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Abstract 

We have  isolated a chaperonin  from  the  hyperthermophilic  archaeon Sulfolobus solfataricus based  on its ability 
to  inhibit  the  spontaneous  refolding  at 50 "C of dimeric S.  solfataricus malic  enzyme. The  chaperonin, a  920-kDa 
oligomer of 57-kDa  subunits,  displays a potassium-dependent  ATPase  activity  with an  optimum  temperature  at 
80 "C. S. solfataricus chaperonin  promotes  correct  refoldings of several guanidine  hydrochloride-denatured  en- 
zymes  from  thermophilic  and  mesophilic  sources.  At a molar  ratio of chaperonin  oligomer  to single polypeptide 
chain  of 1: 1, S. solfataricus chaperonin  completely  inhibits  spontaneous  refoldings  and  suppresses  aggregation 
upon  dilution  of  the  denaturant;  refoldings  resume  upon  ATP hydrolysis,  with yields of  active  molecules and  rates 
of  folding  notably  higher  than  in  spontaneous processes. S.  solfataricus chaperonin  prevents  the  irreversible in- 
activations  at 90 "C of  several thermophilic  enzymes by the  binding of the  denaturation  intermediate;  the  time- 
courses  of  inactivations  are  unaffected  and  most  activity is regained  upon hydrolysis of ATP. S.  solfataricus 
chaperonin  completely  prevents  the  formation  of  aggregates  during  thermal  inactivation of chicken egg  white ly- 
sozyme at  70 "C,  without  affecting  the  rate  of  activity  loss;  ATP hydrolysis  results  in the recovery of  most lytic 
activity. Tryptophan fluorescence measurements provide  evidence that S.  solfataricus chaperonin undergoes a dra- 
matic  conformational  rearrangement  in  the presence of  ATP/Mg,  and  that  the hydrolysis of  ATP is not  required 
for  the  conformational  change.  The  ATP/Mg-induced  conformation  of  the  chaperonin is fully unable  to bind the 
protein  substrates,  probably  due  to  disappearance or modification  of  the  substrate  binding sites. This is the  first 
archaeal  chaperonin  whose  involvement in protein  folding  has been demonstrated. 
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The evidence that  protein  folding  in  the cell is assisted by pro- 
teins  termed  molecular  chaperones is well documented (see 
Gething & Sambrook, 1992, for a review). The specialized term 
"chaperonins" describes  a family of molecular  chaperones  that 
promote  correct  folding by binding to  non-native  structures  that 
are folding  intermediates, thus preventing the aggregation  of hy- 
drophobic  surfaces  and  coupling  their release  in  a correctly 
folded  form  to  the  binding  and/or hydrolysis of  ATP (see Ellis 
& v a n  der Vies, 1991, and Hart1  et al., 1992, for reviews). Chap- 
eronins  are constitutively abundant  proteins essential for cell vi- 
ability; their  cellular levels increase upon  stress,  constituting an 
"emergency system" that limits the molecular damage caused by 
harsh  environmental  conditions.  Chaperonins  have a complex 
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quaternary  structure: 2  rings of  about  60-kDa  subunits each are 
stacked  face to face  with a central  cavity.  GroEL,  hsp60,  and 
ribulose  1,5-bisphosphate  carboxylase  oxygenase  (RuBisCo)- 
binding  protein - the  chaperonins  isolated  from Escherichia 
coli, mitochondria,  and  chloroplasts, respectively-consist of 
heptameric rings and  have highly  similar primary  sequences. 
Sequence-related  co-chaperonins,  consisting of a single  ring of 
seven IO-kDa subunits,  are  required  for  the  full  function  of 
GroEL,  hsp60,  and  RuBisCo-binding  protein  (Laminet et al.,  
1990; Lubben et al., 1990; Hartman et al., 1992; Langer et al., 
1992). 

The  prokaryotes  that  belong  to  the  kingdom  of  Archaea dis- 
play unique  genetic,  morphological,  and physiological features 
with respect to Bacteria (Woese et al., 1990; Wheelis et al., 1992). 
Chaperonins  isolated  from  thermophilic  Archaea  display  the 
typical  double-ring  structure  with  some  differences: in each 
ring, 8 subunits  are present  in the  chaperonin  from Pyrodictium 
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occultum (Phipps et al., 1991, 1993), 9 subunits in the  chap- 
eronin,  named  TF55,  from Sulfolobus shibatae (Trent et al., 
1991), and in the  chaperonin  from S. solfataricus (Marco et al., 
1994). Co-chaperonins  have  not been isolated  for  archaebacte- 
rial chaperonins. 

The  primary  structure  of  TF55  (Trent et al., 1991) showed no 
significant  relationship  to  GroEL,  hsp60, or RuBisCo-binding 
protein,  but nearly  40%  identity with the t-complex  polypeptide 
1 ,  TCP-1, a eukaryotic  protein  that plays an  important  role in 
vivo and in vitro in tubulin assembly and in the  folding  of  actin 
(see Horwich & Willison, 1993, for a recent review). Therefore, 
based on  sequence  data,  archaeal  chaperonins  and  chaperonins 
from  eukaryotic  cytosol  have been proposed  to  be  members  of 
the  same  class (Ellis, 1992; Hart1 et al., 1994). As  concerns  the 
functional  role, the  demonstration  that archaeal chaperonins as- 
sist protein  folding is lacking. 

This  paper describes the  activity  of  the S.  solfataricus chap- 
eronin (which we call Ssocpn) in promoting correct  refolding and 
preventing  thermal  denaturation of several thermophilic  and 
mesophilic  proteins. 

Results 

Purification of the chaperonin and 
molecular size determinations 

In order  to recognize Ssocpn through  the purification  procedure, 
we assessed an in vitro assay (the assay  of chaperoning activity) 
by using malic  enzyme  (ME)  from S. solfataricus as  substrate 
protein  (Bartolucci et al., 1987; Guagliardi et al., 1988). ME was 
denatured by incubation in excess guanidine  hydrochloride  and 
2-mercaptoethanol and allowed to refold  spontaneously at 50 “C 
upon  dilution  of  the  reagents  and  lowering  of  the  protein  con- 
centration.  The regain of activity  was determined by measuring 
the  ME activity  in aliquots  drawn  from  the  renaturation mix- 
ture  at  time intervals (see below for details). The assay consisted 
of 2  steps: first,  the  dilution of denatured  ME  into a renatur- 
ation  mixture  containing  an  aliquot  from  the  chromatographic 
fraction;  second,  the  determination of the  ME activity  regained. 
The  fractions  able  to  completely  arrest  the  spontaneous regain 
of activity  were considered active. 

The  crude  extract  of S. solfataricus was loaded  onto a Super- 
ose 6 gel filtration  chromatography  and  the entire profile of elu- 
tion  was tested  with the  chaperoning  assay. No regain of ME 
activity  was  detected  in the  renaturation  mixtures  containing  an 
aliquot  from  the first  peak  eluted from  the  column (active sam- 
ple): an  ME  activity  regain  similar  to  that of the  spontaneous 
event  was obtained in the  renaturation  mixtures  containing  an 
aliquot  from all the  other  peaks  (inactive  samples).  The active 
sample  was  fractionated  on a Matrex Gel Red A affinity  chro- 
matography  column whose ligand is a dye  that mimics the  struc- 
ture  of a nucleotide  coenzyme molecule; the  flowthrough was 
found  inactive,  and  the  active  fractions  eluted by a linear  salt 
gradient  contained a homogeneous  protein, whose subunit  mo- 
lecular weight was  57 kDa (Fig. l).  The native  molecular weight 
of  Ssocpn was determined by gel filtration  chromatography  on 
an analytical  Superose  6 column  (Pharmacia, 0.32 x 30 cm)  con- 
nected  to a SMART system (Pharmacia, LKB), eluted with 
Buffer A supplemented with 0.1 M NaCl  at a flow  rate  of 
30  pL/min. A  calibration  curve was constructed using thyroglob- 
ulin  (669 kDa),  ferritin (440 kDa),  catalase (232 kDa),  and al- 
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Fig. 1. SDS-PAGE of the  active  samples  at  different  stages of Ssocpn 
purification.  Lane a ,  crude  extract:  lane  b, pooled active fractions  from 
Superose 6 column:  lane  c,  pooled  active  fractions  from  Matrex Gel Red 
A  column;  lane  d,  molecular weight standards.  Samples (6 p g )  were 
heated at  100°C  for 15 min in 2% SDS, 5 %  2-mercaptoethanol, 5% 
glycerol,  and  the  run  was  performed  using 5% stacking gel and  12.5% 
separating  gel.  Proteins  were revealed by Coomassie Blue staining. 

dolase (1 58 kDa)  as  standards,  and a  molecular size of 920 kDa 
was calculated by extrapolation (not shown). This native size was 
used for  the  calculations  of  the  molar  concentration of Ssocpn. 

The ATPase activity of the chaperonin 

The ATPase  activity  of  Ssocpn was fully dependent on  the pres- 
ence  of  potassium  ions.  Figure 2 reports  the  amount  of Pi re- 
leased from  [Y-~’P]ATP calculated in assay  mixtures  containing 
Ssocpn, in the absence (the squares) or in the presence (the closed 
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Fig. 2. Potassium  and  temperature  dependence  of  the  ATPase  activity 
of purified Ssocpn. The  amount  of Pi released was relative to the Ssocpn- 
mediated  hydrolysis  in  the  absence (M) or in the  presence (0) of potas- 
sium  ions  and to the  spontaneous  hydrolysis of ATP in the  absence of 
Ssocpn (0). The experimental  details  are  described  under  Materials  and 
methods. 
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circles) of  potassium  ions,  as a function  of  the  assay  tempera- 
ture in the  range  from 30 "C  to 90 OC; the  rate  of  spontaneous 
hydrolysis of ATP  (the  open circles) over  the  same  temperature 
range is depicted. In  the  absence of K+  ions,  the  rate of  Ssocpn- 
mediated  hydrolysis,  for every temperature value,  was compa- 
rable  to  that of the  spontaneous, noncatalyzed  hydrolysis  of the 
nucleotide  at  that  temperature.  In  the presence of K' ions, 
Ssocpn catalyzed an effective hydrolysis of ATP  and it displayed 
an  optimal  ATPase activity a t  80  "C;  in the  rate  calculations,  the 
amount  of  spontaneous hydrolysis has been corrected  for. 

The chaperonin undergoes a con formational 
change in the presence of ATP/Mg 

A 1-mL  solution  containing 100  pg pure  Ssocpn excited at  
295 nm displayed  a  large  emission  peak between 3 10 and 390 nm 
(Fig.  3,  trace  a):  the  maximum  centered  around 345 nm is typi- 
cal  of  tryptophanyl residues. From  the  ultraviolet  absorbance 
at 280 nm, 29 tryptophan residues per molecule were calculated. 

We used tryptophan fluorescence to investigate eventual  con- 
formational  rearrangements in the  Ssocpn molecule upon  ATP 
binding  (in  the  presence of 0.5 mM ATP, 0.5 mM  MgCI2, 
briefly ATP/Mg) or hydrolysis (in the presence  of 0.5 mM ATP, 
0.5 mM  MgClz, 10 mM KCI,  briefly ATP/Mg/K).  Two  sam- 
ples of  pure  Ssocpn were incubated  for 10 min at  50 "C with 
ATP/Mg or ATP/Mg/K  and  chromatographed  on a Superose 
6 gel filtration  chromatography  to  remove  the  nucleotide;  each 
sample (1 mL  containing 100 pg)  was  excited at 295 nm  and 
its  emission  spectrum was recorded between 310 and 390 nm 
(Fig.  3, traces b, c). We verified  that  the emission spectrum  of 
native  Ssocpn  (trace  a)  did  not  vary following incubation  of  the 
sample  for 10 min  at 50 "C.  Traces b and c  were superimpos- 
able  and  dramatically  different  from  trace  a:  the  decrease in the 
fluorescence intensity and  the  blue  shift  of  the  maximum  at 
327 nm  could reflect transfer  of  Trp residues to a less polar  en- 
vironment. In light of these  results, we can conclude that Ssocpn 
undergoes  a dramatic  conformational rearrangement in the pres- 
ence  of  ATP/Mg,  and  that  the  hydrolysis of the  nucleotide is 
dispensable  for  this  change. 

The chaperonin promotes correct refolding 

We reconstituted  in  vitro  refoldings of  3  chemically denatured 
enzymes from S. solfataricus: dimeric  50-kDa subunit  ME (Bar- 
tolucci  et al., 1987; Guagliardi  et  al., 1988), dimeric  35-kDa sub- 
unit  ADH  (Ammendola  et  al., 1992), and  exameric  45-kDa 
subunit  GDH  (Consalvi et al., 1991). The  enzymes were incu- 
bated  for 1 night a t  37 "C in 4  M guanidine  hydrochloride, ex- 
cept  for  ME, which also  required excess 2-mercaptoethanol  to 
reduce  intersubunit  disulfide  bonds  (Cuagliardi  et  al., 1988). 
Following  this  treatment,  the  enzymes were found  completely 
inactive  and  lacking  secondary  structures  as  judged  from  CD 
spectra  recorded in the  far  ultraviolet  range  (not  shown).  The 
spontaneous  refoldings, negligible at 70 "C, were obtained  at 
50 "C upon  dilution  from  the  denaturants in renaturation mix- 
tures  designed  for  each  enzyme  as  concerns  protein  amount, 
buffer,  pH,  ionic  strength,  and  cofactors.  Refolding  of zinc- 
containing  ADH  (Ammendola  et  al., 1992) required  the pres- 
ence  of 5 hM zinc chloride in the  renaturation  mixture;  no 
refolding  was  obtained  in  the  absence or at  different  concentra- 
tions  of  the salt. The  spontaneous refoldings of  ME,  ADH,  and 

a- - 

- - 
350 360 j70 380 390 

Emission wavelength (nm) 

Fig. 3. Tryptophan  fluorescence  emission  spectra of purified  Ssocpn 
(trace  a),  Ssocpn  after  incubation in the  presence of ATP/Mg  (trace  b), 
and Ssocpn  after  incubation in the  presence of ATP/Mg/K  (trace c). A 
Perkin  Elmer LS 50B spectrofluorimeter was used. 

GDH (Fig. 4) were not  affected by the presence of bovine se- 
rum  albumin or ATP/Mg/K in the  renaturation  mixtures. 

The  effects  of  purified  Ssocpn  on  spontaneous  refoldings  at 
50 "C of ME,  ADH,  and  GDH were investigated by diluting  de- 
natured enzymes into  renaturation  mixtures  containing  Ssocpn 
in a molar  ratio  of I chaperonin  oligomer  to I single polypep- 
tide  chain.  Complete inhibitions of spontaneous refoldings were 
observed  for  each  enzyme  (Fig. 4) as a consequence of the  for- 
mation  of a complex between the  chaperonin  and  the  refolding 
intermediate.  When we tried to remove  the  inhibitions, it was 
observed  that: (1) the  addition of ATP/Mg in the  renaturation 
mixtures  had no effect; (2) the  refoldings resumed upon  the  ad- 
dition  of  ATP/Mg/K,  and  optimum yields were achieved within 
3 min;  and (3) the  inhibitions persisted upon  the  addition of 
0.5  mM  ADP, 0.5 mM  MgClz,  10  mM KC]. Therefore,  hydro- 
lysis, and  not simply binding  of  ATP, is required to dissociate 
the complex between Ssocpn and  the refolding  intermediate. The 
final yields in Ssocpn-assisted refoldings were higher with respect 
to those  of  spontaneous  events;  the  same yields are achieved 
upon  addition of ATP/Mg/K  at  12 h after  starting  the  incuba- 
tion at 50 "C, demonstrating  that the  complex between the  chap- 
eronin  and  the  refolding  intermediate is very stable. 

Does Ssocpn assist refolding of a  mesophilic  enzyme? To  an- 
swer this  question, we studied  the  Ssocpn-assisted  refolding of 
chemically denatured  ME  from chicken  liver,  a 65-kDa  subunit 
tetramer.  The  denaturation of chicken ME was irreversible upon 
dilution from  chaotropic agent and  incubation  at 40 "C (Fig. 5A) 
or  at  room  temperature;  the  increase of light scattering  moni- 
tored  at 40 "C (Fig. 5B) showed  that  the  rapid  aggregation of 
the  chains  upon  dilution  from  denaturants  prevented  refolding. 
We diluted  denatured  ME in the  renaturation  mixture  at  40 "C 
containing  Ssocpn  in a molar  ratio of 1 chaperonin  oligomer to 
1 single polypeptide chain;  the  chaperonin completely suppressed 
aggregation  reactions  during  refolding (Fig. 5B) and  an  activ- 
ity  regain of 45% was obtained within  3 min (Fig. 5A)  from  the 
addition  of  ATP/Mg/K in the  renaturation  mixture.  The yield 
of active  enzyme  did  not exceed 45% when refolding was car- 
ried out  at lower temperature or protein  concentration or when 
using a molar excess of  chaperonin:  nonproductive side reactions 
(i.e., unspecific  adsorption to vessels) are likely to  occur. 

We wondered whether the  conformational rearrangement that 
Ssocpn  undergoes in the presence of ATP/Mg influences its abil- 
ity to  bind the  refolding  intermediate.  The  denatured  enzymes 
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Fig. 4. Refolding of chemically denatured  ME, ADH,  and GDH from 
S. solfataricus in the absence (0, A, 0)  and in the presence (0, A, W) 
of purified Ssocpn. The enzymes were denatured  upon  incubation for 
I night at 37 "C in mixtures composed as follows: ME, 4 M guanidine 
hydrochloride, 0.2 M 2-mercaptoethano1(80 pg protein per mL); ADH, 
4 M  guanidine  hydrochloride (600 pg protein per mL); GDH, 4 M 
guanidine hydrochloride ( 1 0 0  pg protein per mL). Aliquots drawn from 
the denaturation mixtures were diluted in the following renaturation 
mixtures (final volume 6 mL)  incubated at 50 "C in the absence or in 
the presence of Ssocpn at  an equimolar ratio with the single polypep- 
tide chains  (reported in parentheses): ME, 50 mM sodium phosphate, 
pH 8.0 (32 nM); ADH, 0.1 M sodium phosphate, pH 8.0, 5 pM ZnC1, 
(120 nM); GDH, 0.1 M sodium phosphate, pH 8.0 (38 nM).  After 
20 rnin, ATP/Mg/K was added to the mixtures (arrows) and the incu- 
bations were continued at the same temperature. At time intervals, the 
enzymatic activities were assayed on aliquots drawn from the mixtures; 
the activity regains were calculated as percentages with respect to  the 
specific activities of the native enzymes. 
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(ME,  ADH,  and  GDH  from S. solfataricus, and  chicken  ME) 
were diluted into  renaturation mixtures  containing  Ssocpn previ- 
ously incubated  at 50 "C for 10 min  in the presence of  ATP/Mg, 
and  the  experiments were continued  according  to  the  standard 
protocols. Spontaneous refoldings  of  thermophilic enzymes were 
not  arrested because their  renaturation  profiles were identical 
to  spontaneous  events;  aggregation  during  refolding  of chicken 
ME was not  suppressed,  and  no  enzyme  activity was  regained 
upon  addition  of  ATP/Mg/K. We conclude  that,  upon  incuba- 
tion with ATP/Mg,  Ssocpn  does  not  bind  the  refolding  inter- 
mediate,  which,  free in solution,  undergoes  refolding  and/or 
aggregation.  It is conceivable to  hypothesize that  the  ATP/Mg- 
induced  conformation of Ssocpn  does  not  carry  the  surface(s) 
responsible  for  the  binding  of  the  protein  substrate. 

The chaperonin prevents irreversible heat inactivation 

ME,  ADH,  and  GDH  from S.  solfataricus were completely  in- 
active after  90  min of incubation  at 90 "C, and  the  inactivations 
were irreversible  upon  shifting  down  the  temperature  at 50 "C 
(Fig. 6). Aggregation  did  not  occur  during  inactivations,  as 
demonstrated by the  absence  of  light-scattering increases (not 
shown);  the  enzyme molecules are likely to  undergo  modifica- 
tion(s)  responsible  for  the irreversibility of the  activity loss. 

The  enzymes were incubated  at  90 "C in the  presence  of 
Ssocpn  at a molar  ratio of 1 : 1 between the  chaperonin oligomer 
and  the single polypeptide  chain (Fig. 6). The  time  courses  of 
the inactivation processes in the presence of the  chaperonin were 
comparable  to  those  obtained in  its absence; however,  these  in- 
activations were not irreversible.  Following  90 min  at 90 "C, the 
temperature was shifted  to 50 "C and  ATP/Mg/K was added 
into  the inactive  enzyme solutions; within 3 min of the  addition, 
we calculated  activity  regains  of 100V0, 75%, and 80%, respec- 
tively,  in the  mixtures of ME,  ADH,  and GDH heated in the 
presence of  the  chaperonin. We found  that  the  final yields of 
activities were significantly lower when  Ssocpn was omitted from 
the  solutions  and  supplemented 10 min  after  starting  the  incu- 
bations  at 90 "C (not  shown).  This  finding  means  that  the pres- 
ence of the  chaperonin  from  the beginning  of the  incubation  at 
the  denaturing  temperature was  essential for  optimum recovery 
of  activity and  strongly suggests that  the  chaperonin  binds a 
denaturation  intermediate very likely before  the  inactivation 
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Fig. 5. Refolding (A) and aggregation in the time course 
of refolding (B) of chemically denatured ME from chicken 
liver  in the absence (V) and in the presence (V) of purified 
Ssocpn.  The enzyme (18 pg/mL) was denatured by a 1.5-h 
incubation at room temperature in  1.5 M guanidine hydro- 
chloride, 0.2 M 2-mercaptoethanol; an aliquot from the de- 
naturation mixture was  diluted (final concentration of single 
polypeptide chain, 22 nM)  in a renaturation mixture (6 mL) 
of 10 mM TrisIHC1 buffer, pH 8.0, in the absence or in the 
presence of Ssocpn at  an equimolar ratio with the single 
polypeptide chain and incubated at 40 "C. After 20 min, 
ATP/Mg/K was added to both  the mixtures (arrow), and 
the  incubations were continued at the same temperature. 
The activity regains were calculated as described in the leg- 
end to Figure 4. Protein aggregation during refolding was 
followed by measuring the turbidity at 450 nm using a Var- 
ian  DMS-100 spectrophotometer; the maximal turbidity was 
taken  as  100%. 
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Fig. 6. Thermal  inactivation  of  ME, ADH,  and  GDH  from S. solfafar- 
icus in  the  absence (0, A, 0) and in  the  presence (0, A, .) of  puri- 
fied  Ssocpn.  The  enzymes  were  incubated  at  the  final  concentrations of 
single  polypeptide  chains  of 32 nM (ME), 120 nM  (ADH),  and  38  nM 
(GDH)  at 90 "C  in 10 mM  Tris/HC1  buffer,  pH 8.0, in  the  absence or 
in  the  presence of Ssocpn  at  an  equimolar  ratio  with  the single polypep- 
tide  chain.  After 90 min,  the  temperature  was  shifted  to 5 0 T ,  ATP/ 
Mg/K  was  added  to  the  mixtures  (arrow),  and  the  incubations were con- 
tinued.  Percentages of enzyme  activities were calculated as described in 
the  legend  for  Figure 4. Note  that  the  scale of the  x-axis  changes  at  the 
time  indicated by the  arrow. 
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Fig. 7. Inactivation  and,  inset,  aggregation  during  heating  of  chicken 
egg white  lysozyme  in  the  absence (0) and in the  presence (+) of  puri- 
fied  Ssocpn.  Lysozyme  (final  concentration of 5 nM) was incubated  at 
70 "C in 10 mM  Tris/HCI  buffer,  pH 8.0, in the  absence or in the pres- 
ence of Ssocpn  at  an  equimolar  ratio  with  the single polypeptide  chain; 
after 4 h,  ATP/Mg/K was added to the  mixtures  (arrow),  and  the  in- 
cubations were continued  at  the  same  temperature.  Percentages of lytic 
activity  were  calculated  as  described  in  the  legend for  Figure 4. Protein 
aggregation was determined  as  described  in  the legend to Figure 5.  Note 
that  the  scale of the x axis  changes  at  the  time  indicated  by  the  arrow. 

process  drops  into irreversibility; the  chaperonin-intermediate heated in the  absence of Ssocpn.  When  Ssocpn  was  included in 
complex  requires  the  hydrolysis of ATP  to be dissociated. the lysozyme solution  after a 10-min incubation  at  50 "C in  the 

We incubated  Ssocpn  for 10 min  at 50 "C in  the presence of presence  of ATP/Mg,  the lysozyme aggregated as in the absence 
ATP/Mg  before its addition  into  the  enzymatic  solutions  sub- of  the  chaperonin.  The  results  can  be  reasonably  interpreted  as 
jected  to  heating  at 90 "C. The result  was that  the  inactivation follows.  Upon  heating, lysozyme generates a  partially unfolded 
processes occurred  as  expected, but  addition of ATP/Mg/K  into protein  structure, which is responsible  for  precipitation,  as 
the  inactive  enzyme  solutions  at  50 "C did  not lead to  any  ac- pointed  out by the  rapid  decrease of lytic activity  with respect 
tivity regain; therefore,  upon  incubation with ATP/Mg, Ssocpn to  the  increase of  light scattering;  the  chaperonin  captures  this 
did  not bind the  denaturation  intermediate,  and  the enzymes  in- structure  and suppresses aggregation;  ATP hydrolysis promotes 
activated irreversibly. The  incubation with ATP/Mg  prevents the dissociation  of the complex and gives active  enzyme;  Ssocpn 
Ssocpn  from  binding  the  refolding  intermediate  of chemically becomes  unable  to  bind  the  structure  responsible  for  aggrega- 
denatured  ME,  ADH,  and  GDH,  and  the  final  activity yields tion  following  the  conformational  change  driven by ATP/Mg. 
are exactly the  same  in  Ssocpn-assisted  refoldings  as well as in We wondered  what the yield of activity was in Ssocpn-assisted 
Ssocpn-assisted  thermal  inactivations;  these  considerations refolding  of  chemically denatured lysozyme. The enzyme (26& 
prompt us to believe that  the protein  structures bound by Ssocpn mL) was denatured by a  2-h incubation  at  room  temperature 
during  refolding  and  during  thermal  denaturation of the used in the  presence of 3 M guanidine  hydrochloride  and 0.2 M 
enzymes  are  similar or closely related. 

The chaperonin prevents  thermal aggregation 

2-mercaptoethanol.  Upon  dilution  from  denaturants  and  incu- 
bation  at 50 " C ,  lysozyme  was unable  to  spontaneously  regain 
its  activity  because the  refolding  chain  aggregated  rapidly,  as 
indicated by the  increase in  light scattering  (not  shown).  When 

The effect of Ssocpn  on  protein  thermal  aggregation was inves- denatured lysozyme (final  concentration  of  polypeptide  chain, 
tigated by using chicken egg white lysozyme  (14.4 kDa)  as a 25 nM)  was  diluted  into a renaturation  mixture  containing 
model  system.  The  heating of a solution  of lysozyme at  70 "C Ssocpn in a molar  ratio  of  1:l  with  the  polypeptide  chain,  the 
led to  an  activity loss (Fig.  7), which is accompanied by aggre- increase  of light scattering was completely suppressed and  an ac- 
gation (Fig. 7, inset) independently  of  the presence  of an excess tivity regain  of  76% was obtained  upon  ATP/Mg/K  addition; 
of  bovine  serum  albumin in the lysozyme solution  (not  shown). this yield, within  the limits of  an  experimental  error, is compa- 
The  addition of  Ssocpn and  ATP/Mg/K in the inactive lysozyme rable to  that  obtained  in  Ssocpn-assisted  thermal  denaturation 
solution  did  not  cause a decrease  of  the light scattering,  dem- of lysozyme. This result could imply that Ssocpn  binds in a com- 
onstrating  that  the  chaperonin  cannot dissolve aggregates. parable way the  protein  structure, which, during heating or dur- 

We incubated  native lysozyme at 70 "C in the  presence  of ing refolding  of  guanidine  hydrochloride-denatured  lysozyme, 
Ssocpn  at  an  equimolar  ratio with the  polypeptide  chain;  the is responsible  for  the  formation  of  aggregates. 
chaperonin  had no effect on  the  time  course of the  inactivation 
process (Fig. 7),  but it completely  suppressed  the  aggregation Discussion 
(Fig. 7, inset). When lysozyme  was completely  inactive,  ATP/ 
Mg/K was added  into  the  enzyme  solutions;  within 3 min  of  In  order  to  purify  the  chaperonin  from  the  hyperthermophilic 
the  addition, we calculated 80% activity regain  in the  solution  archaeon S. solfataricus, an in vitro  assay  of  chaperoning ac- 
heated in the  presence  of  Ssocpn  and  no regain in  the  solution tivity  was assessed,  taking  advantage  of  the  knowledge  about 

~. 
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GroEL-assisted  refoldings  in vitro  of chemically denatured  pro- 
teins  (Goloubinoff et al., 1989; Laminet et al., 1990; Badcoe 
et al., 1991; Buchner  et  al., 1991; Holl-Neugebauer  et  al., 1991; 
Martin et al., 1991; Mendoza et al.,  1991a,  1991b;  Viitanen 
et  al., 1991;  Baneyx & Gatenby, 1992; Fisher, 1992; Schmidt & 
Buchner, 1992; van der Vies et al., 1992; Brunschier et al., 1993; 
Jackson  et  al., 1993). GroEL  forms a stable  complex with an 
early  folding  intermediate  that  occurs  upon  dilution  from  de- 
naturant by interacting with  its transiently  exposed  hydropho- 
bic surfaces; as  a  consequence, spontaneous folding to  the native 
state is inhibited.  Starting  from a crude  extract of S. solJatari- 
cus, we considered active the  chromatographic  fractions  able  to 
inhibit  the  spontaneous  refolding  at 50 "C  of  dimeric  ME  from 
S. solfataricus from  its  guanidine  hydrochloride-denatured 
form.  Ssocpn,  purified  to  homogeneity by molecular exclusion 
chromatography  and  affinity  chromatography,  represents 5 %  
of the cytosolic protein  amount; it has a native  molecular  mass 
of 920 kDa  and a subunit size of 57 kDa. 

Ssocpn promotes correct  refolding  of several thermophilic and 
mesophilic  enzymes from their  chemically denatured  forms.  At 
a molar  ratio  of  chaperonin oligomer to single polypeptide  chain 
of 1: 1 ,  Ssocpn completely arrests  the  spontaneous  refoldings  of 
oligomeric ME (dimer), ADH (dimer), and  GDH (examer) from 
S. solfataricus and suppresses aggregation  during refoldings of 
tetrameric  chicken liver ME  and  monomeric  chicken egg white 
lysozyme. At a molar  ratio  of  Ssocpn  oligomer  to single chain 
of 0.5: I ,  incomplete  arrests of spontaneous  refoldings of ther- 
mophilic  enzymes  and  partial increases  of light scattering  dur- 
ing refoldings of  chicken ME  and lysozyme  were observed  (not 
shown); in no case does  the final yield of active  enzyme improve 
at  a molar excess of chaperonin over the single chain. 

Like  GroEL  (Viitanen et al.,  1990),  Ssocpn  displays  an 
ATPase  activity  that is fully  dependent  on  the  presence  of 
potassium  ions.  Upon hydrolysis  of the  nucleotide,  the  bound 
protein  chain is released and  immediate  regains  of  activity  are 
obtained.  The  rate  enhancement  could result from  the presence 
of refolding  intermediate on the  chaperonin molecule, which im- 
mediately precedes  its transition  state. 

Assuming that  chaperonins  are  thought  to play a cellular role 
not  only in  assisting folding of nascent  proteins  but  also in pro- 
tecting mature proteins  against denaturation, we investigated the 
effects  of  Ssocpn  on  thermal  denaturation of  several thermo- 
philic  and  mesophilic  proteins.  Upon  heating  at 9 0 T ,  ME, 
ADH, and  GDH  from S. solfataricus inactivate irreversibly 
without  aggregating.  Ssocpn present in the  enzymatic  solutions 
at  an  equimolar  ratio with the single chains  forms a complex 
with the  denaturation intermediates that  occur  upon  heating;  as 
a consequence,  the loss of  enzyme activity is not  prevented, but 
the  process is not irreversible because the  intermediate is pro- 
tected  from  undergoing chemical modifications while bound  to 
the  chaperonin.  The  dissociation  of  the complex upon  ATP hy- 
drolysis  results in catalytically  active  enzyme. 

We chose  chicken egg white  lysozyme as a model system to 
investigate  the  effects  of  Ssocpn  on  protein  thermal  aggrega- 
tion.  Once  formed, lysozyme  aggregates cannot be dissolved by 
Ssocpn, in agreement with the  knowledge  that  chaperonins  are 
not  able  to rescue  aggregated  proteins. Ssocpn present  in the en- 
zymatic  solution of lysozyme at an equimolar  ratio with the  sub- 
strate chain does  not  affect  the  rate of inactivation at  70 "C,  but 
it  completely  suppresses  the  aggregation by the  formation  of a 
complex with the  protein  structure  responsible  for  precipitation 

in the  absence  of  the  chaperonin;  most lytic activity is regained 
following  dissociation  of  the  complex  upon  ATP hydrolysis. 
The final yield does  not significantly  vary  when the  chaperonin 
and  the  protein  chain  are  present  at a molar  ratio of 0.5: 1 (A. 
Guagliardi & L.  Cerchia, pers. comm.). We are currently  detail- 
ing this issue in an  attempt to determine  the  minimum  amount 
of Ssocpn able  to  afford full protection to  proteins against  ther- 
mal denaturation. 

A large body of literature indicates that  chaperonins bind un- 
folded  or  partially  folded  protein molecules with a rather low 
specificity. The  structural  motifs  that  are essential for  the rec- 
ognition  are  unknown;  on  the basis of  investigations performed 
on  the  GroEL-rhodanese  and  GroEL-dihydrofolate  reductase 
complexes,  some  authors  (Holl-Neugebauer et al., 1991; Mar- 
tin  et al., 1991 ; Langer et al., 1992) suggested that  the  confor- 
mation of the  bound  protein  could be that of  a  "molten  globule," 
an  early  folding  intermediate  that  has native-like secondary 
structures  but  hydrophobic  surfaces still exposed to  the solvent 
(Ptitsyn, 1992). Ssocpn binds several different thermophilic and 
mesophilic proteins,  demonstrating its low substrate specificity; 
because it recognizes protein  structures  that  have a tendency to  
aggregate during refolding or during heating, a "recognition  mo- 
t i f "  seems to be the occurrence  of exposed hydrophobic patches. 
Whether or not  the  structure of the protein substrates  bound by 
the  archaeal  chaperonin  corresponds to the  molten  globule re- 
mains  to  be seen. 

Unlike GroEL  and  related  chaperonins,  but like TF55  from 
S. shibafae (Trent et al., 1991), Ssocpn  contains  tryptophan 
residues.  Fluorescence  measurements demonstrated  that Ssocpn 
undergoes  a dramatic  conformational rearrangement in the pres- 
ence of ATP/Mg  and  that  the hydrolysis of the nucleotide is not 
required  for  this  change. We obtained clear  evidence that  the 
conformational rearrangement  induced by ATP/Mg strongly in- 
fluences the  Ssocpn  ability to bind its protein  substrates:  the 
complexes  between Ssocpn  and  the  protein  structures  that oc- 
cur  during  refolding or during  heating d o  not  occur  upon  incu- 
bation of the  chaperonin in the presence of  ATP/Mg,  probably 
due to the  modification or disappearance of the substrate bind- 
ing site(s)  in the  ATP/Mg-induced  conformation.  Electron mi- 
croscopy reveals that  the oligomeric structure of the  chaperonin 
from Rhodobacter sphaeroides undergoes large conformational 
changes upon  ATP binding  (Saibil  et al., 1993); GroEL becomes 
more  susceptible to cleavage by trypsin  upon  ATP  binding 
(Baneyx & Gatenby, 1992); ATP  binding drives a structural 
change in GroEL, which was labeled with a fluorescent  probe 
(Jackson  et  al., 1993). There is compelling  evidence  in the lit- 
erature  that binding of  ATP weakens the  affinity  of  GroEL  for 
several  chemically denatured  protein  substrates  (Badcoe  et  al., 
1991; Martin et al., 1991; Mendoza et al., 1991b; Viitanen et al., 
1991, 1992;  Baneyx & Gatenby, 1992; Fisher, 1992; Jackson 
et al., 1993), and  the existence of 2 GroEL  conformers with dif- 
ferent  affinity  for  ATP  and unfolded proteins has been reported 
(Badcoe et al., 1991; Fisher, 1992; Jackson  et  al., 1993). The 
ability of  GroEL  to hydrolyze ATP  and  bind  protein  substrates 
with positive cooperativity  (Bochkareva et al., 1992) is well 
suited to a protein molecule  whose conformational  changes  are 
very important  for  its  functionality.  In light of these consider- 
ations,  the  interpretation  of  molecular  consequences  of  ATP 
binding  and hydrolysis, and  the analysis of the  conformational 
changes, represent central  tasks  to be solved for a molecular un- 
derstanding  of  the  chaperonin  mechanism  of  action. 
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The in vitro  demonstration  that  the  chaperonin  from  the hy- 
perthermophilic  archaeon S. solfataricus promotes  correct re- 
folding  and  prevents irreversible  heat denaturation  and  thermal 
aggregation is consistent with the  roles played in vivo by chap- 
eronins:  to  facilitate  folding  and  assembly of nascent  polypep- 
tides  and  to  protect  folded  proteins  against  denaturation.  Our 
findings provide  the  functional evidence that  chaperonins  from 
thermophilic  Archaea do  not  require  co-chaperonins  for  their 
activity;  the  future  challenge will be to understand  whether  ar- 
chaeal  chaperonins  contain a domain  that  performs  the  func- 
tion  of the co-chaperonin or whether this function is dispensable 
in the  archaeal molecules. 

Materials and methods 

Materials 

ATP, NAD,  NADP,  ME  from chicken liver (29 U/mg), lysozyme 
from  chicken egg white (183 U/mg),  and  guanidine  hydrochlo- 
ride were purchased  from  Sigma;  [Y-~*P]ATP (3,000 Ci/mmol) 
was from  Amersham.  The  calibration kit for  SDS-PAGE  and 
the  molecular  standards for the gel filtration  chromatography 
were supplied by Pharmacia.  The  other  chemicals were  of the 
highest grade available. The enzymes from S. solfataricus were 
purified according  to Bartolucci  et  al. (1987) (ME), Ammendola 
et  al. (1992) (ADH),  and  Consalvi  et  al. (1991) (GDH);  the  en- 
zyme  preparations were homogeneous  as  judged  from SDS- 
PAGE  performed  according to Laemmli (1970). 

Protein concentration 

Protein  concentration  was  determined by the  Bradford (1976) 
assay using bovine  serum  albumin  as  the  standard. 

ATPase activity of the chaperonin 

The assay  mixture consisted of 50 mM sodium phosphate  buffer, 
p H  8.0, 0.5  mM  ATP,  30  pCi of [ Y - ~ ~ P I A T P ,  0.5 mM  MgClz, 
10 mM  KCl, 8 pg pure  Ssocpn, in a total  volume of 150 FL. 
After 5 min  of  incubation  at  the  desired  temperature, a 25-pL 
aliquot was drawn  from each  mixture, added to 0.5 mL of  a sus- 
pension  containing 50 mM  HCI, 5 mM  H3P04,   7% activated 
charcoal,  and centrifuged at 4,000 X g for 20 min;  the radioactiv- 
ity  of the  supernatant was counted on a  100-pL aliquot by a  liq- 
uid scintillation  counter  (Beckman System model LS1701). In 
rate  calculations,  the  amount of spontaneous  ATP  hydrolysis, 
calculated  in  assay  mixtures without  Ssocpn,  has been  corrected 
for. 

Enzyme activity assays 

The  enzymes were  assayed at 50 "C (the  enzymes  from S. sol- 
fataricus) or at 25 "C (the enzymes from mesophilic sources) by 
a Varian  DMS-100 recording  spectrophotometer  provided with 
a thermostated cell compartment.  Absorbance  variations were 
always  linear  within 2 min;  each  activity  assay was performed 
in duplicate.  The assay mixtures  for  the  enzymes  from S. sol- 
fataricus were: ME,  40  mM  glycine/NaOH  buffer,  pH  8.0, 
0.05  mM NADP, 1 mM  MgClz, 1 mM  r-malate;  ADH, 25 mM 
barbital/HCl  buffer,  pH  8.0, 2 mM  NAD, 5 mM benzyl alco- 
hol; GDH, 0.1 M sodium  phosphate  buffer, p H  8.0, 1 mM 

NADP,  0.1  mM  EDTA, 25 mM L-glutamate. ME  from  chicken 
liver was assayed  in  20  mM  Tris/HCI  buffer,  pH  7.5, 0.05 mM 
NADP, 1 mM MgC12, 1 mM L-malate. The assay mixture  for 
chicken egg white lysozyme consisted  of 1 mL of  a  fresh suspen- 
sion 0.1 mg/mL  of lyophilized E. coli cells in 50 mM  Tris/HCl 
buffer,  pH  7.4; following the  addition  of lysozyme, the  time re- 
quired  for  an  absorbance  decrease of 0.1  OD  at 350 nm was 
measured  and  the specific  activity was  calculated by the  for- 
mula  time-'  mg-' of protein,  according  to  Tsugita  and  Inouye 
(1968). 

Chaperoning activity assay 

ME  from S. solfataricus was denatured  upon  incubation  for 
1 night  at 37 "C in  4  M guanidine  hydrochloride,  0.2 M 
2-rnercaptoethanol(80 pg protein per mL).  An  aliquot was  di- 
luted (final concentration  of the single polypeptide chain, 32 nM) 
in a 6-mL renaturation  mixture of 50 mM  sodium  phosphate 
buffer,  pH 8.0, in  the  absence  (spontaneous  refolding) or in the 
presence of an  aliquot  from  the  chromatographic  fraction,  and 
the  mixtures were incubated  at  50  "C.  After 20 min,  the  ME 
activity was assayed on  aliquots  drawn  from  the  renaturation 
mixtures; the  chromatographic  fractions  able  to inhibit the  spon- 
taneous regain of ME activity  were considered  active. 

Chaperonin purification 

Hyperthermophilic  archaeon S. solfataricus strain MT-4 was 
grown  aerobically  at 87 "C and  pH 3.0  as described  (Bartolucci 
et al., 1987). The cells were  harvested in the  exponential  growth 
phase by continuous-flow  centrifugation  in an  Alfa Lava1 model 
LAB 102B 20 separator;  the biomass  was  washed twice in IO mM 
Tris/HCl  buffer,  pH  7.5,  and collected by centrifugation  at 
10,000 X g for 30 min.  Bacteria were stored  at -20 "C .  

Step 1: Preparation of the crude extract 
Bacterial cells (10 g) underwent  freeze-thawing twice,  were 

added  to 10 g sand  and 10 mL 50 mM  Tris/HCI  buffer,  pH 8.0, 
containing  0.2 M NaC1, 5% glycerol,  and  homogenized in  a 
Homni Mixer. The homogenate  was  centrifuged at 4,000 X g for 
20 min to remove  the  sand;  the  supernatant  solution was cen- 
trifuged  at 160,000 x g for  90  min  at 4 "C,  and  the  residue was 
discarded.  From a typical  preparation,  about 0.5 g of protein 
was  obtained  starting  from 10 g of  bacteria.  The  crude  extract 
was  aliquoted  and  stored  at -20 "C. 

Step 2: Gel filtration chromatography 
The  crude  extract (20 mg) was dialyzed against 10 mM  Tris/ 

HCI buffer, p H  8.4  (Buffer A), and  loaded  onto a Superose 6 
column  (Pharmacia, 2.6 X 60  cm)  eluted  with  the  same  buffer, 
supplemented  with 0.1  M NaCI,  at a flow rate of  0.5 mL/min 
and  room  temperature.  The active sample was concentrated by 
a vacuum  centrifuge. 

Step 3: Affinity chromatography 
The  sample  from  the gel filtration  column (1.4 mg) was dia- 

lyzed against  Buffer  A and  loaded onto a  Matrex Gel Red  A col- 
umn  (Amicon, 1 x 3.5  cm), which  was equilibrated  and  eluted 
in  Buffer  A at a  flow rate  of 0.25 mL/min  at  room  temperature. 
The  column was washed  with the  same  buffer  until  the  absor- 
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bance returned to  the baseline and  the bound  proteins were 
eluted with a linear 0-0.4 M NaCl gradient in Buffer A. The ac- 
tive sample (0.9 mg) was concentrated as described above,  dia- 
lyzed against Buffer A, and stored at 4 “C. 
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