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Abstract

Small heat shock proteins (sHSPs) are known to exhibit in vitro chaperone

activity by suppressing the aggregation of misfolded proteins. The 12-kDa

sHSPs (Hsp12s) subfamily members from Caenorhabditis elegans, including

Hsp12.2, Hsp12.3, and Hsp12.6, however, are devoid of such chaperone activ-

ity, and their in vivo functions are poorly understood. Here we verified that

Hsp12.1, similar to its homologs Hsp12.2, Hsp12.3, and Hsp12.6, hardly

exhibited any chaperone activity. Strikingly, we demonstrated that these

Hsp12s seem to play crucial physiological roles in C. elegans, for suppressing

dauer formation and promoting both longevity and reproduction. A unique

sHSP gene from Filarial nematode worm Brugia malayi was identified such

that it encodes two products, one as a full-length Hsp12.6 protein and the

other one having an N-terminal arm of normal length but lacks the C-terminal

extension. This gene may represent an intermediate form in evolution from a

common sHSP to a Hsp12. Together, our study offers insights on what biologi-

cal functions the chaperone-defective sHSPs may exhibit and also implicates

an evolutionary scenario for the unique Hsp12s subfamily.
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1 | INTRODUCTION

The protein quality control system is essential for cells to
produce functional proteins and remove harmful
misfolded or aggregated proteins. Molecular chaperone
proteins are able to prevent protein aggregation or mis-
folding and assist protein folding or assembly, and thus
play essential roles in protein quality control.1 Small heat
shock proteins (sHSPs), a virtually ubiquitous molecular
chaperone family, are characterized in primary structure

by possessing a relatively conserved α-crystallin domain,
which is flanked by a highly variable N-terminal arm and
a flexible C-terminal extension.2 The sHSPs are known to
prevent protein aggregation3,4 and assist protein refolding
in cooperation with other molecular chaperones such as
Hsp70s and Hsp60s.5–7 As such, the over-expression of
sHSPs has been found to increase cell tolerance against
stress threats.8–11

The sHSPs are considered as the first line of defense
against stress-induced protein aggregation in cells.12,13

They have been reported to be involved in a wide range
of cellular processes in animals and humans, as exampled
by mouse Hsp25 in cell differentiation,14 human Hsp27
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in apoptosis10 and fly Hsp22 in longevity.15 The dysfunc-
tions of certain sHSPs have been linked to such diseases
as cancer development,9 cardiovascular diseases,16,17

cataracts,18 myopathy,19 and motor neuron diseases.20,21

Such physiological and pathologic roles of sHSPs are gen-
erally believed to be underlain by their in vitro chaperone
activity in suppressing protein aggregation/misfolding.

Nevertheless, Hsp12.3 and Hsp12.6 from the nema-
tode worm Caenorhabditis elegans, though being unable
to act as a chaperone in vitro,22,23 were found to contrib-
ute to the hypertonic stress-resistant phenotype of age-1
animals.24 This fact raises a possibility that the function
of certain sHSPs does not rely on an in vitro chaperone
activity. In retrospect, Hsp12.3 and Hsp12.6, together
with Hsp12.1 and Hsp12.2, comprise a unique sHSP sub-
family (Hsp12s) among the 14 sHSPs of C. elegans.22

Hsp12s, though containing the relatively conserved
α-crystallin domain, are distinguished from the common
sHSPs by carrying a much shorter N-terminal arms and
lacking the flexible C-terminal extension.22,23 Further,
unlike the common sHSPs that usually form large oligo-
mers of 12–40 subunits,25–27 Hsp12.2 and Hsp12.3 exist as
tetramers23 while Hsp12.6 as dimers or monomers.22

Notably, Hsp12.6 was reported to act downstream of
DAF-16, the primary transcription factor required for the
profound lifespan extension observed when the insulin-
like receptor daf-2 is defective in C. elegans.28,29

Here we attempted to clarify the physiological func-
tion of the unique Hsp12s subfamily members that
hardly possess in vitro chaperone activity. We found
that each of these four Hsp12s acts as a suppressor for
dauer formation and as positive effector for promoting
both lifespan and reproduction in C. elegans. In addition,
we identified a unique sHSP gene representing an inter-
mediate form in evolution from common sHSPs to
Hsp12s. Our study offers insights into the functions of
sHSPs that hardly exhibit in vitro chaperone activities
and also helps to establish the evolutionary scenario for
the unique Hsp12s subfamily.

2 | RESULTS

2.1 | Hsp12.1 exists as small oligomers
under in vitro conditions and exhibits little
chaperone activity

Given that sHSPs usually exist as large oligomers com-
prising 12–40 subunits and that Hsp12.2 and Hsp12.3
exist as tetramers23 and Hsp12.6 as dimer or monomer,22

we first examined the oligomeric status of Hsp12.1 under
in vitro conditions. For this, we purified the recombinant
Hsp12.1 protein expressed in E. coli bacterial cells via

affinity-chromatography and examined its oligomeric
state via blue native PAGE analysis, a technique that
allows separation of multiprotein complexes in their
native conformations. The results displayed in Figure 1a
reveals that the purified Hsp12.1 protein (lane 5) mobi-
lizes on the gel at a rate higher than that of the mono-
meric form of the bovine serum albumin (BSA, 66 kDa;
lane 1) standard, similar to that of the monomeric alco-
hol dehydrogenase (40 kDa, lane 2), or slower than that
of either the trypsin inhibitor (6.5 kD; lane 3) or insulin
(5.8 kD; lane 4). This indicates that Hsp12.1 exists as
small oligomers, being made of 2–4 subunits. Further,
formaldehyde-mediated chemical crosslinking coupled
with SDS-PAGE analysis (Figure 1b) revealed that
Hsp12.1 seems to exist as trimers or dimers at low con-
centration (0.2 mg/ml; lane 2), as tetramers, trimmers or
dimers at a higher concentration (1 mg/ml; lane 5).
Together, these results indicate that Hsp12.1 exist as
small rather than large oligomers under in vitro
conditions.

We then demonstrated that the Hsp12.1 protein
exhibited little in vitro chaperone activity. To this end,
we found that Hsp12.1, unlike common sHSPs as
reported by us30 and others,31–36 did not increase the
thermal resistance of E. coli cells against lethal heat
shock (50�C, 1 hr) when it was heterologously over-
expressed (Figure 1c). In line with this, we found that the
over-expressed Hsp12.1 protein, unlike C. elegans Hsp17
as we reported earlier,30 hardly prevented the thermal
aggregation of cellular proteins when the cells were
heated at 50�C (lane 5 vs. 11, lane 6 vs. 12, Figure 1d),
although Hsp12.1 was largely detected in the protein
aggregates (lane 11 vs. 12). These results thus indicate
that Hsp12.1, similarly to Hsp12.2, Hsp12.3, and Hsp12.6
(22; 23; 37), is apparently devoid of any chaperone
activity.

2.2 | The Hsp12s are constitutively
expressed at all developmental stages but
absent in the dauer state in the
C. elegans worms

We then aimed to investigate the physiological functions
of chaperone-defective Hsp12.1 and its homologs
(i.e., Hsp12.2, Hsp12.3, and Hsp12.6). We first examined
their expression pattern during different developmental
stages, given that the expression of certain sHSPs in ani-
mals has been reported to vary during development.37

Immunoblotting analyses, using polyclonal antibodies
against Hsp12.1, Hsp12.2, Hsp12.3, and Hsp12.6, respec-
tively, revealed that: (a) none of them was significantly
detectable in the embryos (lane 1, Figure 2a); (b) all were
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clearly detected at the four larvae stages (from L1 to L4;
lanes 2–5); (c) Hsp12.1 and Hsp12.6, but hardly Hsp12.2
or Hsp12.3, were detected in the young adult worms
(lane 6). These observations suggest that the Hsp12s may
play certain roles during the normal development of
worms.

Interestingly, we failed to detect Hsp12s in the
C. elegans worms that entered the dauer state as induced
either by heat shock (lane 2, Figure 2b), or by starvation
(lane 3, Figure 2b). Upon recovery from the dauer state,
all of them (except Hsp12.2 for the dauer state induced
by heat shock) were re-appeared (Figure 2c). These obser-
vations implicate that the Hsp12s may play a certain role
for the C. elegans animals to enter and exit the dauer

state. It should be pointed out that some protein/genes
are up-regulated in the dauer stage compared to normal
larvae worms as revealed by earlier proteomic and trans-
criptomic studies.38–41 Conceivably, those proteins up-
regulated in the dauer state may be involved in
maintaining this unique C. elegans developmental stage
that endow the nematode an increased longevity, a stress
resistance, the nictation behavior, as well as a metabo-
lism different from that of normal worms. In addition,
we observed that the time-dependent re-expression pat-
tern of Hsp12.1 and Hsp12.6 following recovery from
dauer stage was different: the Hsp12.1 keeps increase
after 3 hr of recovery while Hsp12.6 becomes significantly
decreased again after 3 hr (Figure S1).

FIGURE 1 The Hsp12.1 protein exhibits little chaperone activity and exists as small oliogmers. (a) Blue native PAGE analysis of the

purified Hsp12.1 protein (lane 5), with other indicated proteins (BSA: bovine serum albumin); ADH: alcohol dehydrogenase) being analyzed

in parallel for molecular size comparison. (b) Coomassie blue staining results of SDS-PAGE analysis of the purified Hsp12.1 protein being

crosslinked with formaldehyde. The reaction was performed by incubating Hsp12.1 (at a final concentration of 0.2 mg/ml or 1 mg/ml) with

formaldehyde (0.5%) for 5 min and quenched with glycine (1 M). The samples were also boiled in the SDS sample-loading buffer to disrupt

the chemical crosslinkages (lanes 3 and 6). (c) Survival of the E. coli BL21(DE3) cells with or without the heterologous expression of Hsp12.1,

after being treated at 37�C or 50�C for 1 hr. (d) Coomassie blue staining results of SDS-PAGE analysis of proteins present in the supernatant

or pellet fractions of the cell lysates of BL21(DE3) cells with or without the heterologous expression of Hsp12.1 after the cells were treated at

37�C or 50�C for 1 hr. T, total cell lysate; S, supernatant; P, pellet
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2.3 | A knockdown of each hsp12 gene
alone significantly enhances dauer
formation for C. elegans worms

In light of these dramatic changes in the levels of the Hsp
12 proteins during and after the dauer stage, we next
investigated the potential functions of Hsp12s in
C. elegans dauer formation. First, we tried to decrease the
levels of the Hsp12s via RNA interference (RNAi), a tech-
nique that has been effectively applied for investigating
gene functions in C. elegans.42,43 Experimentally, the L4
stage of the wild type N2 worms were fed with E. coli
cells carrying the hsp12.1, hsp12.2, hsp12.3, or hsp12.6
RNAi plasmid for 3 days. The immunoblotting results
presented in Figure 3a indicate that our RNAi manipula-
tions did effectively decrease the protein level of each
Hsp12 in the worms.

In light of our observation that the Hsp12s are not
expressed in the dauer form but re-expressed upon recov-
ery from dauer state (Figure 2b,c), we then analyzed
whether their knockdown affected the dauer formation
of the C. elegans worms. Remarkably, we observed a sig-
nificantly enhanced dauer formation ratio for the knock-
down worms when cultured at 20�C (white bars,
Figure 3b), and such enhancement effect was even stron-
ger when the worms were cultured at a higher tempera-
ture of 27�C (gray bars). These results, together with their
presence in the larval stages and absence in the dauer
stage (Figure 2b), suggest that Hsp12s act as suppressors
for dauer formation in worms. Of note, we found that a
simultaneous knockdown of any two of the four Hsp12s
genes only led to an additive, instead of synergistic, effect

(Figure 3c), indicating their function to be somehow
redundant.

2.4 | A knockdown of each hsp12 gene
decreases both the lifespan and
reproduction rate of the C. elegans worms

It has been reported that the absence of small heat shock
protein Hsp22 in the fruit fly Drosophila led to a 40%
decrease in the lifespan of the animals.15 Here, we also
observed that a knockdown of each hsp12 gene led to a
significant and similar degree of decrease in the average
lifespan of the worms from 17 days to 13 days when cul-
tured at the normal temperature of 20�C (Figure 4a,
Figure S2A). Of note, the lifespan reduction effect was
similarly significant when these hsp12-knockdown
worms were cultured at the heat shock temperature of
25.5�C (Figure 4b), with the average lifespan of the
worms being shortened from 10 days to 7 days
(Figure S2B).

It was reported that the Hsp12s are specifically
expressed in the reproductive tissues of worms,44 raising
the possibility that the Hsp12s are functionally linked to
their reproduction. In support of this, here we found that
the knockdown of each hsp12 gene decreased the brood
size of the worms by about 30% when cultured under
normal temperature of 20�C (Figure 4c), and by about
75% when cultured at the heat shock temperature of
25.5�C (Figure 4d). All these results, together with the
fact that the Hsp12s are constitutively expressed at all the
developmental stages, indicate that the Hsp12s play

FIGURE 2 The Hsp12s are constitutively expressed at normal development stages but not in dauer C. elegans worms.

(a) Immunoblotting results for analyzing the level of the Hsp12 proteins in different developmental stages of C. elegans worms.

(b) Immunoblotting results for analyzing the level of the Hsp12 proteins in the heat shock temperature-induced dauer (lane 2) and recovered

worms (lane 3). (c) Immunoblotting results for analyzing the level of the Hsp12 proteins in the starvation-induced dauer (lane 2) and

recovered worms (lane 3). Actin was analyzed as a loading control
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FIGURE 4 Knockdown of

each hsp12 gene decreased the

lifespan and reproduction rate

of the C. elegans worms. (a,b)

Lifespan curves of the N2 wild

type C. elegans worms fed on

bacteria carrying the indicated

Hsp12 RNAi vector or the

control vector and grown at

either 20�C (Panel a) or 25.5�C
(Panel b). (c,d) Brood size of

the N2 wild type worms fed on

bacteria carrying a Hsp12 RNAi

vector or the control vector and

grown at 20�C (Panel c) or

25.5�C (Panel d). Results

represent mean ± SE of three

replicates

FIGURE 3 Knockdown of each Hsp12s gene led to an increase of the dauer formation ratio for C. elegans worms. (a) Immunoblotting

results for analyzing the levels of the Hsp12 proteins in worms fed on bacteria carrying a Hsp12 RNAi vector (lane 2) or the control vector

(lane 1), using antibodies against each Hsp12 (the upper part). Actin was analyzed as an internal control to indicate equal sample loading

(the bottom part). (b). Dauer formation ratio of the N2 wild type worms that were fed on RNAi bacteria carrying the control vector or a

Hsp12 RNAi vector were grown at 20�C (white bars) or 27�C (gray bars). (c) Dauer formation ratio of the N2 wild type worms fed on E. coli

bacterial cells expressing two types of Hsp12 RNAi and grown at 27�C. Results represent mean ± SE of three replicates
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important roles for the longevity and reproduction of the
C. elegans worms.

2.5 | Hsp12s and common sHSPs in
C. elegans exhibit a monophyletic grouping
distinguishable from that of the sHSPs in
fruit flies and vertebrates

Although gene duplication and lateral gene transferring
are believed to account for the evolutionary production
of such a diversified sHSPs molecular chaperone family
that is ubiquitously found in all the three domains of
life,45–47 how this unique Hsp12s subfamily has been
evolved is largely unknown. To probe this, we first exam-
ined whether Hsp12s, like common sHSPs, are

ubiquitously present in all three domains of life. To this
end, we performed BLAST analysis on the UniProtKB
database by using the amino acid sequence of each
C. elegans Hsp12 protein as a template. We extracted a
total of 250 protein sequences by setting the sequence
identity requirement as 30% (with the homologs of
Hsp12.6 being listed in Table S1).

Of note, the proteins displayed in Table S1 are exclu-
sively found in metazoans, with none from plants, fungi,
bacteria and archaea, consistent with earlier reports
showing that the sHSPs of animals overall exhibit a
monophyletic grouping.46,48,49 It is therefore concluded
that Hsp12s are not ubiquitously being present in all life,
but present only in such animals as the metazoans. Fur-
ther phylogenetic analyses reveal that the C. elegans
Hsp12s, together with other sHSPs in C. elegans, exhibit a

FIGURE 5 Monophyletic grouping of the Hsp12s subfamily. The phylogenetic tree (shown in part) was generated on the Ensembl

database. Apparently, the Hsp12s subfamily in C. elegans is closest to the common sHSPs of C. elegans, being separated from the sHSPs of

fruitfly and vertebrates
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monophyletic grouping, being distinguishable from the
sHSPs derived from fruit flies and other vertebrates
(Figure 5). This result implicates that the Hsp12 genes in
worms should have been evolved from the common
sHSPs genes in worms rather than from the
common sHSPs genes in metazoans.

2.6 | Identification of a unique sHSP
gene that may represent an evolutionary
intermediate form from common sHSPs to
Hsp12s

The Hsp12s are unique in their amino acid sequences by
having a much shorter N-terminal arm and lacking the
C-terminal extension, in comparison with the common
sHSPs (as illustrated in Figure 6a; also refer to22,23). It is

conceivable that two types of sHSP intermediate gene
subgroups might have existed as intermediates during
the evolution of the Hsp12 genes from the common sHSP
genes of the nematode worms: intermediate subgroup I
that possessed a short N-terminal arm and a full C-
terminal extension and intermediate subgroup II that
possessed a normal N-terminal arm but lacking the C-
terminal extension (as schematically illustrated in
Figure 6a).

We attempted to examine whether such intermediate
subgroup forms are present in current animal species. To
this end, BLAST analyses on the UniProtKB database
using the amino acid sequence of Hsp12.1, Hsp12.3,
Hsp12.2, or Hsp12.6 of C. elegans revealed one specific
gene (ID: Bm2195) from Filarial nematode worm Brugia
malayi. This gene encodes a sHSP protein (ID: Bm2195a)
that apparently possesses an N-terminal arm of normal

FIGURE 6 Identification of Bm2195a gene from B. Malayi as an evolutionary intermediate from common sHSPs to the Hsp12s

subfamily. Domain organization of the common sHSPs, Hsp12s subfamily, and the proposed evolutionary intermediates I and II. The N-

terminal arm, the α-crystallin domain and the C-terminal extension are shown in blue, red, and purple, respectively. (b) Sequence alignment

of representative common sHSPs and Hsp12s from worms. The highly conserved residues are indicated by black backgrounds. The potential

evolutionary intermediate Bm2195a is highlighted in red. (c) Schematic illustration of the evolution of Hsp12s from the common sHSPs via

the intermediate Bm2195a
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length but lacks the C-terminal extension (as indicated
by data shown in Figure 6b). We propose this gene repre-
sents a member of the intermediate subgroup II formed
during the evolutionary production of Hsp12s. Notably,
there are also a Bm2195a-like protein in the Filarial nem-
atode worm species Brugia pahangi and Brugia timori
(Figure S3), which might be produced due to lateral gene
transfer among them.

Interestingly, a splicing mRNA variant lacking the
first exon (Figure S4) can be produced from the B. malayi
Bm2195 gene for guiding the synthesis of a Hsp12.6 pro-
tein (ID: Bm2195b or BmHsp12.6). Apparently,
BmHsp12.6 has a much shorter N-terminal arm and
meanwhile lacks the C-terminal extension (Figure 6b).
Of note, BmHsp12.6 was recently identified as a human
IL-10 receptor binding protein50 and may potentially be
used as a vaccine for preventing lymphatic filariasis.51

Therefore, the B. malayi Bm2195 gene represents an
excellent case in which both intermediate II and mature
forms of Hsp12s are manifested via alternative mRNA
splicing.

3 | DISCUSSION

The physiological functions of sHSPs are generally attrib-
uted to their chaperone activity.13,52–54 Our work
reported here apparently challenges this currently preva-
iling view, because the C. elegans Hsp12s exhibit little
chaperone activity (Figure 1c,d, and also refer to earlier
reports22,23,55) but apparently play crucial physiological
roles in dauer formation, longevity and reproduction
(Figures 2–4). These observations are consistent with a
previous report showing that Hsp12 transcriptions occur
mainly in the reproductive tissues of worms.44 On the
other hand, Giese et al previously reported that a few
mutant forms of Hsp16.6 (a sHSP from cyanobacteria
Synechocystis), although exhibiting chaperone activity
in vitro, were functionally impaired in vivo for protecting
the host cells from being killed by heat shock.56 These
reported observations suggest that the chaperone activity
is not indispensable for explaining the in vivo biological
functions of certain sHSPs, even though the chaperone
activity accounts for the in vivo functions in most cases.

How the Hsp12s having little in vitro chaperone activ-
ity play their physiological functions in vivo remains elu-
sive. It is well established that residues involved in
binding substrate proteins are primarily located at the N-
terminal arm and also substantially in the N-terminus of
the α-crystallin domain for the common sHSPs, as
revealed by unnatural amino acid-mediated protein
photo-crosslinking analyses57,58 as well as by chemical-
crosslinking analyses.59–61 Another feature of the common

sHSPs is their existence as large oligomers usually com-
prising 12–24 subunits,25,26 which may facilitate the for-
mation of soluble sHSP-substrate complexes that is a
prerequisite for them to suppress protein aggregation. In
these regards, it is conceivable that Hsp12s are able nei-
ther to act as chaperones in suppressing the aggregation
of substrate proteins not to protect bacterial cells from
being killed by heat shock, likely due to their incapability
to form large oligomers (Figure 1c,d; also refer to earlier
reports22,23). More likely, the inability for Hsp12s to
exhibit chaperone activity is due to the lack of the major
substrate-binding sites in the N-terminal arm of Hsp12s,
as implicated by our comparative hydropathy plot analysis
between the common sHSPs and Hsp12s (Figure S5A
vs. Figure S5B).

Nevertheless, Hsp12s may contain substrate-binding
residues in the α-crystallin domain, as implicated by our
hydropathy plot analysis results presented in Figure S5B.
As such, they are still capable of interacting with certain
specific cellular proteins of worms that are the natural
substrate proteins of common sHSPs. It follows that the
Hsp12s would not exhibit any chaperone activity toward
those artificial substrate proteins commonly analyzed
under in vitro conditions. In this regard, the interactions
between Hsp12s and the specific cellular proteins in
worms would accordingly change the functional and
structural status of the Hsp12s-interacting proteins,
which, in turn, affect certain biological processes, includ-
ing those involved in the dauer formation, longevity and
reproduction of worms. Identification of the Hsp12s-
interacting proteins in worms may guide to dissect the
molecular mechanism underlying Hsp12s-mediated
changes in the dauer formation, longevity and reproduc-
tion of worms. Another approach to uncovering the
underlying mechanism is to investigate the functional
cross-talks between Hsp12s and such critical pathways as
TGF-β and insulin-like signaling pathways that are well
known to play crucial roles in stress resistance, dauer for-
mation and longevity.62,63 It is conceivable that under
these circumstances, the Hsp12s do not have to function
as chaperones, but to play other roles.

So far, there is no report on the origin and evolution
of this unique Hsp12s subfamily since their identification
about 20 years ago.22 As a matter of fact, sHSPs are diver-
gent in their primary sequences (especially the highly
variable N-terminal arms), with their evolutionary origin
being difficult to be traced.45,46,48 Here, our identification
of the Bm2195 sHSP gene, which encodes both a Hsp12
protein (i.e., BmHsp12.6) and an intermediate form
(Bm2195a) as a result of alternative mRNA splicing
(Figure 6b, Figure S4), somehow suggests that this gene
represents the ancestral one of the Hsp12s subfamily
(as indicated in Figure 6c). The evolution of the Hsp12s
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subfamily is proposed to take place via three steps
(as illustrated in Figure 6c): loss of the C-terminal exten-
sion, shortening of the N-terminal arm and subsequent
lateral transferring, duplication and mutation of the
genes. Since the Hsp12s are apparently distinguished
from the sHSPs found in fruit flies and vertebrates
(Figure 5, Table S1), this subfamily is apparently young
in evolutionary terms. Less likely, the Hsp12s subfamily
was evolved since worms appear during the evolution
history, but they were discarded in such higher organ-
isms as fruit flies and vertebrates because they are no lon-
ger needed and thus became lost due to certain
deleterious events.

4 | MATERIALS AND METHODS

4.1 | Nematode strains, maintenance,
and culture

The wild type Bristol N2 was obtained from
Caenorhabditis Genetics Centre (University of Minne-
sota) and was used for all analyses. OP50 bacterial cells
were inoculated into LB broth and grown overnight at
37�C. The culture was then used to prepare bacterial
lawns on standard nematode growth media agar plates.
Nematodes were grown on NGM (nematode growth
medium) agar plates seeded with Escherichia coli strain
OP50 at 20�C unless otherwise specified.

4.2 | Heterologous expression of Hsp12.1
in E. coli

The coding sequence of Hsp12.1 was amplified and
inserted into the expression vector pET21a after being
digested with restriction enzymes NdeI and HindIII. The
expression plasmid pET21a-Hsp12.1 was transformed into
E. coli BL21(DE3) (Transgen). Bacterial cells were cultured
at 37�C in LB (Luria-Bertani) broth medium containing
antibiotics at final concentrations of 100 μg/ml for ampicil-
lin. Protein expression was induced by 1 mM of IPTG.

4.3 | Protein purification

E. coli BL21(DE3) cells expressing Hsp12.1 were
harvested and re-suspended in 20 mM Tris–HCl, pH 8.0
and lysed by high pressure. Cell lysates were centrifuged
at 10,000g for 10 min and the His-tagged Hsp12.1 was
purified from the supernatant via Ni-NTA affinity chro-
matography and the protein was then dialyzed against
20 mM phosphate sodium buffer (pH 7.4).

4.4 | Protein oligomeric structure
analyses

The purified Hsp12.1 protein (1 mg/ml) was dissolved in
blue native sample-loading buffer (containing 0.1%
Coomassie Blue G-250) and resolved on the acrylamide
gel (8%). The electrophoresis was first performed at 120 V
in Anode Buffer (25 mM imidazole, pH 7.0) and Cathode
Buffer A (50 mM Tricine, 7.5 mM imidazole, 0.02%
Coomassie Blue G-250, pH 7.0) for 1 hr before switching
the Cathode Buffer A to Cathode Buffer B (50 mM
Tricine, 7.5 mM imidazole, 0.002% Coomassie Blue G-
250, pH 7.0) for another 2 hr. In addition, the purified
Hsp12.1 protein (at a final concentration of 0.2 or
1 mg/ml) was incubated with formaldehyde (at a final
concentration of 0.5% v/v) in the phosphate sodium
buffer (pH 7.0) at room temperature for 5 min and then
mixed with 1 M glycine to stop the crosslinking reaction.
The protein samples were mixed with SDS sample-
loading buffer (with or without boiling treatment) and
then analyzed by SDS-PAGE (visualized by coomassie
blue staining).

4.5 | Thermal resistance analysis

E. coli BL21(DE3) cells expressing Hsp12.1 were heat
shocked at 50�C for an hour. Serial dilutions of cell cul-
tures were made with LB medium and 10 μl of each dilu-
tion was spotted on dish before incubating overnight at
37�C for colony formation. The control cells (carrying the
empty plasmid pET21a) were also treated in a similar
manner.

4.6 | Protein solubility analysis

E. coli BL21(DE3) cells expressing Hsp12.1, after heat
shock treatment at 50�C for an hour, were harvested and
re-suspended in 20 mM phosphate sodium buffer
(pH 7.4) and lysed by high pressure. Cell lysates were
centrifuged at 800g for 5 min to remove cell debris and
unbroken cells, and the supernatant was then subjected
to centrifugation at 10,000 g for 30 min, with the
resulting supernatant (soluble proteins) and precipitate
(aggregated proteins) being analyzed by 10% Tricine SDS-
PAGE and visualized by Coomassie blue staining. In
addition, the purified His-tagged Hsp12.1 protein (at a
final concentration of 0.2 mg/ml) was subjected to the
heat treatment (at 50�C for an hour), in the absence or
presence of insulin (at a final concentration of 0.2 mg/ml)
or the extract of worms (1 mg total proteins/ml), and
then the protein mixtures were centrifuged at 10,000g for
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30 min, with the soluble and pellet fractions before ana-
lyzed by SDS-PAGE.

4.7 | RNA-interference (RNAi) assays

The bacteria carrying RNAi vectors was used to reduce
the expression levels of the Hsp12s proteins in C. elegans.
HT115 bacteria was transformed with the L440 vector
expressing dsRNA of each of the Hsp12 gene or the
empty vector, grown at 37�C in LB with 100 μg/ml ampi-
cillin and 10 μg/ml tetracycline, then seeded onto NGM-
ampicillin plates supplemented with 1 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG).

4.8 | Dauer formation assay

To assay dauer development, strains were synchronized
by sodium hypochlorite treatment. The isolated eggs were
distributed on 1 mM IPTG-containing NGM agar plates
seeded with hsp12s dsRNA expressing bacterial strains
and placed at either 20�C or 27�C. Plates at 27�C were
scored for dauers, nondauers, and dead eggs 2–3 days
later, while plates at 20�C were scored for dauers, non-
dauers and dead eggs 10–14 days later. Worms that had
crawled off the side of the plate were censored. Animals
were harvested and suspended in 1% SDS for half an
hour, and were then separated from debris by centrifuga-
tion through 60% sucrose. The percentage of resulting
dauer larvae was scored. Worms that had crawled off the
side of the plate were censored. Each experiment was
repeated at least two times in triplicates.

4.9 | Entry into and exit from dauer
larvae

The wild type hermaphrodite from either food exhausted
NGM plates at 20�C or plates at 27�C were washed off
the plates in M9 buffer. After treatment with SDS (at a
final concentration of 1%) at room temperature for
30 min, SDS-resistant worms were transferred to fresh
NGM plates seeded with bacteria and incubated at 20�C
to allow for recovery from dauers.

4.10 | Lifespan analysis

Strains were synchronized by sodium hypochlorite treat-
ment and eggs were placed on 1 mM IPTG containing
NGM agar plates seeded with hsp12s dsRNA expressing
bacterial strains. Next, young adult hermaphrodites were

transferred onto NGM agar plates containing 20 μg/ml
FUdR (Sigma) to inhibit reproduction. Worms were
scored every other day until all worms were scored dead
by not responding to gentle prodding with a platinum
wire. Animals that had crawled off the plate, or became
desiccated on the sides of the NGM plate were censored.
Lifespan assays were performed in triplicate at 20�C or
25.5�C unless specified, and repeated at least twice.

4.11 | Brood size assay

Adult hermaphrodites fed on hsp12s RNAi or control vec-
tor RNAi bacteria were picked (6–8 per plate) and
allowed to undergo one full generation at 20�C to ensure
that the parental strain had not starved or gone through
dauer. From these plates, individual L4 or young adult
animals were singled to individual plates at 20�C or
25.5�C. The parental animals were transferred every
24 hr to fresh plates.

4.12 | Immunoblotting analysis and
antibodies

Immunoblotting analysis was performed according to
standard protocols. Briefly, equal amounts of protein
(100 μg) were loaded into each lane and separated by
SDS- PAGE (12%) and transferred to polyvinylidene
difluoride membranes. Following overnight blocking and
washings, the blots were incubated for 1 hr at room tem-
perature with the Rabbit polyclonal antibodies against
Hsp12.1, Hsp12.1, Hsp12.3, or Hsp12.6 produced in our
own lab at 1:10000 dilution in TBS-T buffer containing
5% non-fat dry skim milk. After 3 times washing with
TBS-T, the membranes were incubated for 1 hr at room
temperature with secondary antibody goat anti-rabbit
IgG-alkaline phosphatase conjugate (Transgene) at
1:5000 dilution in the same blocking buffer (TBS-T buffer
containing 5% non-fat dry skim milk). The protein bands
on the PVDF membrane were visualized with NBT
(Amresco) and BCIP (Promega). Polyclonal antibodies
were made in the Institute of Microbiology of Chinese
Academy of Sciences by injecting the purified recombi-
nant Hsp12.1, Hsp 12.2, Hsp12.3, or Hsp12.6 into rabbits.

4.13 | Sequence analysis

BLAST search was performed on the UnitProt database
(http://www.uniprot.org/). The amino acid sequences of
Hsp12s and other common sHSPs proteins were down-
loaded and subjected to sequence alignment by using the
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clustalW multiple alignment in BioEdit (version 5.06;
Department of Microbiology, North Carolina State Uni-
versity). The α-crystallin domain sequences were identi-
fied according to the sequence alignment result presented
by Leroux et al.22 The phylogenetic tree was generated on
the Ensembl database (http://asia.ensembl.org/index.
html). Hydrophobicity analysis was performed in
BioEdit.
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