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Abstract

One major bottleneck in protein production in Escherichia coli for structural genomics projects is the
formation of insoluble protein aggregates (inclusion bodies). The efficient refolding of proteins from
inclusion bodies is becoming an important tool that can provide soluble native proteins for structural and
functional studies. Here we report an on-column refolding method established at the Berkeley Structural
Genomics Center (BSGC). Our method is a combination of an ‘artificial chaperone-assisted refolding’
method previously proposed and affinity chromatography to take advantage of a chromatographic step:
less time-consuming, no filtration or concentration, with the additional benefit of protein purification. It
can be easily automated and formatted for high-throughput process.

Introduction

In the past several years, more than 25 structural
genomics projects from different countries have
been organized [1]. They generate a vast amount
of information about protein properties on each
step of the structural genomics pipeline, from
cloning, expression, and purification to structure
determination. Collected data leads to under-
standing of protein structure, function and regula-
tion, and reveals a global view of the protein
structure universe [2].

Production of soluble proteins plays a critical
role in high-throughput methods used in struc-
tural genomics. Due to fast growth, easy han-
dling and low cost, E. coli has been the principal
expression system of choice for most structural
genomics projects. However, often recombinant
proteins overproduced in E. coli accumulate as
insoluble aggregates known as inclusion bodies
(IB). IB formation can be minimized, or poten-
tially avoided, by applying complex efforts to en-
hance production of soluble protein: cloning and
expression of homologous genes, variations in

expression vectors, host strains and growth
conditions. But protein production from inclu-
sion bodies has a number of merits: they are pro-
duced in high yields, even those that are toxic for
bacterial cells; are generally protected from pro-
teolytic degradation, and can be easily solubi-
lized. The only challenge is to convert inclusion
bodies to properly folded, biologically active
proteins. Conventional methods for refolding
insoluble recombinant proteins include slow
dialysis or dilution of urea- or guanidinium-
HCl-solubilized IB into refolding buffer, or chro-
matographic refolding using packed columns.
Chromatographic methods can include solvent-
exchange size exclusion chromatography and
immobilization of the denatured protein onto a
matrix and subsequent denaturant dilution to
promote refolding. A vast amount of data in the
literature provides information aimed at enhanc-
ing the refolding yield of inclusion body proteins
by adding certain low molecular weight additives
to reduce protein aggregation. Surfactants and
detergents have proven to be very efficient fold-
ing aids, and have been shown to work with a
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variety of proteins in dilution or chromato-
graphic refolding [3—6]. One drawback in the use
of surfactants and detergents is that they are dif-
ficult to remove, a direct result of their ability to
bind to proteins and to form micelles. Rozema
and Gellman [7] developed a new dilution-based
folding strategy in which the denatured protein is
first exposed to a detergent-containing solution
to prevent aggregation, followed by stripping
of the detergent with cyclodextrin to promote
refolding. This method has been claimed to mi-
mic the GroEL-GroES chaperonin action in vivo
and has been named ‘artificial chaperone-assisted
refolding’. By this method, several proteins have
been successfully refolded [8-10]. Although their
method is attractive for its efficacy and practical-
ity, it is time-consuming and accompanied by
loss of protein during filtration and concentra-
tion of large volumes. Here we describe an on-
column chemical refolding method that we use at
BSGC for insoluble His-tagged proteins ex-
pressed in E. coli. IB solubilized in urea are first
bound to an affinity column and exposed to a
detergent wash to prevent misfolding. This is fol-
lowed by a f-cyclodextrin wash that removes
the detergent and promotes correct folding. The
target protein is eluted with imidazole, goes
through further purification steps: ion-exchange
(IEX) and/or size exclusion chromatography
(SEC), and is evaluated by dynamic light
scattering (DLS), analytical size exclusion chro-
matography and/or by circular dichroism (CD)
spectroscopy. We have been able to obtain 30—
100% refolding in 7 out of 10 tested proteins. Six
of the seven refolded proteins were able to pro-
duce crystals of varying qualities.

Materials and methods
Recombinant plasmids and expression hosts

The modified ligation-independent cloning (LIC)
system [11] was used to clone genes encoding
proteins from Mycoplasma pneumoniae and M.
genitalium, and their homologues from other spe-
cies. The amplified PCR product was prepared
for vector insertion by purification, quantitation
and treatment with T4 DNA polymerase (New
England Biolabs, Beverley, MA) in the presence
of 1 mM dTTP. The prepared insert was an-

nealed into the LIC expression vector pB3, a
derivative of pET2la (Novagen, Madison, WI)
that expresses the cloned gene fused with an
N-terminal 6-His-TEV (tobacco etch virus prote-
ase) cleavage sequence, and transformed into
chemical competent DH5a cells to obtain fusion
clones. Protein was expressed in E. coli strain
BL21(DE3) Star/pSJS1244 [12].

Isolation of inclusion bodies

For our study, we chose 10 proteins that were
expressed as inclusion bodies (BSGC website:
http://www.strgen.org). The cells transformed
with the constructs were grown in 0.51 of
auto-inducing growth media (Dr. William Stud-
ier, Brookhaven National Laboratory, personal
communication) with carbenicillin (100 pg/ml)
and spectinomycin (30 pg/ml). After 24 h of
incubation at 37 °C at 250 rpm, the cultures were
collected by centrifugation, resuspended in
50 mM HEPES, pH 7.0, 100 mM NaCl, treated
with lysozyme at a final concentration of 0.1 mg/
ml, and opened with a microfluidizer (MFIC,
Newton, MA). After centrifugation at 10,000 g
for 20 min, the pellet was washed with 1 M urea,
2% Triton X-100 and centrifuged again. The pel-
let was then solubilized in 30 ml of denaturing
buffer containing 20 mM Tris—HCI, pH 8.0, 8§ M
urea, stirred for 2 h at room temperature, and
centrifuged.

In vitro refolding

Solubilized IB were bound to Ni-NTA resin
(Qiagen, Valencia, CA) pre-equilibrated in dena-
turing buffer by batch-absorption overnight at
room temperature. The amount of resin used was
calculated according to manufacturer’s recom-
mendation (5 mg of protein/l ml of resin).
On-column renaturation and purification were
performed the next morning by several changes
of buffers. The resin was packed into a glass
Econo-Column of 2 x 5 cm diameter (Bio-Rad,
Hercules, CA). All chromatography steps were
done under gravity. First, the column was
washed using the denaturing buffer containing
20 mM imidazole to remove nonspecifically
bound contaminants. f-mercaptoethanol at a fi-
nal concentration of 10 mM was added to this
buffer if the target protein contained cysteines.



All renaturation steps were carried out in Buffer
A (20 mM Tris—HCI, pH 7.5, 0.1 M NaCl). The
pH of buffer A should be at least 1.0 pH units
away from the pl of the protein to avoid protein
precipitation. In the next step, the column was
washed with 10 column volumes (CV) of 20 mM
Tris—HCI, pH 7.5, containing 0.1% Triton X-100
(Anatrace, Maumee, OH) and 500 mM NaCl.
This was followed by a wash with 10 CV of Buf-
fer A containing 5 mM f-cyclodextrin (Sigma,
St. Louis, MO) to remove detergent from the
protein—detergent complex and to allow the pro-
tein to refold. An additional wash with buffer A
was applied to remove remaining f-cyclodextrin
before elution. Refolded protein was eluted with
Buffer A supplemented with 300 mM imidazole.
The eluted fractions containing soluble refolded
protein were run on a sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE) and subjected
to further purification steps (IEX and/or SEC).

Protein folding assay

The refolded proteins were analyzed by DLS to
determine monodispersity and analytical SEC to
determine molecular weight. DLS measurements
were carried out with the DynaPro 99 instrument
(Wyatt Technology, Santa Barbara, CA) at a
protein concentration of 1 mg/ml in 20 mM
Tris—=HCI, pH 7.5, and 100 mM NaCl. Refolded
protein was loaded on a G4000SWXL column
(TosoHaas, Montgomeryville, PA) and eluted at
0.5 ml/min in 20 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 1 mM EDTA. To determine secondary
structure of the refolded protein, a CD spectra of
refolded proteins was analyzed. CD spectra of
protein samples (0.4 mg/ml) in 1 mm path length
quartz cuvette was recorded as an average of
four scans with a Jasco J-810 spectropolarimeter
(Jasco Inc., Easton, MD) over a range of
190-260 nm on a millidegree ellipticity scale.

Results and discussion

To obtain pure soluble protein from inclusion
bodies for crystallographic purposes, we
developed a new refolding method by using
a column-based approach with detergent and
cyclodextrin as low molecular weight additives.
Refolding in the presence of a detergent followed
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by addition of cyclodextrin had been proposed
by Rozema and Gellman [7]. Their method uti-
lized a dilution approach, whereby a protein
denatured by urea or guanidinium-HCl was
diluted to low concentration in a detergent-
containing buffer, then diluted again in the
presence of a cyclodextrin solution. After refold-
ing was completed, the protein solution had to
be passed through a 0.22 um filter to remove
aggregated protein, and then through a 10 kDa
cut-off filter to remove detergent and cyclodex-
trin. In order to adapt the procedure for our
purposes, we improved the original method and
applied it to His-tagged proteins expressed as
inclusion bodies in E. coli.

The 10 His-tagged proteins expressed as inclu-
sion bodies were purified and solubilized with § M
urea (see Materials and methods). The solubilized
inclusion bodies were subsequently bound to
Ni-NTA resin and subjected to refolding. Refold-
ing was done on the column by changing buffers
from denaturing 20 mM Tris—HCI, pH 8.0, buffer
containing 8 M urea, to buffer (no urea) contain-
ing detergent and then buffer containing f-cyclo-
dextrin. As a detergent in this particular refolding
procedure, we used 0.1% Triton X-100, although
different detergents can be tested. We are presently
developing a mini-screen to identify which deter-
gent(s) (non-ionic, ionic, and zwitterionic) might
be best for a particular target protein (unpublished
results). Adding 0.5 M NacCl to the detergent buf-
fer allows removal of impurities nonspecifically
bound to the resin. After the detergent was bound,
the protein refolding was initiated by washing the
column with f-cyclodextrin solution. The flow rate
was kept at 0.5 ml/min. After washing the column
with 20 mM Tris—HCI, pH 7.5, 100 mM NacCl to
remove remaining f-cyclodextrin, the protein was
eluted with buffer supplemented with 300 mM
imidazole. The purity of target proteins in elution
buffer was over 90%, as confirmed by SDS-PAGE
(data not shown). After a polishing step (IEX or
SEC), all refolded proteins were concentrated to
20 mg/ml or more without any occurrence of visi-
ble aggregation. We have been able to obtain
30-100% refolding in 7 out of 10 tested proteins.
All refolded proteins were subjected to DLS anal-
ysis and five out of seven refolded proteins were
monodisperse. Six of the seven refolded proteins
were able to produce crystals of varying qualities.
The yield of refolded proteins, DLS data and
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Figure 1. Analysis of BSGC target 1349B refolded and purified by on-column chaperone-like chemical refolding. (a) 4-20%
SDS-PAGE analysis of refolded 1349B. Lane 1, protein molecular weight (MW) marker; lane 2, solubilized IB; lane 3, flow-
through fraction from Ni-NTA column; lane 4, refolded 1349B eluted from Ni-NTA column (MW 23 kDa) indicated by arrow. (b)
Fractionation of refolded 1349B by size exclusion chromatography. The protein eluted in a volume of 11.5 ml, indicating a relative
molecular mass lower than 29 kDa. 1349B has a MW of 23 kDa, which is consistent with elution profile and confirms monomeric
state of the refolded protein. (¢) CD spectra of refolded 1349B. The protein concentration was 0.4 mg/ml in 10 mM Tris—HCI,
pH 8.0, and 10 mM NaCl.



Table 1. Summary of the results obtained for BSGC refolded targets.
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Targets #cysteines MW, kDa % ‘Refolded™ DLS® (nm/% PD) Crystallized
1049B 1 36 50 32.5/35.7% Yes

1084B 1 40 40 Not measurable Yes

1089B 2 17 100 2.48/26.1% No

1105B 1 70 100 4/22.5% 3.2 A data/solved
1113B 1 19 100 3.6/30.8% Yes

1277B 4 44 100 4.46/10.5% Yes

1294B 6 49 0 NA -

1315B-2 4 61 0 NA -

1338B-2 1 16 0 NA -

1349B 0 23 80 3/20.7% 2.8 A data

4% target eluted/% target loaded.

°nm, hydrodynamic radius in nanometers.
NA = not applicable.

PD = polydispersity.

success of crystallization efforts are presented in
Table 1. In order to check for the presence of mul-
timeric species formed during renaturation SEC
can be used. For example, one of the BSGC tar-
gets, 1349B, expressed as an 1B, was refolded with
80% success. Figure 1 shows analysis of this pro-
tein. According to SDS-PAGE, the eluted frac-
tions contain >90% of target protein (Figure 1a).
The DLS of refolded 1349B shows a hydrody-
namic diameter of 3 nm and 20.7% of polydisper-
sity (Table 1). To confirm its monomeric state,
0.4 mg of refolded protein was loaded on an ana-
lytical SEC (see Materials and methods). The elu-
tion profile showed the monodispersity of the
analyzed protein (Figure 1b). CD data revealed
well defined secondary structure (Figure 1c).
Figure 2 presents crystals obtained from two
refolded targets — 1105B and 1349B. Data were

1105B

collected from both crystals and the 1105B struc-
ture was solved (manuscript in preparation).
From the crystal structure, we could not detect
any detergent bound to the refolded protein,
confirming that f-cyclodextrin efficiently strips
the detergent from the protein during the refold-
ing procedure.

Conclusion

Here we present a refolding method suitable
for production of soluble proteins for structural
studies. One of the key steps in structural ge-
nomics is the rapid production of purified na-
tive protein. The expression of recombinant
proteins in transformed microorganisms is often
hampered by the formation of insoluble protein

1349B

Figure 2. Crystals obtained from two BSGC targets refolded by on-column chaperone-like chemical refolding. (a) Crystals of
1105B, 300 x 150 x 150 um. (b) Crystals of 1349B, 100 x 50 x 50 pm.
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aggregates. Technology for refolding proteins
that are expressed as inclusion bodies is still a
major bottleneck in protein production. Such
technology must be scale invariant, easily auto-
mated, applicable for a broad range of proteins,
and economical. On-column chaperone-like
chemical refolding meets these criteria. Column-
based refolding with detergent and cyclodextrin
promises to facilitate the rapid and efficient
refolding of His-tagged recombinant proteins.
The binding of denatured protein through a
His-tag followed by a detergent wash efficiently
prevents irreversible protein aggregation upon
denaturant removal and significantly increases
renaturation yield. It also eliminates the work
of protein concentration, a significant time con-
suming step in the dilution-based approach. The
proteins refolded by these methods produced
crystals of various degrees of quality suitable
for optimization and data collection. This can
be easily automated and can become part of a
soluble protein production pipeline for structure
and functional studies.
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