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ABSTRACT

The autophagosomes were identified in the viable
cycloheximide (CHX)-treated cells which had an in-
capacitated translational process and thus disabled
synthesis of endoplasmic reticulum (ER)-derived ve-
sicular transporters. They were found devoid of the
proteins transported from ER to cell organelles, were
unable to fuse with ER, Golgi or mitochondria, and
displayed affinity with lysosomes. The analysis of
autophagosomes, derived from the CHX cell organ-
elles, revealed that their lipid composition resemble
that of the maternal organelle. Thus, the ER-derived
autophagosomes were marked with the presence of
phosphatidylinositol (P1), Golgi-derived vesicles con-
tained sphingomyelin (SM) and glycosphingolipids
(GLL), and the mitochondria-derived autophago-
somes contained phosphatidylglycerol (PG) and car-
diolipin (CL). The incubation of the vesicles with in-
tact lysosomes afforded their and the lysosome mem-
brane lipids degradation. The analysis of the products
derived from incubation of lysosomes and autophago-
somes with radiolabeled SM, in the presence and the
absence of TritonX100, allowed us to conclude that
during autophagosome degradation the lysosomal en-
zymes are not released to cytosol, and that only ly-
sosomes contain the enzymes degrading membrane
lipids. In summary, our findings allowed us to au-
thenticate the vesicles generated in the CHX-treated
cells as organelle-specific autophagosomes and to de-
termine that complete cycle of cell restitution and de-
bridement includes intralysosomal degradation of the
lysosomal membrane engulfing the autophagosomes
vesicles.
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1. INTRODUCTION

In theory, an autophagy, the degradation of the dysfunc-
tional portions of cell membrane and its organelles, and
its synchronization with biomembranes repair and repla-
cement is crucial to maintain the state of equilibrium in
the cell size, specificity and function. To satisfy these
homeostatic criteria, the autophagy must be organelle
specific, proportional to newly assembled membrane
replacement, and be completed by the delivery of the
excised dysfunctional portion of the organelles to lyso-
somes for degradation. Therefore, a vital and the overri-
ding feature in the design of the investigation tracing the
intracellular transport is to retain the unmodified mem-
brane lipid and protein make-up, and the setting that
closely parallels the in situ environment that would allow
tracking the progressive movement of the synthetic cargo
transporting vesicles and generation of autophagosomes
[1-4]. Knocking out gene technique is the most popular
way to probe a protein’s destination and function, but
such manipulation can create unnoticeable yet relevant
consequence in the transport, by generating central chan-
ge that destroys destination marker of the transporter
[4-9]. Or, in certain situations, the modified by deletion
complex may trigger cellular machinery created to eli-
minate misshapen product, or the product is diverted to
inappropriate cellular location [4-10]. Hence, as the con-
sequence of gene knockout the cell architecture and
function may be modified or destroyed [9-13]. Just as
risky is the approach relying on point mutation technique,
which can impact protein folding and its organization in
the membrane, and thus disturb the vesicular structure
responsible for cellular homeostasis [5-7,10,14]. More-
over, the results of the studies embracing genetic mani-
pulation and point mutation techniques are assessed
under the conditions that minimize function of mem-
brane-specific lipids or reduce their involvement to mere
hydrophobic background for the protein folding.
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These apparent shortfalls in the general strategy that
advance solitary contribution of protein in the cellular
transport, repair, and debridement, have been addressed
by our investigative approach tracing labeled cargo and
fusion of the vesicular membranes lipids with the cellular
membrane or its organelle [15-20]. This approach allo-
wed us to document the elemental dissimilarities in the
composition of the transport vesicles, the dissimilarities
of the lipids that are integrated at the transporters con-
ception in the Endoplasmic Reticulum (ER), the dif-
ferences substantiated further as the vesicles membrane
and protein cargo undergo refinement in Golgi, and
additional divergences produced until incorporation of
the ultimate structure into specific site of the cell is
accomplished [15-24]. Cumulatively, these investigations
allowed us to conclude that precise, destination-specific
vesicular construction is a crucial attribute of the homeo-
static repair and restitution [15,17,18,21,25,26]. The vali-
dation of the concept that entails crucial role of lipids in
ER initiation of biomembrane configuration, and identi-
fication of the en bloc membrane inserts in the cellular
and organellar membranes, thus cemented the role of
specific lipids in the restitution of cells.

To corroborate the deductive logic of our concept of
homeostatic criteria, the information on catabolic eli-
mination of the dysfunctional portion of the organelles
reflected in the production of the autophagosomes,
should endorse organelle-specific elimination of its frag-
ments and reflect surgical resections of the damaged and
being replaced membrane segments. Consequently, each
such resection, from each site and organelle, should
produce unique vesicles that compositionally reflect their
derivation site and display affinity for association with
lysosomes. Accordingly, every viable cell that is actively
involved in the synthesis and secretion, metabolism and
energy production and consumption, generates autopha-
gosomes that reflect turnover of the specific organelles
and the sites of cellular membrane. This idea of the
autophagosomes origin is to some degree supported by
numerous reports providing evidence that autophago-
somes contain the unique, organelle-specific markers, but
again, their membrane origin was not documented and
still the subject of intense debate [27-33]. Therefore, in
keeping with our advances in organelle specific mem-
brane synthesis and delivery, and the fidelity of cell
restitution, we have engaged in the investigation to docu-
ment that autophagosomal vesicles reflect the orga-
nelle-specific membrane resections destined for lyso-
somal degradation.

2. MATERIALS AND METHODS

2.1. Preparation of Cells for Subcellular
Fractionation

For the isolation of cell components, the initial step of
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fragmentation of the structure is crucial and a method is
required that gives minimum breakage. Hence, in the
method described herein we used the techniques which
allowed us to purify cell organelles with minimum frag-
mentation of their structure, so that Cell Cytosol (CC)
was not admixed with organellar components and that
cell membranes were not admixed with intracellular
membranes. In further preparation of organelles, we aim-
ed to isolate the undamaged structure so we could use
them for incubation with CC and formation of the trans-
port or autophagosomal vesicles.

The cells were prepared from rat gastric mucosa and
the liver as described previously [17,18,22,26,34]. The
single cells, that were separated from larger debris with
the aid of specific cell size nylon mesh, were centrifuged
at 50 x g for 2 min, 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 radiolabel, then where indicated incubated for 30
min with 100 nM cycloheximide (CHX), and used for
preparation of nuclei [22], subcellular organelles, cell
cytosol [17,22,23,25,26] and cellular membranes [15,23].
In the experiments dedicated to the vesicles synthesis
with translation active CC or RNase or CHX treated CC,
the preparations of the organelles were additionally
rinsed with phosphate buffered saline (PBS), or 0.5 M
NaCl or urea-PBS, in order to remove the associated
residual cytosolic proteins that otherwise would remain
on their membranes. The synthesis of phospholipids and
protein was assessed using radiolabeled [*H] inositol, [*H]
arachidonate, [°H] choline, [*H] serine, [°H] palmitate
and [**P] ATP [17,18,21-23,26]. The radiolabeled CHX
incubated cells’ organelles were incubated with vesicles-
depleted CHX cytosol and the formed products subjected
to separation from organelles as described earlier for ER,
Golgi and mitochondria-derived biosynthetic transport
vesicles [17,18,21-23,25,26]. The vesicles generated in
the CHX-treated cells were subjected to fusion experi-
ments with Golgi, ER, mitochondria and lysosomes in
the medium containing cold, vesicles-free, CHX-derived
CC at concentration of 15 mg protein/ml of incubation
mixture enriched with 50 mM ATP, 250 mM CTP, 50 mM
GTP, 5 mM creatine phosphate, 8.0 IU/ml creatine kinase,
and where indicated 100 nM CHX or 25 mg/ml RNase,
10 mM UDP-Glc and 10 mM palmitoyl CoA [17,18,21-
23,25,26].

2.2. Preparation of the Active Cell Cytosol (CC)

The viable cells (normal, or CHX-treated) were homo-
genized 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 phenylmethylsulfonyl-
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fluoride, 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 subjected to centrifuga-
tion at 100,000 x g for 1 h. Thus obtained soluble frac-
tion was adjusted to 15 - 18 mg protein/ml, admixed with
an ATP generating system consisting of 40 mM ATP, 200
mM creatine phosphate, 2000 units/ml creatine phospho-
kinase, and referred to as transport active cell cytosol
(CC) or (CHX CC). Then, the vesicles remaining in the
obtained cytosols were removed by centrifugation at
150,000 x g for 1 h, and the spun down material sus-
pended in 55% sucrose, overlaid with 55% - 30% gra-
dient and centrifuged at 150,000 x g for 16 h. The radio-
labeled material was recovered from the gradient as re-
ported earlier for isolation of transport vesicles from ER,
Golgi and mitochondria [17,18,21-23,25,26,35].

2.3. Preparation of Cellular Organelles and
Membranes

The cell membranes and subcellular organelle fractions
(mitochondria, ER, Golgi) were recovered from the cold
or radiolabeled cells as described earlier [17,18,21-23,
26]. The ER and Golgi organelles sediment, remaining
after separation of nuclei, mitochondria, endosomes and
lysosomes, and cell cytosol, was suspended in the buffer
containing 0.2 M PIPES (pH 6.9), 2.0 M glycerol, | mM
EGTA and 1.0 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 1.0 M sucrose, ER
from 1.3 M and 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 membranes
were washed with original PIPES buffer and centrifuged
at 3000 rpm for 2 min. To separate apical epithelial
membranes, the buffer was adjusted with 0.2% Triton
X-100 and the mixture incubated at 4°C for 5 min [21,
23]. This treatment resulted in breaking up the phos-
pholipids-rich membranes into smaller segments and that
allowed us to separate apical membranes containing cho-
lesterol, glycosphingolipids and glycoproteins. The latter
membranes were recovered by low speed centrifugation
at 3000 rpm for 2 min.

The mitochondria and lysosomes were purified from
10,000 x g spun fraction. From the initial fraction, the
fluffy layer of broken mitochondria and ER microsomes
that covered the crude mitochondrial pellet was suction-
ed off, the pellet was gently resuspended in five volumes
of medium consisting of 0.07 M sucrose, 0.2 M manni-
tol, 0.1 mM disodium EDTA, and 1 mM TRIS, pH 7.2,
and the suspension was spun for 10 min at low speed
(500 x g), the supernatant was recovered and spun for 10
min at 9000 x g [25]. This manipulation was repeated
three times. Thus purified preparation of mitochondria
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contained only occasional broken mitochondria, ER
membranes, or lysosomes. The endosomes and lyso-
somes were recovered from the mitochondrial fraction
following treatment that afforded swelling of mitochon-
dria [36-38]. The swollen mitochondria were separated
from lysosomes by means of isoosmotic gradient [38],
and the lysosomes used for incubation with vesicles
recovered from CC, and the organelles subjected to in-
cubation with vesicle-free CHX CC. Mitochondrial frac-
tion recovered from the gradient was used for the
preparation of mitochondrial lipids and thin layer chro-
matography [25].

2.4. Generation and Purification of the Vesicles

ER- and Golgi-derived transport vesicles were generated
in the presence of radiolabeled precursors according to
procedure described previously [17,18,21-23,26], and
where indicated, in the presence of Brefeldin A (BFA)
[24], and cycloheximide (CHX) [39,40]. The ER or
Golgi membranes, mixed with CC, ATP-generating sy-
stem, UTP, CTP GTP, fatty acyl CoA and water soluble
cold or radiolabeled lipids precursors, were incubated for
30 min at 37°C, centrifuged over 0.3 M sucrose 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 vesicles
were recovered from the supernatant resulting from cen-
trifugation of the supernatant mixture at 150,000 x g for
1 h. The crude fraction of the transport vesicles was sus-
pended in 55% sucrose, overlaid with 55% - 30% gra-
dient and centrifuged at 150,000 x g for 16 h. The puri-
fied transport vesicles were recovered from the gradients
as reported earlier [17,18,21-23,26].

2.5. Incubation of Transport Vesicles with ER,
Golgi, Mitochondria and Lysosomes

One volume of radiolabeled vesicles (1.3 - 1.5 mg
protein/ml) was suspended in one volume of CC or CHX
CC (15 mg protein/ml), and added to one volume of cold
cell organelles (5 mg protein/ml). The reaction was
allowed to proceed from 0 - 30 min at 4°C (control) 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 respective
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 incu-
bation with Golgi were purified on 55% - 30% sucrose
gradient and used in fusion experiments with cold
mitochondria, and with lysosomes. One volume of the
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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 mitochondria, or lysosomes (5 mg/ml). Each
reaction was allowed to proceed for up to 30 min under
same conditions as described for the ER vesicles fusion
with Golgi. In the experiments estimating en bloc fusion
of transport vesicles with Golgi and/or mitochondria or
lysosomes, the associated but not fused vesicles were
released from the membrane by subjecting the membrane
fraction to treatment with 2 M urea at 4°C or 0.5 M NaCl,
and then the recovered organelles were centrifuged
through 0.5 M sucrose, washed and subjected to radio-
labeled lipid analysis.

3. RESULTS

In the investigations presented herein we concentrated on
the process of elimination of the superfluous and un-
wanted elements of the organelles that in viable cells are
released to cytosol in form of autophagosomes and re-
quire removal by means of catabolic degradation. In or-
der to reduce contribution of the vesicles from the syn-
thetic arm of the transport/restitution cycle, the cells
were subjected to the translation/elongation inhibition
treatment with CHX [39-41], and the cytosolic vesicles
produced by autophagocytic activity characterized. Also,
the subcellular fractions representing ER, Golgi, and
mitochondria were subjected to the incubation with the
transport active CHX CC to produce organelle specific
vesicles which then were tested for their ability to asso-
ciate and fuse with cell organelles and their lipid compo-
sition characterized. The vesicles recovered from active
CC of the CHX treated cells are shown in Figure 1.

As illustrated above, the CHX-treated cell cytosol
contained serine labeled vesicles, and displayed similar
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Figure 1. The vesicles isolated from CHX treated cells cytosol.
Prior to subcellular fractionation, the purified hepatocytes were
subjected to 24 h labeling with serine and/or palmitate and then
treated with CHX for 1 h to inhibit translation/elongation and
the transport/restitution processes that produce ER-derived
transport vesicles. By eliminating the contribution of the syn-
thetic arm of the cycle, the products of the phagosomal activity
were uncovered.
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sedimentation pattern as the cargo carrying transport
vesicles produced in ER during active translation/tran-
slocation and vesicles formation activity. The cytosol
derived from the CHX treated cells was used for vesicles
isolation according to procedures described in Materials
and Methods. As apparent, the sedimentation profile of
autophagosomes was found to be similar to that of the
synthetic transport vesicles characterized in our previous
investigations [15,18-20,23,26]. Therefore, to document
that these structures are not the remains of the synthetic
arm of the cycle, but are created in the process of intra-
cellular catabolic elimination of the organelle fragments,
first we determined their cargo content, and their ability
to fuse with the organelles that are restored by ER-de-
rived transporters (Golgi, mitochondria), and then use
them in experiments determining their reactivity with
lysosomes. As demonstrated in Figure 2, the serine and
palmitate labeled CHX-treated hepatocytes’ cytosol con-
tained protein and lipid-labeled vesicles, which were
cargo-free, were not fusing with Golgi, and the majority
associated with lysosomes.

In the preliminary experiment with not separated ER-
Golgi fraction (not shown in Figure 3), the traces of the
vesicular material, that during incubation was not re-
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Figure 2. Recovery of radiolabeled CHX cytosol-derived
vesicles following 5 - 45 minutes incubation with Golgi (Pa 1)
and with lysosomes (Pal 2). The corresponding samples of the
vesicles used in reaction with organelles were also subjected to
PAGE protein separation and estimation of the radiolabeled
albumin. The results from the experiment are presented under
(Alb). As shown, the vesicles remaining in CHX cytosol con-
tained only traces of the albumin transporting vesicles and were
not able to react with Golgi, instead readily associated with
lysosomes. Due to small amount of labeled lipids, the origin
and the destination of the remaining in cytosol fraction (Pal 2)
was not investigated further. The CO column represents the
radiolabel recovered from cytosol immediately after combining
fractions for incubation with Golgi and/or lysosomes.
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tained with lysosomes or fused with Golgi was not
changed or displayed the property of the synthetic vesi-
cles at the stage of retrograde transport. Fusion was not
detected neither with ER-Golgi, nor Golgi or mitochon-
drial membranes, and the retained material was easily
separated by the treatment with 0.5 M NaCl (Figure 3).

Based on the results presented in Figures 2 and 3 we
could afford the conclusion that the CHX treatment-de-
rived cytosol contained still other than autophagosomes,
or cargo transporting vesicles, or the postulated retro-
grade transporters between Golgi and ER [42] since they
were not fusing with ER, Golgi or mitochondria, or dis-
play affinity for lysosomes. However, as shown in Fig-
ure 4, the overwhelming majority of the material was re-
tained with lysosomes. Within 5 min of incubation, the
association was nearly complete, and only minimal chan-
ges were observed when incubation was continued for up
to 45 min. The ability of the CHX cells vesicles to asso-
ciate with lysosomes sets them apart from synthetic
transport vesicles which as demonstrated in earlier in-
vestigations displayed capacity to fuse with Golgi, mito-
chondria, endosomes and specific sites of cell membrane,
could not be separated by treatment with 2 M urea or 0.5
M NaCl.
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Figure 3. Recovery of CHX cytosol vesicles from the tran-
sport-specific reaction with Golgi (V + C + Golgi-1, 2) and
with mitochondria (V + C + mito-1, 2). The data under
columns (mito + NaCl) depict the results of stripping of the
recovered mitochondria with 0.5 M NaCl. It appears that the
vesicles which have not reacted with lysosomes (Figure 2)
were not the synthetic mitochondrial transporters either. The
possibility remains that the fraction of the vesicles not reacting
with Golgi, mitochondria or lysosomes may be the transport
product destined to endosomes. However, without specific lipid
markers, we could not identify the vesicles destined to endo-
somes.
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Hence, the experiments depicted in Figures 1-4, de-
monstrate that the vesicular material isolated from cyto-
sol of the CHX-treated cells represents cellular vesicles
destined for lysosomes, and hence represents the cell
autophagosomes awaiting digestion. The latter is proven
by the fact that the recovered mixture of the cytosolic
vesicles (Figure 4) reacts indiscriminately with lyso-
somes, the attribute that is shared by all catabolism-des-
tined cellular autophagosomes.

In order to investigate the concept that the autopha-
gosomes are not identical in their lipid composition but
reflect compositional similarities with the maternal or-
ganelle undergoing repair and restitution, we concen-
trated our further efforts on isolation of the vesicles
which were discharged from CHX treated cells’ organ-
elles when subjected to incubation in active CHX CC.
The purified ER, Golgi, and mitochondria were incu-
bated in the CHX-derived vesicle-free CC and then the
discharged vesicular material was isolated from the cy-
tosol. As presented in Figures 5 and 6, the incubation of
the organelles in the CHX vesicle free cytosol produced
material that separated from organelle main fraction in
similar manner as the synthetic ER-derived transport
vesicles highlighted in our earlier publications [15,17,19,
25]. However, upon their further characterization we
found critical differences in their features. As already
presented in Figures 2 and 3, for the mixture of vesicles
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Figure 4. Association of CHX cytosol-derived vesicles with
lysosomes. The recovery of radiolabeled tracer from lysosomes
(cpm in lysosomes 1, 2) and in cytosol following 5 - 45 minutes
incubation with label-free lysosomes and cytosol. The results
demonstrate recovery of the palmitate labeled lipids recovered
from the intact lysosomes, and from the cytosol following cen-
trifugation of the individual samples. On the average, each
incubation sample contained from 1200 cpm - 1400 cpm. The
detailed description of the incubation is presented under Ma-
terials and Methods.
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in detail in Materials and Methods. As shown in Figure 2 for
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CHX-organelle-released vesicles, in contrast to synthetic tran-
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Figure 6. Mitochondria- and ER-derived autophagosomal
vesicles generated upon incubation of the CHX cells derived
organelles in CHX vesicle-free cytosol. The released vesicles
were separated and purified as described in Materials and
Methods and illustrated here in Figures 1 and 5. The mito-
chondrial incubates, prior to sucrose gradient centrifugation,
were subjected to 12,000 rpm centrifugation to separate the
maternal mitochondria from cytosol-contained mitochondrial
autophagosomes (mitoPhg). The ER incubates were recovered
from cytosol as described in Materials and Methods and the ER
autophagosomes (ERPhg) were separated from the ER on the
sucrose gradient depicted above. As apparent the maternal ER
fraction consisted of heterogeneous population of the micro-
somal vesicles.

Copyright © 2013 SciRes.

derived from CHX cytosol, the vesicles derived from the
organelles of CHX treated cells would not fuse with
Golgi, the Golgi-derived vesicles have not displayed affi-
nity for apical or basolateral membranes, and the mito-
chondria-derived material would not associate with ei-
ther Golgi or plasma membranes.

As verified by thin layer chromatography each orga-
nelle-derived vesicles consisted of lipids specific for the
organelle from which they were derived (Figure 7), and
displayed the ability to associate with and be degraded
by the lysosomes (Figure 8). As identified by thin-layer
chromatography, the Golgi derived vesicles from gastric
epithelial cells, in addition to PE, PC, and PI, contained
SM and GSL (Figure 7), whereas mitochondria-derived
material contained PC, PE, phosphatidylglycerol (PG)
cardiolipin (CL), lysoPG, dilysoCL but not GSL, SM or
Cer (Figure 9). Moreover, as established for CHX CC
derived mixture of vesicles featured in Figures 1-4, the
ER- and Golgi-derived material did not have the syn-
thetic cargo specific for gastric epithelial cells (mucin) or
hepatocytes-specific cargo (albumin). The latter finding

600 g
450

300

cpm/spot

GSL-2 PS+GSL-3. SM | Or
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Figure 7. The composition and the serine labeling of CHX
Golgi lipids before (1) and after (2) incubation with CHX
cytosol, and the vesicles recovered from the cytosol (3). The
purified CHX derived Golgi, and the material recovered from
fractions 5-7, and 10-12 (Figure 5) corresponding to the cy-
tosol recovered vesicles (Golgi phg) and Golgi (Golgi), re-
spectively were subjected to lipid extraction and thin layer
chromatography. The equal amount of radiolabeled lipid ex-
tract (2000 cpm/spot together with cold internal standard of
Golgi-derived lipids) was applied and subjected to separation in
the solvent system consisting of chloroform/methanol/water
(65:35:8, v/v/v). Following iodine visualization, the areas cor-
responding to sphingosine (SphNH), ceramide (Cer), glycos-
phingolipds 1-3 (GSL 1-3), phosphatidylserine (PS), sphin-
gomyelin (SM) and origin (Or) were scraped and the radiolabel
quantitated.
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Figure 8. Lysosomal and alkaline degradation products of
CHX Golgi-derived autophagosomal vesicles derived from
serine labeled cells. The control (untreated), the lysosomal in-
cubation extracts (Lys.) and the products of alkaline degra-
dation (Alkal.) were subjected to TLC in solvent system consi-
sting of chloroform/methanol/water (65:35:8, v/v/v) and radioa-
ctivity counting. As reflected in the results, the products of the
incubation with lysosomes afforded labeled sphingosine (Sph-
NH), while alkaline degradation impacted PS only. Thus, we
concluded that incubation with lysosomes produces terminal
degradation of the membrane lipids contained in the Golgi-
derived autophagosomes.

alone was indicative that the vesicles are representing
cellular process that does not contribute to cargo trans-
port and could not represent empty transporters either,
since they were lacking ability to associate with cargo-
producing organelle (ER).

In summary, this portion of our study has demon-
strated that the cells treated with CHX and thus with ar-
rested translational ER activity, continue to release ve-
sicular material whose lipid composition reflects mater-
nal organelle membrane from which they were isolated
(Figures 8 and 9). Importantly, the common feature of
all those organelle-produced and released to cytosol
vesicles is their affinity to lysosomes.

The retention of Golgi-derived autophagosomes with
lysosomes was not a static association, and as shown by
lipid analysis, the incubation resulted in autophagosome
degradation manifested in the production of radiolabeled
sphingosine, the degradation product derived from SM
and GLL (Figure 10).

To demonstrate phagosomal vesicles lipid digestion
we used the radiolabeled vesicles from individual orga-
nelle preparations and analyzed products after incubation
with cold lysosomes. As shown, (Figure 10), upon incu-
bation, the lipids of Golgi autophagosomal vesicles yiel-
ded labeled shingosine (SphNH2). To reveal whether
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Figure 9. TLC analysis of the lipid composition of the
mitochondrial autophagosomes (A) and mitochondria
(B) following incubation of the purified organelles in
the CHX cytosol. The mitochondria-released autopha-
gosomal vesicles were recovered from the cytosol as
shown in Figure 6. The recovered material following
extraction with chloroform/ methanol (2:1, v/v) was
applied to thin layer plate and subjected to two-dimen-
sional chromatography in three solvent system. First
solvent system consisting of petroleum ether/ethyl
ether (7:3, v/v) afforded movement of neutral lipids to
the top of the plate. Second system consisting of chlo-
roform/methanol/28% ammonia (65:35:6, v/v/v) was
applied in the same direction. The third solvent system
consisting of chloroform/acetone/methanol/acetic acid/
water, (30:40:10:10:5, by vol.) in second dimension.
The separated lipids were visualized using iodine va-
pors and identified by compering their migration with
external standards and their reactivity with ninhydrin
(PE, LPE, PS), orcinol (GSL), and phosphate detecting
sprays (SM, phosphoglycerides). Abbreviations: FA,
fatty acids, CL, cardiolipin, PE, phosphatidylethano-
lamine, MCL, mono-lyso-cardiolipin, LPE, lysophos-
phatidylethanolamine, PS, phosphatidylcholine, DCL,
di-lyso-cardiolipin, PG, phosphatidylglycerol, LPG,
lysophosphatidylglycerol.

catabolism-dedicated vesicles degradation proceeds with
or without effect on lysosomal membrane lipid compo-
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Figure 10. Identification of shingolipid-derived radiolabeled
products of Golgi-derived autophagosomes, labeled lysosomes
or both labeled organelles following their incubation in CHX
cytosol. The incubated samples of the organelles ware subjec-
ted to lipid extraction and radiolabeled tracer quantitation. As
evident both organelles were releasing free sphingosine
(SphNH2) which initially was incorporated in the Golgi de-
rived autophagosomes (shown in Figures 5 and 7) or SM that
was found in lysosomes. The fact that radiolabel release was
potentiated when both membranes were labeled suggest further
that both organelles undergo degradation.

nents, we performed incubation experiments using pre-
parations of labeled lysosomes with cold autophago-
somes. Interestingly, within 5 min - 10 min of incubation,
the [*H] serine-labeled SphNH2 were released from auto-
phagosomes and from lysosomes.

The issue, which resulted from the demonstration that
reaction between autophagosomes and lysosomes re-
leases labeled lipid precursors from both organelles, was
whether the degradation was intralysosomal, and if so,
why the lysosome membrane-derived SM was digested
(Figure 10).

Thus, we faced two alternatives; either autophago-
somes had capacity to digest lysosomal membranes or
that autophagosomes engulfed by lysosomal membrane
were internalized and then digested. The endorsement of
the concept of lysosome self degradation was obtained
when the sphingomyelinase (SMase) activity was deter-
mined by subjecting radiolabeled SM to lysosomal and
autophagosomal digestion in the presence and absence of
TritonX100. As shown in Figure 11, the SMase activity
was only demonstrated in the lysosomes preparation
treated with TritonX100. Neither in the intact lysosomes
or autophagosomes, nor TritonX100 disrupted autopha-
gosomal vesicles, the SMase activity was discerned.

In our vision of the event, the digestion of autopha-
gosome and lysosomal membrane is only feasible th-
rough invagination onto itself of the portions of lyso-
some engulfing autophagosome and the exposure of its
own membrane to hydrolytic milieu. Also, since the re-
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Figure 11. Sphingomyelinase (SMase) activity in the intact and
Triton X100 treated lysosomes and autophagosomes. Aliquots
of purified organelles (30 - 50 pg protein) were incubated for
the indicated time at 37°C in a buffer (50 pl final volume)
containing 20 mM HEPES, 1 mM MgCl, (pH 7.4) and 4 pl
[N-methyl14C] SM (44,000 cpm/tube) in the presence and
absence of 0.2% Triton X100. After indicated time of incu-
bation, the tubes ware placed in melting ice-water bath and
phosphorylcholine (P-choline) was extracted by adding 250 pl
of water and 800 pl chloroform and centrifugation for 3 min at
2700 rpm. Then, 200 pl of water (upper phase) was removed
into scintillation vials and counted. To establish P-choline
release, a 50 pl of water phase was subjected to thin layer chro-
matography in the solvent system consisting of methanol/0.9%
NaCl/28% NH4OH (50:50:1, v/v/v). The area corresponding to
P-choline standard was then scraped and counted.

covered cytosol was not displaying hydrolytic activity
toward added substrate, we deduced that the process be-
tween autophagosome and lysosome is internalized and
contained within the intact lysosome. Otherwise, partial,
or complete opening of the lysosomal membranes would
show SM degradation in the absence of the detergent.
The obtained results let us to speculation that lysosomes
engulf the phagosomal vesicles, reseal, and consequently,
the organelle-released phagocytic vesicle and the engul-
fing lysosomal membrane are subjected to intra-ly-
sosomal catabolic dismantling. Hence, the final process
of cellular debridement is contained within the lysosome
and, as evident in the release of basic lipid metabolites
derived from autophagosome and lysosome, is linked
with the lysosome self recycling, but without release of
the enzymes to cytosol. And thus, the cycle of cell resti-
tution is complete, and as long as cellular cues faci-litate
the balanced synthetic and catabolic responses, the cell
composition and function remain in homeostatic equilib-
rium.

4. DISCUSSION

Our investigations of cellular vesicular transport provide
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evidence that supports the concept of cell restitution as
the highly controlled specific process during which por-
tions of cell membrane and its organelles are rebuilt and
catabolized with utmost precision and fidelity. The me-
ticulous task of restitution is achieved by ER site-specific,
synchronized with lipid synthesis, assembly of the exact
replacements of the membranes with their intercalated
proteins that form vesicles and thus transport specific
cargo, and refurbish the specific organelle [15-23,25,26].
In several and significant to the topic details, the concept
outlined above, driven by the results of the investigation
on biomembrane synthesis and catabolic turnover, diver-
ges from the view emphasizing role of structural details
of the individual proteins that were identified in Golgi
transporters [43,44]. The initial findings captured in
Golgi and created with components derived from variety
of cells, organs and their cytosolic fractions [43-49] grew
into theory that epitomized several proteins and general-
ized Golgi-derived transporters as universal structures in
cellular transport. The adherence to this simplified sch-
eme of protein-induced transport created incongruous
course of research that grew to represent fundamental
phenomena of cell cycle rebuilding and catabolism [50-
53]. An a priori assumption that the proteins find their
configuration in premade fictitious lipid mixtures, when
in fact the protein under best of circumstances associates
with artificial membrane imitation, generated interpreta-
tions and answers that do not translate or represent the
real cell structures [10,31]. In continuation, the assump-
tion that vesicles characteristics and the intricate posi-
tioning of the proteins within the vesicular membrane or
its surrounding is protein structure-dependent moved the
field into exclusive investigations of the elements that
determine protein placement based on the in vitro struc-
tural visualization [1,10,29,32,42,54,55]. These monochro-
matic and one-dimensional views of the real cell mem-
branes ignore the indispensible role of lipids in biomem-
brane genesis and create doubts whether voluminous
collection of the information that arises from the artifi-
cial systems find true answers or reflect the nonexistent
cellular phenomena and details that grew out of meth-
odological restrictions.

Our scrutiny of the process has found that the ER-lo-
calized events set the cellular transport pathway and es-
tablish synthesis of the cell membranes with organelle-
specific proteins within organelle-specific lipids, and
hence are not lipid-identical, or lipid-universal [15-18,21,
23-26]. Cogently, these structures must be restored, time
and again, with utmost fidelity, the fidelity which cannot
be achieved by depositing fully assembled protein in
simulated imitation of lipid mixture [8,31,47,48,50,51].
For this reason, it is difficult to reconcile the information
on intracellular transport that emanates from the studies
offering countless details and explanations of the events
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viewed from narrowly drown protein involvement and to
coalesce it into the comprehensive system operating in
the living cells.

In contrast to above described mainstream theoretical
framework, our investigations are not restricted by pro-
tein methodologies and remain focused on the events
determined in systems closely mimicking the intracellu-
lar in vivo cycle that involves translation, translocation
and membrane biogenesis [15-18,21,23-26]. Thus ap-
proached investigation of cell membranes biogenesis
generated data that support the idea of inherent, cotrans-
lational integration of proteins within concomitantly as-
sembled membrane lipids that takes place at the specific
sites of ER [22]. We detected the codependence between
protein cohort translation and specific membrane lipids
synthesis and rigorous transfers of the signal that is initi-
ated in nuclear release of mRNAs geared to produce and
deliver organelle-specific membranes [15,25,26]. By un-
covering that membrane structure is configured in amal-
gamation with translation of the appropriate cytosolic
mRNAs, the harmony which ascertains synthesis of ap-
propriate spectrum of transport vesicles that are destined
and precisely fitting Golgi, apical epithelial membrane,
basolateral membrane, endosomes and mitochondria
became clear and obvious. The fact that from the incep-
tion, the ER-assembled vesicles carry specific proteins
and membrane lipids which represent hallmarks of their
destination site combined with the en bloc incorporation
of the vesicular membrane into organelle and cell mem-
brane portrays highly organized meticulous system that
affords homeostatic restitution of the cell without com-
promising the fidelity of the renewal [15,24-26]. Cer-
tainly, our investigative results and the evolved concept
depart drastically from the idea that biomembrane bio-
genesis is controlled by the protein complexes associate-
ing with vesicles during intracellular transport, but ex-
plains their affinity to differently structured vesicles
[47-51].

As shown in this communication, the restitution of cell
components, is not concluded with the delivery of newly
assembled membrane fragments, but proceeds into the
clearance process of the reproduced elements. The course
of debridement is well recognized as cell catabolism ob-
served in assembly of autophagosomes, but the numer-
ous studies on the subject continue to pose the questions
relating to phagosome biogenesis, origin, composition
and overall function in cell renewal and survival [2,27-33,
56-59]. Thus far it has been determined that phagosomes
carry characteristic proteins of ER, Golgi, mitochondria,
but together they lack uniformity that is regarded as
paramount feature of the individual cellular structures.
Even sophisticated technologies used in the investiga-
tions of numerous cell pathologies, evoked by neuro- and
myodegenerative disorders, or cellular storage disorders
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associated with lysosomal dysfunction [5,7,28,33,60-62],
have not so far uncovered the triggers of the debridement
process which is mandated by cell re-embodiment.

In our concept, affirmed be the results of the investi-
gations, the autophagosomes dissimilarity is genuine
feature of their cellular structures and the specific organ-
ellar markers indicate their derivation. They reflect re-
lease of the material from various cellular organelles
undergoing metabolic restitution. Therefore, just as or-
ganelles, the composition of the autophagosomes can not
be identical and uniform. The data supporting this notion
were obtained from our studies of the CHX-treated cells
cytosol and their organelles. Our efforts concentrated on
seeking the detached, catabolism-destined products, re-
leased to the cytosol from the overgrown or damaged and
nonfunctional structures eliminated from the organelles.
This fact was ascertained by demonstrating that the vesi-
cles remaining in CHX treated cells were not ER-derived
synthetic products since they were not carrying secretory
cargo and failed to fuse with Golgi and mitochondria,
and importantly to our concept, displayed affinity for
lysosomes. Together, the results of the studies presented
herein demonstrate that autophagosomes originate from
all organelles of the cell and are dissimilar in quantity
and structure, and reflect the composition of the maternal
sites [15,18,20-26].

The persistent, yet unanswered issues that is raised in
the investigations underscoring the singular role of pro-
teins in cellular transport is the notion of retrograde
transport and return of transporters to ER [1,2,4,5,14,
45,48,50,63]. As we deduced in earlier study, the process
is not plausible, since ER lipid composition would be
continually modified on the account of lipid composition
of the returning vesicles [15,17,21,23,25,26]. Moreover,
as we observed in the preparation of the autophagosomes,
the material recovered from cytosol and organelle incu-
bates has minimal affinity for association with ER, Golgi
or mitochondria, while majority associates with ly-
sosomes. Hence, in our experimental model of the resti-
tution cycle, with arrested translational processes in ER
and paused synthesis of ER-transport vesicles and hence
arrested synthetic arm of the renewal cycle, the material
remaining in the cytosol consists of excised portions of
the membranes delegated for degradation. And, in our
understanding of the restitution cycle, the CHX treated
cells cytosol-derived vesicles reflected mixture of auto-
phagosomes released from all cell membrane and organ-
elles.

The validation of the concept that these vesicles are
not cargo free retrograde transport vesicles but auto-
phagosomes produced by every organelle, and as such
their lipid composition differ from the vesicles recovered
from CHX cytosol, was gained in the study of individual
organelles subjected to incubation in CHX derived and
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vesicle-free cytosol. As predicted from extending the
concept of ER-specific assembly of the membranes, the
autophagosomes derived from isolated organelles dis-
played characteristic lipid composition of their maternal
source. Thus, the phagosomes derived from ER consisted
of PC, PE, and PI, the Golgi derived vesicles contained
sphingolipids, while mitochondria-derived structures con-
tained PG and CL. Moreover, as demonstrated in the
results, the incubation of these vesicles with ER, Golgi or
mitochondria would not afford membrane fusion, instead,
their affinity for lysosomes. Indisputably, the differences
in lipid composition, missing ability to fuse with ER,
Golgi or mitochondria, and the communal affinity for
lysosomes, support our contention that cytosol recovered
vesicles and the organelle-derived products represent
material destined for lysosomes and that lipid composi-
tion of the organelle-produced material reflect organelle
membrane composition, and is destined for degradation
in lysosomes. Thus, as assumed by others, these vesicles
could not represent the retrograde transport to Golgi, ER
or mitochondria or other than lysosomes cellular struc-
tures [45,47,48,50,52,53,63-66].

The subsequent question that required investigation
was whether the affinity of these autophagosomal vesi-
cles to lysosomes reflects process of cell debridement
through intralysosomal degradation. Indeed, as shown in
the results, the incubation of cold lysosomes with radio-
labeled autosomal vesicles led to degradation of their
membranes lipids, and the lipid extracts contained radio-
labeled lipid precursors (sphingosine) or radiolabeled
fatty acids tracer (palmitate). The release of radiolabeled
lipid precursors was also observed when the radiolabeled
lysosomes were used instead. In our interpretation, these
results demonstrate the mode of lysosomal degradation,
the process that must involve the engulfment of auto-
phagosomal vesicle and invagination into lysosome to-
gether with the engulfing lysosomal membrane. As such,
both internalized membranes can be and are degraded.
As demonstrated the release of radiolabeled lipid pre-
cursors was evident when either component of the incu-
bation mixture contained radiolabeled membrane lipids
and that made plausible that engulfment and invagination
determine autophagosomal degradation and lysosomal
turnover. This results-driven conclusion, fits well with
overall concept of membranes synthesis, organelle resti-
tution and cell debridement through lysosomal engulf-
ment of phagosomes, and the observation of cellular
structures containing double lipid membrane in the ly-
sosomes [2,3,27,28,61,67]. It appears that in the final
stage of the cycle, the degradative process in lysosomes
accomplishes the task of autophagosomes removal and
catabolism of the engulfing portion of lysosomal mem-
brane. Lysosomes, just as other cellular organelles en-
large during endosomal membranes fusion and delivery

OPEN ACCESS



A. Slomiany, B. L. Slomiany / Advances in Biological Chemistry 3 (2013) 275-287 285

of newly assembled lysosomal enzymes necessary for
continuous catabolic degradation, and thus the renewal
dictates their own catabolic resizing.

Thus, the concept advanced by the results of our in-
vestigations on membranes with the specific emphasis on
lipid synthesis, aligned with translational activity in ER,
explains the cellular phenomena that are responsible for
organized replacement of cell elements without loosing
their function and authenticity [20,22-26]. In comparison,
the concepts based on theory that is neglecting the role of
cell- and organelle-specific lipids, promulgates interpre-
tation of the process that cannot fulfill the requirements
of the exact reproduction of the cell and its organelles
and their highly specialized functions.

In the envisioned process, the cell restoration comes to
a full cycle; starting with synthesis of precisely designed
cellular fragments, their delivery to specific sites, exci-
sion of the superfluous dysfunctional portions of the cell
and their degradation in lysosomes. The experimental
approach based on tracking of organelle-specific lipids
provided evidence that firmly supports our original hy-
pothesis that the vesicles remaining in CHX treated cells’
cytosol and the vesicles produced during incubation of
CHX-derived organelles with CHX-cytosol produced
organelle-specific vesicles, have characteristic features of
autophagosomes because they do not fuse with cell or-
ganelles active in the synthetic cell cycle, display affinity
for and are degraded during the course of the incubation
with intact lysosomes.

In final conclusion, our results on the synthetic-
catabolic cycle of the cell demonstrate the presence of a
very rigid principle determining every cell’s homeostatic
reproduction. Each initiation of replacement elements
that provide specifically crafted for the site and the
organelle segment of membrane is followed by the
excision of its dysfunctional impaired portion and its
release to cytosol for the catabolic degradation along
with portion of the lysosome. It is quite possible that
disconcerted protein and lipid synthesis in ER membrane
contribute to ER stress pathway or apoptosis [63], the
processes that are employed to eliminate cell products or
entire cells which may induce change in the cell function
or structure. In the study presented here, we could not
determine whether the phagosome affinity to lysosomes,
the common trait of all catabolism destined vesicles, is
engendered by unrecognized as yet phagosomal lipid
markers such as substantial increase in presence of lyso-
phospholipids observed in mitochondrial vesicles (Fig-
ure 9(A)), or other similarities that control the final
destination of the cellular fragments that must be re-
moved from the cell milieu and converted in lysosomes
into reusable catabolites [5,6,7,11,13]. Certainly, they
must be different from the markers of the transport ve-
sicles recognizing and rebuilding Golgi, endosomes,
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mitochondria and plasma membranes, since they are
unable to associate or fuse with them. Conversely, tran-
sport vesicles carrying cargo and replacing intracellular
organelles are not digested by contact with lysosomes.
Thus challenge still awaits whether lipids alone or the
presence of the specific lipid metabolites and cytosolic
proteins [5] determine association of autophagosomes
with lysosomes.
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