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Abstract Human phospholipid scramblase 1(hPL
SCR1), when expressed in E. coli (BL-21 DE3),
forms inclusion bodies that are functionally inactive.
We studied the effects of various stress inducing
agents and chaperones on soluble expression of
hPLSCR1 in E. coli (BL-21 DE3). Addition of 3%
(v/v) ethanol before induction and decreasing the
post-induction temperature to 15°C increased the
solubility of hPLSCR1 to ~10 and ~ 15% respec-
tively. Presence of groES-groEL complex solubilized
the hPLSCR1 to ~30% of the total hPLSCRI.
Absence of groES-groEL did not improve the solu-
bility of hPLSCRI1 suggesting that groES and groEL
are the essential chaperones for the correct folding of
hPLSCR1 when over-expressed in E. coli.
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Introduction

Mis-folding and aggregation of recombinant proteins
in bacteria hinders the successful production of
many eukaryotic proteins (De Marco et al. 2007).
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Phospholipid scramblases (PLSCRs) constitute a
family of four homologous eukaryotic membrane
proteins involved in Ca**-dependent, rapid, bi-direc-
tional movement (scrambling) of plasma membrane
(PM) phospholipids (PL) in injured, apoptotic or
activated cells (Basse et al. 1996; Sahu et al. 2007).
Human phospholipid scramblase 1 (hPLSCR1) has
been cloned and over-expressed in E. coli as maltose-
binding fusion protein and purified using a maltose-
binding column (Zhou et al. 2007). However, this
process involves removal of the maltose-binding
fusion protein to carry out further purification.
Recently, we expressed (His)s-hPLSCRI in E. coli
(BL-21DE3), purified it from inclusion bodies and
refolded into native conformation by decreasing the
concentration of denaturant (Sahu et al. 2008).
However, the refolding yield is low (~5-10%).
Therefore, it is essential to increase the yield of the
protein in soluble form. Exposure of recombinant
E. coli to heat shock (either by growing them at
extreme temperature or in presence of ethanol) or
osmotic shock (changing the concentration of osmo-
lytes) is known to increase the solubility of recombi-
nant proteins. Co-expressing the recombinant protein
with chaperones is also exploited by various workers
as the most effective way and a quality control system
to increase the solubility of recombinant proteins in
E. coli (Oganesyan et al. 2007; Weickert et al. 1997,
Welch and Brown 1996; Young et al. 2004; Hartl and
Martin 1995). In E. coli, folding of newly synthesized
proteins is achieved either by KJE (dnaK with dnal and
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grpE) or ELS (groEL with groES) chaperone com-
plexes. As most of these chaperones are heat-shock
proteins that are over-expressed at extreme temperature
or osmotic stress conditions (Buchberger et al. 1996;
Jones and Inouye 2006), we investigated the effect of
various stress inducing agents and co-expression of
chaperones on the solubility of hPLSCRI1.

Materials and methods
Materials

E. coli DH5o and E. coli BL-21 DE3 strains were
obtained from ATCC. Plasmids containing chaperones
were obtained from Takara Bio Inc. (Table 1), c-DNA
of hPLSCRI was purchased from Invitrogen and
pET-28b(4+) was obtained from Novagen. IPTG,
PMSF, DTT, EGTA, molecular biology grade CaCl,
and other routine chemicals were purchased from
Himedia (India). Egg phosphatidylcholine (egg PC)
was obtained from Sigma and the fluorescent lipid,
7-nitrobenz-2-oxa-1,3-diazol-4-yl-phosphatidylcholine
(NBD-PC), was purchased from Avanti Polar Lipids.
Inc. SM2 biobeads and protein molecular weight
markers were obtained from Biorad, (USA). The Ni**-
NTA matrix used for the purification of hPLSCR1 was
purchased from GE Health Care, USA.

Transformation and expression of chaperones
and hPLSCRI in E. coli (BL-21DE3)

The c-DNA of hPLSCRI flanked by Eco R1 and Nde
I sites in pET-28 b (4) was transformed into E. coli
BL-21 DE3 and grown in the selective media

containing kanamycin (50 mg 17"). The above cells
when induced with 1 mM IPTG, produced protein
hPLSCR1 with hexahistidine tag at its N-terminus
(hereafter, the protein hPLSCR1 will mean (Hisg)-
hPLSCRI1 if not specified otherwise). These cells were
again transformed with different plasmids as shown
in Table 1. The resulting strains formed are named
as A (hPLSCRI-pG-KJES), B (hPLSCRI-pGro7), C
(hPLSCRI1-pKJE7), D (hPLSCRI-PG-Tf2), and E
(hPLSCRI1-PTf16). All strains were able to grow in
LB media containing kanamycin (50 mg1~") and
chloramphenicol (20 mg 171). At ODgog ~0.3, tetra-
cycline (5 pg mlfl) and (or) arabinose (0.5 mg mlfl)
was added to the culture broth to over express the
respective chaperones. The cells were again allowed to
grow for ~2 h (ODggy ~0.6) and induced with 1 mM
IPTG. The induction was carried out for 6 h at 37°C
and 180 rpm. For optimization of the time of post
induction, cells were collected at different post
induction time (1-7 h) and harvested by centrifugation
at 10,500 g at 4°C for 5 min.

Purification of the soluble (His)s-hPLSCR1
by Ni*"-NTA column and gel filtration

The cells were resuspended in 20 mM Tris—-HCI, pH
7.5, 200 mM NaCl, 1 mM PMSF and 1 mM DTT.
Lysis was carried out by a Vibrocell ultrasonicator for
2 min at 4°C with 1 s on and 2 s off cycles. The
soluble and insoluble fractions were then separated by
centrifugation at 10,500xg, 4°C for 20 min. The
soluble fraction collected from induced cells after
lysis and centrifugation was loaded on to 5.0 ml Ni**-
NTA column equilibrated with 20 mM Tris/HCI,
200 mM NaCl, pH 7.5. The bound fraction was

Table 1 Plasmids containing various chaperones used to increase the solubility of hPLSCR1 when over expressed in E. coli and

their corresponding solubility

No.  Plasmid Chaperone Promoter  Inducer Resistant marker % Solubility of
on the plasmid (His)s-hPLSCR1*
pET-28b(+)-hPLSCRI1 No chaperone (control) T, IPTG Kanamycin 44+ 1.1
pG-KJES dnaK-dnaJ-grpE araB L-Arabinose Chloramphenicol 30+ 24
groES-groEL Pztl1 Tetracycline

3 PGro7 groES-groEL araB L-Arabinose Chloramphenicol 20 + 3.1

4 pKIJE7 dnaK-dnaJ-grpE araB L-Arabinose Chloramphenicol 5.5 £ 2.3

5 PG-Tf2 groES-groEL-tig Pztl Tetracycline ~ Chloramphenicol 20+ 1.8

6 PTf16 tig araB L-Arabinose Chloramphenicol 6+ 1.5

* The % solubility values reported are mean of three different experiments
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successively washed with the equilibration buffer
containing 25 mM and 50 mM imidazole (10 column
volumes each). The bound (His)s-hPLSCR1 was
eluted by equilibration buffer containing 250 mM
imidazole. The protein recovered in this process was
almost pure. This fraction was then loaded to super-
dex-200 gel filtration column (the mobile phase was
20 mM Tris/HCI, 200 mM NaCl, pH 7.5, flow rate
1 ml/min) to get the hPLSCR1 in pure form.

Effect of ethanol on the solubility of hPLSCR1

The cells containing APLSCRI in pET-28 b (+) were
grown in the LB broth containing kanamycin
(50 mg 17"). At ODgoo—0.4, different concentration
(2-7% vlv) of ethanol were added to analyze the
effect of its concentration on the solubility of
hPLSCRI1. The cells were again grown for 1 h
(ODgpp ~0.6) and expression of hPLSCR1 was
induced by addition of 1 mM IPTG. The induction
was carried out for 6 h at 37°C and 180 rpm. The
cells were harvested as described earlier.

Effect of temperature on the solubility
of hPLSCR1

The effect of temperature on the solubility of
hPLSCR1 was determined by growing the cells up to
ODggp ~ 0.6 and inducing the expression of hPLSCR1
by adding 1 mM IPTG. After induction, cells were
allowed to grow at different temperatures (15°C, 25°C,
30°C, 37°C and 42°C) for 6 h and 180 rpm. The cells
were harvested as described earlier.

Electrophoresis techniques and measurement
of protein solubility

The insoluble fractions were dissolved by heating
them in lysis buffer containing 1% SDS and heated at
100°C for 15 min. The expression of chaperones and
hPLSCRI1 in whole cell (W), insoluble (I) and soluble
(S) fractions were checked on 12% SDS-PAGE. The
gels were analyzed in a Biorad gel documentation
system and amount of hPLSCR1 (~ 37 kDa) present
in each fraction was measured by comparing their
band intensity with a known concentration of
hPLSCRI that was purified from inclusion bodies.

Determination of non-aggregated state
of the chaperone solubilized hPLSCR1

The purified hPLSCR1 was subjected to gel perme-
ation chromatography through Superdex-200 column
equilibrated with 20 mM Tris/HCl, 200 mM NaCl,
pH 7.5 at 1 ml/min at 25°C. The total column volume
was 120 ml and void volume (V) was 45.5 ml. Both
the chaperone solubilized hPLSCR1 and urea solu-
bilized inclusion bodies of hPLSCRI1 were passed
through the column to determine the non-aggregated
state of hPLSCR1 (37 kDa). 1 mg of the inclusion
body (dissolved in 20 mM Tris/HCI, 200 mM NacCl,
pH 7.5. containing 6 M urea) as well as chaperone
solubilized hPLSCR1 (in 20 mM Tris/HCI, 200 mM
NaCl, pH 7.5) were passed through the column. The
approximate molecular weight of the eluted hPLSCR1
was determined from the elution volumes (V.) of the
protein and the standard curve.

Reconstitution of the soluble hPLSCR1
into proteoliposomes

Symmetrically labeled vesicles with hPLSCR1 recon-
stituted into them (proteoliposomes of hPLSCRI)
were prepared as described earlier (Chang et al. 2004;
Gummadi and Menon 2002). Briefly, 4.5 pmol egg
PC was mixed with 0.3 mol% NBD-PC was dried
under N, to remove chloroform completely. The
dried mixture was solubilized in 10 mM HEPES/
NaOH, pH 7.5, 100 mM NaCl, 1% Triton X-100
along with 100 pg hPLSCR1 and detergent was
removed using SM2 biobeads (0.3 g ml~Y). The
proteoliposomes were collected by ultracentrifugation
at 1,50,000x g. These symmetrically labeled vesicles
were quenched on outside leaflet using 20.0 mM
dithionite (irreversible quenching agent) to get inside
labeled vesicles.

Assay for the scramblase activity

The most common way to measure the scramblase
activity is to insert the protein into artificial mem-
brane (e.g. liposomes) and to measure the transloca-
tion of a phospholipid analog that has been attached
with a tracer group (e.g. NBD, that provides fluores-
cence to the protein). In the present study, we studied
the translocation of NBD labeled phosphatidylcholine
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(NBD-PC) to determine the scramblase activity of
hPLSCRI1. Liposomes (vesicles without any protein)
and proteoliposomes (vesicles containing hPLSCR1)
were prepared with ~97% of egg-PC and ~ 3% NBD-
PC. 100 pg hPLSCR1 was taken for reconstitution of
both soluble hPLSCR1 and Triton-X-100 dissolved
inclusion bodies to compare their scramblase activi-
ties. NBD-PC was either equally distributed in both the
leaflets of lipid vesicles (symmetrically labeled) or
was made to be present in the inner leaflet (inside
labeled). Scramblase activity was measured for both
the inside as well as symmetrically labeled vesicles as
described earlier with little modification (Basse et al.
1996; Sahu et al. 2008). Briefly, the liposomes and
proteoliposomes were incubated for 2 h at 37°C in
10 mM HEPES/NaOH, pH 7.5, 100 mM NaCl in the
presence of either 2 mM Ca®" or 4 mM EGTA. The
vesicles were then transferred into cuvette with
continuous stirring at 25°C and initial fluorescence
was recorded at excitation 470 nm and emission
530 nm for 100 s in a spectrofluorimeter. After the
initial fluorescence was stabilized, 20 mM dithionite
was added to quench the fluorescence present in the
outer leaflet of liposomes and proteoliposomes. The
difference between the non-quenchable fluorescence
observed in the presence and absence of Ca®"
(presence of EGTA) was due to the Ca®>" induced
scrambling of NBD-PC by hPLSCRI.

Results and discussion

Effect of ethanol on the solubility of hPLSCR1
expressed in E. coli

We used different concentrations of ethanol to study
its effect on the solubility of hPLSCRI1 in E. coli
BL-21DE3. The cells were added with increasing
concentration of ethanol to expose them to increas-
ingly ethanol stressed condition. Solubility of
hPLSCRI increased from 4% to about 10% when
expressed in the presence of 3% (v/v) ethanol
(Fig. 1a). Highest solubility of hPLSCRI1 was
observed when 3% (v/v) ethanol was added to the
culture media before inducing with IPTG. Ethanol has
been used to increase the solubility of cytochrome C
450 (Kusano et al. 1999) and preS2-S’-f-galactosidase
(Thomas and Baneyx 1997). Ethanol at 3% (v/v)
increased the solubility of recombinant lipooxygenase
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by 40% (Steczko et al. 1991). Ethanol is a powerful
elicitor of heat-shock response and induces the
expression of many heat shock proteins including
dnaK-dnaJ-grp-E and groES-groEL machineries in
bacteria. Hence, the observed increase in solubility
of hPLSCR1 upon addition of ethanol was probably
due to an up regulation of heat shock chaperones in
E. coli.

Effect of temperature on the solubility
of hPLSCR1 expressed in E. coli

Effect of different post induction temperature on
solubility of hPLSCR1 was studied on E. coli (BL-
21DE?3) strain expressing hPLSCR1. Cells, grown at
post-induction at 15°C, expressed up to 15% hPLSCR1
in the soluble fraction (Fig. 1b). Below 15°C did not
improve the protein yield due to poor growth of cells.
Higher temperatures gave good yields in total cellular
protein but decreased the solubility of hPLSCRI.
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Fig. 1 Effect of stress inducing agents on the solubility of
hPLSCRI1. a Effect of ethanol on the solubility of hPLSCR1.
b Effect of post induction temperature on the solubility of
hPLSCRI. Intensity of the hPLSCR1 (37 kDa) was compared
with a known concentration (5 mg/ml) of hPLSCRI1 purified
from inclusion bodies to calculate the amount of hPLSCR1
present in each lane in SDS-PAGE. The figure shows the
representative result of three independent sets of experiments
with 1 to £10% standard deviation
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At 37°C, the expression of hPLSCR1 was ~4%
whereas 42°C gave a slight increase in the solubility
of hPLSCRI1. A decrease in temperature increases
the activity of chaperones (Sgrensen and Mortensen
2005; Ferrer et al. 2003). The cold-shock proteins,
such as CspA and RbfA, are induced at low
temperature and are associated with a number of
essential cellular activities such as transcription,
translation, m-RNA degradation and recombination
(Jones and Inouye 2006; Jones et al. 1987; Ferrer
et al. 2003). Our study shows that low temperature
conditions enhances the synthesis of chaperones
required for folding of hPLSCRI into its native
conformation.

Effect of chaperones on the solubility
of hPLSCR1

We used different combination of chaperones to
enhance the solubility of hPLSCRI1 in E. coli
BL21DE3 (Table 1). The solubility was found to be
~20% of the total hPLSCR1 when expressed in
presence of pGro7 and PG-Tf2. However, no
enhancement in solubility (compared to control)
was observed when hPLSCRI1 was co-expressed with
pKJE7I or PTflI6 (Table 1). Maximum solubility
(30% of total hPLSCR1) was achieved 6 h post-
induction of hPLSCR1 when co-expressed with pG-
KJE8 (Table 1, Fig. 2a). The soluble fraction was
partially purified in Ni*"-NTA column and was
further purified by gel-permeation chromatography
(Fig. 2b). hPLSCRI1 purified from inclusion bodies
was used as a control to determine the non-aggre-
gated state of the soluble hPLSCRI1. The urea
solubilized hPLSCR1 showed aggregation to a very
high molecular weight (>200 kDa) (Fig. 2c trace a),
whereas soluble hPLSCR1 showed monomeric state
(~37 kDa) as shown by the elution volume of
hPLSCR1 (Fig. 2c¢ trace b). In eukaryotic cells,
folding of proteins is catalyzed by a defined set of
molecular chaperones. However, key chaperone(s)
required for correct folding varies for different
proteins. As the chaperones are normally expressed
at a low level in prokaryotic cells, overexpression of
eukaryotic proteins with chaperones has been used by
various workers to enhance the solubility of the over
expressed protein in E. coli (Welch and Brown 1996).
Different proteins have been co-expressed with
different combinations of chaperones to enable their

optimum expression in soluble fraction (Welch and
Brown 1996; Schrdder et al. 1993; De Marco et al.
2007). Our study shows that the presence of chaper-
one complexes those contain GroES and GroEL (e.g.
plasmids pG-KJES, pGro7 and PG-Tf2) increased the
solubility of hPLSCR1. However, plasmids pKJE7I
and PTf16 that did not contain GroES or GroEL did
not increase the solubility of hPLSCRI1. These
findings suggest that GroES and GroEL are essential
for correct folding of hPLSCR1 when over expressed
in E. coli.

Solubilized hPLSCR1 shows phospholipid
scrambling activity

To check for the biological activity of recombinant
hPLSCR1 purified from the soluble fraction we
performed scramblase assay (as described in materi-
als and methods) with both symmetrically as well as
inside labeled vesicles. The inside labeled vesicles
incubated with 4 mM EGTA (absence of Caz+)
showed no decrease in initial fluorescence intensity
upon addition of dithionite, where as a slow decrease
of fluorescence intensity was observed for vesicles
incubated with 2 mM CaCl, (Fig. 3b). The decrease
in fluorescence intensity of vesicles incubated with
2 mM CaCl, was due to the quenching of NBD-PC
molecules that have been translocated to the outer
leaflet from the inner leaflet by the activated
hPLSCR1. Our results show that the liposomes
(control vesicles) those are devoid of any protein in
them do not show scrambling activity (Fig. 3a).
Scramblase assay was also performed for symmetri-
cally labelled vesicles as another control. In the
presence of EGTA, hPLSCR1 gets inactivated and
NBD-PC on the outer leaflet (~50%) gets quenched
by dithionite, thus showing 50% decrease in fluo-
rescence intensity (Fig. 3b). Under active conditions
of hPLSCR1 (symmetrically labelled vesicles incu-
bated with Ca”"), shows no movement of probe
(50% quenching in NBD fluorescence similar to that
obtained in the presence of EGTA), which is
consistent with bidirectional phospholipid exchange
between the two leaflets (Fig. 3b) (Basse et al.
1996).

However, when inclusion bodies were dissolved in
1% Triton-X-100 and reconstituted into proteolipo-
somes, the protein did not show any scramblase
activity, indicating that aggregated hPLSCRI1 in the
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Fig. 2 Over-expression, purification and non-aggregated state
of soluble hPLSCR1. a SDS-PAGE showing the effect of co-
expression of pG-KJE8 (containing chaperones dnaK-dnaJ—
grpE, gro-ES-groEL) on soluble expression of hPLSCRI1. C(I)
and C(S) represent the insoluble and soluble fractions of
control (chaperone free) cells. I-VII represent the soluble
fractions from 2 to 7 h of post induction samples of E. coli
(BL-21DES3) cells expressing chaperones and hPLSCRI1. The
amount of protein loaded in each lane was normalized
according to ODggp. b. Purification of hPLSCR1 from the
soluble fraction by Ni*"-NTA column and gelfiltration. ¢ Gel

insoluble fraction is biologically inactive (Fig. 3c).
About 10% of labelled phospholipid was translocated
in 2 h (Fig. 3b) and this rate of translocation was
comparable to previously published reports (Sahu
et al. 2008, Basse et al. 1996). However, these
translocation rates are lower that obtained from
resealed erythrocyte and platelet membranes. This
discrepancy between the in vivo and in vitro
scramblase activities can either be explained by
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filtration chromatography showing the non-aggregated state of
hPLSCRI. Urea dissolved inclusion bodies show aggregation
to a higher order molecular weight (>200 kDa) that does
not enter the column as shown by its elution volume
(Ve ~ 455 ml, V./Vy ~ 1) (trace a), Chaperone-solubilized
hPLSCR1 (V. = 84.5 ml, V./Vy ~ 1.83) corresponds to the
monomeric state of the protein (~37 kDa) (trace b). d
Standard curve showing the linear relationship between the
V/Vy of the proteins of known molecular weight to their
log(MW). Elution volume of soluble hPLSCR1 corresponds to
~37 kDa, i.e. monomeric state of the protein

considering the presence of accessory factors present
in the intact membranes that is essential for the
enhanced scramblase activity in vivo or our inability
to incorporate the desired quantity of hPLSCRI
protein in the proteoliposomes (Zhou et al. 1997,
Sahu et al. 2007).

In summary, we showed increase in solubility of
a human plasma membrane protein hPLSCR1 by
using stress inducing agents ethanol, subjecting the
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Fig. 3 Scrambling activity of soluble hPLSCRI1. a Control
(liposomes), b Soluble fraction of hPLSCR1 co-expressed with
pG-KJES8 (chaperones dna K-dna J-grpE, gro-ES-groEL), ¢
Inclusion bodies of hPLSCR1 dissolved in 1% TritonX-100.
Same amount of hPLSCR1 (100 pg) was taken for reconsti-
tution in Fig. 3a and b. The assay was performed in 10 mM
HEPES/NaOH; pH 7.5 containing 100 mM NacCl at 25°C in a
JASCO-6500 spectrophotometer. The figure shows the repre-
sentative result of three independent sets of experiments with
+1 to 5% standard deviation

cells to cold shock and co-expressing the protein it
with chaperones GroES and GroEL. Our study shows
that GroES and GroEL are essential chaperones for
folding of hPLSCRI1 in E. coli.

Acknowledgements SNG acknowledges Council of Scientific
and Industrial Research, India for funding research grant. SKS
greatly acknowledges Council of Scientific and Industrial
Research, India for fellowship support.

References

Basse F, Stout JG, Sims PJ, Wiedmer T (1996) Isolation of an
erythrocyte membrane protein that mediates Ca’'-
dependent transbilayer movement of phospholipids. J Biol
Chem 271:17205-17210

Buchberger A, Schroder H, Hesterkamp Schonfeld T, Bukau B
(1996) Substrate shuttling between the DnaK and GroEL
systems indicates a chaperone network promoting protein
folding. J Mol Biol 261:328-333

Chang Q, Gummadi SN, Menon AK (2004) Chemical modi-
fication identifies two populations of glycerophospholipid
flippase in rat liver ER. Biochemistry 43:10710-10718

De Marco A, Deuerling E, Mogk A, Tomoyasu T, Bukau B
(2007) Chaperone-based procedure to increase yields of
soluble recombinant proteins produced in E. coli. BMC
Biotechnol 7:32-40

Ferrer M, Chernikova TN, Yakimov MM, Golyshin PN, Timmis
KN (2003) Chaperonins govern growth of Escherichia coli
at low temperature. Nat Biotechnol 21:1266-1267

Gummadi SN, Menon AK (2002) Transbilayer movement
of dipalmitoylphosphatidylcholine in proteoliposomes
reconstituted from detergent extracts of endoplasmic
reticulum: kinetics of transbilayer transport mediated by a
single flippase and identification of protein fractions
enriched in flippase activity. J Biol Chem 277:25337—
25343

Hartl FU, Martin J (1995) Molecular chaperones in cellular
protein folding. Curr Opin Struct Biol 5:92-102

Jones PG, Inouye M (2006) RbfA, a 30S ribosomal binding
factor, is a cold-shock protein whose absence triggers the
cold-shock response. Mol Microbiol 21:1207-1218

Jones PG, VanBogelen RA, Neidhardt FC (1987) Induction of
proteins in response to low temperature in Escherichia
coli. J Bacteriol 169:2092-2095

Kusano K, Waterman MR, Sakaguchi M, Omura T, Kagawa N
(1999) Protein synthesis inhibitors and ethanol selectively
enhance heterologous expression of P450s and related
proteins in Escherichia coli. Arch Biochem Biophys
367:129-136

Oganesyan N, Ankoudinova I, Kim SH (2007) Effect of
osmotic stress and heat shock in recombinant protein
overexpression and crystallization. Protein Expr Purif
52:280-285

Sahu SK, Gummadi SN, Manoj N, Aradhyam GK (2007)
Phospholipid scramblases: an over view. Arch Biochem
Biophys 462:103-314

Sahu SK, Krishna AG, Gummadi SN (2008) Over-expression of
recombinant human phospholipids scramblase 1 in E. coli
and its purification from inclusion bodies. Biotechnol Lett
30:2131-2137

Schroder H, Langer T, Hartl FU, Bukau B (1993) DnaK, Dnal,
GrpE form a cellular chaperone machinery capable of
repairing heat induced protein damage. EMBO J 12:4137-
4144

Sgrensen HP, Mortensen KK (2005) Soluble expression of
recombinant proteins in the cytoplasm of Escherichia coli.
Microb Cell Fact 4:1-8

Steczko J, Donoho GA, Dixon JE, Sugimoto T, Axelrodt B
(1991) Effect of ethanol and low-temperature culture on

@ Springer



1752

Biotechnol Lett (2009) 31:1745-1752

expression of soybean lipoxygenase L-1 in Escherichia
coli. Protein Expr Purif 2:221-227

Thomas JG, Baneyx F (1997) Divergent effects of chaperone
overexpression and ethanol supplementation on inclusion
body formation in recombinant Escherichia coli. Protein
Expr Purif 11:289-296

Weickert MJ, Pagratis M, Curry SR, Blackmore R (1997)
Stabilization of apoglobin by low temperature increases
yield of soluble recombinant hemoglobin in Escherichia
coli. Appl Environ Microbiol 63:4313-4320

Welch WJ, Brown CR (1996) Influence of molecular and
chemical chaperones on protein folding. Cell Stress
Chaperones 1:109-115

@ Springer

Young JC, Agashe VR, Siegers K, Hartl FU (2004) Pathways
of chaperone mediated protein folding in the cytosol. Nat
Rev Mol Cell Biol 5:781-791

Zhou Q, Zhao J, Stout JG, Luhm RA, Wiedmer T, Sims PJ
(1997) Molecular cloning of human plasma membrane
phospholipid scramblase. a protein mediating transbilayer
movement of plasma membrane phospholipids. J Biol
Chem 272:18240-18244



	GroES and GroEL are essential chaperones for refolding �of recombinant human phospholipid scramblase 1 in E. coli
	Abstract
	Introduction
	Materials and methods
	Materials
	Transformation and expression of chaperones �and hPLSCR1 in E. coli (BL-21DE3)
	Purification of the soluble (His)6-hPLSCR1 �by Ni2+-NTA column and gel filtration
	Effect of ethanol on the solubility of hPLSCR1
	Effect of temperature on the solubility �of hPLSCR1
	Electrophoresis techniques and measurement �of protein solubility
	Determination of non-aggregated state �of the chaperone solubilized hPLSCR1
	Reconstitution of the soluble hPLSCR1 �into proteoliposomes
	Assay for the scramblase activity

	Results and discussion
	Effect of ethanol on the solubility of hPLSCR1 expressed in E. coli
	Effect of temperature on the solubility �of hPLSCR1 expressed in E. coli
	Effect of chaperones on the solubility �of hPLSCR1
	Solubilized hPLSCR1 shows phospholipid scrambling activity

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


