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Molecular chaperones of the 70-kilodalton heat shock protein (Hsp70) class bind to 
partially unfolded polypeptide substrates and participate in a wide variety of cellular 
processes. Differences in peptide-binding specificity among Hsp70s have led to the 
hypothesis that peptide binding determines specific Hsp70 functions. Protein domains 
were identified that were required for two separate functions of a yeast Hsp70 family. The 
peptide-binding domain was not required for either of these specific Hsp70 functions, 
which suggests that peptide-binding specificity plays little or no role in determining 
Hsp70 functions in vivo. 

Hsp70  proteins function in a diverse set of 
processes, including protein folding, multi- 
mer association and dissociation, transloca- 
tion of proteins across membranes, and reg- 
ulation of the heat shock response (1). All 
eukaryotic cells use multiple Hsp70s to car- 
ry out these functions; in the yeast Saccha- 
romyces cerewisiae, 14 Hsp70s are divided 
into at least five functionally distinct fam- 
ilies. Hsp70s from different families are 
highly conserved but cannot function inter- 
changeably (2, 3); the basis of this func- 
tional specificity is not well understood. 
Each Hsp70 consists of a highly conserved 
NH2-terminal 44-kD adenosine triphos- 
phatase (ATPase) domain, a less well con- 
served 18-kD peptide-binding domain, and 
a COOH-terminal 10-kD variable domain 
of unknown function (4-8). Because differ- 
ences in peptide-binding specificity have 
been identified among Hsp70s (9-1 1), it 
has been hypothesized that peptide binding 
plays a central role in determining the func- 
tional specificity of each Hsp70. Here, we 
challenge this hypothesis by determining 
the source of functional differences between 
two families of yeast Hsp70s. 

The Ssa and Ssb Hsp70 families of S. 
cerewisiae share 60% amino acid identity 
and reside in the cytosol (2) but have dis- 
tinct, nonoverlapping functions in vivo 
(12). To test the role of different Hsp70 
domains in determining functional specific- 
ity, we generated gene- fusions that encoded 
chimeric proteins containing all combina- 
tions of the ATPase, peptide-binding, and 
variable domains of Ssal and Ssbl (13). 
Chimeric junctions were placed precisely be- 
tween the three Hsp70 domains (5-8, 1 1 ). 

To directly test the hypothesis that func- 
tional specificity is determined by peptide 
binding, we investigated whether a chimera 
containing the Ssal peptide-binding do- 
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main could rescue two phenotypes specific 
to the Ssb family of Hsp70s: cold sensitivity 
and hygromycin B sensitivity. The chimeric 
protein BAB (14), in which the peptide- 
binding domain of Ssbl has been replaced 
by that of Ssal, was able to rescue both 
Ssb-specific phenotypes (Fig. 1). Thus, the 
functional differences between the Ssa and 
Ssb   rote in families were not determined bv 
the peptide-binding domain. Although th; 
peptide-binding domain contains all of the 
residues that contact the peptide substrate 
(8). the variable domain was also included . .. 
in most previous studies of peptide-binding 
function (6, 9, 11, 15) and thus might 
modulate peptide binding. Because the vari- 
able domains of Ssal and Ssbl are only 14% 
identical, they are a potential source of 
furictional differences. However, the chi- 
mera BBA. containine the variable domain " 
of Ssal, was able to rescue both cold sensi- 
tivity and hygromycin B sensitivity (Fig. 1); 
hence, the variable domain was not re- 
quired for the rescue of either Ssb-specific 
phenotype. 

Because neither the peptide-binding nor 
the variable domain was required for the 
rescue of Ssb-specific phenotypes, we exam- 
ined all of the Ssal-Ssbl chimeras to deter- 
mine the source of Ssb-specific function 
(Fig. 1). Both Assbl Assb2 phenotypes were 
rescued by several chimeric proteins; how- 

ever, the two phenotypes were not rescued 
bv the same chimeras. The cold-sensitive 
phenotype was rescued by all of the chime- 
ras that contained the Ssbl ATPase do- 
main, but not by those that contained the 
Ssal ATPase domain (Fig. 1). Thus, the 
ATPase domain of Ssbl was the only do- 
main specifically required for the rescue of 
cold sensitivity. 

The rescue of hygromycin B sensitivity 
was more complex. No single domain of 
Ssbl was necessary for the rescue of this 
phenotype; BBA, BAB, and ABB all con- 
ferred resistance to hygromycin B (Fig. 1). 
Moreover, no single domain was sufficient; 
cells containing AAB, ABA, or BAA all 
remained sensitive to hygromycin B. Rath- 
er, the different domains of Ssbl functioned 
additivelv. such that anv two could confer , , 
resistance to hygromycin B. These domains 
could not function cooperatively when 
present in different chimeric proteins, how- 
ever; when any two of the chimeras BAA, 
AAB, and ABA were coexpressed, no res- 
cue of hygromycin B sensitivity was ob- 
served (16). . , 

Ssb proteins appear to play a role in 
translation since Assbl Assb2 mutants are 
sensitive to hygromycin B, and up to 70% of 
Ssb protein is associated with translating 
ribosomes (1 7). We examined five chimeras 
(18) to determine whether the rescue of 
hygromycin B sensitivity was correlated 
with polysome association. Polysomes were 
separated from free ribosomes by centrifu- 
gation through a sucrose gradient (Fig. 2A). 
Both Ssa and Ssb proteins were present in 
high-molecular weight complexes that 
were distributed throughout a sucrose gra- 
dient (Fig. 2B). These complexes were dis- 
tinguished by treating extracts with ribonu- 
clease (RNase) A, which disrupts the poly- 
somes. Ribosome-associated proteins such 
as Ssb were shifted toward the top of the 
gradient (17), whereas Ssa was unaffected. 

Sucrose gradients were used to examine 
the polysome association of the chimeras. 
Chimeras that failed to rescue hygromycin 
B sensitivity (BAA and AAB; Fig. 1) also 
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Fig. 1. Rescue of Assb 7 Assb2 
growth phenotypes by chimer- 
ic Hsp70 proteins. Assbl 
Assb2 cells containing each 
chimera on a centromeric plas- 
mid were grown on SC-ura rne- 
dia at 18°C for 8 days, or at 
30°C in the presence or ab- 
sence of hygrornycin B (70 pg/ 
ml) for 4 days. lrnmunoblotting 
experiments demonstrated 
that th wild-type proteins and 
all chi $ eras were stably ex- 
pressed at similar levels at both 
18" and 30°C (76). 
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failed to associate with polysomes (Fig. 2B). with polysomes. Thus, neither the ATPase 
In contrast, ABB and BAB, which con- domain nor the peptide-binding domain 
ferred hygromycin B resistance, associated was required for the Ssb-specific association 

with translating ribosomes. Moreover, for 
all of the chimeras except BBA (1 9), there 
was a correlation between the rescue of 
hygromycin B sensitivity and an association 
with translating ribosomes, which suggested 
that both are the result of a single ribosomal Fig. 2. Association of 

chimeric Hsp70 proteins 
with polysomes. (A) Sep- 
aration of free ribosomes 
(80s peak) and poly- 
some complexes on a 
sucrose gradient (25). 
RNase A treatment dis- 
rupts polysome com- 
plexes, causing a shift 
into the 80s peak. (B) 
lmmunoblots of poly- 
some profile fractions. 
Each panel shows frac- 
tions taken from across 
a sucrose gradient, with 
the positions of the 80s 
peak and the polysomes 
indicated. Immunoreac- 
tive bands are identified 
in the top panel of each 
pair. Compare each up- 
per panel (-RNase A) 
with its partner below 
(+RNase A). Proteins 
associated with poly- 
somes are shifted to- 
ward the 80s peak upon 
RNase A treatment. 

function. 
In contrast, the cold-sensitive and hy- 

gromycin Esensitive phenotypes of a Assbl 
Assb2 strain were separable (Fig. 1). The 
chimera BAA rescued only the cold-sensi- 
tive phenotype of Assbl Assb2 cells, where- 
as ABB rescued only hygromycin B sensi- 
tivity. This separation of phenotypes sug- 
gested that cold sensitivity and hygromycin 
B sensitivity represent two distinct cellular 
functions of the Ssb  rotei ins. The chimera 
BAB rescued both bf these phenotypes; 
thus, the peptide-binding domain of Ssbl 
was dispensable for two different Ssb-specif- 
ic functions. In addition, the ability of BAA 
to rescue cold sensitivity in the absence of 
detectable polysome association suggested 
that Ssb proteins performed these two func- 
tions at different sites. This suggestion was 
supported by cotransformation experiments. 
When both BAA and ABB were present in 
the same cell, they did not interfere with 
one another but functioned additively, res- 
cuing both cold sensitivity and hygromycin 
B sensitivity (1 6 ,  20). 

Together, these results indicate that 
functional specificity among the Hsp70 
class of molecular chaperones does not de- 
pend on peptide-binding specificity. We fa- 
vor a model in which functional specificity 
is determined by physical interactions be- 
tween one or more Hsp70 domains and 
other components of the cellular machinery 
(21). Once established, these interactions 
may be stabilized by binding to substrate 
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polypeptides; however, we view peptide 
binding as an activity of the Hsp70s, similar 
to their ATPase activity, that is ferried to 
 articular functions bv the s~ecific interac- 

BAA 

;ions of other parts bf theSprotein. Such 
interactions may serve to target Hsp70 to a 
site of function, such as the ribosome, or to 
direct association with cohort proteins such 
as DnaJ homologs, which function cooper- 
atively with Hsp70s (22, 23). 
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Chaotic Dynamics in an Insect Population 
R. F. Costantino, R. A. Desharnais," J. M. Cushing, 

Brian Dennis 

A nonlinear demographic model was used to predict the population dynamics of the flour 
beetle Tribolium under laboratory conditions and to establish the experimental protocol 
that would reveal chaotic behavior. With the adult mortality rate experimentally set high, 
the dynamics of animal abundance changed from equilibrium to quasiperiodic cycles to 
chaos as adult-stage recruitment rates were experimentally manipulated. These tran- 
sitions in dynamics corresponded to those predicted by the mathematical model. Phase- 
space graphs of the data together with the deterministic model attractors provide 
convincing evidence of transitions to chaos. 

T h e  mathematical theorv of nonlinear dv- 
namics has led populatidn biology into 'a 
new phase of experimental and theoretical 
research (1-6). Explanations of observed 
fluctuations of population numbers no\17 in- 
clude dynamical regimes with a variety of 
asymptotic behaviors: stable equilibria, in  
~ ~ h i c h  population numbers remain con- 
stant; periodic cycles, in  which population 
numbers oscillate among a finite number of 
values; quasiperiodic cycles, which are char- 
acterized by aperiodic fluctuations that are 
constrained to a stable attractor called a n  
lnvarlant loop; and chaos, where popula- 
tlon numbers change erratlcallv and the  

u 

pattern of variation is sensitive to small 
differences in initial conditions. There is, 
however, a need for new experiments to  
confirm these hypothetical possibilities (7, 
8). A kev theoretical   re diction. ~ ~ h i c h  is 
subject t; experimental challenge, is that 
specific sequences of transitions among 
qualitatively different dynamical regimes 
occur in  response to  chang~ng  b ~ o l o g ~ c a l  
oarameters 19. 10). Here. we address a route 
;o chaos prehictej  by a mathematical model 
of insect populations ( I  1 )  in which the  
onset of chaos is preceded by transitions 
from stahle equilibrium to quasiperiodic and 
periodic cycles. 

W e  modeled the  relation of larval, pu- 

pal, and adult Tribolium numbers a t  t ime t 
+ 1 to  the  numbers a t  t ime t by means of 
a system of three stochastic difference 
equations: 

In  this model (1 2 ,  13) ,  L, is the  nunlber of 
feeding larvae (referred to as the  L-stage) at 
time t; P, is the  number of large larvae, 
nonfeeding larvae, pupae, and callow adults 
(collectively the  P-stage) at time t; and A, is 
the  number of sexually mature adults (A- 
staee animals) a t  time t. T h e  unit of time is " 
2 ~ ~ e e k s ;  this is the  approximate average 
amount of time spent in  the  L-stage under 
our experimental conditions, as \Tell as the  
approximate average duration of the  
P-stage. T h e  quantity b > 0 is the  number 
of larval recruits per adult per unit of time 
in  the  absence of cannibalism. T h e  frac- 
tions and p, are the  larval and adult ratei 
of mortality in  one time unit. T h e  exponen- 
tial nonlinearities account for the  cannibal- 
ism of eggs hy both larvae and adults and 
the  cannibalism of pupae by adults. T h e  
fractions exp(-cell,) and exp(-c,,A,) are the  
urobabilities that a n  egg is not  eaten in  the  -- 
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