BLOOD COMPONENTS

Vesicles generated during storage of red cells are rich in the lipid
raft marker stomatin
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BACKGROUND: The release of vesicles by red blood
cells (RBCs) occurs in vivo and in vitro under various
conditions. Vesiculation also takes place during RBC
storage and results in the accumulation of vesicles in
RBC units. The membrane protein composition of the
storage-associated vesicles has not been studied in
detail. The characterization of the vesicular membrane
might hint at the underlying mechanism of the storage-
associated changes in general and the vesiculation
process in particular.

STUDY DESIGN AND METHODS: Vesicles from RBCs
that had been stored for various periods were isolated
and RBCs of the same RBC units were used to gener-
ate calcium-induced microvesicles. These two vesicle
types were compared with respect to their size with
atomic force microscopy, their raft protein content with
detergent-resistant membrane (DRM) analysis, and
their thrombogenic potential and activity with annexin V
binding and thrombin generation, respectively.
RESULTS: The storage-associated vesicles and the
calcium-induced microvesicles are similar in size, in
thrombogenic activity, and in membrane protein
composition. The major differences were the relative
concentrations of the major integral DRM proteins. In
storage-associated vesicles, stomatin is twofold
enriched and flotillin-2 is threefold depleted.
CONCLUSION: These data indicate that a stomatin-
specific, raft-based process is involved in storage-
associated vesiculation. A model of the vesiculation
process in RBCs is proposed considering the raft-
stabilizing properties of stomatin, the low storage tem-
perature favoring raft aggregation, and the previously
reported storage-associated changes in the cytoskeletal
organization.

torage of RBCs causes various cellular changes

that are assumed to contribute to the reduced

viability of posttransfusion RBCs, the so-called

“storage lesion.” Stored RBCs show an increased
osmotic fragility and a reduced deformability’? and
storage is accompanied by oxidative damage to cytoskel-
etal proteins and membrane lipids and by increased
methemoglobin formation.®® Moreover, vesiculation
takes place during RBC storage under blood bank con-
ditions.® In vivo, vesiculation takes place in a spleen-
facilitated manner, thereby accounting for the loss of
approximately 20 percent of the cell surface and an
increase in cell density during the RBC life span.”® Vesicu-
lation is thought to be of functional importance as a
defense mechanism of the RBC against complement-
mediated lysis.® The amount of hemoglobin (Hb) in

ABBREVIATIONS: AChE = acetylcholinesterase;

DRM = detergent-resistant membrane; FWHM = full width at
half-maximum; GPI = glycosylphosphatidylinositol; TBS = Tris-
buffered saline; V., = calcium-induced vesicles; Vy, = storage-
induced vesicles.
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storage-associated vesicles exceeds the amount of extra-
cellular free Hb caused by storage-associated cell lysis.*
The progressive storage-induced loss of RBC surface area
via vesicle release correlates with a decrease in the proper
complex formation in vitro between the cytoskeletal
components spectrin, actin, and protein 4.1.* Spectrin
oxidation was suggested to be the underlying cause of this
impairment as it closely correlates with vesicle accumula-
tion in the storage medium.?

The storage-induced vesicles are depleted of the
cytoskeletal proteins spectrin and ankyrin but contain the
major transmembrane proteins band 3 and the glyco-
phorins.!* Moreover, nearly all of the tested blood group
antigens were found to be present on these vesicles.'?'
A detailed analysis, however, comparing the relative
amounts of membrane proteins and the antigen markers
in the vesicular and the RBC membrane has not been
performed. The segregation of RBC membrane proteins
during calcium-induced vesiculation has been studied in
more detail. Several factors such as 1) binding to the
cytoskeleton,'*'5 2) association with lipid rafts,'®!” and 3)
the intrinsic curvature of a molecule or of a molecular
ensemble'® are assumed to influence the segregation
process of integral membrane proteins resulting in the
observed enrichment and/or depletion of membrane pro-
teins and lipids in the released vesicles. Various raft pro-
teins are enriched in calcium-induced vesicles, and they
were shown to be present in the detergent-resistant mem-
brane (DRM) fraction of these vesicles.!” These proteins
are stomatin, an integral membrane protein that is mono-
topically associated with the cytoplasmic membrane
leaflet;'®° acetylcholinesterase (AChE), an extracellular
enzyme linked to the membrane via a glycosylphosphati-
dylinositol (GPI) anchor;'® and synexin (annexin VII) and
sorcin, two cytosolic proteins that associate with lipid rafts
in a calcium-dependent manner.'” Interestingly, flotillin-1
and flotillin-2, which are—after stomatin—the most
abundant integral RBC raft proteins, are depleted from
these calcium-induced vesicles. This finding indicates
that different types of rafts coexist in the RBC membrane
and that they segregate in the calcium-induced vesicula-
tion process by as yet undetermined mechanisms.

To obtain insight into the processes that take place
during storage-associated vesiculation, we isolated
vesicles (Vo) from stored RBCs and calcium-induced
vesicles (Vc,) generated from RBCs of the same RBC unit
and compared them with respect to their size, their
protein, and their DRM composition. There is a general
similarity between these vesicles and both vesicle types
display procoagulant activity. The major difference is the
larger enrichment of stomatin and the stronger depletion
of the flotillins in Vi, compared to V... Integrating these
findings and previous data on storage-associated changes
of the cytoskeleton, we propose a raft-based model for the
vesiculation process during RBC storage.
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MATERIALS AND METHODS

Reagents

Acetylthiocholine chloride, aprotinin, bestatin hydro-
chloride, 5,5’-dithiobis-(2-nitrobenzoic acid), leupeptin,
pepstatin A, phenylmethylsulfonyl fluoride, N-o.-tosyl-L-
lysine chloromethyl ketone, N-tosyl-L-phenylalanine
chloromethyl ketone, and Triton X-100 were from Sigma
Chemical Co. (St Louis, MO). Analytical-grade laboratory
chemicals were from Merck (Darmstadt, Germany), and
reinforced nitrocellulose was Optitran BA-S 83 (Schleicher
& Schuell, Dassel, Germany).

Preparation of RBCs

RBCs were prepared as described previously?!' Briefly,
500 mL of whole blood was collected in a quadruple
CPD/SAGM top-and-bottom bag system (Composelect,
Fresenius HemoCare, Emmer-Compascuum, the Nether-
lands) and anticoagulated with 70 mL of CPD. After cooling
for at least 4 hours and centrifugation of the whole-blood
unit, the blood was separated into its components (plasma,
buffy coat, and RBCs) with an automated blood processing
device (Compomat G4, Fresenius HemoCare). A total of
110 mL SAGM was transferred from the RBC storage bag to
the RBCs before leukodepletion by in-line filtration. After
filtration, RBCs were stored for 7 weeks at 2 to 6°C. From the
first week of storage and weekly thereafter, a sample was
collected from the stored units by a sterile sampling device,
after gentle mixing of the unit content by inversion for
approximately 5 minutes.

Hematologic and biochemical measurements

RBC counts and total Hb concentration were measured
with a hematology analyzer (Coulter Onyx, Beckman
Coulter, Fullerton, CA; or Sysmex XT1800i, Sysmex Corpo-
ration, Kobe, Japan). Extracellular Hb concentration was
determined by a colorimetric assay on a clinical chemistry
system (Aeroset, Abbott Diagnostics, Abbott Park, IL). The
percentage of hemolysis was calculated with the following
formula

Hemolysis =100 percent x (((1-Hct)x extracellular Hb)/
total Hb).2>#

Extracellular sodium and glucose were measured on a
blood gas analyzer (Chiron 860/865, Bayer Diagnostics,
Tarrytown, NJ). Potassium levels were measured in the
extracellular fluid after centrifugation with the Abbott
Aeroset. Adenine nucleotides were quantitatively assayed
by anion-exchange high-performance liquid chromatog-
raphy, as described by de Korte and colleagues.*** The
adenylate energy charge was calculated according to the
formula ((ATP + 1/2ADP)/(ATP + ADP + AMP)).



Preparation of vesicles

Vesicles during storage (Vo)

Approximately 50 mL of RBCs (Hct approx. 60%) was
mixed with 20mL of Tris-buffered saline (TBS;
150 mmol/L NaCl, 10 mmol/LTris-HCI, pH 7.4), and RBCs
were pelleted (P1) by centrifugation at 1850 x g for
10 minutes. The supernatant (SN1) was centrifuged at
28,000 x g for 35 minutes; the supernatant (SN2) was
removed and the pelleted material (P2) was resuspended
in 1 mL of TBS for further subfractionation. A first cen-
trifugation step (15,000 x g, 25 sec) removed contaminat-
ing RBCs and large vesicles (P3) and the resulting
supernatant (SN3) was subjected to two further centri-
fugation steps. Upon centrifugation at 15,000 x g for
7 minutes a red vesicle pellet (P4) was obtained, which
was overlaid with a white layer of contaminating
ghosts. The supernatant (SN4) was kept for further pro-
cessing, and the ghosts were carefully removed from the
top of P4. The vesicle pellet P4 was then resuspended in
1 mL of TBS, mixed with SN4, and recentrifuged at
100,000 x g for 20 minutes. The final vesicle pellet (P5)
corresponding to Vg, was resuspended in an appropriate
volume of TBS.

Vesicles after calcium/ionophore treatment (V)
Vesicles were prepared as described!” with minor modifi-
cations. Briefly, RBCs of the respective RBC units were
washed in TBS; resuspended in 9 volumes of TBS, 1 mmol
per L CaCl,, and 5 umol per L ionophore A23187; and
incubated at 37°C for 30 minutes under constant agita-
tion. RBCs were pelleted at 16,000 x g for 20 seconds. The
supernatant was then centrifuged for 30 minutes at
16,000 x g. The vesicle pellet was resuspended in 1 mL of
TBS, and the two centrifugation steps were repeated to
remove contaminating RBCs. The final vesicle pellet
corresponding to V¢, was resuspended in an appropriate
volume of TBS.

Protein analyses

Protein samples were analyzed by gel electrophoresis,
silver staining, immunoblotting with the indicated anti-
bodies, and determination of AChE activity, respectively,
as previously described.'” Quantitative immunoblotting
was performed by directly comparing aliquots of vesicle
samples normalized to total vesicular protein content and
several dilutions thereof. Protein amounts were deter-
mined by a photometric protein assay (Bio-Rad, Hercules,
CA).

Flotation assay

The flotation assay of the vesicles was performed as pre-
viously described with some modifications.!” Briefly, 80 uL
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of vesicle suspension was lysed by addition of 20 uL of
2.5 percent Triton X-100 and proteinase inhibitors
(20 ug/mL bestatin hydrochloride, 25 ug/mL N-co-tosyl-
L-lysine chloromethyl ketone, 40 pg/mL N-tosyl-L-
phenylalanine  chloromethyl  ketone, 20 ug/mL
phenylmethylsulfonyl fluoride, pg/mL pepstatin A,
40 pg/mkL leupeptin hemisulfate, 10 ug/mL aprotinin) in
TBS, incubated for 20 minutes on ice, and mixed with
100 pL of 80 percent sucrose in TBS. The resulting suspen-
sion was placed in centrifuge tubes (13 x51 mm,
Beckman), overlaid with 1900 uL of 35 percent sucrose in
TBS and 350 uL of 5 percent sucrose in TBS, and centri-
fuged in a precooled rotor (SW50.1, Beckman) at
230,000 x g and 4°C for 17 hours. Six fractions were col-
lected from the top. Aliquots were analyzed by immunob-
lotting and by measuring their AChE activity.

Atomic force microscopy

A magnetically driven dynamic-force microscope
(Macmode PicoSPM, Molecular Imaging, Phoenix, AZ)
was used. The topography images were recorded in the
Magnetic AC (Mac) mode?®*?” with cantilevers (MacLevers,
Molecular Imaging, Tempe, AZ) of approximately 0.03 N
per m nominal spring constant in aqueous buffer solu-
tions at room temperature. Measurements were per-
formed with approximately 10-nm free-tip oscillation
amplitude at approximately 3-kHz driving frequency, and
the feedback loop was driven at approximately 26 percent
amplitude reduction. Image size was 4 x 4 um at 0.5-Hz
lateral scan rate. Vesicles were specifically bound to wheat
germ agglutinin (WGA)-coated mica surfaces. For this,
mica sheets (Gropl, Tulln, Austria) were first derivatized
with ethanolamine as previously described®?* and then
incubated for 1.5 hours with a solution of 1 mg per mL
ethylene glycol-bis(succinimidylsuccinate) (Pierce, Rock-
ford, IL) in chloroform containing 0.5 percent triethy-
lamine, washed in chloroform, and dried with nitrogen.
Subsequently, a solution of 0.5 mg per mL WGA (Sigma) in
10 mmol per L sodium phosphate and 150 mmol per L
NaCl, pH 7.5 (phosphate-buffered saline [PBS]), was
applied for 2 hours, and the excess of WGA was removed.
Finally, the vesicles were bound to the mica surface in
HEPES-buffered saline (5 mmol/L HEPES, 150 mmol/L
NaCl, pH 7.3) for 15 minutes at appropriate concentra-
tions and imaged in the same buffer by means of atomic
force microscopy. The diameter of the vesicles was calcu-
lated from the full width at half-maximum (FWHM) as
illustrated in Fig. 3 with the angle 6 of cantilever tip as 18°.
The tip radius was estimated through measuring the
atomic force microscopy image of HRV2 virus, which has a
known diameter of approximately 30 nm. From the mea-
surement, it was found that the vesicle was pressed in the
scanning direction before the cantilever tip reached the
highest point of the vesicle. Therefore, only the second
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half of the FWHM was used to calculate the diameter of
the vesicle.

Thrombin generation assay

Ten microliters of the vesicle suspension (1 x 10*
microvesicles) was mixed with 40 pL of 1 mmol per L fluo-
rogenic thrombin substrate Z-Gly-Gly-Arg-AMC (Bachem
AG, Bubendorf, Switzerland), 10 pL of 75 mmol per L
CaCly, and 10 pL of HEPES buffer (5 mg/mL bovine serum
albumin, 25 mmol/L HEPES, pH 7.35, 175 mmol/L NaCl).
The in vitro thrombin generation was started by adding
30 uL. 37°C prewarmed of human vesicle-free plasma
obtained from whole blood containing 18.3 ug per mL
corn trypsin inhibitor (Haematological Technologies, Inc.,
Essex Junction, VT) to prevent artificial contact dependent
preactivation of Factor XII.** The increase of the fluores-
cence intensity, which is proportional to the concentra-
tion of the generated thrombin, was measured
continuously every minute up to 60 minutes with a micro-
plate fluorescence reader (Wallac 1420 multilabel counter,
Wallac/Perkin-Elmer, Turku, Finland) with an excitation
wavelength of 355 nm and an emission wavelength of
460 nm. The increase of fluorescence intensity per minute
was calculated and converted to thrombin concentrations
(nmol/L) with a reference curve obtained by measuring
the rate of substrate conversion by purified human
o-thrombin.®!

Flow cytometry

For analysis of annexinV binding to vesicles,
microvesicles were stained with phycoerythrin (PE)-
conjugated annexin V (BD Biosciences PharMingen, San
Jose, CA) diluted 1:40 in binding buffer (40 mmol/L NaCl,
10 mmol/L HEPES/NaOH, pH 7.4) either in the presence
(2.5 mmol/L CaCl,) or in the absence of calcium. Incuba-
tion was carried out for 30 minutes in the dark at room
temperature. After being washed, labeled vesicles were
resuspended in PBS and analyzed by flow cytometry on a
cell sorter (FACSort, BD, Franklin Lakes, NJ). At least 3000
events per sample were acquired and analyzed with com-
puter software (CellQuest, BD).

RESULTS

Homeostasis of RBCs becomes increasingly impaired
upon RBC storage. An exponential increase in the hemoly-
sis rate is observed at prolonged storage times. There are
marked changes in the extracellular cation concentrations
with an increase in the proton and potassium and a
decrease in the sodium ion concentration. These variables
are associated with a gradual increase of the MCV indicat-
ing a progressive impairment of cell volume regulation.
The storage-associated progressive loss of energy is high-
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lighted by the decrease in the intracellular ATP level and
the adenylate energy charge of the cells, which probably
accounts for most of the observed changes (Fig. 1).

Storage-induced microvesicles (Vo) were isolated
from RBCs that had been stored for 4, 14, and 50 days and
RBCs from these RBC units were used to prepare calcium-
induced microvesicles (V). Our V, preparation protocol
was designed to avoid the presence of contaminating
RBCs and ghosts and therefore includes further purifica-
tion steps of the vesicles isolated by the first high-speed
centrifugation step (see Materials and Methods). Com-
pared to RBCs stored for 4 days, there is a 2- and 15-fold
increase in the amount of Vi, when RBCs are stored for
14 and 50 days, respectively (Fig. 2), showing a strong
increase of vesicle generation at prolonged storage times.

We used atomic force microscopy to compare the
heights and diameters of Vi, and V... The radii of the can-
tilever tip were determined by use of the well-defined size
of the human rhinovirus as a calibrating measure,** and
the diameters of the vesicles were calculated from the
FWHM data as indicated in Fig. 3 with the angle 6 of the
cantilever tip as 18°. This provides a good correlation
between the distributions of the heights and the diam-
eters within the vesicle population. The topography
images of the atomic force experiments (Fig. 3) show that
the sizes of Vy, and V., isolated from the same RBCs are
comparable. The number of vesicles with heights and
diameters of greater than 140 nm, however, is larger in the
Vo than in Vi, population. Moreover, the peaks of the
distribution of the diameters slightly differ, with V, being
about 10 nm larger than V... We observed a small variation
in the size distributions of Vy, of different storage time
spans (data not shown), which is probably due to donor-
related variations. Because in this study purity of the Vi,
pool was more important than its completeness, we
omitted the P3 pellet (see Materials and Methods)
containing—apart from contaminating RBCs—also a
population of larger vesicles. This explains the low
amount of Vy, larger than 200 nm, compared to the vesicle
preparation of Greenwalt and coworkers.!! Moreover, the
tip size correction in this work accounts for the difference
to our previous data on the size distribution of
microvesicles (Vc,) with uncorrected FWHM data.'”

To learn about the segregation of membrane proteins
in the storage-induced vesiculation process, we compared
the protein patterns of these vesicles to V., and RBC mem-
branes of the same RBC units by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and
silver staining (Fig. 4). Inmunoblotting analyses of these
samples indicated a differential behavior of the major raft
marker proteins stomatin, flotillin-1, and flotillin-2 in the
vesiculation processes. Whereas stomatin is enriched in
both types of vesicles when compared to its relative abun-
dance at the RBC membrane, flotillin-1 and flotillin-2
are depleted from the vesicles (data not shown). These
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Fig. 1. Storage-associated changes in RBCs. RBCs were prepared from blood of healthy donors and stored at 2 to 6°C. Aliquots were
collected at the indicated time points and the respective hematologic and biochemical measurements were performed as described
under Materials and Methods. The numbers on the x axis of the graphs denote the storage time in days. Mean values and standard
deviations (SDs) are shown (n =11 and n = 3 for the ATP and the adenylate energy charge determinations, respectively).
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Fig. 2. Protein amount of vesicles generated during RBC
storage. Vy, were isolated from RBC units stored for the indi-
cated time spans and the amount of total vesicular protein
was determined. The numbers on the x axis denote the
storage time in days. The data depict the mean values and
respective SDs of five independent experiments.

TABLE 1. Comparison of the amounts of selected
membrane proteins between V4, and V..*

Visio/Vea 4 days 14 days 50 days
Band 3 0.9 = 0.1 0.9 +0.2 0.9 +0.3
CD55 0.4 = 0.1 0.5 = 0.1 0.8 0.3
AChE 0.6 = 0.1 0.6 = 0.1 0.8 0.2
Flotillin-2 0.3 = 0.1 0.3 = 0.1 0.5+ 0.1
Stomatin 1.9+0.2 2.0 0.1 21 +06

* The ratios of the amounts of respective membrane proteins in
Vs and Ve, isolated at indicated times were determined by
quantitative immunoblotting. Values greater than 1 indicate a
relative enrichment of the protein in Vg, compared to V., and
vice versa. The data are the mean values and respective SDs
of four independent experiments.

analyses also indicated that the relative enrichment
and/or depletion of these proteins differ between the Vi,
and V... To analyze the relative amounts of selected mem-
brane proteins in Vy, and V., with more accuracy, we per-
formed a semiquantitative immunoblotting analysis. The
results confirm that stomatin is enriched about twofold in
Vi compared to V¢, (Table 1). In contrast, all the other
proteins analyzed are diminished in Vg, than in Vg, with
the amount of flotillin-2 being about three times reduced
compared to V.. The differences in the specific protein
amounts between these vesicles decrease with prolonged
storage times. Lipid-raft association is a common feature
of these proteins, whereas only a small fraction of band 3
is supposed to be in rafts,'>* stomatin, flotillin-2, and the
GPI-linked proteins AChE and CD55 are major integral
raft components in RBCs.?® It was previously shown that a
segregation of stomatin and flotillin-2 takes place during
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calcium-induced microvesiculation of RBCs.'>'” The
present data (Table 1) reveal that the segregation of these
proteins is much more pronounced during the storage-
associated vesiculation.

The presence of high amounts of stomatin in Vi,
indicates that lipid rafts might be involved in Vy, vesicu-
lation. Therefore, we sought vesicular membrane compo-
nents that resist solubilization by Triton X-100 and float
to low densities upon density gradient ultracentrifuga-
tion (DRMs). DRMs could be isolated from Vg, of all
storage periods (Fig. 5). The distribution patterns of the
various raft markers within the gradients are very similar
in Vg, and V., isolated from the same RBC units. The
major amount of stomatin and virtually all of flotillin-2 is
DRM-associated (Density Fractions 1-3 in Fig. 5A, Frac-
tion 1 in Fig. 5B) whereas only minor amounts of these
proteins are found to be soluble (Density Fractions 4-6 in
Fig. 5A, Fraction s in Fig. 5B). More than two-thirds of the
AChE activity and about half of CD55 is associated with
DRMs. Band 3 is absent from the low-density region of
the gradients, supporting previous data that the major
part of this protein is not raft-associated. In Vy, isolated
from RBCs that had been stored for 50 days, however,
a considerable fraction of band 3 is DRM-associated
(Fig. 5A). The Duffy antigen that was previously shown
to be present in DRMs from RBCs and vacuolar
malaria parasites* is absent from DRMs derived from
vesicles.

Because RBC-derived vesicles may have an effect on
coagulation,**” we measured the thrombogenic activity
of different RBC vesicles in vitro. Both V¢, and Vy, were
potent inducers of thrombin generation (Figs. 6A and 6B),
whereas vesicles obtained by ATP depletion were not (data
not shown). The pattern of thrombin generation as indi-
cated by the lag phase and peak height induced by Vy, was
similar to that of V.. The initiation and amplification of
coagulation processes are strictly dependent on the avail-
ability of anionic phospholipids; therefore, we examined
the extent of phosphatidylserine surface exposure on
vesicles by means of annexin V binding (Figs. 6C and 6D).
Approximately one-third of both V., and Vi, were positive
for annexin V without showing a relevant difference in the
mean fluorescence intensity between V., and Vs, indicat-
ing a similar surface exposure of phosphatidylserine on
Vo and V.

DISCUSSION

It has long been noticed that Hb-containing vesicles are
generated during blood storage.®'®*® The amount of
vesiculation is influenced by the storage conditions and is
reduced by leukoreduction.*-*! We used a standard proce-
dure for RBC preparation and storage following Dutch
blood bank protocols.?* To evaluate whether there are
time-dependent changes in the generation and protein
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Fig. 3. Vi, and V., show a similar size distribution. Typical results of atomic force microscopy (AFM) measurements of Vy, and V.,
prepared from RBCs that had been stored for 50 days are presented. The first column shows the topography images of the vesicles,
whereas the second and the third columns show the statistic distribution of the measured height and the calculated diameter of
the vesicles, respectively. The diameter of the vesicle is calculated from the FWHM, as illustrated in the lower part.

composition of the vesicles, we focused on vesicles gener-
ated during RBC storage for 4, 14, and 50 days. Vesicles are
already present in RBCs stored for 4 days indicating a con-
tinuous storage-dependent vesiculation process (Fig. 2).
Because the ATP levels have not decreased after 4 days
(Fig. 1), this observation is in accordance with data
showing that vesiculation during short-term blood
storage is independent of the cellular ATP level.® After 14
to 21 days of storage, however, there is an exponential

release of vesicles that might be due to energy depletion.
In accordance with previous reports,*** we find a signifi-
cant negative correlation between the ATP content and
the vesicle amount in the RBCs (r = —0.93; p < 0.001; n = 5).
A model by Gov and Safran*® and Sens and Gov** proposes
that diminishing ATP levels are associated with increasing
compressive forces imposed by the cytoskeleton on the
RBC membrane, which might be the cause for increased
vesiculation.
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Fig. 4. Protein amount and composition of vesicles generated
during RBC storage. Vy, were isolated from RBC units stored
for the indicated time spans and RBCs of the respective RBC
units were used to generate RBC membranes and V... RBC
membranes (1), Vea (2), and Vy, (3) were analyzed by

11 percent PAGE and silver staining. The ghost aliquots con-
tained membranes of 1.0x 107 cells, and the vesicle aliquots
were normalized to 12 pg of total vesicular protein. Arrows
indicate the positions of the respective protein bands (CA =
carbonic anhydrase).

Recently, it was shown that lysophosphatidic acid
induces vesicle release in RBCs and it was suggested that
these vesicles are of (patho-)physiologic importance due
to their thrombogenic activity.*” Here we show that V,
also display procoagulant activity with a thrombogenic
activity that is similar to that of V., (Fig. 6). Annexin V
binding assays reveal that both vesicle types expose
similar amounts of phosphatidylserine. Both calcium-
dependent and calcium-independent mechanisms of
phosphatidylserine exposure in RBCs have been
described.*”* Prolonged RBC storage does only slightly
increase phosphatidylserine exposure in RBCs."® It is con-
ceivable that the thrombogenic activity of V, arises from
the loss of ATP-dependent aminophospholipid translo-
case activity due to metabolic depletion of the vesicles.
The exponential increase of these procoagulant vesicles at
prolonged storage times suggests that it should be consid-
ered to include the number of vesicles in the safety guide-
lines for stored RBC units.

The membrane of V., has previously been shown to
be enriched in stomatin and AChE and to be depleted of
band 3, flotillin-2, and aquaporin-1 compared to the RBC
membrane.'*!>'747 Here, we show that there is a similar
depletion of band 3 in Vg, and in V., whereas the GPI-
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Fig. 5. DRMs of Vy, and V... Vi, and V., were prepared from
RBC units that had been stored for the indicated periods,
lysed in 0.5 percent Triton X-100, and subjected to density
gradient ultracentrifugation as described under Materials and
Methods. Six fractions were collected from the top. (A) Ali-
quots of equal volumes were analyzed by SDS-PAGE and
immunoblotting as indicated or for AChE activity; (B) Frac-
tions 1 to 3 comprising the low-density region (1) and 4 to 6
comprising the high-density region (h) of the gradient were
pooled and analyzed as in (A). Representative data of a set of
three experiments are shown.

linked proteins AChE and CD55 are less enriched in V,
than in V., (Table 1). The vesicle amounts used for the
comparative analyses (Fig. 4 and Table 1) are normalized
to a volume-dependent parameter (total vesicular
protein). Because the vesicle diameters of the V., and Vi,
are quite similar (Fig. 3) these data also reflect approxi-
mately equal vesicular surface areas. The relative enrich-
ment of AChE in V, relative to phospholipids has been
determined to be approximately 3-fold;'**"*® hence, the
relative AChE/phospholipid enrichment in Vi, compared
to RBC membranes can be roughly determined to be
2-fold. Interestingly, the enrichment of stomatin is higher
and the depletion of flotillin-2 is even more pronounced
in Vi, than in V... Combining the data from Table 1 with
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molecular ensemble to enter the highly
curved area at the tip of the echinocytic
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membrane protrusion.'® Flotillins are
monotopic membrane proteins present
as oligomeric complexes at the cyto-
plasmic membrane leaflet and are
assumed to be tightly associated with
the cytoskeleton as suggested from
studies on DRMs.?*45° This cytoskeletal
linkage is likely to contribute to the
depletion of the flotillin proteins from
Vsto-

But what is the driving force behind
the enrichment of stomatin in the Vi,
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(Table 1, Fig.4)? Stomatin is largely
present in vesicular DRMs (Fig. 5)
thereby indicating that the enrichment
of stomatin in the vesicles is due to its
raft association. There is growing evi-
dence that lipid rafts are generally asso-
ciated with membrane budding
processes, including endocytosis and
exocytosis, intracellular vesicle forma-
tion, and the release of virus particles

10+
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Fig. 6. In vitro thrombin generation and phosphatidylserine exposure of Vi, and V..
(A, B) After adjusting the number of vesicles to 1x 10% V,, (A) and Vy, from RBC units
stored for 50 days (B) were mixed with a thrombin-specific fluorogenic substrate and
thrombin generation was started by adding human vesicle-free plasma to the
mixture. The increase of the fluorescence signal was measured continuously, and the
values were transformed into nmol per L thrombin equivalents with purified human
o-thrombin as a standard. (C, D) FACS analysis histograms are shown of V., (C) and
Vi from RBCs stored for 50 days (D) stained with annexin V-PE either in a calcium-
containing buffer (closed histogram) or in a calcium-free buffer as control (open his-

from the plasma membrane.”*® Theo-
retical considerations®*® and recent
studies on model membranes® indicate
that membrane budding and eventual
vesicle fission can occur upon large-
scale separation of coexisting lipid
phases. The generation of phase-
separated domains in a multicompo-
nent lipid bilayer membrane is driven

togram). Representative data of a set of three experiments are shown.

our previous results on fresh RBCs,'® we estimate stomatin
to be 3-fold enriched in, and flotillin-2 to be 16-fold
depleted from, Vy, compared to their respective protein-
to-phospholipid ratios at the RBC membrane. Similar
results were obtained by semiquantitative mass spectro-
metric analyses of stomatin and flotillin-2 comparing
their relative amounts in the proteome of Vy, and
RBC membranes (G.J. Bosman etal, manuscript in
preparation).

What are the mechanisms by which these prominent
RBC raft markers are segregated during the vesiculation
process? In RBCs, there are limited possibilities that might
account for the depletion of a membrane protein from a
nascent vesicle. Cytoskeletal association of the respective
membrane protein can inhibit the diffusion into the tip of
the cytoskeleton-free membrane protrusion where the
vesicles most likely originate. For example, the degree of
band 3 depletion from V., correlates with its degree of
association with the cytoskeleton.!* Alternatively, steric
constraints could inhibit a membrane-bound molecule or

by the minimization of the line tension
at the phase boundary and is counter-
acted by the decrease in entropy due to the merger
of smaller domains.®® Because the entropic factor is
temperature-dependent, the demixing of lipid phases is
favored at low temperatures.® Extrapolating these consid-
erations to RBC storage, one can assume that the stability
of rafts and the tendency to form large raft aggregates is
increased in the RBC membrane during storage of RBCs at
2 to 6°C. An updated model of lipid rafts®® suggests that
lipid rafts are small, mobile liquid-ordered domains that
spontaneously form within the membrane and exist on
short time scales. The stability of a short-lived raft,
however, can be increased by interaction with a mem-
brane protein and/or its attached lipid moieties. Protein-
protein interaction can further increase stability and
spatial extension of the raft domain. Stomatin fulfills both
criteria as a raft-scaffolding protein,?*%¢! being palmitoy-
lated® and forming high-order homo-oligomers.®*%* Thus
stomatin-oligomers could be the nuclei for raft aggrega-
tions and local-phase demixing, which is further favored
by the low storage temperatures. Budding and vesicle for-
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mation, however, can only occur in membrane areas that
are detached from the underlying cytoskeleton. RBC
storage is associated with cytoskeletal changes such as
abnormal spectrin-protein 4.1-actin complex formation,
increased spectrin oxidation, and a loss in the band
3-ankyrin anchorage of the cytoskeleton to the lipid
bilayer. All of these alterations are strongly correlated with
vesiculation.**® Recently, it was shown that the cytoskel-
eton is generally involved in the organization of mem-
brane proteins in distinct raft and nonraft islands.®® In
view of the enrichment of stomatin in the Vyq, it is tempt-
ing to speculate that the storage-dependent cytoskeletal
alterations impair the association of stomatin with the
cytoskeleton. As outlined above, laterally mobile stomatin
oligomers could then favor larger-scale phase separation
and eventual vesicle formation.

The enrichment of stomatin in exovesicles might be
also true for the pathologic condition of sickle cell disease,
which is associated with excess surface area loss from
RBCs due to vesiculation® and thereby might account for
the significant depletion of stomatin from these cells.®’
Yet, storage and sickle cell pathology are likely to have
different effects on membrane organization and vesicle
formation. Because flotillin-1 is also reduced in sickle
cells,* it is tempting to speculate that—in contrast to Vg,
and Vg, from normal RBCs—sickle cell-derived vesicles
might be also enriched in this protein. In general, we
suggest that analyses of vesicular protein contents will
provide important information on the respective vesicu-
lation mechanism and the membrane architecture of the
parent RBC in various (patho-)physiologic conditions.
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