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ARTICLE
Towards a Universal Method for Protein Refolding:
The Trimeric Beta Barrel Membrane Omp2a as a
Test Case
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ABSTRACT: It has recently been reported that 2-methyl-2,4-
pentanediol (MPD) can modulate the protein-binding
properties of sodium dodecyl sulfate (SDS), turning it
into a non-denaturing detergent. Indeed both alpha (the
lysozyme) and beta (the carbonic anhydrase II) soluble
enzymes, as well as a beta membrane protein (PagP) have
been successfully refolded into their native form by using
this amphiphatic alcohol. In order to support the universal
character of ourMPD-based technique, we have extended its
transferability to the Omp2a trimeric membrane porin. The
far-UV circular dichroism signature of Omp2a refolded with
our original procedure is identical to that obtained by
classical techniques, clearly indicating a proper refolding.
Moreover, we show that the optimal SDS/MPD ratio for
refolding Omp2a is similar to what has been observed for
other types of proteins. While the protocol allows refolding
at higher protein concentration (up to 4mg/mL) and ionic
strength (up to 1MNaCl) than other refoldingmethods, it is
also more efficient at basic pH values and medium temper-
ature (20–408C). Finally, the key role of the cosolvent was
highlighted by a thorough study of the efficiency of MPD
analogues, and a high variability was observed, as they can be
able or unable to induce refolding at low or high salt
concentrations.
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Introduction

For decades, the structural determination of membrane
proteins (MPs) has been an important challenge in
structural biology due to their embedment in the lipid
bilayer (Booth, 2003; Bowie, 2005; Jungbauer and Kaar,
2007). Indeed, MPs play a central role in many cellular and
physiological processes but remain extremely difficult to
isolate in a native form. In Escherichia coli, a usual strategy
is to express MPs in cytosolic inclusion bodies (IB)
(Bannwarth and Schulz, 2003) as it allows to overproduce
in high concentration these usually membrane-toxic
proteins. These IBs are resistant against degradation by
proteolysis and they boost the protein expression up to
several orders of magnitude, which is a significant advantage
for subsequent structural investigations (Junge et al., 2008).
Unfortunately, MPs in IB adopt non-native conformation,
and it is a crucial issue to obtain the functional form of the
proteins. Although a large number of detergents is
commercially available (Tulumello and Deber, 2012),
none has the optimal properties required for all steps
(solubilization, purification, and refolding) involved in a
structural study. As a result, the classical procedures
(Seddon et al., 2004) usually include the screening of
several detergents (or detergent-likes (Dill et al., 2007;
Zhang et al., 2011)) mimicking the properties of the
membrane as well as the optimization of the physicochemi-
cal environment inducing the best refolding, and the cost-
effectiveness of such protein-wasting and time-consuming
strategies is often highly questionable.

Recently, a simple and effective method has been
developed to recover active (refolded) proteins. It is based
on the association of an anionic detergent (the sodium
dodecyl sulfate (SDS), known as denaturing agent) with an
amphipathic diol solvent (the 2-methyl-2,4-pentanediol
(MPD)), and it has been shown that concentrations of 1-2M
MPD can modulate the protein-binding properties of SDS
Biotechnology and Bioengineering, Vol. 9999, No. 9999, 2012 1
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and remodel a SDS-denatured protein into its native state.
This cosolvent effect has previously been observed on
soluble (human anhydrase carbonic and lysozyme) and
bacterial membrane proteins (PagP, an 8-stranded beta
barrel). In the presence of MPD, the SDS detergent
seems to behave as a ‘‘gentle’’ non-denaturing detergent.
Crystallographic experiments implying the lysozyme
(Michaux et al., 2008b) and PagP (Cuesta-Seijo et al.,
2010) confirm the recovery of the native form in presence of
MPD from a SDS-denatured state. This technique presents
significant advantages: (i) SDS can substitute the classical
solubilizing agents (urea, guanidine chloride) interfering
with biophysical measurements and refolding processes and
(ii) can solubilize IB and keep proteins soluble (Boisselier
et al., 2011). (iii) The use of SDS is compatible with protein
crystallization, and (iv) the system is relevant for proteins
with different secondary structures or sizes.

In this article, we describe how our original method was
able to refold a trimeric membrane protein, Omp2a from
Brucella melitensis (Boschiroli et al., 2001; Douglas et al.,
1984; Paquet et al., 2000). To prove the successful running of
the process, it has been compared to a classical protocol
involving the n-dodecyl-b-D-maltopyranoside (DDM)
(Roussel et al., 2012). Not only the efficiency of our SDS/
MPD technique is demonstrated, the results also confirm
again its transferability.
Materials and Methods

Bacterial Strain and Growth

Cells of E. coli BL21 (DE3) carrying pLysS and pET2a
plasmids (containing the gene omp2a without peptide
signal) were grown in LB medium at 378C with constant
shaking. Log cultures (OD 0.6) of 500mL were stimulated
with IPTG (0.2mg/mL) for 3 h. Cells were then harvested by
centrifugation at 4,000 rpm for 30min, and the resulting
bacterial pellets were stored at �208C. The pET2a plasmid
contains the omp2a coding sequence, in which the 22 first
codons were removed, as previously reported for Omp2b
overproduction (Paquet et al., 2001; Roussel et al., 2012).
Overexpression and Non-Native Purification of Omp2a

The bacterial pellets were thawed and treated with 8mL of
TEN lysis buffer (50mM Tris–HCl pH 8, 1mM EDTA,
17mM NaCl, 125mM PMSF, 250mg/mL lysozyme) for
20min at 258C. Harvested cells were further broken by
addition of 10mg of sodium deoxycholate for 60min at
378C with constant shaking, and 2mg of DNase I (Sigma
AMPD1-1KT) for 60min at 258C. The suspension was then
centrifuged at 14,000g for 20min at 48C. The resulting pellet
underwent a washing buffer (2M urea, 20mM Tris–HCl pH
8, 500mM NaCl, 2% Triton X-100) and centrifuged at
14,000g for 20min at 48C. The inclusion bodies (IB) were
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solubilized with 8mL of TEN buffer (50mMTris–HCl pH 8,
1mM EDTA, 17mM NaCl, 8M urea). The solubilized
proteins were then applied onto an anion-exchange DEAE
column (1.5 cm� 5 cm) previously equilibrated with 25mL
of buffer A (50mM Tris–HCl pH 8, 17mMNaCl, 8M urea).
Omp2a was eluted with a 50mL linear gradient of NaCl
from 17 to 500mM whereas the protein profile was further
analyzed using SDS–PAGE. Fractions containing 39 kDa
proteins were then pooled and stored at 48C. The protein
concentration was estimated using the Nanodrop1 system
by measuring the A280 (ecalculated¼ 85,300M�1 cm�1, calcu-
lated from ProtParam (Gill and Von Hippel, 1989)).
Omp2a Refolding in SDS–MPD System

To refold Omp2a, the protein solution (1mg/mL protein,
250mM NaCl, 50mM Tris–HCl pH 8 and 8M urea) was
eluted onto a PD-10 column to exchange the buffer
(150mM NaCl, 50mM Tris–HCl pH 8, and 120mM SDS
which is 15 times the critical micellar concentration, CMC).
SDS-unfolded sample were then diluted 1:1 in a refolding
solution (50mM Tris–HCl pH 8, 150mMNaCl, 3MMPD).
The protein solution was then incubated at room
temperature (RT). The samples were stored at �208C to
stop the refolding reaction.
SDS–PAGE Analysis

Samples (20mL) were loaded on 15% acrylamide SDS–
PAGE gels without boiling. After electrophoresis, the gels
were stained with Coomassie Blue or silver nitrate and
digitally scanned. Densitometry was performed using
ImageJ software (Collins, 2007). The linear regions in
the densitometry profile were determined by measuring the
density of standards with known protein amounts. The
refolded fraction was estimated by dividing the intensity of
the trimer band by the sum of the intensities of both
monomeric bands. The error bars associated with each data
point represent the standard deviation of three independent
experiments.
Circular Dichroism Measurements

CD measurements were performed at 208C, with a Jasco J-
810 spectropolarimeter, using a protein concentration of
�0.1mgmL�1 and a 0.1 cm cell path length. The buffer was
150mM NaF, 50mM H2PO4 pH 8 with 60mM SDS, and
1.5M MPD. Spectra were acquired at a scan speed of
10 nmmin�1, with a 0.2 nm data pitch, using a 1 nm
bandwidth and a 4 s digital integration time. The spectra
were averaged after four accumulations and corrected by
subtraction of the buffer spectrum obtained under the same
conditions. Ellipticity measurements in mdeg were con-
verted in molar mean residue ellipticity by considering a
mean residue weight value of 107.85Da.
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Results and Discussion

Background

The refolding effect of MPD in a SDS environment has
already been observed on a wide range of proteins including
soluble and membrane proteins, and millimolar and molar
concentrations of detergent and cosolvent, respectively, are
required to induce the renaturation. The activity and
structure of both the hen egg-white lysozyme and the human
carbonic anhydrase II vanish in SDS concentrations above
1mM (that is below the expected CMC of 8.4mM) but are
recovered after addition of 2M MPD. With respect to
soluble enzymes, integral membrane proteins need higher
SDS concentrations to be unfolded. For instance, PagP is
unfolded in 70mM SDS (above the CMC) while MPD
concentrations in the range of 1–2M induce the refolding.
Figure 1. Folded fraction of Omp2a in various SDS and MPD concentrations.

Omp2a was incubated 72 h at room temperature in various amounts of SDS and MPD.

The buffer was 50mM Tris–HCl pH 8, 150mM NaCl. After electrophoresis, the relative

folded fraction was determined by densitometry and values represent the mean of

three independent experiments.
Optimization of the Detergent/Cosolvent Ratio for the
Refolding of Omp2a

SDS and MPD concentrations were scanned in the
millimolar and molar range, respectively, to determine
the optimum concentrations for Omp2a refolding. Protein
samples were prepared directly from inclusion bodies in
50mM Tris–HCl pH 8, 150mM NaCl at room temperature
(RT), while SDS and MPD were added by the dilution
method (Jungbauer and Kaar, 2007). During electrophore-
sis, folded Omp2a (trimers, 115 kDa) that is SDS-resistant
(Manning and Colo, 2004) migrates to a different position
than denatured species (monomers, 39 kDa). This shift in
the apparent molecular mass was used to determine by
densitometry the fraction of refolded proteins after 72 h
under given conditions. Figure 1 shows the refolded
fractions of Omp2a in SDS and MPD concentrations
respectively going from 0 to 100mM and from 0 to 2.5M.

As expected in the SDS-only buffer, no refolding takes
place, that is, no trimers can be observed. Indeed, this
detergent is well known to induce unfolding at millimolar
concentrations (Manning and Colo, 2004; Nielsen et al.,
2007). On the other hand, MPD was unable to induce the
refolding of Omp2a in absence of SDS, and one can
conclude that the performance of the system depends on the
actual balance between the SDS and MPD concentrations.
That is, the combination of SDS (between 40 and 100mM)
and MPD (from 1.0 to 2.5M) enables the refolding with an
optimum at 60mM SDS and 1.5M MPD. This observation
is in agreement with what has already be pointed out for the
monomeric b-barrel membrane enzyme PagP, where
70mM SDS and 1M MPD could optimally refold the
protein. It also confirms the key role of the millimolar/molar
ratio of SDS and MPD in the process. This is the very first
time our method successfully achieved a proper refold of a
multimeric membrane protein, as demonstrated by the CD
signature of the SDS–MPD refolded Omp2a that perfectly
matches the classical method results (see CD spectra below).
Influence of Physicochemical Parameters on Refolding

To determine the best conditions for optimal yields of
trimeric Omp2a and to understand how the physicochemi-
cal parameters influence the SDS–MPD system, the effects of
protein concentration, temperature, pH, and ionic strength
were individually investigated (Fig. 2 A–D).

Typically, membrane proteins refolding process is limited
to protein concentrations ranging from 0.1 to 1mg/mL due
to the predisposition of this class of protein to form
hydrophobic patches and aggregates (Batas et al., 1999;
Goldberg et al., 1991). In our case, the best folding
efficiencies (>55%) were obtained at higher protein
concentrations (2–7mg/mL) in 150mM NaCl, RT,
50mM Tris–HCl pH 8, 60mM SDS, and 1.5M MPD
(Fig. 2A) with an optimum at 4mg/mL (59� 9%). This
observation differs from results obtained in DDM were
refolding was more efficient at low protein concentrations
(from 0.1 to 1.0mg/mL), probably due to the membrane
protein solubilization properties of the SDS (Chuang et al.,
2011; Keller et al., 2006; le Maire et al., 2000; Rath et al.,
2009). Working at high protein concentrations with SDS
could increase the contacts between monomers and their
assembly in trimers. This potential advantage of higher
concentrations will also allow to ease further structural
studies by X-ray diffraction.

A higher incubation temperature increases the thermal
energy available for the refolding. The temperature effect is
most critical on high molecular weights MPs (Burgess et al.,
2008) such as OmpF and Omp85, for which the aggregation
occurs at temperature above 508C (Surrey and Jähnig, 1995).
We therefore investigated the effect of this parameter on
Omp2a renaturation by repeating the folding experiments at
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Figure 2. Influence of physico-chemical parameters on SDS–MPD refolding. Omp2a was incubated 72 h under given sets of conditions. We used SDS–PAGE and

densitometry to determine the relative folded fraction of three independent experiments. A: Effect of the protein concentration. Omp2a was refolded at RT in 50mM Tris–HCl pH 8,

150mMNaCl, 60 mM SDS, and 1.5MMPD. B: Effect of the incubation temperature. Omp2a was refolded in 50mM Tris–HCl pH 8, 150mMNaCl, 60 mM SDS, and 1.5MMPD. C: Effect

of pH buffer values. The protein was refolded at RT in 50mM Tris–HCl, 150mM NaCl, 60 mM SDS, and 1.5M MPD. D: Effect of ionic strength. Omp2a was refolded at RT in 50mM

Tris–HCl pH 8, 60mM SDS, and 1.5M MPD.
temperatures ranging from 10 to 608C in 150mM NaCl,
50mM Tris–HCl pH 8, 60mM SDS, and 1.5M MPD and
1mg/mL protein. Figure 2B shows that refolding is optimal
at 208C (59� 8%) and the renaturation efficiency fades
away at higher temperatures, similarly to other high
molecular weights MPs. Nevertheless, a minor refolding
(as in DDM) is still observed at 608C, suggesting that the
folded Omp2a is probably quite stable in comparison to
other MPs.

The ionic strength can change the properties of
detergents, affect the protein-detergent interactions
(Negin and Carbeck, 2002) and consequently the solubility
of the protein (Ruckenstein and Shulgin, 2006). It is well
known that NaCl plays an important role on the distribution
of negative charges by shielding the positive headgroup
(Chen et al., 1986). This results in negligible electronic
interactions between SDS monomers at salt concentrations
higher than 400mM (Corti, 1981). The addition of NaCl
induces an increase in the micellar size and promotes a shape
transition from spherical micelles to prolate ellipsoids and
flexible rods (Nielsen et al., 2007; Otzen, 2002). We have
consequently modulated the ionic strength of the refolding
solution by increasing the concentration of NaCl up to 1M,
in 50mM Tris–HCl pH 8, 60mM SDS, and 1.5M MPD at
RT (Fig. 2D). As in DDM, Omp2a renaturation is gradually
favored by salt concentration up to a maximum (58� 4%)
at 400mM but while yields decrease in DDM at high salt
concentrations, SDS keeps the protein in a soluble state
leading to higher refolding rates. That is, our method is
efficient in a larger range that the classical protocol.

In vivo, OMPs fold in the periplasm of bacteria where
the pH is determined by the extracellular environment
that is mainly basic (Wilks and Slonczewski, 2007). As a
result, b-barrel proteins, like PagP, OmpA, OmpX, Omp85,
and OmpF all efficiently fold at high pH values (8–10)
(Huysmans et al., 2007; Surrey et al., 1996; Tamm et al.,
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2004). To focus on the electrostatics of protein-detergent
interactions at constant ionic strength, the refolding was
followed while varying pH values from 6 to 10 in 150mM
NaCl, RT, 50mM Tris–HCl, 60mM SDS, and 1.5M MPD,
and it has been observed to be much more efficient (up to
67� 9%) at basic pH values (see Fig. 2C). Omp2a has a
theoretical pI between 4.5 and 5 (calculated using ExPASy
(Wilkins et al., 1999)) and therefore bears a negative charge
in the tested pH range. This suggests that the strong pH-
dependence observed is not correlated to the protein but
more likely to the SDS–MPD system itself.
Efficient Refolding of Omp2a in SDS/MPD

By combining all the optimal settings, we achieved the full
refolding of Omp2a (4mg/mL) within 4 days at 208C in
50mMTris–HCl pH 10, 800mMNaCl, 60mM SDS, and 1.5
MPD (Fig. 3A). Although the rate of the reassembly is slower
than in vivo experiments (range of the second (Reid et al.,
1988)), the present in vitro kinetics is similar to other MPs
(Kleinschmidt, 2003; Kleinschmidt and Tamm, 1996;
Watanabe and Inoko, 2009) and perfectly matches the
results obtained in DDM (Roussel et al., 2012).

As shown by far-UV CD measurements (Fig. 3B), the
native structure of Omp2a was recovered after 4 days.
The spectrum of the SDS-unfolded Omp2a (solid line;
sample directly frozen after addition of MPD) shows an
a-helix profile with a double minimum at 208 and 222 nm,
typical for SDS-unfolded proteins (Manning and Colo,
2004; Mattice et al., 1976; Nielsen et al., 2007). Little is
known about the mechanism by which SDS-unfolding
occurs (Bhuyan, 2010; Dutta et al., 2010). In contrast, the
refolded sample (dashed line; after 4 days refolding) displays
spectral features that are compatible with predominantly
b-stranded proteins (Venyaminov and Yang, 1996). These
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Figure 3. Characterization of totally folded Omp2a. Omp2a (4 mg/mL) was

incubated at 208C in 50mM Tris–HCl pH 10, 800mM NaCl. A: Time-course of

reassembly. Refolding was quenched by freezing samples after incubation for the

period shown in the figure. Monomers migrate at 39 kDa while trimers show an

apparent molecular weight of 110 kDa. B: Far-UV spectrum of a SDS-unfolded sample

(day 0, bold line) and totally folded sample (day 4, dashed line).
results are similar to spectra obtained for other porins
(Siritapetawee et al., 2004; Visudtiphole et al., 2005) and
reproduce what can be obtained in DDM. The transition
from an a-helix structure to a b-stranded structure during
the refolding is likely due to the presence of MPD, and it has
Figure 4. Effect of various cosolvents on SDS refolding. Omp2a (4mg/mL) was incuba

(A) 50 mM Tris–HCl pH 10, 800mM NaCl, 60 mM SDS or (B) 50mM Tris–HCl pH 8, 150mM N

Effective cosolvents at a low ionic strength (iv) Effective cosolvents at high ionic strengt
been hypothesized that the cosolvent interacts more strongly
with SDS than with the protein (Michaux et al., 2008a). As a
consequence, the strong denaturing interactions between
SDS and the protein (Gudiksen et al., 2006; Reynolds et al.,
1967; Valstar et al., 1999) are altered and the refolding of the
protein is enabled.
Effect of the Alcohol Nature on Refolding

How MPD regulates the SDS properties is still unclear. It is
well known that addition of alcohol can strongly influence
the shape of the SDS micelles and increase or decrease the
micellar size depending on the hydrophilic/hydrophobic
character of the alcohol (Akhter, 1999; Bolkhus et al., 2004;
Candau et al., 1982; Forland et al., 1994; Stephany et al.,
1994), but the intricated behavior of the mixed (detergent/
cosolvent) micellar aggregates makes it difficult to predict
any variation of the system. Hints can be sought by testing
analogues of MPD (1.5M) for their ability to change the
denaturing effect of SDS and to induce the refolding.
Figure 4 compares SDS–PAGE results for the refolding of
SDS-denatured Omp2a in the presence of various cosolvents
in the optimal conditions (Fig. 4A, 800mM NaCl, 50mM
Tris–HCl pH 10, 60mM SDS, and 1.5M cosolvents) with
previously described results (Michaux et al., 2008a)
(Fig. 4B, 150mM NaCl, 50mM Tris–HCl pH 8, 60mM
SDS). Four situations can be observed: (i) cosolvents that are
ineffective to change the denaturing properties of SDS at low
or high ionic strength; (ii) alcohols able to (completely or
partially) induce the refolding of SDS-denatured Omp2a at
any ionic strength; cosolvents inducing refolding only; (iii)
at low ionic strength; or (iv) at high salt concentrations. At
low ionic strength we observe a correlation between the
ted 4 days at 208C in the presence of SDS (60 mM) and different cosolvents (1.5M) and

aCl, and 60mM SDS (below). (i) Ineffective cosolvents. (ii) Effective cosolvents. (iii)

h.
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ability to induce refolding from a SDS-unfolded state and
the hydrophobicity of the cosolvent, similarly to what was
observed for PagP (Michaux et al., 2008a). As an extra
complexity level in the refolding process, the behavior of the
SDS/MPD mixture is however strongly affected by adding
salt. Though some cosolvents can induce renaturation at low
ionic strength, most of the cosolvents need a significant
increase in NaCl concentration to turn the SDS into a gentle
detergent and to allow the renaturation of the protein from
the SDS-unfolded state. Amongst the cosolvents able to
induce refolding at low or high salt concentration, MPD
gives the best result (complete refolding in 4 days at 800mM
NaCl). This observation clearly underlines the key role of the
SDS/MPD binary and its specificity to induce refolding,
making it an essential issue when optimizing new
renaturation protocols.

Conclusions

Our original procedure combining SDS and MPD was
successfully applied to recover the native state of a protein,
as a millimolar/molar ratio detergent/cosolvent ratio was
able to induce the refolding of a trimeric membrane protein.
This result demonstrates the transferability of this protocol
to complex MPs. By tuning the temperature, protein
concentration, pH and ionic strength, we were able to
completely refold our Omp2a sample and the comparison
with a method involving a classical detergent confirms the
recovery of a native-like state. This new refolding method
based on the SDS/MPD system avoids the preliminary
screening of detergents coming with the classical methods,
and with respect to other detergents it is efficient in a larger
range of protein concentrations and ionic strength.

Combining SDS with various cosolvents, we confirm that
the MPD is the most efficient universal cosolvent able to
induce the refolding of a multimeric MPs.

The large ionic strength dependence of the system
efficiency emphasizes its complexity and the intricated
behavior of the mixed micellar aggregates makes it difficult
to predict any variation in the system. A complete
description of this system requires the understanding of
the complex interplay between protein-SDS, protein-
cosolvent, and SDS-cosolvent interactions.
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