DE GRUYTER

Biomolecular Concepts 2022; 13: 220-229

Review Article

Xolani Henry Makhoba*, Stanley Makumire

The capture of host cell’s resources: The role of
heat shock proteins and polyamines in SARS-
COV-2 (COVID-19) pathway to viral infection

https://doi.org/10.1515/bmc-2022-0008
received January 14, 2022; accepted February 15, 2022

Abstract: The exposure of organisms and cells to unfa-
vorable conditions such as increased temperature, anti-
biotics, reactive oxygen species, and viruses could lead to
protein misfolding and cell death. The increased produc-
tion of proteins such as heat shock proteins (HSPs) and
polyamines has been linked to protein misfolding sequestra-
tion, thus maintaining, enhancing, and regulating the cel-
lular system. For example, heat shock protein 40 (Hsp40)
works hand in hand with Hsp70 and Hsp90 to successfully
assist the newly synthesized proteins in folding properly. On
the other hand, polyamines such as putrescine, spermidine,
and spermine have been widely studied and reported to
keep cells viable under harsh conditions, which are also
involved in cell proliferation, differentiation, and growth.
Polyamines are found in all living organisms, including
humans and viruses. Some organisms have developed a
mechanism to hijack mammalian host cell machinery for
their benefit like viruses need polyamines for infection.
Therefore, the role of HSPs and polyamines in SARS-CoV-2
(COVID-19) viral infection, how these molecules could delay
the effectiveness of the current treatment in the market, and
how COVID-19 relies on the host molecules for its successful
infection are reviewed.
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Introduction

The discovery of heat shock proteins (HSPs) dates back as
many decades ago when it was observed that heat shock
produced chromosomal puffs in the salivary glands of
fruit flies (Drosophila) [1]. HSPs are ubiquitously found
in almost all living organisms studied so far. The DNA
sequence that makes up this family of genes is highly
conserved across species. This family of genes originally
was named because of their expression after exposure to
heat. However, the genes are now known to be induced
by a wide variety of environmental or metabolic stresses
that include the following: anoxia, ischemia, heavy metal
ions, ethanol, nicotine, surgical stress, and viral agents.
The recent coronavirus outbreak has drawn a lot of atten-
tion in research as a matter of urgency to come up with
effective vaccines or drugs. Molecules such as RNA, DNA,
and proteins are a starting point in drug development
and the therapeutic industry in general [2].

Therefore, understanding how HSPs and polyamines
assist viruses in developing infection and in their differ-
entiation and growth is vital in coming up with the effec-
tive treatment of Coronavirus disease 2019 (COVID-19). It
has been widely reported that viruses compete with the
host’s molecules for their survival, growth, and suc-
cessful infection. Most organisms, including viruses like
coronavirus, require HSPs to protect the cellular system
and balance its proteomic system. In short, HSPs act as
housekeepers in the cellular system of the viruses for
them to acclimatize to the host (new environment) [3].
COVID-19 has affected millions of people worldwide, and
it continues to be a threat to many human beings, espe-
cially those with a compromised system [4,5]. Moreover,
the emergence of new coronavirus strains adds more
pressure to the science world, working hard to find a
cure that can successfully curb the spread of coronavirus.
Therefore, both HSPs and polyamines show molecular
chaperone activities in the most studied organisms thus
far. Briefly, polyamines are ubiquitous molecules known
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for their involvement in cell differentiation, proliferation,
and growth. Polyamines are present in various organisms
and play a vital role in their survival. These positively
charged molecules interact with numerous molecules
of DNA, proteins, and RNAs, thus playing a part in pro-
tein synthesis. The precursors of polyamine biosynthesis
are driven by both S-adenosylmethionine decarboxylase
(AdoMetDC) and ornithine decarboxylase (ODC) to form
molecules such as putrescine, spermidine, and spermine
[6-10]. In plants, like any other organisms, polyamines
act as molecular chaperones in the cellular system exposed
to unfavorable conditions such as heat shock. Their role as
thermotolerant has been widely studied in plants, espe-
cially for crop production, and has been reported to improve
plant growth in both the biotic and abiotic environments
[11]. In organisms such as Plasmodium, polyamine bio-
synthesis is controlled by a unique structure that links
both AdoMetDC and ODC, but they function independently,
whereas, in humans, these two molecules are not joined
together. Other studies have suggested that polyamines
are involved in or influence the synthesis of HSPs to
strengthen molecular chaperone activities that are taking
place inside the cellular system [12-15]. However, the
mechanism behind this is not yet known. In this review,
we outline the role of HSPs and how they cooperate as
molecules of different sizes. We also look at the role of
polyamines in the survival of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) in humans. In addition,
how these molecules can contribute to a vaccine or drug
development against the COVID-19 pandemic.

COVID-19 is a disease triggered by a novel corona-
virus called SARS-CoV-2 (formerly called 2019-nCoV).
COVID-19 was first identified amid an outbreak of respira-
tory illness cases in Wuhan City, Hubei Province, China.
It was initially reported to the World Health Organization
(WHO) on December 31, 2019 [5]. On January 30, 2020,
the WHO declared the COVID-19 outbreak a global health
emergency. On March 11, 2020, the WHO declared COVID-
19 a global pandemic, its first such designation since
declaring the HIN1 influenza pandemic in 2009. Today,
more than 179,686,071 confirmed cases with 3,899,172
deaths have been reported worldwide. This pandemic
has led many companies, both big and small, to shut
down. Consequently, thousands of people have lost their
jobs and income due to coronavirus [4,5]. As well as
being a human tragedy, the COVID-19 pandemic has
been an unprecedented economic shock for the world
economy. The International Monetary fund estimates
global output to have fallen by 3.5% in 2020, and all
countries — big and small, rich, and poor —have been
hit. There is now an increasingly clear route to bring
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the immediate crisis to an end by relying on a mass
vaccination program unprecedented in speed and scale.
However, implementation remains complex and risky,
while the long-term consequences of the pandemic -
impacts on health, acquisition of skills, and the acceler-
ated spread of technology — remain highly uncertain [5].

The role of human HSPs

HSPs are the main cluster of evolutionarily conserved
molecular chaperones that play an important role as
housekeepers of the cell. HSPs are grouped into two
main families centered on their molecular weight. The
first group is small ATP-independent HSPs that are cha-
perones with a molecular mass between 8 and 28 kDa.
These chaperones include ubiquitin, a-crystallins, Hspb1
(also known as Hsp25 in mice or Hsp27 in rats and
humans), and many others [16]. These small HSPs have
received growing research attention in the past and pre-
sent moment, primarily due to their possible unprotective
approaches [16]. Second, the large, ATP-dependent HSPs
are chaperones with a molecular mass between 40 and
110 kDa. These include the well-known chaperones of the
40, 70, and 90 kDa families. The 40 kDa group (Hsp40s or
J-proteins) plays an important role in facilitating the inter-
action between the substrate and 70 kDa molecular chaper-
ones (Figure 1). They interact with Hsp70 through their
] domain and serve as regulatory co-chaperones. The
70kDa group consists of the stress-inducible Hsp70
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Figure 1: Expression of HSPs in mammalian cells. The regulation of
HSPs by heat shock factor 1 (HSF1) both under normal and heat
shock results in the expression of small HSPs, Hsp60, Hsp70,
Hsp90, and Hsp100 as protective tools inside the cellular system.
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and the constitutively expressed heat shock cognate 70
(Hsc70) [17,18].

Similarly, the 90kDa group consists of two major
isoforms, namely, the inducible Hsp90a and the consti-
tutively expressed Hsp90B. However, because these iso-
forms are often challenging to isolate, many studies have
resorted to studying co-purified aggregates containing
both Hsp90a and Hsp90p, simply referring to the whole
as Hsp90 [18]. In a host cell, a diverse network of chaper-
ones is responsible for proteostasis, whereas viruses only
depend on a subset of the host chaperones. Here, we
review the role of some of these HSPs in SARS-Cov-2 since
the advent of COVID-19.

40 kDa, heat shock protein 40 (Hsp40)

Hsp40, also known as Dna]J in E. coli, plays an essential
role in coordinating the newly synthesized proteins to
form a three-dimensional structure without forming part
of the final product. The primary function of Hsp40 is to
bring the substrate to other molecular chaperones such as
Hsp70 for a proper folding process. There is evidence that
Hsp40s take part in virus entry, virus replication, virus
gene expression, protein maturation, immunity modula-
tion, and cellular transformation in RNA and DNA viruses
[19]. However, there is not enough information on the role
of Hsp40 in the current SARS-CoV-2, which requires a
detailed investigation to speed up the drive to come up
with effective drugs or alternative treatments for the cur-
rent pandemic. It is also important to mention that in our
group we are busy working on getting clear answers on the
role of this important molecule in SARS-CoV-2 [20].

60 kDa, Hsp60

Hsp60 are proteins composed of two rings that lie back to
back, forming a cylinder-like structure with a central
cavity in which protein folding occurs. Generally, Hsp60
is vital for expediting protein folding, transportation, and
proteostasis in the mitochondria. Together with Hsp90,
Hsp60 has been implicated in the development and pro-
gression of viruses, taking part in folding viral proteins
and genome replication. According to Wan et al., the
Hsp60 family of proteins is involved in virus replication,
viral protein translocation, immunity modulation, apoptosis
regulation, and genome integration in different viral infec-
tions. Recently, Hsp60 has been implicated in inappropriate
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inflammatory reactions that exacerbate the progression of
COVID-19 [20,21].

70 kDa, Hsp70

Hsp70 is the most studied molecular chaperone and is
found in almost all living organisms, from plants to
humans. They are made of N-terminal domain (NTD),
substrate-binding domain, and C-terminal domain with
a special glutamic acid, glutamic acid, valine, aspartic
acid motif that has been shown to interact with Hsp90
through the heat organizing protein in the presence of
Hsp40 as a co-chaperone. Some members of the Hsp70
family, including Hsc70 and GRP78, have been impli-
cated in a wide range of viral processes: virus entry,
replication, virus gene expression, assembly, virus release,
cellular transformation, immunity modulation, cell sur-
vival, and apoptosis [22,23]. Two of the Hsp70s in host
cells have been implicated in the modulation of SARS-CoV-2.
Hsp70A1L was reported to be epigenetically modulated
by SARS-Cov-2, among other genes, including those
from the Hsp70A1L family of proteins [24,25]. This massive
overexpression of Hsp70 protein in COVID-19 patients sig-
nifies the importance of Hsp70s in all viral processes, that
is, viral entry, replication, and viral exit from host cells, as
has been reported with rabies and Zika viruses [26,27].
Similarly, this suggests that Hsp70s possibly promote
SARS-CoV-2’s replication and infectivity.

The second, Hsp70, has been implicated in host cell
recognition of SARS-CoV-2 and viral entry. Since the dawn
of COVID-19, initial studies have shown that GRP78 is over-
expressed in the endoplasmic reticulum (ER) destined for
the cell membrane. Both predictive and structural studies
have shown that GRP78 assists in the host cell recognition
of SARS-CoV-2 spikes. The binding of Grp78 to a C480-C488
(CNGVEGFNC) region on the C-terminus of S1 (Spike) is pre-
dicted to occur via hydrogen and hydrophobic interactions
[28-30]. The CNGVEGFNC is mainly composed of polar (C
and N) and hydrophobic (G, V, and F) residues. The binding
is consistent with the Grp78’s propensity for hydrophobic
patches in proteins [31,32]. On the other hand, GRP78 being
an ER chaperone has been reported to take part in protein
folding in the ER lumen upon host-inflicted stress. This is so
different in Covs as well as in cancer, and this function could
be conserved in SARS-CoV-2 as it was observed in SARS-CoV
[33]. Inhibiting GRP78 function could limit viral entry as
well as the chaperoning of viral proteins. However, inhibi-
tion of Hsp70 usually elicits an HSP cascade, especially
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the overexpression of Hsp90, to counteract the adverse
effects of inhibition. Hence, it is also essential to review
the role of Hsp90 in COVID-19.

90 kDa, Hsp90

Hsp90 is a molecular chaperone essential for the con-
stancy and function of various conditionally activated
and/or expressed signaling proteins and multiple mutated
chimeric, or overexpressed signaling proteins, which pro-
mote cancer cell growth or survival or both. In viral infec-
tions, Hsp90 is essential for virus entry, replication, protein
maturation, virus assembly, virus gene expression, immu-
nomodulation, and cellular transformation [20]. Upon entry
into the host, a myriad of viral proteins are rapidly synthe-
sized. Hsp90 is responsible for the folding, stabilization,
and maturation of a variety of viral structural proteins
[23,34-37]. Li et al. [35] reported the stabilizing effect of
Hsp90B on a MERS-CoV nucleoprotein (NP), while the
maturation of the viral capsid proteins was reported
in refs [36,37]. Recent studies on human coronaviruses,
MERS-CoV, SARS-CoV, and SARS-CoV-2 in the study by
Li et al. [35], demonstrated that Hsp90 is essential for viral
replication. Their work showed the high dependence of
viral proteins on Hsp90. When Hsp90B was genetically
deleted in MERS-CoV, replication was observed to be sup-
pressed and this was coupled with the cessation of viral
spread. In the ER, a buildup of unfolded proteins is reported
to elicit the transcription of yet another Hsp90, glucose-
regulated protein 94 (GRP94), as part of the unfolded
protein response. Grp94 together with other ER chaper-
ones becomes protective and controls viral protein home-
ostasis [38]. In this way, the ER recovers from viral
protein-induced ER stress to the benefit of the virus.
This highlights the importance of Hsp90 in some of the
various viral processes, and hence, it has been proposed as
a drug target. Other researchers also demonstrated that a
well-known Hsp90 inhibitor 17-AAG suppressed MERS-
Cov replication. Interestingly, studies have suggested
that another known Hsp90 inhibitor, Geldanamycin,
and its derivatives can be useful in combating the pro-
gression of SARS-CoV-2 [39].

The small HSPs

Small HSPs are a highly coordinated group of proteins
found across all species, including humans, and are vital
for stress tolerance. Many sHsps show chaperone-like
activity in inhibiting the aggregation of target proteins,
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keeping them in a folding-competent form, and refolding
them by themselves or in concert with other ATP-dependent
chaperones. In short, these chaperone proteins are ATP-
independent as opposed to major chaperones such as
Hsp70 for example. sHsps have subunit molecular masses
of 12-43kDa and are characterized by the presence of a
highly conserved stretch of 80-100 amino acids in their
C-terminal domain called the “a-crystallin domain” (ACD)
that is flanked by the less conserved (except a few stretches)
NTD and C-terminal extension. Some members of the sHsp
family such as Hsp27, oA-, and aB-crystallin form large
oligomeric species. sHsps are reported to take part in viral
replication. In coronaviruses and other viruses, Hsp27 is
reported to be rapidly upregulated, suggesting a role in
early replication. Wan et al. (2020) discuss the role of
Hsp27 in different viruses. However, not much is known
about Hsp27 in SARS-CoV-2 save for speculation about its
function in other coronaviruses. Hence, it has been pro-
posed as a potential drug target in SARS-CoV-2 [40]

The synthesis of HSPs is regulated by
the HSF

The transcriptional range of Hsps is regulated by HSF1 in
invertebrates and HSFs 1-4 in vertebrates, with HSF1 being
the most important. In response to proteotoxic stress con-
ditions, heat shock factor 1 (HSF1) is subject to a multistep
activation and attenuation cycle. Inactive HSF1 monomers
are retained in the cytoplasm in a complex with regulatory
proteins such as Hsps 40, 70, and 90, as well as the cyto-
solic chaperonin TCP1 ring complex (TRiC) [41,42]. Upon
stress sensing, HSF1 is activated, causing the dissociation
of inhibitory proteins, HSF1 oligomerization, and nuclear
retention. HSF1 is modified by several activated posttransla-
tional modifications (PTMs) that promote DNA binding and
transcriptional activation of target genes in concert with
cofactor recruitment [43,44]. HSF1 is then modified by dif-
ferent inhibitory PTMs and by p23, causing DNA dissocia-
tion (Figure 2). Taken together, viruses such as SARS-CoV-2
require HSP to maintain and keep their cellular proteins in
good condition. Therefore, HSPs are important for viral
infection. It is important to develop a strategy to block the
virus from accessing these molecules (Table 1).

How the production of HSPs is triggered by
some viruses

The exposure of cells to foreign substances triggers the
expression of protective molecules to keep the cellular
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Figure 2: Transcriptional regulation of HSPs by HSF. The expression of Hsps 70, 90, and 100 helps in the stabilization of newly synthesized
proteins. Hspb1 binds to HSF to promote the synthesis of HSPs.

system in good shape and viable. Among the molecules
that act as cellular housekeepers are HSPs, whose role is
to prevent proteins from forming aggregates that could
otherwise become toxic to the entire cellular system and
lead to cell death. Some of the substances that could
trigger the excessive production of HSPs are bacteria
and viruses. Figure 3 shows some of the viruses that
could lead to the high expression of HSPs as a protective
measure for the human host cellular system. The heat
shock response is regulated at the transcriptional level
by activities of the family of heat shock factor 1 (HSFs).
The most studied HSF genes from humans are HSFI,
HSF2, and HSF4, and these genes play important role

Table 1: Summary of mammalian HSPs and their roles

in heat shock response [41,45]. HSF1 localizes at cyto-
plasmic level under normal conditions in mammalian
cells in a negatively charge form and is associated with
molecular chaperones such as HSP70 and 90 as well as
co-chaperones [41]. Upon the appearance of unfolded
proteins and release of interacting chaperones, HSF1
DNA-binding activity is de-repressed, and monomers
oligomerize to a trimeric state, translocate to the nucleus,
are inducibly phosphorylated and bind to specific sequence
elements referred to as heat shock elements, located within
the HSP gene promoters, activating transcription of heat
shock genes and synthesis of HSP. Therefore, when foreign
substances such as viruses enter the human system, they

Family name Localization Functional activities

Small HSPs AB-crystalline Cytoplasm Cytoskeleton stabilization
Hsp27 Cytoplasm/nucleus Actin dynamics
Heme oxygenase, Hsp32 Cytoplasm Heme catabolism, antioxidant properties

Hsp60, chaperonins Hsp60 Mitochondria Assist newly synthesized proteins during folding
TCP-1 Cytoplasm ATP binding activity

Hsp70 Hsp70 Cytoplasm/nucleus Folding, maintenance of newly produced proteins
Hs70 Cytoplasm Folding activity
mtHsp70/Grp75 Mitochondria HSF1 regulations

Hsp90 Hsp90 (a and B) Cytoplasm Prevents protein aggregation
Grp94/gp96/Hsp100 ER Maintenance of HSF1 activity

Hsp110 Hsp110 Cytoplasm/nucleus Thermal tolerance
Apg-1 Cytoplasm Protein refolding
Hsp105 Cytoplasm
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Figure 3: Some of the viruses that activate the expression of HSPs in human cells. HSF1 activates the expression of HSPs in response to

foreign substances such as viruses, adapted from ref. [46].

hijack human host HSPs to help in the folding of the viral
proteins during their synthesis inside the mammalian
system, thus changing the normal functional properties
of the host [46]. For example, when SARS-CoV-2 enter
the human host, they cannot produce proteins on their
own and therefore exploit the human host to produce pro-
teins such as spike proteins. Viruses use the human host’s
ribosomes to produce their proteins, during the synthesis
of proteins such as spike proteins, upon their exit from
ribosomes like any other proteins they require the assis-
tance of molecular chaperones also known as HSPs to fold
properly. Hence, the human host’s molecular chaperones
are then hijacked by the SARS-CoV-2 for their benefit of the
viral proteins to be folded properly. It is crucial to design a
drug that would stop the virus from entering the human
host system and use the chaperones from the human host.
In our laboratory, work is currently underway to develop
innovative strategies to block the SARS-CoV-2 from its
dependency on the human host.

Polyamines from mammalian cells

Almost all living organisms have polyamines such as
putrescine, spermidine, and spermine; however, their

concentrations differ depending on the type of organism.
At physiological pH, polyamines are positively charged
and these biogenic molecules have a flexible carbon chain
with amino acids. Organisms like bacteria and archaea
possess various groups of polyamines, including spermi-
dine, homospermidine, norspermidine, putrescine, cada-
verine, and 1,3-diaminopropane in bacteria and agmatine,
spermidine, homospermidine, norspermidine, and nor-
spermine in archaea. The variety of polyamines present
in each of these kingdoms varies among the different
organisms [47,48]. The main polyamine synthesis pathway
present in mammals is summarized in Figure 4. Polyamines’
vital role is defined as being molecules involved in cell
growth, differentiation, and proliferation. In a normal cel-
lular system or healthy cell, polyamines are involved in
various cellular processes such as protein synthesis, RNA
folding and bending, membrane interactions, protein—-RNA
interactions, DNA structure, and gene expression. Poly-
amines bind both RNA and DNA, altering the conformation
and function of nucleic acids. Polyamines alter DNA struc-
ture by facilitating the conformational transition from the B
form to the Z form or by bending DNA. Furthermore, up
to 80% of polyamines in the cell are directly associated
with RNA and spermine has also been implicated in the
stabilization of tRNA structure [47,49]. Additionally, these
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Figure 4: Biosynthesis of polyamines in humans. Both ornithine and
S-adenosylmethionine are precursors of polyamine synthesis such
as putrescine, spermidine, and spermine. Abbreviations:
AdoMetDC, S-adenosylmethionine decarboxylase; ODC, ornithine
decarboxylase; MTA, methylthioadenosine; SSAT, Spermidine/
spermine-N(1)-acetyltransferase; SMO, spermine oxidase; and
APAO, acetylpolyamine oxidase.

molecules are reported to exhibit molecular chaperone
activity, therefore protecting cells exposed to harsh condi-
tions such as temperature increases. Polyamines include
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putrescine, spermidine, and spermine, thus are synthesized
through ornithine and adomet as precursors with the help
of various enzymes. For example, ornithine is converted to
putrescine with the help of ODC, while adomet is converted
into spermidine and spermine with the help of adomet dec-
arboxylase enzyme [50].

The role of polyamines in humans and
viruses

The polycationic nature of polyamines allows them to be
involved in various activities inside the cellular system.
Besides their role in cell proliferation, growth, differen-
tiation, and chaperone activities, polyamines in viruses
are involved in packaging, transcription, translation, pro-
tease activity, and cell binding. However, in humans, poly-
amines play a pivotal role in nucleic acid metabolism,
transcription, translation, chromatin structure, and mem-
brane fluidity (Figure 5). In general, viruses cannot synthe-
size their proteins, but they depend on the host system.
Therefore, viruses hijack the role of polyamines from the
human host and manipulate them to synthesize and repli-
cate their proteins such as spike proteins [48].

Viruses compete for molecule hosts

To initiate infection, a virus enters a host cell typically via
receptor-dependent endocytosis. It then penetrates the
subcellular membrane, reaching a destination that
supports transcription, translation, and viral genome
replication [51]. These steps lead to the assembly and mor-
phogenesis of the new viral progeny. The mature virus

Polyamines

Viral processes

Figure 5: Summary of polyamines in cellular and viral processes.
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finally exits the host cell to begin the next infection cycle.
Strikingly, viruses hijack host molecular chaperones to
accomplish these distinct entry steps. Viruses are acel-
lular, parasitic entities that are not classified within any
domain because they are not considered alive [52]. They
have no plasma membrane, internal organelles, or meta-
bolic processes, and they do not divide. Instead, they
infect a host cell and use the host’s replication processes
to produce progeny virus particles. Viruses infect all
forms of organisms including bacteria, archaea, fungi,
plants, and animals. Other organisms grow, metabolize,
and reproduce whereas viruses do not, but are assembled
in their mature form. Viruses replicate, but to do so, they
are entirely dependent on their host cells. More so,
viruses are diverse. They vary in their structure, their
replication methods, and their target hosts or even
host cells.

Conclusion and future perspectives

To develop effective and sustainable drugs or treatments
for COVID-19, it is essential to look at how viruses, in
general, hijack molecules found in the human host. The
point of reference could be the role of polyamines and
HSPs in virus reproduction and viral infection [48]. A full
understanding of how a virus-like SARS-CoV-2 utilizes
the aforementioned molecules could lead to the innova-
tive development of vaccines that could prevent the cur-
rent virus from hijacking and altering the host system. As
no host has no virus, preventing viruses to access the
human host is essential in eliminating viruses. In our
laboratory, studies are underway to elucidate the role of
these molecules in SARS-CoV-2 and possibly come up
with alternative therapeutics for SARS-CoV-2. It is impor-
tant to mention that dual treatment has been proposed by
various studies including our group, of which our current
research is also looking at the current virus, COVID-19.
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