
doi:10.1016/j.jmb.2005.12.005 J. Mol. Biol. (2006) 357, 411–426
GroEL Walks the Fine Line: The Subtle Balance of
Substrate and Co-chaperonin Binding by GroEL.
A Combinatorial Investigation by Design, Selection
and Screening

Martin Kawe and Andreas Plückthun*
Biochemisches Institut
Universität Zürich
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While support in protein folding by molecular chaperones is extremely
efficient for endogenous polypeptides, it often fails for recombinant
proteins in a bacterial host, thus constituting a major hurdle for protein
research and biotechnology. To understand the reasons for this difference
and to answer the question of whether it is feasible to design tailor-made
chaperones, we investigated one of the most prominent bacterial
chaperones, the GroEL/ES ring complex. On the basis of structural data,
we designed and constructed a combinatorial GroEL library, where the
substrate-binding site was randomized. Screening and selection experi-
ments with this library demonstrated that substrate binding and release is
supported by many variants, but the majority of the library members failed
to assist in chaperonin-mediated protein folding under conditions where
spontaneous folding is suppressed. These findings revealed a conflict
between binding of substrate and binding of the co-chaperonin GroES. As a
consequence, the window of mutational freedom in that region of GroEL is
very small. In screening experiments, we could identify GroEL variants
slightly improved for a given substrate, which were still promiscuous. As
the substrate-binding site of the GroEL molecule overlaps strongly with
the site of cofactor binding, the outcome of our experiments suggests
that maintenance of cofactor binding affinity is more critical for
chaperonin-mediated protein folding than energetically optimized sub-
strate recognition.
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Introduction

Protein folding is a key process in biology: it is the
three-dimensional structure that ultimately endows
proteins with all their functionalities. Whereas this
process is very efficient in vitro under optimized
(also denoted permissive) folding conditions for
many proteins, the situation in a living cell is more
challenging (denoted non-permissive folding con-
ditions). In particular, the high intracellular con-
centration of protein and high growth temperature
promote aggregation as an undesired side-reaction,
lsevier Ltd. All rights reserve
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competing with productive folding.1 It is for this
reason that all living organisms have evolved
diverse classes of helper molecules that serve to
prevent misfolding and aggregation of proteins in
the crowded environment of the cell.2 Nevertheless,
a large fraction of recombinant proteins still fails to
reach the native state and end up in inclusion
bodies. The production of natively folded proteins
has thus remained a serious bottleneck in basic
research, notably structural biology, and biotech-
nology alike.

Many of these “helper” proteins, generally
referred to as molecular chaperones, are heat-shock
or stress proteins, but they fulfill essential functions
also under normal cellular conditions. One promi-
nent example of these molecular chaperones
comprises the family members of chaperonins,3

which are found in virtually all known organism.4–6

Type I chaperonins are found in eubacteria,
d.
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mitochondria and chloroplasts, while type II chape-
ronins are found in eukaryotes and archaea.7–9

All chaperonins share a similar overall structure,
i.e. they are large oligomers composed of 14 to 18
subunits built up in the shape of a toroid, usually
composed of two rings placed back-to-back.10

Each oligomer subunit is built up from three
domains:11–13 the equatorial domain that holds the
nucleotide-binding site and contributes most of the
intra- and intersubunit interactions; the intermedi-
ate domain, which serves to relay conformational
changes between the equatorial and the apical
domain; and the apical domain itself, where both
substrate binding and co-chaperonin binding is
located in the case of type I chaperonins. In type II
chaperonins, the co-chaperonin is included or built
into the respective apical domain. The ring archi-
tecture of chaperonins allows for a large central
cavity, where non-native proteins can undergo
productive folding after being captured by the apical
domains. The bacterial chaperonin from Escherichia
coli, GroEL, requires a cofactor, called GroES, for
many if not most of its substrates, even though the
chaperonin-assisted folding of such a substrate
might not always take place in the protected
environment of the central cavity.14 GroES is a
heptameric dome-shaped ring composed of 10 kDa
subunits, which can cap the GroEL cylinder on one
or both ends. Productive protein folding further
requires the hydrolysis of ATP.15

To summarize the chaperonin-assisted protein
folding reaction cycle in a few words: first non-native
substrate proteins are captured by hydrophobic
patches residing on the apical domains of GroEL.
Subsequent binding of ATP and co-chaperonin
GroES provokes a large conformational change in
GroEL. The hydrophobic polypeptide recognition
regions in the apical domain of GroEL are turned
upwards and outside by roughly 908, and sub-
sequently become obscured by co-chaperonin
binding. As a consequence, the substrate protein is
released and, with unknown success frequency,
encapsulated in the inner cavity of the chaperonin
cis complex or else released to the cytoplasm. The
conformational change leads to almost a doubling of
the volume of the central cavity and to a change of its
character from hydrophobic to hydrophilic, thus
providing a relatively polar environment to the
released polypeptide, diminishing intermolecular
interactions.16–18 The ATPase cycle that is regulated
both by bound substrate and cofactor GroES acts as a
timer, providing the substrate protein with w15 s to
complete folding before GroEL is primed to release
both GroES and substrate.15,19

The relevance of this cooperative action of both
chaperonins for efficient cellular protein folding has
been underscored by various studies.20–23 These
findings demonstrate that the entire folding
machinery is necessary for productive chaperonin-
assisted protein folding under non-permissive
folding conditions for many of the GroEL-depen-
dent proteins, and show that this machinery has
evolved to serve the folding requirements of
a broad range of substrates.24–26 Very recently, it
has been hypothesized that the GroEL machinery
might have evolved mainly to assist the folding of
TIM-barrel proteins or other proteins with complex
a/b or aCb domains,27 and it has been speculated
that these proteins might share folding intermedi-
ates with distinct characteristics that lead to a
chaperonin-dependence. By contrast, type II chape-
ronins seem to have evolved to serve the folding
needs of a much smaller subset of proteins.28

Notably, their essential role in protein folding
cannot be complemented by type I chaperonins.29

Although, for example, GroEL can bind and release
the type II substrates actin and tubulin in an ATP-
dependent manner, it cannot promote their fold-
ing,29 despite the fact that substrate size is not the
limiting determinant in this case.30 Vice versa, type II
chaperonins also fail to support folding of typical
type I model substrates.31,32 Thus, both type I and
type II chaperonins must have evolved a mechan-
ism to discriminate and tailor their substrate range.

The co-overexpression of GroEL in vivo with a
substrate protein of interest,33–35 as well as the
provision of fragments encompassing the substrate-
binding site of GroEL in vitro,36,37 so-called mini-
chaperones, have been investigated to exploit
GroEL for better production of proteins. Unfortu-
nately, the application of neither strategy to increase
the functional yield of recalcitrant proteins in
heterologous host organisms can be generalized.
Indeed, for a great number of proteins that form
inclusion bodies in E. coli, an increase of the cellular
GroEL/ES level has no beneficial effect of prevent-
ing aggregation. Additionally, it is generally
believed that GroEL/ES alone cannot reverse
aggregation once it has occurred.1,38,39

It is interesting from a biotechnological point of
view to examine the adaptability of GroEL to the
folding needs of an otherwise aggregation-prone
substrate protein. While this work was in progress,
Wang and co-workers showed that by altering the
ATPase cycle of GroEL, it was possible to generate a
chaperonin with improved properties.40 Interest-
ingly, GroEL variants identified in this study that
enhanced the folding of their model substrate
protein, green fluorescent protein (GFP), also
showed an increased polarity of the folding cavity,
but no change in the actual substrate-binding site.

An alternative approach to tailor the GroEL
molecule to the needs of a particular substrate of
biotechnological interest, suggested by the hetero-
geneity of the substrate-binding sites found in
eukaryotic chaperonins,41 would be to directly
alter its substrate-binding site residing in the apical
domain. We considered it conceivable that the
interaction energy should be “tuned” to a given
substrate, to provide the optimized residence time
compatible with the GroEL cycle, where different
substrate proteins may show huge differences in
hydrophobicity and charge, as well as in individual
interactions leading to very different local dis-
sociation rates. It would be irrelevant whether
such an engineered GroEL is specific, as GroELwt
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would always be present to take care of the
requirements of other proteins of the cell.

To explore this latter possibility and to generate
substrate-optimized chaperonins, we designed and
constructed a combinatorial GroEL library, where
the substrate-binding site was randomized, and we
subjected this library to screening and selection
experiments. While a great number of mutants were
able to bind unfolded protein and show activity
under permissive conditions, we found that only a
very small number of library members were still
functional under non-permissive folding conditions
in vitro and in vivo. Inactive GroEL variants showed
a decreased affinity for the co-chaperonin GroES.
We discuss our findings on the background of the
dual role of the randomized region, which is
responsible for both substrate and cofactor binding,
and with respect to the mechanistic contribution of
the co-chaperonin GroES in the context of cellular
chaperonin-mediated protein folding.
Results

To explore the mutational variability of the
substrate-binding site of GroEL and to answer the
question of whether it is possible to generate GroEL
molecules adapted to the needs of particular
substrate proteins, we designed and constructed a
combinatorial library of GroEL, where the sub-
strate-binding site (amino acid residues 191–290)
was randomized only in those positions that are
potentially involved in direct substrate contacts.
Our design was guided by structural and biochemi-
cal data.12,42–45 Furthermore, the side-chain accessi-
bility, i.e. the surface exposure of potential
randomization sites, was taken into account. On
the basis of these considerations, nine residues in
the apical domain of GroEL were chosen for
randomization (Figure 1; Table 1). Note that by
following this strategy, a total of 63 residues per
binding site are randomized due to the 7-fold
symmetry in GroEL. This library was subjected to
in vivo screening and selection experiments, and
selected library members were further character-
ized by different in vitro assays.
Figure 1. Sites chosen for randomization in the apical dom
domains in the uncomplexed form.88 The location of these thre
in the space-filling model of the uncomplexed GroEL (shown
the view into the inner cavity. a-Helices H8 and H9 are depict
in green only for one subunit in a CPK space-filling model, d
Library assembly and cloning

To generate a library with nine randomized
positions across the apical domain of GroEL, we
followed an overlapping oligonucleotide assembly
strategy with six oligonucleotides. The codons of
the randomized positions were encoded by NNK
(allowing all 20 amino acids; positions 203, 230, 231,
238, 242, 267, and 268) and NBB (allowing 13 amino
acid types; positions 264 and 270; NZA, T, G, C;
KZG, T; BZC, G, T; the allowed amino acids and
their expected frequencies by NNK and NBB are
shown in Table 1 of the Supplementary Data). The
NBB mixture increases the relative content of small,
hydrophobic amino acids, compared to the NNK
mixture, which allows all 20 amino acids. NBB was
used at positions 264 and 270. Position 264 is part of
the hydrophobic ValValAsn motif, implicated in
GroES binding, while position 270 is buried deeply
in the GroES-bound conformation. By using NBB,
we therefore intended to disallow residues not
compatible with these constraints. The fully
assembled library cassette was subsequently PCR-
amplified with 5 0 and 3 0 consensus primers contain-
ing recognition sequences for BsaI a type II
restriction enzyme. Using these type II restriction
enzymes, we could replace the wild-type (wt)
sequence with the library cassette in the groEL
gene on pZA21_BsaI (see Materials and Methods)
without further changing its sequence, thereby
generating pZA21_GroESLib, which contains our
library under the control of an anhydrotetracycline-
inducible PLtetO-1 promoter.

With the nine randomized positions, the theo-
retical diversity amounts to 207!132Z2.1!1011 at
the amino acid level. To assess the quality of our
library at the DNA level, 30 individual library
members were sequenced before starting selection
experiments. About 70% were correct at the DNA
level (i.e. no frame-shifts). No obvious sequence
bias for certain amino acid types at the randomized
positions was observed.

Before starting selection and screening experi-
ments with this library, we characterized unselected
library members, i.e. randomly chosen constructs
with correct DNA sequences, by expression and
ain of GroEL. (a) Ribbon drawing of three adjacent apical
e domains in the whole GroEL structure is depicted in red
in (b)). Note that two domains have been omitted to allow
ed in blue; sites chosen for randomization are highlighted
isplaying the side-chain of the wild-type amino acid.



Table 1. Properties of residues chosen for randomization

Residue
positiona

Residue
location

Conservationb

(%)

Side-chain
solvent

accessibility
(%)c

Y203 Loop between
S6 and S7

Y 99 (N 1) 65

I230 Loop between
S8 and H8

I 54 (L 25, V 13) 29

R231 H8 Q 43 (R 32, K 22) 38
E238 H8 E 94 (Q 4, R 1) 70
K242 H8 Q 46 (K 37, R 8) 70
V264 H9 V 86 (L 14) 70
M267 H9 L 30 (M 30, I 19) 49
R268 H9 R 99 (K 1) 82
I270 Loop between

H9 and S10
I 32 (T 29, G 28) 62

a The numbering follows Hemmingsen et al.3 Residues in bold
were identified to bind a peptide substrate,43 underlined residues
were identified to be involved in co-chaperonin binding by
mutational analysis.12

b The frequency of occurrence in the sequence alignment of
100 prokaryotic Cpn60 proteins and, in parentheses, the second
and third most frequent amino acid.

c Side-chain solvent accessibility relative to that in an extended
G-X-G tri-peptide,86 calculated using MOLMOL87 with a 1.4 Å
probe.

Table 2. Naming of GroEL variants

Name Origin

u_number
(e.g. GroELu25)

Unselected library member

s_number
(e.g. GroELs9)

Library member obtained from GroELwt

complementation in vivo at 37 8C
k_number
(e.g. GroELk4)

Library member obtained from in vivo
screening for tailored GroEL variants
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solubility tests. Expression screening revealed that
all of the above library members that were correct at
the DNA level and contained no stop codon could
be expressed in soluble form in E. coli shake flask
cultures (up to 150 mg/l of soluble protein). This is
about 100 times the amount of GroELwt in the cell,
and thus the cell makes predominantly the
recombinant protein. The corresponding proteins
ran at the expected molecular mass in SDS-PAGE
(data not shown).

For further usage, the library was introduced into
E. coli XL-1 Blue F 0 by electroporation, yielding an
in vivo library with a final diversity of 1.2!108

individual library members. DNA plasmid prep-
arations of this library were used in the subsequent
in vivo screening and selection experiments.
Figure 2. GroEL variants able to complement wt
function. Sequence alignment of GroEL variants able to
complement GroELwt function at 37 8C. The names of the
clones are given at the left-hand side of the respective
sequence. The sequence for GroELwt and the consensus
sequence (residues with 50% conservation are named)
calculated from the sequence alignment of 100 prokar-
yotic Hsp60 proteins are given above the selected
sequences, as well as the second and third most frequent
amino acid residue. Amino acids are colored according to
their character: blue (positively charged), Arg, Lys, His;
green (polar), Ser, Thr, Asn, Gln; yellow (aliphatic), Val,
Leu, Ile, Pro, Cys, Met; orange (aromatic), Phe, Tyr, Trp;
red (negatively charged), Asp, Glu; white (small), Ala,
Gly. Note that in this representation only the randomized
positions are shown (numbering follows Hemmingsen
et al.3).
In vivo complementation at 37 8C

Although the design and construction of the
GroEL apical domain library was intended to
identify substrate-optimized chaperonins that may
become specialized for their substrate, rather than
displaying a broad substrate specificity like
GroELwt, we first tested the effects of our GroEL
variants on the growth of E. coli AI90 (DgroELT
kanR) [pBAD-EL]46 at 37 8C. In this strain, the
chromosomal groEL gene has been deleted, and
GroEL is expressed exclusively from a plasmid-
borne copy of the gene, which is under the control
of the PBAD promoter. As GroEL is essential for cell
viability,22 this strain can be used to test whether
GroEL variants are able to complement GroELwt

function, because the expression of GroEL from this
plasmid-borne copy of the gene is tightly regulated.
PBAD is activated by arabinose but suppressed by
glucose, thus AI90 [pBAD-EL] cells cannot grow at
37 8C on medium supplemented with glucose.
When we introduced our library into this strain
on pZA21_GroESLib, where each cell harbors a
GroELvariant under the control of an anhydro-
tetracycline-inducible PLtetO-1 promotor, and cells
were plated on LB agar plates containing anhydro-
tetracycline and glucose to suppress GroELwt

expression from pBAD-EL, only a very small subset
of GroEL variants (0.4‰) was able to suppress this
groEL growth defect (see also Table 2 for identifi-
cation of the GroEL variants).

Analyzing these selected mutants of GroEL by
expression tests, we found that they could be
expressed as soluble proteins in liquid culture
comparable to GroELwt in the same plasmid (data
not shown). Sequence analysis of these variants
yielded no obvious consensus in the randomized
positions, except for some similarity in character in
five positions (Figure 2). At position Y203, an
enrichment of tryptophan was observed; at position
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I230 mainly small residues were selected (Gly, Ala,
Ser) and at position K242 either lysine (as in
GroELwt) or another charged or polar residue was
selected. At position V264, predominantly hydro-
phobic amino acids were selected, whereas
at position R268 either charged or hydrophilic/
neutral amino acids were selected. All other
positions, however, showed a broad distribution
of amino acids with different side-chain character-
istics. It is noteworthy that at position R231, where
the prokaryotic chaperonins mainly have a charged
residue, the selected GroEL variants predominantly
display a hydrophobic amino acid residue.

In a second series of in vivo screening experi-
ments, we then tried to find chaperonin variants
that showed improved performance for a particular
substrate, independent of any need to support the
growth of E. coli, as the GroELwt would still be
present to support the folding of its natural
substrates.

In vivo screening for tailored GroEL variants

To identify GroEL variants that can serve to
accomplish the folding needs of a distinct aggrega-
tion-prone substrate, we performed in vivo screen-
ing experiments with GFP from the jellyfish
Aequorea victoria. GFP is a very attractive candidate
for this kind of experiment. (i) Folding of GFPwt is
inefficient during recombinant expression in E. coli
and only moderately enhanced by simultaneous
co-overexpression of the chaperonins.40 GFP is
thus a GroEL substrate, but clearly the chaperone
action leaves room for improvement. (ii) GFP
depends on chaperonin-assisted folding to reach
its native state under non-permissive folding
conditions in vitro23 and thus benefits directly
from improvements of GroEL. (iii) Efficient folding
of GFP can be monitored readily in living cells by
formation of green fluorescence under UV light.
(iv) It is an in vivo and in vitro substrate of GroEL,
even though its three-dimensional fold is not
directly related to the architecture of known
natural E. Coli substrates of GroEL.27 Importantly,
many recombinant proteins causing considerable
difficulties in functional expression are those with
Methods for details). (b) Cells co-expressing GFPwt and one
and the fluorescence of GFP in the soluble fraction was measu
of the sample containing GroELwt was set to 1. Column c, Fluo
k4/k8, GroEL variants originating from in vivo screening for ta
complementation at 37 8C; u25, unselected library member.
a high content of b strand, just like GFP. It is thus of
particular interest whether GroEL can adapt to
such substrates. For these experiments, wt GFP
was used, and not one of the mutants that have
been adapted to improved bacterial folding by
changes in the sequence.

As the screening experiments for tailored GroEL
variants were performed in a cell-based assay, we
verified before the screening experiments that the
chosen level of overexpression of GFP, and GroEL
overexpression at any level, had no influence on cell
growth (data not shown). The library was intro-
duced into E. coli DH5aZ1 cells47 containing an
inducible GFPwt gene on pAT115-wtGFP, and cells
were plated on LB agar plates containing glucose
and the respective inducers. Note that in this
experiment the screening was performed in the
presence of an endogenous GroELwt background,
and plasmid-encoded overexpression of both GFP
and GroELvariant. Thus, cells always contained a
certain level of GroELwt. Because of the higher level
of expression of the plasmid-encoded variants, the
formation of chimeric GroEL molecules consisting
of few wt subunits and mostly mutant subunits is
likely.

Screening was performed by visual inspection
of UV-illuminated plates for bright green
colonies. In total, we screened 6!106 variants.
Unexpectedly, the formation of bright green
colonies was a very rare event, and we found
only one mutant with a slightly enhanced activity
regarding GFP refolding compared to GroELwt

(Figure 3; GroELvariant k8). By contrast, on these
plates a large fraction of colonies exhibited a
fluorescence that was even lower than the
fluorescence observable in colonies expressing
only GFPwt in the presence of an endogenous
GroELwt background. These dominant negative
variants resulting in a “darker” phenotype did
not alter the overall amount of GFP expression.
However, cells co-expressing GFPwt and one of
these variants showed reduced levels of GFP in
the soluble fraction, compared to cells co-expres-
sing GFP and GroELwt (Figure 4). A typical
member of this class of GroEL variants is the
clone GroELk4 (Figure 4). It appears as if this and
Figure 3. Comparison of chape-
ronin-assisted folding of GFPwt by
different GroEL variants in vivo.
(a) Cells overexpressing GFPwt and
one of the GroEL variants were
grown at 37 8C on LB agar plates
containing 100 ng/ml of anhydro-
tetracycline, and 50 mM IPTG for
induction of the respective genes
and visualized under UV illumina-
tion (refer to Materials and

of the GroEL variants were normalized by cell density,
red at lemZ506 nm (lexZ395 nm). The fluorescence signal
rescence signal due to the endogenous GroEL background;
ilored GroEL variants; s9, GroEL variant originating form



Figure 4. Influence of GroEL variants on the production
of soluble GFP. Cells co-expressing GFPwt and one of the
GroEL variants, always together with GroES wt, were
collected 4 h after induction, normalized by cell density
and disrupted by sonication. SDS-PAGE analysis of the
soluble fraction was used to determine the levels of
soluble GFP in the respective samples. As controls, cells
expressing GFP in an endogenous GroEL background
(without plasmid-encoded GroEL/GroES, lane C),
co-expressing GroELwt (wt) and an unselected library
member (u25) were included.
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similar GroEL variants are less active in vivo, at
least with GFP as substrate. Nevertheless, the
“dominant negative” phenotype does not prevent
cell growth, and must therefore be benign for the
natural substrate proteins of E. coli.

Biophysical characterization of GroEL variants

To address the reason for the different behavior of
selected GroEL variants observed in the in vivo
experiments, we performed in vitro chaperonin-
assisted folding assays with a distinct subset of
GroEL mutants under different folding conditions
and with different substrates. For this more detailed
biophysical characterization, we chose to examine
three different GroEL variants exemplifying the
outcome of the two in vivo experiments. One variant
was chosen from the complementation experiments
at 37 8C, which was able to suppress the groEL growth
defect in E. coli AI90 (GroELs9). Two GroEL variants,
GroELk8 and GroELk4, were chosen from the in vivo
Figure 5. Chaperonin-assisted refolding of GFPwt in vitro. T
GFP was followed for different GroEL variants under (a) per
folding conditions. Under conditions of macromolecular crow
refolding of GFPwt becomes fully dependent on the presence o
the addition of ATP alone or by adding ATP and GroES to th
and 15 min after the addition of ATP and/or ATP/GroES (l
fluorescence due to assisted folding by GroELwt was set to 1.
screening experiments for tailored GroEL variants;
GroELk8, because this variant showed a slightly
beneficial effect on chaperonin-assisted GFP folding
in vivo, and GroELk4, because this variant showed a
lower efficiency of GFP folding. As internal controls,
GroELwt and an unselected library member,
GroELu25, were included in the experiments.
Chaperonin-assisted folding of GFP in vitro

We first wanted to compare the results of
chaperonin-assisted folding of GFP in vivo with
equivalent experiments in vitro. Guanidine hydro-
chloride (Gdn$HCl)-denatured GFP is a ”non-
stringent” substrate protein in chaperonin-assisted
folding. This means that denatured GFP can refold
spontaneously in dilute solutions, and in the presence
of GroEL its folding is independent of the presence of
the co-chaperonin GroES. In aqueous buffers contain-
ing GroEL, the presence of ATP alone is sufficient to
release the GroEL-bound GFP into the bulk solution,
where it completes folding on its own.48 With GroES
present, however, GFP is retained to complete folding
in the inner cavity of the chaperonins.17 By contrast,
under more stringent folding conditions, Gdn$HCl-
denatured GFP can be efficiently refolded only by the
entire chaperonin system (i.e. GroEL, GroES and
ATP),23 whereas spontaneous refolding is virtually
fully suppressed. We therefore tested our GroEL
variants under both folding conditions.

Folding of GFP under permissive conditions
resembles closely the results found in the in vivo
experiments: the “dark” mutant GroELk4 performs
significantly worse than GroELwt, while the
”brighter” variant GroELk8 is about the same as
wt within experimental error. The unselected
mutant GroELu25 is inactive, and the variant
obtained by in vivo complementation, GroELs9, is
slightly less active than GroELwt (Figure 5(a)).

By contrast, folding under non-permissive con-
ditions, which were induced by adding crowding
agents to the buffer,49 and which should actually
mimic more closely the in vivo situation, is different
he chaperonin-assisted refolding of Gdn$HCl-denatured
missive folding conditions and (b) under non-permissive
ding (by including 28% Ficoll in the refolding buffer) the
f GroES. Refolding of GroEL-bound GFP was initiated by

e refolding buffer. GFP fluorescence was measured before

exZ398 nm, lemZ506 nm). The increase of intrinsic GFP



Figure 6. Inhibition of rhodanese aggregation by
different GroEL variants. Rhodanese aggregation upon
dilution from 25 mM (in Gdn$HCl) to 0.25 mM was
monitored by light-scattering at lZ320 nm and 25 8C
for rhodanese in buffer alone, buffer containing 15 mM
BSA, or buffer containing 0.25 mM GroEL variants (s9, k8,
k4, u25, and wt). For clarity, the curves for GroELwt and
the GroELu25 variant have been moved down.
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with respect to the “deleterious” variant GroELk4

(Figure 5). In the latter case, successful GFP
refolding for all variants is dependent on GroES
and ATP, as reported previously,23 and now
GroELk4 is capable of assisting significantly in
Gdn$HCl-denatured GFP refolding under these
non-permissive folding conditions in vitro
(Figure 5(b)). For the other GroEL variants, no
striking difference compared to GroELwt was
observed in these in vitro experiments. As expected,
the unselected variant GroELu25 was unable to
assist GFP folding in both in vitro assays (Figure 5),
and it failed to promote folding in the in vivo
situation (Figure 3). Under non-permissive con-
ditions, GroES binding is required, and for the
mutants that show GroES binding, at least to some
degree (all except GroELu25), the differences
between the mutants are small (see Discussion).

Prevention of bovine mitochondiral rhodanese
aggregation

The different performance of each of the GroEL
variants may result, in part, from their different
abilities to recognize GroES, and from differences in
the interactions with denatured substrate proteins.
To test this latter possibility, we examined the
prevention of bovine mitochondrial rhodanese
aggregation by the different GroEL variants.

A common feature of the chaperonins is their
ability to recognize hydrophobic surfaces of
unfolded proteins to which they can bind, and
thus, stabilize a broad range of different confor-
mations of unfolded polypeptides,50 thereby pre-
venting undesired side-reactions. Whereas the
nature of chaperonin-assisted folding reactions
depends critically on both the folding conditions
and the properties of the substrate,21,24,51 the
stabilization of unfolded structures, and thus the
inhibition of aggregation in a stoichiometric
reaction, is generally achieved by GroEL alone.
Thus, aggregation assays probe for a very basic
chaperonin activity, requiring only binding of
substrate.

Interestingly, all GroEL variants were capable of
inhibiting the aggregation of denatured bovine
mitochondrial rhodanese upon its dilution into
buffer containing one of the GroEL variants each
(Figure 6). Thus, even the unselected GroELu25

variant was competent to bind to and to stabilize
non-native conformational states of the GroEL
substrate proteins tested.

Chaperonin-mediated protein folding of two
model substrates

As we did not observe any differences between
the GroEL variants in the bovine mitochondrial
rhodanese aggregation assay, although they orig-
inate from different selection and screening exper-
iments, we were curious to test their behavior in
chaperonin-assisted folding of two further GroEL
model substrates, namely bovine mitochondrial
rhodanese and murine dihydrofolate reductase
(mDHFR), to put the results obtained with GFP
into perspective.

As the nature of chaperonin-mediated protein
folding depends on both the folding conditions and
the substrate protein (see above), we chose these
two GroEL model proteins for the following reason.
Like GFP, mDHFR is a “non-stringent” GroEL
substrate. After Gdn$HCl-denatured mDHFR is
bound to GroEL, the addition of ATP alone leads
to efficient reactivation. Again, GroES is not
required for substrate release.52 Thus, we could
employ the refolding of mDHFR to assess if our
selected GroEL variants were capable of binding
conformational states of denatured proteins tightly
enough to prevent aggregation. Furthermore,
we can probe with this assay if the proteins were
bound in a conformation competent for refolding
upon release from GroEL, which was triggered by
the addition of ATP, to these preformed binary
chaperonin–substrate complexes.

By contrast, the model protein bovine mitochon-
drial rhodanese has an absolute requirement for
the entire chaperonin system, even under permiss-
ive folding conditions.51 Thus, by using this
substrate we can assess the different characteristics
of our GroEL variants in the context of the
concerted action of GroEL, GroES and ATP.

As anticipated from our findings on the preven-
tion of rhodanese aggregation, all GroEL variants
were competent to bind denatured mDHFR and,
upon addition of ATP, released the substrate into
the bulk solution (Figure 7(a)). No significant
differences in GroEL-mediated mDHFR refolding
could be observed, regardless from which selection



Figure 7. Effect of GroEL variants on mDHFR and rhodanese folding. (a) Gdn$HCl-denatured mDHFR was diluted
rapidly into buffer containing the indicated GroEL variants. Release from the GroEL variants was initiated by the
addition of ATP and refolding of mDHFR was monitored spectrophotometrically at lZ340 nm by following the
turnover of NADPH due to refolded mDHFR. The mDHFR activity regained after 5 min by spontaneous folding in
buffer containing no chaperonins was set to 100%. (b) Gdn$HCl-denatured rhodanese was allowed to refold in buffer
containing ATP and GroES (filled bars) or no GroES (hatched bars) for 30 min. Rhodanese activity regained was
measured by adding Na2S2O3 and KCN to the buffer for 5 min at 30 8C. The turnover of CNK to SCNK was stopped by
the addition of formaldehyde and the amount of SCNK was measured spectrophotometrically by following the
formation of an iron-thiocyanide complex at lZ460 nm. The activity of an equivalent amount of native rhodanese as
used in the refolding reactions was set to 100%.
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the variant originated. Especially variants GroELk4

and GroELk8, which were not selected for mDHFR
refolding, performed like GroELwt. Thus, it seems
that these two GroEL variants are still promiscu-
ous, even though they originated from a selection
round for increased performance on a different
substrate.

Again, the unselected GroELu25 variant is fully
active in this assay. This suggests that a basic
functionality of chaperonins, namely the binding to
and the protection of aggregation-prone regions
displayed by denatured proteins, is still retained in
all GroEL library members analyzed.

By contrast, if the entire chaperonin system is
needed for efficient protein folding, as exemplified
by chaperonin-assisted refolding of bovine mito-
chondrial rhodanese, only the selected GroEL
variants were capable of serving in this reaction,
whereas the unselected variant GroELu25 was not
(Figure 7(b)). Again, the behavior of the variant
GroELk4 was surprising. Although deleterious in
the GFP folding experiments in vivo (Figure 3), it
was active in chaperonin-mediated folding of both
bovine mitochondrial rhodanese and GFP under
non-permissive folding conditions in vitro (Figures
5(b) and 7(b)). Note that chaperonin-mediated
folding of bovine mitochondrial rhodanese was
indeed GroES-dependent for all variants analyzed,
as reported previously,51 as no activity was found in
the absence of GroES (Figure 7(b)).

Interaction of the GroEL variants with
the co-chaperonin GroES

To determine the reason for the different behavior
of the variant GroELk4 in the different assays, we
investigated the interaction of our GroEL variants
with the co-chaperonin GroES. The interaction of
GroEL with its cofactor GroES can be assayed by
proteinase protection. The GroEL double-ring
toroid is a compact structure that, in the presence
of nucleotides, is resistant to proteolytic cleavage by
proteinase K. Only the last 16 C-terminal residues
of each subunit are prone to proteolytic processing
by this proteinase.53 Two properties of the GroEL
oligomer may permit proteinase K to cleave these
C-terminal residues: (i) the C-terminal tail of GroEL is
very flexible and may reach out of the central cavity;
(ii) proteinase K is small enough to enter the cavity
and exert its proteolytic activity there.

Thus, this cleavage reaction is suppressed when
GroES binds to the top of the GroEL cylinder,
thereby shielding the interior of the central cavity.
As a consequence, proteinase K cannot gain access
to the tails of the seven GroEL subunits in this ring.
The opposite ring, however, which is not sealed by
GroES, is still susceptible to proteolysis. Thus,
proteolytic cleavage of GroEL by proteinase K in
the presence of GroES results in two bands of equal
intensity after analysis by SDS-PAGE. Therefore,
this assay is appropriate to obtain a qualitative
measure of the binding parameters of GroEL/
GroES interaction, and to test for functionality of
the GroEL and GroES oligomers.

As can be seen in Figure 8, binding of the co-
chaperonin GroES was impaired for the unselected
variant GroELu25 and the “deleterious” variant
GroELk4 under the assay conditions. Also, the
co-chaperonin binding of the two “active” variants
GroELk8 and GroELs9 seemed to be weakened
slightly, compared to GroELwt (Figure 8), but this
observation might well be attributed to the exper-
imental inaccuracy of this assay. The inability to bind
GroES was more pronounced in the unselected
variant GroELu25 than in the other variants. This
explains its failure to assist in chaperonin-mediated
folding of substrate proteins under all non-permis-
sive folding conditions tested, where the entire
chaperonin system is needed for efficient folding.

To underscore our findings that the main
reason for the different behavior of the GroEL
variants was due to a change in their ability to



Figure 8. Proteinase protection of GroEL carboxy termini by GroES. The proteinase K protection of GroEL carboxy
termini for different GroEL variants by GroES is shown. The band in the first lane of each sample corresponds to the full-
length GroEL subunit (EL). The band in the second lane of each sample corresponds to truncated GroEL subunits
(ELDC), generated by treatment of the chaperonin with proteinase K. Binding of GroES on top of GroEL protects the
adjacent chaperonin ring from attack by proteinase K, depending on the strength of GroEL–GroES interaction (lane 3).
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bind the chaperonin cofactor, we took a closer
look at the GroEL–GroES protein–protein inter-
face. First, we investigated the H-bonding pattern
of our variants. The native, wild-type H-bonding
network is increasingly disrupted in unselected
library members compared to GroELwt (Figure 1
of the Supplementary Data). This may indicate
that in unselected or inactive GroEL variants the
interaction with GroES is weakened, compared
to active variants. These findings underscore the
results gained in the proteinase protection
experiments.

Second, we compared the gap volume index of
GroEL variants competent to suppress the groEL
growth defect in E. coli AI90 with those who were
unable to do so (Figure 9). The gap volume index
(GVI) is a measure of the surface complementar-
ity of a given protein–protein interface,54 here,
the GroEL–GroES interface. We found that GroEL
variants competent to complement GroELwt in
E. coli AI90 had a GVI similar to that of GroELwt.
Variants unable to complement the groEL growth
defect, however, had an increased GVI (Figure 9).
Thus, the GroEL–GroES interface is perturbed
Figure 9. Gap volume index of selected GroEL variants.
The relative increase of the gap volume index for different
GroEL variants is given to the gap volume index
calculated for the native GroEL–GroES interface of one
GroEL–GroES subunit. Green bar, variants able to
complement GroELwt in E. coli AI90; red bar, variants
not able to complement GroELwt in E. coli AI90. Hatched
bars, GroEL variants analyzed in more detail in the
present study. The gap volume index was calculated
using the program SURFNET;89 the mutant PDB files
used as input files to this program were calculated using
the Swiss-PDB viewer v3.7.90
in inactive variants, while it is retained or only
slightly altered in active variants. Note that,
although we analyzed only the GroEL–GroES
interface of a single subunit, the effect becomes
multiplied due to the 7-fold symmetry of the
GroEL–GroES complex.
Discussion

Chaperonin function

Although the information required for a protein to
attain its native, functional conformation is stored in
its amino acid sequence,55 cellular protein folding is a
much more problematic task, compared to folding
under optimized in vitro conditions, since the
crowded environment of the cell favors a multitude
of unwanted side-reactions.2 Nature has tried to
respond to this cellular protein folding problem by
creating a large number of proteins, the molecular
chaperones, that assist the folding of other proteins.
The chaperonins, GroEL/ES in particular, have
evolved to recognize and promote the folding of
a broad range of proteins. Chaperonins assist protein
folding in a dual manner.

First, chaperonins temporarily bind to and protect
unfolded and aggregation-prone regions of mis-
folded proteins. Thereby, chaperonins prevent unde-
sired side-reactions that would lead to further
misfolding and aggregation. Upon binding, the
protein is thought to be partially unfolded,56,57 and
it can thus escape a local energy minimum or folding
trap. It is especially kept isolated from intermolecular
interactions with other molecules of the same type,
which would lead to domain-swapped aggregates.
Finally, upon release from GroEL, if it is not yet native,
the polypeptide can rebind and is thus given another
opportunity to reach its native state (iterative
annealing model).58–60

Second, the chaperonins provide a protected
environment in which the protein can fold by itself
(Anfinsen cage). Thus, the folding chain is isolated
from the highly crowded cytoplasm, but at the same
time confined within the chaperonin folding cage.61

Whereas the former chaperonin function
depends solely on providing a suitable binding
surface to bind the folding intermediate, thereby
preventing its aggregation, the latter folding
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assistance depends on the GroEL–GroES complex
formation and the encapsulation of the substrate
within its cavity. The successful folding of model
proteins in vitro, just by providing a suitable
binding surface, has been reported.36,37 However,
this chaperonin functionality is insufficient to
complement the entire chaperonin system
in vivo.62 The fully assembled GroEL 14-mer has a
timed release and a conformational change built in,
allowing “annealing” of the substrate and multiple
binding cycles, independent of GroES. Only the full
system with GroES allows substrate confinement,
however.

Despite this sophisticated machinery, a multitude
of cloned foreign proteins do not reach the native
state in bacteria, a huge challenge for biotechnology
and protein research in general. For this reason, we
investigated in this study whether it would be
feasible to optimize the binding region of the intact
GroEL molecule for a given target protein in the
cellular context. For example, the binding site might
interact too strongly with some proteins, not
releasing them, or too weakly by e.g. unfavorable
electrostatic effects, thus releasing them too fast.
Hence, optimizing this chaperonin–substrate inter-
action for a given protein might conceivably result
in an increased folding yield in chaperonin-assisted
refolding of this protein and proteins with similar
binding characteristics.

Our endeavor was further motivated by the fact
that the eukaryotic counterparts of bacterial chaper-
onins have obviously evolved a mechanism to
adapt to their substrates. This substrate discrimi-
nation is partially reflected by their molecular
architecture, which is built up from different
subunits displaying different binding regions.10

Hence, although the number of proteins assisted
by eukaryotic chaperonins is greater than pre-
viously thought, it is still evident that eukaryotic
chaperonins are not as promiscuous as GroEL, but
seem to have evolved for a smaller subset of
essential proteins,28,41 with different chaperonin
subunits for different substrates. It seemed thus an
interesting question whether a prokaryotic chaper-
one can also be adapted to a given protein, e.g. one
of biotechnological importance.

There is a wide range of GroEL variants able to
support binding to unfolded polypeptides.
A smaller subset is able to allow release, and
indeed, this is substrate-dependent (cf. Figures 5(a)
and 7(a)). We were unable to select any greatly
improved chaperonins only by engineering the
substrate-binding site of GroEL. The mutational
freedom in the apical domain of GroEL appears to
be very narrow and seems to be related to GroES
binding (Figure 8), as GroES is needed for some
substrates under non-permissive conditions only
(Figure 5(b)), while for others it is needed under all
conditions (Figure 7(b)).

Some variants (e.g. GroELk4) showed deleterious
effects on the folding of GFPwt in the in vivo
screening experiments, which could be visualized
by reduced levels of GFP in the soluble fraction of
cells co-expressing GFP and GroELk4, compared to
cells not overexpressing any GroEL at all (Figure 4,
cf. lanes C and k4). As these in vivo screening
experiments were performed in the presence of an
endogenous GroELwt background, the deleterious
effect of the variant GroELk4 may most likely result
from a dominant negative effect of these mutants
and/or reducing the active proportion of endogen-
ous GroELwt molecules by the formation of mixed
chimeric GroEL molecules. Presumably, these
mutant or mixed mutant GroEL molecules will
also show a decreased affinity for the co-chaperonin
GroES, comparable to the purified GroELk4 variant,
which will ultimately result in an overall decreased
efficiency for chaperonin-mediated GFP folding in
this case. These mutants are thus not simply inert;
they appear to interfere with the normal operation
of the wt system. Nevertheless, the effects are
benign, as the cells grow normally, and GroEL/ES
is needed for normal growth.

In the in vitro folding assays, however, this
decreased affinity for the co-chaperonin is compen-
sated by the fact that the ratio of GroES to GroEL in
the various folding assays was at least five to ten
times higher than in the natural in vivo situation and
above the KD, thereby shifting the equilibrium to the
complexed state,63 thus compensating for a loss in
binding affinity for GroES. This may explain why
the variant GroELk4 can assist in GroES-dependent
chaperonin-assisted folding reactions in vitro but
not in vivo (Figures 5(a) and 7(a)).

The unselected mutant GroELu25 has decreased
activity in GFP folding in vivo and performs poorly
in GFP folding under permissive and non-permiss-
ive conditions (with and without GroES), poorly in
rhodanese refolding (GroES dependent), but well in
DHFR refolding (GroES-independent) and in pre-
venting rhodanese aggregation by binding alone
(GroES-independent). This can be explained by
having a very poor interaction with GroES, even
poorer than GroELk4, and an inappropriate inter-
action with GFP (too tight or too weak). On the
other hand, the interaction with rhodanese must be
tight enough, as this substrate binds (Figure 6).

In contrast to promoting folding by substrate
binding, the second mechanism of chaperonin-
mediated protein folding relies on the formation
of the GroEL–GroES complex.17 Encapsulation and
confinement of substrate protein within the hydro-
philic space of the chaperonin cavity is thought to
“smooth” the energy landscape of folding for the
encapsulated protein, removing folding traps and
allowing the protein to reach the native state.61,64

This requires a relative adaptation of the chaper-
onin interaction with the substrate protein. As the
modification of the binding site is constrained by
the necessity of interaction with GroES, the second
possibility is to change the “timer”. Therefore, by
adaptation of the ATPase cycle, which acts as a
timer of encapsulation to the folding needs of a
given protein, it should be possible to obtain
substrate-optimized chaperonins. Different times
of encapsulation would allow different proteins to



Figure 10. GroEL variants. Sequence alignment of
GroEL variants analyzed in more detail in this study
(green bar on the left, active variants; red bar, inactive
variants). The names of the clones are given at the left-
hand side. The sequence for GroELwt and the 50%
consensus sequence (residues occurring in more than
50% of the sequences are given as letters) calculated from
the sequence alignment of 100 prokaryotic Hsp60
proteins are given above the selected sequences as well
as the second and third most frequent amino acid residue.
Amino acids are colored according to their character as in
Figure 2. Numbering follows Hemmingsen et al.3
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reach its native state during a single round of
encapsulation and release. Although this has been
proposed theoretically for some time,65 and shown
experimentally some time ago,66 only recently
Wang et al. successfully implemented this strategy
with the purpose to obtain substrate-optimized
chaperonins.40 It should be noted that in this case
substrate adaptation comes as a side-effect of the
slower ATPase cycle, rather than by specific
substrate recognition. Wang et al. found that
rhodanese was equally well folded by the sub-
strate-optimized chaperonins as the original sub-
strate GFPwt.

40 This can be explained by the fact that
rhodanese needs several cycles in chaperonin-
mediated folding to reach its native state.49 Thus,
several GroEL–GroES reaction cycles were substi-
tuted by a slower one, due to a reduced ATPase
activity. The broad applicability of this approach for
biotechnological purposes has yet to be proven, as
the timing of encapsulation and release is of critical
importance for the efficiency in chaperonin-
mediated protein folding.67 It is noteworthy that
Wang et al. did not observe any mutations in the
substrate-binding region of GroEL in their sub-
strate-optimized chaperonins, although this region
was included in their shuffling experiments.40 This
finding is consistent with our finding of a narrow
mutational window of the apical domain of GroEL.

Co-chaperonin versus substrate binding

The importance of the cofactor in chaperonin-
assisted protein folding has long been known and
GroEL has evolved together with its co-chaperonin
GroES to meet the folding requirements of its
substrates in the cellular context.20–22 In addition,
it is likely that also under non-permissive folding
conditions in vitro the entire chaperonin system is
advantageous for efficient folding.20,21,23,49

GroEL recognizes and binds its substrates mainly
via exposed hydrophobic patches,68 a general
feature of partially denatured and unfolded pro-
teins. As hydrophobic interactions are generally
unspecific, GroEL is able to interact with its broad
substrate spectrum. Furthermore, this interaction
with its substrates is very tight, in the low
nanomolar to high picomolar range.69 Thus, further
improvement of the binding affinity might hamper
the release of substrate into the inner cavity upon
cofactor binding and could clog the chaperonin. In
contrast, it is conceivable that some substrates are
binding too tightly, such that they are not released,
thus clogging the normal cycle. In this case, a lower
binding affinity might be advantageous by engin-
eering the GroEL binding site. Hence, in a dual
system with both GroELwt and GroELvariant present,
GroELwt still takes care of the normal E. coli
proteins, and the variant might then bind a given
recombinant protein with a lifetime commensurate
with the cycle time; albeit in the presence of binding
of that protein also to GroELwt and the presence of
mixed oligomers with unknown effects on E. coli
proteins.
Indeed, tight binding is not seen in the eukaryotic
counterparts. Group II chaperonins typically bind
their substrates in the micromolar range.8 Thus, in
these cases there might be room for substrate
discrimination and adaptation due to the overall
lower substrate affinity.

The substrate-binding site of GroEL overlaps
with the site of cofactor binding,12,43,70 and even
residues that do not contact GroES directly alter its
binding affinity to GroEL.71 This indicates also
that the binding of GroES, which is essential for
chaperonin function, is highly regulated via an
allosteric network that is still not fully under-
stood.72 These reasons render mutational altera-
tions in this region of GroEL a highly difficult task.
Co-chaperonin binding is achieved by a complex
network of interactions that is sensitive to altera-
tions. Sequence analysis of active and deleterious
GroELvariants shows that active GroELvariants do not
differ in their overall amino acid side-chain
characteristics compared to GroELwt (Figure 10),
i.e. they never comprise a hydrophobic amino acid
where GroELwt displays a charged or polar one and
vice versa. The only exception in that respect is the
position of Y203, which is structurally located in a
loop region beneath the two substrate-binding
helices H8 and H9 (Figure 1(a)). Here, tryptophan
was predominantly found in all active GroELvariants

(Figure 10). An explanation for this observation
might be that the residue found in GroELwt, Y203,
can contribute to protein–protein interactions with
the substrate both by hydrophobic contacts and by
contributing to an H-bonding network. This residue
becomes buried in the GroEL/GroEL interdomain
interface upon the conformational changes induced
by ATP and co-chaperonin binding. Whether it is
the interaction with the neighboring domain in
the ATP/GroES-bound state or the interaction with
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the substrate that drives the Trp selection is
currently unknown. Smaller hydrophobic residues
as found for the inactive variants appear to be
inactive (Figure 10). Generally speaking we found
that active GroELvariants contain amino acid resi-
dues with side-chain characteristics similar to those
of GroELwt. This explains also why active GroEL
variants found in our selection experiments are still
promiscuous and are capable of fully complement-
ing wild-type function: GroEL has to assure cofactor
binding in the first place. This binding task seems to
be more inflexible than the accommodation of
various conformations and surface features of
non-native proteins, and these GroES binding
constraints do not allow the alteration of this region
of GroEL except within a rather narrow window.

These findings are corroborated by reports on
specialized co-chaperonins from bacteriophages.73

Bacteriophage T4 major capsid protein Gp23
depends on chaperonin-assisted folding to reach
its native conformation, which is vital for phage
propagation. However, it is too large to be encapsu-
lated by the endogenous bacterial chaperonin
system. Thus, T4 encodes its own co-chaperonin,
Gp31, which can substitute GroES. This substitution
leads to an enlargement of the central cavity that can
now accommodate the capsid protein Gp23.73 In
this case, the critical GroEL-co-chaperonin interface
is not affected. It should be noted that, although
Gp31 shows only 43% sequence similarity to GroES
within the GroEL binding region (the mobile loop),
the H-bonding pattern corresponds to that of
GroEL/S. In addition, the GroEL–Gp31 interface is
very complementary as judged by the gap volume
index (0.87; GroEL/ESZ1).
Conclusions

Our findings suggest that it may be very difficult
to improve chaperonin-mediated protein folding
of a given recalcitrant recombinant proteins by
engineering the substrate-binding site of GroEL.
The chaperonin system is allosterically regulated,
and mutations altering this allostery can have
substrate-specific effects on its folding function.74

Interaction with the co-chaperonin GroES is an
important element of this allosteric regulation.75

Thus, alteration of the GroEL–GroES interaction
directly affects efficient protein folding under non-
permissive conditions, and this interaction is, most
likely, required for the substrates that are most
aggregation-prone. As pairs of homologous iso-
zymes were observed to bind with different affinities
to GroEL and, furthermore, had different require-
ments for both GroES and ATP to become released
efficiently, specific residues may serve as determi-
nants of polypeptide binding by GroEL.76,77 Never-
theless, these effects could equally well be attributed
to mutations causing differences in branch-points or
rates of putative steps in the overall folding pathway
of the substrates investigated, thereby leading to
crucial intermediates being populated to a very
different extent, and these intermediates interact
then with GroEL,78 rather than the mutations being
in direct contact with GroEL.

Our findings suggest that co-chaperonin binding
is less variable than substrate binding, and that this
interaction has to be maintained to assure the
GroEL–GroES reaction cycle. If the binding site is
altered, another copy of GroES may be needed as
well, which can interact with the mutated
GroELvariant. Too tight as well as too weak an
interaction will result in a loss of chaperonin
function, as the strength of interaction is crucial
for the rate of the chaperonin cycling and hence for
chaperonin functionality.75

As an alternative, group II chaperonins might
offer an easier possibility for substrate optimization:
First, they have already evolved different substrate-
binding sites and second, they have a built-in lid,
and thus upon alteration of the substrate-binding
site, cofactor binding is not affected. Future
experiments might elucidate this possibility.
Materials and Methods

Molecular biology

Unless stated otherwise, all experiments were per-
formed according to standard protocols.79 Enzymes and
buffers were from New England Biolabs (NEB; Beverly,
MA) or Fermentas (Vilnius, Lithuania). All PCR reactions
were performed using the proofreading PfuTurbo-poly-
merase (Stratagene).

Plasmids

Plasmids used in this study are listed in Table 3. The
sequences of all inserts in plasmids that were generated
by PCR were confirmed by sequencing.

The vector for the expression of GFPwt in all experiments,
pAT115-wtGFP, was constructed by inserting the PCR-
amplified gfp gene into pAT115,80 thereby replacing its
NcoI/HindIII fragment. The GFP gene sequence was
amplified from pBADGFPAC281 with oligonucleotides
MAK_#04F (50-GTGAATTCGGTAC CATGGGTAAGGGA
GAAG-30) and MAK_#09R (50-GCGGAAGCTTCATTAA
GATCTCAGATCCTCTTCTGAGATGAGTTTTTGTTCG-
GATCCAGATTTGTAC-30), the product was digested with
the restriction enzymes NcoI and HindIII and ligated into
pAT115 digested with the same restriction enzymes. The
back-mutations of this engineered “enhanced GFP”81 to the
wt sequence (AS2G, S100F, T154M, A164V, I168T) were
introduced by site-directed mutagenesis.

pZA21_GroESL is a derivative of pZA2147 and expresses
the groES and the groEL genes bicistronically under control
of the promoter PLtetO-1. It was constructed by inserting the
PCR-amplified groEL/S genes into pZA21 cut by KpnI and
HindIII. The groEL/S genes were amplified from pOF3982

with oligonucleotides MAK_#16F (50-CGGAATTCCGGT-
TACCATATGAATATTCGTCC-3 0) and MAK_#17R (5 0-
CGGAATTCAAGCTTCATTACATCATGCC-3 0). The
product was digested with the restriction enzymes KpnI
and HindIII and ligated into pZA21 digested with the same
restriction enzymes.

pZA21_BsaI is a derivative of pZA21_GroESL and
contains two BsaI recognition sites at base-pairs 1122



Table 3. Plasmids

Plasmid Relevant details Source/reference

pZA21_ GroESL KanR, p15A, encodes GroESL under control of PLtetO-1 This work
pZA21_BsaI KanR, p15A, encodes GroESL under control of PLtetO-1; carries two BsaI

recognition sites at positions 1122 and 1199 for uptake of the GroEL apical
domain library

This work

pZA21_ GroESLib KanR, p15A, encodes groES gene and groEL apical domain library under control
of PLtetO-1

This work

pAT115-wtGFP ApR, ColE1, encodes RGS-His6-tag-wtGFP under control of PT5/lac This work
pQE16 ApR, ColE1, encodes mDHFR-His6-tag under control of PT5/lac QIAgen, Hilden, Germany
pAT115 ApR, ColE1, RGS-His6-tag-gpD under control of PT5/lac 80
pOF39 ApR, ColE1, encodes GroESL 82
pZA21 KanR, p15A, PLtetO-1 47
pBADGFPAC2 ApR, ColE, encodes GFP under control of PBAD 81

ApR, ampicillin resistant; KanR, kanamycin resistant.
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and 1199 within the groEL gene for uptake of the GroEL
apical domain library. It was constructed by
PCR amplification of pZA21_GroESL with oligonucleo-
tides MAK_#26F (50-GCACGAATTCATTAAAGAG-3 0),
MAK_#27R (5 0-TCCCCCCGGGTACCGTAGCGGCTTA-
TAGCTACGGTTTGGTCTCGGAGACAGGTAGCCA-3 0),
MAK_#26R (5 0-CTCTTTAATGAATTCGGTC-3 0) and
MAK_#27F (5 0-TCCCCCCGGGTACCGTAGCGGCTTA-
TAGCTACGGTTGGTCTCTGAAAGTCGCTGCGG-3 0).
The two products were digested with the restriction
enzymes EcoRI and XmaI and ligated to yield
pZA21_BsaI.

pZA21_GroESLib is a derivative of pZA21_BsaI and
contains the GroEL apical domain library between base-
pairs 1123 and 1334. It was constructed by digesting the
GroEL apical domain library with the restriction enzyme
BsaI, which was then ligated into pZA21_BsaI cut with the
same restriction enzyme.
Library construction

The sites within the apical domain targeted for
randomization span a region of w211 bp on the DNA
level and therefore cannot be assembled in a one-step
gene synthesis. Therefore, this part of the groEL gene was
assembled by overlapping-extension-ligation-PCR of six
oligonucleotides harboring degenerated codons of the
NNK and NBB-type (NZA, T, G, C; KZG, T; BZC, G, T;
see also Table 1 in Supplementary Data) at the respective
positions: oli_01 (5 0-CGGGATCCGCGGTCTCGTCTC-
CTNNKTTCATCAACAAGCCGGAAACTGG-3 0), oli_02
(5 0-GTTGTTCGGCCTTTGACCGCGTCATCTTGACCT-
TTCGGGCAAGTAGGACGACCGACTGTTCTTTTAG-
AGG-3 0), oli_03 (5 0-GCTGACAAGAAAATCTCCAACN-
NKNNKGAAATGCTGCCGGTTCTG-3 0), oli_04 (5 0-
GCGATGATCAGCAGCGGTTTGCCTGCMNNGGCAA-
CAGCMNNCAGAACCGGCAGCATTTC-3 0), oli_05 (5 0-
CCGCTGCTGATCATCGCTGAAGATGTAGAAGGCG-
AAGCGCTGGCAACTCTGG-3 0) and oli_06 (5 0-CCCA-
AGCTTCGCGGTCTCCTTTCACVVNGCCMNN-MNN-
GGTGTTVVNAACCAGAGTTGCCAGCGCTTCG-3 0).
The assembled and randomized part of the groEL gene
was further amplified by “outer” oligonucleotides
MAK_#25F (5 0-CGGGATCCGCGGTCTCGTC-3 0) and
MAK_#25R (5 0-CCCAAGCTTCGCGGTCTCCTTTC-3 0),
annealing to the conserved 5 0 and 3 0 ends of this DNA
stretch. This PCR product was then digested with the
restriction enzyme BsaI and ligated into pZA21_BsaI, cut
with the same restriction enzyme.
Protein production and purification

GroELwt and GroELvariants were expressed from plas-
mids pZA21_GroESLibwt and pZA21_GroESLibvariant,
respectively, in E. coli XL-1 Blue F 0 and purified as
described.83 His-tagged GFPwt and mDHFR were
expressed from plasmids pAT115-wtGFP or pQE16 in
E. coli XL-1 Blue F 0 and purified according to the protocols
of the manufacturer (Qiagen GmbH, Hilden, Germany).
GroES and bovine liver rhodanese were obtained from
Sigma. Protein concentrations were determined spectro-
photometrically as described.84

Chaperonin assays in aqueous solutions and
in the presence of crowding agents

Protein refolding of GFP in aqueous solutions and in
the presence of crowding agents was performed as
described.23 Briefly, GFP denatured in 6 M Gdn$HCl
was bound to GroEL by 150-fold dilution into buffer or
buffer containing 28% (v/v) Ficoll. Samples always
contained at least a fivefold molar excess of GroEL.
Refolding was initiated by adding 3 mM ATP and GroES
(fivefold to tenfold molar excess over total GroEL) to the
respective buffer solutions. The fluorescence of native
GFP was measured as described.48

mDHFR refolding was done following the protocol
described by Viitanen et al.52 Briefly, mDHFR was
denatured in 5 M Gdn$HCl and bound to GroEL by
150-fold dilution into buffer containing at least a fivefold
molar excess of GroEL. Refolding was initiated by adding
3 mM ATP and the recovery of enzyme activity was
followed spectrophotometrically by the oxidation of
NADPH in the presence of dihydrofolate at 340 nm.

Rhodanese refolding and measurement of rhodanese en-
zyme activity was done following published procedures.51

Suppression of rhodanese aggregation was done as
described elsewhere.85 Briefly, rhodanese was denatured
in 6 M Gdn$HCl and diluted 100-fold into buffer contain-
ing a stoichiometric amount of the chaperonins. The
formation of protein aggregates was followed spectro-
photometrically by light-scattering at 320 nm.

Assaying the GroEL/GroES interaction by protease
protection followed published protocols.53 In brief, GroEL
was incubated with or without GroES in buffer containing
proteinase K or no proteinase. Proteolytic digestion of the
C-terminal residues of GroEL was stopped by the
addition of 1 M PMSF to all samples and samples were
subsequently analyzed by SDS-PAGE.

All assays were performed at 25 8C.
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In vivo screening and selection experiments

In vivo screening for substrate-optimized GroEL
variants was done by introducing the GroEL apical
domain library on pZA21_GroESLib into E. coli DH5aZ1
[pAT115-wtGFP]47 and plated on LB agar plates contain-
ing 1% (w/v) glucose, 50 mg/ml of ampicillin, 30 mg/ml
of kanamycin, 100 ng/ml of anhydrotetracycline, and
50 mM IPTG. Cells were grown at 37 8C overnight, left at
room temperature for a maximum of 10 h, followed by
visual inspection of UV-illuminated plates for bright
green or pale/colorless colonies.

In vivo complementation of GroELwt at 37 8C in E. coli
AI90 [pBAD50] was performed as described.46

DNA of positive clones found in these assays was
isolated and re-introduced into the respective E. coli strain,
and the screening/selection step was repeated to confirm
the phenotype and to eliminate false positives. The DNA of
a subset of clones that were twice confirmed as positive was
sequenced using standard DNA sequencing.

In vivo GFP folding assay

E. coli DH5aZ1 cells containing pAT115-wtGFP and one
of the respective GroEL variants on pZA21_GroESLib
were grown under screening conditions (see above). Cells
were harvested, normalized to A600 and disrupted by
sonification. The fluorescence of native GFP in the soluble
fraction was measured as described.48 The fluorescence
signal of cells containing GroELwt was set to 1.
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