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Stress proteins across species
Stress proteins are fairly ubiquitous among living things, ranging from bacteria to

humans. There are several families of heat shock or stress proteins, defined on the basis
of molecular weight (for review, see [1]. These include

e Hsps of 100 and higher mw

e The hsp90 family

e The hsp70 family

e The hsp60 family

e The “small” hsps with mw in the 20s or 30s

e Hspl5, a nucleic acid-binding protein associated with ribosomes

We have been particularly interested in the hsp90 family and in the small hsps

Hsp90

For a review of the hsp90 family, see [2]. Within the 90kDa hsp family are a
prokaryotic protein and two eukaryotic proteins. Hsp90 is a eukaryotic cytosolic protein
that occurs in two isoforms (o and B); grp94 is a eukaryotic protein localized to the
endoplasmic reticulum. Hsp90 is a hydrophobic [3], phosphorylated dimer [4] that can
form oligomers in the presence of nonionic detergents [5]. It has a preference for binding
to positively charged or hydrophobic proteins [6].

In humans, it is primarily the hsp90-a gene that is inducible. This gene is located
on chromosome 14 [7]; the constitutive B gene is located on chromosome 6 [8]. Hsp90
is unevenly distributed in the cytoplasm, but does seem to be concentrated near the
nuclear membrane [9]. The presence of hsp90 on the cell surface may indicate a role in
presenting proteins to immune cells. In fact, geldanamycin (a specific inhibitor of hsp90
activity which binds to the N terminal chaperone site) blocks the CD28 costimulation

signal for T lymphocytes [10].



Both isoforms of hsp90 contain introns, which is unusual for hsps in general.
Gene expression is regulated by binding of the heat shock factor to the heat shock
element. Hsp90 levels appear to be induced during differentiation, and drop as cells
reduce proliferative rates [11]. Stress produces an increase in oligomerization of the
molecule [12], as well as an increase in hydrophobicity [13]. Interestingly, hsp90 is not
induced during ischemia, but is during reperfusion [14].

One of the best known interactions of hsp90 is with steroid hormone receptors
including glucocorticoid, progesterone, and estrogen receptors. Hsp90 binds to the
hormone-binding domain of these receptors, keeping them partially unfolded in the
configuration that binds the hormonal ligand with the highest affinity [15]. Steroid
binding leads to dissociation of hsp90, allowing and enhancing
nuclear translocation [16]. Another potential role of hsp90 is to block aggregation of
unstable proteins [17] by binding to partially denatured proteins and stabilizing them for
refolding by other proteins [18].

Hsp90 also binds to but is not phosphorylated by tyrosine kinases, a process
which may also involve p50. It appears to be important in the functioning of
development-related protein kinases [19]; [20]. Recent evidence also implicates hsp90 in
the stabilization of mutant proteins in Drosophila, allowing mutations to accumulate in
the genome [21]. Hsp90 also binds to actin [22] but not in the presence of ATP [23]. In
fact, decreases in ATP levels may lead to an increase in association with actin [24].
Binding of ATP to hsp90 induces conformational changes in the protein [25]. Binding
of tubulin [26] may lead to stabilization of the cytoskeleton during stress, although some
studies have indicated thathsp90 inhibits tubulin polymerization [27].

Geldanamycin can deplete p185-erbB2 which is a tyrosine kinase overexpressed
in some cancer cells [28]. V-SRC and Raf kinase may require hsp90 for binding to
membranes [29] [30]. Hsp90 and grp94 are often upregulated in transformed cells [31],
and reduced hsp90 levels appear to protect against TNF-o induced apoptosis . Recent
studies indicate that hsp90a. mRNA levels are increased in cancer cells along with
increased levels of cyclin D1 [32]. Hsp90 is also associated with expression of pgp [33]
and is expressed constitutively in doxirubicin-resistant but not doxirubicin sensitive cell

lines. C. elegans accumulates hsp90 in its dauer form [34].



In terms of effects of inhibitors of energy metabolism, one effect of exposure to
sodium azide is a change in the ability of glucocorticoid receptors to interact with hsp90
and subsequently to bind hormone. Hu et al. [35] have demonstrated that exposing
WEHI-7 cells to sodium azide causes a reduction in the state of phosphorylation of the
glucocorticoid receptor, resulting in a significant reduction of the interaction between the
hormone receptor and hsp90. The lack of interaction with hsp90 is the cause of the
reduction in hormone binding.

In recent studies, hsp90 has been shown to mask a hidden reservoir of small
mutations in the fruit fly. However, when the protein is engaged in a protective role it

loses its ability to stabilize mutant proteins leading to their expression [21].

Small stress proteins

For a review of the small stress proteins see Arrigo and Landry [36] and Ciocca
et. al. [37]. These proteins have molecular weights ranging from around 15 kDa to 30
kDa, and have divergent structures. What they have in common is an alpha-crystallin
domain with several highly conserved segments. Most are strongly inducible, some are
also constitutively expressed. Control of expression is most likely similar to control of
expression of other hsps, involving binding of the heat shock transcription factor to the
heat shock element.

Small hsps occur constitutively in a variety of tissues, including reproductive
tissues, skin, muscle, and blood cells [38]. A 23 kDa stress protein has also been
tentatively identified in macrophages [39]. In rats, hsp25 has a strong presence in the
pituitary, gastrointestinal smooth muscle, vascular smooth muscle, and other smooth
muscle types [40]. In terms of subcellular distribution, hsp27 has been shown to
associate with the mitochondrial fraction [41]

Activation of one small stress protein, hsp27, involves phosphorylation [42],
probably by a kinase whose activity is itself regulated by phosphorylation [43]. In fact,
experiments have indicated that this kinase can be activated by IL-1 or TNF [44] [45] as
well as p38 [46], and enhanced expression of hsp27 in transfected cells protected against
TNF-mediated cytotoxicity as well as against oxidative stress [47]. Phosphorylation of

hsp27 has been noted following heat stress, and dephosphorylation was observed to



follow ATP depletion [48]. There is evidence that phosphorylation following heat stress
involves either a MAPK-activated protein kinase [49] or, in a separate pathway, an IL-1-
stimulated protein kinase [50]

Hsp27 has been shown to be induced by hydroxyurea [51]; hsp25 is induced by
some, but not all anticancer drugs [52]. In tumor cells, overexpression of hsp27 correlates
with resistance to doxorubicin [53]. But, while expression of hsp27 has been associated
with thermoresistance and chemoresistance, interestingly it does not confer
radioresistance [54].

Several studies have elucidated the role of hsp27 in cell death. Inhibition of
hsp27 induction potentiates release of cytochrome ¢ following exposure to apoptotic
agents, inhibiting caspase activation [41]. Hsp27 may also play a role in the mechanism
by which cytotoxic T lymphocytes induce cell death. Hsp27 binds to the protease
granzyme A, and low levels of hsp27 may prove to confer some degree of resistance to
CTL attack [55]. Phophorylated hsp27 also binds to Daxx blocking one Fas-related
apoptotic pathway [56]. Hsp27 has also been shown to bind to cytochrome c and prevent
interaction of Apaf-1 with procaspase-9 [57]. Evidence also exists that elevated
expression of hsp27 leads to a rise in intracellular glutathione concentration, which then
results in a decrease in the intracellular level of reactive oxygen species [58]. This may
be mediated through increase in glucose-6-phosphate dehydrogenase activity, leading to
increase in the levels of reduced GSH [59]

Hsp27 has also been shown to inhibit protein synthesis through binding to the
factor elF4F and preventing the formation of a cap-binding initiation sequence [60].
Hsp27 has also been observed to associate with actin microfilaments. Hsp28 appears to
be a substrate of the serine protease myeloblastin, and as such may play a role in retinoid-
induced differentiation [61].

The relationship between expression of small hsps in cancer cells and prognosis is
not entirely clear. Overexpression of hsp27 in breast cancers has been associated with
increase risk of relapse, but may in fact render those cells more susceptible to being
targeted by some immune system cells [62]. Hsp27 has been detected in several, but not
all different types of brain tumors, with expression roughly correlating with degree of

malignancy [63] [64]. Expression of hsp27 has been linked to thermoresistance and drug



resistance in transformed cells [65] [66] [67], and tumors expressing MDR1 also tend to
coexpress hsp27 [68]. Fibrosarcoma cells transfected with mouse hsp25 show enhanced
growth, however, cells transfected with human hsp27 show less aggressive growth than
nontransfected cells [69].

Interestingly, mammalian cell lines adapted to growth at low pH also show

elevated hsp27 levels [70].

Other hsps in apoptosis and cancer

Other hsps have also been implicated in apoptosis, growth control, and cancer.
Hsp70 has been implicated in oncogenic transformation [71], and increased hsp70
expression can protect cells from necrosis resulting from energy deprivation [72]. Hsp70
together with HSF1 have been shown to suppress Ras-induced transcription of the c-fos
gene [73], and hsp72 has been shown to interfere with caspase activation [41]. In
addition, overexpression of mtHSP70 has been shown to induce differentiation of HL-60

promyelocytic leukemia cells [74].

1. Lindquist, S. and E.A. Craig, The Heat Shock Proteins. Annual Reviews of
Genetics, 1988. 22: p. 631-677.

2. Csermely, P., et al., The 90-kDa molecular chaperone family: structure, function,
and clinical applications. A comprehensive review. Pharmacol. Ther., 1998.
79(2): p. 129-168.

3. Iwasaki, M., et al., Purification of heat shock protein 90 from calf uterus and rat
liver and characterization of the highly hydrophobic region. Biochem. Biophys.
Acta, 1989. 992: p. 1-8.

4. Rose, D.W., et al., The 90-kilodalton peptide of the heme-regulated elF-2-alpha
kinase has sequence similarity with the 90-kilodalton heat shock protein.
Biochemistry, 1987. 26: p. 6583-6587.

5. Lanks, K.W., Temperature-dependent olizomerization of hsp85 in vitro. J. Cell
Physiol., 1989. 140: p. 601-607.

6. Csermely, P., et al., Binding affinity of proteins to hsp90 correlates with both
hydrophobicity and positive charges. A surface plasmon resonance study. Life
Sci., 1997. 61: p. 411-418.

7. Ozawa, K., et al., Mapping of the gene family for human heat-shock protein 90
alpha to chromosomes 1,4,11, and 14. Genomics, 1992. 12(214-220).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Durkin, A.S., et al., Assignment of an intron-containing human heat-shock protein
gene (hsp90 beta, HSPCB) to chromosome 6 near TCTEI (6p21) and two
intronless pseudogenes to chromosomes 4 and 15 by polymerase chain reaciton
amplification from a panel of hybrid cell lines. Genomics, 1993. 18(2): p. 452-4.
Perdew, G.H., et al., Localization and characterization of the 86- and 84-kDa
heat shock proteins in Hepa Iclc7 cells. Experimental Cell Research, 1993.
209(2): p. 350-6.

Schnaider, T., et al., The hsp90-specific inhibitor, geldanamycin, blocks cd2S§-
mediated activation of human T lymphocytes. Life Sci., 1998. 63(11): p. 949-954.
Kohda, T., K. Kondo, and M. Oishi, Cellular HSP90 (HSP86) mRNA level and in
vitro differentiation of mouse embryonal carcinoma (F9) cells. FEBS Letters,
1991. 290: p. 107-110.

Yonehara, M., et al., Heat-induced chaperone activity of HSP90. J. Biol. chem.,
1996. 271: p. 2641-2645.

Yamamoto, M., et al., Characterization of the hydrophobic region ofheat shock
protein 90. J. Biochem. (Tokyo), 1991. 110: p. 141-145.

Sciandra, J.J., J.R. Subjeck, and C.S. Hughes, Induction of glucose-regulated
proteins during anaerobic exposure and of heat-shock proteins after
reoxygenation. PNAS, 1984. 81(15): p. 4843-7.

Pratt, W.B., The role of Hsp90-based chaperone system in signal transduction by
nuclear receptors and receptors signaling via MAP kinase. Annual Review
Pharmacol. Toxicol., 1997. 37: p. 297-326.

Smith, D.F. and D.O. Toft, Steroid receptors and their associated proteins.
Molecular Endocrinology, 1993. 7(1): p. 4-11.

Wiech, H., et al., Hsp90 chaperones protein folding in vivo. Nature, 1992. 358: p.
169-170.

Freeman, B.C. and R.I. Morimoto, The human cytosolic molecular chaperones
hsp90, hsp70 (hsc70) and hdj-1 have distinct roles in recognition of a non-native
protein and protein refolding. EMBO J., 1996. 15(2969-2979).

Doyle, H.L. and J.M. Bishop, Torso, a receptor tyrosine kinase required for
embryonic pattern formation, shares substrates with the sevenless and EGF-R
pathways in Drosophila. Genes Dev., 1993. 7(633-646).

Cutforth, T. and G.M. Rubin, Mutations in Hsp83 and cdc37 impair signaling by
the sevenless receptor tyrosine kinase in Drosophila. Cell, 1994. 77: p. 1027-
1036.

Rutherford, S.L. and S. Lindquist, Hsp90 as a capacitor for morphological
evolution. Nature, 1998. 396: p. 336-342.

Koyasu, S., et al., Two mammalian heat shock proteins, HSP90 and HSP100, are
actin-binding proteins. PNAS, 1986. 83(21): p. 8054-8.

Scheibel, T., et al., ATP-binding properties of human Hsp90. J. Biol. chem., 1997.
272(18606-18613).

Kellermayer, M.S.Z. and P. Csermely, ATP induces dissociation of the 90kDa
heat shock protein (Hsp90) from F-actin: interference with the binding of heavy
meromyosin. Biochemical and Biophysical Research Communications, 1995. 211:
p. 166-174.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Soti, C. and P. Csermely, Characterization of the nucleotide binding properties of
the 90 kDa heat shock protein (Hsp90). J. Biosci., 1998. 23(4): p. 347-352.
Sanchez, E.R., et al., Evidence that the 90-kilodalton heat shock protein is
asociated with tubulin containing complexes in L cell cytosol and in intact PtK
cells. Mol. Endocrinol., 1988. 2: p. 756-760.

Garnier, C., et al., Heat-shock protein 90 (hsp90) binds in vitro to tubulin domer
and inhibitis microtubule formation. Biochemical and Biophysical Research
Communications, 1998. 250: p. 414-419.

Chavany, C., et al., pI/85erbB2 binds to GRP94 in vivo. dissociation of the
p185erbB2/GRP94 heterocomplex by benzoquinone ansamycins precedes
depletion of p185erbB2. J. of Biological Chemistry, 1996. 271(9): p. 4974-7.
Mimnaugh, E.G., C. Chavany, and L. Neckers, Polyubiquitination and
proteasomal degradation of the p185c-erbB-2 receptor protein-tyrosine kinase
induced by geldanamycin. J. Biol. chem., 1996. 266: p. 10099-10103.

Schulte, T.W., et al., Disruption of the Raf-1-Hsp90 molecular complex results in
destabilization of Raf-1 and loss of Raf-1-Ras association. J. Biol. chem., 1995.
270: p. 24585-24588.

Lebeau, J., et al., Constitutive overexpression of a 89 kDa heat shock protein gene
in the BHL100 human mammary cell line converted to a tumorigenic phenotype
by the DJ/T24 Harvey-ras oncogene. Oncogene, 1991. 6: p. 1125-1132.

Yano, M., et al., Expression and roles of heat shock proteins in human breast
cancer. Jpn. J. Cancer Res., 1996. 87: p. 908-915.

Bertram, J., et al., Increase of P-glycoprotein-mediated drug resistance by hsp90
beta. Anticancer Drugs, 1996. 7: p. 838-845.

Dalley, B.K. and M. Golomb, Gene expression in the Caenorhabditis elegans
dauer larva: developmental regulation of Hsp90 and other genes. Dev. Biol.,
1992. 151: p. 80-90.

Hu, L.M., et al., Glucocorticoid receptors in ATP-depleted cells.
Dephosphorylation, loss of hormone binding, HP90 dissociation, and ATP-
dependent cycling. J. of Biological Chemistry, 1994. 269(9): p. 6571-7.

Arrigo, A.-P. and J. Landry, Expression and function of the low-molecular-weight
heat shock proteins, in The Biology of Heat Shock Proteins and Molecular
Chaperones. 1994, Cold Spring Harbor Press: Cold Spring Harbor, NY. p. 335-
373.

Ciocca, D., et al., Biological and Clinical Implications of Heat Shock Protein
27000 (Hsp27): a Review. Journal of the National Cancer Institute, 1993. 85(19):
p. 1558-1570.

Ciocca, D.R., et al., Distribution of an estrogen-regulated protein with a
molecular weight of 24,000 in normal and malignang human tissues and cells.
Cancer Research, 1983. 43: p. 1204-1210.

Sato, H., et al., Induction of a 23 kDa stress protein by oxidatine and sulfhydryl-
reactice agents in mouse peritoneal macrophages. Biochimica et Biophysica
Acta, 1993. 1148: p. 127-132.

Wilkinson, J.M. and 1. Pollard, Immunohistochemical Localisation of the 25 kDa
Heat Shock Protein in Unstressed Rats: Possible Functional Implications. The
Anatomical Record, 1993. 237: p. 237-453.



41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Samali, A., et al., Hsp27 protects mitochondria of thermotoleratn cells against
apoptotic stimuli. Cell Stress and Chaperones, 2001. 6(1): p. 49-58.

Landry, J., et al., J. Cell Physiol., 1991. 147: p. 93-101.

Zhou, M., H. Lambert, and J. Landry, Transient Activation of a Distinct Serine
Protein Kinases Is Responsible for 27-kDa Heat Shock Protein Phosphorylation
in Mitogen-stimulated and Heat-shocked Cells. The Journal of Biological
Chemistry, 1993. 268(1): p. 35-43.

Guesdon, F., et al., Interleukin 1 and Tumor Necrosis Factor Stimulate Two Novel
Protein Kinases That Phosphorylate the Heat Shock Protein hsp27 and B-Casein.
The Journal of Biological Chemistry, 1993. 268(6): p. 4236-4243.

Mehlen, P., et al., Tumor necrosis factor-alpha induces changes in the
phosphorylation, cellular localization, and oligomerization of human hsp27, a
stress protein that confers cellular resistance to this cytokine. Cellular
Biochemistry, 1995. 58: p. 248-259.

Guay, J., et al., Regulation of actin filament dynamics by p38 map kinase-
mediated phosphorylation of heat shock protein 27. Journal of Cell Science, 1997.
110: p. 357-368.

Mehlen, P., et al., Constitutive expression of human hsp27, Drosophila hsp27, or
human alphaB-crystallin confers resistance to TNF- and oxidative stress-induced
cytotoxicity in stably transfected murine L929 fibroblasts. Immunology, 1995.
154: p. 363-374.

Loktionova, S.A., et al., Distinct effects of heat shock and ATP depletion on
distribution and isoform patterns of human Hsp27 in endothelial cells. FEBS
Letters, 1996. 392: p. 100-104.

Rouse, J., et al., 4 novel kinase cascade triggered by stress and heat shock that
stimulates MAPKAP kinase-2 and phosphorylation of the small heat shock
proteins. Cell, 1994. 78: p. 1027-1037.

Freshney, N.W., et al., Interleukin-1 activates a novel protein kinase cascade that
results in the phosphorylation of hsp27. Cell, 1994. 78: p. 1039-1049.

Eskenazi, A.E., et al., Induction of heat shock protein 27 by hydroxyurea and its
relationship to experimental metastasis. Clin. Exp. Metastasis, 1998. 16: p. 283-
290.

Bielka, H., et al., Induction of the small stress protein, hsp235, in ehrlich ascites
carcinoma cells by anticancer drugs. FEBS, 1994. 343: p. 165-167.

Oesterreich, S., et al., The Small Heat Shock Protein hsp27 is Correlated with
Growth and Drug Resistance in Human Breast Cancer Cell Lines. Cancer
Research, 1993. 53: p. 4443-4448.

Fortin, A., et al., Overexpression of the 27 kDa heat shock protein is associated
with thermoresistance and chemoresistance but not with radioresistance. Int. J.
Radiation Oncology Biol. Phys., 2000. 46(5): p. 1259-1266.

Beresford, P.J., et al., 4 role for heat shock protein 27 in CTL-mediated cell
death. The Journal of Immunology, 1998. 161: p. 161-167.

Charette, S.J., et al., Inhibition of Daxx-mediated apoptosis by heat shock protein
27. Molecular and Cellular Biology, 2000. 20: p. 7602-7612.

Bruey, J.-M., et al., Hsp27 negatively regulates cell death by interacting with
cytochrome c. Nature Cell Biology, 2000. 2: p. 645-652.



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Mehlen, P., et al., Human hsp27, Drosophila hsp27 and human aB-crystallin
expression-mediated increase in glutathione is essential for the protective activity
of these proteins against TNFa-induced cell death. The EMBO Journal, 1996.
15(11): p. 2695-2706.

Preville, X., et al., Mammalian small stress proteins protect against oxidative
stress through their ability to increase glucose-6-phosphate dehydrogenase
activity and by maintaining optimal cellular detoxifying machinery. Experimental
Cell Research, 1998. 247: p. 61-78.

Cuesta, R., G. Laroia, and R.J. Schneider, Chaperone hsp27 inhibits translation
during heat shock by binding elF4G and facilitating dissociation of cap-initiation
complexes. Genes and Development, 2000. 14: p. 1460-1470.

Spector, N.L., et al., 28-kDa mammalian heat shock protein, a novel substrate of
a growth regulatory protease involved in differentiation of human leukemia cells.
Biological Chemistry, 1995. 270(3): p. 1003-1006.

Mahvi, D., et al., Overexpression of 27-kDa heat-shock protein in Mcf-7 breast
cancer cells: effects on lymphocyte-mediated killing by natural killer and delta
gamma T cells. Cancer Immunology Immunotherapy, 1993. 37: p. 181-186.
Hitotsumatsu, T., et al., Distinctive immunohistochemical profiles of small heat
shock proteins (heat shock protein 27 and alpha beta-crystallin) in human brain
tumors. Cancer Research, 1996. 77: p. 352-361.

Khalid, H., et al., Expression of the small heat shock protein (hsp) 27 in human
astrocytomas correlates with histologic grades and tumor growth fractions.
Cellular and Molecular Neurobiology, 1995. 15(2): p. 257.

Landry, J., et al., Heat shock resistance conferred by expression of the human
HSP27 gene in rodent cells. J. Cell Biol., 1989. 109: p. 7-15.

Huot, J., et al., Cancer Research, 1991. 51: p. 5245-5252.

Richards, E.H., et al., Effect of Overexpression of the Small Heat Shock Protein
HSP27 on the Heat and Drug Sensitivities of Human Testis Tumor Cells. Cancer
Research, 1996. 56(May 15, 1996): p. 2446-2451.

Schneider, J., et al., Co-expression of the MDRI1 gene and HSP27 in human
ovarian cancer. Anticancer Research, 1998. 18: p. 2967-2972.

Blackburn, R.V., et al., Comparison of tumor growth between hsp25 and hsp27-
transfected murine L929 cells in nude mice. Int. J. Cancer, 1997. 72: p. 871-877.
Wachsberger, P.R., et al., Mammalian cells adapted to growth at pH 6.7 have
elevated HSP27 levels and are resistant to cisplatin. Int. J. Hyperthermia, 1997.
13(3): p. 251-255.

Volloch, V.Z. and M.Y. Sherman, Oncogenic potential of Hsp72. Oncogene,
1999. 18: p. 3648-3651.

Kabakov, A.E. and V.L. Gabai, Heat shock-induced accumulation of 70-kDa
stress protein (HSP70) can protect ATP-depleted tumor cells from necrosis.
Experimental Cell Research, 1995. 217: p. 15-21.

He, H., et al., Hsp70 and heat shock factor I cooperate to repress Ras-induced
transcriptional activation of the c-fos gene. Cell Stress and Chaperones, 2000.
5(5): p. 406-411.



74. Xu, J., H.H. Xiao, and A.C. Sartorelli, Attenuation of the induced differentiation
of HL-60 leukemia cells by mitochondrial chaperone HSP70. Oncology Research,
1999. 11: p. 429-435.



	Small stress proteins
	Other hsps in apoptosis and cancer

