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Phosphatidylglycerol-containing ER-transport vesicles
built and restore outer mitochondrial membrane and
deliver nuclear DNA translation products to generate
cardiolipin in the inner mitochondrial membrane
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ABSTRACT

Phosphatidylglycerol (PG) an important membrane
phospholipid required for the synthesis of diphos-
phatidylglycerol (DPG) commonly known as cardi-
olipin (CL) was identified in the fraction of endo-
plasmic reticulum (ER)-derived transport vesicles
which had no affinity for Golgi. The vesicles were
produced in the presence of Brefeldin A (BFA), the
agent known to inhibit ER-Golgi transport, and
found to display affinity to mitochondria. The analy-
sis revealed that their cargo was not containing pro-
teins that are transported to Golgi, and that their
membrane was free of phosphatidylinositol (PI) and
ceramides (Cer). The incubation of PG-containing
transport vesicles with mitochondria afforded incor-
poration of their membrane into the Outer Mito-
chondrial Membrane (OMM) and formation of lyso-
phosphatidylglycerol (LPG). In turn, upon further
incubation with fresh transport active cytosol, the
mitochondrial LPG was converted to PG. The results
of analysis of the OMM, Inner Mitochondrial Mem-
brane (IMM) and Inner Mitochondrial Space Com-
ponents (IMSC) strongly suggest that PG-containing
transport vesicles deliver nuclear DNA translation
products to the IMSC and thus facilitate CL synthesis
in the IMM. In summary, our studies provide evi-
dence that ER-generated PG-enriched transport vesi-
cles represent the general pathway for restitution of
mitochondrial membranes and the delivery of nuclear
DNA translation products that generate CL, and thus
sustain the mitochondrial matrix CL-dependent me-
tabolic reactions.
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1. INTRODUCTION

Endoplasmic Reticulum (ER) is the largest cell organelle
that in secretory epithelia represents close to 50% of total
membranes [1]. The expansive size of ER membrane
reflects the manifold functions associated with this or-
ganelle, including synthesis of the faithfully recreated
biomembranes that restore cell organelles and cell’s
membrane, and with uncompromised fidelity recondition
the cell-specific physiological functions. To accommo-
date these diverse organelle-specific assignments, the ER
organelle continuum engages its translation domains in
the assembly of the cargo and the vesicular membranes
destined to the specific intracellular or the cell membrane
sites [2,3]. The rule that guides these processes is in the
decoding of nuclear signals that are materialized in the
discharge of the specific mRNAs, their translation and
the cotranslational intercalation of the integral membrane
proteins within concomitantly synthesized organelle-
specific membrane lipids [4]. Such explicit and highly
controlled membrane’s assembly satisfies fidelity of cell
structure restitution, and retention of the cell- and organ-
elle-characteristic features. However and because, the
mRNA translation processes are continually tackled as an
independent from ER membrane scaffold assemblies, the
orchestrated series of events that produce signal-specific
products are still not visualized in their entirety as a sin-
gle and unified complex event. Moreover, at the outset of
the cellular transport investigations, an idea prevailed
that featured several vesicular surface proteins as the
only necessary markers of the specific transporters [5].
This further constrained the view on cellular transport
specificity and hampered the research on transport vesi-
cles complexity [6]. Hence, many attributes of the trans-
port initiation, transport vesicles composition, and the
critical role of the cell cytosol in the features of gener-
ated cell membranes and their cargo remained unrecog-
nized.
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In the concept developed from our findings, the range
of events that determine cell-specific transporters is de-
fined by concomitant nuclear signal-induced translation
of the cargo protein and the membrane-intercalated pro-
tein into the concurrently synthesized membrane lipids
[2-4,7]. The critical breakthrough in our investigation
occurred with realization that for the preservation of cel-
lular and organellar identity, the nuclear signals initiate
in ER the production of a numerous non-identical trans-
port vesicles which fulfill the tasks of cell repair, restitu-
tion, and secretory functions [3]. Following this thought,
we identified transport vesicles destined for apical, baso-
lateral and endosomal delivery; all were produced by ER
and initially displayed affinity for Golgi, but upon their
membrane maturation in Golgi became destination-spe-
cific [3,8-11]. However, neither in our earlier study nor
in the investigations by others, the path to restore mito-
chondria as vesicles-dependent event was grasped [10-
13]. Up till now, the ER-mitochondria transport was pic-
tured as a series of the ER-mitochondria close contacts
that supposedly maintain transfer of mitochondria-es-
sential calcium, lipids and proteins [14,15]. While such
contacts between organelles could accommodate transfer
of calcium, the process of mitochondrial membranes
repair and restitution, and the demand to coordinate nu-
clear gene expression and maintain regulatory processes
in response to cellular need for ATP synthesis were not
plausible [3,4,16-18]. The mitochondrial oxidative phos-
phorylation system is dependent on both nuclear and
mitochondrial DNA (mtDNA). While mammalian mtDNA
encodes 13 proteins that all are subunits of the oxidative
phosphorylation system, the rest of mitochondrial pro-
teome depends on nuclear DNA products [12,13,15].
Therefore, highly coordinated delivery system such as
ER vesicles-controlled delivery must operate to provide
nuclear products in the required time and quantity [15].
Since such carefully measured and regulated responses
of ER-Golgi pathway handling multiplicity of the spe-
cific transport vesicles was identified, we concentrated
on the potential involvement of the ER vesicles in the
delivery of nuclear DNA products and membranes to
mitochondria. Toward that end, we analyzed the fraction
of ER-assembled vesicles remaining in the cytosol after
transport to Golgi was accomplished, and on the vesicles

produced when BFA inhibited the Golgi pathway [19-21].

The analyses revealed that the vesicles remaining in cy-
tosol, after completion of ER-Golgi transport or in BFA-
inhibited transport, consisted of lipids enriched with
phosphatidylglycerol (PG), while phosphatidylinositol
(PD) and ceramides (Cer) were not detectible. Moreover,
these vesicles were not displaying affinity for ER or the
organelles which were renewable by ER to Golgi-chan-
neled transport described earlier [2,9,10]. Instead, they
displayed the affinity to mitochondria and fused with
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mitochondrial membrane.

In our interpretation, these results revealed that mito-
chondrial membranes renewal is accomplished through
the delivery of ER-assembled mitochondria-specific trans-
port vesicles. Collectively, the investigation supports our
initial concept regarding universal mechanism for cell
repair, renewal and restitution. The process is highly
specific, dictated by the nuclear release of the signals
materialized in the synthesis of multiplicity of the trans-
port vesicles, which maintain organellar repair and retain
uncompromised compositional identity of the membrane
that is designed for the specific cell, its organelles, and
its function.

2. MATERIALS AND METHODS

2.1. Preparation of Cells for Subcellular
Fractionation

For the isolation of cell components, the initial step of
fragmentation of the structure is crucial and a method is
required that gives minimum breakage. Hence, in the
method described herein for the isolation of Outer Mito-
chondrial Membrane (OMM) and Inner Mitochondrial
Membrane (IMM) we used a technique which allowed us
to purify cell organelles with minimum fragmentation of
their structure so that Cell Cytosol (CC) was not admixed
with organellar components and that cell membranes
were not admixed with intracellular membranes. More-
over, in preparation of mitochondria we aimed to isolate
undamaged structure in order to detach OMM as single
sheet, unbroken inner membrane (IMM), and recover
Inner Mitochondrial Space Content (IMSC), to determine
its activity toward synthesis, deacylation and reacylation
of membrane lipids.

The cells were prepared from rat gastric mucosa and
the liver as described previously [2,7,9,10]. The single
cells that were separated from larger debris with aid of
specific cell size nylon mesh were centrifuged at 50 x g
for 2min, washed twice with the enzyme-free medium,
twice with the Minimum Essential Medium (MEM) and
counted in hemocytometer. Thus prepared cells were
then incubated in MEM for 3 hours with or without ra-
diolabel and used for preparation of nuclei [7], subcellu-
lar organelles, cell cytosol [2,7,9,11] and cellular mem-
branes [3,11]. In the experiments dedicated to the deter-
mination of lipid synthesis with cell cytosol derived from
gastric epithelial cells, hepatocytes, or RNase treated cy-
tosol, the preparations of nuclei, mitochondria, ER, Golgi
or other organelles and cell membranes were additionally
rinsed with phosphate buffered saline (PBS) and urea-
PBS in order to remove the associated residual cytosolic
proteins that otherwise would remain on the membranes.
Thus prepared subcellular organelles and membranes
were used for experiments on transport vesicles synthesis
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[3,11], and the preparation of OMM and IMM [16]. The
synthesis of phospholipids and protein was determined
using radiolabeled [*HJinositol, [*H] arachidonate,
[*H]choline, [‘H]serine, [‘H]palmitate and [**P]ATP
[2,4,7,9-11]. The radiolabeled ER transport vesicles fu-
sion with Golgi, ER, mitochondria were performed in
medium containing cold cell cytosol (CC) at concentra-
tion of 15 mg protein/ml of incubation mixture enriched
with 50 pM ATP, 250 uM CTP, 50 uM GTP, 5 mM
creatine phosphate, 8.0 [U/ml creatine kinase, and where
indicated 25 pg/ml RNase, 10 pM UDP-Glc and 10 uM
palmitoyl CoA [2,4,7,9-11].

2.2. Preparation of Transport-Active Cell
Cytosol (CC)

The viable cells, homogenized for 10 sec at 600 rpm in 3
volumes of buffer containing 0.25 M sucrose; 50 mM
TRIS-HCI (pH 7.4), 25 mM magnesium acetate and 10
mM each of aprotinin, leupeptin, chemostatin, and 1 mM
phenylmethylsulfonylfluoride, were centrifuged at 5000
x g for 15 min. The supernatant, diluted with 2 volumes
of homogenization buffer, was re-centrifuged at 10,000 x
g for 20 min. The resulting supernatant was then sub-
jected to centrifugation at 100,000 x g for 1 h. Thus ob-
tained soluble fraction was adjusted to 15 - 18 mg pro-
tein/ml, admixed with an ATP generating system con-
sisting of 40 mM ATP, 200 mM creatine phosphate, 2000
units/ml creatine phosphokinase, and referred to as
transport active cell cytosol or active cytosol (CC).

2.3. Preparation of Cellular Organelles and
Membranes

The cell membranes and subcellular organelles (mito-
chondria, ER, Golgi) were recovered from the cold or
radiolabeled cells as described earlier [2,4,7,9-11]. The
ER and Golgi organelles sediment, remaining after sepa-
ration of nuclei, mitochondria and cell cytosol, was sus-
pended in buffer containing 0.2 M PIPES (pH 6.9), 2 M
glycerol, 1 mM EGTA and 1 mM magnesium acetate and
applied on the top of discontinuous gradient of 2.0/1.5/
1.3/1.0 M sucrose and centrifuged at 100,000 x g for 16
h. The cell membranes were recovered from 1.0M su-
crose, Smooth Endoplasmic Reticulum (SER) from 1.3
M sucrose, RER from 1.5 M sucrose and Golgi from the
top of the 2.0 M sucrose. Each sucrose-separated fraction
was subjected to further purification. The cell mem-
branes were washed with original PIPES buffer and cen-
trifuged at 3000 rpm for 2 min. To separate apical epi-
thet- lial membranes, the buffer was adjusted with 0.2%
Triton X-100 and the mixture incubated at 4°C for 5 min
[4,11]. This treatment resulted in breaking up the phos-
pholipids-rich membranes into smaller segments and that
allowed us to separate apical membranes containing cho-
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lesterol, glycosphingolipids and glycoproteins. The latter
membranes were recovered by low speed centrifugation
at 3000 rpm for 2 min.

2.4. Generation and Purification of Transport
Vesicles

ER- and Golgi-derived transport vesicles were generated
in the presence of radiolabeled precursors according to
procedure described previously [2,4,7,9-11], and where
indicated, in the presence of Brefeldin A (BFA) [20]. The
ER or Golgi membranes mixed with cytosol, ATP-gen-
erating system, UTP, CTP GTP, fatty acyl CoA and water
soluble cold or radiolabeled lipids precursors, were in-
cubated for 30 min at 37°C, centrifuged over 0.3 M su-
crose and treated with stripping buffer at 2°C for 15 min
followed by centrifugation at 10,000 x g for 10 min to
separate transport vesicles from ER or Golgi membranes.
The separated from maternal membranes transport vesi-
cles were recovered from the supernatant resulting from
centrifugation of the supernatant mixture at 150,000 X g
for 60 min. The crude fraction of the transport vesicles
was suspended in 55% sucrose, overlaid with 55% - 30%
gradient and centrifuged at 150,000 x g for 16 h. The
purified transport vesicles were recovered from the gra-
dients as reported earlier [2,4,7,9-11].

2.5. Fusion of Transport Vesicles with Golgi,
Mitochondria and ER

One volume of radiolabeled ER transport vesicles (1.3 -
1.5 mg protein/ml) was suspended in one volume of ac-
tive cytosol (15 mg protein/ml), and added to one vol-
ume of cold cell organelles (5 mg protein/ml). The reac-
tion was allowed to proceed from 0 - 30 min at 4°C (con-
trol) and at 37°C in the presence of ATP regenerating
system consisting of 40 mM ATP, 200 mM creatine
phosphate, 2000 units/ml of creatine phosphokinase, or
in the ATP depleting system containing 5 mM glucose
and 500 units/ml hexokinase. After incubation, the re-
spective organelles were recovered by centrifugation
through three volumes of 0.5 M sucrose at 3000 rpm for
5 min. The vesicles recovered from the supernatant after
incubation with Golgi were purified on 55% - 30% su-
crose gradient and used in fusion experiments with cold
mitochondria. One volume of the recovered vesicles (0.9
- 1.1 mg/ml) was resuspended in one volume of CC (15
mg/ml) and added to one volume of purified mitochon-
dria (5 mg/ml) and the reaction was allowed to proceed
for 30 min under same conditions as described for the
ER vesicles fusion with Golgi. In the experiments esti-
mating en bloc fusion of transport vesicles with Golgi
and/or mitochondria, the associated but not fused vesi-
cles were released from the membrane by subjecting the
membrane fraction to treatment with 2 M urea at 4°C and
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then the recovered organelles were centrifuged through
0.5 M sucrose, washed and subjected to radiolabeled
lipid analysis.

2.6. Isolation and Purification of Mitochondrial
Membranes

The mitochondria were isolated from the hepatocytes
derived from five perfused rat livers subjected to subcel-
lular fractionation that afforded preparation of nuclei,
mitochondria, Golgi, ER and organelle-free cell cytosol
as described in [2,4,7,9-11] and above. From the initial
fraction the fluffy layer of broken mitochondria and ER
microsomes that covered the crude mitochondrial pellet
was suctioned off, the pellet was gently resuspended in
five volumes of medium consisting of 0.07 M sucrose,
0.21 M mannitol, 0.1 mM disodium EDTA, and 1mM
TRIS, pH 7.2. and the suspension was spun for 10 min at
low speed (500 x g), the supernatant recovered and spun
for 10 min at 9000 % g [16]. This manipulation was re-
peated three times. Thus purified preparation of mito-
chondria containing only occasional broken mitochon-
dria, ER membranes, or lysosomes was used for breaking
and detaching the Outer Mitochondrial Membrane
(OMM). The mitochondria were swollen for 20 min at
4°C in 20 ml of swelling medium (20 mM phosphate
buffer, pH 7.2). The swelling was initiated gradually by
suspending the pellet in very small amount of swelling
medium and progressively, over 3 - 5 min, diluting the
mixture to final volume. After 20 min of treatment, the
preparation was spun for 20 min at 17,000 rpm (35,000 x
g), the pellet and the supernatant were separately recov-
ered for further purification. The supernatant containing
soluble the Inner Mitochondrial Space Components
(IMSC) was centrifuged at 100,000 x g, filtered and con-
centrated in similar manner as in preparation of CC. The
pellet was resuspended in fresh swelling buffer contain-
ing 0.02% albumin, and the Inner Mitochondrial Mem-
branes (IMM) were sedimented at 4000 rpm (1900 x g)
for 15 min. The OMM contained in the supernatant were
concentrated by spinning at 17,000 x g, the pellet resus-
pended in 4.0 ml of 20 mM phosphate buffer, pH 7.2 and
subjected to discontinuous sucrose gradient fractionation.

2.7. Discontinuous Sucrose Gradient

A three layered gradient was formed in Beckman SW39
tubes by layering successively sucrose solutions prepared
in 20 mM phosphate buffer pH 7.2 consisting of 1.2 ml
of 51.3 g/100ml sucrose solution (density 1.142), 1.2 ml
of 37.7 g/100ml sucrose (density 1.142) and 1.2 ml of
25.2 g/100ml sucrose (density 1.094). One ml of concen-
trated OMM was layered on the top of the gradient and
centrifuged at 37,500 rpm (115,000 x g) for one hour.
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This resulted in separation of the membranes into three
bands. From the top to bottom, the bands consisted of
OMM small fragments (A), large sheets of OMM (B)
and IMM with fragments of OMM (C), respectively. The
identification of the isolated fraction is based on the
electron microscopic studies published earlier [16]. To
remove sucrose, the separated fractions were diluted in
20 mM phosphate buffer, pH 7.2 and centrifuged at
17,000 rpm (35,000 x g) for one hour. Then the IMM
fraction recovered at 4000 rpm and the A, B, and C frac-
tions recovered from discontinuous sucrose gradient
were resuspended in 0.5 ml of the same buffer and used
for enzyme assays and lipid analysis. The assays were
performed in the presence of the IMSC or the CC com-
ponents.

3. RESULTS

As demonstrated in earlier investigations of intracellular
transport [20], the treatment with Brefeldin A (BFA) (5 -
10 mg/ml) afforded substantively different ER transport
vesicles. Their protein composition was dissimilar with
Golgi fusing vesicles, and their amount was reduced by
up to 50%. The produced vesicles contained up to 70%
less PI and Cer and their fusion with Golgi was reduced
to 20% of the normal BFA-free control. The analysis of
the vesicles that remained in the cytosol in BFA experi-
ments and BFA-free controls, revealed even more pro-
nounced differences reflected in their lipid composition.
Namely, the vesicles recovered from the cytosol con-
tained phosphatidylglycerol (PG), whereas those con-
taining phosphatidylinositol (PI) and ceramides (Cer)
were absent when ER-produced vesicular mixtures were
first subjected to fusion with Golgi (Figure 1).

The PG-containing vesicles from BFA experiments
and BFA-free controls recovered form cytosol after fu-
sion reaction with Golgi were not reacting with ER or the
organelles replenished by Golgi transport pathway, and
the vesicles remained in the cytosol (Figure 2).

Since the consecutive attempts to fuse PG-enriched
vesicles from BFA experiments or BFA-free controls
with Golgi or ER were not successful, we concluded that
the PG-containing vesicular fraction recovered from the
cytosol does not represent retrograde transporters. In
distinction, however, the PG-containing entities remain-
ing in the cytosol reacted with mitochondria. Normally,
as shown in Figure 3, the mitochondrial membranes con-
tain substantial amount of PG, LPG and CL, and are
practically devoid of PI and Cer.

Cardiolipin (CL), the prominent component of mito-
chondrial membrane, however, was not delivered or
identified among the lipids of PG-containing transport
vesicles that displayed affinity for mitochondrial mem-
brane (Figures 1(b) and 2) or was identified in any other
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Figure 1. [*H] palmitate-labeled ER transport vesicles generated as described in Methods. Panel (a) il-
lustrates lipid composition of the purified ER vesicles before fusion reaction with Golgi; Panel (b) illus-
trates lipid composition of the vesicles which remained in cytosol after reaction with Golgi; and Panel (c)
illustrates radiolabeled lipids remaining in ER after formation of transport vesicles. In each panel, the
lipids were extracted from three consecutive vesicular fractions recovered from 55% - 30% sucrose gra-
dient (a, b) and ER (c). As shown earlier [2,4,7,9-11], the transport vesicles containing PI and Cer in
their membrane fused with Golgi membranes, the vesicles containing PG (shown in (b)) remained in
cytosol. Thin-layer chromatography was performed on 10 x 20 cm Silica H plates prescored and pre-
washed with solvent mixtures used for lipid separation and then activated at 85°C overnight. The lipid
extract from isolated fractions of transport vesicles (Panels (a) and (b)) and ER residue (panel (c)) were
prepared in 10 pl of chloroform/methanol mixture (1/1 v/v) and the plate was developed up to 3/4 of
length with solvent mixture of chloroform/methanol/water (65/35/5, v/v/v), dried and developed to
within 0.5 cm of the plate top in hexane/diethyl ether/acetic acid (85/20/2, v/v/v). The iodine stained
plates were subjected to radiolabel quantitation and to charring as describe previously [2,3,8-11]. The
lipids were identified by parallel running of the phospholipid and neutral lipid standards. The lipid ab-
breviation, from the top, are: NL-neutral lipids, DG-diacylglycerides and ceramides, PE-phosphati-
dylethanolamine, PI-phosphatidy-linositol, PG-phosphatidylglycerol, PC-phosphatidylcholine, X-tenta-
tively determined with ninhydrin spray as lysophosphatidylcholine (LPC) lower spot (ninhydrin nega-
tive), and lysophosphatidylserine (LPS) and/or lysophosphatidylethanolamine (LPE, ninhydrin positive),
Or-origin.

cell organelles or cell membranes characterized previ-
ously [2-4,7,9-11].

The experiments tracing lipid conversions following
PG transport vesicles fusion with mitochondrial mem-
brane revealed that the process was accompanied by the
synthesis of CL (Figure 4). Following incubation with
CL-free radiolabeled PG transport vesicles, the radio-
labeled CL was identified in the mitochondrial lipid pro-
file. Moreover, the incorporation of PG transport vesicle
membrane into the mitochondrial membrane was ac-
companied by a steady or even increased amount of
lysophosphatidylglycerol (LPG) (Figure 4).

Interestingly, fusion reactions of the Golgi-specific ER
transport vesicles and those delivered to plasma mem-
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brane, also produced lysophospholipids [11,22]. How-
ever, the former and latter produced lysophosphatidyl-
choline (LPC) and lysophosphatidylinositol phosphate
(LPIP), respectively, whereas LPG presence was only
observed in the mitochondrial membranes. Also, as evi-
dent from Figure 4, the fusion with mitochondria has not
produced lysolipids of PA, PE or PC.

Considering the fact that the vesicles were radio-
labeled with palmitate which in animal-derived phos-
pholipids, primarily occupies sn-1 position of glycerol, it
appeared that the lysolipids in mitochondrial membranes
were generated by the action of phospholipase A, (PLA)).
Hence, a common cellular feature that determined fusion
was revealed. The cytosolic phospholipid-specific PLA,
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Figure 2. The PG-containing transport vesicles recovered from
cytosol after fusion reaction with Golgi and ER. The two di-
mensional thin layer chromatography was performed on 10 X
10 cm high performance thin layer plates (HPTLC) prewashed
with solvent mixtures used for lipid separation and activated as
described for Figure 1. The lipid extracts from the purified
transport vesicles that remained in the cytosol were applied to
lower right corner of the plate and the plate was developed in
I-solvent system consisting of chloroform/methanol/concen-
trated ammonium hydroxide (65/27/5, v/v/v). After drying in
37°C oven for 1h, the plate was subjected to second (II) devel-
opment in solvent system consisting of chloroform/acetone/
methanol/acetic acid/water (15/20/5/5/2.5, by vol.). The abbre-
viations placed on the plate correspond to following lipids:
from the upper left corner FA-free fatty acids, DG-diacylglyc-
erides, PA-phosphatidic acid, PE-phosphatidylethanolamine,
PC-phosphatidylcholine, PG-phosphatidylglycerol, PGP-phos-
phatidylglycerol phosphate, LPG-lysophosphatidylglycerol. The
lipids were identified using specific lipid standards and specific
radiolabeled standards as described previously and under Fig-
ure 1.

appeared to govern fusion and its specificity with cellular
organelles, and cell membranes [11,22]. The demonstra-
tion of the phospholipid-specific PLA, activity also cate-
gorized fusion reactions according to the vesicle-specific
phospholipid profile, and the organelle-specific compo-
nents elaborated in ER and destined for the site. Thus, we
came to a tentative conclusion that the delivery of ER-
generated transport vesicles to different membrane/or-
ganelles is initially dictated by the ER-determined mem-
brane composition, followed by the action of the phos-
pholipid-specific cytosolic PLA, that initiates the vesi-
cle-organelle specific fusion.

Inarguably, since PLA, contributed to increase in mi-
tochondrial LPG, the portion of the vesicular PG that
during fusion with mitochondrial membrane was con-
verted to LPG must have been in the outer leaflet of the

Copyright © 2012 SciRes.

Figure 3. Lipid composition of purified mitochondria used for
isolation of OMM, IMM and IMSC. The HPTLC was per-
formed as described in detail under Figure 2. The analysis of
separated lipids detected presence of cardiolipin (CL) and ly-
socardiolipin (LCL).

vesicle, and thus remained in the outer leaflet of OMM.
Indeed, this notion was supported by the findings that
upon further incubation with vesicles-free, transport-
active cytosol (CC), the mitochondrial LPG was visibly
reduced (Figure 5). Within 5 min of incubation, the level
of LPG decreased discernibly, whereas under static con-
ditions its contents in OMM was practically eliminated
(Figure 6).

Accordingly, we concluded that the enzymes that aid
fusion and reacylation of fusion-created LPG must rep-
resent a part of the mitochondrial coat and CC. One fa-
cilitates conditions enabling fusion, and the other elimi-
nates the excess of harmful lysophospholipids and re-
stores OMM integrity. Perhaps, the elimination of the
excess of lysolipids may have been recognized by others
[23,24] as mitochondria-specific fatty acid remodeling. If
so, it could be that the mitochondria-specific PG and CL
remodeling reflects the process and completion of trans-
port from ER which is terminated by OMM LPG acyla-
tion.

As shown in Figure 4 the incubation of mitochondria
with radiolabeled PG-containing transport vesicles af-
forded radiolabeled CL and LCL, which suggest that
fusion process of PG containing vesicles is accompanied
by the formation of mitochondria-specific CL and LCL.
Therefore, we hypothesized that this is a direct outcome
of vesicles cargo-induced synthesis of lipids in the OMM
and IMM leaflets facing the inner space containing
IMSC.

To determine the processes evoked by fusion of PG
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Figure 4. Fusion of radiolabeled PG transport vesicles, de-
picted in Figures 1(b) and 2, with cold mitochondria intro-
duced radiolabeled lipids into mitochondria, generated radio-
labeled CL and produced substantial increase in LPG. None of
the preparations of purified mitochondria contained tracable
amount of phosphatidylinositol (PI) or ceramides (Cer). The
PG transport vesicles were derived from samples depicted in
Figure 1(b) (lane 1 and 2), from samples subjected to fusion
with ER, depicted in Figure 2 (lane 3, 4 and 5). Phosphatidy-
linositol (PI) isolated from ER—transport vesicles (Figure 1(a))
was spotted between lane 1 and 2, and 4.5. The thin layer chro-
matography plates and developing solvent systems were the
same as in Figure 1, except that lipid extracts were applied in
form of narrow elongated band.

vesicles with the mitochondrial membrane, and to deter-
mine whether the components of intra-mitochondrial
contents are potentially involved in the deacylation of
CL, the radiolabeled IMM membrane lipids were sepa-
rated and the CL fraction subjected to incubation with
IMSC (Figure 7). Indeed, the results of CL incubation
with IMSC provided evidence that the IMSC contains
CL-deacylating activity (Figure 7(b)).

As demonstrated in Figure 6 the OMM is practically
free of CL, and hence by inference the IMM is enriched
in CL. Considering the fact that OMM is ruptured and
recovered in the form of membrane sheets, whereas IMM
has the appearance of intact membrane “ghosts” [16], the
major CL synthetic activity must be localized to the outer
leaflet of IMM that is in physical contact with IMSC
whose activity is dependent upon vesicular delivery of
ER-produced cargo. This assumption is substantiated by
the facts that IMSC supported the synthesis of CL
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Figure 5. Reacylation of LPG generated in mitochondria dur-
ing vesicular fusion. Following fusion experiment depicted in
Figure 4, the aliquots of the mitochondria were subjected to
further incubation with CC for up to 10 min at 4°C and 37°C,
respectively. As evident in figure, the mitochondria incubated at
4°C (middle lane) were displaying same lipid profile as nonin-
cubated samples (left lane), whereas lipid profile of the samples
recovered after incubation at 37°C (right lane) contained sub-
stantially lesser amount of LPG. The lipid chromatography was
the same as described for Figure 4.

(Figure 7(a)), whereas CC failed to produce the CL in
either OMM or IMM. In our interpretation, this further
implies that the synthesis of CL is dependent upon ve-
sicular delivery of CL synthase from ER to the space
between IMM and OMM. That seems to be the case,
since relative amount of radiolabeled CL detected in ali-
quots withdrawn during fusion was substantially smaller
than one detected in mitochondria after prolonged radio-
labeling (Figures 3 and 5, respectively). That would
suggest that IMM relies on CL synthese delivered in PG
transport vesicles and therefore the appearance of radio-
labeled CL (Figure 4) is connected to the ER transport
vesicles fusion and delivery of radiolabeled substrate,
and the enzymes that generate CL and LCL. Thus, we
surmised that CL is generated in the inner mitochondrial
membrane (IMM) and that formation of LCL is accom-
plished by the CL-specific lysophospholipase contained
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Figure 6. Lipid composition of OMM. The lipid analysis of
purified OMM has not revealed detectible level of LPG. As
displayed, the lipid composition of purified mitochondrial
membranes showed demonstrable differences between OMM
and IMM. As evident, the OMM lipid composition showed the
presence of three major phospholipid components represented
by PE, PC and PG. Also, traces of PGP were present, but LPG,
LCL and CL were not detectable. The two-dimensional HPTLC
was performed as described in legend for Figure 2. The prepa-
ration of OMM was accomplished by the procedure described
in detail in Methods.

between OMM and IMM and that facilitates IMM per-
meability and transfer of CL synthase to matrix [23]. But
normally, the analysis of mitochondrial membranes iden-
tifies rather small amount of LCL (Figure 3), and in the
purified IMM not even traces of LCL are evident (Figure
7(a)). Yet, the results illustrated in Figure 7(b) clearly
demonstrate that IMSC is enriched with cardiolipin dea-
cylating enzymes. Therefore, the utter absence of LCL in
purified IMM suggests that its level is determined by the
CL-specific acyltransferases that reduce LCL contents in
IMM, and stabilize IMM structure, while their effect is
registered in CL fatty acyl uniformity [14,25].

In this study, we cannot assess whether the same
transferases are eliminating LPG from IMM, since as is
apparent in Figures 2, 4 and 5, the level of LPG in IMM
remains rather high, and in the intact mitochondria, the
IMM is not exposed to acyltransferase present in CC.
Therefore, it is unlikely that LPG in IMM is reacylated
by the IMSC or CC-derived acyltransferases. Though,
with high degree of certainty, we may conclude that the
CC-derived acyltransferase is involved in LPG elimina-
tion from OMM. As shown in Figure 5, following fusion,
the LPG contained in mitochondria decreased upon fur-
ther incubation with CC. On the other hand, the LPG-
specific acyltransferase displayed poor activity toward
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(b)

Figure 7. Identification of radiolabeled CL in IMM and its
susceptibility to IMCS deacylating enzyme activity. Radio-
labeled CL depicted in mitochondria (Figure 3) was isolated
from TLC plates and subjected to incubation with IMCS for 30
min at 37°C. Following incubation the lipids were extracted
from IMCS aliquots and subjected to separation in solvent
mixture consisting of hexanes/diethyl ether/acetic acid 80/20/2.
The results of the incubation with IMCS of CL depicted in
panel (a) are shown in panel (b) which demonstrates release of
fatty acids (FA).

LPC and LPIP suggesting that the cytosol-derived acyl-
transferases are specifically geared to eliminate fusion
associated production of the organelle-specific lysolipids.

In conclusion, our results on transport vesicles genera-
tion and their affinity to intracellular organelles, and cell
apical and basolateral membranes, allow us to deduce the
major scheme of transport that in its entirety is dependent
on ER-initiated synthesis of multiplicity of transport
vesicles that at the same time but in varying quantities,
are transported to cellular organelles and cell membranes.
Based on the evidence acquired previously [2-4,7-11]
and the data presented in this paper, there are two major
routes of transport; one via Golgi apparatus and one to
mitochondria. Golgi directed transport vesicles are en-
riched in PI and Cer lipid components, whereas those
directed to mitochondria are discernible by the presence
of PG In Golgi, further maturation of Golgi-destined
vesicles determines their membrane specificity and pro-
vides them with affinity to apical, basolateral cell mem-
brane and to endosomes.

The mitochondria-directed PG-containing transport
vesicles deliver protein derived from the nuclear DNA
transcripts, of which CL synthase, CL-specific lyso-
phospholipase and acyltransferases have been tentatively
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identified by following the lipid conversion during ve-
sicular transport reflected in whole mitochondria and in
the OMM and IMM. Since mitochondria-specific ER-
transport vesicles and OMM are virtually-free of CL, and
CC is not able to assemble CL in OMM or IMM, we
further hypothesize that CL is mainly generated in IMM
with the aid of protein cargo delivered from ER and re-
leased into the inner mitochondrial space (IMSC). Also,
our study suggest that vesicular transport, delivery of the
cargo and restitution of the specific organellar membrane
is accomplished through a specific phospholipase action
i.e. PC-specific PLA, in fusion with Golgi, PIP-specific
PLA, in fusion with endosomes and apical and baso-
lateral epithelial membrane, and PG-specific PLA, in
fusion with mitochondria.

It seems plausible that as the fusion of transport vesi-
cles is accomplished through generation of lysolipids,
and the reaction is completed through elimination of
these membrane destabilizing lipids. Therefore, the puri-
fied OMM and IMM are virtually free of lysolipids,
whereas in the fusion experiments their presence in
membranes is demonstrable. Same phenomenon seem to
operate in the processes associated with LCL generation
and its elimination in the IMM. After LCL-induced de-
stabilizing of IMM that provide access gate for nuclear
DNA products to mitochondrial matrix, the LCL is eli-
minated. These results confirm that the cellular transport
is achieved in similar but highly specific mode, by pro-
ducing membrane destabilizing specific lysophospholip-
ids that contribute to a local opening of the membranes,
membranes fusion, and cargo release.

The results presented above allow us to advance fur-
ther our evidence-driven hypothesis that ER generates a
wide range of cell-specific transport vesicles that deliver
organelle-specific membrane and cargo, and thus repair
and reinstitute cell organelles and membranes in highly
controlled fashion. The transport vesicles that are aimed
to fulfill the restoration processes in mitochondria have
mitochondria-characteristic lipid composition, and de-
liver nuclear DNA translation products to the inner and
to matrix mitochondrial space in order to facilitate CL
synthesis and thus preserve CL-requiring phosphoryla-
tive oxidation to produce cell sustaining energy.

4. DISCUSSION

The initial concept of cellular transport built on the re-
sults generated from the investigations of Golgi transport
vesicles remains unchanged [5,6,26-28]. And, after 20
years of research dedicated to the topic, the findings that
the biogenesis and the attributes of the vesicles are
gained in ER are not incorporated into the model. Instead,
the Golgi vesicles-associated proteins dominate further
investigative inquires that concentrates on the protein

Copyright © 2012 SciRes.

exclusivity in the process [29-34]. In the theory enforce,
the biomembrane of the cell and the variety of cell or-
ganelles, although recognized for their uniqueness and
need to be restored with utmost fidelity and timeliness,
are loosely interpreted as inconsequential scaffold for
protein. The preoccupation with a potential of the ini-
tially recognized in Golgi transport-associated proteins
and proposed hidden meaning of their minute structural
details leads to tortuous explanations of their function in
other cellular transporters and, obscures the significance
of the features that in major way contribute to a distinct-
iveness of the process that is initiated in ER [2-4,7-10].
Consequently, the maintenance of the vesicle framework
which determines its true destination is minimized by
suggesting that the transporters are serving as mere con-
tainers delivering proteins and returning for the next
round of transport [21]. In an essence, the initially con-
ceived theory, although commends dominance and thus
gained many followers, cannot explain how membrane
specificity is maintained, how the organelles variable
restitution is accomplished, how the perfect balance be-
tween membrane lipids and membrane proteins is
achieved, or how the cellular or organellar membrane
proteins are so precisely intercalated into the specific
lipid scaffold.

In contrast, our investigations reveal a coherent picture
of the cellular repair and restitution in which all facets of
the specific transport rely on the assembly of ER trans-
port vesicles and their precisely maintained lipid and
protein composition. Cellular vesicular transport is initi-
ated in the ER with active translation processes [3]. If
viable cytosol of one type of cells is substituted with
other cells cytosol, the resultant vesicles are modified.
Moreover, if cytosol is treated with RNase, neither vesi-
cles synthesis nor the nuclear transport is observed [4].
The ER generated transport structures contain newly
translated membrane and cargo proteins, and morpho-
logically appear similar to those initially observed in
Golgi [35]. But upon biochemical analysis, we found that
ER vesicles differ substantially from those generated by
Golgi. The newly translated proteins transported to Golgi
for their posttranslational modifications are encased in
the vesicles consisting of newly synthesized lipids rep-
resented by PC, PE, PI and Cer [2,9-11]. In Golgi, their
immature membranes that undergo protein posttransla-
tional modification are also augmented with sphingo-
myelin (SM), glycosphingolipids (GSL) and phosphati-
dylinositol phosphates (PIPs) [9,11]. The membrane lipid
modification is destination specific; the vesicles trans-
porting cargo to apical membrane gain SM, GSL and
PI3P through alteration of PC, Cer and PI, respectively,
those destined to endosomes gain SM and PI4P, whereas
those transporting to basolateral membrane come to have
SM and PIP2 [3,9,11]. In our interpretation, the acquired

OPEN ACCESS



A. Slomiany, B. L. Slomiany / Advances in Biological Chemistry 2 (2012) 132-145 141

differences signify predetermined by ER lipid environ-
ment for the translated transcripts of ER transport vesi-
cles membrane and their cargo, and feature characteristic
lipid components of the sites of their delivery. By the
virtue that in our investigations the newly synthesized
ER transport vesicles were lipid radiolabeled, we were
able to establish that the release of protein cargo and the
en bloc vesicular membrane incorporation into the or-
ganelle has occurred [2,3,9,11]. Thus, contrary to broad-
casted interpretation, the ER assembled transport vesicles
were not taking numerous transport rounds within the
cell, but were incorporated into specific cell membrane
and thus renewed the segment of a such membrane. Con-
sistent with our findings-based postulation, the vesicles
maturing in Golgi are not identical but are modified in
concurrence to replace the specific membrane fragment
of apical epithelial membrane, endosomal and basolateral
membrane and, as well not yet investigated other cellular
organelles and sites, to renew them and deliver specific
cargo [3,8-10]. Therefore, the great majority of ER vesi-
cles consisting of still unrefined cellular products and
requiring Golgi-specific posttranslational modification,
first carry common affinity for Golgi membrane, where-
upon the transfer, their cargo and their membranes un-
dergo critical processing into different sets of transport-
ers. Specifically, these vesicles attain particular lipid
markers (GSL, SM, PIP) that determine their final desti-
nation [9-11]. Relevantly, though, none of the vesicular
membrane modifications resemble ER composition, or
the vesicles exhibit any affinity for ER, that would dic-
tate their return to ER for new cargo. In our opinion, the
results provide strong support to a concept that ER pro-
duces, at the same time but at different quantitative de-
mand a gamut of cellular vesicular transporters of which
some require Golgi-mandated destination-specific modi-
fication. From there, with their particular cargo and in
precisely structured replacement of the portion of cellular
or organellar membrane, the vesicles reach the site in-
tended [2,3,9-11].

Along the same line of thinking the connection be-
tween nuclear membranes biogenesis and intranuclear
transport of cytosolic proteins was deciphered [4,7]. The
investigation of cytosolic protein transfer to nucleus,
aided by its affinity to PIPs, demonstrated the involve-
ment of phosphoinositides in the transport. This allowed
us to speculate that in the nuclear-ER membrane contin-
uum the PIPs phosphorylation-dephosphorylation cycle
is engaged in the transport, synthesis and the renewal of
ER/nuclear membranes, deposition of cytosolic protein
in the nucleus, and the exodus of the cytosolic protein
signal-ignited transcripts of mRNA to cytosol. The pulse
chase study of the nuclear inner membrane (INM) and
the outer nuclear membrane (ONM) PIPs has determined
the existence of the cycle and re-immergence of the
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membrane containing ER-specific phospholipids con-
taining dephosphorylated PI core. This provided an ex-
planation for the absence of PIPs in ER and yet the unin-
terrupted seamless continuum between nuclear and ER
membranes [4]. Undeniably, the membrane lateral move-
ment and the exposure to intranuclear products replen-
ished cytosolic transcripts of RNA that dictated transla-
tion of the specific protein and formation of the specific
membranes. The seamless connection between nuclear
PIPs cycle and ER membrane genesis gave credence to
the signal-triggered processes that culminate in continu-
ous and faithful restoration of cell characteristic protein
and lipid components and functions, but without need for
the detached vesicular delivery.

As our investigations generated support to the idea
that the transport vesicles are not mere containers for
protein delivery but a specific apparatus to distinctively
restore cell’s membranes, the means and the course for
restoration of mitochondrial proteins and membranes
remained unknown. By connecting the nuclear to ER to
Golgi transport events, we could not envision restitution
of the mitochondrium. Clearly, the ER transport vesicles
directed to Golgi were not containing mitochondria-spe-
cific lipids and that negated the Golgi path for transfer of
nuclear transcripts’ protein products to mitochondria.
The current hypothesis, suggesting that distinct domains
of ER mediate interaction with mitochondria and such
contacts provide transport hubs for calcium and proteins
encoded by nuclear DNA [36-43] does not explain how
the accidental points of contact between two organelles
could restore mitochondrial membranes composition and
deliver in timely fashion mitochondria-specific proteins
required in the space between inner and outer mitochon-
drial membrane and by matrix.

In the studies presented in this paper, we provide evi-
dence that supports a direct vesicular transport from ER
to mitochondrium. These vesicles were first identified in
the experiments with BFA [20]. The synthesis of trans-
port vesicles in the presence of BFA, the inhibitor of
ER-Golgi transport, afforded generation of the vesicles
which did not display affinity with Golgi membranes,
consisted of lipids enriched with phosphatidylglycerol
(PG), phosphatidylcholine (PC) and phosphatidyletha-
nolamine (PE) and were virtually free of PI, sphingo-
myelin (SM) and glycosphingolipids (GSL). At the time,
the results of the findings were interpreted as BFA-in-
duced modification of ER vesicles biogenesis [20]. How-
ever, identical vesicles were detected in the experiments
without BFA, and hence we reasoned that they must be
pointing toward still undetermined cellular function. As
shown in the results, the fraction of ER transport vesicles
that remained in the cytosol when normal transport to
Golgi was accomplished, and those identified in BFA
experiments, consisted of PG, PC and PE, while the Cer
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and PI were not detectable. Moreover, the mucosal
epithelial- and hepatocytes-derived PG vesicles did not
contain apomucin or albumin cargo, respectively. Thus,
the absence of such cargo, allowed us to suggest that
these vesicles must carry products necessary for other
than Golgi-connected sites, the sites that require PG and
are not involved in the secretion of mucin or albumin.

PG, although seemingly common phospholipid in ER
membranes where its de novo synthesis is initiated with
formation of CDP-DG from PA is an important precursor
for the synthesis of cardiolipin (CL), a polyglyceryl-
phospholipid that is required for the activity of a large
number of enzymes residing in mitochondrial core and
the membrane lipids found only in mitochondrial mem-
branes. However, even the ER vesicles that showed af-
finity to mitochondrial membrane did not contain de-
tectible amount of CL. Therefore, we concluded that the
PG enriched vesicles must deliver PG containing mem-
branes and ER-translated protein cargo to assemble CL
in the mitochondrium [40,42-47]. Since analysis of the
mitochondrial membranes incubated with PG enriched
vesicles revealed the presence of LPG, we surmised that
this is the immediate consequence of fusion reaction that
involves deacylation of PG [45,46]. Just as formation of
LPC in Golgi and LPIP in apical epithelial membranes,
the formation of LPG apparently precedes and facilitates
incorporation of the vesicular membrane into mitochon-
drial OMM when releasing ER-produced cargo between
OMM and IMM. Formation of LPG and the presence of
LPG-specific acyltransferase in ER [46], suggest that the
enzyme must be an integral part of the PG transport
vesicles that upon fusion and LPG formation, reacylates
it to PG. This process, thus could explain the mitochon-
drial PG fatty acid remodeling and elimination of the
lysophospholipids from the OMM. The fact that the
lysophosphatidyl acyltransferase has no significant acyl-
tranferase activity toward LPC, LPE, LPS and LPI
strongly suggest that the processing of LPG to PG is mi-
tochondria-specific and occurs in the outer OMM leaflet
where the specific fatty acyl CoA can be incorporated
[371].

Neither in the vesicles identified in BFA experiments,
nor the vesicles remaining in cytosol after delivery of
cargo to Golgi, the cardiolipin (CL) specific marker of
mitochondrial lipids was detected. Hence, we surmised
that CL synthase is not present in the cell cytosol and
also is not active in the mitochondrial transport vesicles.
If it was, the vesicles enriched with PG would also con-
tain CL, since the CDP-DG substrate is available in ER
and used to generate PI in ER vesicles destined for
transport to Golgi. Moreover the CDP-DG could not re-
side on cytosolic leaflet of mitochondrial vesicles or the
mitochondria, since PI was not identified in OMM. Thus,
the findings suggested that CL synthase is delivered to

Copyright © 2012 SciRes.

mitochondria in PG-containing mitochondria-specific
transport vesicles and produces CL in the membrane
leaflets facing the space generated between OMM and
IMM [48].

The facts that RNase and proteinase K treatments of
the cytosol abolish transport, support the most significant
premise of cellular activity; one, ceasing generation of
transport vesicles, and the other curtailing vesicles fusion.
As we demonstrated earlier [11,22], the vesicles fusion
with organelles is aided through cytosolic phospholipases
A,. The fact that incorporation of vesicle membrane lip-
ids into mitochondrium is associated with production of
LPG demonstrated that this event is aided by the PG-
specific mitochondria-associated phospholipase A..

These initial results allowed us to suggest that ER
translated proteins are delivered to mitochondrium in the
mitochondria-specific transport vesicles. However, the
vesicles produced in the ER do not supply mitochondrial
membranes with cardiolipin (CL). Thus, either CL is
synthesized only in the IMM and the CL synthase is de-
livered in mitochondrial cargo from the ER and released
into the space between OMM and IMM, or by the mito-
chondrial matrix. Our results on lipid composition of
OMM and IMM show that only traces of CL are detected
in OMM, whereas the IMM contains substantial fraction
of CL. Also, since cell cytosol does not support the syn-
thesis of CL, it is apparent that CL synthase is contained
within OMM and IMM, and must be delivered with ve-
sicular cargo that does not spill into the cytosolic envi-
ronment.

In the studies documenting the fusion of ER transport
vesicles with Golgi we determined that PC-specific PLA,
was aiding fusion of the membranes [11,22], whereas
fusion of Golgi vesicles with apical membrane was as-
sisted by PIP-specific PLA,[8,11,22]. In the case of mi-
tochondria-directed transport vesicles, possibility exists
that a similar mechanism is engaged. The PG-specific
PLA, produces lysolipids which contribute to mem-
branes local lysis and the resulting destabilization allows
incorporation of the transport vesicle membrane into
OMM. While analysis of IMM also revealed the pres-
ence of LCL it is difficult to speculate whether in turn,
the LCL contributes to the destabilization of the IMM
resulting in accessibility of CL synthase to matrix and its
lipid substrates. The evidence on CL fatty acid remodel-
ing, however, suggests that PG and CL undergo PLA-
specific deacylation and mitochondria-specific acylation,
evidently through substitution of the fatty acids produced
by mitochondrial FA synthase in the leaflet facing matrix
[23,39,40].

In retrospect, the initial study on cellular transporters
utilized Golgi as the earliest and the primary site that
produced transport vesicles [5]. Indeed, by omitting ini-
tial stage of vesicles biogenesis, the mitochondrial por-

OPEN ACCESS



A. Slomiany, B. L. Slomiany / Advances in Biological Chemistry 2 (2012) 132-145 143

tion of transport vesicles was overlooked, while the
Golgi vesicles appearance, judged by the presence of
glycosylated secretory cargo, failed to detect the trans-
porters destined for intracellular organelles or basolateral
portion of the cell membrane. It is possible that the frac-
tion of the transporters, meant for other than apical
membrane destination, is still assumed as the vesicles
returning to ER for new apical cargo or as portion that
was not utilized under the conditions of the experiment.
This, however, could be only established by characteri-
zation of the remaining vesicles. In our studies, by util-
izing nonradioactive ER membranes and radiolabeled
transport vesicles, we could eliminate such turn of events
and establish that the entire spectrum of so far character-
ized vesicular transporters does not return to ER. The
prove of that is ascertained by the evidence documenting
that vesicular membranes lipids (SM, GSL, PIPs) were
not found in the ER. That alone, provides sufficient
prove that transport vesicles do not return for new cargo.

Considering results of our earlier studies, and com-
bining past as well as the present findings, we clearly see
that BFA, as suggested earlier [11,20] impacts the resti-
tution of Golgi membranes, and this impacts Golgi
structure as well as its ability to process vesicles transit-
ing Golgi and delivering cargo to cell membrane and to
other organelles. It is not surprising that proteins from
the cytosol that under normal conditions associate with
Golgi, in the presence of BFA that prevents restitution of
Golgi, dissociate due to lack of the affinity with modified
Golgi membrane. Hence, we speculate that BFA may be
impacting translation of proteins and membranes bio-
genesis that transit through Golgi network, meanwhile
the mitochondria-destined vesicles appear not affected.

Thus, the nuclear signal-initiated template, that is re-
leased to cytosol in the form of signal-determined array
of RNAs, dictates production of the specific variety of
transport vesicles. In comparison, the presently sup-
ported hypothesis based on the associated protein func-
tion cannot withstand the requirements that are obliga-
tory for cohesive and cell genuine restitution. Under the
conditions described in the latter concept, it is not
achievable that multiplicity of membranes, their recep-
tors, and the integral proteins would be synthesized and
precisely embedded. Such integration can only be ac-
complished if the translation and membrane synthesis is
synchronized in time and space [2-4].

While the initial impression of the nuclear membranes
restitution seemed to set apart the processes contributing
to the transport of cytosolic proteins to nucleus, the fact
that nuclear membrane represents a portion of endoplas-
mic continuum provided explanation for lack of vesicular
transport. As our previous studies revealed, the continued
ER membrane that envelopes nuclear contents is restored
by progressive lateral movement of ER membrane that is
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evoked by the synthesis of membrane lipids and specific
modification of the PI into PIPs serving as cytosolic pro-
tein receptors and transporters. The lipid synthesis-in-
duced movement through one nuclear pore provides nu-
cleus with newly translated nuclear proteins and the re-
newal of INM, while through the other pore site emerges
the newly refurbished INM exporting nuclear compo-
nents transcribed in response to the entering signal from
cytosolic site. In our interpretation, the lateral movement
of the nuclear portion of the ER continuum endows nu-
cleus with a steady influx of cytosolic signal proteins,
and the ER with steady influx of the membrane that is
conditioned to generate vesicles according to nucleus
delivered template [13,18,36,49].

Based on lipid analysis of the ER, transport vesicles,
and the mitochondrial membranes, we suggest that all
organelles in the cell are repaired and renewed in a
highly specific organized way that is initiated in the ER
by the nucleus-determined signals which create new
fragments of organelle specific membranes that enclose
organelle-specific cargo [2-4,7-11,49]. Indeed, in the
studies presented here we documented that mitochondria
are rebuilt and replenished with the ER translated protein
through generation of transport vesicles which are di-
rectly delivered to mitochondria, while other vesicles are
prepared for their final destination in Golgi.
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