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Heat shock proteins (HSPs) are a large group of chaperones found in most eukaryotes and bacteria. They are responsible
for the correct protein folding, protection of the cell against stressors, presenting immune and inflammatory cytokines;
furthermore, they are important factors in regulating cell differentiation, survival and death. Although the biological function
of HSPs is to maintain cell homeostasis, some of them can be used by viruses both to fold their proteins and increase the
chances of survival in unfavorable host conditions.
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| 1. Introduction

The discovery of Heat Shock Proteins (HSPs) is attributed to the Italian geneticist Ferruccio Ritossa [, who during his
research mistakenly increased the incubation temperature of Drosophila melanogaster larvae, which resulted in an
increased transcription of genes of proteins unknown at that time. Less than 10 years later it was noticed that the proteins
discovered by Ritossa prevented damage to cells which were associated with abnormal proteins resulting from heat shock
(2. Later studies have shown that HSP can be induced not only by temperature but also by other stressors, including
starvation, hypoxia, physiological or environmental attacks, chemical or UV exposure and the invasion of pathogens 3.

Their main role is to protect cells against stressors by participating in the correct folding of newly formed proteins,
repairing misfolded proteins and by participating in the transport of proteins to their site of action . HSPs usually make
up about 5-10% of the total protein in most cells but their intracellular concentration may increase within a few minutes
under the influence of stressors up to 20 times in order to suppress or attenuate undesired effects B,

In physiological conditions and in the absence of stressors, HSPs are associated with heat shock factors (HSF),
especially HSF-1. An increase in the number of damaged proteins causes the detachment of HSP from HSF in order to
bind the damaged protein. Consequently, there is an increase in the number of free HSFs in the cell, which function as
transcription factors and bind to heat shock DNA elements, triggering the expression of HSP, a so-called heat shock
response HSR. This increase in HSP expression means that free HSF is rebound, reducing HSP gene transcription and
inhibiting HSF binding to DNA. This approach enables HSPs to independently regulate their own expression. During
cellular stress, the level of HSP in the cytoplasm increases and their transport takes place mainly to the cell nucleus,
where they protect DNA, pre-mRNA, pre-ribosomal and nuclear proteins against damage and degradation. They also
participate in the activation of specific genes [4l.

Although HSPs are protective proteins, they can be turned against the organism in which they are found. Viruses lacking
their HSPs use the host's HSP to fold their proteins and increase the effectiveness of infection. A better understanding of
the mechanisms of viral infections in which HSPs participate would allow for the development of more effective antiviral
drugs based on these proteins. HSP70 and HSP90 inhibitors show great therapeutic potential. The aim of this review is to
present the latest reports on the role of HSP70 and HSP90 in viral infections and to present these proteins as an effective
therapeutic target.

| 2. Characteristics of Selected HSP’s

As one of the most ubiquitous molecular chaperones located in all the cellular compartments of eukaryotes, HSP70s
regulate every aspect of cellular proteostasis, including: the folding of both nascent and misfolded proteins; protein
assembly and the regulation of their activity; the translocation into mitochondria, chloroplasts and the endoplasmic
reticulum; the degradation of and prevention from dismantling protein aggregates 8. HSP70 is composed of two large,
functional domains: the N-terminal nucleotide-binding domain (NBD) and the C-terminal substrate-binding domain (SBD).
The NBD is about 44 kDa and provides energy to power HSP70 activity by binding and hydrolyzing ATP to ADP. It is
divided into two lobes (I and I1l), which are further divided into two subdomain regions (IA, IB and IIA, IIB). The



characteristic structure of subdomains forms a V-shaped cleft where the nucleotide binds. In turn, SBD (25 kDa) is a
tweezers-like binding site for polypeptide substrates and is divided into two domains called a and 3. A 12-kDa [3-SBD is
organized such as a sandwich and is made up of two antiparallel B-sheets of four strands each. The 3-domain contains
the substrate-binding site used for binding misfolded proteins which is located between the two  sheets. The substrate-
binding pocket is highly hydrophobic and displays a high affinity for hydrophobic substituents such as Leu. a-SBD is a 15-
kDa a-helical subdomain which forms a lid that covers the substrate-binding cleft and stabilizes the loop regions of the 3-
subdomain. The domains are connected by the interdomain linker, which is composed of 10-12 highly conserved
hydrophobic amino acids which assume an unstructured conformation in the ADP-bound state and a [(-stranded
conformation in the ATP-bound state &0 SBD is similar in shape to tweezers, allowing HSP70 to interact with
polypeptides and protein complexes regardless of their size. Moreover, this domain can stabilize these units by interacting
with folding intermediators and folded pieces of proteins. Interaction with folded proteins is not constant and is regulated
by an allosteric mechanism. It involves the hydrolysis of ATP and the rebinding of ATP in NBD with the binding and
release of substrate polypeptides. The allosteric mechanism of HSP70 can be modified by J domain proteins (JDP) and
nucleotide exchange factors (NEF) (11,

Such a wide spectrum of activity of HSP70s proves that these proteins, in order to adapt to the conditions of growth and
stress in the cell, are able to act on a variety of substrates 8. There are at least 14 proteins within the human HSP70
family, which differ in terms of expression level, amino acid composition and subcellular localization. Proteins can be
stress induced (e.g., HSPA1 and HSP6) or constitutively expressed (e.g., HSPA5, HSPA8 and HSPA9). The chaperone
activity of a protein consists of the hydrolysis of ATP. The interaction with unfolded protein begins with the binding of
HSP70 to its substrates. The initially low affinity increases significantly after ATP is hydrolyzed to ADP by the cochaperone
HSP40. Finally, with the help of nucleotide exchange factors, ADP dissociates to reset the cycle 22, The most important
functions of the HSP70 isoforms are presented in Table 1 .

Isoform  Location Function References

cytoplasm inhibiting the accumulation of protein aggregates;

HSPAL ucleus protection of the mitotic cell against division abnormalities; [13][14][15](16]
lvsosomes stabilization of the lysosomal membrane; [A7][18]
y inhibition of the release of lysosomal hydrolases into the cytosol
HSPA1L cytoplasm unknown
nucleus
HSPA2 nucleus chaperone for the cyc!||_1 Blcdc2 _complex during melotlc_cell d|V|s_|on orphases [29][20][21]
for the transition protein 1 and -2 (DNA packaging proteins)
HSPAS endo;_)lasmatic facilitates the transport _of thg newly synthe_sized protein into t_he lumen of the [22][23][24]
reticulum endoplasmic reticulum and their subsequent folding
HSPA6 cytoplasm unknown
nucleus
maintenance of organization, folding of nascent polypeptides, translocation of
HSPAS cytoplasm prote_ins across r_'nembranes, autophag_y_mediated _by chaperones, prev_ention of [25][26]
nucleus protein aggregation under stress conditions and disassembly of clathrin-coated
vesicles
mitochondrium
HSPAS cytoplasm ) interacting with incoming proteins and helping them to fold properly after [27]128]
endoplasmatic transmembrane transport

reticulum

A characteristic feature of all HSP90 family proteins is the identical domain structure. It consists of the N-terminal domain
(NTD), the middle domain (M domain) and the carboxy-terminal domain (CTD). NTD contains in its structure an ATP
binding site that is essential for the ATPase activity of HSP90. It is required for the chaperone cycle and protein binding of
the HSP90 client 24EY, The MD domain has a characteristic way of controlling the functions of HSP90 through the
binding of phosphate to the ATP specified for NTD. Thus, the MD domain influences the ATPase activity of HSP90 B4,
There are two key sites in the CTD domain: one for calmodulin binding 2, and the other for HSP9 homodimerization [,
In addition, there is a nucleotide binding site that opens after taking the N-terminal site and serves as an allosteric
regulator of N-terminal ATPase activity 241,

The functions of HSP90 are modulated by numerous post-translational modifications. These include acetylation,
phosphorylation, sumoylation and S-nitrosylation. Certain changes in the acetylation state are key regulators of co-
chaperone binding B2, including HSP90 hyperacetylation, causing the inability to bind to co-chaperone p23, loss of
guardian activity and impaired activation of the glucocorticoid receptor (GR) B8IBZl. phosphorylation has been shown to



slow down the conformational cycle of HSP90 and to influence client maturation and interactions with the co-chaperone
(28] protein phosphatase PP5 is the co-chaperone of HSP90 that affects the phosphorylation status. In the absence of
PP5, a state of hyperphosphorylation occurs, which negatively affects the maturation of the client B2, S-nitrosylation of
HSP90 in CTD inhibits the ATPase reaction and reduces the activating effect of HSP90 on client endothelial nitric oxide
synthase (eNOS). It can be concluded that there is an eNOS feedback mechanism 9. S-nitrosylation affects the ATPase
activity of HSP90 as well as its chaperone activity 1. The most important functions of the HSP90 isoforms are presented
in Table 2 .

Isoform Location Function References

folding and preventing protein aggregation; stabilization of citrate synthase,
rhodanase and protein kinase CK-II;

aryl hydrocarbon receptor maturation; [42][43][44][45][46][47]

HSP90 :j}%ﬂiﬁeﬂ’s abrogates v-Src kinase activity; protection of the kinase against the action of [48][49][50][51][52]
phosphatases; cross-linking of actin filaments;
protection of tubulin against thermal denaturation;
protection of myosin from heat stress
GRP94 endoplasmatic promoting the folding of secreto_ry an(_i membr_ane p!'otgins; shifting toll-like [53][54][55][56]
reticulum receptors and integrins; calcium binding

maintenance of mitochondrial integrity and protection against mitochondrial

TRAP1L  mitochondrium apopt05|s_; protectl_on against _cell_deat_h caused_by overprodut?tlon of R_OS; [57][58][59][60]
preventing protein aggregation in mitochondria and supporting protein
folding

| 3. The Role of HSP70 and HSP90 in Viral Infections

Heat shock stress has been shown to enhance replication in the U937 cell line by increasing the expression of HSP70
and HSP90 on the cell surface, especially in lipid rafter microdomains. Interestingly, the increase in HSP70 and HSP90
expression induced by heat stress did not result in increased DENV binding, but facilitated viral entry. The findings
suggest that HSP70 and HSP90 are necessary for DENV entry into the cell, and that heat shock stress is optimal for cell
replication in the U937 cell line 641,

In addition to the role of HSP90 in the stabilization of viral polymerase and in nuclear transport, HSP90 promotes
influenza A-mediated apoptosis. It activates the caspase cascade, essential for viral replication, pathogenesis and
virulence B2I[63164165] HSPYQ has also been shown to counteract the degradation of influenza A (NA) neuraminidase and
increase its stability 887 The formation of the HSP90-NA complex increases the viability of the cells, which leads to
more virus production 8],

Studies have shown that HSP70 can inhibit IAV replication by disrupting viral polymerase binding to viral RNA 9 or by
preventing the RNP complex from being exported to the nucleus 29,

Human hepatitis B virus (HBV) belongs to the Hepadnaviridae family and can cause acute and chronic liver disease. The
core protein (HBc) plays an essential role in the viral life cycle, which is organized into two domains: the C-terminal
domain that regulates viral replication and the N-terminal domain that is involved in the core assembly 1721,

| 4. Conclusions

Members of the HSP70 and HSP90 families are involved in viral infections in many different ways. First, they support
viruses when entering host cells by forming complexes on the cell surface. They also support viruses during their
replication by directly interacting with the viral polymerase. HSP70 and HSP90 are important for viral gene expression.
They are involved in assembling the capsid of some viruses. Viruses use the HSP70 and HSP90 proteins to fold their
proteins and increase their chances of survival under unfavorable host conditions. A comprehensive knowledge of the use
of chaperones during viral infection would provide new insight into viral replication mechanisms and potential therapies.
The use of newer and more effective inhibitors directed against HSP70 and HSP90 proves that they are a very good
therapeutic target in viral infections.
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