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A B S T R A C T   

The heterologous expression in Spodoptera frugiperda 21 (Sf21) insect cells of the β isoform of canine caveolin-1 
(caveolin-1β), using a baculovirus-based vector, resulted in intracellular vesicles enriched in caveolin-1β. We 
investigated whether these vesicles could act as membrane reservoirs, and promote the production of an active 
membrane protein (MP) when co-expressed with caveolin-1β. We chose hMGST1 (human microsomal gluta-
thione S-transferase 1) as the co-expressed MP. It belongs to the membrane-associated proteins in eicosanoid and 
glutathione metabolism (MAPEG) family of integral MPs, and, as a phase II detoxification enzyme, it catalyzes 
glutathione conjugation of lipophilic drugs present in the lipid membranes. In addition to its pharmaceutical 
interest, its GST activity can be conveniently measured. The expression of both MPs were followed by Western 
blots and membrane fractionation on density gradient, and their cell localization by immunolabeling and 
transmission electron microscopy. We showed that caveolin-1β kept its capacity to induce intracellular vesicles in 
the host when co-expressed with hMGST1, and that hMGST1 is in part addressed to these vesicles. Remarkably, a 
fourfold increase in the amount of active hMGST1 was found in the most enriched membrane fraction, along with 
an increase of its specific activity by 60% when it was co-expressed with caveolin-1β. Thus, heterologously 
expressed caveolin-1β was able to induce cytoplasmic vesicles in which a co-expressed exogenous MP is diverted 
and sequestered, providing a favorable environment for this cargo.   

1. Introduction 

Membrane proteins (MPs) play crucial roles in a wide variety of 
cellular processes, such as signal transduction, cell homeostasis pro-
cesses and control of membrane lipid compositions. Many diseases are 
caused by mutations of MPs. The importance of these proteins is also 
highlighted by the facts that they account for 30% of the human pro-
teome and that more than 50% of drugs target this class of proteins [1]. 
For a better understanding of their cellular role, a detailed knowledge of 
their function and structure at a molecular level is required. 

Except for few MPs, one of the major obstacles to acquire such 
knowledge is related to their constitutively low abundance in native 
cells. But, when investigating the structure and the function of MPs, it is 
necessary to combine both a membrane environment [2] and the pos-
sibility to perform site-directed mutagenesis combined with activity 
tests. Therefore, for such studies, MPs are efficiently produced using 
overexpression in heterologous cell systems, among which insect cells 
(Spodoptera frugiperda, Sf9 and Sf21 cells) [3]. These cells have been the 
prominent heterologous expression system for the production of 
eukaryotic MPs, which has allowed to obtain various molecular 

* Corresponding authors at: Institut Joliot/SB2SM, I2BC, Bâtiment 528, PC 103, CEA Saclay, 91191 Gif-sur-Yvette cedex, France. 
E-mail addresses: nperrot@bidmc.harvard.edu (N. Perrot), dessaux@insa-toulouse.fr (D. Dessaux), stephane.orlowski@i2bc.paris-saclay.fr (S. Orlowski), nadege. 

jamin@i2bc.paris-saclay.fr (N. Jamin), christine.jaxel@i2bc.paris-saclay.fr (C. Jaxel).   
1 Nahuel Perrot and Delphine Dessaux contributed equally to this work.  
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structures over the recent years [4]. As a matter of fact, lipid content, 
post-translational modifications, and protein folding in insect cells more 
closely resemble that in mammalian cells than other cost-effective 
expression systems, such as bacterial and yeast systems. In addition, 
compared to insect cells, mammalian cells, such as HEK293 cells, 
generally yield lower quantities of produced recombinant proteins and 
require larger amounts of plasmid for the transfection process (for re-
views, see [4,5]). 

In mammalian cells, caveolin-1, an integral membrane protein of 21 
kDa, is the main and characteristic membrane protein component of 
caveolae membranes. Caveolin-1 is synthesized as a hairpin-like mono-
topic membrane protein in the endoplasmic reticulum (ER) [6]. The 
newly synthesized protein goes through a first stage of oligomerization, 
which occurs in the ER. Caveolin-1 is then transported from the ER to the 
Golgi complex. Further integration into the plasma membrane, to form 
the typical caveolae structures, requires the association with specific 
protein partners, such as cavins (for reviews see [7,8]). 

The heterologous overexpression, using baculovirus system, of either 
isoform α or β of canine caveolin-1 has been reported to induce the 
production of numerous cytosolic vesicles in Sf21 insect cells [9]. For 
this study, a Myc epitope tag was placed at the C-terminus of both 
caveolin isoforms, followed by a polyhistidine tag [9]. These accumu-
lated vesicles present in the insect cells infected with a recombinant 
baculovirus were purified by equilibrium sucrose density gradient sys-
tem [10,11]. After examination by electron microscopy, these mem-
branous vesicles appeared as 50–100 nm structures, and were 
immunogold labeled with anti-caveolin-1 IgG. Moreover, the authors 
also demonstrated that a soluble protein, Hα-Ras, supposed to interact 
with caveolin-1 in mammalian cells, was able to interact with the pro-
tein when they were simultaneously both expressed in Sf21 cells by co- 
infection with two distinct recombinant baculoviruses [10,11]. 

More recently, Walser et al. found that the expression, in E. coli, of 
the recombinant caveolin-1, MBP-TEV-Cav-1α (1-178)-His6 [12] led to 
the formation of intracellular membranous vesicles that were called 
heterologous caveolae (h-caveolae). These vesicles, 45–50 nm in diam-
eter, were observed within the bacteria cytoplasm, and specific labeling 
with anti-MBP antibodies against the recombinant protein was detected. 

In addition, using E. coli as expression system host, Shin et al., have 
co-expressed caveolin-1α and two transmembrane SNARE (soluble N- 
ethylmaleimide-sensitive factor attachment protein receptor) proteins, 
syntaxin 1a and vesicle-associated membrane protein 2 (VAMP2), to test 
the possible repercussion of either MP on the formation of h-caveolae 
and whether they are functionally incorporated in these vesicles. Actu-
ally, the co-expressed MPs and caveolin-1α were detected by Western 
blots in intracellular vesicles and, moreover, the VAMP2 protein asso-
ciated with caveolin-1α vesicles was functionally able to form a SNARE 
complex by membrane fusion [13]. However, no evidence of a coloc-
alisation of the co-expressed MP and caveolin-1α was shown. 

To our knowledge, no attempt has been made to co-express a MP 
with caveolin-1 in eukaryotic cells such as insect cells. In this context, 
our objective was to evaluate, in Sf21 insect cells using baculovirus 
system, the effect of the co-expression of caveolin-1β on the production 
of the human microsomal glutathione S-transferase 1 (hMGST1). This 
MP catalyzes glutathione conjugation of lipophilic substrates present in 
the lipid membranes [14]. As a matter of fact, even if both rat and 
human MGST1 have been expressed in COS simian cells and E. coli, the 
human isoform appeared to be less easy to handle [15,16]. 

Glutathione S-transferase (GST) activity has emerged independently 
at least four different times throughout evolutionary history, producing 
four different GST families: cytosolic, microsomal, mitochondrial, and 
bacterial [17]. The three first subfamilies of enzymes are present in 
various species. As an example, sequencing the Tribolium castaneum 
genome identified thirty-six putative cytosolic GSTs and five micro-
somal GSTs [18]. More specifically, in Sf21 cells, seven MGST homo-
logues have been found (J. Landry, EMBL, personal communication). 
Glutathione S-transferases are major detoxification enzymes, in 

particular involved in insecticide resistance. The microsomal enzymes 
family has been recently included in a new superfamily, termed the 
MAPEG (membrane-associated proteins in eicosanoid and glutathione 
metabolism). This superfamily is represented in all life forms, except 
archae [14]. The MAPEG superfamily was defined based on enzymatic 
activities, structural properties, and sequence similarities [19]. The first 
MAPEG structure solved, in 2006, was that of rat MGST1 [20], and it 
does not share structural similarity with the other family members. The 
microsomal enzymes are shorter than cytosolic ones, by around 
150–160 amino acids, and some members of the family have been shown 
to be trimers [19,21,22]. In humans, three different MGSTs have been 
described: hMGST1, hMGST2 and hMGST3 [23]. 

The GSTs play a major role in the detoxification and excretion of 
xenobiotics [24], including some cytotoxic drugs [14]. In plants and 
animals, GSTs are the main phase II enzymes in metabolic detoxification 
processes [25]. As a potent physiological reducing agent, the tripeptide 
glutathione (GSH: γ-Glu-Cys-Gly) is the most abundant intracellular 
small molecule thiol, reaching millimolar concentrations in most cell 
types in higher organisms [26]. The main enzyme chemistry is to cata-
lyze the conjugation of GSH with compounds containing an electrophilic 
center, to form more soluble, non-toxic derivatives, ready to be excreted 
or compartmentalized by phase III transporters [27]. The substrates of 
the MGSTs resemble one another in that they are all electrophilic and 
hydrophobic, allowing their membrane access to the enzyme active site. 
In addition, the MGSTs have a special complementary role to play in 
drug metabolism. Indeed, the cytochrome P-450 system belongs to the 
phase I cell detoxification process, and produces many of the reactive 
intermediates of xenobiotic metabolism that can serve as substrates for 
the MGSTs due to their colocalization in the same membrane [28]. In the 
case of MGST1, its presence has been detected in the endoplasmic re-
ticulum and other organelles such as mitochondria [29], plasma mem-
branes [30] and peroxysomes [31]. MGSTs also possess a GSH 
peroxidase activity, allowing it to counter lipid peroxidation and more 
generally to play a protective role against cellular oxidative stress [32]. 
In addition to its pharmaceutical interest, MGSTs display an easily- 
measurable activity, according to its capability to catalyze GSH conju-
gation to 1-chloro-2,4-dinitrobenzene (CDNB), as determined spectro-
photometrically at 340 nm by the method of Habig et al., [33]. These 
characteristics validate our choice of hMGST1 as a model MP to study its 
heterologous expression. 

In the present study, we asked whether the heterologous over-
expression of caveolin-1β may affect the co-expression of a MP, and 
reciprocally, taking into account the induced remodeling of intracellular 
membranes. In particular, we checked the hypothesis that the intracel-
lular vesicles produced by the overexpression of caveolin-1β in Sf21 cells 
may serve as membrane reservoirs that may promote the production of a 
functional MP. In that context, hMGST1 was co-expressed with caveolin- 
1β using baculovirus system. Starting with a co-expression vector, a 
unique baculovirus was used for the infection of the insect cells. The 
production of intracellular vesicles and the presence of both proteins 
was followed by immuno-labeling for transmission electron microscopy 
and Western blots, and the GST activity of hMGST1 was determined. By 
distinguishing the two enzymatic pools of the expressed hMGST1 and 
the endogenous MGSTs from the insect cells, we found that the co- 
expression of caveolin-1β induces a shift of the density of the mem-
branes expressing hMGST1, and that hMGST1 exhibits an enhanced 
production in these membrane fractions, with an increased specific 
enzymatic activity. 

2. Materials and methods 

2.1. Materials 

Biochemical products were from Sigma-Aldrich (Lyon, France) un-
less specified otherwise. Restriction and modification enzymes, as Calf 
Intestinal Alkaline Phosphatase (CIP) (M0290) and T4 DNA ligase 
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(M0202), were purchased from New England Biolabs (Beverly, MA, 
USA). The Clone JET PCR cloning kit (K1232) was from Thermo Sci-
entific. Quik-Pik Electroelution capsules were from Bioscience. ECL WB 
detection reagents GE Healthcare were from Dutscher. Antibodies were 
from: Abcam for antibodies against MGST1 (EPR 7934-ab131059 and 
EPR 7935-ab129175), Thermofisher Scientific for antibody against 
MGST1 (MA5-34942), and BD Biosciences for purified mouse anti- 
caveolin-1 clone 2297 (610407). Secondary antibodies HRP- 
conjugates were from Biorad for goat anti-rabbit IgG (170-6515) and 
from Invitrogen for goat anti-mouse IgG1 (PA1-74421). His-probe HRP 
conjugate and Sf900 II SFM medium were from Thermofisher Scientific. 

Products for bacteria cultures were purchased from Difco (Detroit, 
MI, USA). 

Precision protein standards were from Biorad. Immobilon-P mem-
branes PVDF 0.2 μm were from Millipore (Bedford, MA, USA). 

Products for immunodetection observable by transmission electronic 
microscopy were from Aurion: anti-rabbit antibody coupled to 6 nm 
gold nano-particles, anti-mouse antibody coupled to 6 gold nano- 
particles, PBS 0.1% (w:v) acetylated bovine serum albumin solution # 
900.099 (PBS 0.1% BSAc), blocking solution for goat gold conjugates # 
905.002 (blocking solution). Methylamine vanadate (NanoVan) was 
from Cliniscience. 

2.2. Construction of baculovirus 

The isoform β of canine caveolin-1 was cloned in a MultiBac plasmid 
(pKL [34] with a 10-His tag and a TEV site on the N-terminus), and its 
expression is under the control of a polyhedron (polH) promoter. The 
hMGST1 was cloned under a p10 promoter in the pKL plasmid, alone or 
in tandem with the polH-caveolin-1β expression cassette (Fig. S1). Each 
plasmid was integrated in a Yellow Green Protein (YFP) containing 
bacmid by transformation in EMBACY E. coli strain (a derivative of 
DH10MultiBac strain). The resulting recombinant bacmids were used to 
transfect Sf21 insect cells, giving the V0 virus generation. After ampli-
fication, stocks of viruses were titrated by the dilution limit method 
using YFP as a marker for infected cells and Mac Grady Table. 

2.3. Growth of Sf21 insect cells 

Proteins production was initiated by infection with baculovirus 
(Bacmid) at MOI of 5.10− 3 in three 3 L Erlenmeyers containing 600 mL 
of culture at 5.105 Sf21 cells per mL and 10 μg mL− 1 of gentamicin each. 
The infected cultures were incubated at 27 ◦C with a 120 rpm agitation 
during 2 days, time necessary for cell growth and viral infection. The 
culture contains about 2.106 cells per mL, and the infection rate is 
measured by fluorescence. Indeed, a gene coding for YFP protein is 
present on the Bacmid as a protein production reporter. Thus, the pro-
duction of this protein followed on a benchtop cytometer (Guava® 
easyCyte 6HT) allows additionally a measure of viral infection. During 
the 3 following days, cells do not grow, and the proteins production 
increases. Culture (6 × 300 mL) was centrifuged at 500 ×g (rotor 
Beckman JA10) for 4 min at 4 ◦C. Each pellet containing about 2.108 

cells was finally conserved at − 80 ◦C. 

2.4. Preparation of membrane fractions 

In order to preserve GST activity, all the steps were performed in a 
cold room, at 4 ◦C, in the presence of 10% (v:v) glycerol and 1 mM GSH, 
and 1 mM PMSF was added to the solution every hour. The weight of 
pellets (P) was measured (P ≈ 5 g). Pellets were suspended in a low salt A 
buffer (10 mM Hepes pH 8.0, 10 mM NaCl, 10% (v:v) glycerol, 1 mM 
GSH) in a total volume equivalent to 2 P (≈10 mL). PMSF and proteases 
inhibitors cocktail were added to reach 1 mM and 1 mL for 10 g of cells 
(final amounts), respectively. After 50 min incubation, gentle cell lysis 
was performed by Potter-homogenization (cycles of 2 min homogeni-
zation and 3 min stop, at 4 ◦C). Cell lysis was followed by microscopy. 

After 3 h of Potter-homogenization at 4 ◦C, this suspension was centri-
fuged at 1000 ×g (rotor Beckman JA14.5) for 20 min at 4 ◦C to eliminate 
cell debris and nuclei. The supernatants were then centrifuged at 9500 
×g (rotor Beckman TL100.3) for 40 min at 4 ◦C to pellet mitochondria 
and lysosomes, allowing the isolation of a pellet (P2) enriched in cell 
membranes [35]. Pellets were suspended in 4 mL of B buffer (25 mM 
sodium phosphate pH 7.4, 150 mM NaCl, 10% (v:v) glycerol, 1 mM GSH, 
1 mM PMSF) loaded onto a sucrose cushion (1 mL of a 50% (w:w) su-
crose in B buffer) and centrifuged at 70,000 ×g (rotor Beckman TL100.3) 
for 1 h at 4 ◦C. Then a floating crude fraction, called total membranes 
(TM), was collected at the interface above the cushion. A final step was 
realized by loading the TM fraction onto a continuous sucrose gradients 
(28–46% (w:w) in B buffer) followed by an isopycnic centrifugation at 
150,000 ×g (rotor Beckman SW41) for 24 h at 4 ◦C, in order to further 
separate the membrane vesicles fractions (Fig. 1). Collects of 0.5 or 1 mL 
fractions, as indicated, were performed from the top of the centrifuga-
tion tubes. For each fraction, the protein concentration and refractive 
index (n) were determined (Fig. S2), and fractions were then analyzed 
for caveolin 1β and hMGST1 contents and hMGST1 activity. 

2.5. SDS–PAGE and blotting 

For SDS–PAGE, aliquots were mixed with an equal volume of dena-
turing buffer (100 mM Tris–HCl pH 8.0, 1.4 M β-mercaptoethanol, 4% 
(w/v) SDS, 5 mM EDTA, 8 M urea, 0.05% (w/v) bromophenol blue). 
Amounts of proteins of initial samples loaded in each well are indicated 
in the Figure legends. Rat microsomes were a gift of Marcel Delaforge 
who prepared them according to [36]. Samples were heated at 100 ◦C 
for 2 min [37,38], cooled and then loaded onto a Laemmli-type 14% (w/ 
v) polyacrylamide gel. These gels were used for blotting. Proteins were 
transferred onto PVDF membrane (Immobilon-P) in cold buffer (27.6 
mM Tris, 192 mM glycine, 10% (v/v) methanol). Western blotting was 
followed either by immunodetection with a monoclonal antibody anti- 
MGST1 and a secondary antibody anti-rabbit, or by detection with his-
tidine–peroxidase probe for the recognition of histidine tagged proteins, 
as described by the manufacturer. After the saturation step with 2% (w: 
v) BSA in PBS-Tween buffer (90 mM K2HPO4, 10 mM KH2PO4 pH 7.7, 
100 mM NaCl, 0.2% (v/v) Tween 20), a 30 min incubation with the first 
reagent was carried out in the presence of 2% (w:v) BSA. This was 

Fig. 1. Procedure for the preparation of membrane fractions from Sf21 in-
sect cells. 
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followed by several washes with PBS-Tween buffer before the second 30 
min incubation, for immunodetection, with secondary antibodies in the 
same buffer with 2% (w:v) BSA. After final washes with PBS-Tween 
buffer, blots were revealed by enhanced chemiluminescence with the 
ECL kit (GE Healthcare). In the case of anti-MGST1 EPR 7934 immu-
nodetection, the ECL prime was used. 

For each gel, molecular mass markers were loaded. For Western 
blots, the positions of molecular mass markers are indicated relative to 
their positions on the PVDF membranes. 

2.6. Transmission electron microscopy (TEM) 

2.6.1. Cells preparation for ultrastructural study 
Cells were fixed 1 h30 at room temperature (RT) with 2.5% glutar-

aldehyde in 0.1 M phosphate buffer (PB) pH 7.4. After washing with 
buffer, cells were post-fixed 1 h with 1% osmium and 1.5% potassium 
ferrocyanide. Pellets were then centrifuged in 2% low melting point 
agarose to facilitate their handling. Samples were progressively dehy-
drated in graded ethanol series (30-50-70-90-100%), and finally in 
propylene oxide before the resin embedding. Embedding in epoxy resin 
(Low Viscosity Premix Kit Medium, Agar Scientific, Oxford instruments) 
was performed on 3 days (25-50-75-100%). Blocs were polymerized for 
24 h at 60 ◦C. 

Ultrathin sections (80 nm) were cut with an ultramicrotome EM UC6 
(Leica Microsystems), collected on formvar carbon-coated copper grids, 
and then stained with 2% uranyl acetate (Merck) and lead citrate before 
observation. 

2.6.2. Immunodetection on insect cells 
Cells were transferred for 1 h to fixative (4% paraformaldehyde 

(PFA) in PB buffer) and rinsed 3 times in buffer. Samples were then 
incubated 10 min in 50 mM glycine to quench aldehyde, and rinsed 3 
times in buffer before final embedding in 12% gelatine (Sigma-Aldrich, 
G2500). The gelatine blocks (1 mm3) were infiltrated overnight in 2.63 
M sucrose, frozen by plunging into liquid nitrogen (LN2). Samples were 
finally stored in LN2, until sectioning by cryo-ultramicrotomy (EM UC6, 
Leica Microsystems). For immunolabeling, 70 nm-sections were floated 
successively 5 min in 0.5% Tween-PBS, 30 min in blocking solution, 10 
min in PBS 0.1% BSAc, and incubated overnight at 4 ◦C in the caveolin-1 
or MGST1 (MA5-34942, Thermofisher Scientific) primary antibodies 
(1:10). The sections were washed several times in PBS 0.1% BSAc, and 
incubated 30 min at RT with a 1:20 dilution of an anti-mouse secondary 
antibody conjugated to 6 nm gold particles. Sections were stained with 
uranyl acetate/methylcellulose mix before TEM imaging. 

2.6.3. Immunodetection on isolated membrane vesicles 
The sucrose membrane fraction of interest was dialyzed overnight 

against PBS buffer (10 mM sodium phosphate pH 7.4, 150 mM NaCl) at 
RT. A volume sample of 600 μL (0.75 mg mL− 1) was mixed with 200 μL 
of PFA 16% (v:v) to fix the protein structure. Then, the sample was 
loaded on the grid, which was washed with several solutions: PBS buffer, 
blocking solution, PBS 50 mM glycine solution (adjusted at pH 8.0), PBS 
buffer and PBS 0.1% BSAc. The grid was incubated 1 h with appropriate 
antibodies: either the anti-caveolin-1 antibody or the anti-MGST1 anti-
body (EPR 7934). The grid was washed in PBS 0.1% BSAc, and incu-
bated with appropriate secondary antibodies coupled to gold nano- 
particles (1:20 dilution in PBS 0.1% BSAc): either the anti-mouse anti-
body coupled to 6 nm gold nano-particles to visualize the caveolin-1β 
alone or the anti-rabbit antibody coupled to 6 nm gold nano-particles to 
visualize the MGST1 alone. Then, the grid was washed with several 
solutions: PBS 0.1% BSAc, PBS buffer, PBS 2.5% (v:v) glutaraldehyde, 
PBS buffer, H2O. Negative staining was performed with NanoVan before 
TEM imaging. 

2.6.4. TEM observations 
Grids were examined under a JEM 1400 TEM operating at 120 kV 

(JEOL). TEM Images were acquired using a post-column high-resolution 
(9 megapixels) high-speed camera (RIO9; Gatan), and processed with 
Digital Micrograph (Gatan) and ImageJ (open source software, Research 
Services Branch, National Institutes of Mental Health, Bethesda, MD). 

2.7. GST activity 

GST catalyzes the conjugation of 1-chloro-2,4-dinitrobenzene 
(CDNB) with reduced glutathione (GSH), and produces a dini-
trophenyl thioether (GS-DNB) which possesses a high extinction coef-
ficient at 340 nm (ε 340 nm = 9.6 mM− 1 cm− 1) that promotes its detection 
by spectrophotometry. The rate of increase in the absorbance at 340 nm 
is directly proportional to the GST activity in the sample. Activities were 
determined according to Habig et al. [33] in 100 mM potassium phos-
phate, pH 6.5, containing 0.1 mM ethylenediaminetetraacetic acid, 
0.1% (v:v) Triton X-100 in the presence of 5 mM GSH and 1 mM CDNB. 
The sample and reaction buffer volumes were adjusted to a final volume 
of 200 μL to accommodate a 96-well microplate format. The absorbance 
at 340 nm was monitored with a microplate spectrophotometer (Epoch, 
BioTek) every minute for 15 min. The rate of the spontaneous conju-
gation was determined under the same conditions, and subtracted from 
that of the wells containing the sample. All samples were assayed in 
triplicate at 30 ◦C. 

3. Results 

3.1. Formation of intracellular vesicles in Sf21 insect cells expressing 
canine caveolin-1β 

According to Li et al. [9], the heterologous expression in Sf21 insect 
cells of the isoform β of canine caveolin-1 (caveolin-1β) using a 
baculovirus-based vector led to the formation of intracellular vesicles of 
diameter similar to those of caveolae and enriched in caveolin-1β. Such 
vesicles may serve as membrane reservoirs and promote the production 
of a functional MP. To test this hypothesis, a plasmid co-expressing both 
caveolin-1β and hMGST1 proteins (Fig. S1) was designed and used for 
the preparation of the baculovirus. After cell infection and protein 
expression, the evaluation of membrane morphology modifications, 
including the presence of intracellular vesicles, in the Sf21 insect cells 
was performed by transmission electron microscopy (TEM). First, 
considering the cytoplasm of Sf21 insect cells transfected by the only 
caveolin-1β-coding baculovirus at four days post-infection, numerous 
vesicles were observed (Fig. 2A) in agreement with Li et al. [9]. In 
contrast, no apparent caveolae (like invaginations) or caveolar struc-
tures (like rosettes) at the plasma membrane could be observed in Sf21 
insect cells transfected only by the hMGST1-coding baculovirus 
(Fig. 2C). We sometimes noticed, for some cells, the destruction of the 
nuclear membrane, as already reported for baculovirus infections [39], 
and the presence of vesicles within the nucleus (Fig. S3A). 

When the Sf21 insect cells were infected with a baculovirus carrying 
the co-expression vector for caveolin-1β and hMGST1, TEM also 
revealed the presence of numerous vesicles in the cytosol of the infected 
insect cells (Fig. 2B). Thus, TEM observations showed that the infection 
of Sf21 insect cells by a baculovirus coding for the expression of cav-
eolin-1β, either in the absence or in the presence of hMGST1, induced 
the formation of numerous cytoplasmic vesicles. 

3.2. Characterization of caveolin-1β and hMGST1 enriched membranes 

The protein production was characterized from cell pellets obtained 
after centrifugation of Sf21 cell cultures stopped at five days post- 
infection. Each pellet contained about 2.108 insect cells. 

The procedure used to collect the membrane fractions is described in 
Fig. 1.The TM fraction contained about 5.8 to 8.6 mg of total proteins. 

The co-expression of both caveolin-1β and hMGST1 was followed by 
Western blots, using either a histidine probe for His-tagged caveolin-1β 
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or an anti-MGST1 antibody (Abcam, EPR 7934) for hMGST1. The 
expression of both proteins was detectable in lysis extracts (see Fig. 3A1, 
lane L) as well as in the P2 and TM fractions (Fig. 3A1). The apparent 
molecular weights of caveolin-1β and hMGST1 observed on the Western 
blots are consistent with the protein sequences, suggesting that exten-
sive proteolysis did not occur during preparation. In the F1 sucrose 
fraction, caveolin-1β was detectable, but not hMGST1 (Fig. 3A1). The F1 
fraction located at the meniscus of the centrifuge tube corresponds to a 
less dense medium as measured by refractometry (1.391 value of 
refractive index), attributable to a higher lipid/protein ratio. Alterna-
tively, the denser F6 to F8 fractions were enriched in both caveolin-1β 
and hMGST1 (Fig. 3A1), and GST activity measurement of the mem-
brane fractions indicated the presence of hMGST1 in the F5 to F10 
samples (Fig. 3A2). 

Using TEM and immuno-detection with an anti-caveolin antibody 
coupled to gold nano-particles, the presence of caveolin-1β in the F7 
fraction was observed (Fig. 4A and E). Moreover, the presence of MGST1 
on the vesicles or at least on membranous structures was also evidenced 
by TEM in the presence of the anti-MGST1 (Abcam, EPR 7934) anti-
bodies coupled to gold nano-particles (Fig. 4C and E). Thus it is possible 
to detect MGST1 and this detection is more marked in vesicles and in 
membrane structures. 

3.3. GST activity in the presence or absence of caveolin-1β 

The GST activity of all membrane fractions isolated from the co- 
expression of caveolin-1β and hMGST1 was measured (Fig. S4A). Two 
activity areas were clearly separated according to their position in the 
sucrose density gradient (Fig. 3A2): the first one, corresponding to 
fractions F1 to F3 was located in the lighter density zone, and the second 
one, fractions F6 to F9, was localized at about 44% (w:w) sucrose (n =
1.405–1.413), percentage defined in the presence of 10% (v:v) glycerol. 
The maximal activity of 0.05 μmol min− 1 (total protein mg)− 1 at 30 ◦C 
(Fig. 3A2) was observed for the F7 fraction, and this is relatively high, as 
it compares well to the activity of 0.015–0.030 μmol min− 1 (total protein 
mg)− 1 that was measured for recombinant rat enzyme in the total 
membranes of COS cells [15]. 

In order to evaluate the influence of caveolin-1β on the hMGST1 
expression, hMGST1 was expressed in the absence of caveolin-1β. For 
that, the same plasmid without the caveolin-1β gene was used under 
similar experimental conditions, and the absence of expression of cav-
eolin-1β was checked (see Fig. S5A). In order to increase the resolution 

of both the protein concentration and GST activity curves, more frac-
tions of smaller volumes were collected from the centrifugation tubes at 
the end of the isopycnic run. The presence of the hMGST1 protein was 
estimated along the steps of the preparation (Fig. 3B1) by Western blots 
revealed by an anti-MGST1 antibody (Abcam, EPR 7934). The hMGST1 
is clearly detected in the lysis extract and TM fractions, and slightly in 
the P2 fraction (Fig. 3B1). The hMGST1 was not detectable in the F2 
fraction (n = 1.382), but it was visible slightly in F12 (n = 1.402) and 
mainly in F13 (n = 1.405) membrane fractions (Fig. 3B1). The mea-
surement of GST activity (Fig. 3B2) showed a marked peak for mem-
branes of even lighter densities (n < 1.387) than observed in Fig. 3A2. 
For these membranes of intermediate densities (F5-F14, n =

1.389–1.406), the activity for F13 of 0.012 μmol min− 1 (total protein 
mg)− 1 at 30 ◦C (Fig. 3B2) was much reduced compared to the experi-
ment where hMGST1 was co-expressed with caveolin-1β (compare 
Figs. S4B and S4A). These experiments thus evidenced an influence of 
the presence of caveolin-1β and the generated membrane vesicles on the 
distribution of hMGST1 in the dense sucrose membrane fractions, as 
well as on the GST activity measured. 

In order to evaluate the possible contribution of the insect endoge-
nous MGSTs on the measured GST activity, caveolin-1β was expressed in 
the absence of hMGST1. Under that condition, caveolin-1β was found in 
the light (F2) and intermediate (F9-F12) density fractions (Fig. S5B). The 
presence of the endogenous insect MGSTs was evaluated along the steps 
of the preparation by Western blots revealed by an anti-MGST1 antibody 
(Abcam, EPR 7934). A band corresponding to the expected apparent 
MW of MGSTs was detected in the lysis extract, in the P2 fraction and in 
the TM fraction (Fig. 3C1). This cross-reacting protein, the endogenous 
MGST, was not detectable in the F1 sucrose fraction, but it was present 
in the F12 to F14 membrane fractions (Fig. 3C1). In addition, a major 
band was also observed at about 37 kDa, which may correspond to a 
trimer of the insect MGST. Nevertheless, it is noteworthy that in the 
Western blot analysis of the membranes containing caveolin-1β and 
hMGST1 (see Fig. 3A1, F6-8 fractions), or hMGST1 alone (Fig. 3B1, F12- 
13 fractions), this constitutive trimer form of MGST1 was not visible, 
even when 20 μg was loaded (Fig. S6A). In terms of enzymatic activity, 
the measure of GST activity showed a peak for the F12-F15 fractions (n 
= 1.405–1.413), with the F13 fraction giving an activity of 0.026 μmol 
min− 1 (total protein mg)− 1 at 30 ◦C (Fig. 3C2). This activity is higher 
than that of hMGST1 expressed in the absence of caveolin-1β (Fig. 3B2), 
but in which endogenous MGST was also not detectable by Western blot 
(Fig. 3B1). 

Fig. 2. Visualization by transmission electron microscopy of membrane vesicles induced in insect cells (Sf21) when infected by a baculovirus. Observation at four 
days post-infection. A, membranes vesicles in the cytoplasm of an insect cell induced by the expression of canine caveolin-1β only. Arrow shows baculovirus particles 
in the nucleus. B, membranes vesicles in the cytoplasm of an insect cell induced by the co-expression of canine caveolin-1β and hMGST1. C, cytoplasm of an insect cell 
induced by the expression of hMGST1 only. Scale bar 500 nm. 
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Fig. 3. Characterization of membranes after expression of caveolin-1β and hMGST1 (A1 and A2); hMGST1 alone (B1 and B2) and caveolin-1β alone (C1 and C2). 
Various samples along the preparation were analyzed: L, lysis extract; P2, insoluble fraction; TM, total membranes; F1-19, fractions (1 mL for the co-expression 
samples; 0.5 mL for the single-expression samples) collected at the termination of the isopycnic centrifugation run, the fractions are numbered from the top of 
the centrifugation tube. A1, B1 and C1, analyses by Western blots. For each sample, the equivalent of 5 μg of total proteins was analyzed to determine its content 
either in His-tag caveolin-1β, revealed by a His probe (A1), or in hMGST1, revealed by an anti-MGST1 antibody (Abcam, EPR 7934) (A1, B1 and C1). M, molecular 
mass markers positions are indicated (in kDa). A2, B2 and C2, determination of total protein concentration and GST activity (basal activity is the activity in the 
absence of NEM activation). For each collected fraction from the isopycnic sucrose gradient, the total protein concentration (◊, dashed line) and GST activity (■, 
continuous line) are plotted as a function of the refractive index of the corresponding fraction. The data plotted are representative of two to three independent 
experiments with similar results. 
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In order to be able to discriminate between the insect MGSTs and the 
cloned hMGST1, a more specific antibody was used, the monoclonal 
antibody anti-MGST1 EPR 7935 (Abcam) that is directed against a C- 
terminal region of the mammalian MGST1. Analysis by Western blot 
confirmed the absence of cross-reaction with the insect MGSTs 
(Fig. S6B), in contrast to the detection observed with the antibody EPR 
7934 (Fig. 3C1). 

3.4. Quantification of hMGST1 production 

The production of hMGST1 was quantified along the preparation by 
measuring the amount of hMGST1 in lysis extract, total membrane 
fractions, and sucrose membrane fractions by Western blots revealed 
with the anti-MGST1 antibody (Abcam, EPR 7935), which recognizes 
the human and rat MGST1 but does not cross-react with the insect 
endogenous MGSTs. Quantitative evaluation was made by comparison 
with rat microsomes [36] (Fig. 5), in which MGST1 represents about 3% 
of total proteins [28]. The ratio of hMGST1 per μg of total proteins was 
higher in the singly-expressed hMGST1 as compared to the co-expressed 
hMGST1 for lysis extract (Fig. 5A), whereas for the total membranes 
(TM) this ratio was similar for both expression conditions (Fig. 5B). 
However, it was higher in the co-expressed hMGST1-enriched mem-
brane sucrose fractions as compared to the singly-expressed ones 
(Fig. 5C). These data were used to estimate the isolation yields (Table I). 
The co-expression with caveolin-1β induced a four-fold increased 

amount of hMGST1 in the most enriched membrane fraction (6.1 μg 
instead of 1.5 μg without caveolin-1β). Moreover, in this Table are 
presented the GST activities relative either to the total protein (GST 
activity) or to the estimated hMGST1 amount (specific GST activity). 
The co-expression of hMGST1 with caveolin-1β yielded a GST specific 
activity in the most enriched fraction that was largely increased, from 
5.2 to 8.4 μmol min− 1 (hMGST1 mg)− 1 (Table I), consistent with, and 
even higher than, the activity of 4.4 μmol min− 1 (hMGST1 mg)− 1 

measured by Weinander et al. in the COS cells system [15]. 
Memb. fraction, membrane fraction corresponds to 1 mL volume of the 

most hMGST1-enriched membrane fraction, corresponding to densities 
of n = 1.404–1.407–1.407 for the three co-expression experiments and n 
= 1.400–1.405 for the two single expression experiments. 

3.5. Caveolin-1β and hMGST1 detected in insect cells by TEM 

Two separate sets of immunodetection were performed to detect the 
presence of caveolin-1β and hMGST1 within insect cells. As a matter of 
fact, when using two different secondary antibodies, goat anti-mouse 
IgG1 for anti-caveolin antibody, and goat anti-rabbit IgG for anti- 
MGST1 antibody (EPR 7935, ABCAM), the immunodetection of 
hMGST1 failed, probably due to the use of goat anti-rabbit IgG. Conse-
quently, the anti-MGST1 antibody (MA5-34942), which is specific of 
hMGST1 and produced in mouse, was used. 

Immuno-detection of these two heterologous MPs revealed that they 

Fig. 4. Visualization by transmission electron microscopy and immuno-detection of membrane vesicles in the cytoplasm of insect cells (Sf21) at four days post- 
infection. Membrane vesicles were induced in Sf21 cells when infected by a baculovirus for the co-expression of caveolin-1β and hMGST1. A, visualization of 
caveolin-1β on membrane vesicles corresponding to the membrane F7 fraction (see Fig. 3A1). Caveolin-1β was immuno-detected with a mouse anti-caveolin antibody 
and an anti-mouse secondary antibody coupled to a 6 nm diameter gold nano-particle. B, control visualization on similar membrane vesicles as in A but replacing 
anti-caveolin antibody with BSA. C, visualization of hMGST1 on similar membrane vesicles as in A. MGST1 was immuno-detected with a rabbit anti-MGST1 antibody 
and an anti-rabbit secondary antibody coupled to a 6 nm diameter gold nano-particle. D, control visualization on similar membrane vesicles as in C but replacing anti- 
MGST1 antibody with BSA. Scale bars 50 nm. E, histogram representing the number of nano-particles (beads) numbered on membrane structures and outside 
membrane structures (free) in 50 fields (1.69 μm2 each field) for all the observations A, B, C and D. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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were expressed on cytoplasmic vesicles (Figs. 6 and S3). They were also 
present on mitochondria and plasma membranes (Fig. 6D) and also in 
nuclear vesicles and viral particles (Fig. S3). Nevertheless, on the cyto-
plasmic vesicles, the number of beads was considerably higher for cav-
eolin-1β detection than for hMGST1 detection. It appeared that hMGST1 
was not totally present in caveolin-1β-induced vesicles but that a pro-
portion of this MP was localized free in the cytoplasm (Fig. 6D), prob-
ably in unfolded form. 

4. Discussion 

4.1. Sf21 insect cells as a convenient heterologous expression system 

The Sf21 insect cells is a widely used heterologous expression system 
that presents some advantages, including the various opportunities 
relying on baculovirus transfection technology [40]. In particular, for 
expressing MPs, it compares well with E. coli due to the fact that it is 
much easier to lyse the cells in order to obtain a membrane fractionation 
including internal vesicles. Regarding caveolin-1 expression, Sf21 cells 
have otherwise the advantage of not expressing endogenous caveolin 
isoforms [9]. 

Here, we have evaluated the benefit of using the co-expression of 
hMGST1 with caveolin-1β in Sf21 insect cells to express functional 
hMGST1. The production process includes the transfection of Sf21 insect 
cells with a shuttle vector pKL in order to obtain the first generation of 
recombinant baculovirus (V0). Then, a baculovirus stock was consti-
tuted by amplification and, finally, a large volume of cell culture was 
infected with the recombinant baculovirus. The gene of interest is cloned 
into the shuttle vector pKL, which controls the expression of the target 
gene by either the strong Autographa californica multiple nuclear poly-
hedrosis virus (AcMNPV) polyhedrin (polH) or the p10 promoters. This 
can be further adapted for the expression of multi-gene complexes using 
the Multibac system, as reviewed in [41]. Accordingly, the plasmid pKL 
allows the direct expression of two proteins. Indeed, this system offers 
two main advantages. First, the iterative addition of nucleotide se-
quences on the same vector is facilitated, allowing the constitution of 
large complex of proteins step by step; thus, hmgst1 gene has been 
inserted together with cav-1β gene. Second, the presence of YFP protein 
reporter in the baculovirus genome gives a valuated tool for the pro-
duction monitoring. Using this system, a large amount of caveolin-1β 
(Fig. 3A1) was produced for the formation of intracellular vesicles. 
Indeed, it was essential to obtain such a high level of expression of 
caveolin-1β as it has been shown that the presence of intracellular ves-
icles is highly dependent on the expression level of caveolin-1 [9]. These 
vesicles could be visualized in the insect cells after 4 days of cultures 
post-infection. Moreover, caveolin-1β was associated to these vesicles, 
as its presence was evidenced by immunodetection using gold nano- 
particles (Fig. 6A). We chose to express caveolin-1β, the shorter iso-
form, because it has been demonstrated that after recombinant expres-
sion in Sf21 insect cells, both caveolins α and β can independently 
generate these intracellular vesicles, and thus caveolin-1 residues 1–31 

Fig. 5. Quantification of MGST1 in membranes from caveolin-1β and hMGST1 
co-expression and hMGST1 single-expression samples. Various samples were 
analyzed to determine their content in hMGST1 by Western blots revealed by an 
anti-MGST1 antibody (Abcam, EPR 7935) which does not cross-react with in-
sect endogenous MGSTs. Lysis, lysis extract; TM, total membranes; F, fractions 
from the sucrose gradient; they were compared to a range of rat microsomes, 
which contain 3% of MGST1; lanes 1 to 3: 0.05, 0.1 and 0.2 μg of proteins. M: 
molecular mass markers are indicated (in kDa). A, analysis of Lysis samples: 
lanes 4 and 7: 1.25 μg of proteins; lanes 5 and 8: 2.5 μg of proteins; lane 6: 5 μg 
of proteins were analyzed. B, analysis of TM samples: lanes 4 to 8: as in A. C, 
analysis of F samples: lanes 4 and 5: 1.3 and 2.6 μg of proteins of F7 caveolin-1β 
and hMGST1 co-expression fraction were analyzed; lanes 6 and 7: 1.7 and 3.4 
μg of proteins of F13 hMGST1 expression fraction were analyzed. 

Table I 
Influence of the co-expression of caveolin-1β on the production of active hMGST1 in enriched membrane fractions.  

Samples Co-expression Cav 1 B/hMGST1 Expression hMGST1  

Protein 
amount 
(mg) 

hMGST1 
amount (μg) 

GS 
transferase activity 
(μmol min− 1 

protein mg− 1) 

GS transferase 
activity 
(μmol min− 1 

hMGST1 mg− 1) 

Protein 
amount (mg) 

hMGST1 
amount (μg) 

GS transferase 
activity 
(μmol min− 1 

protein mg− 1) 

GS transferase 
activity 
(μmol min− 1 

hMGST1 mg− 1) 

TM 7.25±1.4a 15.2±3.46b 0.033±0.0015 16.8±1.8 5.5–3.64a 10.7-7.2b 0.035-0.035 18-17.5 
Memb. 

fraction 
1.21±0.13a 6.13±1.4b 0.042±0.008 8.4±1.3 0.7–0.54a 1.46-1.86b 0.012-0.016 5.75-4.64  

a Data determined by Bradford assay. Data represent three independent experiments for the caveolin-1β and hMGST1 co-expression and two independent experiments for the

single expression of hMGST1.
b Data determined from quantification of hMGST1 band on the Western blot relatively to a range of rat microsomes containing 3% of MGST1 (as in Fig. 5) using Quantity One

(Biorad) with non-saturating loadings.
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are not required for their formation [9]. 

4.2. Caveolin-1β induced vesicles 

We observed numerous cytoplasmic vesicles when caveolin-1β was 
overexpressed in Sf21 cells using a different construct and shuttle vector 
for the production of recombinant baculovirus and infection of Sf21 cells 
than Li et al. [9]. Our TEM observations including immunolabeling 
showed that caveolin-1β is associated with these internal vesicles, 
thereby evidencing the vesiculating efficiency of caveolin-1β. As a 
matter of fact, caveolin-1 has been demonstrated to exhibit a strong 
membrane membrane-curving activity linked to its oligomerization 
[9,12,42], and hence can induce local remodeling of the ER membrane 
where it is biosynthesized, or of membranes from its downward intra-
cellular trafficking, ultimately leading to membrane fission and vesicle 
formation. This behavior, still present in spite of a local membrane lipid 
composition different in Sf21 insect and mammalian cells, well illus-
trates the powerful driving force for membrane curving that is displayed 
by caveolin-1. 

In addition, these vesicles present a remarkable homogenous distri-
bution of size which correlates with its specific intrinsic membrane- 
curving [43]. However, membrane fractionation experiments on den-
sity gradient showed that these caveolin-1β-containing vesicles dis-
played a rather large density range, meaning a defined range of protein- 
to-lipid ratios, which indicates a diverse protein environment 

accompanying the vesiculation step, possibly corresponding to different 
functional sub-domains of the ER [44], and/or to membranes from 
intracellular trafficking. ER remodeling induced by MP overexpression, 
as observed for only few specific MPs, has been considered as a mani-
festation of either a “membrane proliferation” secondary to a cell stress 
(e.g. the unfolded protein response, but there are also various other 
cellular mechanisms) leading to membrane lipid synthesis activation, or 
of a specific “geometrical response” due to a strong membrane-curving 
property of the overexpressed MP [45], although the two aspects are 
not necessarily exclusive. The case of caveolin-1β heterologous over-
expression may be representative of the second phenomenon, but there 
remains the question of an additional “reservoir effect” that could 
accommodate some other MPs. The co-expression of hMGST1will pro-
vide some clues about this question. 

4.3. Influence of caveolin-1β on hMGST1 expression: localization and 
quantification 

As indicated by Weinander et al., [15], it may be difficult to estimate 
the amount of MGST1 from different species using a rabbit anti-rat 
enzyme serum. We chose to quantify hMGST1, relatively to rat 
MGST1, using antibodies described as recognizing both rat and human 
MGST1: the antibodies EPR 7934 and 7935 (Abcam). We have observed 
different sensitivities between these two antibodies for the human 
enzyme recognition, in favor of the second one. Moreover, it was 

Fig. 6. Visualization by transmission electron microscopy of membrane vesicles induced in insect cells (Sf21) by the co-expression of caveolin-1β and hMGST1. 
Observation at four days post-infection. A, visualization by immuno-detection of caveolin-1β with a mouse anti-caveolin antibody and an anti-mouse secondary 
antibody coupled to a 6 nm diameter gold nano-particle. B, visualization by immuno-detection of hMGST1 with a mouse anti-MGST1 antibody (MA5–34942) and an 
anti-mouse secondary antibody coupled to a 6 nm diameter gold nano-particle. C, control visualization on similar insect cells as in A and B but replacing primary 
antibody with BSA. Scale bar 200 nm. D, histogram representing the number of nano-particles (beads) numbered on mitochondria, plasma membranes, outside the 
membrane structures (free) and on vesicles in 50 fields (10 cells and 5 fields (2.56 μm2 each field) per cell) for all the observations A, B and C. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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important to use this second antibody for quantification, because, as we 
verified, and in contrast to the first one, it does not cross-react with the 
insect endogenous MGSTs. 

Regarding the expression level of hMGST1 in the absence and in the 
presence of caveolin-1β, we observe a higher amount of hMGST1 in the 
lysis extract for singly-expressed hMGST1 (Fig. 5A). Consequently, the 
caveolin-1β co-expression did not increase the hMGST1 expression per 
se, and has even the reverse effect. In addition, the preparation of total 
membranes reveals similar amounts of hMGST1 when hMGST1 is singly 
expressed or co-expressed with caveolin-1β (Fig. 5B). Therefore, even if 
hMGST1 is expressed at high level when expressed alone, the protein is 
not stored only in the membrane fraction, probably due to partial 
misfolding. 

hMGST1 expression alone did not induce the formation of vesicles 
within Sf21 cells (Fig. 2C). Its co-expression with caveolin-1β did not 
impede the formation of the cytosolic vesicles enriched in caveolin-1β 
and fractions of expressed hMGST1 are located in these vesicles (Fig. 6B 
and D). So hMGST1 partially follows “passively” the efficient 
membrane-curving driving force exhibited by caveolin-1β. 

This is line with results from membrane fractionation using isopycnic 
centrifugation. The heterologous singly-expressed hMGST1 is distrib-
uted sparsely on several fractions (F5 to F14, n = 1.389–1.406, Fig. 3B2), 
whereas when co-expressed with caveolin-1β, its distribution is nar-
rowed within few fractions (F6-F9, n = 1.405–1.412, Fig. 3A2). This 
demonstrates the membrane density shifting effect of its co-expression 
with caveolin-1β. In addition, the amount of hMGST1 in the most 
active membrane fraction (F7) corresponds to 40% of the amount of 
hMGST1 in total membranes in the case of co-expression, whereas it 
represents only a small amount (18% in F13) in the case of singly- 
expressed hMGST1 (Fig. 5C, Table I). This suggests that the presence 
of caveolin-1β and the induced vesicles found in the membrane fractions 
is able to concentrate hMGST1 in this density range (around n = 1.41). It 
can thus be inferred that caveolin-1β is able to divert and sequester 
hMGST1, considered as a cargo, to the neoformed ectopic intracellular 
vesicles. In addition, a sub-population of caveolin-1β-containing vesicles 
has a lower density (thus a lower protein-to-lipid ratio) and are devoid of 
such heterologous MP cargo. This last characteristics suggests that these 
“light” vesicles are formed either from a membrane domain less prone to 
heterologous MP integration (e.g. different lipid composition or curva-
ture), or result from a delayed vesiculization process within downward 
intracellular membrane trafficking. Therefore, these vesicles represent a 
distinct vesicle population with a different intracellular fate. 

The expression of caveolin-1β in the absence of hMGST1 in Sf21 cells 
has revealed the presence of an endogenous MGST activity, attributed to 
seven homologous isoforms of insect MGSTs (Jonathan Landry, EMBL, 
personal communication). These endogenous MGSTs can be distin-
guished from the mammalian ones using Western blots that show the 
stability of their trimer association. Interestingly, they are detected in 
membrane fractions of the same density range as the heterologous 
hMGST1. However, they are not detected in both singly-expressed and 
co-expressed hMGST1 in Sf21 cells, suggesting a kind of retro-control 
exerted by the heterologous expressed protein on the endogenous 
expression level involving these enzymes. 

Regarding the lowest density membrane fractions, the presence of a 
notable GST activity raises the question of the possible presence of 
another population of Sf21 GSTs (Fig. 3A2-B2-C2). These proteins could 
adsorb on light membranes with n ≤ 1.387 and n ≤ 1.396 in the absence 
and presence of caveolin-1β, respectively, whatever the presence or 
absence of hMGST1 expression. This evidences that caveolin-1β-induced 
vesicles of low density may also contain proteins that are diverted from 
their normal intracellular fate, constituting a cargo of endogenous pro-
teins associated with the caveolin-1β-containing membranes. 

4.4. Influence of caveolin-1β on hMGST1 specific activity 

When co-expressed or not with caveolin-1β in Sf21 cells, the GST 

activity was measured in membrane fractions enriched in hMGST1 
(Fig. 3A2 and B2). Thanks to the hMGST1 amount specific quantifica-
tion, we could calculate the corresponding specific enzymatic activities. 
We have first to mention that we did not observe any stimulation by N- 
ethylmaleimide (NEM). This is in agreement with the reported obser-
vations of NEM activation of the purified human enzyme, but not of the 
enzyme in microsomes, at least for the human isoform (in contrast to the 
rat one) [46].The evaluated hMGST1 specific activity in the respective 
most active fractions (see Table I) are 5.2 μmol.min− 1.hMGST1 mg− 1 in 
the absence of caveolin-1β and 8.4 μmol.min− 1.hMGST1 mg− 1 in the 
presence of caveolin-1β (at 30 ◦C). These values are higher than that 
described in previous studies (in all cases for CDNB substrate and 
without NEM activation): 1.88 μmol min− 1 purified native hMGST1 
mg− 1 (at 37 ◦C) [47], 1.9 μmol min− 1 purified native hMGST1 mg− 1 (at 
30 ◦C) [46], and 4.4 μmol min− 1 partially purified E coli-expressed 
hMGST1 mg− 1 (at 30 ◦C) [15]. Therefore, the significantly higher spe-
cific enzymatic activity of hMGST1 in the co-expression system, than in 
the single expression one, reinforces the view that some fraction of this 
MP is addressed into the ectopic heterologous intracellular vesicles. It 
may be considered that even if endogenous MGST is present at a low 
concentration, its specific activity may be higher and contribute to the 
global activity. The more favorable membrane environment may be in 
connection to specific relationships with caveolin-1β and/or the lipid 
environment locally segregated and/or to the high local curvature. 

4.5. Perspectives in the general context of heterologous MP expression 

While the co-expression of caveolin-1 with associated soluble pro-
teins in insect cells has been reported [9], the production of a MP devoid 
of functional link with caveolin-1 has not yet been described. In 
caveolin-1-expressing mammalian cells, caveolae membranes have been 
described to be formed with a specific lipid composition (constituting 
membrane microdomains), accompanied by protein segregation leading 
to an enrichment of certain ones [7] and exclusion of many others [48]. 
However, in Sf21 cells, there is neither endogenous caveolin-1 homo-
logues nor caveolae membrane structures. The heterologous expressed 
caveolin-1β does not follow the same intracellular trafficking to the 
plasma membrane as in mammalian cells and essentially remains in 
internal membrane compartments under the form of neoformed intra-
cellular vesicles (Figs. 6A and S3A). These vesicles enriched in caveolin- 
1β will thus possess different molecular characteristics to that of cav-
eolae, in particular regarding the local segregation of MPs. In addition, in 
the Sf21 heterologous expression system, the membrane lipid compo-
sition is clearly different. It is thus difficult to a priori predict the co- 
localization relationships between caveolin-1β and another MP simul-
taneously co-expressed in such heterologous system. 

Here, we have evidenced that heterologous expressed hMGST1 is in 
part directed to intracellular vesicles as the consequence of its co- 
expression with caveolin-1β in Sf21 cells. These intracellular vesicles 
enriched in caveolin-1β can thus be envisioned as playing the role of 
“intracellular carriers”, able of handling some cargo MPs. This obser-
vation may have important implications in the general context of het-
erologous expression of MPs, due to this unique addressing 
characteristics in well-defined membrane compartments. In particular, 
in the perspective of improving heterologous MP production, this could 
be valuable in terms of convenient handling, isolation and functional 
preservation. It remains to explore and determine whether this method 
could be applied to various types of MPs, regarding typically their 
organelle origin, size, number of transmembrane segments, dependence 
on the lipid environment, including nature and curvature. Also, various 
expression hosts (e.g. prokaryotes, yeasts, pluricellular low eukaryotes 
such as parasites and insects) will also have to be tested and compared. 

5. Conclusion 

When co-expressed with hMGST1 in Sf21 insect cells, caveolin-1β, a 
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membrane-curving MP, retains its capacity to induce intracellular ves-
icles in the host. In addition, hMGST1 is partially addressed to these 
intracellular vesicles. Thus, caveolin-1β is able to induce a shift of the 
membrane harboring hMGST1 (and also possibly endogenous homo-
logue isoforms) likely thanks to a passive trapping mechanism into the 
neoformed ectopic vesicles enriched in caveolin-1β. Noteworthy, the co- 
expressed hMGST1 exhibits an increased specific enzymatic activity, 
witnessing its new membrane environment. The contribution of an 
additional “reservoir effect”, due to an increased membrane phase 
available to the co-expressed MP, remains to be investigated, as well as 
the possible application of such a situation to other types of MPs, 
including those from plasma membrane. 
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