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n Arabidopsis thaliana, heat shock

factor binding protein (AtHSBP) is
a negative regulator of the heat shock
response (HSR), and defective AtHSBP
leads to seed abortion. We found that the
wild-type and AtHSBP-knockout plants
did not differ in ovule phenotypes at
flower position 3, which indicates that
the seed abortion occurs after fertiliza-
tion and during embryogenesis. The
conserved residues of the hydrophobic
heptad repeat (HR) domains in AcHSBP
were mutated and examined for their
subcellular localization and interacting
ability with heat shock factors (AtHSFs).
The HR domains at the C terminus of
AtHSBP are important for retaining
AtHSBP in the cytoplasm under normal
growth conditions and for interacting
with AtHSFs, which negatively affects
the DNA-binding capacity and transac-
tivation activity of AtHSFs during the
HSR.

Under heat stress/shock (HS), cells have
the potential to resist thermal damage
and elevate the levels of heat shock pro-
teins (HSPs) functioning as molecular
chaperons to prevent protein denatur-
ation and aggregation, which is called HS
response (HSR). HSP expression is medi-
ated by HS transcriptional factors (HSFs).
At the beginning of the HSR, inactive
HSFs translocate from the cytoplasm to
the nucleus and become activated, and
then bind to the HS element (HSE) of
HSP promoters to regulate their expres-
sion. Within the attenuation of the HSR,
HSP70 and heat shock factor binding pro-
tein (HSBP) directly associate with and
inactivate HSFs to shut down the HSR.
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Members of the HSBP family are small
proteins (<10 kD) and are highly con-
served among species” Human HSBPI
(HsHSBP1) has been the first identified
HSBP; predominantly nuclear-localized
HsHSBP1 functions as a negative regulator
of the HSR .2 In maize (Zea mays), EMPTY
PERICARP 2 (EMP2), encoding the first
described HSBP-like protein, regulates
embryogenesis and shoot development.
The emp2 mutant kernels show greatly
increased HSP expression.®” In addition to
EMP2, maize has another HSBP paralog,
ZmHSBP2. Both ZmHSBP paralogs inter-
act non-redundantly with specific HSFs,
so EMP2 and ZmHSBP2 may have dis-
tinct functions during plant development
and the HSR.”® In Arabidopsis, AtHSBP
functions as a negative regulator during
the recovery from HS. Cytosolic-localized
AtHSBP depends on HS to translocate to
the nucleus and inhibits AtHSFs binding
to HSEs to attenuate the HSR. Altered
levels of AtHSBP lead to differential HSP
expression, and the defective AzHSBP also
results in an aborted seed phenotype, but
how AtHSBP influences seed development

remains unclear.’

The Defective AtHSBP May Not
Affect Ovule Development but
May Influence Embryogenesis
After Fertilization to Result
in Seed Abortion

We examined the ovules in the ovary of
different Arabidopsis flower positions that
reflect the relative developmental stages
on an inflorescence from the top to the
bottom'®!" (Fig. 1A). Flower position 1
represents the opened youngest flower
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Figure 1. Seed abortion phenotype in the AtHSBP-

at flower position 3 were stained by toluidine blue

from 1 to 10 as indicated. (B) Semi-thin sections of the ovary of the wild type (WT) and Athsbp-1

positions 6, 8 and 10. Arrowheads indicate aborted seeds.

knockout line (Athsbp-1). (A) Flower positions

0. (C) Seed abortion in green siliques at flower

with visible petals between sepals. Flower
positions 1 and 2 are self-pollinated flow-
ers, and pollen tubes grow to fertilize
the ovules. At and after flower position
3, the ovules enter embryogenesis and
seed development. Semi-thin sections
of the wild-type and ArHSBP-knockout
(Athsbp-I) plants revealed no difference
in ovule phenotypes at flower position 3
(Fig. 1B), whereas seed abortion pheno-
type was observed at and after flower posi-
tion 6 (Fig. 1C). Thus, AtHSBP may not
affect ovule development but may regulate
embryogenesis and seed development after
fertilization.

The HSR is known to affect various
developmental stages among different spe-
cies. The emp2 mutant kernels in maize
lead to unattenuated HSR and are also
aborted at the coleoptile stage/stage 1, fol-
lowed by necrosis and reabsorption of ker-
nel contents.® Overexpression of HSP70 in
Drosophila cells has been found to reduce
cell division rate and growth."> We found
that the defective ArHSBP upregulated
HSP expression’ and affected embryogen-
esis to cause a seed abortion phenotype,
which indicates that the mutant seeds of
Athsbp-1 may exhibit an unattenuated
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HSR to cause aborted seeds. However,
which embryonic stage is affected by
AtHSBP needs to be confirmed.

Characterization of the AtHSBP
Motif for Subcellular Localization
and Interaction with AtHSFs

The coiled-coil region of HSBP is impor-
tant for associating with the oligomeriza-
tion domain of HSFs.>® The residues 41 to
65 of AtHSBP have been predicted to have
60% to 99% possibility to form a coiled-
coil structure.” Therefore, we mutated
the conserved hydrophobic heptad repeat
(HR) residues in this region to strong
basic and hydrophilic residues, AcHSBP-
I42K/M45K and AtHSBP-149K/152K,
and the residue of Ser35 was mutated to
Ala (AtHSBP-S35A), as shown in Figure
2A. These variant mutants were examined
for their subcellular localization and inter-
action with AtHSFs.

AtHSBP and the mutants were fused
to N terminus of green fluorescent pro-
tein (GFP), respectively, driven by a 35S
promoter and analyzed in Arabidopsis
mesophyll protoplasts to assess subcel-
lular localization under normal growth
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conditions. AtHSBP-GFP and AtHSBP-
S35A-GFP were dominantly expressed
in the cytoplasm, whereas AtHSBP-
142K/M45K-GFP and AtHSBP-I49K/
L52K-GFP were expressed both in the
cytoplasm and nucleus (Fig. 2B). We
also examined whether these mutants
affect the interaction ability with the
well-studied and HS-related AtHSFs,
AtHSFAla and A¢HSFAlb, by P2H
assays” (Fig. 2C). The results con-
firmed that both AtHSBP-142K/M45K
and AtHSBP-I149K/L52K  significantly
reduced the interaction capability with
AtHSFs, as compared with AtHSBP and
AtHSBP-S35A.

Conclusions and Perspectives

During the recovery from HS, AtHSBP,
without a nuclear localization signal,
translocates to the nucleus and functions
to negatively mediate the DNA-binding
capacity and transactivation activity of
AtHSFs.” The conserved residue Ser3l
of HsHSBP1 has been suggested to play
an important role in its structure and
function.” Regardless of HS treatment,
we found that the AtHSBP-S35A muta-
tion may alter its structure for expres-
sion only in the cytoplasm, but does
not affect the interacting ability with
AtHSFs? The AtHSBP-142K/M45K and
AtHSBP-I49K/L52K mutations on the
HR domain were detected both in the
cytoplasm and nucleus, similar to that of
the overexpressed GFP control (data not
shown), and significantly lost the inter-
acting activity with AtHSFs. We propose
that (1) AtHSBP may interact with the
specific factor(s) through the coiled-coil
structure for retention in the cytoplasm
under normal growth conditions, and the
mutations of the AtHSBP-HR domain
may lose the interacting ability and lead
the overexpressed proteins to diffuse to
the nucleus; and (2) the residue Ser35
can confer a specific conformation/struc-
ture of AcHSBP, which may be essential
to associate with HS-related factor(s) for
nuclear localization during the recovery
from HS. However, the potential cyto-
plasmic interacting factor(s) mediating
AtHSBP translocation in response to the
HSR remain unclear, and additional stud-
ies are necessary to address this issue.
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Figure 2. AtHSBP mutagenesis, cellular localization and interaction with AtHSFs. (A) The partial protein sequence of AtHSBP, residues 28 to 86. The
hallmark of coiled-coil structure is a heptad repeat of 7 amino acid residues (“abcdefg”), with a predominance of hydrophobic residues at a and d
positions, and residues at e and g positions are frequently charged, as predicted by COILS (http://www.ch.embnet.org/software/COILS_form.html) in a
14-residue window. The AtHSBP-S35A, AtHSBP-142K/M45K and AtHSBP-149K/L52K are shown below the sequence. (B) AtHSBP and the mutations were
transiently expressed in Arabidopsis mesophyll protoplasts under normal growth conditions. Green fluorescent protein (GFP) signals were observed
on confocal microscopy. Blue shows the nucleus stained with 4,6-diamino-phenylindole (DAPI), and red shows the chlorophyll with auto-fluorescence.
Similar results were obtained from 3 independent replicates, and representative images are shown. Bar = 20 um. (C) Quantification of protein-protein

interaction by P2H assay. AtHSBP and the mutations were fused with GAL4 DNA-binding domain (BD) or -activation domain (AD), respectively, and
used for protoplast transfections, as indicated. Transfections with BD and AtHSFs-AD constructs were used as references. Interactions between AtHSBP
and AtHSFs were used as positive controls. The amount of relative GUS activity was normalized by luciferase luminescence. Data are means = SD (n = 3).
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