidase
(right panel) to determine if HSP70 can bind to the BAG recombinant proteins

Induction of cell death by AtBAG6 in Arabidopsis
plant

To investigate the function of AtBAG6 in a plant species, we
initially determined AtBAG6 gene expression under various
stress conditions. Total RNA was isolated from stress-treated
Arabidopsis seedlings and Northern blot analysis was
performed using AtBAG6 cDNA as a probe (Figure 8).
Transcription of A{BAG6 was specifically induced by SA,
H>0,, and high temperature, all of which are known to be
involved in plant PCD processes.*%™*3

To further determine the biological roles of AtBAG6 in
plants, we constructed each plasmid containing CDD or
CDD'*7®° under the control of the constitutive cauliflower
mosaic virus 35S promoter using the pCAMBIA1302 binary
vector and used these plasmids to transform Arabidopsis.
Transgenic CDD plants showed midget (dwarfism) pheno-
types and formed disease-like necrotic lesions on their leaves
(Figure 9b and c). These phenotypes are highly similar to those
of Arabidopsis mutants such as acd1 (accelerated cell death),
cpri1 (constitutive expressor of PR genes), Isd1 (lesion
stimulating disease 1), and agd2 (aberrant growth and death
2), which display a constitutive pathogen response.**™’
Untransformed wild-type, vector control, and CDD'*”*® trans-
genic plants grown under identical conditions did not show
these phenotypes (Figure 9). CDD and CDD''"S proteins
were detected immunologically in transgenic lines transformed
with CDD and CDD''®”® constructs. These proteins were not
detected in either wild-type or control plants (Figure 9a).

Plant cells undergoing hypersensitive response (HR)-cell
death, which is known to occur via PCD, deposit cell wall
materials including callose and aromatic polymers at their
infected sites.*®*® To determine whether the cell death
(Figure 9c) found in transgenic lines expressing CDD involved
HR-like lesions, plants were stained for callose with aniline
blue and observed under fluorescence microscopy
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Figure 8 AtBAGS transcripts accumulate during the stress response. (a) Total
RNA was prepared from 4-week-old Arabidopsis whole plants treated with
several chemicals (0.1 uM GA4, 2mM SA, 100 uM JA, 100 uM ABA, 5mM 2-
chloroethylphosphonic acid, 100 mM NaCl, 100mM KCI, or 2mM H,0,) or
environmental stress (cold; 4°C for 6h, low temperature; 15°C for 12h, high
temperature; 37°C for 6 h or drought). A fixed amount of total RNA (20 ng) was
loaded onto each lane. Equal loading for each lane was confirmed by staining
gels with ethidium bromide (lower). An RNA blot was prepared with **P-labeled
AtBAG6 cDNA. (b) Effect of high temperature on AtBAG6 expression.
Arabidopsis whole plants (4 weeks old) were incubated at 37°C for the indicated
times, and total RNA samples were prepared for Northern blot analysis. (c) Effect
of H,O, on AtBAG6 expression. Arabidopsis whole plants (4 weeks old) were
treated with H,O, (2 mM) for the indicate time. (d) Effect of SA on the expression
of AtBAG6. Arabidopsis whole plants (4 weeks old) were treated with SA (2 mM)
for the indicated times

(Figure 9d). Whole-mount leaves of CDD transgenic plants
showed prominent abundance of callose, whereas wild-type,
control, and CDD'*”°S transgenic plants did not (Figure 9d).
Taken together, these results indicate that these necrotic
lesions resemble HR-like lesions.

Discussion

In this report, we present biochemical and functional data in
support of a role for AtBAG6, a BAG domain protein from
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Figure 9 Phenotypes associated with the expression of CDD and CDD*”>S in plants. (a) Immunological detection of the 6-His fused CDD and CDD'*”S proteins. The
functionalities of these constructs were firstly confirmed in yeast (Figure 5 and data not shown). In all, 40 ug of total proteins from plants shown in (b) were used for
Western blot analysis using anti-His tag antibody conjugated with horseradish peroxidase. The arrow indicates the predicted size of the produced proteins. Col-0, wild-

type plant; Control, transgenic plant transformed vector alone; CDD, transgenic plants transformed with CDD (representative lines, #2, #4 were indicated); CD

DI57SS

transgenic plants transformed with CDD'>”®° (representative lines, #3, #4 were indicated). (b) Phenotypes associated with expression of CDD in transgenic Arabidopsis.
Photographs were taken 5 weeks after sowing. Lactophenol-trypan blue (c) and aniline blue staining (d) was performed as described in Materials and Methods using the

plants shown in (b)

Arabidopsis, in CaM-mediated cell death. We demonstrate
that (i) oxidative stress, involved in plant PCD processes,*°™3
induces the transient expression of AtBAGS6, (i) AtBAG6
physically interacts with AtCaMs, (iii) the 1Q motif in the
AtBAG6 is required for Ca®"-independent CaM complex
formation, and (iv) the CaM-binding IQ motif and BAG domain
are required for AtBAG6-mediated cell death in both yeast and
plant. In animals, Ca®* released into the cytoplasm can
induce mitochondrial permeability transition (PT) pore open-
ing, which induces release of apoptotic activators to the
cytoplasm and consequently activates caspase-mediated
PCD.*%° Although mechanisms and regulation of plant
PCD are ill-defined, experimental evidences indicate that
Ca®" fluxes have pivotal role in the processes. Included are
self-incompatibility of pollen, aleurone differentiation, aer-
enchyma formation, HR and leaf senescence.®'~* Additional
data confirm a role of CaMBP or channel in pathogen defense.
The Arabidopsis Dnd1 gene, that encodes a cyclic nucleotide-
dependent calcium channel, is required for the activation of
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HR-induced cell death.®® Although the mechanism by which
the CaM-AtBAG6 complex interacts and functions together
with downstream components in planta is currently unclear,
our observations suggest that AtBAG6 may be a specific
component of Ca® " /CaM-mediated PCD process in plants.
We screened an Arabidopsis expression library with
CaM::HRP, and identified a novel CaM-binding protein,
AtBAG6. Based on the structural characteristics of known
CaMBDs, the CaM-binding 1Q motif was localized to the
middle region of AtBAG6 between Ala®? and Lys®®
(Figure 1). This prediction was confirmed by the CaM::HRP
overlay assay (Figures 2 and 3). ‘Complete 1Q motifs’
(containing the G and a second basic residue) do not require
Ca®*-binding to CaM, whereas ‘incomplete 1Q motifs’
(lacking the second basic residue) are Ca2* -dependent.>¢-”
Within the 20 amino-acid stretch (from Ala®"2 to Lys®®") of
AtBAG®6 (Figure 1), the conserved residues, the first hydro-
phobic residue (preceding Q, 11e%7%), Q (GIn®"®), and the first
basic residue (Arg°®®) are present. Furthermore, G (Gly®®")



and the second basic residue (Argsgs) are observed. These

features of CaMBD in AtBAG6 are characteristic of the
complete consensus |Q motif.® Consistent with these finding,
our data confirm that AtBAG6 binds CaM in a Ca®"-
independent manner.

In mammals, some BAG domain proteins regulate diverse
cellular functions by interacting with HSP70/HSC70 and
modulating its activity. For example, the regulation of
HSP70/HSC70 activity by BAG-1M has been extensively
studied in animals. A number of reports demonstrated that
Glu?'?, Asp®??, Lys®®8, and GIn®*® of BAG-1 are crucial for
these interactions.®®°° However, when we performed either
yeast two-hybrid or in vitro binding assays, we failed to detect
any interactions between AtBAG6 and AtHSC70 (Figure 7
and data not shown). These results suggest that modulation of
HSP70/HSC70 activity is not a universal function of BAG
domain proteins. However, we still cannot rule out the
possibility that AtBAG6 interacts with HSP70/HSC70 in vivo
or that some other factors or specific conditions are required
for this interaction.

Recent studies suggest that the BAG proteins regulate
diverse biochemical events, including receptor signaling,
protein kinase, and transcription factor activity, thereby affect
diverse cellular behaviors ranging from cell division and
differentiation to cell death.®®° The functional diversity of
BAG domain proteins is paralleled by an abundance of genes
of this family throughout evolution, with homologs identified in
a variety of organisms, including yeast, worm, invertebrates,
amphibians, mammals, and plants.2"5%6%7° Database
searches indicate the presence of eight genes that encode
proteins with the BAG domain in Arabidopsis thaliana.?®
Among the proteins encoded by these genes, four (AtBAG5,
AtBAG6, AtBAG7, and AtBAGS8) contain a CaMBD (IQ motif)
close to the conserved BAG domain. They might be
functionally redundant since two T-DNA-inserted AtBAG6
mutant lines did not show any significant phenotypic
differences under several stress conditions (heat, cold, salt,
UV, light, or dark) (data not shown). Another possibility is that
they have distinct functions reflected by different spatial and
temporal regulation.”’"2 It would be of interest to investigate
the spatial and temporal regulation of AtBAG6 paralogues to
elucidate their specific molecular functions.

Biotic stress-mediated cell death processes, such as HR,
are known to exhibit morphological and biochemical hallmarks
of PCD in mammalian systems. Moreover, since PCD in
plants has been recognized as an integral component of an
adaptive mechanism to stress, scientific opinion on abiotic
stress-mediated cell death has recently shifted.>? Abiotic
stresses, including temperature, salinity, drought, light, ROS,
and ozone, are now often regarded not as toxins, but rather as
elicitors of PCD, when plant cells are chronically exposed to
physiological levels of these stresses.*'”>7” However,
necrosis, which represents an uncontrolled form of cell death,
does occur in plant cells when they are exposed to high levels
of abiotic stress that the plant cannot override with their
tolerance mechanisms. ROS are pivotal mediators of PCD in
plants. ROS are utilized as second messengers in the
execution of cell death during hypersensitivity responses
and ozone-mediated cell death — well-studied plant PCD
phenomenona that are induced by biotic and abiotic stress,

A CaM-binding BAG domain protein in Arabidopsis
CH Kang et a/

respectively.*? Similarly, AtBAG6-induced cell death in
Arabidopsis and yeast is also mediated by ROS generation
(Figures 4 and 8). Therefore, it would appear that ROS is a
common element and key event of PCD in animals, plants,
and yeast, where it is a common component of a basic,
evolutionarily conserved mechanism.

It has been reported that the expression of BAX (a
mammalian proapoptotic member of the BCL2 family) in
yeast and plants induces apoptosis ’® Although informatics
has failed to identify BAX, BCL2, and BCLX_ sequence
homologs in either the Arabidopsis or yeast (Saccharomyces
cerevisiae) genomes, there is evidence that the basic
regulatory mechanisms underlying PCD are conserved in
animal and plant systems.”®# Experimental evidence of
these conserved mechanisms include caspase-like activities
detected in various plant cell-death model systems, the
demonstration that expression of animal BAX can induce
PCD in plants and yeast, and the identification of the plant
BAX inhibitor-1 (BI-1) that can suppress cell death in both
plants and animals. These strands of evidence indicate the
existence of functional orthologs of BCL2, and its interacting
proteins, in plants. Further identification of components
associated with the CaM-AtBAG6-mediated cellular response
should facilitate elucidation of the mechanism(s) by which
AtBAG6 regulates cell death.

Materials and Methods

Screening of the Arabidopsis cDNA expression
library

A cDNA expression library in a AZAPII vector (Stratagene, La Jolla, CA,
USA) was constructed with RNA from 4-week-old A. thaliana (ecotype
Columbia) plants that were treated with heat shock (37°C) for 2h.
Subsequently, it was screened using horseradish peroxidase (HRP)-
conjugated Arabidopsis calmodulin-2 (AtCaM2::HRP) as a probe. AtCaM2
was conjugated to maleimide-activated HRP using the EZ-Link maleimide-
activated HRP conjugation kit (Pierce, Rockford, IL, USA), as described in
a previous report.2" Approximately 5 x 10° pfu cells were plated per 15 cm
LB plate, using E. coli XL1-blue MRF (Stratagene, La Jolla, CA, USA) as
the host strain. Plates were incubated at 42°C until plaques appeared, and
overlaid with nitrocellulose filters previously soaked in 10mM IPTG.
Incubation was continued at 37°C for 6-8 h, and plates were cooled to
4°C. Filters were removed, and rinsed twice in a large volume of TBS-T
(Tris-based saline containing 0.1% (v/v) Tween-20). Next, filters were
blocked by incubation in 7% (w/v) nonfat dry milk/TBS-T ovemight.
Blocked filters were washed three times with TBS-T for 5min and
equilibrated in overlay buffer (50 mM imidazole-HCI (pH 7.5), 150 mM
NaCl) for 1 h. Membranes were blocked secondly by incubating filters in
overlay buffer containing 9% (v/v) gelatin (Sigma-Aldrich, St. Louis, MO,
USA), 0.5% (v/v) Tween-20, and 5 mM EGTA for 3.5 h. AtCaM2::HRP was
added to gelatin-containing buffer at a final concentration of 0.2 ug/ml, and
filters were incubated for 1 h. The final washing was performed in three
steps, with each step consisting of five repeats of a 5-min wash: firstly in
TBS-T/50 mM imidazole-HCI (pH 7.5) and 5mM EGTA; secondly in
20 mM Tris-HCI (pH 7.5), 0.5% Tween-20, 50 mM imidazole-HCI, 0.5 M
KCI, and 5mM EGTA; and thirdly in 20mM Tris-HCI (pH 7.5), 0.1%
Tween-20, and 1 mM MgCl,. Bound AtCaM2::HRP was visualized using
an enhanced chemiluminescence (ECL) detection kit (Amersham
Pharmacia Biotech, Uppsala, Sweden). A total of 5 x 10° recombinants
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were screened, and 11 positive clones isolated after three rounds of
screening. cDNA inserts were recovered by in vivo excision with helper
phage (ExAssist, Stratagene, La Jolla, CA, USA). To confirm binding to
AtCaM2, we expressed positive clones as B-galactosidase fusion proteins
in E. coli. Clones were examined for CaM-binding by AtCaM2:HRP
overlay assay, as described above. In brief, we transformed positive
clones into E. coli XL1-blue MRF and induced the expression of
B-galactosidase fusion proteins by treatment with 0.5mM IPTG. IPTG-
induced E. coli crude proteins (20 ug) were separated on a 10% SDS-
polyacrylamide gel, and transferred to an Immobilon-MP membrane
(PVDF, Millipore, Bedford, MA, USA). The membrane was rinsed in TBS-
T, blocked by incubation in 7% (w/v) nonfat dry milk/TBS-T overnight, and
processed as described above. For determination of Ca®*-dependent
binding of CaM, 1 mM CaCl, was substituted for 5 mM EGTA in all overlay
buffers. The cDNA sequences of the resulting positive clones were
determined from both strands by dideoxynucleotide chain termination
using an automatic DNA sequencer (ABI 373A, Applied Biosystems,
Foster City, CA, USA).

Yeast two-hybrid assays

The full-length coding region of AtBAG6 was cloned into the pGBT9 vector
(encoding the TRP1 gene, Clontech, Palo Alto, CA, USA) containing the
GAL4 DNA-binding domain (BD). An Arabidopsis cDNA library was
constructed into the pGAD424 vector (including the LEUZ2 gene, Clontech,
Palo Alto, CA, USA) containing the GAL4 activation domain (AD). pTD1-1
and pVA3-1 (Clontech, Palo Alto, CA, USA) encoding the interacting
proteins, tumor suppressor p53 and simian virus 40 (SV40) large T-
antigen fused to BD and AD, respectively, were used as positive
controls.® The pGAD424 vector containing the Arabidopsis cDNA library
was transformed into the yeast reporter strain pJ69-4A (MATa trp1-90
leu2-3,112 ura3-52 his3-200 gal4 Agal80 ALYS2:GAL1-HIS3 GAL2-
ADE2 met2::GAL7-lacZ) harboring pGBT9-AtBAGE.® Interactions be-
tween the encoded fusion proteins were investigated by cotransforming
appropriate plasmids into the yeast strain pJ69-4. Transformed yeast cells
bearing both the plasmids were selected by plating on SD medium (0.67%
nitrogen base without amino acids, amino acids and nucleotide bases)
lacking tryptophan and leucine (SD-WL), and grown at 30°C for 4 days.
We tested the interactions of proteins encoded by recombinant pGBTY/
pGAD424 by growing cells in SD medium lacking tryptophan, leucine, and
adenine (SD-WLA). Adenine-positive colonies were further tested for f-
galactosidase (Lac2) activation, according to the manufacturer's protocol
(Clontech, Palo Alto, CA, USA).

Construction of deletion mutants of AtBAG6 cDNA
and site-directed mutagenesis

For mapping of the CaM-binding domain, several fragment constructs
were generated in a pGEX-5X-2 vector (Amersham Pharmacia Biotech,
Uppsala, Sweden). To observe the phenotypes of yeast cells over-
expressing several genes, we used pYES2-GST fusion vector, which had
been derived from pYES2vector (Invitrogen, Carlshad, CA, USA). A Kpnl-
BamHI fragment has been amplified by polymerase chain reaction (PCR)
with pGEX-5X-2 vector as template and primers designed to amplify the
vector residues 258-940, which encode the 26kDa glutathione S-
transferase (GST). The fragment was inserted into a pYES2 vector
digested with Kpnl and BamHI to produce the pYES2-GST fusion vector.

The full-length AtBAG6 cDNA clone was amplified by PCR with a
forward (5') primer containing a Bgll site (5-AGATCTTAAT
GATGCCTGTGTACATGGA-3') and a reverse (3') primer containing a
Xhol site (5-CCTCGAGGTCATAATACGGCATCGGT-3'). The PCR
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product was cloned into the pGEM-T vector (Promega, Madison, WI,
USA) and sequenced to verify the correct construct. The construct was
digested with Bgll and Xhol and subcloned into the pGEX-5X-2
expression vector digested with BamHI and Xhol. This full-length GST-
fusion construct was designated DO (encompassing amino acids 1-1043).
To analyze the regions to bind CaM or to induce cell death in yeast, serial
fragment constructs additionally generated by PCR using the following
forward (F) and reverse (R) primer sequences: for D1 (amino acids 1-
579): F, containing a Bgll site (5-AGATCTTAATGATGCCTGTGTA
CATGGA-3') and R, containing a Xhol site (5-CATCTCGAGGCTACA
TAGATTG-3'); for D2 (amino acids 1-592): F, containing a Bgll site (5'-
AGATCTTAATGATGCCTGTGTACATGGA-3') and R, containing a Xhol
site (5'-CTCGAGCAATTACTTAATTGG-3'); for D3 (amino acids 560-
1043): F, containing a BamHl site (5’-GGAGAATGGATCCAGCCTGC-3')
and R, containing a Xhol site (5-CCTCGAGGTCATAATACGG
CATCGGT-3'); for D4 (amino acids 584-1043): F, containing a BamHI
site (5-GTACCGTGGATCCACGTGAGAAG-3') and R, containing a Xhol
site (5'-CCTCGAGGTCATAATACGGCATCGGT-3'); for CDD (amino
acids 560-693): F, containing a BamHI site (5-GGAGAATGGATC
CAGCCTGC-3') and R, containing a Xhol site (5'- CCTCGAGAGGCT
GAGATTTAATTTCCAC-3'). The amplified products were cloned into the
PGEM-T vector, and subcloned into the pGEX-5X-2 expression vector
digested with BamHI and Xhol for E. coli or pYES2-GST fusion vector
digested with BamHI and Xhol for yeast.

To identify the critical residues in the interactions between CaM and
AtBAGS, we introduced several point mutations into the IQ motif of CDD
(CaMBD). Substitution of single amino acids was performed using the
QuickChangeTM Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA,
USA). The following F and R primers were employed: for I1575V: F, 5'-
GCTAGAATTGTCCAATCTATG-3 and R, 5-CATAGATTGGACAATTC
TAGC-3; for I575S: F, 5'-GCTAGAATTAGCCAATCTATG-3' and R, 5'-
CATAGATTGGCTAATTCTAGC-3'; for I575N: F, 5'-GCTAGAATTAA
CCAATCTATG-3 and R, 5'-CATAGATTGGTTAATTCTAGC-3'.

Production of recombinant proteins in E. coli and
the CaM-binding assay

All clones were introduced into E. coli BL21(DE3)pLysS. Production of the
6-His tag fusion or GST fusion proteins was induced by the application of
1mM IPTG for 5h at 25°C. Cells were harvested, resuspended in lysis
buffer (50mM Tris-HCI (pH 7.5), 2mM PMSF, 1mM DTT, 100 ug/ml
lysozyme), and incubated on ice for 20 min. The mixture was sonicated for
1 min at 50% pulse and centrifuged at 6000 x g for 10 min to remove cell
debris. The supernatant (containing the E. coli crude protein) was used for
Western blotting and AtCaM2::HRP gel overlay assay. E. coli crude
protein (20 ng) was separated on 10% SDS-polyacrylamide gels, and
transferred to Immobilon-P membranes (PVDF, Millipore, Bedford, MA,
USA). Expressed 6-His tag fusion or GST fusion proteins were detected
with the appropriate specific antisera. For far-Western blotting, the 6-His
tag was detected by His-probe::HRP (Santa Cruz Biotechnology, CA,
USA).# To determine the CaM-binding abilities of recombinant proteins, a
duplicate blot was probed with an AtCaM2:HRP conjugate in the
presence of 5mM EGTA or 1 mM CaCl,. The AtCaM2::HRP overlay assay
was performed as described above. Bound CaM was visualized using an
ECL detection system (Amersham Pharmacia Biotech, Uppsala, Sweden).

Yeast strains, spot assay, and viability assay

Plasmids containing full-length AtBAG6 or a serial fragment were cloned
into the pYES2-GST fusion vector, as described above. Additionally BAX,
AtBAG1, and AtBAG8 genes were cloned by PCR and subcloned into



pYES2-GST. The plasmids were transformed into the wild-type S.
cerevisiae strain, W303-1a (MATa ura3-1, leu2-3, 112 his3-11, 15 ade2-1
trp1-1 can1-110).%° For spot assays, strains were pregrown in SD medium
lacking uracil in the presence of 2% glucose as the carbon source (SD-U/
Glu) at 30°C to a cell density of about 0.5 x 10%cm®, After washing three
times, aliquots (10 ul) of 10-fold serial dilutions were spotted on plates of
SD medium lacking uracil, in the presence of 2% glucose (SD-U/Glu) or
2% galactose (SD-U/Gal) as the carbon source. Plates were incubated at
30°C, and examined for surviving cells after 4 days.

To determine the viabilities of strains, cells were pregrown in SD
medium lacking uracil, and containing 2% glucose (SD-U/Glu) as
described above, and pelleted by centrifugation (1000 x g) for 10 min.
After washing three times, cells were resuspended in 10 ml SD medium
lacking uracil in the presence of 2% galactose (SD-U/Gal) to an optical
density at 600 nm (ODgqo) of 1.3. After culturing for various times (0-24
days), the optical densities of media at 600 nm (ODgq,) were measured
after four-fold dilution. Aliquots of cells were plated on SD medium lacking
uracil in the presence 2% glucose (SD-U/Glu). Plates were incubated at
30°C for 4 days, and the numbers of colonies were counted.

Microscopic examination

For microscopic examination, strains were pregrown in SD medium
lacking uracil and containing 2% glucose (SD-U/Glu), as described above.
After washing three times, cells were cultured in SD medium lacking uracil
in the presence of 2% galactose (SD-U/Gal) for 12 h. TdT-mediated dUTP
nick end labeling (TUNEL) tests were performed with the In Situ Cell Death
Detection Kit, Fluorescein (Roche Applied Science, Indianapolis, IN, USA)
as described by Madeo et al.%® Phosphatidylserine exposure was detected
by an FITC-coupled annexin V reaction with the ApoAlert Annexin V
Apoptosis kit (Clontech, Palo Alto, CA, USA), essentially as described by
Ludovico et al3* To visualize nuclei, cells were incubated with 1 pg/ml
DAPI in HEPES buffer (10mM HEPES/NaCH buffer pH 7.4, 140mM
NaCl, 2.5 mM CaCl,) for 20 min, washed three times with HEPES buffer,
and examined under a fluorescence microscope. To determine ROS
generation, cells were rewashed in water, resuspended in Tris buffer
(50 mM Tris-HCI, pH 7.5), incubated for 2 h at room temperature with 5 ug/
ml dihydrorhodamine123 (Molecular Probes, Eugene, OR, USA), and
examined under a fluorescence microscope.®

Northern blot analysis

Whole Arabidopsis plants (4 weeks old) were treated with several
chemicals (0.1 uM GA4, 2mM SA, 100 M JA, 100 uM ABA, 5mM 2-
chloroethylphosphonic acid, 100 mM NaCl, 100 mM KCI, 2 mM H,0,) and
environmental stress conditions (cold; 4°C for 6 h, low temperature; 15°C
for 12 h, high temperature; 37°C for 6 h and drought).

Total RNA was isolated by phenol/chloroform extraction, followed by
lithium chloride precipitation.%% RNA (20 ug) was denatured, separated by
electrophoresis on a 1.2% (w/v) agarose-formaldehyde gel, and
transferred to a nylon membrane (GeneScreen Plus, PerkinElmer Life
and Analytical Sciences, Boston, MA, USA). Membranes were incubated
with 32P-labeled full-length AtBAG6 cDNA at 65°C overnight, and washed
under high stringency conditions according to the method of Church and
Gilbert.®”

Construction of transgenic plants and tests for
PCD

For experiments with Arabidopsis, A. thaliana (ecotype Columbia) was
used. The plants were grown on a solid medium containing basic MS salts
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(Duchefa Biochemical Co., Netherlands), 3% sucrose, and 0.8% agar. To
generate overexpressing transgenic lines, we cloned full-length AtBAGS,
CDD or CDD”S which had been N-terminally fused to GST coding region
downstream of the cauliflower mosaic virus 35S promoter, in the sense
orientation into the pCAMBIA1302 binary vector. For control lines, only an
empty vector construct was used. These plasmid constructs were first
transformed into  Agrobacterium tumefaciens GV3101 and then
subsequently into Arabidopsis wild-type (Col-0) backgrounds. Kanamycin
was used for bacterial selection and hygromycin B for plant selection.
Plants of the TO generation were grown to maturity and T1 seeds were
harvested. T1 progeny of transgenic plants expressing high levels of
GST-CDD or GST-CDD'*”®S were used for all of the experiments. For the
PCD experiments, 2-week-old seedlings on solid agar plates containing
30 ug/ml hygromycin B were transferred to soil and maintained at
22°C under long-day conditions (16 h light/8 h dark). After growth for 4
weeks on soil, the fourth leaves were detached and were tested for PCD.
Cell death was detected by lactophenol-trypan blue staining as described
by Koch and Slusarenko.®® For aniline blue staining of callose,
plant samples were boiled in ethanol/lactophenol (2:1 (v/v)) for 20 min.
Samples were then rinsed with water to remove the lactophenol and
stained for 1h with aniline blue (0.01% aniline blue powder in 150 mM
KoPO,4, pH 9.5). Before samples were mounted, they were equilibrated in
50% glycerol. Aniline blue staining was visualized by fluorescence
microscopy.®
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