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Abstract

The nucleus-initiated augmentation of ER membrane is reflected in a coordi-
nated synthesis and intercalation of the explicit proteins and lipids required
for the replacement, repair and function of the cell and its organelles. The di-
rect connection between nucleus and the membranes containing labeled
sphingosine (SphN) and ceramide (Cer) was affirmed by determining syn-
thetic activity of serine palmitoyltransferase (SPT). The SPT and the newly
synthesized serine-labeled lipid products were identified in the Outer- and
Inner-Nuclear Membrane (ONM, INM) and ER. The pulse-chase experiments
disclosed that the incorporation of radiolabeled lipids into both nuclear
membranes declined upon their simultaneous increase in Endoplasmic Reti-
culum (ER). These results, and prior findings regarding metabolic transfer of
nuclear membrane phosphoinositides to the outer leaflet of ER [Slomiany and
Slomiany, Health, 2011, 3, 187-199], allowed us to reason that INM and ONM
are not distinct entities, but uninterrupted continuum facing nucleosol and
then cytosol when protracted into segment known as ER. Consequently, the
identification of SPT and its products in the inner leaflet of nuclear and ER
microsomes lent credence to the luminal presence of Cer in Golgi, luminal
synthesis of glycosphingolipids (GSphLs), sphingomyelin (SM), and their de-
livery to the outer leaflet of apical and basolateral cell membrane, respectively.
The findings presented in this communication provide further support to our
concept that the factual intercalation of proteins and lipids into the cell mem-
branes can only take place during their simultaneous synthesis that is guided
by the nuclear and cytosolic processes enacted in nuclear-ER membrane con-
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tinuum. At the nuclear stage, the signal-specific genes expression promotes
active synthesis and intercalation of lipids into the organelles’ customized
membrane that is protracted and articulated in ER in form of transport ve-

sicles.
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1. Introduction

The nuclear envelope is viewed as a double bilayer membrane barrier, the entity
separating and yet fully linking nuclear and cytoplasmic processes that promote
and impact cellular physiological functions and organelles’ and cell’s restitution
[1] [2] [3]. The knowledge regarding this phenomenon is extensive but its main
focus on proteins and molecular transport crisscrossing envelope via nuclear
pores generates incomplete and unfounded portrayal of the event [4] [5] [6]. The
highly detailed pictures corroborated with labeled, nucleus specific transitory
substances, fail to recognize the properties, the contribution, and the dynamic
role of the membrane lipid bilayer in the pronouncement of the nuclear and cy-
tosolic signals [7] [8] [9]. In the presently accepted interpretation, the segments
referred to as Inner Nuclear Membrane (INM) are physically separated from
cytosol-impacted membrane biogenesis, and thus appear frozen in the interac-
tion with the same sets of nuclear elements. Hence, as so far envisioned, the
process designed on the detailed information about segments of nuclear barrier,
the complexity of genome and protein organization, the nuclear anchorage, the
interaction with cytoskeleton and more, still create incomplete, metabolically
inactive and lipids-deficient membrane complex [10] [11] [12] [13]. The entire
anabolic process that requires trafficking of active and incessantly changing
components to enter and evoke signal-specific transcription in nucleus and exit
to cytosol to complete the task of translation is not documented and viable [14]
[15] [16]. The fundamental vital energetic purpose of the system with the inten-
tional and crucial function of the inner and outer nuclear membrane and their
coded differences in composition subsequently reflected in ER processes is not
considered. Consequently, the common orthodox view developed decades ago in
which cell membrane lipids and their site-specific functions were reduced to
static interaction with proteins continues to rule [17]-[22]. Likewise, the
3-dimentional computerized models of proteins shown to interact with any
cocktail of the admixed lipids, further popularize lingering concept that only
protein structure is of utmost significance [23] [24] [25]. Thus, the advance in
the understanding of lipids involvement in the specific compartmentalization of

processes remains status quo, and the lipids somatic properties, unlike their
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protein or nucleic acid counterparts, are not truly investigated. In the interim,
the investigations of artificial lipid and protein composites produce semblances
which further depart from the in situ dynamic specificity and the order dictated
by anabolic complexes [22] [23] [24]. Irrefutably, the scheme of nuclear mem-
brane function in the assembly of cell structures, without parallel emphasis on
lipid involvement in the completion of the signal-induced processes remains in-
complete, dimensionless and static.

Based on the organelle-specific lipid synthesis-derived concept, we depart
from commonly accepted view of membrane proteins organization determined
by proteins alone, and the existence of double nuclear barrier membrane [24]
[25]. We explore further the active assembly of single bilayer nuclear envelope
that generates changes in membrane exposure to nuclear components by sig-
nal-driven synthesis and restitution of the nuclear and ER lipid and protein
membrane components [26] [27]. In our perception of the process, the move-
ment across nuclear surface is achieved by specific lipid and protein synthesis in
the inner and outer membrane leaflet and that is regulated by signal-encrypted
expression of genes. Henceforward, we advance an idea that signal-controlled
synchronized synthesis of lipids and proteins assemblies coordinately intercalate
into the existing nuclear barrier, then the nucleus-determined membrane proto-
type exits to cytosol-exposed ER that completes orderly formation of the orga-
nelle and cell specific membranes [27] [28] [29]. This tenet of membrane bioge-
nesis cannot be substituted or mimicked by an in vitro prepared lipid and pro-
tein assortments [23] [24], the process that never could replicate the precision of
the in vivo step by step signal-controlled vesicular membrane assemblies dele-
gated to Golgi and mitochondria transport pathways [28] [29] [30].

The dynamic process of the interaction between nuclear compartment signals
and formation of code-dictated ER membrane required for the formation of
transport vesicles dedicated for the specific organelle-and/or-cell membrane res-
titution and fulfillment of the cell assigned function, must entail simultaneous
translation and synthesis of signal-specific membrane integral proteins and li-
pids. By the same principle, the membrane events that are initiated in the sole of
nucleus are not isolated from ER but constitute unique dynamic membrane con-
tinuum that evolves and produces signal-tailored ER membrane [31]. Hence-
forth, the described course of events empowers all structural elements of the
continuous membrane encompassing nucleus-ER organelle system and elimi-
nates credence or the necessity of double nuclear membrane.

Discernibly, the double nuclear membrane just as ER membrane microsomes
are the artifacts created during membrane fragmentation and scission of the
nucleus from ER. The sealing of the membrane segments in close vicinity of the
nucleus creates shapes of double nuclear membrane, the nuclear microsomes
(NM), whereas fragmented ER seals into structures referred to as ER micro-
somes. The question that arises at this stage of investigation is whether ribo-

somes attached to the nuclear microsomes differ in composition from clusters of
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ribosomes seeking attachment to ER microsomes, and how that defines cell and
the destination of the produced transport vesicles. While our study revealed that
ER microsomes produce variety of transport vesicles whose lipid composition
and appearance of the leaflet-lipid specificity defines their delivery to Golgi or
Mitochondria [26] [27] [28] [29] [30], here we have investigated contribution of
the nucleus-retained nuclear microsomes on the synthesis of the membranes re-
ferred in literature as Outer- and Inner Nuclear Membrane (ONM and INM). In
our view both represent the continuum of the single lipid bilayer transiently
facing nuclear contents (INM), one that egresses and is facing cytosol (ONM),
and both are parts of the nucleus-ER membrane continuum. The investigative
results presented in these studies on the metabolic activity of nuclear micro-
somes confirm synthesis-induced transfer of membrane with its specific labeled
lipids into ER and further to the inner leaflet of Golgi. Together, the findings al-
lowed us to speculate that the nuclear microsomes contribute to Golgi-directed
transport, and in turn, to renewal of the cell membrane.

Consistently, our studies on membrane lipids synthesis disclose several fea-
tures that decide upon dynamic linkage of cell nucleus with cell organelles and
the cell vital functions. We demonstrate here the significance of active assembly
of the nuclear membrane, the importance of sphingolipids synthesis in the as-
sembly of inner leaflet of the uninterrupted membrane continuum enveloping
nucleus and creating ER membrane with assets that define Golgi-directed

transport and Golgi anabolic activity expressed in synthesis of GSLs and SM.

2. Materials and Methods
2.1. Isolation of Cell Organelles

In the isolation of the intact organelles the meticulous fragmentation of cell
structure is crucial. The preparation of the membrane-surrounded components,
prevention of their cross contamination and recovery of the membrane frag-
ments-free cell cytosol require multitude of preparatory tasks and sacrificing ei-
ther quality or quantity. Hence, to minimize the breakup of nuclei and recovery
of the original cell cytosol, this investigation utilized organelles obtained from
subdivided cell preparation. One part of the cells was fragmented with the em-
phasis on preparation of the intact nuclei and of the genuine contaminant-free
cell cytosol. The other portion of the cells was subjected to the procedures de-
scribed in earlier investigations in which the pure microsomes of Endoplasmic
Reticulum (ER), Golgi, and the endosomes were indispensable for the optimal
fusion of the transport vesicles with correct organelle [27] [28] [29] [30] [31].
Briefly, the cells were prepared from rat liver as described previously [28] [32]
[33] [34] [35]. The single cells that were separated from larger debris with 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. The cells were then incubated in MEM

for 3 hours with or without radiolabel, divided into two aliquots; one was used
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for preparation of nuclei and cell cytosol while the other for ER, Golgi, endo-
somes and cell membranes [26] [36]. In the experiments dedicated to the deter-
mination of lipid synthesis with cell cytosol derived from untreated or
RNase-treated cytosol, the preparations of nuclei, ER, Golgi, endosomes and cell
membranes were additionally rinsed with phosphate buffered saline (PBS). The
2 M urea-PBS was used in the experiments to determine the presence and the
location of the shingosine-generating enzyme (SPT) in the nuclear membranes
that in the outset of the studies was identified in the inner and outer leaflet of ER
microsomes [29]. As determined earlier the outer leaflet 56 KDa SPT was re-
leased from ER membranes by the treatment with urea-PBS, whereas the 58KDa
SPT remained in the urea extracted ER microsomes. The activity of both forms
of SPT was verified by assay utilizing radiolabeled [*H] serine or [*H] palmitate
and thin layer chromatographic analysis of labeled products [27] [32] [33] [34]
[35] [36].

The nuclear membranes, ER, and the organelles rebuilt via Golgi vesicular
pathway were analyzed for the presence of radiolabeled (SphN) and Ceramides
(Cer) to establish whether they originate from the synthetic activity of SPT in-
tercalated into the nuclear and ER membrane. Consequently, the se-
rine-radiolabeled ER-derived transport vesicles, and their fusion with Golgi was
assessed by determination of the contents of labeled Cer in the vesicles and, fol-
lowing fusion with the organelle, its transfer to Golgi membranes. In continua-
tion, the Golgi-generated transport vesicles were analyzed for the contents of la-
beled Cer, glycosphingolipids (GSLs) and sphingomyelin (SM). To establish lo-
cation of SM in outer leaflet of Golgi membrane and in its vesicles, the organelle
and the vesicles that remained in fusion solution after reaction with cell apical
and/or basolateral membranes were treated with SMase [29]. In all experiments,
the cell cytosol (CC) was used at concentration of 15 mg protein/ml of incuba-
tion mixture and was enriched with 50 uM ATP, 250 uM CTP, 50 uM GTP, 5
mM creatine phosphate, 8.0 IU/ml creatine kinase, and where indicated 25ug/ml
RNase, 10 mM UDP-Glc and 10 uM palmitoyl CoA [27] [32] [33] [34] [35] [36].

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

The viable cells, homogenized for 10 sec at 600 rpm in 3 volumes of buffer con-
taining 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 phenylme-
thylsulfonylfluoride, were centrifuged at 5,000 x g for 15 min. The nuclei were
purified further by the resuspension of the sediment in the buffer described
above until small membranous impurities were no longer detectable under mi-
croscope, and then the fraction was used for identification of the serine-labeled
SphN and Cer, or first subjected to isolation of the outer- and inner nuclear
membrane (ONM, INM) and then each fraction was analyzed for the contents of
the labeled sphingoid lipids. The original label-free cell cytosol, the first super-

natant separated from nuclei and containing remaining cell organelles was di-
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luted with 2 volumes of homogenization buffer, and centrifuged at 150,000 x g
for 1h. Thus, obtained organelle-free cell cytosol was adjusted to 15 - 18 mg pro-
tein/ml, admixed with an ATP generating system consisting 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). The first supernatant se-
parated from experiments performed with labeled serine was used to isolate mi-
tochondria [28].

2.3. Preparation of Cell Organelles and Membranes

The cell membranes and subcellular organelles (mitochondria, ER, Golgi) were
recovered from cold or radiolabeled cells as described earlier [27] [28] [32] [33]
[34] [35] [36]. The ER and Golgi organelles sediment, remaining after separation
of nuclei, mitochondria and cell cytosol, was suspended 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 2.0/1.5/1.3/1.0M sucrose and
centrifuged at 100,000 x g for 16h. The cell membranes were recovered from
1.0OM sucrose, Smooth Endoplasmic Reticulum (SER) from 1.3 M sucrose,
Rough Endoplasmic Reticulum (RER) from 1.5 M sucrose and Golgi from the
top of the 2.0 M sucrose. Each sucrose-separated fraction was subjected to fur-
ther purification. The cell membranes were washed with original PIPES buffer
and centrifuged at 3000 rpm for 2 min. To separate cells’ membrane, the buffer
was adjusted with 0.2% Triton X-100 and the mixture incubated at 4°C for 5 min
[27] [36]. This treatment resulted in breaking up the phosphoglycerides-rich
membranes into smaller segments and thus allow us to separate cell membranes
containing cholesterol, sphingolipids 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

Serine-labeled ER- and/or Golgi-derived transport vesicles were generated in the
presence of cold CC [27] [29] [34] [35] [37] [38]. The ER and/or Golgi mixed
with cytosol, ATP-generating system, UTP, CTP GTP, fatty acyl CoA and water
soluble cold 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 ve-
sicles 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 trans-
port 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 re-
covered from the gradients as reported earlier [27] [32] [33] [34] [35] [36]. The
same procedure was repeated with Golgi recovered after ER-derived vesicles fu-
sion to identify the vesicles and their radiolabeled lipids in the vesicles destined

to cell membranes and endosomes. At this stage, the Golgi-derived vesicles were
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reacted first with endosomes [29] and the material remaining in the solution
destined to cell membrane were analyzed for the presence of SM and GSL. The
fraction of ER transport vesicles destined to mitochondria was recovered from
cell cytosol after ER vesicles fused with Golgi. The lipid extract from the recov-
ered material was analyzed for the serine-labeled lipids before and after alkaline

methanolysis [32].

2.5. Fusion of ER-derived Transport Vesicles with Golgi

One volume of ER transport vesicles (1.3 - 1.5 mg protein/ml) was suspended in
one volume of active CC (15 mg protein/ml), and added to one volume of 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 crea-
tine phosphokinase, or in the ATP depleting system containing 5 mM glucose
and 500 units/ml hexokinase. After incubation, the Golgi organelles were recov-
ered by centrifugation through three volumes of 0.5 M sucrose at 3000 rpm for 5
min. The remaining vesicles recovered from the supernatant after incubation
with Golgi were used in the fusion experiments with mitochondria, or subjected
to lipid extraction and identification of serine labeled, alkaline methanolysis
susceptible phosphoglycerides and alkaline methanolysis-resistant Cer. One vo-
lume 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 mitochondria (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 estimating en
bloc fusion of transport vesicles with Golgi and/or mitochondria, the associated
but not fused vesicles were released from the membrane by subjecting the mem-
brane fraction to treatment with 2 M urea at 4°C and then the recovered orga-
nelles were centrifuged through 0.5 M sucrose, washed and subjected to lipid

analysis.

2.6. Preparation of Outer and Inner Nuclear Membranes

The carefully separated nuclei from cell organelles and the cell cytosol were sub-
jected to treatments described earlier that affords mixture of membrane frag-
ments commonly identified as outer and inner nuclear membranes (ONM,
INM) [34]. To separate them into distinct fractions, the preparation of purified
nuclear pellet recovered after centrifugation at 27,000 rpm in Beckman 45 Ti ro-
tor for 1h was suspended at concentration of 2 mg protein/ml in a buffer con-
sisting of 50 mM TIS-HCI pH 7.4, 0.25 M sucrose, 10 mM MgCl,, 1 mM DTT,
10 mg/ml leupeptin and 2 mM PMSF and then adjusted to 1% (w/v) with so-
dium citrate. The preparation was then incubated on ice with gentle stirring for
30 min, followed by centrifugation at 500 x g for 15 min. The obtained superna-
tant contained the ONM, whereas the pellet contained INM. The INM contain-
ing fraction was subjected to DNase 1 digestion (250 mg DNase/ml for 14 h at
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4°C), and the digest separated on the gradient of 0.25 - 1.6 - 2.4 M sucrose cen-
trifuged at 10,000 x g for 2 h. The INM were recovered from 1.6 M sucrose
boundary. The fraction of ONM, collected from citrate supernatant was sub-
jected to the same preparative procedure as INM described above. On the aver-
age, the yield of INM to ONM was in ratio of 3:5. To remove sucrose, the sepa-
rated 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 samples recovered from su-
crose gradient were resuspended in 0.5 ml of the same buffer and used for SPT

enzyme assays and lipid analysis.

2.7.Isolation of Serine Palmitoyltransferase (SPT) from Nuclear
Microsomes (NM), Inner- and Outer-Nuclear Membrane (INM,
ONM) and ER

To determine whether SPT enzyme is present in nuclear membranes, the puri-
fied nuclei ONM, INM and ER were used for preparation of STP before and af-
ter treatment with urea as described earlier [29]. Following release of
urea-extractible form, the nuclei were subjected to the procedure used to sepa-
rate the Inner- and Outer Nuclear Membrane (INM, ONM) and those were used
for purification of the SPT enzyme. The final purification of the enzyme was
achieved by running the preparative PAGE and extraction of bands correspond-
ing to 58 and 56 KDa peptides. Thus purified enzymes were used in an in vitro
enzyme assay [29] and in preparation of polyclonal antibodies against 58 and 56
KDa SPT. The SPT isolated from NM, INM, and ONM was subjected to immu-
no-blocking using antisera raised against ER-derived enzymes. The antibodies,

56 Ab and 58 Ab at concentration of 1.0 pg were used in the assays.

2.8. Identification of the Products Assembled by SPT of NM
Membrane

The NM membranes were subjected to lipid extraction, and high performance
thin layer chromatography (HPTLC) before and after alkaline methanolysis that
degraded serine-containing phosphoglycerides. Before methanolysis, the chlo-
roform extracts equivalent to 50 ug membrane proteins were chromatographed
on high performance thin layer plates in solvent system consisting of chloro-
form/methanol/water (65:35:8, v/v/v), and after methanolysis in chloro-
form/methanol/2 M NH,OH (40:10:1, v/v/v) along with SphN and Cer stan-
dards. After development and staining for serine-containing phosphoglycerides,

SphN, and Cer, the plates was scored into 8 zones, scraped and counted.

3. Results

Underpinning for our hypothesis that the nuclear barrier is built of single bilayer
membrane that embodies uninterrupted continuum with ER emerged during
investigations of inositol phosphatides transformation culminating in synthesis

of nuclear membrane phosphatidylinositol (PI) and its passage to ER [27]. In
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our understanding, the transfer of labeled PI from INM to ER, and its allocation
to ER-produced transport vesicles demands an uninterrupted continuity of the
membrane. To substantiate the concept that generation of the specific transport
vesicles is guided by processes enacted in nucleus-ER membrane continuum, the
synthesis of SphN and Cer, the markers of Golgi transport pathway, in the nuc-
lear and ER membranes was investigated. Using radiolabeled serine as the
marker of SphN and Cer assembly, the contribution of these lipids in the nuclear
membrane growth and passage to ER was documented. As shown by the results
presented in Figure 1, the serine incorporated into NM lipids was detected in
SphN containing lipids represented by ceramides (Cer), and phosphatidylserine
(PS) and their partially completed products.

The chase experiments revealed that the labeling of serine-containing lipids
diminished with time in NM and increased in ER (Figure 2).

The labeled lipids increase in ER, although not exactly proportional to nuclear
loss demonstrated movement of the membrane with serine-labeled lipids, in-
cluding newly assembled SphN and Cer-containing and Golgi-dedicated mem-
brane from nucleus to ER and ER transport vesicles (Figure 3).

As demonstrated in Figure 3, the identification of labeled lipids in ER vesicles
justifies the discrepancy in the determined gain of labeled lipids in ER that ac-

tively releases transport vesicles to cytosol and thus depletes the radiolabel

Synthesis of Serine-incorporating Lipids in NM

250
200
150
100

50

o bl [} |

Cer 4 5 6 SphN 8

Figure 1. High performance thin layer chromatography (HPTLC) of the serine labeled li-
pids identified in NM. The chromatography was performed in two solvent systems, one
consisting of chloroform/methanol/water (65:35:8, v/v/v) to separate phosphoglycerides
(phosphatidylserine (PS) and its derivatives depicted under area 4, 5, 6, and following al-
kaline methanolysis treatment in chloroform/methanol/2 M NH,OH to identify cera-
mides (Cer), sphingosine (SphN) and the unknown products detected in spots 1, 2 and 8,
respectively. As shown, the chromatography of the labeled NM lipid extracts was per-
formed on four independent samples.
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ONM OER

0 15 30 60
Time [min]

Figure 2. Chase of radiolabeled serine incorporating lipids from NM to ER. As evident
from determination of the contents of serine-labeled lipids in samples drawn at 15, 30
and 60 min the NM labeling was diminishing while ER was gaining the nucleus-exposed
membrane. Within 60 min the nuclear label consisting of 10,563 cpm decreased in the
parallel sample to 6635 cpm, whereas ER label increased from 3292 to 4516 cpm.

cts/50pg/120min

NM INM ONM ER ER-ves

Figure 3. Quantitation of radiolabeled SphN and Cer in the NM, INM, ONM, ER and ER
vesicles (ER-ves). The lipid extract derived from 50 pg of purified membranes were sub-
jected to alkaline methanolysis to degrade phosphoglycerides depicted in Figure 1 and
counted. As shown, the NM, the fraction recognized as INM, ONM, ER and ER-ves con-
tained labeled SphN and Cer products.

transferred from NM to ER. Ideally these experiments should be continued fur-
ther to account for the nuclear release of radiolabeled ER products for mito-

chondria, but the technic that allows to quantitate synthesis of sphingolipids
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marking Golgi-dedicated transport, requires degradation of serine-labeled
phosphoglycerides and by the same token formation of the Cer-free transport
vesicles committed for mitochondria.

Yet, just as appearance of PI in ER [27], these results endorse our concept that
the dynamic advance and continuity of NM with ER facilitate progress of the
nucleus-designed fragments to ER and produced Cer-labeled Golgi-destined
transport vesicles.

The discovery of Cer synthesis in nuclear membranes that along with PI con-
stitute lipid markers of Golgi-destined and ER-assembled transport vesicles re-
flected on the initiation of the pathway that contributes to synthesis of GSLs and
SM in Golgi. As demonstrated by the results shown in Figure 2, the nuclear
membranes assemble serine-labeled Cer but question regarding their contribu-
tion to growth of the inner or outer leaflet of membrane remain unknown. In
contrast to PI, the Cer, to provide lipid core for synthesis of GSLs and SM in
Golgi should be incorporated in the inner leaflet of ER and Golgi membranes.

To explore the connection between the Cer synthesis in nuclear membranes
and their placement in the specific leaflet of ER and consequently Golgi mem-
branes, the SPT, the enzyme responsible for incorporation of serine label into
the SphN of the Cer was investigated. As demonstrated in Figure 4, the SPT ac-
tivity was found in all membranes derived from nucleus and ER.

As previously demonstrated, the SPT in ER appeared in two molecular forms
[29]. The 58 KDa was incorporated into the inner leaflet (IL-ER) whereas 56
KDa contributed to outer leaflet (OL-ER). This investigation revealed that the
enzyme isolated from nuclear membranes was enriched in the 58 KDa form
(Figure 5). Based on the previous findings regarding extractability of 56 KDa
form with urea, and retention of 58KDa SPT in ER membranes we have derived

with conclusion that inner leaflet of ER, and by the same principle nuclear

700

600

500

400

300

100

NM INM ONM ER IL-ER OL-ER

Figure 4. Enzymatic activity of serine palmitoyltransferases (SPT) derived from nuclear
and ER membranes. The samples consisting of 50 pg of purified membrane protein were
used in assay employing radiolabeled serine. Four independent samples of the membrane
proteins were utilized. Each bar depicts amount of radiolabel incorporated into SphN in
an in vitro SPT assay and reflects counts/120 min/sample. As demonstrated the NM, its
INM and ONM fragments, the ER and its inner and outer leaflet contained active SPT.
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S 2
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Figure 5. Polyacrylamide gel electrophoresis (PAGE) of the purified (lane 3, 4, 5) and
crude (lane 6) SPTs isolated from ER (lane 3), ONM (lane 4) INM (lane 5) and the prep-
aration of NM (lane 6) used for isolation of 58KDa and generation of the antibodies. The
molecular markers are depicted in lane 1 and the sample buffer was introduced in lane 2.

membranes contain the SPT intercalated into the inner leaflet of the INM and
ONM fragments. Hence, the presence of 58 KDa SPT in the inner leaflet of INM
and ONM argues for their identity with SPT of the IL-ER and thus provides the
support to our concept that nuclear and ER membrane represent continuous
membrane whose lipid core and its destination to and from ER is determined by
signals entering nucleus. In case of Golgi-dedicated signaling pathway, the pres-
ence of Cer core initiated in nuclear membrane and transferred to IL-ER links
the process to Golgi synthesis of GSLs and SM that are confined to the inner
leaflet of Golgi membrane. In contrast, the Cer core synthesized by the 56 KDa
SPT of the OL-ER is involved in synthesis of the SM marking vesicles destined
for endosomes and lysosomes [29].

To document the transit of nucleus-designed Golgi-dedicated transport ve-
sicles marked with labeled Cer, the ER-released vesicles (as shown in Figure 3)
were subjected to fusion with Golgi and the recovered Golgi membranes ana-
lyzed for the presence of Cer and Cer labeled lipids. The fusion experiments of
Cer-labeled transport vesicles from ER membranes with Golgi afforded incor-
poration of the radiolabeled Cer into organelle’s GSLs and SM (Figure 6). In
turn, the fusion of Golgi-derived transport vesicles with endosomes/lysosomes
enriched endosomes with SMase susceptible radiolabeled SM (not shown, but
same as demonstrated in [29]), whereas GSL-containing vesicles remained in
cytosol [33] [36]. Hence, the fusion experiments utilizing first nucleus initiated
Cer-labeled ER vesicles with Golgi, and repeated with Golgi-derived vesicles
transferred nucleus-designed membrane through Golgi pathway to cell mem-
branes and to endosome/lysosome organelles. Although the multi-step proce-
dure of fusion and identification of the products is extremely laborious and ge-

nerates substantial losses, the identification of the Cer labeled GSLs in the
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Transport and transformation of labeled ceramides of nuclear
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Figure 6. Serine-labeled products revealed in Golgi membrane lipid extract following fu-
sion of ER-transport vesicles containig serine-labeled Cer. The serine-labeled nuclear
membrane, ER, and Golgi membranes following fusion with radiolabeled ER-transport
vesicles were subjected to lipid extraction, alkaline degradation and HPTLC in sovent
system consisting of chloroform/methanol/water (65:35:8, v/v/v) along with Cer, GSLs,
and SM standards. Following development and staining, the plates were scored in cor-
respondence to standards, scraped and counted. The same procedure was applied to Gol-
gi derived vesicles incubated with cell membranes.

label-free Golgi demonstrates viability of the system and utilization of the nuc-
lear membranes-derived lipid substrate in the process. The conversion of the Cer
to the Cer-labeled GSLs observed in Golgi demonstrates that the presence of the
Cer substrate in the inner leaflet of Golgi membrane is crucial for GSL synthesis.
Hence, the studies of nuclear membranes, and the results of the investigations
utilizing specific lipid marker in form of SphN-labeled Cer allowed us to plot a
course that is taken from the nucleus to cell organelles and the membrane, the
route that nuclear signals are translated into restitution of the cell compartments
and fulfillment of cell-designated function.

The synthetic activity of both SPTs, differing in their extractability from the
microsomes and about 2 KDa difference in the molecular weight, was the same
whether enzyme was derived from nuclear or ER membranes. On the average,
the synthesis of radiolabeled SphN evoked by SPT present in 50 pg of nuclear or
ER untreated membranes were quite similar (Figure 4) and comparable with
those characterized in [29].

However, in further attempt to establish whether difference in molecular
weight determine not only intercalation into respective membrane leaflets but
also activity of the specific form of SPT, the antibodies against each form were
raised and their inhibitory activities determined (Table 1). As demonstrated in
the Table the SPT activity of the enzyme in nuclear membranes (NM) was inhi-
bited by 62% using 58 Abs and 39% by 56 Abs. When the INM and ONM frag-
ments were assayed independently, both Abs equally inhibited the enzyme activity
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Table 1. Inhibitory activity of the antibodies generated against 58 KDa SPT proteins ex-
tracted from ER and 56 KDa from ER SPT released with urea.

Sample protein }zizt:_is:;; v::ze TK buffer [*H] serine Assay vol. % inhibition
ug/ul ug ul ul ul ul
NM + 58 3.12 50 16 2.48 1.2 80 62
NM + 56 3.12 50 16 2.33 1.2 80 39
INM + 58 3.12 50 16 2.48 1.2 80 52
INM + 56 3.12 50 16 2.33 1.2 80 41
ONM + 58 3.12 50 16 2.48 1.2 80 41
ONM + 56 3.12 50 16 2.33 1.2 80 40
ER + 58 3.12 50 16 2.48 1.2 80 43
UE + 58 3.12 50 16 2.48 1.2 80 82
UE + 56 3.12 50 16 2.33 1.2 80 89

by 40%. The highest, but also equal inhibitory potency of 58 and 56 Abs was ob-
served with the urea released enzyme. On the average, both Abs inhibited the
urea-extractible enzyme by 82% - 89%. It is possible that the displayed differ-
ences in the inhibitory activity demonstrated with preparation of membranes, in
contrast to solubilized fractions, reflects on accessibility of the membrane inte-
grated SPT. Otherwise, except for the inner or outer leaflet integration, both
forms of the enzyme led to formation of Abs with the similar recognition and
potency.

The overall similarities in the synthetic activity of SPT and the amount of the
product generated from isolated nuclear and ER membranes led us to believe
that the purified nuclear and ER samples represent fragments derived from the
same membrane that encompases nucleus and ER. If INM and ONM were inde-
pendent entities, the INM would not contain SPT and generate membrane la-
beled with SphN and Cer. The presence of SPT and of radiolabeled products in
INM indicate that ONM fragment of the membrane continuum advanced from
the cytosol-facing, to the segment facing nuclear contents. Such movement al-
lows elaboration of the mebrane that its inner leaflet remains facing ER contents,
and consequently the ER generates Golgi-specific vesicles with Cer incorporated
into the inner leaflet of their membrane and as such progresses to Golgi. Impor-
tently, the membrane continnum asures the uninterrupted contact of nuclear
processes with ER and evoke responses that precisely restore cellular organelles
and cell membrane.

In conclusion, the significance of our study of Golgi secretory pathway, and
findings regarding SPT placement, is in demonstration that cell organelles’
membrane lipid composition is determined at the outset of the membrane bio-
genesis, the process that generates precise, organelle-specific replacement and
defines pathway responsible for the precise restitution of the cellular organelles

and cell anabolic functions.
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4. Discussion

The nuclear outer membrane and ER are studded with ribosomes engaged in the
protein renewal of the cell and its organelles [39] [40]. Our investigations on the
assembly of the organelles-specific biomembranes reveal that the process is
coordinated with simultaneous synthesis and intercalation of lipids that also
commences in nuclear membrane and continues throughout ER. The cell mem-
branes designed on nucleus and ER, are revealed in the compartmentalization of
the vast array of functions inaugurated in nucleus, and fulfilled by the cell orga-
nelles and cell membrane. On one facet the nuclear membrane gates multiplicity
of highly coordinated processes that regulate nuclear mechanics and gene ex-
pression and provides strict platform for the recognition and transport of sub-
stances between nucleoplasm and cytoplasm, while on the opposing surface, it
provides binding sites for the released to cytosol ribosomes that translate explicit
mRNAs and faithfully recreate cell-specific proteins [39] [40]. Thus, the mem-
brane barrier biogenesis and its components directly respond to the nuclear
processes evoked by signaling. The transcribed messages revealed in the forma-
tion of the specific nuclear membrane segments meant for repair of multiple or-
ganelles, upon receiving suitable cargo in ER, undergo vesicles formation, fission
from ER and journey to their outer membrane signal-pointed site [27] [28] [29]
[30]. As determined in earlier investigations of the composition of ER-derived
transport vesicles, the responses are transcribed into organelle specific combina-
tion of proteins and membrane lipids, and hence imply that each segment of the
organelle specific membrane is translated by cluster of ribosomes dedicated to
the task [39] [40]. Since ribosomes are only attached to so called outer nuclear
membrane (ONM), the question arose as to the biosynthesis of the inner nuclear
membrane (INM), how the INM is remodeled upon signal-initiated processes,
and how the translates of the ribosomes reach the inaccessible membrane.

In the orthodox view of nuclear membrane, the nucleus-ER structural assem-
bly explains ONM responsiveness to cytosol-promoted signals but is isolated
from specific nuclear triggers that initiate the specific responses embodied in
formation of the membranes required by the cell. By applying same mainstream
concept, the INM is the entity isolated from ribosome-containing ONM and ER,
and thence the synthetic processes on ONM determined by ribosomes and
mRNA delivered to cytosol are not building and incorporating signal-demanded
changes in INM.

While studying conversions of nuclear membrane phosphoinositides, our in-
vestigative results provided strong support to the concept that nuclei are em-
braced not by double but by single bilayer membrane that is an uninterrupted
continuum protracted into formation recognized as ER. The unconventional
concept of the nuclear barrier induced by the data acquired on nuclear phospha-
tidylinositol (PI) synthesis [27], provided realistic explanation of the sig-
nal-prompted changes in INM and ONM. If, on the other hand, the INM and

ONM represented two independent membranes enticing nuclear content, the PI
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products would be retained in INM.

The further support to our argument of the uninterrupted membrane conti-
nuum embracing nucleus and ER emerged from the investigation of nuclear
membranes involvement in the SphN and Cer synthesis which along with PI
represent specific markers of the ER-derived transport vesicles dedicated to Gol-
gi pathway [29] [32] [33] [35]. Continuing with our counterargument against
independent ONM and INM entities, we challenge that if so, the SPT enzyme
generating SphN and Cer-containing lipids would not be detectable in INM.
Moreover, the Cer which are exclusively incorporated during biomembranes
synthesis in response to cellular demand for assembly of ER transport vesicles
destined for Golgi would only be found in the serine-labeled newly synthesized
lipid components of ONM. The results of the investigation on serine-labeled li-
pids synthesis in NM have uncovered that the Cer lipids and active SPT enzyme,
are present in NM, and the INM and ONM segments. These discoveries demon-
strated and further supported our stand that nuclear barrier is built as uninter-
rupted single membrane continuum that responds to nucleus and cyto-
sol-delivered signals materialized in membrane synthesis. Such process, impose
membrane movement from the cytosol-facing portion recognized as ONM to
nuclei-exposed putative INM and back to cytosol exposed ER.

As the studies on transport vesicles destined for Golgi pathway determined, PI
is incorporated into the outer leaflet of the membrane [27]. Indeed, its presence
in the cytosol facing leaflet is in good agreement with destination-specific mod-
ification of PI arriving to Golgi and undergoing cytosol-triggered transformation
into PI3P and PI4P [29] [36]. Thus, as determined in our earlier investigations
[36], the transport vesicles outfitted with PI3P marker and cytosol-activated
PI3K find their final destination by fusing with apical epithelial membrane,
whereas portion with PI4P displays affinity for basolateral cell membrane and
endosomes [29]. At that stage of our investigations, the directional specificity of
transport vesicles was assigned to the nuclear membrane embedded PI and PIK
that committed them to reach exact final destination. Moreover, it demonstrated
that PIs in the assembled membranes and in the direct contact with cytosol do
not require the transfer (flipping) of lipids from one facet to another. Similarly,
the studies described in this paper reveal positional significance of the Cer in-
tercalation in the outer and inner leaflet of the membrane. Without flipping,
these Cer serve in the inner leaflet as lipid cores for the synthesis of GSLs and
SM and, after vesicles cargo delivery to cell membrane (basolateral release of the
albumin and/or apical release of glycoprotein), face correctly the outer environ-
ment of the cell, or if intercalated into outer leaflet of the vesicles are committed
for endosomes and lysosomes [29] [31]. The examination of the SphN-containing
nuclear products delivered to Golgi via ER transport vesicles and transformed in
Golgi into GSLs and SM demonstrated that the composition of the inner leaflet
of ER transport vesicles is achieved through nuclear presence of 58KDa SPT and,

incorporation of its SphN into Cer products to the inner leaflet of the mem-
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brane, determines the synthesis of GSL and SM dedicated for cell membrane res-
titution and fulfillment of its secretory function.

Collectively, the evidence presented allows to conclude that from the outset
the nucleus-initiated and ER completed transport vesicles differ in their lipid
composition in the outer and inner leaflet, and together with the integral mem-
brane proteins, their pathway for terminal destination is demarcated.

Without a doubt, the attributes of the ER-generated transport vesicles reflect
nuclear release of the clusters of ribosomes and mRNA that elaborate specific
sculpt of cell membranes [39] [41] [42]. The fact that SPT enzyme and that its
products were identified in nuclear membranes and further traced in the inner
leaflet of ER and Golgi defines the membrane movement from nuclear mem-
branes, through ER and its vesicular products to Golgi and then to cell apical or
basolateral membrane.

Based on the quantitative comparison of SPT presence in the nuclear mem-
branes of the secretory epithelial cells it is tempting to suggest that the expres-
sion of the 58 KDa SPT enriched in nuclear portion reflects on the degree of the
epithelial cells restitution and apical/basolateral transport. Also, but in contrast,
it is possible that 56 KDa SPT associated with ER outer leaflet and, involved in
synthesis of SM in the outer leaflet of endosome-directed transport vesicles, is
expressed in larger quantity on the account of drug-induced cellular degradation
that demands transport of the proteolytic enzymes to lysosomes [31]. By the ex-
tension, it is quite possible that the final destination markers for Golgi vesicles
pathway integrated into the membrane at the stage of nuclear biomembrane as-
sembly is quintessential in synthesis of the organelle-specific cargo in ER and its
delivery to the exact site. This presumptive argument requires further explora-
tion of other protein markers that accompany SPT in the vesicles containing SM
and transporting cargo to basolateral epithelial segment of the cell membrane or
endosomes and lysosomes [39] [40], and all is decided by the cluster of ribo-
somes that are simultaneously involved in the synthesis of the signal-demanded
membranes and secretory products [41] [42].

In the initial early investigations that elucidated starting points for the intra-
cellular transport we had not enough background to embrace the concept that
specific lipids may dictate destinations of the transport vesicles to Golgi or mi-
tochondria, or how the organelles renewed their structures and vitality [26] [32]
[33] [34] [35]. However, the later concentration on role of lipids in the demarca-
tion of the restoration pathways of cell organelles allowed us to draw a highly
specific and coherent picture demonstrating that specificity of the nuclear prod-
ucts precisely determines vesicles destinations. The cellular events followed
through lipids synthesis dictated by nucleus receiving signals translated into
ER-assembled products map the path to either Golgi or mitochondria [28] [30].
As recently determined, the mitochondrial pathway is defined by the presence of
phosphatidylglycerol (PG), the proteins that restore outer mitochondrial mem-

brane, intramitochondrial delivery of the enzymes that generate cardiolipin, and
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the absence of PI and Cer in the mitochondria-destined vesicles [28] [30]. Again,
entire process is highly refined by combination of the specific proteins and lipids
that are interwoven into the specific membrane required for the specific site of
the organelle renewal and restoration of its optimal function [32] [35] [39] [40].
The outcome of both, Golgi and mitochondria pathways, is strictly controlled by
the cell native cytosol, since fusion of the ER-released vesicles with the accepting
organelle depends on the cytosolic presence of the organelle-specific phospholi-
pases [30] [31] [36]. Hence, utilization of the cytosol derived from the cultured
cells, different tissue [43], or from animals subjected to drug treatment [31],
generate results reflecting impact of foreign cytosol, or the drug, on gene expres-
sion in the particular cells including cytosol-released proteins.

The dependence of the intracellular transport on cytosolic milieu was not
considered in earlier investigations that relied on various fraction of proteins
isolated from brain tissue and might as well be phospholipases depleted [43] [44]
[45]. While this paradigm became the beacon for future investigations, the stu-
dies drifted to protein-only complexes and were not able to provide reasonable
explanation for multiplicity of the pathways initiated by posttranslational
changes in transport vesicles determining their final destination. The stand in
the general assumption that any mixture of lipids provides sufficient environ-
ment to demonstrate protein function and specificity reflects imprecise reason-
ing and demands investigations that include the input of gene expression on the
early stages of membrane assembly by following synchronized synthesis and in-
tercalation of protein and lipids into ER that is later revealed in the membranes
of the organelles or cells [39] [40] [41] [42].

Collectively, our study of membrane lipids of the Golgi and mitochondrial ve-
sicular pathway with specific involvement of innate cytosol, generate picture re-
flecting extremely ordered cellular activity that only then is capable to restore
entire structure without errors in the assembly or function. From our point of
view, the results from the commonly accepted investigative schemes employing
individual components freed from confines of cell organelles do not capture true
cellular order [39]. Also, the freedom of protein interaction released from the
shattered (lysed) organelles generates convolutedness of the processes that do
not take place in an undisturbed cell structure. The lysis-created cocktail of ef-
fects generates skewed and distorted view conflicting the true in vivo and in situ
observed consequences of cellular signaling. As to the prevailing view of the ex-
istence of double and independent nuclear membranes separated by perinuclear
space, the concept does not explain functional link of the inner nuclear mem-
brane segments with cytosol. In our understanding of the intracellular mem-
branes properties, and as our investigation suggest the segments recognized as
INM and ONM constitute portions of the one continuum that has been inter-
rupted during preparation of the nuclei and ER and as ER structures referred to
as ER microsomes should be recognized as nuclear microsomes. The NM in-

volvement in the anabolic-synthetic movement reflected in appearance of lipids
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generated through action of its membrane intercalated SPT provides evidence
that INM is not physically separated from ONM and ER, but suggest that the
subpool of mRNA translated by the ribosomes attached to nuclear microsomes
is involved in restitution of the inner leaflet of the nuclear-ER membrane [40].
In our studies, this is evident in the presence of 58 kDa SPT and its products that
are essential for the synthesis of GSLs and SM in the inner leaflet of Golgi mem-
brane.

The processes characterized by the investigations of ribosome footprints [39],
heterogeneous ribosome distinct subpools [40] and the presence of the specific
SPT on the inner and outer leaflet of ER imply that the placement of the specific
lipids and protein is determined during early assembly of the membrane. The
composition of the membrane and delivery of the synthetic cargo to the appro-
priate organelle are not relying on the process of flipping and flippases [46].
Contrary to common conjecture on the mechanisms of intracellular protein
transport and protein involved in the intracellular lipid transport [16] [18] [47],
our investigations reveal that membrane proteins and lipids of cell and its orga-
nelles are defined on the nucleus facing membrane. As much as is known about
the principle processes of protein synthesis, the driving force for the genome
translation, and nuclear envelope as a “signaling node” in the development and
disease [11], our findings add to the manifold complexity of ER-nuclear barrier
membrane and decipher further the complexity of the cellular organization. The
reality of the process is manifested in synthesis of transport vesicles initiated by
nucleus-induced steps that coordinately intercalate specific proteins and lipids
into membrane, that are completed in membrane extension commonly recog-
nized as ER, and tailored to deliver cargo and replenish organelle of the specific
pathway.

A new concept on the flow of information from nucleus to cell specific entities
developed from the investigative findings dedicated to cell membranes synthesis,
illustrated through identification of the specific lipids defining organelle mem-
brane, allowed us to decipher cellular pathways that are defined in nuclear
membrane by the simultaneous intercalation of the membrane proteins and li-
pids, the process that guards cellular structure from alterations, provides precise

and timely repair and restitution, and retains the cell’s unmodified function.
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