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THE heat-inducible members of the Hsp100 (or Clp) family of
proteins share a common function in helping organisms to survive
extreme stress, but the basic mechanism through which these pro-
teins function is not understood'~. Hsp104 protects cells against
a variety of stresses, under many physiological conditions®’, and
its function has been evolutionarily conserved, at least from
Saccharomyces cerevisiae to Arabidopsis thaliana®™. Homology
with the Escherichia coli CIpA protein suggests that Hsp104 may
provide stress tolerance by helping to rid the cell of heat-denatured
proteins through proteolysis'. But genetic analysis indicates that
Hsp104 may function like Hsp70 as a molecular chaperone®. Here
we investigate the role of Hsp104 in vivo using a temperature-
sensitive Vibrio harveyi luciferase-fusion protein as a test
substrate®. We find that Hsp104 does not protect luciferase from
thermal denaturation, nor does it promote proteolysis of luciferase.
Rather, Hsp104 functions in a manner not previously described
for other heat-shock proteins: it mediates the resolubilization of
heat-inactivated luciferase from insoluble aggregates.

We first determined the conditions under which our test sub-
strate would be inactivated while both wild-type and mutant cells
remained viable. We found that pretreatment at 37 °C partially
protected luciferase from inactivation at extreme temperatures
(Fig. 1a) but that luciferase was always inactivated to a compar-
able extent in wild-type (HSP104) and mutant (hspl04) cells.
We conclude that Hsp104 does not play a significant part in this
protection.

To investigate the proposed role of Hspl04 in proteolysis of
heat-damaged proteins, we analysed the stability of luciferase
after a severe heat shock. Cells were pretreated at 37 °C for
30 min to induce synthesis of heat-shock proteins, shifted to
44 °C for 1 hour, then returned to 25 °C. Cycloheximide was
added to block protein synthesis during the recovery period at
25 °C. Luciferase levels remained constant in both wild-type and
hsp104 mutant cells throughout the experiment (Fig. 15). Thus,
Hsp104 does not appear to affect turnover of the heat-inactiva-
ted test substrate.

We next investigated whether Hsp104 functions in reactivating
heat-damaged proteins. Cells were pretreated at 37 °C, heat-
shocked at 44 °C, and then allowed to recover at 25 °C in the
absence of new protein synthesis. Wild-type cells recovered 90%
of their initial luciferase activity, but ispl04 mutant cells failed
to reactivate the enzyme (Fig. 2¢). This result suggests that,
rather than serving to rid the cell of stress-damaged proteins,
Hsp104 functions to promote their proper renaturation and reac-
tivation. To test the importance of the two ATP-binding sites
of Hsp104 for this function, we examined luciferase reactivation
in strains expressing aspl04 alleles containing single inactivating
point  mutations. As  previously demonstrated for
thermotolerance®, the function of both ATP-binding sites was
required for luciferase reactivation (Fig. 2b).

The failure of the Aspl04 strain to reactivate temperature-
sensitive bacterial luciferase was reminiscent of the inability of
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the E. coli hsp70 (dnaK) mutants to restore the activity of dena-
tured firefly luciferase'®. To investigate the role of yeast Hsp70
proteins in reactivation, we examined mutants in which Hsp70
levels were diminished either by reducing constitutive expression
(ssalssa2)  or  eliminating  heat-inducible  expression
(ssalssa3ssad). The basal level of luciferase activity was reduced
approximately fourfold in the ssalssa2 strain. In both of the
hsp70 mutant strains, the enzyme was inactivated by heat shock
at 44 °C to roughly the same extent as in the wild type. In
contrast to the sp104 mutant, however, the ssalssa3ssa4 mutant
recovered luciferase activity at 25 °C as efficiently as the wild
type. The ssalssa? mutant also recovered substantially (Fig. 2¢).
Only when Hspl04 was eliminated in the /isp70 mutant back-
ground were cells unable to reactivate luciferase.

To investigate the state of the test substrate in wild-type,
hsp70, and hsp104 mutant cells, lysates were prepared at various
times during the luciferase inactivation/reactivation experiment.
These lysates were centrifuged at high speed and the fraction of
luciferase remaining in the supernatant determined. Heat inacti-
vation gave a dramatic decrease in the concentration of soluble
luciferase in all cell types (Fig. 3). In wild-type and Asp70 mutant
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FIG. 1 a, Heat inactivation of luciferase in wild-type and hsp104 mutant
yeast cells. Wild-type (strain A1456) and hsp104 mutant (strain A1458)
cells, bearing 2u plasmids that direct the expression of a temperature-
sensitive luciferase-fusion protein® from the constitutive glyceraldehyde-
3-phosphate dehydrogenase promoter (pGPDIUxAB(HIS)), were grown at
25 °C to mid-log phase in minimal dextrose medium™® supplemented
with nutrients. Cultures were shifted to high temperature for the indica-
ted tengths of time either with (right) or without (left) a preconditioning
treatment of 37 °C for 30 min. Luciferase activity was assayed in vivo
by adding 10 pl of n-decylaldehyde (Sigma) to 1 ml log-phase cultures.
Light emission was measured immediately with a Tropix luminometer.
Activity levels are expressed as a percentage of the activity before the
heat treatment. All strains are derivatives of W303 (gift from R. J.
Rothstein). b, Luciferase protein levels do not change during heat inacti-
vation and recovery. Wild-type and hsp104 mutant cells bearing the
luciferase expression plasmid were grown at 25 °C, pretreated at 37 °C
for 30 min to induce Hsp expression, shifted to 44 °C for 60 min to
inactivate luciferase and then allowed to recover at 25 °C. Cyclohexim-
ide (10 ug ml ") was added during the last 10 min of the 44 °C treat-
ment to block further protein synthesis. Total cellular proteins were
extracted from ceils at intervals during recovery using glass-bead lysis™®
and separated by SDS—PAGE on 10% gels®*, transferred to Immobilon
membranes (Millipore) and reacted with luciferase-specific antiserum.
Immune complexes were visualized using horseradish-peroxidase-
conjugated protein A and ECL detection system (Amersham).
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FIG. 2 Reactivation of heat-damaged luciferase requires Hspl104. a,
Wild-type (filled circles) and hsp104 mutant (circles) cells bearing the
luciferase expression plasmid were treated as described for Fig. 1b and
luciferase activity assayed in vivo as in Fig. 1a. Activity, expressed as
a percentage of the luciferase activity in cells just before the 44 °C heat
shock, was measured in duplicate for each of three separate cultures for
each strain. b, hsp104 mutant cells carrying the luciferase expression
construct and a centromeric plasmid encoding either the wild-type
HSP104 gene (filled circles; strain A1625) or an hsp104 allele contain-
ing a mutation (lysine to threonine) which destroys the function of the

cells, luciferase was resolubilized during the course of recovery at
25 °C but there was little resolubilization of luciferase in hsp104
mutant cells. Thus, it appears that Hsp104 promotes the restora-
tion of luciferase activity by facilitating resolubilization of this
protein from insoluble aggregates.

To determine whether the function of Hspl04 in promoting
the resolubilization of luciferase reflects its general role in stress
tolerance, cells were examined by electron microscopy. Wild-
type and mutant cells that did not contain luciferase-expressing
plasmids were subjected to the conditions used for the luciferase
inactivation/reactivation experiments. The morphology of both
wild-type and hspl04 cells was normal at 25 °C (Fig. 4a). After
heat treatment at 44 °C, damage was evidenced by the accumula-
tion of large electron-dense aggregates in the cytoplasm and,
more dramatically, in the nucleus. The severity of this damage
was indistinguishable in the two cell types. In wild-type cells, this
damage was resolved during recovery at 25 °C. After 120 min at
25 °C, damage had disappeared from almost all wild-type cells
(Fig. 4a, b). Although hsp70 strains continued to show abnorm-
alities, particularly in membrane structures (A.S.K. and S.L.,
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first (circles; strain A1626) or second (filled squares; strain A1627) ATP-
binding site of the protein, were assayed for luciferase activity. Expres-
sion of all three alleles was driven by the HSP104 promoter. ¢, S.
cerevisiae strains®?? carrying mutations in the heat-inducible (filled
squares; strain A1592: ssalssa3ssa4) or constitutive (circles; strain
A1591: ssalssa2) cytosolic/nuclear hsp70 genes were assayed for
luciferase activity. For comparison, luciferase reactivation was
measured in a wild-type strain (filled circles; strain A1630) and in a
strain carrying mutation in both the heat-inducible Hsp70 genes and in
Hsp104 (squares; A1593: ssalssa3ssad hsp104).

unpublished), after 120 min of recovery at 25 °C aggregation
damage was resolved almost as well as in wild-type cells
(Fig. 4¢).

In contrast, Aspl104 mutant cells did not resolve the aggrega-
tion damage generated by heat treatment at 44 °C. Even after
120 min of recovery, most hsp104 cells were still almost as dam-
aged as they were immediately after heat shock (Fig. 4a, ). The
aggregates seen here are not simply a consequence of cell death
as both wild-type and Aspl04 mutant cells are viable under these
conditions (data not shown). We believe, however, that these
aggregates are directly related to the primary lethal lesion caused
by treatment at higher temperatures, because similar aggregates
are observed in wild-type cells at lethal temperatures'’.

In summary, we have shown that Hsp104 functions to reactiv-
ate a heat-denatured protein by promoting its resolubilization
from an aggregated form. Ultrastructural analysis of heat-
shocked cells indicates that this reactivation function is broad
and represents the mechanism by which Hsp104 promotes survi-
val under extreme stress. Our findings also help to distinguish
the roles of Hsp70 and Hsp104 in thermotolerance. Strains lack-
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FIG. 3 Hsp104 promotes the resolubilization of aggregated luciferase.
a, Wild-type and hsp104 mutant cells carrying the luciferase expression
plasmid were pretreated at 37 °C for 30 min, heat-shocked at either
44 °C for 60 min or at 46 °C for 24 min, then allowed to recover at
25 °C after adding cycloheximide and lysed as for Fig. 1 using glass-
bead lysis. After removing unbroken cells by low-speed centrifugation
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aggregates. Total protein from the cleared lysates and high-speed
supernatants was western blotted and probed as described in Fig. 1
legend. b, ssalssa3ssa4 and ssalssa2 mutants were treated as in a,
with heat shock at 44 °C for 60 min. Coomassie staining of the blot
demonstrated equal loading of all but the 25 °C samples, which were
underloaded (data not shown). Because ssalssa2 strains contained
less luciferase, exposure was longer for these samples.
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FIG. 4 hsp104 mutants a
are unable to resolve heat-
induced aggregates that
are visible by electron
microscopy. a, Wild-type
and hspl104 mutant cells
were grown at 25°C to
mid-log phase in rich dex-
trose medium*®. Cells were
pretreated, heat-shocked
at 44 °C for 60 min, and
allowed to recover as in
Fig. 3. Portions of the cul-
tures were collected before
any heat treatment (25 °C),
immediately after the
44 °C heat shock (O min),
after 45 min of recovery at
25°C (45 min) and after
120 min of recovery at
25°C (120 min). b, For
each of the samples in a,
electron micrograph fields
of 52-100 cells were scre-
ened (double blind) for
aggre-gated material at
25 °C before heat treat-

0 min

Recovery after 44°C heat shock
120 min

ment, immediately after 44 °C treatment (0'), after 45 min
of recovery at 25 °C (45), and after 120 min of recovery
at25 °C(120"). ¢, Wild-type, ssalssa2and ssalssa3ssa4
cells were prepared as for a and electron micrograph
fields of 31-151 cells evaluated for aggregated material
as for b.

METHODS. Ceils were fixed overnight at 4 °C in 40 mM
potassium phosphate (pH 6.8) containing 1 mM MgCi,,
1% glutaraldehyde and 1% paraformaldehyde®®?3, After
washing, cells were incubated for 15 min at room tem-
perature in 1% sodium metaperiodate, washed, resus-
pended in 50 mM ammonium chloride for 30 min®*,
washed, and post-fixed for 60 min in 2% osmium tetroxide
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in buffer containing 40 mM potassium phosphate (pH 6.8)
1 mM MgCl,. Cells were washed with water, then stained
overnight at 4 °C with 0.5% uranyl acetate® in 40 mM sodium malate
(pH 5.2), washed, dehydrated with ethanol, and washed three times
with 100% propylene oxide, then gradually infiltrated with resin.

ing either the constitutive or the heat-inducible Hsp70 proteins
recover luciferase activity almost to wild-type levels and resolve
general aggregation damage nearly as well as wild-type cells.
Although these results are surprising, given that dnaK mutants
are unable to reactivate heat-denatured firefly luciferase in E.
coli, they agree with the properties of DnaK in virro'®. DnaK
can only reactivate firefly luciferase if luciferase has been pre-
vented, by Dnal, from aggregating. Under our conditions, heat-
denatured proteins could presumably not be reactivated by
Hsp70 because they were already aggregated (Figs 3, 4). A disag-
gregation activity has been reported for DnaK with an RNA
polymerase substrate'?, but as core polymerase forms oligomers
under such conditions'?, this activity could reflect the ability of
DnaK to disassemble certain types of protein oligomers'” '°.
Although Hsp70 may promote the dissolution of some protein
aggregates, we suggest that its primary function in thermo-
tolerance is to help prevent such aggregates from forming'®'>'e,
Hsp104, in contrast, has a remarkable capacity to rescue proteins
from aggregates once they have formed. Hsp70 and Hsp104 can
partially compensate for one another® becuase they both affect
the partitioning of damaged substrates between a denatured,
soluble state and an insoluble, aggregated one. Thus, although
their biochemical activities are distinct, both proteins function
along the same general pathway.

Complementarity in the functions of Hsp104 and Hsp70 helps
to explain why different species depend on different constella-
tions of heat-shock proteins for thermotolerance'’. Drosophila,
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Sections were stained with 4% aqueous uranyl acetate, washed, stained

with 0.2% lead citrate, and viewed with a Phillips CM10 transmission
electron microscope at 60 kV. Magnification, x 7,440.

for example, does not even express an Hspl00 protein in
response to heat; instead, it relies upon massive synthesis of
Hsp70 directed by amplified genes (see ref. 17 for review). All
organisms must: (1) balance the beneficial functions of particu-
lar heat-shock proteins against their detrimental effects®'®; (2)
use the heat-shock proteins that are most effective in protecting
or repairing their own most critical cellular targets; and (3)
develop a response appropriate for the types of stress they nor-
mally encounter. Thus, stress responses represent a balance
between the biochemical advantages and disadvantages of the
various heat-shock proteins within the context of a particular
physiology and environment. O
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THE human pituitary hormones, growth hormone (hGH) and pro-
lactin (WPRL), regulate a large variety of physiological processes,
among which are growth and differentiation of muscle, bone and
cartilage cells, and lactation'. These activities are initiated by hor-
mone-receptor binding. The hGH and hPRL receptors (hGHg and
hPRLg, respectively) are single-pass transmembrane receptors
from class 1 of the haematopoietic receptor superfamily™>. This
classification is based on sequence similarity in their extracellular
domains, notably a highly conserved pentapeptide, the so-called
‘WSXWS box’, the function of which is controversial. All ligands
in class 1 activate their respective receptors by clustering
mechenisms®, In the case of hGH, activation involves receptor
homedimerization in a sequential process: the active ternary
complex containing one ligand and two receptor molecules is
formed by association of a receptor molecule to an intermediate
1:1 complex®®, hPRL does not bind to the hGH receptor, but
hGH binds to both the hGHy and hPRLg, and mutagenesis studies
bave shown that the receptor-binding sites on hGH overlap®. We
present here the crystal structure of the 1:1 complex of hGH
bound to the extracellular domain of the hPRLg. Comparisons
with the hGH-hGHy complex'’ reveal how hGH can bind to the
two distinctly different receptor binding surfaces.

As the extracellular domain of the hPRLg only forms a stable
1:1 complex with hGH in solution, we used this complex in our
crystallographic studies. The structure of this complex (Fig. 1a)
was determined at 2.9 A resolution and refined to a crystal-
lographic R-factor of 0.22 (Table 1). The overall similarity with
the hGH-hGHy complex'® (Fig. 1b) can be seen in Fig. lc,
which shows the superposition of the structure of the
hGH-hPRLkr complex on the equivalent 1:1 portion of the
1:2 hGH-hGHg complex. The hGH molecule has the classical
cytokine fold*, a four-helix bundle motif characterized by the
first two helices running parallel to each other but antiparallel
to the last two. The four-helix bundle structure of the hGH
molecule in the hPRLy complex superimposes well on that of
the hGHpg (1:2) complex (0.82 A r.m.s. on Ca positions). Larger

* To whom correspondence should be addressed.
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TABLE 1 Crystallographic data, refinement statistics and interfacial
hydrogen bonds

Data collection statistics

Number of Number of Number of
Dataset crystals observations reflections Rimerge
FAST 3 35,239 9,754 0.077
SSRL 6 17,794 8,293 0.095
Combined 9 53,033 9,883 0.108

Refinement statistics

No. non-hydrogen atoms 3,123

Disordered residues hGH: 149-152, 191; hPRLy: 1, 31-33,
84-86, 205-211

Average B-factor hGH: 55 A%, hPRLz: 42 A?

Resolution range 10-2.94A

R-value (all data) 0.22

r.m.s. bond length 0.019A
deviation

r.m.s. bond angle 0.046 A

distance deviation
r.m.s. difference in
B-factor

0.63 A? (main chain atoms), 0.66 A®
(side-chain atoms)

Intermolecular hydrogen bonds in hGH-hPRLg and hGH-hGHR

hGH hPRLg hGH hGHg
Ser 62 0 Met 103 N Pro61 0 lle 103 N
Lys 168 N¢ Trp 104 0 Lys 168 N¢ Trp 104 0
Ser 51 Oy Glu750¢2 Lys 41 N& Glu 127 0¢2
Tyr 164 On Glu 750¢1 Arg 167 Nnl1 Glu 127 O¢l
Arg 167 Nn2  Asp124 062 Arg 167 Nn2 Glu 127 O¢l
Arg178 Nnl  Thr1710y1 Arg 178 Nn2 lle 1650
Arg178 Nyl Phe 1700 Thr 175 Oy1 Arg 43 Nnp1i
Arg 178 Nn2  GIn 193 0¢2 GIn 46 Ng2 Glu 120 0g2
Asp 171 061 Tyr127 On Asp 171 062 Arg 43 Nn2

hGH and HPRLg were purified, complexed and crystallized as
described™®. Crystals were in space group P2,2,2, witha=154.2 A, b=
69.8 A, c=43.4 A. Data were collected at room temperature from three
crystals using an Enraf-Nonius FAST area detector mounted on a Rigaku
RU200 rotating anode generator and monochromated CuKa X-rays, and
processed using MADNES'” and PROCOR™®. The program X-PLOR"® was
used for molecular replacement with the 1:1 hGH-hGHg structure
(A.M.d.V., unpublished results) as a search model. The rotation function
gave no clear solutions, but Patterson correlation (PC) refinement® of
the rotation function peaks treating the hormone and both receptor
domains as independent rigid bodies gave a solution with a PC value
of 0.13, clearly above the highest noise peak at 0.07 (data between
15 and 4 A resolution). The translation search gave a correlation value
of 0.36 with the highest noise peak at 0.24 and a crystallographic R-
value of 0.49, decreased to 0.47 by rigid-body refinement (15-3.5 A).
The refinement dataset was generated by merging the molecular
replacement dataset with data collected at the Stanford Synchrotron
Radiation Laboratory (SSRL) on a MAR image plate scanner and pro-
cessed with XDS'®, giving an overall completeness of 93% (89%
between 3 and 2.9 A). The structure was refined using a combination of
simulated annealing and positional refinement with X-PLOR and manual
intervention using FRODO?*. The final stages of refinement were per-
formed using PROLSQ?? with highly-restrained individual temperature
factors, resulting in an R-value of 0.22 (10-2.9 A).

differences are found in the loop structures and in two small
mini-helices. The loop connecting helices 2 and 3 (residues
92-111) does not contact the receptor and generally is not well
ordered. The first turn in helix 3 is partially unwound compared
to the structure of the hGH-hGHg complex; a similar unwind-
ing occurs in the structure of a free hGH variant''. The loop
connecting helices 3 and 4 is also poorly ordered, but was mod-
elled into weak electron density in a similar conformation as
observed in the 1:1 hGHr complex. The complexes also differ
at mini-helix 1 (M1 in Fig. 1, residues 42-46), in which the N-
terminal turn is partially unwound, and in the segment of loop
immediately following it. Because changes in this region have
also been seen in the structure of the hGH variant, where it
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