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During refolding and reassociation of chemically dcnaturcd non-glycosylatcd invcnase from SrrcclruraraJfces cercrisirrc, aggregation compctcs with 
correct folding, leading to low yields of reactivation (Kern et al. (1992) Protein Sci. I, 120-I 31). In the presence of the chapcronc GroEL, refolding 
is completely arrested. This suggests the formation of a stable complex between GroEL and non-native non-glycosylatcd invcrtasc, Addition of 
MgATP results in a slow release of active invcrtasc from the chapcronc complex. When GroEIJES and MgATP are present during refolding the 
final reactivation yield increases from 14% to 36%. In contrast, refolding of the core-glycosylatd and the high-mannose glycosylatcd forms of 
invertase is not arrested by GroEL. Only a short lag phase at the beginning of reactivation and a slightly increased reactivation yield (64% to 84% 

for core-glycosylatcd and 62% to 76% for external invertasr) indicate a weak interaction of the glycosylatcd forms with the chapcronc. 
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1. INTRODUCTION 

Protein folding is assumed to depend exclusively on 
the primary structure of the polypeptide chain and the 
solvent conditions [ 1,2]. However, successful in vitro 
refolding of proteins is often limited by competition 
with aggregation [2,3]. Recently, ‘helper proteins’ have 
been identified which recognize non-native proteins 
supporting their correct structure formation [4-61. The 
chaperone GroE from Eschericltia cdi is one of the 
best-characterized helper proteins. It effects protein 
folding both in vivo and in vitro [4,5,7,8]. The GroE 
system consists of two proteins, GroEL and GroES. 
The homotetradccamer GroEL binds chemically or 
thermally denatured proteins [5,6,9,10,11]. In most 
cases, their release is dependent on the heptameric 
GroES protein and MgATP. The mechanism of binding 
and release is still unclear. For a few proteins, GroE has 
been shown to suppress aggregation of non-native fold- 
ing intermediates [6,9,12]. 

enzyme (with 34% sugar) contains short oligosaccharide 
side chains of the structure (GlcNAc2)2-(Man)8_3 [13]. 
The external inveriase differs from the core-glycosyl- 
ated form only by the additional outer mannose chains 
[14]. The internal form exhibits a strong tendency to 
form aggregates at concentrations above 4 ,ug/ml and 
temperatures above 10°C during refolding [1 S]. Glyco- 
sylation increases the solubility of the protein [12,13,15], 
presumably by covering hydrophobic patches of the 
polypeptide chain. Thus the carbohydrate moiety fa- 
vors correct folding by suppressing aggregation. The 
fact that the refolding of glycosylated forms of inver- 
tase, in contrast to the non-glycosylated form, is not 
arrested by GroEL suggests that the sugar moieties ster- 
ically interfere with the interaction of the chaperone 
with potential intermolecular binding sites on the sur- 
face of the non-native protein. 

2. MATERIALS AND METHODS 

In order to investigate the influence of protein glyco- 
sylation on the interaction of non-native proteins with 
GroE, we used three different forms of yeast invertase 
for in vitro refolding experiments in the presence and 
absence of the GroE-system: non-glycosylated ‘internal’ 
invertase, the core-glycosylated form, and the fully gly- 
cosylated ‘external’ enzyme. All three forms of invertase 
have the same amino acid sequence. The glycosyloted 
forms carry 10 N-linked sugars. The core-glycosylated 

2. I. Marerials 
Non-glycosylated internal-. core-glycosylated- and high-mannose- 

glycosylated external invcrtasc were purillcd as described [I 31. Protein 
concentrations were calculated for the monomer (M, = 58.500). Gus- 
nidinium chloride (GdmCI). ultrapure rcagcnt grade. was purchased 
from Schwarr/Mann (Orangcburg, New York), the GOD-assay kit for 
the dctcrmination of glucose from Boehrinpr Mannheim. 

GroEL and GroES were purified. and molar conecntrations of the 
monomers were detcrmincd as described [9]. All chemicals were of 
analytical grade. Quaru+bidistillcd water was used throughout. 

2.2. Det~ar~trariun/Rcnaruration 
Correspondc~~cc rrdcfress: G. Kern, lnstitut filr Biophysik und Physika- The different forms of invcrtase were dcnaturcd in 5.3 M GdmCI, 
lischc Biochemic, Univcreitfit Rcgcnsburg. Univcnitatsstrabc 31, 50 mM NaAc, 10 mM EDTA, pH 5.0 at 2o’:L’. Incubation lime was 
D-5400 Rcgcnsburg, Germany. Fax: (49) (941) 943 2813. I h for non-glycosylated and 2 h for the glycosylatcd forms of invcr- 
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Figure 1 
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Fig. I. GraE-dependent reactivation of chemically denatured non- 
glycosylated internal invcrtase. Invcnase was denatured in 5.3 M 
GdmCl. SO mM NaAc. 10 mM EDTA. oH 5.0 for I h at 20°C. 
Reactivation was started by a I:50 dilutibi in different rcnaturation 
buffers. lnvcrtasc activity rfas determined under standard conditions 
[ 151 after various times of incubation. Final concentration of internal 
invcrtase was 0.34pM. Standard renaturation buffer: 50 mM HEPES, 
IO mM KCI, pH 7.0. Standard buffer without additives (0): in stand- 
ard buffer, in the prcscnce of 0.67pM GroEL( ICmer), as well as 0,67 
,uM GroEL( I4-mcr) plus 0.67 yM GroES (7.mer) no reactivation is 
observed (0); standard buffer plus O.G8 ,uM GroEL(I4.mer), IO mM 
MgC12 and 2 mM ATP (0); standard bufkr plus 0.67yM GroEL(I4- 
mer), 0.67 ,uM GroES (‘i-m@, IO mM MgC12 and 2 mM ATP (6). 

tsse. Renaturation was initiated by a I:80 dilution into 50 mM HEPES 
buffer, IO mM KCI, pi-i 7.0 at 20°C to a final invertasc concentration 
of 0.34 PM. The influence of GroE on refolding was tested by adding 
either GroEL (0.67 PM), or GroEL (0.67 ,uM) plus IO mM MgCljl 
mM ATP, or GroEL (0.67pM) plus GroES (0.67yM)lIO mM MgClzl 
2 mM ATP to the same buffer, prior to rcnaturation. Activity was 
determined as described [ 15]. 

3. RESULTS AND DISCUSSION 

In previous studies invertasc was employed as a 
model system to investigate the influence of glycosyla- 
tion on protein folding [15]. For the non-glycosylated 
enzyme, formation of inactive aggregates was found to 
be kinetically favored compared to correct folding at 
protein concentrations > 4 ,@ml and temperatures be- 
yond IOOC. Glycosylation was found to suppress ag- 
gregation of non-native invertase [IS]. 

GroEL was shown to prevent aggregation of a num- 
ber of proteins during refolding [6,9,10]. We examined 
whether chaperone proteins and protein glycosylation 
may serve a similar function, i.e. to prevent aggregation 
of non-native proteins and keep them in a soluble state. 
To test this hypothesis, we refolded non-glycosylated, 
core-glycosylated and high-mannose glycosylated in- 
vertase in the absence and in the presence of GroE. 

3.1. In vitro refoiciing of non-glycosylured inverme is 
affected by GroE 

Fig. 1 shows the reactivation of internal invertase in 
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the absence and presence of GroE. Internal invcrtase, 
at a concentration of 20 pg/rnl and 20°C, reactivates 
spontaneously to 14%. In the presence of GroEL or 
GroEL plus GroES, reactivation is completely sup- 
pressed. Obviously, intermediates on the folding path- 
way form a stable complex with GroEL, as observed for 
a number of other proteins [5,9,1 I, 161. Addition of 2 
mM ATP and 10 mM MgCI? to the GroEL/invertase 
complex results in a slow release of active invertase with 
a yield (10%) below the one observed for spontaneous 
reactivation. This effect was invariant, whether Md 
ATP was added prior, simultaneously, or after binding 
of denatured invertase to GroEL. The complete GroE 
system, however, increases the final reactivation yield of 
internal invertase from 14% to 368, proving that the 
GroE-Mg/ATP complex favors correct folding of the 
non-glycosylated enzyme. To test for non-specific ef- 
fects of GroEL/GrcES, we refolded icternal invertase 
under the same buffer conditions, but substituted the 
chaperone by 0.5 mg/ml mitochondrial malate dehy- 
drogenase which corresponds to the concentration of 
GroE used in the previous experiments. In this control, 
both the kinetics and the final reactivation yield were 
the same as observed for the spontaneous reactivation 
in the absence of the chaperone (14 1 2%) (data not 
shown). 

3.2. Glycosyhtios suppresses the formution of a stable 
complex betweerz GroEL arxi it2 vertuse 

In order to determine the influence of glycosylation 
on the interaction with GroE, we used core-glycosylated 
invertase (short sugar side chains), and external inver- 
tase (long sugar side chains) for refolding experiments 
in the absence and in the presence of GroE (Fig. 2). In 
contrast to the non-glycosyiated form, none of the gly- 
cosylated proteins formed a stable complex with GroEL 
during reactivation. The lag-phase in the presence of 
GroEL alone indicates that a transient complex with 
GroEL may be formed. This lag-phase disappeared * 
when GroEL, GroES, and MgATP were present during 
refolding. The yield of reactivated protein increased in 
the presence of both GroEL and GroEL/GroES from 
64% to 86% for core-glycosylated invertase (Fig. 2A), 
and from 62% and 76% for the external enzyme (Fig. 
2B). This suggests, that glycosylation inhibits light 
binding of folding intermediates of invertase to GroEL, 
but still allows some weak interactions with the chaper- 
one, thus assisting correct folding. This effect was less 
pronounced for the high mannose glycosylated external 
invertase. Increased steric hindrance of the interaction 
between GroEL and hydrophobic sites on the surface 
of non-native glycoproteins with the extended carbohy- 
drate moiety could be the reason. We suggest a model, 
where GroEL has a high aflinity to parts of the non- 
native polypeptide chain which are buried in the native 
state. In the case of glycosylated proteins, such sites may 
be protected by glycosylation. This implies that both 
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Fig. 2. GroE dependent reactivation ol’chemically denawcd corcgly- 
cosylatcd (A) and external high-marmost glycosylated invertasc (13). 

Dcnaturationlrenatur~~ion conditions and symbols as in Fig. 1. 

chaperone action and glycosylation function by avoid- 
ing ‘wrong’ intermolecular interactions of non-native 
proteins, this way keeping them in solution and prevent- 
ing non-specific aggregation. 
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