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Abstract. Heat shock induces in cells the synthesis of 
specific proteins called heat shock proteins (HSPs) and 
a transient state of thermotolerance. The putative role 
of one of the HSPs, HSP27, as a protective molecule 
during thermal stress has been directly assessed by 
measuring the resistance to hyperthermia of Chinese 
hamster and mouse cells transfected with the human 
HSP27 gene contained in plasmid pHS2711. One- and 
two-dimensional gel electrophoresis of [3H]leucine- 
and [32P]orthophosphate-labeled proteins, coupled with 
immunological analysis using Ha27Ab and Hu27Ab, 
two rabbit antisera that specifically recognize the ham- 
ster and the human HSP27 protein respectively, were 
used to monitor expression and inducibility of the 
transfected and endogenous proteins. The human 
HSP27 gene cloned in pHS2711 is constitutively ex- 
pressed in rodent cells, resulting in accumulation of 

the human HSP27 and all phosphorylated derivatives. 
No modification of the basal or heat-induced expres- 
sion of endogenous HSPs is detected. The presence of 
additional HSP27 protein provides immediate protec- 
tion against heat shock administered 48 h after trans- 
fection and confers a permanent thermoresistant 
phenotype to stable transfectant Chinese hamster and 
mouse cell lines. Mild heat treatment of the trans- 
fected cells results in an induction of the full comple- 
ment of the endogenous heat shock proteins and a 
small increase in thermoresistance, but the level at- 
tained did not surpass that of heat-induced ther- 
motolerant control cells. These results indicate that 
elevated levels of HSP27 is sufficient to give protection 
from thermal killing. It is concluded that HSP27 plays 
a major role in the increased thermal resistance ac- 
quired by cells after exposure to HSP inducers. 

XPOSURE to temperatures slightly above normal in- 
duces in virtually all cells a transient state of resis- 
tance to killing by subsequent severe hyperthermic 

treatments (Gerner and Schneider, I975; Henle and Dethlef- 
sen, 1978; Subjeck and Shyy, 1986; Landry et al., 1987). 
The nature of the biochemical changes responsible for this 
induced thermotolerant state is not known. The finding that 
thermotolerance-inducing treatments also induce new tran- 
scriptional activities and the synthesis of a highly conserved 
group of proteins named heat shock proteins (HSPs),~ has 
led to the proposal that HSPs may be involved in this process 
(McAlister and Finkelstein, 1980; Landry et al., 1982, 1987; 
Subjeck and Sciandra, 1982; Li and Werb, 1982; Craig, 
1985; Lindquist, 1986; Subjeck and Shyy, 1986). However, 
a direct demonstration that the accumulation of any of these 
proteins can protect cells from thermal killing has not yet 
been made. 

The evidence that HSPs are involved in thermoprotection 
relies mainly on correlation made between the presence of 
the major HSPs, mainly HSP70, and resistance. For exam- 
ple, it was shown that HSP accumulation after mild trigger- 

1. Abbreviations used in this paper: HAT, hypoxanthine aminopterin thymi- 
dine; HSP, heat shock protein; HST, hamster stable transfectant cells; MST, 
mouse stable transfectant cells; TK, thymidine kinase. 

ing heat shock closely parallels development of thermotoler- 
ance and furthermore, that HSPs return to basal level at the 
same rate as thermotolerance decays (Landry et al., 1982). 
Moreover, known chemical inducers of HSPs were found, in 
most cases, to be good inducers of thermotolerance, and 
reciprocally, inducers of thermotolerance also induce HSP 
synthesis (reviewed in Landry et al., 1987). Attempts have 
been made to directly evaluate the role of individual HSP in 
thermoresistance. In cos ceils, it was found that an increased 
level of presynthesized HSP70, obtained after transfection of 
Drosophila HSP70, accelerates recovery of nucleoli after 
heat shock, suggesting that HSP70 may have the property of 
catalyzing the reassembly of ribonucleoproteins (Pelham, 
1984; Lewis and Pelham, 1985). In studies performed with 
rat and Chinese hamster ceils, it was found that inactivation 
of HSP70 by injection of specific antibodies (Riabowol et al., 
1988) or reducing its expression by genetic means (Johnston 
and Kucey, 1988) increased heat sensitivity. In contrast, in- 
activation of HSP70 genes in yeast yielded cells with altered 
growth properties at elevated temperature, but cells that were 
even more resistant than control cells to an acute heat treat- 
ment and were capable of developing thermotolerance (Craig 
and Jacobsen, 1984). The role of the other HSPs in ther- 
motolerance is also unclear. Mutants ofDictyostelium defec- 
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tive for synthesis of the small HSPs were found to be unable 
to develop thermoto|erance, despite induction of the other 
HSPs (Loomis and Wheeler, 1982). Also, selective induc- 
tion of the small HSPs by ecdysone in a hormone-sensitive 
Drosophila cell line was found to bring about the ther- 
motolerant phenotype in the absence of heat shock (Berger 
and Woodward, 1983). In yeast, however, inactivation of 
what appears to be a unique gene encoding the single HSP26 
protein had no detectable phenotypic effect, and did not pre- 
vent attainment of thermotolerance (Petko and Lindquist, 
1986). 

Recent studies in mammalian cells have suggested a role 
of a HSP with Mr 27,000 (HSP27) in thermotolerance. Sta- 
ble heat-resistant variants were isolated after mutagenesis of 
Chinese hamster cells (Chr6tien and Landry, 1988). Four 
independently derived clones showed constitutive over-ex- 
pression of HSP27 with no apparent modification in the level 
of the other HSPs. To further investigate the role of HSP27 
in thermotolerance, we have studied the effect of increasing 
the amount of HSP27 produced by cells upon transfection 
with a recombinant plasmid containing a human HSP27 gene 
(Hickey et al., 1986). Here we report that constitutive ex- 
pression of the human HSP27 protein in transfected Chinese 
hamster or mouse cell lines confers protection from thermal 
killing. 

Materials and Methods 

Cells and Culture Media 
023 cells are an anchorage-independent and tumorigenic subclone of the 
Chinese hamster lung fibroblast cell line CCL39 (American Type Culture 

Collection, Rockville, MD) (Pouyss~gur et al., 1980). 023 cells and their 
transfectants were propagated at 37°C in a 5% CO2 humidified atmosphere 
in DME containing glucose (4.5 g/liter) and NaHCO3 (2.2 g/liter) and 
supplemented with 5% fetal bovine serum. LTA cells are a mouse tk- aprt- 
cell line first described by Wigler et al. (1979). They were cultured in alpha 
MEM lacking nucleosides and supplemented with 5% fetal bovine serum. 
The cells were checked monthly for mycoplasma infection and found 
negative. 

Plasmids 

The structure of the various plasmids used in this study is shown schemati- 
caUy in Fig. 1. pHS2711 has been described previously (Hickey et al., 
1986). It consists of a 3.l-kb Barn HI-Hind III fragment containing the com- 
plete human HSP27 with 600 bp of 5"flanking sequence cloned into pUC12. 
pHS727A contains the HSP27 gene from pHS2711 fused at the Aat II site 
within the Y-untranslated leader with the 5'-leader and regulatory sequences 
of a human HSP70 gene (Voellmy et al., 1985). pHS727B is a control plas- 
mid containing the human HSP70 promoter fused to the middle of HSP27 
exon III. pHS27B-A is a "promoter-only" construct containing the upstream 
region of the HSP27 gene and a part of the 5'-leader sequence up to site Aat I1. 

Transfection 
The cells were transfected by the calcium phosphate precipitate method of 
Graham and van der Eb (1973) as modified by Wigler et al. (1979). Briefly, 
exponentially growing cells plated the day before at a concentration of I x 
104 cells per cm 2 in 75-cm 2 flasks, were incubated overnight in the pres- 
ence of a precipitate obtained by adding 500 #l of TE/CaCI2 solution (10 
mM Tris-HCI, pH 7.5, 0.1 mM EDTA, 0.25 M CaCI2) containing up to 40 
/~g of plasmids to 500 ~tl o f 2 x  HBSS (280 mM NaCI, 50 mM Hepes, 1.5 
mM Na2HPO4). The transfected cultures were then trypsinized and plated 
in normal medium at 106 cells/25 cm 2. Stable transfectants of 023 cells 
(hamster stable transfectant [HST] cells) were derived as a pooled popula- 
tion of colonies that emerged after treating 023 cells transfected with 40/~g 
of pHS2711 with three 44°C heat shocks of 3.5-4 h at 5, 18, and 48 d after 
transfection. A similar sequence of hyperthermic treatment yielded no colo- 
nies when applied to untransfected cultures. The mouse cell line of stable 
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Figure 1. Schemat ic  representat ions of  the plas- 
mid  inserts  used in this  study. The  m R N A  coding 
regions of  the HSP27 gene are shown as boxes 
and the 5 ' -untransla ted leader  region as an open 
box. Arrows indicate the start sites for t ranscrip-  
tion. Nont ranscr ibed  and intervening sequence 
regions are indicated as thin lines. Restr ict ion 
enzyme cleavage sites: B, Barn HI;  E, Eco RI; 
A, Aat II; T, Taq I; H, Hind  III. H /A and H/T  
are fused, b lunt -ended Hind I I I -Aat  II and Hind 
III-Taq I sites, respectively. See Mater ia ls  and 
Methods  sect ion for details of  each construct ion.  
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transfectants (mouse stable transfectant [MST] cells) was obtained after 
cotransfecting the LTA cells with 10 #g of pHS2"/I1 and 10/~g of paPSl, 
which contains the herpes simplex thymidine-kinase (TK) gene (Chandler 
et al., 1983), followed by a selection in HAT medium (alpha MEM lacking 
nucleosides and containing 100/~M hypoxanthine, 0.4/~M aminopterin, and 
16 ~M thymidine). The MST cell line consists of a pool of 208 HAT- 
resistant colonies. Transfection with paPS1 only has no effect on cell ther- 
moresistance. Clonal isolates were obtained after plating cells at limit dilu- 
tion in 96-well dishes. Cell lines were established from the clones and frozen 
at low passage numbers. In this study, the cells were used at passage number 
between 3 and 12. In three HST clones studied, human HSP27 and in- 
creased thermoresistance were still detected after 40 passages ("~240 dou- 
bling after first confluence was reached). 

Heat Shock Treatment 

Heat treatments were administered by immersing culture flasks into a water- 
bath thermoregulated at 43°C or 44 + 0.05°C. FOr cell survival determina- 
tion, the cells were trypsinized immediately after the treatment and plated 
at appropriate concentrations at 37°C. Relative survival was determined 
from the number of cells capable of forming colonies containing >,'-,50 cells 
within 8-10 d. All survival data were corrected for the plating efficiency of 
the appropriate control group. 

Metabolic Labeling of Proteins 
[3H]Leucine (110 Ci/mmol) and H332PO4 (285 Ci/mg of phosphorus) were 
purchased from ICN Biomedicals (Montreal, Qu6bec). [3H]Leucine was 
used in regular medium at a concentration of 50 or 100/~Ci/ml, depending 
on whether proteins were to be analyzed by one- or two-dimensional elec- 
trophoresis. Labeling with H332po4 was achieved with a concentration of 
25 #Ci/ml or 100 #Ci/ml in Earle's balanced salt solution lacking phosphate 
and containing sodium pyruvate (110 rag/liter), glntamine (290 mg/liter), 
and BSA (0.8 g/liter). After labeling, the cells were washed three times in 
PBS (sodium chloride, 8 g/liter; potassium chloride, 400 mg/liter; sodium 
phosphate monobasic, 530 mg/liter; sodium phosphate dibasic, 1.41 g/liter; 
glucose, 2 g/liter; phenol red, 10 rag/liter; pH 7.2) at 4~C and the proteins 
were extracted for electrophoresis. 

Protein Electrophoresis 
One-dimensional SDS-PAGE. Proteins were extracted in SDS sample 
buffer (62.5 mM Tris-HCl, pH 6.8, 2.3% SDS, 10% glycerol, 5% beta- 
mercaptoethanol, 0.005% bromophenol blue, 10 mM sodium fluoride, 1 
mM PMSF), passed through a 26-gauge syringe needle and heated for 3 min 
at 100°C. Electrophoresis was carried out in 10% acrylamide gel slab fol- 
lowing the method of Laemmli (1970). 

Two-dimensional lsoelectric Focusing (IEF)-SDS-PAGE. Proteins were 
extracted in lysis buffer (9.5 M urea, 2% 3-[(3-cholamidopropyl)dimethyl- 
ammonio]-l-propane sulfate, 2% ampholines [75% Bio-lyte 5-7, 25% Bio- 
lyte 3-10], 10% glycerol, 5% beta-mercaptoethanol, 10 mM sodium fluo- 
ride, I mM PMSF) and vortexed until complete solubilization was obtained. 
IEF was carried out following the method of O'Farrell (1975). At the end 
of the run, the gel rods were equilibrated for 20 rain in the SDS sample 
buffer and transferred on top of the SDS-PAGE gels for the second dimen- 
sion. Chemicals for electrophoresis were purchased from Bio-Rad Labora- 
tories (Mississauga, Ontario) and ICN Biomedicals. Gels containing 3H- 
labeled proteins were impregnated with En3Hance (New England Nuclear, 
Lachine, Qu6bec) and autoradiographed at -80°C  on Kodak X-OMAT-AR 
radiographic films. Gels containing 32p-labeled samples were autoradio- 
graphed at -80°C using an intensifying screen (Lightning Plus, DuPont 
Co., Wilmington, DE). 

Antibodies and Immunoblot Analyses 
To prepare Hu2"/Ab and Ha27Ab, two rabbit antisera recognizing 
specifically the human and hamster HSP27 respectively, HSP27 was purified 
to homogeneity based on the method described by Arrigo and Welch (1987). 
Briefly, a 10,000-g supernatant cellular fraction from 023 or pHS2711- 
transfected 023 cells was enriched for HSP27 sequentially on hydroxylapa- 
tite and Superose-12 columns and the fractions containing HSP27 submitted 
tu preparative two-dimensional gel electrophoresis. Hamster or human 
HSP27 species A were cut from the Coomassie blue-stained gels with a ra- 
zor blade, tyophylized, homogenized, and emulsified with complete (first 
two injections) or incomplete Freund's adjuvant. Approximately 20-40 #g 

of HSPT/(10-15 gels) was used for each injection. Booster injections were 
given at 4-wk intervals and blood was collected 7-10 d after each injection. 
The specificity of the antisera was tested on Western blots of proteins ex- 
tracted of whole celts from various organisms. Ha27Ab was found to react 
exclusively against hamster HSP27 and gave no reaction against mouse, hu- 
man, monkey, bovine, or Drosophila cells. Hu27Ab reacts against human 
HSP27 present in human cells or in pHS2711-transfected rodent cells, but 
not against the hamster or mouse proteins. Immunoblots were prepared as 
described by Towbin et at. (1979) with minor modifications. Proteins were 
separated by one- or two-dimensional gel electrophoresis, electroblotted on 
nitrocellulose papers, and stained with Red Ponceau. For immunodetection 
of HSP27, the blots were soaked for 1.5 hours in 5% skim milk in TBS (10 
mM Tris-HCI, 150 mM NaCI, pH 7.4) and then allowed to react for i h 
with the immunoserum diluted at appropriate concentration (1:500 to 
1:1,000) in TBS containing 1% skim milk. Antigen-antibody complexes 
were revealed with a t25I-labeled goat anti-rabbit IgG. 

Results 

Expression of the human HSP27 gene cloned in plasmid 
pHS2711 is highly dependent upon heat shock in both human 
cells and Xenopus oocytes (Hickey et al., 1986; Pfielsticker, 
J., and L. A. Weber, unpublished results). In contrast, when 
this gene was introduced into Chinese hamster 023 cells we 
observed at 48 h after transfection high constitutive levels of 
the HSP27 transcripts (data not shown) and a high expression 
of the human HSP27 protein in ,x,25% of the cells when 
visualized by indirect immunofluorescence using a specific 
antibody to HSPT/(see below). The expression of the pro- 
tein was confirmed by SDS-PAGE analysis of total cell pro- 
teins 48 h after transfection. In transfected cells incubated in 
the presence of [3H]leucine for 24 h, a new protein band 
migrating slightly faster than the homologous hamster pro- 
tein was detected at a concentration that correlated linearly 
with the amount of transfected pHS2711 DNA (Fig. 2). The 
presence of the transfected protein had no effect on the basal 
or heat shock-induced level of HSP70 or actin. Heat shock 
of the transfected culture caused an increase in the level of 
total (hamster plus human) HSP27, which could be fully ex- 
plained by a normal induction of only the endogenous ham- 
ster HSP27. 

The identity and integrity of the human HSP27 protein ex- 
pressed in hamster cells was assessed by two-dimensional gel 
electrophoresis, comparing proteins extracted from the 
transfected cells to proteins extracted from human WI-38 
fibroblasts (Fig. 3). Proteins were visualized by autoradiog- 
raphy after incubating the cells for 30 h in the presence of 
[3H]leucine or 2 h with [32p]orthophosphate. In hamster 
cells, two 3H-labeled HSP27 species (a and b) are detected 
at 37°C and accumulate to high levels during an 8-h period 
that follows a 20-min heat shock. As shown previously 
(Chr6tien and Landry, 1988; Landry et al., 1988), heat 
shock induces a rapid phosphorylation of HSP27. Whereas 
the b species and an additional c species are detected upon 
32P-labeling at 37°C, a fourth species (d) becomes visible 
and the b and c species show a marked increase in phos- 
phorylation during the first 20 min at 44°C. Except for a 
slightly more acidic isoelectric point, human HSP27 in WI- 
38 cells is qualitatively similar to hamster HSP27. It is also 
composed of four distinct isoforms (A, B, C, and D), of 
which all but the A species are phosphoproteins. The protein 
accumulating in the hamster cells after transfection is indis- 
tinguishable from HSPT/expressed in human WI-38 cells; 
it is also composed of four distinct isoforms, three of which 
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Figure 2. Accumulation of human HSP27 in Chinese hamster cells 
transfected with pHS2711. 023 cells transfected with 0-40/~g of 
plasmid pHS2711 (complemented to 40 #g with the insert-free plas- 
mid) were incubated for 24 h (starting 24 h after transfection) in 
the presence of [3H]leucine at 37°C, interrupted (44°C) or not (37°C) 
at the 16th hour by a heat shock of 20 min. Proteins were extracted 
and processed to obtain the SDS-PAGE fluorogram. The relative 
levels of actin, HSP70 (doublet), and HSP27 (hamster plus human) 
was determined from a densitometric scan of the fluorogram. 

ies were then used to probe the same protein samples pre- 
sented in Fig. 2. The results of the immunoblot analysis (Fig. 
4 b) again showed that the presence of the human protein had 
no detectable effect on the basal or induced level of the en- 
dogenous hamster protein. In all cases, an •10-fold increase 
in hamster HSP27 was measured after heat shock, whereas 
human HSP27 increased by <l.3-fold. The constitutive ex- 
pression of pHS2711 and the absence of effect of a high level 
of human HSP27 protein on the induction of the endogenous 
HSP27 was confirmed in studies on pooled (see below) or 
cloned (data not shown) populations of stable pHS2711-trans- 
fectants. 

The high constitutive expression of pHS2711 in the trans- 
fected cells provides a good model system on which to study 
the role of presynthesized HSP27 in thermotolerance. The 
putative biological activity of the human HSP27 protein in 
the hamster cells was tested by examining the effect of hyper- 
thermic treatment on the clonogenic survival of pHS2711- 
transfected versus control (pUC19-transfected) 023 cells. 
There was a dose-dependent increase in the number of cells 

are phosphoproteins, with a relative molecular mass and iso- 
electric point identical to the WI-38 HSP27 species. In addi- 
tion, the transfected proteins was modified similarly to en- 
dogenous HSP27 after heat shock. The transfected B and C 
species were labeled with 32p at normal temperature in ham- 
ster cells. Their levels of phosphorylation increased markedly 
within 20 min at 44°C and a D species became visible. This 
analysis suggested that the human HSP27 protein is correctly. 
expressed and is functioning normally in hamster cells. More- 
over, the results show that the pHS2711 gene encodes all four 
isoelectric forms of human HSP27, thus confirming previous 
suggestions that the various HSP27 isoforms represent post- 
translational modifications of the same protein (Kim et al., 
1984; Welch, 1985). 

To facilitate further studies, we developed two rabbit an- 
tisera, Hu27Ab and Ha27Ab, that react specifically with hu- 
man and hamster HSP27 respectively. The specificity of the 
antibodies was demonstrated by Western blot analyses of 
protein extracted from hamster 023 cells and human HeLa 
cells (Fig. 4 a). In both hamster and human cells, most 
HSP27 is found in the unphosphorylated form (A or a) at 
37°C. Immediately after a 20-min heat shock and before any 
increase in total HSP27 content is detected, the phosphor- 
ylated forms of HSP27 appear. The most heavily phosphor- 
ylated forms of each protein detected by ~2p-incorporation 
(D and d) could not be detected by Western blot analysis. Al- 
though one cannot exclude possible changes in antigenic 
properties due to extensive phosphorylation, it is probable 
that this isoform is not abundant enough to be detected, as 
this isoform is also not visible by silver staining (data not 
shown). Analyses of interspecies specificity were performed 
on cells that have accumulated HSP for 8 h after heat shock. 
The results indicated negligible immunological cross-reaction 
between hamster and human HSP27 antibodies. The antibod- 

Figure 3. Two-dimensional gel analysis of human HSP27 expressed 
in pHS2711-transfected 023 Chinese hamster cells and in human 
WI-38 fibroblasts. Extracts of proteins metabolically labeled with 
[3H]leucine for 30 h (left column) or H332po4 for 2 h (right col- 
umn) were analyzed by two-dimensional gel electrophoresis and 
fluorographed. When indicated, a heat shock of 20 min at 44°C was 
administered 8 h (3H) or 20 min (32p) before extraction. In the 
case of transfected cells, proteins were extracted 48 h after transfec- 
tion. (023, 023-pHS2711) Chinese hamster cells untransfected or 
transfected with 40 ~g of pHS2711; (WI-38) human WI-38 fibro- 
blasts; (023 + Wl-38) equal amounts of extracts from each cell type 
were mixed before electrophoresis. Chinese hamster HSP27 species 
are labeled a, b, c, and d. Human HSP27 species are labeled A, 
B, C, and D. 
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We examined whether HSP27 gene expression can confer 
a permanent heat resistant phenotype in stable pHS2711 
transfectants of Chinese hamster and mouse cells. Chinese 
HST cells were successfully derived from 023 cell survivors 
after three hyperthermic treatments administered over a 7-wk 
period after transfection with pHS2711. Similar hyperther- 
mic treatments administered to the parental untransfected 
023 cells yielded no surviving colonies. To rule out the pos- 
sibility that the heat selection procedure influences the ther- 
moresistant phenotype, stably transformed cells were also 
obtained by cotransfecting the pHS2711 plasmid along with 
a selectable marker. As 023 cells proved to be highly resis- 
tant to the neomycin derivative G418, mouse TK-deficient 
LTA cells were used. MST cells were obtained by cotrans- 
fecting LTA cells with pHS2711 and a plasmid containing a 

Figure 4. Immunoblot analysis of hamster and human HSPT/ex- 
pressed (A) in 023 and Hela cells and (B) in pHS2711-transfected 
023 cells. (A) Proteins were extracted from 023 cells, HeLa cells, 
or from cells made thermotolerant by a 20-min heat treatment 8 h 
before (023TT and HeLaTT), separated by two-dimensional gel 
electrophoresis, transferred on membranes, and probed with Hu27Ab 
(human) or Ha27Ab (hamster). When indicated (44°C), the cells 
were heat shocked for 20-rain just before extraction. (B) Two ali- 
quots of proteins extracted 48 h after transfection of Chinese ham- 
ster 023 cells with 0-40/~g of pHS2711 (samples of Fig. 2) were 
separated by SDS-PAGE, transferred on membranes, and probed 
with either antibody. When indicated (44°C), the cells were heat 
shocked for 20 min 8 h before protein extraction. 

that were able to form colonies after a 3.5-h treatment at 
44°C, from <1 colony per 106 cells in control cultures to 
300 colonies in cultures transfected with 40/zg of pHS2711 
plasmid (Fig. 5). Less than one surviving colony was also 
obtained when the 023 cells were transfected with plasmids 
pHS727B and pHS727B-A, which contain only partial se- 
quences of pHS2711 and failed to generate detectable human 
HSP27 (Fig. 5). However, a low but significant level of pro- 
tection was conferred upon transfecting plasmid pHS727A, 
containing the coding region of pHS2711 under the control 
of a human HSP70 promoter. Transfection with the pHS727A 
construct yielded a very low level of expression of HSP27 
protein in unstressed cells, but in contrast to pHS2711, the 
HSP70 promoter of pHS727A gives heat-inducible expres- 
sion of human HSP27. These combined results indicate that 
thermoprotection is dependent on HSP27 protein expression 
at the time of heat shock, and that the transfection process 
or the sequences contained in pHS2711 DNA have no effect 
per se on thermosensitivity. 

Figure 5. Expression of the human HSP27 confers immediate pro- 
tection from lethal heat shock. (A) 44 h after transfection with 0--40 
#g of plasmid, the cells were heat shocked at 44°C for 3.5 h and 
plated at 37°C for colony formation. Survival was estimated from 
the number of colonies visible 7 d later. Plasmid pHS2711 (circle), 
plasmid pHS727A (box). Transfection with plasmids pHS727B or 
pHS727B-A yielded less than one colony per 106 cells at all con- 
centrations. (B) 023 cells were transfected with 40 #g of the indi- 
cated plasmids (None, no plasmid). In all cases, two aliquots of 
proteins extracted 48 h after transfection were separated by SDS- 
PAGE, transferred on membranes, and probed respectively with 
Hu27Ab (Human) or Ha27Ab (Hamster). When indicated (44°C), 
the cells were heat shocked for 20 min at 44°C 7.5 h before protein 
extraction. 
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Herpes virus TK gene followed by selection in HAT medium. 
Thermal resistance of the HST cells was compared with that 
of the parental 023 line by subjecting the cells to 44°C for 
increasing periods of time. The more thermosensitive LTA 
cells were tested at 43°C. The results show that both HST 
and MST cells are thermoresistant compared to the parental 
cell lines (Fig. 6). To establish a more direct link between 
expression of human HSP27 and thermoresistance, Western 
analyses of human HSP27 content using Hu27Ab and deter- 
minations of thermoresistance were performed in a total of 
23 cell lines established from clonal isolates of HST and 
MST cells. Human HSP27 was expressed, albeit at varying 
levels, in all 16 and all 7 clonal cell lines isolated from HST 
and MST cells respectively, and all clones studied showed 
increased thermoresistance as compared with their respec- 
tive parental cell lines. A positive correlation was found be- 
tween the relative concentration of the exogenous protein and 
cell survival to 44°C or 43°C hyperthermia (Fig. 7). Only 
one MST and two HST clones deviate from the correlation 
curves, which could be explained on the basis of natural 
clonal variations. In the hamster cells constitutive expression 
of human HSP27 has no detectable effect on the expression 
of hamster HSP27 as determined in parallel experiments 
using Ha27Ab (data not shown). The results established for 
both Chinese hamster and mouse cell lines demonstrate 
a causal relationship between HSP27 content and thermo- 
resistance. 

We next examined the basal and heat-induced levels of the 
human and endogenous rodent HSP27 proteins in MST and 
HST cells (Fig. 8 a). As determined in transient expression 
experiments (Fig. 4 b), the results shown in Fig. 8 a also in- 
dicate that the transfected protein was not further induced by 
heat shock treatments in both cell lines. Furthermore, the 
basal and heat shock-induced expression of the hamster 
HSP27 protein was not modified in HST vs. 023 cells. The 
presence of the mouse HSP27 protein was not detected with 
either antibody. We also evaluated the effect of a high level 
of human HSP27 on expression of the other HSPs. The pro- 
tein synthesis pattern of HST cells was compared with that 
of 023 cells after labeling the cells for 10 h in the presence 
of [3H]leucine after a heat shock for various periods of time 
at 44°C. As shown in Fig. 8 b, the expression of the human 
protein in HST cells has no effect on the basal level of expres- 
sion of HSP70, HSP89, and HSP107 in HST as compared to 
023 cells, nor on the heat-induced synthesis of these pro- 
teins. 

Heat shock treatments as used in Fig. 8 are known to in- 
duce in 023 cells not only the accumulation of HSPs, but also 
the development of a transient state of acquired thermotoler- 
ante (Landry et al., 1986). Because HST cells possess, at 
10 h after heat shock, the human HSP27 in addition to the heat- 
induced elevated level of endogenous HSP27, it was of in- 
terest to determine whether these cells would develop a 
higher state of acquired thermotolerance. HST and 023 cells 
were first heat shocked for 0, 10, 20, or 30 min at 44°C, al- 
lowed to recover for 10 h and then subjected to a second 
hyperthermic treatment of 3 h at 44°C. A period of 10 h was 
chosen based on previous results indicating that thermotoler- 
ance is maximally expressed at this time (Landry et al., 
1986). The results show that the basal thermoresistance of 
HST cells is intermediate between control and fully ther- 
motolerant 023 cells (which is attained after heat treatments 
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Figure 6. Expression of thermoresistance in stable pHS271 l-trans- 
fectants. Chinese hamster 023 (left) and mouse LTA (right) ceils 
were heat shocked at 44°C or 43°C for the indicated periods of time 
and plated at appropriate dilution for colony formation at 37°C. 
( Closed circle) Parental 023 and LTA cell lines; (open circle) stable 
pHS2711-transfectants of 023 (HST) and LTA (MST) cells. 

of 20-30 min) (Fig. 9 a). Intriguingly, the presence of the 
human HSP27 had no influence on the maximal level of ther- 
motolerance attainable after heat shocks of 20-30 min. The 
basal and maximal induced level of thermoresistance was 
also evaluated in three distinct clones isolated from HST 
cells (Fig. 9 b). Our results show that, although individual 
clones express varying degrees of basal thermoresistance, 
they do not acquire a level of thermotolerance that surpasses 
that found in induced control cells. 

D i s c u s s i o n  

This study directly addresses the long-standing hypothesis 
that HSPs are involved in the phenomenon of thermotoler- 
ance induction. Experimental evidence is presented showing 
that a thermoresistant phenotype can be conferred to Chinese 
hamster or mouse cells by transfection with the human 
HSP27 gene contained in pHS2711. This establishes a causal 
relationship between the presence of a specific heat shock 
protein, HSP27, and thermoresistance. The results extend 
earlier studies in Dictyostelium and Drosophila cells which 
suggested involvement of the small HSPs in thermotolerance 
(Loomis and Wheeler, 1982; Berger and Woodward, 1983), 
and indicate that the presence of HSP27 alone may be 
sufficient to explain in a large part the increased ability of 
heat-induced thermotolerant cells to survive hyperthermic 
treatment. 

Transfection of rodent cells with plasmid pHS2711 results 
in the accumulation of human HSPT/, which becomes rap- 
idly phosphorylated during heat shock into three additional 
isoforms indistinguishable from those present in human WI- 
38 cells. Based on comparison of peptide distributions ob- 
tained after proteolytic digestion of HSP27, Welch (1985) and 
also Kim et al. (1984) previously suggested that the various 
isoforms of HSP27 correspond to the same protein but with 
increasing degree of phosphorylation. A similar conclusion 
was reached by Chr6tien and Landry (1988) who found that 
in hamster cells, there was an immediate increase in the lev- 
els of the phosphorylated forms of HSP27 after a heat shock 
of 10 min, which was accompanied by a corresponding de- 
crease in the level of the unphosphorylated form A. The pres- 
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Figure 7. Correlation between levels of human 
HSP27 and survival to hyperthermia of clonal 
isolates of Chinese hamster 023 cells and mouse 
L cells transfected with pHS2711. Survival was 
determined by colony formation following ex- 
posure of the cells to hyperthermia for 4 h at 
44°C (HST) or 3 h at 43°C (MST). Total proteins 
were extracted from control cultures (no heat 
shock), separated on SDS gels, and blot-trans- 
ferred onto nitrocellulose. Levels of human HSP2"/ 
were determined by Western analyses using Hu- 
27Ab. Values were normalized relative to the sig- 
nal obtained after probing the same immunoblots 
with an antiserum specific to actin. Analyses 
were performed in parallel with Ha27Ab to show 
that the hamster HSP27 does not vary in con- 
centration among the hamster clones (data not 
shown). 

ent results now clearly establish that the four isoforms of  hu- 
man HSP27 are the product of the single gene contained in 
pHS2"/ll. Furthermore,  the stimulation of  phosphorus incor- 
poration into HSP27 shortly after heat shock does not depend 
upon an increase in the total mass of  the protein. 

The pHS2711 gene product is constitutively expressed at 
normal temperature in the Chinese hamster and mouse cells 
and was not appreciably induced further by heat shock. This 
mode of control of pHS2711 expression was unexpected. The 
gene cloned in pHS2711 contains promoter sequences ho- 

Figure 8. Expression of HSPs in stable transfectants. (,4) Constitutive and heat-induced expression of human and hamster HSP27 in stable 
pHS2711-transfectants of Chinese hamster (HST) and mouse (MST) cells. Proteins were extracted from the parental Chinese hamster 023 
and mouse LTA cells or their respective HST and MST derivatives, 10 h after a heat shock from 0 (control, constitutive expression) to 
30 min at 44°C (hamster cells) or 43°C (mouse cells). The protein samples were processed in duplicates to obtain the Ha2"/Ab (hamster) 
and Hu27Ab (human) immunoblots. (B) Constitutive and heat-induced expression of HSPs in HST and 023 cells. After a conditioning 
heat treatment for the time indicated (in minutes) at 44°C, the cells were incubated at 37°C for 10 h in the presence of [3H]ieucine. Pro- 
teins were then extracted and processed to obtain the electrophoretic fluorogram. 
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Figure 9. Induction of thermotolerance in parental 023 cells, pooled 
pHS2711-transfectant HST cells, and three clonal cell lines derived 
from HST cells. (A) HST (open circle) and 023 (closed circle) cells 
were exposed to a conditioning treatment of various durations (0-30 
min) at 44°C, allowed to recover at 37~C for 10 h, subjected to a 
test treatment of 3 h at 44°C, and then returned to 37°C for colony 
formation. (B) 023 and clones 12, 18, and 22 from HST cells, were 
exposed to a first treatment of 0 (no treatment, open bars) or 30 
min (dotted bars) at 44°C, returned to 37°C for 10 h, and then sub- 
jected to hyperthermia at 44°C for 3 h. 

mologous to the consensus heat shock element, and was 
found to be heat inducible when injected into the Xenopus 
oocyte (Hickey et al., 1986). Moreover, the regulatory se- 
quences of pHS2711 were found to confer strictly heat- 
inducible expression to a TK reporter gene upon transfection 
in HeLa cells (Pfielsticker, J., and L. A. Weber, unpublished 
results). One possibility that might explain consititutive ex- 
pression is that uptake of a large quantity of pHS2711 per- 
turbs the normal regulatory mechanisms operating in the 
hamster cells. In principle, this could result in the activation 
of the endogenous HSP genes, and this stress response, 
rather than the expression of the human protein, may be 
responsible for the acquired thermoresistant phenotype. 
However, this does not appear to be the case, as neither the 
basal or heat-induced level of endogenous HSP27 or other 
HSPs is modified in cells expressing human HSP27. A sec- 
ond possibility is that pUC, the carrier plasmid of pHS2711, 
contains cryptic promoter sequences that are capable of driv- 
ing constitutive transcription in rodent cells. This could be 
easily tested by recloning in a different vector. Note, how- 
ever, that pHS727A is also cloned in pUC and its expression 
appears correctly controlled by the HSP70 promoter. Fi- 
nally, it is possible that there exists major differences in the 
control of HSP27 gene expression between Chinese hamster, 
mouse and HeLa cells. This would not be expected consider- 
ing the high degree of similarity in the control of expression 
of other HSP genes between various species as divergent as 
Drosophila and human (for review, see Voellmy, 1984). How- 
ever, the small heat shock protein genes are known to be 
regulated independently from the other HSP genes during 
development (Mestril et al., 1986; Thomas and LengyeI, 

1986; Hoffman et al., 1987). It is possible that transcription 
of the human HSP27 gene in the rodent cells is under control 
of regulatory elements other than the heat shock elements. 
The human HSP27 gene in pHS2711 is the only mammalian 
HSP27 gene that has been isolated to date and very little is 
known concerning the mechanisms controlling expression of 
the small HSPs in higher organisms. 

The high constitutive expression of pHS2711 in 023 cells 
was quite fortuitous and allowed us to demonstrate a protec- 
tive role of HSP27 during hyperthermia. It appears that it is 
the amount of presynthesized HSP27 present in the cell at the 
time of heat shock rather than the level attained after induction 
that is the important determinant of cell thermoresistance. 
This conclusion is supported by the finding that cells trans- 
fected with pHS727A, a plasmid that yields a very low level 
of accumulation of human HSP27 in unstressed cells, are not 
protected efficiently, although they accumulate a significant 
amount of human HSP27 after heat shock. The accumulation 
of HSP27 to high level in wild type ceils after heat shock may 
therefore be responsible for at least part of the increased ther- 
moresistance to a second heat shock observed in induced- 
thermotolerant cells. Induced-thermotolerant 023 cells pos- 
sess a level of HSP27 that is ,,~10-fold higher than preinduced 
cells. The fold increase in total (human plus hamster) HSP27 
in the transfected cells could not be determined because the 
relative sensitivities of the two antibodies to their respective 
human and hamster antigen is not known with precision at 
this moment. However, according to preliminary determina- 
tions, the most resistant HST clones would contain some- 
where between 5 and 10 times more total HSP27 than paren- 
tal 023 cells. If one considers that these transfectants have 
levels of thermoresistance close to that of induced-thermo- 
tolerant cells, it is reasonable to propose that HSP27 is a pro- 
tecting factor in induced-thermotolerant cells. In support to 
this, we have shown that the presence of the human protein 
in HST cells and in three clonal isolates provides no addi- 
tional protection to cells made thermotolerant by a prior heat 
treatment. 

Very little information is available on the biochemical 
properties of HSP27 so that one can only speculate about the 
mechanisms of protection. The action of HSP27 may either 
be direct, by acting at specific heat-sensitive site, or indirect, 
by affecting a more general process that moves the cells into 
a less thermosensitive physiological state. HSP27 exhibits se- 
quence homology with the central portion of alpha crystallin 
of the lens (Ingolia and Craig, 1982; Hickey et al., 1986) and 
similarly to this protein, exists in a native conformation 
mostly as large multimeric aggregates of •500,000 D (Arrigo 
and Welch, 1987). This has been taken as evidence that 
HSP27 may have a very stable structure and a function regu- 
lated in part by aggregation (Ingolia and Craig, 1982; 
Wistow, 1985; Wistow and Piatigorski, 1987). Recent results 
suggest that such a function may be linked to processes 
regulating cell responses to external stimuli. A number of 
agents that activate signal transduction pathways, such as se- 
rum, growth factors, tumor promoters, and calcium-active 
products, have been shown to induce a rapid phosphorylation 
of HSP27 (Welch, 1985; Regazzi et al., 1988). Thus, it is 
significant that HSP27 is also rapidly phosphorylated in the 
first minutes of hyperthermic treatment, making this protein 
a good candidate for acting at an early step of the stress re- 
sponse. It is generally considered that hyperthermic cell kill- 
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ing depends on a balance between the induction of damages 
and the repair capacities of the cells. An attractive hypothesis 
is that the activation of HSP27 by phosphorylation early dur- 
ing heat shock sets up an immediate feedback protective 
mechanism to limit heat-induced cascade reactions that lead 
to hyperthermic lesions. The other HSPs may then act at a 
later time to repair lesions that have escaped the HSP27- 
dependent protecting mechanism. For example, HSP70 has 
been shown to be involved in the recovery of heat-damaged 
nucleoli (Pelham, 1984) and has general biochemical prop- 
erties consistent with a role in the repair of damaged proteins 
or structures (Pelham, 1986). Such a complementary role 
for HSP27 and HSP70 is consistent with the recent studies 
of Riabowol et al. (1988) and Johnston and Kucey (1988), 
who found that inactivating HSP70 by microinjection of 
specific antibodies or blocking heat-induction of HSP70 af- 
ter heat shock by competitive inhibition at the level of gene 
transcription makes cells thermosensitive. Current studies 
aiming at determining whether the many functions and cellu- 
lar activities protected in heat-induced thermotolerant cells 
are also protected in the pHS2711-transfected cell lines, 
should help in deciphering the contribution of the various 
HSPs to thermoprotection and in determining the site of ac- 
tion of HSP27. 

This work was supported by the Medical Research Council of Canada (J. 
Landry), the Montreal Cancer Research Society (J. Landry), and the Na- 
tional Institutes of Health (L. A. Weber and E. Hickey). 

Received for publication 28 October 1988 and in revised form 8 March 
1989. 

References 

Arrigo, A.-P., and Welch, W. J. 1987. Characterization and purification of the 
small 28,000-dalton mammalian heat shock protein. J. Biol. Chem. 262: 
15359-15369. 

Berger, E. M., and P. Woodward. 1983. Small heat shock proteins in Drosophila 
may confer thermal tolerance. Exp. Cell. Res. 147:437-442. 

Chandler, V. L., B. A. Maler, and K. R. Yamamoto. 1983. DNA sequences 
bound specifically by glucocorticoid receptor in vitro render a heterologous 
promoter hormone responsive in vivo. Cell. 33:489-499. 

Chr~tien, P., and J. Landry. 1988. Enhanced constitutive expression of the 27- 
kDa heat shock proteins in heat-resistant variants from Chinese hamster 
cells. J. Cell. Physiol. 137:157-166. 

Craig, E. A. 1985. The heat shock response. Crit. Rev. Biochem. 18:239-280. 
Craig, E. A., and K. Jacobsen. 1984. Mutations of the heat inducible 70 kilodal- 

ton genes of yeast confer temperature sensitive growth. Cell. 38:841-849. 
Gerner, E. W., and M. J. Schneider. 1975. Induced thermal resistance in HeLa 

cells. Nature (Lond.). 256:500-502. 
Graham, F. L., and A. J. van der Eb. 1973. A new technique for the assay of 

infectivity of human adenovirus 5 DNA. Virology. 52:456-467. 
Henle, K. J., and L. A. Dethlefsen. 1978. Heat fractionation and thermotoler- 

ance: a review. Cancer Res. 38:1843-1851. 
Hickey, E., S. E. Brandon, R. Potter, G. Stein, J. Stein, and L. A. Weber. 

1986. Sequence and organization of genes encoding the human 27 kDa heat 
shock protein. Nucleic Acids Res. 14:4127-4145. 

Hoffman, E. P., S. L. Gerring, and V. G. Corces. 1987. The ovarian, ecdyster- 
one, and heat-shock-responsive promoters of the Drosophila melanogaster 
hsp27 gene react very differently to perturbations of DNA sequence. Mol. 
Cell. Biol. 7:973-981. 

Ingolia, T. D., and E. A. Craig. 1982. Four small Drosophila heat shock pro- 
teins are related to each other and to mammalian alpha-crystallin. Proc. Natl. 
Acad. Sci. USA. 79:2360-2364. 

Kim, Y. J., J. Shuman, M. Sette, and A. Przybyla. 1984. Nuclear localization 
and phosphorylation of three 25-kilodalton rat stress proteins. MoL Cell. 
Biol. 4:468-474. 

Johnston, R. N., and B. L. Kucey. 1988. Competitive inhibition of hsp70 gene 
expression causes thermosensitivity. Science (Wash. DC). 242:1551 - 1554. 

Laemmli, U. K. 1970. Cleavage of structural proteins daring the assembly of 
the head of bacteriophage T-4. Nature (Lond.). 227:680-685. 

Landry, J., D. Bernier, P. Chr6tien, L. M. Nicole, and R. M. Tanguay. 1982. 
Synthesis and degradation of heat shock proteins during development and de- 
cay of thermotolerance. Cancer Res. 42:2457-2461. 

Landry, J., S. Samson, and P. Chr&ien. 1986. Hyperthermia-induced cell 
death, thermotolerance, and heat shock proteins in normal, respiration- 
deficient, and glycolysis-deficient Chinese hamster cells. Cancer Res. 
46:324-327. 

Landry, J., S. Lamarche, and P. Chr6tien. 1987. Heat shock proteins: a lead 
to the understanding of cell thermotolerance. In Thermotolerance. Vol 1. K. J. 
Henle, editor. CRC Press, Inc., Boca Raton, FL. 145-174. 

Landry, J., P. Crete, S. Lamarche, and P. Chr~tien. 1988. Activation of Ca 2+- 
dependent processes during heat shock: role in cell thermoresistance. Radiat. 
Res. 113:426-436. 

Lewis, M. J., and H. R. Pelham. 1985. Involvement of ATP in the nuclear and 
nucleolar functions of the 70 kd heat shock protein. EMBO (Eur. Mol. Biol. 
Organ.) J. 4:3137-3143. 

Li, G. C., and A. Werb. 1982. Correlation between synthesis of heat shock pro- 
teins and development of thermotolerance in Chinese hamster fibroblasts. 
Proc. Natl. Acad. Sci. USA. 79:3218-3222. 

Lindquist, S. 1986. The heat shock response. Annu. Rev. Biochem. 55:1151- 
1191. 

Loomis, W. F., and S. A. Wheeler. 1982. Chromatin-associated heat shock 
proteins of Dictyostelium. Dev. Biol. 90:412-418. 

McAlister, L. and D. B. Finkelstein. 1980. Heat shock proteins and thermal 
resistance in yeast. Biochem. Biophys. Res. Commun. 93:819-824. 

Mestril, R., P. Schiller, J. Amin, H. Klapper, J. Ananthan, and R. Voellmy. 
1986. Heat shock and ecdysterone activation of the Drosophila melanogaster 
hsp23 gene; a sequence element implied in developmental regulation. EMBO 
(Eur. Mol. Biol. Organ.)J. 5:1667-1673. 

O'Farrell, P. H. 1975. High resolution two-dimensional electrophoresis of pro- 
teins. J. Biol. Chem. 250:4007-4021. 

Pelham, H. R. 1986. Speculations on the functions of the major heat shock and 
glucose-regulated proteins. Cell. 46:959-961. 

Pelham, H. R. 1984. Hsp70 accelerates the recovery of nucleolar morphology 
after heat shock. EMBO (Fur. Mol. Biol. Organ.) J. 3:3095-3100. 

Petko, L., and S. Lindquist. 1986. Hsp26 is not required for growth at high 
temperatures, nor for thermotolerance, spore development, or germination. 
Cell. 45:885-894. 

Pouyss~gur, J., A. Franchi, J. C. Salomon, and P. Silvestre. 1980. Isolation 
of a Chinese hamster fibroblast mutant defective in hexose transport and aer- 
obic glycolysis: its use to dissect the malignant phenotype. Proc. Natl. Acad. 
Sci. USA. 77:2698-2701. 

Regazzi, R., U. Eppenberger, and D. Fabbro. 1988. The 27,000 daltons stress 
proteins are phosphorylated by protein kinase C during the tumor promoter- 
mediated growth inhibition of human mammary carcinoma cells. Biochem. 
Biophys. Res. Commun. 152:62-68. 

Riabowol, K. T., L. A. Mizzen, and W. J. Welch. 1988. Heat shock is lethal 
to fibroblasts microinjected with antibodies against hsp70. Science (Wash. 
DC). 242:433-436. 

Subjeck, J. R., and J. J. Sciandra. 1982. Coexpression of thermotolerance and 
heat-shock proteins in mammalian cells. In Heat Shock from Bacteria to 
Man. Schlesinger, M. J., M. Ashbarner, and A. Tissieres, editor. Cold 
Spring Harbor Laboratory, Cold Spring Harbor, NY. 405-411. 

Subject, J. R., and T. T. Shyy. 1986. Stress protein systems of mammalian 
cells. Am. J. Physiol. 250:C1-C17. 

Thomas, S. R., and J. A. Lengyel. 1986. Ecdysteroid-regulated heat-shock 
gene expression during Drosophila melanogaster development. Dev. Biol. 
115:434-438. 

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of pro- 
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some 
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354. 

Voellmy, R. 1984. The heat shock genes: a family of highly conserved genes 
with a superbly complex expression pattern. Bioessays. 1:213-217. 

Voellmy, R., A. Ahmed, P. Schiller, P. Bromley, and D. Rungger. 1985. Isola- 
tion and functional analysis of a human 70,000-dalton heat shock protein 
gene segment. Proc. Natl. Acad. Sci. USA. 82:4949-4953. 

Welch, W. J. 1985. Pborbol ester, calcium ionophore, or serum added to quies- 
cent rat embryo fibroblast cells all result in the elevated phosphorylation of 
two 28,000-dalton mammalian stress proteins. J. Biol. Chem. 260:3058- 
3062. 

Wigler, M., A. Pellicer, S. Silverstein, R. Axel, G. Urlaub, and L. Chasin. 
1979. DNA-mediated transfer of the adenine phosphoribosyltransferase lo- 
cus into mammalian cells. Proc. Natl. Acad. Sci. USA. 76:1373-1376. 

Wistow, G. 1985. Domain structure and evolution in a-crystallin and small heat- 
shock proteins. FEBS (Fed. Eur. Biochem. Sac.)Len. 181:1-6. 

Wistow, G., and J. Piatigorsky. 1987. Recruitement of enzymes as lens struc- 
tural proteins. Science (Wash. DC). 236:1554-1556. 

Landry et al. Heat Shock Resistance Conferred by HSP27 15 


