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Abstract

Small heat shock proteins (sHsps) are ubiquitous molecular chaperones found in all domains of life, possessing significant roles
in protein quality control in cells and assisting the refolding of non-native proteins. They are efficient chaperones against many
in vitro protein substrates. Nevertheless, the in vivo native substrates of sHsps are not known. To better understand the functions
of sHsps and the mechanisms by which they enhance heat resistance, sHsp-interacting proteins were identified using affinity
purification under heat shock conditions. This paper aims at providing some insights into the characteristics of natural substrate
proteins of sHsps. It seems that sHsps of prokaryotes, as well as sHsps of some eukaryotes, can bind to a wide range of substrate
proteins with a preference for certain functional classes of proteins. Using Drosophila melanogaster mitochondrial Hsp22 as a
model system, we observed that this sHsp interacted with the members of ATP synthase machinery. Mechanistically, Hsp22

interacts with the multi-type substrate proteins under heat shock conditions as well as non-heat shock conditions.
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Introduction

Maintaining protein homeostasis (proteostasis) is one of the
most important processes for all cellular organisms. Many
proteins are working together to efficiently stabilize protein
homeostasis (Richter et al. 2010). This process has been im-
plicated in many degenerative diseases in which proteins tend
to become insoluble forming aggresomes (Luheshi et al. 2008;
Powers et al. 2009; Richter et al. 2010). Molecular chaperones
perform an essential role and function as the first line of de-
fense in this process (Hartl et al. 2011; Tyedmers et al. 2010).
Stress conditions lead to dramatic increases in the level of
protein unfolding, resulting in the accumulation of damaged
proteins (Tyedmers et al. 2010). ATP-dependent chaperones
including Hsp60, Hsp70, and Hsp90 bind to the partially
folded or denatured proteins under these conditions and pro-
mote their refolding using the energy of ATP hydrolysis
(Richter et al. 2010).
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The family of small heat shock proteins (sHsps) are ubig-
uitous molecular chaperones with polypeptide sizes between
12 and 43 kDa. They are the key players in stress responses
and exist in all forms of life (Jakob et al. 1993; Maaroufi and
Tanguay 2013; Mymrikov and Haslbeck 2015; Walther et al.
2015). In contrast to the other ATP-dependent Hsps, the sHsps
suppress protein aggregation in an ATP-independent fashion
and are thought to stabilize early stress affected intermediates
(Haslbeck et al. 1999; Horwitz 1992; Tsvetkova et al. 2002).
sHsps effectively interact with a large variety of unfolded
proteins, ranging from peptides to large proteins, and trigger
activation of ATP-dependent chaperones, Hsp70\Hsp40,
which assist release of individual proteins from aggregates
and facilitate their subsequent refolding to the native form
(Fig. 1) (Bepperling et al. 2012; Cashikar et al. 2005;
Ehrnsperger et al. 1998; Lee et al. 1997; Lee and Vierling
2000). There are several factors that lead to a shift of the
oligomeric distribution of sHsps, which include the increase
in temperature, presence of unfolded substrates, changes in
pH, and post-translational modifications, especially phosphor-
ylation (Haslbeck et al. 1999) (Fig. 1). Thus, sHsps are central
players necessary for inhibition of protein aggregation follow-
ing acute proteotoxic stresses and act as holdases, as well as
disaggregases (Haslbeck and Vierling 2015; Mogk et al.
2018). The ratio of sHsp to substrate, temperature, and
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Fig. 1 Mechanism of chaperone function of sHsps. sHsps exist in a wide
variety of oligomers with different sizes which exchange their subunits
consequently (I). In response to stress, a large variety of substrates are
destabilized and form partially unfolded substrate (II). This causes
activation of sHsps through formation of a population which can
capture early denatured substrates by their substrate-binding sites (III).

characteristics of the substrate determine the composition and
size of the sHsp\substrate (Basha et al. 2004b; Stromer et al.
2003). This complex inhibits the exposure of hydrophobic
surfaces and prevents the formation of more aggregates; the
association of sHsp with its substrate can also facilitate disag-
gregation in the presence of ATP-dependent chaperones
(Ungelenk et al. 2016). Heat shock is a proteotoxic stress that
activates the regulation of many signaling pathways, includ-
ing overexpression of sHsps in various mammalian cells to
increase resistance against different stresses especially in the
early stress response (Nadeau and Landry 2007). In addition,
overexpression of sHsp genes has been shown to increase
longevity in Drosophila (Morrow et al. 2004b) and in various
mammalian cell models (Morrow et al. 2004a; Salinthone
et al. 2007).

It has been more than 20 years since the chaperone-like
activity of sHsps has been reported (Horwitz 1992). Most of
these studies were done in vitro, where chaperone function of
sHsps was measured using different model protein substrates
(Basha et al. 2012; Jaya et al. 2009; Morrow et al. 2006;
Salinthone et al. 2007). One important question which
remained unanswered was the nature of protein substrates
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The activated species bind to the large range of non-native substrate
proteins which sometimes are integrated in the oligomeric structure and
prevent them from undergoing irreversible aggregation by the formation
of sHsps-substrate complexes (IV). Finally, the bound substrates can be
released from the complexes and refolded with the help of the ATP-
dependent Hsp70/40/NEF chaperone system (V)

protected in vivo. Thus, the identification of in vivo protein
substrates of sHsps, as well as their characterization, substrate-
binding sites, and structural features of different
sHsp/substrates, is needed to clarify the question of specific-
ities or structural preferences of protein domains. Mammalian
HspB4 and HspBS5, mouse Hsp25, and human HspB1 and
HspBS8 are involved in diverse cellular functions including cell
differentiation, apoptosis, and longevity, and disruption of
their functions has been associated with the development of
numerous diseases (Favet et al. 2001; Salinthone et al. 2007,
Morrow et al. 2004b; Sanbe et al. 2013; Irobi et al. 2004).
The highly conserved alpha-crystallin domain (ACD) is the
characteristic feature of all sHsps and is flanked by the highly
diverse N-terminal domain and short C-terminal extension
(Haslbeck and Vierling 2015; Krichuber et al. 2010; Mogk
et al. 2003). Most members of the sHsp family form large
oligomeric structures, using dimers as the building blocks
(Haley et al. 1998; Narberhaus 2002). The huge diversity in
the expression patterns and biochemical properties of sHsps in
organisms suggests a wide variety of substrates and in vivo
functions, which needs more investigation as well as compar-
ative functional studies to decipher detailed information
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(Carra et al. 2013). sHsps integrate tightly with denatured
proteins to keep them in soluble form. However, the increas-
ing ratio of substrate to sHsp causes the formation of larger
complexes and eventually of insoluble complexes (Mogk
et al. 2003). This paper summarizes the various sHsps sub-
strates described in the current literature. The data presented
here can help in providing critical insights into the substrates
of sHsps in cells and should be useful for understanding the
mechanism of chaperone function and other functions per-
formed by members of the sHsps family.

Substrate spectra of sHsps

Several investigations have reported the diversity of substrates
interacting with sHsps using proteomic approaches. Co-
immunoprecipitation and/or immunoaffinity conjugation lead
to the identification of interaction spectra indicating the gen-
eral properties and functional classifications of substrates. A
detailed analysis was performed to explain more precisely the
biophysical nature of such protein-protein interactions.
Nevertheless, it is still unclear how exactly they recognize
the different substrates. It seems that the interactions are most-
ly dependent on the charge, size, and hydrophobicity of sub-
strates (Basha et al. 2012). Apparently, activation of sHsps
needs a shift in the equilibrium toward the formation of small-
er populations representing active form oligomers (Basha
et al. 2012; Delbecq and Klevit 2013; Haslbeck and Vierling
2015; Haslbeck et al. 1999). For example, 13 and 37 proteins
were identified associated with Hspl6.6 from
Cyanobacterium Synechocystis and IbpA from E. coli in
heat-shocked cells, respectively (Basha et al. 2004a; Butland
et al. 2005). We have recently identified a total 137 and 72
proteins of HeLa cells interacting in vivo with Hsp22 from
Drosophila melanogaster (DmHsp22) in two independent im-
munoaffinity conjugations (IAC) in which 60 proteins were
common (Dabbaghizadeh et al. 2018). Eighty-nine and 100
proteins were identified as natural substrate proteins for bac-
terium Deinococcus radiodurans Hsp20.2 and E. coli TbpB,
respectively, in heated conditions (Bepperling et al. 2012; Fu
et al. 2013b). It seems that IbpB tends to bind a wide range of
cellular proteins (Basha et al. 2004a). It has also been reported
that Hsp20.2 and IbpB are involved in energy metabolism
with 38 and 66 protein substrates involved in this process.
Mymrikov and coworkers determined substrate spectra of hu-
man sHsps through mass spectrometry following heat shock
on cell lysate suspensions (Mymrikov et al. 2016). A total of
1100 proteins were precipitated upon incubation of lysates at
elevated temperature (Mymrikov et al. 2016). Among the hu-
man sHsps, HspB1 and HspB5 bound to about 100 substrates
with highest efficiency, while almost no interactions were de-
tected for HspB6 and HspB7. Immunoprecipitation analysis
determined 39 out of 168 proteins which directly or indirectly

interact with chloroplast Hsp22E/F with high confidence
(Rutgers et al. 2017). Five of these proteins co-precipitated
with Hsp22E/F through immunoblot analysis in both heat
shock and non-heat shock conditions (Rutgers et al. 2017).
Two cytoplasmic chaperones Hsp22A and Hsp70A were de-
tected as interactors with Hsp22E/F probably due to the fusion
of chloroplast and cytosolic aggregates during the cell lysis
process or due to the cross-interaction of antibody with cyto-
solic chaperones (Rutgers et al. 2017). Thirty-six and 16 pro-
teins were respectively identified as plant C1 and CII class-
associated proteins following heat exposure (McLoughlin
et al. 2016). These are directly or indirectly involved in trans-
lation such as initiation factor Etf4A, three isoforms of RNA
helicase, and three subunits of elongation factor eEF1B
(McLoughlin et al. 2016). Forty-two proteins potentially in-
teract in vivo with Hsp16.6 but only under heat-shocked con-
dition in Cyanobacterium Synechocystis (Basha et al. 2004a).
A protective effect of Hsp16.6 on serine esterase following
exposure to heat treatment at 46 °C for 60 min has been re-
ported (Basha et al. 2004a). Elongation factor Ts (a GDP/GTP
exchange factor) and S1 are heat-sensitive substrates of
Hspl16.6, and both are involved in translation regulation
(Basha et al. 2004a). Ubiquitin-conjugating enzyme,
proteasomal subunit, F-box protein, myotonic dystrophy pro-
tein kinase, initiation factor 4G, actin, and intermediate fila-
ment proteins have been reported as partners of sHsps in dif-
ferent organisms (Basha et al. 2004a). The inhibition of
sHsp26 expression reduces the expression level of ATP syn-
thase subunits « and 3, but not y under stress condition. Heat
shock reduces ATP synthase subunits activity not only in
DmHsp22 but also in maize chloroplast sHsp26
(Dabbaghizadeh et al. 2018; Hu et al. 2015).

Functional characteristics of proteins
interacting with sHsps

Proteins interacting with sHsps are involved in a huge range of
cellular functions including metabolism, translation, folding,
and signal transduction. They possess chaperone activity as
one of their distinct properties, which change depending on
the sHsps and the model substrate (Mymrikov et al. 2016).
Some sHsps tightly bind to certain proteins without suppress-
ing their aggregation, which suggests that substrate binding
and prevention of aggregation are two independent concepts
and substrates may bind stably or transiently to sHsps
(Mymrikov et al. 2016). PANTHER classification tool re-
vealed the involvement of detected proteins in different met-
abolic processes including RNA, DNA, and protein metabo-
lisms and translation processes including tRNA metabolic
processes and protein turnover such as protein folding, protein
complex assembly, and biogenesis. Furthermore, regulatory
proteins especially of the translational machinery are among
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the most abundant interactors of sHsps (Fu et al. 2013c).
General hydrophobicity of a protein is not an important factor
for substrate recognition (Mymrikov et al. 2016). Translation-
related proteins such as amino-acyl tRNA synthases and trans-
lation factors, as well as metabolic enzymes, are some exam-
ples of proteins interacting with sHsps. TufB, TufA, and
MDH are among the substrates detected for IbpB (Fu et al.
2013c). Ef-Tu has been detected as the IbpB substrate at 50 °C
but not at 30 °C, while the expression level is the same at both
temperatures (Fu et al. 2013c). While metabolic enzymes pre-
fer to bind to the N-terminal region specially Phe-16 and Asn-
25, translation-related proteins interact with both N-terminal
and ACD of IbpB, which suggests the possible interaction of
each functional class of substrate protein to certain positions in
sHsps (Fu et al. 2013c). This suggests that sHsps preferential-
ly bind to proteins involved in translation and transcription
machineries during stress conditions and to their immediate
refolding by ATP-dependent chaperones (Haslbeck and
Vierling 2015). IbpA from Acholeplasma laidlawii reduces
the toxic content of denatured proteins in E. coli by interacting
with certain proteins during the stress process. It may act in-
directly and stabilizes many unfolded proteins upon stress at
46 °C for 30 min. Twelve unique proteins were discovered in
the pull-down assay, and these mostly belong to enzymes
participating in protein biosynthesis and energy metabolism.
ATP synthase F1, 3 subunit, and transcriptional elongation
factor Tu (EF-Tu) were among the detected proteins
(Kayumov et al. 2017). Hsp70 (HspA4) interacts with
HspB1, HspB2, HspB3, and HspBS, and DNAJB1, a member
of Hsp40 family, interacts with HspB4. This indicates that
many chaperones work together in a network to rescue
aggregation-prone proteins.

Mitochondrial DmHsp22-associated proteins are involved
in metabolic and cellular processes according to their classifi-
cation in molecular pathways. Catalytic activity and transport-
er proteins are among the most abundant proteins detected
relating to the DmHsp22. Many ATP synthase subunits were
identified as substrates of DmHsp22 in heat shock and non-
heat shock conditions, and the ATP synthase pathway is the
most abundant pathway in which mitochondrial partners of
DmHsp22 are involved, implicating involvement of
DmHsp22 in the energy homeostasis of mitochondria
(Dabbaghizadeh et al. 2018). Together, it appears that
DmHsp22 could protect proteins involved in quality control
of subunits of ATP synthase machinery during the process of
ATP production in mitochondria. Hsp16.6-associated proteins
mostly participate in translation, transcription, secondary me-
tabolism, and cell signaling (Basha et al. 2004a). Heme oxy-
genase, serine esterase, and shikimate kinase are among the
Hsp16.6-associated proteins detected through mass spectrom-
etry. Ferredoxin-NADP™" reductase, an essential enzyme in-
volved in electron transport pathways, as well as ATP syn-
thase subunit beta which is essential for energy metabolism
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was detected abundantly as the partners of Hsp16.6 activities
(Basha et al. 2004a).

In summary, together these data may suggest new functions
of sHsps, acting in complex with HSP70 and HSP40 chaper-
ones. sHsps confer cytoprotection that will be essential to
restore proteostasis-requiring proteins such as mitochondrial
proteins along with translation and transcription factors.

Cytoskeletal proteins as interactors of sHsps

Small Hsps interact with intermediate filaments, and this in-
teraction is important to maintain individuality of the interme-
diate filaments and their interactions (Perng et al. 1999).
Several cytoskeletal proteins including alpha-tubulin and al-
pha-centractin, dynein-1, and kinesis-1 were detected as part-
ners of HspB1-HspB5. Eukaryotic sHsps interact with cyto-
skeletal proteins in cytoplasm and protect them under stress
conditions (Verschuure et al. 2003). Human Hsp27 was close-
ly associated with F-actin at lateral cell boundaries and with
aggregated actin within the cell body in renal epithelia (Van
Why et al. 2003). In addition, binding of HspB1 to tubulin and
microtubules was enhanced in Charcot-Marie-Tooth-causing
HspB1 mutants leading to a reduction in microtubule dynam-
ics (Almeida-Souza et al. 2011). Chaperone complex BAG3-
HspBS8 possesses an important role in actin-based spindle po-
sitioning of mitotic structures (Fuchs et al. 2015). Different
types and isoforms of actin, tubulin, and myosin form a sig-
nificant part of DmHsp22 partners working in cell extract, as
well as mitochondrial suspension. This suggests possible in-
volvement of DmHsp22 in mitochondrial trafficking and po-
sitioning in specific subcellular compartments
(Dabbaghizadeh et al. 2018). Actin, tubulin, and myosin are
among the proteins upregulated in flies overexpressing
DmHsp22, which is another observation consistent with the
participation of this sHsp in mitochondrial positioning
(Morrow et al. 2016b). Another possibility is the involvement
of DmHsp22 in intermediate filament assembly.

General characteristics of proteins interacting
with sHsps provide insights into the cellular
processes affected by heat stress

Comparative analysis of the size, isoelectric point (pI), and
substrate hydrophobicity showed some of the common fea-
tures of substrates interacting with sHsps under heat shock
conditions. First, the aggregation tendency is the principal
factor determining the interaction between sHsps and protein
substrates during the folding/unfolding process, and sHsps
interact with all type of aggregation-prone model substrate
proteins under in vitro conditions (Carver et al. 2002; Jakob
et al. 1993; Merck et al. 1993). Studies on the natural
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structural features of protein substrates of sHsps suggested
their selective preference to bind the substrates with certain
structural features (Bepperling et al. 2012; Fu et al. 2013c).
They showed more tendency to interact with higher molecular
weight substrates (> 60 kDa) than with smaller proteins (20—
30 kDa) (Fu et al. 2014). It seems that larger proteins are more
prone to become aggregated/misfolded during stress condi-
tions and they require more protection by sHsps during the
folding/unfolding process (Fu et al. 2014; Fu et al. 2013b).
Recently published data reported that substructural dimers of
two plant sHsps, Tal6.9 and Ps18.1, are more effective chap-
erones to encounter early denatured substrates and folded di-
mers considered as functional units for capturing primary un-
folded substrates (Santhanagopalan et al. 2018). Proteins con-
taining low percentage of 3-sheets and high percentage of -
helixes are the most favorable subunits of sHsps (Fu et al.
2013a). Acidic isoelectric pH is another conserved property
of most of the proteins associated with sHsps, and both IbpB
and Hsp20.2 significantly prefer to interact with substrates
with IP between 5.0 and 5.5 (P <0.05) (Fleckenstein et al.
2015; Fu et al. 2014; Rutgers et al. 2017). Although hydro-
phobic interactions are considered important sHsp-substrate
interactions under in vitro condition, some other weak inter-
actions including ionic interactions as well as hydrogen bonds
play crucial roles in this process. Together, multi-type interac-
tions cause dynamic behavior of sHsps/substrates complexes
and facilitate the release and refolding of substrates (Friedrich
et al. 2004; Mogk et al. 2003). Some recent investigations
revealed sHsps do not tend to interact with substrates contain-
ing hydrophobic residues including aliphatic (Leu, Ile, Val)
and aromatic (Trp, Phe, Tyr), but they prefer to bind charged
(negatively or positively) residue substrates, which shows the
importance of ionic interactions rather than hydrophobic in-
teractions (Fu et al. 2014; Fuchs et al. 2010; Matuszewska
etal. 2005). Thermolability is another common feature among
Hsp22E/F substrates, which become disrupted as they are ex-
posed to the heat stress conditions mostly because they im-
pede their optimal function at the specific growing tempera-
ture of organisms (Rutgers et al. 2017). Mymrikov et al.
(2016) determined common features of sHsp’s substrates at
heat shock conditions by performing a comparative analysis
on the size, pl, and distribution of substrates hydrophobicity.
Investigations revealed a tendency of sHsps to bind to the
substrates with higher content of -sheets, as it improves not
only substrate recognition occurrence by sHsps but also inter-
molecular f3-sheet interactions between sHsps and substrates
(Fu et al. 2014). Protein substrates containing more «-helix
and coil have more chance to be trapped by sHsps (Fu et al.
2014). Thus, IbpB prefers to bind to the multi-domain proteins
rather than single-domain proteins according to the analysis of
substrates of [bpB with identified 3D structure using domain-
classification databases SCOP (Murzin et al. 1995). IbpA se-
lectively protects proteins with high molecular weights; by

contrast, Hsp60 prefers to interact with low molecular weight
proteins (Kayumov et al. 2017).

Chaperone functions of sHsps under heat
shock conditions

Chaperone activity of sHsps is enhanced under elevated tem-
perature (Fu et al. 2003). According to some investigations,
the abundance of substrates of sHsps is temperature-
dependent and is increased by temperature (Raman et al.
1995). There are many reports about the diversity of substrates
and multi-type substrate-binding sites suggesting their in-
volvement in multi-functional processes. sHsps prevent ag-
gregation of denatured proteins by forming complexes with
the aggregation-prone partially unfolded forms of the sub-
strate proteins (Lindner et al. 1997; Rajaraman et al. 2001).
Interactions are weak with thermally induced early unfolding
intermediates that cause refolding of the enzyme to its active
form (Rajaraman et al. 2001). Indeed, chaperone function of
sHsps consists of both transient and stable interactions based
on the nature of intermediate unfolded substrates, which
causes reactivation of the target activity or prevents aggrega-
tion (Goenka et al. 2001; Rajaraman et al. 2001). ATP binding
leads to the suppression of aggregation, as well as enhancing
reactivation yield (Muchowski et al. 1999). DmHsp22 is an
efficient chaperone in vitro as well as in human cells. In HeLa
cells that are transiently expressing mitochondrial-localized
DmHsp22, the latter is able to reactivate mitochondrial
targeting luciferase. Consequently, cells expressing
DmHsp22 were less affected by heat stress during the period
of inactivation at 4046 °C (Dabbaghizadeh et al. 2018). This
is most likely due to the fact that high affinity interactions take
place between DmHsp22 and aggregation-prone late
unfolding intermediates, thereby keeping them in a soluble
complex. Finally, target proteins interacting with sHsps
in vivo become refolded or are degraded, thus contributing
to maintain a functional proteome (Rajaraman et al. 2001).

Short summary on functions
of mitochondrial-localized sHsps

Mitochondrial functions of sHsps have been reported in some
of the previous investigations. Mitochondrial-localized
HspBS5 in human lens preserves mitochondrial functions fol-
lowing exposure to an oxidative stress (McGreal et al. 2013;
McGreal et al. 2012). Mitochondrial-localized Hsp70 facili-
tates import of proteins into the different mitochondrial
subcompartments and causes the correct folding and assembly
of transported proteins (Herrmann et al. 1994). Hsp10, Hsp60,
and Hsp70 are involved in the assembly and folding of
nuclear- and mitochondrial-encoded subunits of ATP synthase
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machinery, and they protect mitochondria against apoptosis
(Danan et al. 2007; Herrmann et al. 1994). Furthermore, in
Drosophila mitochondrial DmHsp22 increases longevity and
resistance against oxidative stress (Morrow et al. 2004a).
Transgenic mouse models expressing Hsp22 (HspB8) inhibit
mitochondrial pathways of apoptosis (Depre et al. 2003; Qiu
et al. 2011; Rashed et al. 2015). Mitochondrial-localized
Hsp22 in mammalian cells promotes cardiac cell survival,
oxidative metabolism, and cardioprotection which is iNOS-
dependent (Rashed et al. 2015). Deletion of Hsp22 in vivo
significantly impairs respiration which is due to the disruption
of cardiac function under stress conditions (Qiu et al. 2011).
Human cells expressing DmHsp22 possess higher luciferase
activity following heat exposure suggesting that DmHsp22
binds to the heat-denatured luciferase and prevents it from
irreversible aggregation and presents substrates for refolding
to other ATP-dependent chaperones such as Hsp60 and
mtHsp70 (which were detected as mitochondrial partners of
DmHsp22 in different experiments). It is worth mentioning
that ATP synthase subunits alpha and beta are among the
proteins upregulated in flies overexpressing Hsp22 (Morrow
et al. 2016a). DmHsp22 could improve the assembly of ATP
synthase subunits through its chaperone efficiency and be in-
volved in the aging process by modulating subunits alpha and
beta which are affected during aging (Kim et al. 2006).
DmHsp22 acts as a molecular carrier for several transporters
such as SLC25 family members (Dabbaghizadeh et al. 2018).

The main partner of DmHsp22 in pure mitochondrial frac-
tions was the complex I of mitochondrial respiration which is
the main source of ROS production (Barja 2014; Genova and
Lenaz 2015; Scialo et al. 2013). Twenty-nine and 43 proteins
were detected working in 1 mg of mitochondrial suspension,
and 66 proteins were detected working in 2 mg of pure mito-
chondrial fraction. Proteins detected at three independent
IACs in suspensions of mitochondrial fractions are summa-
rized in Table 1. Chaperone proteins, especially the mitochon-
drial 60 kDa heat shock protein, are among the proteins de-
tected with high abundance in two independent

immunoaffinity capture experiments, and these remain stably
bound during heat shock condition. Gene ontology was used
to describe three aspects of differentially transcribed mito-
chondrial DmHsp22-associated proteins including molecular
function, biological process, and protein class, using the
PANTHER classification tool (Mi et al. 2005; Thomas et al.
2003). Twenty-seven out of 60 (45%) proteins were involved
in catalytic activity (0003824): these were mostly hydrolases
(40%), oxidoreductases (28%), ligases (20%), transferases
(8%), and lyases (4%). Forty-two were involved in metabolic
processes (GO:0008152) such as primary metabolic processes
(31%), nitrogen compound metabolic processes (18%), bio-
synthetic processes (13%), generation of precursor metabo-
lites and energy (12%), phosphate-containing compounds
(13%), catabolic processes (9%), and coenzyme metabolic
processes (1.5%). Finally, according to the PANTHER protein
class, they are mostly transporters (PC00227) (21%) including
cation transporters (41%), ion channels (25%), amino acid
transporters (7%), ATP-binding cassette transporters (8.3%),
and mitochondrial carrier proteins (8%) (Dabbaghizadeh et al.
2018).

Conclusion

Many techniques and experiments have been used to confirm
interactions between sHsps and in vivo proteins. These inter-
actions can be weak and easily broken by elevated tempera-
ture and are highly dependent on the presence of different
stressors. Others are not specific interactions as they are found
in controls. sHsp chaperoning interactions with each of the
detected proteins and their ability to prevent protein aggrega-
tion will have to be examined. It seems that different organ-
isms have a complex network of chaperones and proteins that
work together to maintain protein homeostasis. The presence
of ACD and especially the diversity of their NTRs and CTRs
likely explain the different functions of sHsps and their

Table 1 Proteins interacting with
DmHsp22 which were commonly
detected in all three independent
IACs in mitochondria fractions.

Proteins detected

Protein accession ~ Numbers of detected peptides

Numbers in the columns represent
the number of detected peptides

Exp 1 Exp 2 Exp 3
60 kDa, heat shock protein, mitochondria P10809 26 23 46
ATP synthase subunit beta, mitochondrial ATP5B P06576 14 16 29
ATP synthase subunit alpha, mitochondrial ATP5A1 P25705 14 15 31
Stress-70 protein, mitochondrial P38646 6 10 23
Elongation factor Tu, mitochondrial P49411 8 9 18
NAD(P) transhydrogenase, mitochondrial Q13423 6 4 19
ATP synthase subunit O, mitochondrial ATP50 P48047 4 4 11
Trifunctional enzyme subunit beta, mitochondrial P55084 1 2 10
Heat shock protein 75-kDa, mitochondrial Q12931 4 3 10
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interaction with a huge range of intra-cellular substrates, each
involved in different aspects of cellular functions.

In the case of the mitochondrial DmHsp22, there is now
evidence that links DmHsp22 to the UPRmt. One important
role of UPRmt is to prevent the accumulation of damaged
proteins in mitochondria and maintain mitochondrial protein
homeostasis (mitochondrial proteostasis). DmHsp22 is a good
candidate to fulfill this role due to its mitochondrial localiza-
tion and its strong chaperone efficiency. Association of
DmHsp22 with ETC subunits is a novel exciting area that
certainly deserves further investigations in order to understand
the importance of the mitochondrial localization of this sHsp.
Also understanding the precise mechanisms of the effects
played by Hsp22 in the mitochondria will require more
studies.
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