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Abstract 
Pig heart mitochondrial malate dehydrogenase was chemically denatured in guanidine HCl. Upon 50-fold dilution of the denaturant spontaneous 

refolding could be observed in the temperature range 12-32’C. At 36’C spontaneous refolding was not observed but a stable folding intermediate 
that is fairly resistant to aggregation was formed. This intermediate is readily refolded by the chaperonins GroEL and GroES and may prove useful 
in future attempts to describe several aspects of chaperonin action at physiological temperatures. 
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1. Introduction 

Although many proteins can fold and assemble spon- 
taneously in vitro, it has become apparent in recent years 
that folding in vivo often requires the action of ubiqui- 
tous helper proteins called molecular chaperones (re- 
viewed in [l]). The chaperonins comprise a class of mo- 
lecular chaperones defined by their sequence homology 
with the E. coli proteins GroEL and GroES. GroEL is 
a tetradecamer comprised of 14 identical 60 kDa sub- 
units arranged as two stacked rings with a seven fold axis 
of symmetry [2,3] and a central cylindrical cavity in 
which substrate polypeptides are apparently bound [4,5]. 
GroES is a heptamer comprised of 7 identical 10 kDa 
subunits [6,7] which, in the presence of MgATP, binds 
to one end of the GroEL 14-mer and thereby attenuates 
its resident ATPase activity [4]. Biochemical [8-lo] and 
genetic [l l] evidence indicate that GroEL function is 
frequently dependent upon a physical interaction with 
GroES for efficient chaperone action. 

A significant number of in vitro refolding experiments 
have been employed in an attempt to dissect the mecha- 
nistic details of chaperonin action. The collective evi- 
dence obtained so far indicates that chaperones do not 
increase the rate constant of refolding per se but merely, 
via a ‘molecular sponge action’, enhance the yield of 
folded protein by kinetic partioning of an uncommitted 
polypeptide in favour of productive folding pathways 
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Abbreviation: MDH, malate dehydrogenase. 

over aggregation [ 12,131. Detailed studies with 
rhodanese [ 131, ribulose 1,5-bisphosphate carboxylase- 
oxygenase [8] and citrate synthase [14] have further 
shown that chaperone-substrate interaction preferably 
should take place at an early stage during the protein 
refolding reaction as aggregates cannot be rescued once 
formed. 

Although a broad understanding of chaperonin action 
has been achieved, the mechanistic details and substrate 
specificities still remain unknown. A major stumbling 
block is the lack of well defined and stable chaperonin 
substrates which are hard to obtain due to the propensity 
of denatured proteins to undergo either spontaneous 
refolding or aggregation extremely quickly following di- 
lution of a denaturant. Here we describe conditions ena- 
bling the formation of a denatured state of malate dehy- 
drogenase (MDH) that does not appear to aggregate 
quickly and constitutes a substrate for chaperonin medi- 
ated refolding. This stable folding intermediate may 
prove useful in future attempts to dissect the nature of 
chaperonin action and for a description of structural 
features of their substrates. 

2. Materials and methods 

E. coli GroEL and GroES were purified and pig heart 
mitochondrial MDH (Boehringer Mannheim) assayed 
with 188 PM NADH as previously described [15]. Con- 
centrations of MDH were calculated for the monomer 
using a molecular mass value of 35 kDa. The protein 
concentrations of GroEL-14mer and GroES-7mer were 
determined spectrophotometrically using extincition co- 
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Fig. IA and B. MDH. denatured in 7.1 M guanidine HCI, was diluted 50-fold into 50 mM Tris-HCi pH 7.6,7 mM MgCl,, 10 mM KC1 and I mM 
DTT to give a final MDH protomer concentration of 178 nM. Reactions were incubated at the indicated temperatures and aliquots assayed for MDH 
activity after 125 min (A) and 185 min (B). One hundred percent activity is defined as the activity displayed by an equal amount of MDH that had 
not been denatured before dilution but was otherwise treated identically. C. MDH, denatured in 7.1 M guanidine HCl, was diluted SO-fold (final 
protomer concentration of 178 nM) into 50 mM Tris-HCI pH 7.6, 7 mM MgCl:, 10 mM KCI. 1 mM DTT, 1.6 mM ATP, 357 nM GroEL and 33 1 
nM GroES, at the indicated temperatures. Immediately after dilutton. the reaction mixtures were incubated at 36°C for 30 min and then assayed 
for MDH activity. One hundred percent activity is defined as above. 

efficient values quoted by Price et al. [16] and Jackson 
et al. [17], respectively. MDH was chemically denatured 
by incubation at 0°C for at least 1 h in 50 mM Tris pH 
7.6 and 4.8 mM DTT containing guainidine HCl (con- 
centration stated in figure legends). 

3. Results 

The spontaneous refolding of chemically denatured 
MDH at 2O’C has been thoroughly studied 1181. Since 
temperature is an important variable in the in vitro re- 
folding of many proteins, we determined the temperature 
range at which MDH was competent for refolding. 
MDH, denatured by incubation in 7.1 M guanidine HCl, 
was diluted into folding buffer (final MDH monomer 
concentration of 178 nM) and incubated at temperatures 
ranging from 0 to 36°C. Following 125 min and 185 min 
of incubation, aliquots were removed and assayed for 
MDH activity (Fig. 1A and B). Varying degrees of MDH 
reconstitution occurred at incubation temperatures be- 
tween 12 and 32°C with a maximal yield of only 20%, 
even following incubation for as long as 45 h (data not 
shown). The most efficient reconstitution occurred in the 
narrower temperature range of 16 to 28°C. 

Recently, the E. coti chaperonins GroEL and GroES 
were reported to mediate the refolding of chemically de- 
natured mitochondrial MDH at 20°C [ 121. We sought to 
determine if GroEL and GroES could mediate the re- 
folding of MDH at 36°C a temperature at which spon- 
taneous refolding does not occur (Fig. 1A and B). In- 
deed, refolding yields reaching 50% were achieved when 
GroEL, GroES and ATP were included in the refolding 
buffer (Fig. 2). Omission of GroES or ATP completely 
abolished refolding, however, the subsequent addition of 
the missing component resulted in a time dependent in- 
crease in the refolding yield, reaching approximately 
35%. ATP hydrolysis was necessary for refolding since 

substituting ATP with the non-hydrolysable analogue 
AMP-PNP completely abolished refolding. 

Since aggregation competes kinetically with refolding, 
conditions which decrease hydrophobic interactions and 
thereby aggregation, such as low temperatures, are ex- 
pected to enhance the refolding yield in vitro [19]. We 
therefore sought to determine if MDH refolding in vitro 
could be enhanced by first diluting denatured MDH into 
the complete chaperonin system preincubated at low 
non-physiological temperatures to trap GroEL-MDH 
folding inte~ediates, before raising the temperature to 
36°C. When MDH was diluted into the chaperonin sys- 
tem preincubated at temperatures ranging from 4 to 
28°C before the temperature upshift to 36”C, no signifi- 
cant correlation between the dilution temperature and 
the refolding yield was observed (Fig. 1C). The most 
logical explanation for the lack of variability in the yield 
of native MDH as a function of dilution temperature is 
that virtually all denatured MDH binds to GroEL before 
aggregation can occur. Such a scenario is most likely to 
operate if binding to GroEL is instantaneous, as sug- 
gested for the barnase-GroEL complex formation [20], 
but alternatively, it can be ensured if longlived folding 
intermediates with a low propensity to aggregate are 
formed and survive until their encounter with the chaper- 
ones. To address the latter possibility, i.e. the formation 
of longlived intermediates, MDH was diluted into fold- 
ing buffer and incubated for 10 min at 36°C before addi- 
tion of GroEL and GroES (Fig. 3A). 

Immediately prior to GroEL and GroES addition, no 
MDH refolding was observed, however, a time depend- 
ent increase in the yield of refolding was observed imme- 
diately following chaperonin administration. Omission 
of either GroEL, GroES or ATP from the refolding mix- 
ture abolished reconstitution (data not shown). The yield 
of MDH activity was about 42% of that obtained when 
GroEL and GroES were present from the time of dilu- 
tion. The time between dilution of the denaturant and 
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Fig. 2. Refolding of MDH with the E. coli chaperonins GroEL and 
GroES. MDH, denatured by incubation in 7.1 M guanidine HCI, was 
diluted 50-fold (final protomer concentration of 178 nM) into 50 mM 
Tris-HCl pH 7.6, 7 mM MgCI,, 10 mM KC1 and 1 mM DTT contain- 
ing: 357 nM GroEL, 331 nM GroES and 1.6 mM ATP (u), 357 nM 
GroEL and 331 nM GroES (o), 357 nM GroEL and 1.6 mM AMP- 
PNP (A), 357 nM GroEL and 1.6 mM ATP (+), or alternatively buffer 
alone (o), and incubated at 36°C. After 30 min the reaction mixtures 
containing GroEL and ATP (*) and GroEL and AMP-PNP (A) were 
supplemented with 473 nM GroES, while the reaction mixture contain- 
ing GroEL and GroES (0) was supplemented with 1.6 mM ATP. One 
hundred percent activity is defined as in Fig. 1. 

addition of GroEL and GroES could be extended to at 
least 40 min, although the refolding yield did tend to 
decrease slightly as the time between dilution and 
chaperonin addition increased (Fig. 3A). 

To investigate whether the folding intermediate gener- 
ated at 36°C was prone to aggregation, we diluted in- 
creasing amounts of MDH from denaturant and incu- 
bated the mixture at 36°C for 10 min before the addition 
of chaperonins (Fig. 3B). Increasing the concentration of 
MDH 3-fold (534 nM) in comparison to the initial exper- 
iments (178 nM), did not decrease the percentage yield 
of MDH activity regained. Indeed, a slight increase in 
the yield was observed, probably as a result of enhanced 
dimerisation of folded MDH monomers at the higher 
protein concentrations. 

We next sought to determine whether the folding inter- 
mediate generated upon dilution of MDH from denatur- 
ant at 36°C was still competent for spontaneous refold- 
ing at 2O”C, a temperature at which spontaneous refold- 
ing can occur (see Fig. IA and 1B). Denatured MDH 
was diluted into folding buffer and incubated at 36°C for 
10 min before being shifted to 20°C. Although it ap- 
peared slower, the amount of MDH activity regained by 
spontaneous folding at 20°C after the temperature shift 
was not significantly different from that obtained when, 
in a seperate experiment, GroEL and GroES, were 
added 10 min after MDI-I dilution and incubation con- 
tinued at 36°C (data not shown). 

4. Discussion 

The spontaneous refolding of chemically denatured 
mitochondrial MDH was studied over the temperature 
range 0-36°C. Refolding was observed at temperatures 
between 12 and 32°C but the recovery of MDH activity 
never exceeded approximately 20%. The inability to ob- 
serve spontaneous refolding of MDH at temperatures 
above 32°C is most likely due to the increase in hydro- 
phobic interactions at high temperatures which can lead 
to aggregation events, or ~ternatively, rapid denatura- 
tion. For this reason, in vitro refolding experiments are 
often performed at low non-physiological temperatures. 
In vivo, a group of proteins called molecular chaperones 
are believed to modulate protein-protein interactions 
and thereby prevent aggregation events thus promoting 
the efficiency of protein refolding (reviewed in [l]). Much 
of our current knowledge about chaperone action has 
been gathered from in vitro studies with the E. coli 
chaperones GroEL and GroES which can ensure refold- 
ing of numerous denatured proteins at temperatures at 
which spontaneous refolding does not occur. We have 
shown that chemically denatured MDH can be refolded 
in an ATP dependent manner by GroEL and GroES at 
36’C, a temperature at which activity is not regained in 
the absence of chaperonins. The level of refolding in the 
presence of the chaperonins approached 50% in as little 
as 30 min. These initial results are in complete agreement 
with a recent study published by Miller et al. [12] who 
investigated the modulation by GroEL and GroES of 
MDH refolding at 20°C, a temperature at which sponta- 
neous folding does occur. A minor but important practi- 
cal difference between the two studies is that we readily 
observed chaperonin mediated folding in Tris buffers 
supplemented with KC1 while Miller et al. [IZ] reported 
that chaperonin action did not take place in Tris-buffers 
but readily in sodium phosphate buffers without the need 
for exogenous K+ supplement. 

The question as to whether chaperonins can act as true 
folding catalysts, or merely as passive molecular sponges 
by inhibiting protein aggregation, has yet to be deter- 
mined, as has the exact stoichiomet~ of ATP-hydrolysis 
associated with the chaperonin-mediated refolding proc- 
ess. Since aggregation competes kinetically with protein 
folding, particularly at high protein concentrations and 
physiologically relevant temperatures, technical difficul- 
ties arise when trying to answer these important ques- 
tions by performing refolding experiments with substoi- 
chiometric levels of chaperonins. There is therefore a 
need to find conditions under which stable folding inter- 
mediates can be generated in relatively large quantities. 
A step towards this goal was taken by van der Vies et al. 
[21] who, in an elegant study of Rhodospirillum rubrum 
RUBISCO, defined and spectroscopically characterised 
a folding intermediate (II-state) which could be formed 
and refold spontaneously to the native state at tempera- 
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tures below about 20°C. Folding of the I,-state was ar- 
rested by GroEL. 

Here we describe the formation of a folding intermedi- 
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Fig. 3. Formation of a stable MDH folding inte~ediate which is still 
competent for interaction with GroEL. A. MDH, denatured by incuba- 
tion in 7.1 M guanidine HCl, was diluted 50-fold (final protomer con- 
centration of 178 nM) into 50 mM Tris-HCl pH 7.6.7 mM MgClr. 10 
mM KCl, 1.9 mM ATP and 1 mM DTT at 36°C. After 10 min (m), 20 
min (n) or 40 min (A), the reactions were supplemented with 401 nM 
GroEL and 417 nM GroES. At the indicated time pomts after the 
addition of GroEL and GroES, aliquots were removed and assayed for 
MDH activity. One hundred percent refative activity is defined as the 
percentage of activity displayed by an equal amount of MDH reconsti- 
tuted when GroEL, GroES and ATP were present at the point of MDH 
dilution (compare with Fig. 2). B. MDH, denatured by incubation m 
6.1 M guanidine HCI (final protomer concentrations of 178 nM (a), 356 
nM (m) and 534 nM (A), was diluted SO-fold into 50 mM Tris-HCl pH 
7.6, 7 mM MgCl,, 10 mM KCl, 1.9 mM ATP and 1 mM DTT and 
incubated at 36’C. After 10 min, reactions were supplemented with 399 
nM GroEL and 622 nM GroES @I)?), 704 nM GroEL and 1,098 nM 
GroES (D) and 987 nM GroEL and 1,540 nM GroES (A). At the 
indicated time points after the addition of GroEL and GroES, ahquots 
containing equal amounts of MDH were removed and assayed 
for activity. One hundred percent relative activity 1s defined as above 
but using 178 nM MDH, 399 nM GroEL and 622 nM GroES. No 
activity was detected prior to the addition of chap- 
eromns. 

ate of MDH that is not prone to aggregation but which 
still represents a competent substrate for the chaperonin 
refolding apparatus. What could the conformational 
state of such an intermediate be? Since extensive second- 
ary structures are formed within milliseconds of the initi- 
ation of protein folding in vitro (reviewed in 1221) and 
since the denatured states of proteins exhibit significant 
amounts of persistent residual structure [23] it is likely 
that the inactive folding intermediate defined here pos- 
sesses significant residual structure which somehow has 
been arrested in the process of folding. This arrest in the 
folding process is dependent upon temperature, as de- 
creasing the incubation temperature of the inte~ediate 
to 20°C results in recovery of activity. Recently, Langer 
et al. [24] studied the chaperonin mediated refolding of 
rhodanese and showed that DnaK and DnaJ recognised 
the folding polypeptide as an extended chain which was 
prevented from aggregation before GrpE dependent 
transfer of a more compact intermediate onto GroEL 
and GroES. The data we presented in this study suggests 
that some polypeptides may not rely on a full comple- 
ment of chaperones to ensure ‘delayed’ folding by the 
GroELlGroES system and may at least in part explain 
why E. coli DnaK [25] and DnaJ [26], but not GroEL 
and GroES [27], mutants are viable, albeit severely im- 
paired in their growth. 

In conclusion. we have described conditions that ena- 
ble the formation of relatively high concentrations of an 
inactive folding intermediate of MDH that is not prone 
to aggregation and is a competent substrate for chaper- 
onin mediated refolding. In future experiments the isola- 
tion and characterisation of larger amounts of this inter- 
mediate may provide further insights into the nature of 
this process, This task is further facilitated since MDH 
is available in large quantities from commercial sources, 
is easy to assay and has a known 3D structure 1283. 
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