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Hsp90a and Hsp90B are both ubiquitously expressed in all cell types, but assigned for distinct and irreplaceable
functions. Hsp90p is essential during mouse development and Hsp90a only maintains male reproductivity in adult
mice. Neither Hsp90fB nor Hsp90a could substitute each other under these biological processes. Hsp90f alone
maintains cell survival in culture and Hsp90a cannot substitute it. Hsp90a also has extracellular functions under

stress and Hsp90pB does not.

heat shock protein-90 Hsp90-alpha Hsp90-beta

| 1. Cytosolic Hsp90 Isoforms

In vertebrates, two distinct Hsp90 genes encode the cytosolic Hsp90a (HSPCAL4, 14q32.31, MIM# 140571) and
Hsp90B (HSPCB, 6p21.1, MIM# 140572), respectively. In addition, two organelle-residing isoforms, Grp94 and
TRAP1, also belong to the Hsp90 protein superfamily . As shown in Figure 1A, the human Hsp90a and Hsp90p
share approximately 86% amino acid homology and differ at a total of 99 amino acid residues along their full-length
732- (Hsp90a) and 724- (Hsp90B) amino acid sequences. The differences in amino acids include 58 conservative
substitutions, 41 non-conservative substitutions and 12 (variable numbers of amino acid) deletions in Hsp90pB. The
substitutions or deletions are not evenly distributed along the two proteins. It is noticeable that there are 21 amino
acid substitutions and three amino acid deletions within the 32 amino acid sequences of the linker region (LR),
resulting in a reduced homology between Hsp90a and Hsp90B of 40%. Accordingly, as shown in Figure 1B, the
recombinant Hsp90a protein migrates slightly slower than Hsp90B in SDS gel electrophoresis. For unknown
reasons, the recovery of recombinant Hsp90@ from cultured bacteria, even using various improved strains, could
only reach 10-20% of recombinant Hsp90a protein production . In the absence of extracellular stress, the
steady-state levels of Hsp90a and Hsp90pB appear to be similar in cultured cell lines Bl. However, their levels of
expression vary dramatically in different mouse organs BRI8 As shown in Figure 1C, while the expression of
Hsp90B remains relatively constant among different mouse organs (Note: it is known that beta-actin is
uncharacteristically lower in heart tissue), the variations in Hsp90a expression, lowest in the heart and highest in
the testis, have as much as a 20-fold difference. While the overall ATPase activity (note, ATP hydrolysis, instead of
ATP/ADP exchange) of the purified Hsp90 proteins is uncharacteristically lower than other ATPases under similar
testing conditions, there has been no report on the relative ATPase activity between Hsp90a and Hsp90B. The
ATPase activity of purified Hsp90a and Hsp90( proteins may nevertheless prove biologically irrelevant, since the
ATPase activity of Hsp90s has been shown to be also regulated by interaction with specific co-chaperones.

Moreover, the ATP-dependent client protein activation by Hsp90 has been localized to so-called ‘mature’
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complexes . Therefore, the physiological ATPase activity of client protein- and/or co-chaperone-bound Hsp90

inside living cells could be surprisingly more volatile.

1 NTD 236 R 272 MD 629  c1p 732
g e — |
17 [21] [43] [18]
1 of : v — 1 ; 1 ;
epkins r Al
% 1 s 1§ B 181 11811180 1) 11| W ot 1111
1 5 B 24 _ 621 o 724
Hsp90p
¢ RSy 5 @‘\ Y & o &
B. x &
_ %’? V‘P K & F f\‘”q
BSA (pg) & &
s 5 £ T ——— Y - s
3~ hHsp90 (@wp)
«BSA
L S R — oo

—

Figure 1. Variations in location, molecular mass and expression in mouse organs between Hsp90a and Hsp90p.
(A) Locations (black colored) of the 99 amino acid substitutions and deletions between human Hsp90a and
Hsp90pB, in which the LR shows the highest percentage of the mutations. (B) The molecular mass of human
recombinant Hsp90a and Hsp90B on an SDS-PAGE gel. (C) The relative expression of Hsp90a and Hsp90p in

indicated mouse organs in reference to equalized total proteins of the various organs.

| 2. Studies of Hsp90a and Hsp90B Genes in Lower Organisms

Convincing evidence for the importance of Hsp90 genes is their critical roles during the germline or tissue-specific
development of various animal models throughout their evolution. The deletion of the Escherichia coli Hsp90
homolog HptG was viable but showed growth disadvantages as the environmental temperature increased (&,
indicating the requirement for HptG to deal with environmental stress. However, much of the pioneering
investigations into the machinery of Hsp90 was conducted in yeasts. In the budding yeast Saccharomyces
cerevisiae, cells with homozygous mutations for both HSP82 (Hsp90a) and HSC82 (Hsp90p) die at any
temperature, in which higher levels of Hsp90 correlated with a higher tolerance for cell growth [, While HSP82 and
HSC82 share 97% amino acid identity, purified HSP82 and HSC82 proteins exhibit variable ATPase activities,
distinct client interactions and different sensitivities of single isoform-expressing cells in growth in response to
stress (29, In Schizosaccharomyces pombe, the Weel tyrosine kinase requires Hsp90 (swol-26) to regulate the
cell cycle 1. In Drosophila, mutations in the only known Hsp90-related gene, Hsp83 (E(sev)3A), are lethal. The
cDNA sequence of E(sev)3A shows 72% and 74% similarities to those of human Hsp90a and Hsp90p,
respectively. Interestingly, the amino acid sequence identities of the Drosophila Hsp83 (717 a.a.) to the human
Hsp90a (732 a.a.) and Hsp90pB (724 a.a.) are both exactly 78.5%. Cutforth and Rubin showed that the Drosophila
Hsp90 (E(sev)3A) was required for downstream signaling by the tyrosine kinase receptor, the sevenless receptor,
leading to R7 photoreceptor neuron differentiation 12, apparently via the Raf kinase pathway 3. More
interestingly, Yue and colleague reported a critical function for Drosophila Hsp90 (E(sev)3A) during

spermatogenesis, which appeared to be most sensitive to the loss of E(sev)3A 4],
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| 3. Studies of Hsp90a vs. Hsp90B in Mammalian Cells

A dozen studies compared Hsp90a vs. Hsp90p side-by-side in various cellular functions. Kuo et al. reported that
Hsp90p is involved in CpG-B ODN signaling but did not carry out experiments to address the specific role of
Hsp90a 3. Using a similar approach, Bouchier-Hayes and colleagues showed that Hsp90a is a key negative
regulator of heat shock-induced caspase-2 activation, suggesting a possible mechanism for Hsp90a involvement in
anti-apoptosis 28, This study did not clarify whether Hsp90a acts alone or still requires the co-participation of
Hsp90p, i.e., whether the downregulation of Hsp90( affects the status of caspase-2. Houlihan et al. compared
Hsp90a and Hsp90p for MHC class Il presentation and reported that the disruption of either Hsp90a or Hsp90B
expression inhibited the class Il presentation of the exogenous and endogenous GAD Ag 7. Chatterjee et al.
recently showed that Hsp90B plays a more important role than Hsp90a in the control of multiple myeloma cell
survival 18 A very interesting but previously overlooked study by Passarino and colleagues reported a healthy
Caucasian human bears a missense mutation in the Hsp90a gene that impairs the translation of the protein
product, suggesting that Hsp90a is unessential for life 19, Taherian et al. compared the binding of Hsp90a and
Hsp90p to client proteins and co-chaperones in mammalian cells and Xenopus oocytes and reported that Hsp90a
and Hsp90p exhibit similar interactions with co-chaperones, but significantly different behaviors with client proteins
under stress conditions, inconsistent with the theory of co-chaperones determining client binding specificity 22,
Cortes-Gonzélez et al. showed that Hsp90a enhances, whereas Hsp90p reduces, NO and O(2)(-) generation by
eNOS via modulating eNOS conformation and the phosphorylation state 21, The KCNQ4 channel plays a critical
role in DFNA2, a subtype of deafness with progressive sensorineural hearing loss. Gao and colleagues compared
Hsp90a and Hsp90B for controlling KCNQ4 homeostasis and found that overexpressed Hsp90B could restore
KCNQ4 surface expression, although it was insufficient to rescue the function of KCNQ4 channels 22, When skin
is injured and blood vessels clot, the local environment becomes ischemic. Jayaprakash and colleagues
demonstrated that Hsp90a and Hsp90B work together to promote cell motility in wounded skin and accelerate
wound closure, in which Hsp90p binds to the cytoplasmic tail of the LDL receptor-related protein-1 (LRP-1) and
stabilizes the receptor at the cell surface. Hsp90a, however, is secreted by the cell into the extracellular space,
where it binds and signals through the LRP-1 receptor to promote cell motility, leading to wound closure 23],
Idiopathic pulmonary fibrosis (IPF) is a progressive lung disease characterized by apoptosis-resistant
myofibroblasts and the excessive production of ECMs overtaking the normal lung tissue space. Consistent with the
findings of Jaraprakash and colleagues during skin wound healing, Bellaye et al. showed that the intracellular form
of HSP90 stabilizes the LRP-1 receptor to amplify the functionality of eHsp90a'’s extracellular reparative function
(241 Recently, Zou et al. used CRISPR/Cas9 gene-editing technology to knock out Hsp90a and Hsp90B in MDA-
MB-231 breast cancer cells. They found that Hsp90a knockout had little effect on the survival and doubling time of
the cancer cells, but specifically nullified the cells’ ability to migrate and invade in the absence of serum support in
vitro and form tumors in nude mice. More surprisingly, the lost ability of migration and invasiveness in vitro and
tumorigenicity in vivo in the Hsp90a knockout cancer cells could be fully rescued by extracellular supplementation
or injection to circulation with human recombinant Hsp90a, but not Hsp90[, protein. In contrast, a similar attempt to
knock out Hsp90p failed to obtain any viable cell colonies during drug selection @, These authors went on to

demonstrate that the major difference that distinguish Hsp90a from Hsp90B with regard to having extracellular
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functions or not is a dual lysine motif, K270/K277. This motif is only present in Hsp90a and substituted with
G262/T269 in Hsp90B, as schematically shown in Figure 2A. Swapping between K270/K277 in Hsp90a and
G262/T269 in Hsp90B completely abolishes the extracellular functions of Hsp90a and, in reverse, grants Hsp90f3
the extracellular functions of Hsp90a. This extracellular function-determining lysine motif is evolutionarily
conserved in members of the Hsp90a subfamily (Figure 2B) and is substituted in members of the Hsp90p
subfamily (Figure 2C). Similarly, it is of great interest to identify the key amino acid motifs that distinguish the
specificity of the intracellular chaperone functions between Hsp90a and Hsp90p3, which could serve as the targets
for Hsp90a- and Hsp90B-specific inhibitors.
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monkey SDEEEEEKKDGDKKKKKKIKEKY IDQEE . SDEEDDSGKDKKKKTKKIKEKY IDQEE
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pig SDEEEEEKKDGDKKKKKKIKEKY IDQEE . SDEEDDSGKDKKKKTKKIKEKY IDQEE
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goat SDEEEEEKKDGDKKKKKKIKEKY IDQEE . SDEEDDSGKDKKKKTKKIKEKY I DQEE
rabbit SDEEEEEKKDGDKKKKKKIKEKY IDQEE . SDEEDDSGKDKKKKTKKIKEKY I DQEE
mouse SDEEEEEKKDGDKKKKKKIKEKYIDQEE . SDEEDDSGKDKKKKTKKIKEKY IDQEE
opossum . SDEEEEKKDGDKKKKKKIKEKY IDQEE SDEEEEEGEKSKKKKTKKIKEKY IDQEE
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fly . . DEDADKKDKDAKKKKT I KEKYTEDEE Unidentified

worm . SEEEEDKKKDKKKKNSDESEEENKKRK Unidentified
yeast . PEEEKKDEEKKDEEKKDEDDKKPKLEE P IPEEEKKDEEKKDEDDKKPKLEEVDEE

Figure 2. Evolutionarily conserved lys-270 and lys-277 distinguish Hsp90a from Hsp90B for having important
extracellular functions. (A) The dual lysine motif is essential for the extracellular and ATPase-independent functions
of eHsp90a. Substitutions of G262 and T269 in Hsp90B with lysine grant Hsp903 similar extracellular functions to
eHsp90a. The dual K270/K277 motif in human Hsp90a (B) and the corresponding G262/T260 motif in human
Hsp90B (C) are evolutionarily conserved in all the Hsp90a subfamily and the Hsp90B subfamily members,

respectively.

| 4. Role of Hsp90a and Hsp90B during Mouse Development

Since 2000, several mouse genetic studies have provided perhaps the strongest evidence that Hsp90a and
Hsp90B, albeit an 86% amino acid identity, have distinct and non-compensating functions during mouse
development. Voss et al. tried to generate Hsp90 mutant mice by gene trap insertion into the exon 9 and reported
that heterozygous Hsp90p mutant mice were normal, whereas the homogenous Hsp90f mutant embryos remained

normal by E9.0/9.5 but died a day later due to a developmental defect in the placental labyrinth formation, even in
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the presence of a normal level of Hsp90a 22, Grad and colleagues showed that mice with C-terminal 36-amino
acid-deleted Hsp90aq, theoretically preventing the protein to form a dimer, had little phenotypic difference from their
wild-type counterparts. However, the lack of the Hsp90a chaperone function, even in the presence of a higher level
of Hsp90p, specifically paralyzed the production of sperm in male mice 4!, Interestingly, an earlier study by Yue and
colleagues reported that a reduced level of Hsp82 (E(sev)3A) was associated with a specific defect in
spermatogenesis in Drosophila 4. In addition to a defect in spermatogenesis, Imai and colleagues reported that
the destruction of Hsp90a’'s chaperone function caused defect in extracellular antigen translocation across the
endosomal membrane into the cytosol in both male and female mice Bl A recent study provided a likely
explanation for why Hsp90a is specifically involved in spermatogenesis. While most tissues keep oxygen pressure
between 2% and 9% (the oxygen levels in mouse circulation), the testis is known to have a constant oxygen
pressure lower than 1.5%, as well as a temperature two degree lower than the rest of the body [28]. Accordingly, the
low oxygen pressure causes a constitutive expression of hypoxia-inducible factor-lalpha (HIF-10a) in the premeiotic
cells of the mouse testis [21[28] and in human sperm 22, Tang et al. showed that CRISPR-cas9-mediated knockout
of Hsp90a destabilized HIF-1a in mouse testis, resulting in infertility in male mice [&. More interestingly, the
requirement of Hsp90a for supporting spermatogenesis has been shown during the adult life of mice as well B9,
Researchers have recently found that the testis is the only organ in mice that constitutively expresses a higher
level of HIF-1a, providing a mechanism for why Hsp90a knockout specifically affects the testis’ function.
Researchers speculate that, beside the specific role of Hsp90a in stabilizing HIF-1 during spermatogenesis, the
evolutionarily conserved duty for Hsp90a, both intracellularly and extracellularly, is to deal with stress-related
pathophysiological conditions, such as wound healing, tissue inflammation and tumor progression. In contrast,

Hsp90p serves as the critical housekeeper inside the cells.

5. The Chaperoning Data In Vitro Do Not Match the Biology
In Vivo between Hsp90a and Hsp90

Even though the role for Hsp90a and Hsp90f during mouse development dramatically varies, with Hsp90a
knockout only affecting spermatogenesis and Hsp90B knockout causing death, similar degrees of difference at the
molecular level, such as the profiles of their client proteins and co-chaperones, have never been established. In
contrast, the results of the limited studies that compared the profiles of Hsp90a- vs. Hsp90B-associated signaling
molecules have consistently shown much fewer variations than similarities. Taking the most critical PI-3K—Akt
pathway that regulates cell metabolism and the EGFR-Ras-Raf-MEK-ERK signaling pathway that controls cell
growth, Taherian et al. showed that Hsp90a and Hsp90B equally bind to Raf-1 and MEK1 under physiological
conditions 29, Tang and colleagues knocked out Hsp90a or knocked down Hsp90B or both in MDA-MB-231 cells
and measured the steady-state stability of EGFR, Aktl, Akt2, Erk1/2 and cyclin D1. Their results show that the
absence of either Hsp90a or Hsp90p alone did not cause any significant degradation of these signaling molecules,
except that the absence of Hsp90p affected the stability of Akt2, Erk1/2 and cyclin D1 more than Hsp90a absence,
whereas the absence of both Hsp90a and Hsp90pB caused a catastrophic degradation of all the signaling molecules
of the pathway L. If these results were interpretated as Hsp90a and Hsp90B compensating for each other’s

absence, it would not explain the dramatically different outcomes of Hsp90a knockout and Hsp90@ knockout in
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mice. If the interpretation were instead that Hsp90fB, but not Hsp90a, chaperones a yet unidentified factor
independent of the EGFR-Ras-Raf-MEK-ERK signaling pathway and critical for mouse development, it would be of

a great interest to identify such a factor(s).
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