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In this study, we  have demonstra ted that topoisomerase  I DNA relaxing activity i 
p ro tec ted  against a severe heat shock in T cells made  thermotolerant  by a pr ior  modes 
heat t reatment.  However,  following a severe heat-shock challenge and incubat ion a 
37°C, topo isomerase  activity in the control popula t ion  eventuaiiy re turned to level 
similar to those  detec ted  in thermotolerant  cells. This recovery of  topoisomeras,  
activity appears  to result from the renaturat ion of  heat-inactivated enzyme rather that 
from synthesis of  new  prote in  because the rate of  recovery of  catalytic activity was no 
inhibi ted by the presence  of  the protein synthesis inhibitor, cycloheximide. ~ z992 
Academic Press, Inc. 

Elevated tempera tures  are known to induce a transient resistance to subsequen  

heat  exposure  in cells from a variety of  organisms. This phenomenon ,  t e rmed acquire¢ 

thermotolerance,  is associated with the rapid and preferential synthesis of  a small set c 

highly conserved proteins,  called hsps (reviewed in 1). Hsps are induced  by a n u m b e  

of  apparent ly  unrela ted environmental  stresses such as exposure  to heavy metals 

alcohol, and oxidative stress, and have, therefore, also been  referred to as stres 

proteins.  The diverse group of  environmental  insults that can induce hsp synthesie 

suggest that a c o m m o n  induct ion signal, such as prote in  denatura t ion  or  alterec 

folding of  newly made  proteins, is responsible for hsp gene activation. Numerou,, 

studies have implicated members  of  the hsp70 family in protect ing cells from therma 

damage and/or  enhanced recovery from thermal stress (reviewed in 2). In addit ion tc 

protect ing cells from environmental  insults, members  of  the hsp70 family have also 

been  shown to provide important  functions in nonstressed cells such va 

depolymerizat ion of  clathrin from coated vesicles (3), and facilitation of  t ranspor 

across endoplasmic  ret iculum and mitochondrial  membranes  (4,5). 

*To w h o m  correspondence  should be  addressed. 

Abbreviat ions:  
CHX, cycloheximide; con A, concanavalin A; hsps, heat shock proteins;  hsc70, 70 k 
cognate2 or  cons/i tutively p roduced  member  of  the hsp70 family; PEG, polyethylen I 
glycol;~H-TdR, JH-thymidine.  
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Previous studies from one of our  laboratories (6) demonst ra ted  that T cells 

.*xposed to a modes t  heat shock (induction temperature,  42.5°C for 60 min) were  

:apable of  resuming  DNA synthesis (T cell proliferation) at an accelerated rate relative 

o control  cells ( induction temperature,  37°C for 60 min) following a subsequent  

;evere heat-shock challenge (44-45°C for 30 rain). The development  of 

hermoto le rance  in T cells was associated with the induct ion of hsp synthesis 

~articularly hsp90, hsc70 and the highly inducible hsp70. The close temporal  

tssociation be tween  induct ion of hsp synthesis and protect ion of  T cell proliferation 

tgainst heat  stress suggests that hsps may be involved in protect ing the cell's DNA 

,Tnthetic machinery.  How this might occur remains to be clarified. We have speculated 

hat  hsps may  protect  a critical enzyme(s) required for DNA synthesis from stress- 

nduced  damage. In this regard, DNA topoisomerases have been implicated as 

mpor tan t  enzymes in both DNA replication and transcription. Replication and 

~ranscription are associated with conformational and topological changes in DNA and 

~opoisomerases have evolved to accommodate  these changes. Two types of 

:opoisomerases have been identified; one that produces transient protein-bridged 

tingle-strand breaks in DNA (type I topoisomerase) and another  that produces  double- 

;trand breaks (type II topoisomerase,  reviewed in 7 ). Hsps may  interact with these 

mzymes during hyper thermic stress which may minimize thermal  damage and/or 

tccelerate restorat ion of  their  native conformation and enzymatic activity. We have, 

therefore, begun a study to assess whether  protect ion of DNA synthesis against thermal 

injury in thermotolerant  cells is associated with protect ion of topoisomerase I activity. 

MATERIALS AND METHODS 

G r o w t h  a n d  i n d u c t i o n  o f  t h e r m o t o l e r a n c e  in  T cells: Purified T cell 
.ymphoblasts were  prepared by Con A stimulation of  purified splenic T cells following 
3ur previously repor ted  p rocedure  (6). In this study Con A activated T lymphoblasts 
will be referred to a T cells. After 48 -72 hrs of stimulation, T cells were  exposed for one 
hour  to a control  (37uC) or modest  (42.50C) heat-shock tempera ture  which we had 
previously demonst ra ted  induces a transient thermotolerant  phenotype  (8). Following 
a recovery per iod of  a/.p~roximately 12 hrs at 37°C, both populat ions were  given a heat- 
shock challenge at 44 C for 30 min. Cells were collected and either al iquoted for 
immediate  extract preparat ion or evaluated for their ability to resume DNA synthesis. In 
some exper iments  CHX (50 uM, final concentration) was included in the media  during 
the heat-shock challenge and recovery period. , .  

P r e p a r a t i o n  o f  extracts :  T cells (5-30x10 °) were washed once with one  ml PBS 
and lysed with high salt (300 ul 5xPBS). DNA and cell debris were  precipitated with the 
addit ion of  150 ul 18% PEG containing 1.0 M sodium chloride and removed by a 10 
min microfugation. The 300-400 ul of  supernatant  was recovered and assayed for 
topoisomerase  activity. 

Type  I T o p o i s o m e r a s e  assay: Type I topoisomerase assays were  per formed 
with supercoi led pUC 19 plasmid DNA as substrate essentially as described in Lazarus et 
al. (9). Agarose gel electrophoresis was used to separate DNA of  differing superhelical 
densities. One  unit  of  topoisomerase relaxing activity removes 50% of the supercoils 
from the substrate in 30 min at 30°C. Data are presented as % of  control  following our  
previously repor ted  calculation (6). 

T cell  p ro l i f e ra t ion  assay: DNA ~nthes i s  was evaluated by incubating T cells in 
the presence  of  Con A (1.0 ug/ml) and aH-TdR (1.0 uCi/well) following our  previously 
repor ted  p rocedure  (6). Following an overnight incubation (18-20 hours),  cells were 
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harvested and the extent 
spectrometry. 

of  DNA synthesis determined by liquid scintillatic 

RESULTS 

Fig. 1 shows the results of a typical assay for type I topoisomerase.  Groups A, l 

and C are triplicate samples of serial dilutions (A, neat; B, 1/3; C, 1/9) of a cellul," 
extract prepared from T cells grown at 37°C. The undi lu ted  sample (group A) sho~ 

the greatest amoun t  of  topoisomerase activity as evidenced by the nearly complel 

conversion of  supercoiled form I DNA into more relaxed forms (Ir). Groups B and 

exhibit decreased amounts  of topoisomerase-generated I r DNA and increased amount  

of  supercoiled DNA as the extract is diluted. Groups D, E, and F are triplicates c 

equivalent serial dilutions of T cells given a heat shock (44 °C) for 30 minutes.  There i 

a reduct ion in topoisomerase activity from the T cells exposed to 44 °C as manifested b 

the reduced conversion of  highly supercoiled DNA to more  relaxed forms in groups E 

E, and F relative to those comparable samples in groups A-C. Although there is som, 

cell death associated with the hyperthermic exposure, the results have been normal izo 

to equivalent numbers  of  viable cells. 

As noted  above, thermotolerant  T cells are able to resume DNA replication at aJ 

accelerated rate relative to control cells following a severe heat-shock challenge. It wa 

therefore of  interest to determine whether  this ability to resume DNA synthesi 

following thermal  injury is associated with protection of type I topoisomerase.  In ordel 

to test this possibility, thermotolerant  and control T cells were subjected to thq 

indicated heat-shock challenge temperatures and then immediately assayed for residua 

topoisomerase  activity. Aliquots of cells were also removed and tested for their abilir 

to reinitiate Con A-induced proliferation (i.e., resumpt ion of  DNA replication). It car 

be seen from the results presented in Figure 2 (left panel) that prior modest  heat shoc~ 

protected cellular DNA synthesis from thermal injury. We also observed marked 
/ 

p rotect ion of  topoisomerase I activity in thermotolerant  cells. For example, following ; 

45°C heat  shock, approximately 6X more enzyme activity was detected in the 

thermotolerant  cells versus control T cells (Figure 2, right panel). These data suggesl 

A B C D E F 

II 
I r 

Figure 1. Gel electrophoretic separation of the products of topoisomerase- 
catalyzed relaxation of plasmid DNA. The first lane is control, untreated pUC19 DNA.. 
The subsequent grouos of lanes labeled A, B, and C are triolicate samples treated with 
neat, 1/3, and 1/9 diluted extract, respectively, from ceils grown at 37°C. Groups 
labeled D, E, and F are triplicate samoles treated with neat, 1/3, and 1/9 diluted extract 
from cells given a 44°C heat shock. DNA species labeled I, II, and I r are highly 
supercoiled,nicked, and enzymaticaUy relaxed circular DNA, respectively. 
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Figure 2. Relationship between resumption of DNA synthesis and type I 
topoisomerase activity following heat stress. T lymphoblasts were subjected to an 
induction temperature  of  either 37°C (open circles) or 42.5 °C (closed circles), rested 
and then incubated for 30 minutes at the indicated heat shock temperatures.  
Immediately following heat shock, an aliquot of cells was removed to determine their 
ability to resume DNA synthesis (left panel). The remaining ceils were used to prepare 
extracts for type I topoisomerase activity determinations (right panel). 

:hat t he  abi l i ty  o f  t h e r m o t o l e r a n t  cells to  rep l i ca te  DNA fo l lowing  h e a t  s t ress  m a y  

J e p e n d ,  at  leas t  in  par t ,  o n  p r o t e c t i o n  o f  this crit ical enzyme .  

B e c a u s e  c o n t r o l  cells d o  no t  r e cove r  the i r  abi l i ty  to  syn thes i ze  DNA fo l lowing  

aeat s t ress  e v e n  af ter  24 h o u r s  o f  i n c u b a t i o n  at 37°C,  we  a sked  w h e t h e r  this  loss  was  

:he r e su l t  o f  c o n t i n u e d  inac t iva t ion  o f  t o p o i s o m e r a s e  I. This h y p o t h e s i s  was  t e s t ed  by  

n o n i t o r i n g  t o p o i s o m e r a s e  act ivi ty at var ious  t i m e  p o i n t s  fo l l owing  a h e a t - s h o c k  

:ha l l enge .  T h e  resul ts ,  p r e s e n t e d  in Fig. 3, ind ica te  tha t  i m m e d i a t e l y  a f te r  the  44 °C 
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Figure 3. Effect of heat stress on type I topoisomerase activity and kinetics of 
recovery. T cells were incubated either at 37°C or 42.5°C and then rested for 10 hours 
at 37°C. Following this rest period, cells were given a 30 minute  severe heat-shock 
challenge (44°C, 30 minutes) and either tested immediately (t=0) or at the times 
indicated for topoisomerase activity. 
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Figure 4. Failure of CHX to prevent reactivation of topoisomerase activity 
following heat stress. (left panel) Control cells were either incubated at 37"(; or 
subjected to a severe heat shock (~4°C, 30 minutes) in the absence orpresence of CHX 
(50 /uM/ml). Following heat shock, cells were immediately tested for either type I 
topoisomerase activity (T=0) or rested at 37°C for the indicated times and then assayed 
for topoisomerase activity. CHX remained in the culture media throughout the rest 
period. (right panel) An aliquot of control cells was removed immediately following 
heat shock in order to monitor DNA synthesis in the absence orpresence of CHX. A 
thermotolerant population generated as described in the legend of Figure 3 was treated 
in a similar fashion and is included for comparison. 

heat-shock challenge there  was almost a four-fold higher level of  topo isomerase  I in th 

the rmoto le ran t  cells relative to the thermosensi t ive cells (T=0  t ime point)  

Interestingly, when  heat-shocked cells were allowed to recover  at 37°C, the levels c 

topo i somerase  I in bo th  popula t ions  of cells increased. The change in activity wa: 

gradual in the the rmoto le ran t  cells but  most  dramatic for the control  cells where  ther, 

was a four-fold increase in activity within 6 hours. By 12 hrs, both  the thermotoleran  

and cont ro l  cells had equivalent levels of  topoisomerase  I. 

In o rde r  to address whether  the reappearance  of  topo isomerase  activity it 

cont ro l  cells reflected translation of new topoisomerase  or  the stabilization o 

rena tura t ion  of  preexist ing enzyme, we per formed an analogous exper iment  in th( 

p resence  or  absence of  the pro te in  synthesis inhibitor, CHX. Results shown in Fig. 

indicate that  at t = 0, there  was slightly more  than a 50 % reduc t ion  in topoisomeras(  

activity in the control  populat ion.  However, within 3 hours  post  heat  shock, control 

cells had recovered  approximately  95% of  their  initial activity. This recovery occurret  

despi te  the presence  of  CHX which should have inhibited p roduc t ion  of  newl! 

t ranslated topoisomerase .  These results suggest that the recovery of  topoisomeras,  

activity is i n d e p e n d e n t  of  d e  n o v o  prote in  synthesis and most  probably  reflects the 

rena tura t ion  of  heat-inactivated topoisomerase.  

Results in Fig. 4 (right panel) demonst ra te  that these same contro l  cell, 

( induct ion tempera ture ,  37°C) that rapidly recovered their  type I topoisomeras(  

activity, failed to resume DNA synthesis following a severe heat-shock challenge (44 0 

even after a subsequent  long-term culture (> 20 hours)  at 37 °C. There  was even a 

more  drastic reduc t ion  of  DNA synthesis (to about  3% of  control  levels) in the presence 
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ff CHX. On the other  hand, the thermotolerant  cellS ( induction temperature ,  42.5 °C) 

.*xhibited a 3-fold greater capacity than the control  cells for DNA synthesis in the 

tbsence of  CHX. However,  DNA synthesis in these thermotolerant  cells was still 

tramatically reduced  in the presence of  CHX (to about  4% of  control  levels). Thus, 

:hese data indicate that recovery of  type I topoisomerase  activity is not  sufficient for 

,esumption of  DNA synthesis. Reinitiation of  DNA replication following a severe heat 

;hock also requires newly synthesized protein  factors that are translated on  cytoplasmic 

"ibosomes. 

DISCUSSION 

These initial studies indicate that (1) cells made  thermotolerant  by a prior 

modest  heat  shock retain almost four times the level of  topoisomerase  I activity as 

control cells immediately  following a severe heat shock, (2) topo isomerase  levels 

recover with t ime so that by 12 hrs after heat shock the control  and thermotolerant  cells 

exhibit the same amoun t  of  activity, (3) recovery of  topoisomerase  I activity appears to 

be independen t  of  new  protein  synthesis and, therefore, probably  represents  the 

renaturat ion of  existing enzyme, and 4) following a severe heat-shock challenge, 

cellular DNA replication remains impaired in control  cells but  recovers in 

thermotolerant  cells and this recovery is dependent  u p o n  concurrent  pro te in  synthesis. 

It should be  no ted  that control  cells rapidly recovered their type I topoisomerase  

activity following a severe heat-shock challenge but  were still unable  to r esume DNA 

replication. This suggests that recovery from thermal injury is multifactorial. However,  

there are several reasons why we believe that protect ion and/or  recovery of  

topoisomerase  activity is an obligatory componen t  of  that recovery phase. First, studies 

by o ther  investigators have demonstra ted that nucleoli  are very heat-sensitive (10). 

Second, survival of  thermotolerant  cells following heat stress depends  u p o n  the rapid 

recovery of  nucleolar  morphology,  a process accelerated by the accumulat ion  of  hsc70 

within the  nucleolus  (11). Third, rapid recovery of  rRNA synthesis (but  not  mRNA or 

protein  translation) appears to be  required for expression of  the thermotolerant  

pheno type  (12). Fourth, and most  importantly, eukaryotic type I topoisomerase  is 

enriched in the nucleolus and catalytically active on r ibosomal DNA (13,14). Synthesis 

of  the precursor  to 45S rRNA is dramatically reduced when  HeLa cells are t reated with 

camptothecin,  suggesting an important  role of  topoisomerase  I in rRNA transcription 

(15). Such a role is suppor ted  by genetic studies with yeast top1 top2 ts doub le  mutants  

which showed  that, at the nonpermissive temperature,  rRNA synthesis was drastically 

inhibited whereas  tRNA and mRNA synthesis was not  (16).Our own  studies have 

recent ly demons t ra ted  that hsc70 associates with type I topoisomerase  in vivo during 

heat stress (unpubl ished observation). All these studies are consistent  with the view 

that p ro tec t ion  of  nucleolar  function and hence topoisomerase  catalytic activity is 

crucial for the expression of  thermotolerance.  The fact that the cell commits  a large 
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fraction of its constituetively produced hsp70 to this organelle and type 
topoisomerase also attests to the importance of protecting this enzyme from heat stres., 

Based on the studies presented in this report, we speculate that during he2 

stress hsc70 migrates into the nucleolus where it physically associates wit 

topoisomerase.  We further suggest that this association protects the enzyme frot 

further damage and may be responsible for reactivation of its catalytic activity althoug 
how this is would be achieved remains to be clarified. As noted previously, we hax 
obtained direct evidence that hsc70 associates with type I topoisomerase during he: 
stress (unpublished observation). In addition, preliminary studies in  vi tro with purifie, 

substrates indicate that hsc70 can minimize thermal injury as well as accelerat 
reactivation of heat-denatured type I topoisomerase activity (unpublishe, 
observations). These in  vitro results mirror very closely the events that we hav 
described in v ivo following heat stress and suggest that hsc70 plays a critical role i 

maintaining the catalytic activity of type I topoisomerase. Our preliminary studies alsq 
identify, for the first time, type I topoisomerase as a nucleolar protein targeted by hsc7 
for protect ion against heat stress. This may explain, at least in part, the massive inflt~ 

of hsc70 into the nucleolus during heat shock. 
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