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ABSTRACT: Hot-cold hemolysis is the phenomenon whereby red blood cells, preincubated at 37 °C in
the presence of certain agents, undergo rapid hemolysis when transferred to 4 °C. The mechanism of this
phenomenon is not understood. PlcHR2, a phospholipase C/sphingomyelinase from Pseudomonas
aeruginosa, that is the prototype of a new phosphatase superfamily, induces hot-cold hemolysis. We
found that the sphingomyelinase, but not the phospholipase C activity, is essential for hot-cold hemolysis
because the phenomenon occurs not only in human erythrocytes that contain both phosphatidylcholine
(PC) and sphingomyelin (SM) but also in goat erythrocytes, which lack PC. However, in horse erythrocytes,
with a large proportion of PC and almost no SM, hot-cold hemolysis induced by PlcHR2 is not observed.
Fluorescence microscopy observations confirm the formation of ceramide-enriched domains as a result of
PlcHR2 activity. After cooling down to 4 °C, the erythrocyte ghost membranes arising from hemolysis
contain large, ceramide-rich domains. We suggest that formation of these rigid domains in the originally
flexible cell makes it fragile, thus highly susceptible to hemolysis. We also interpret the slow hemolysis
observed at 37 °C as a phenomenon of gradual release of aqueous contents, induced by the sphingomyelinase
activity, as described by Ruiz-Argüello et al. [(1996) J. Biol. Chem. 271, 26616]. These hypotheses are
supported by the fact that ceramidase, which is known to facilitate slow hemolysis at 37 °C, actually
hinders hot-cold hemolysis. Differential scanning calorimetry of erytrocyte membranes treated with PlcHR2

demonstrates the presence of ceramide-rich domains that are rigid at 4 °C but fluid at 37 °C. Ceramidase
treatment causes the disapperance of the calorimetric signal assigned to ceramide-rich domains. Finally,
in liposomes composed of SM, PC, and cholesterol, which exhibit slow release of aqueous contents at 37
°C, addition of 10 mol % ceramide and transfer to 4 °C cause a large increase in the rate of solute efflux.

Hemolysis consists of the release of hemoglobin from red
blood cells (RBC)1 to the surrounding medium. In ViVo
hemolysis is a pathologic event that occurs in various forms
of anemia, as well as in response to intoxications and
infections. In addition, in Vitro hemolysis is often used as a
sensitive and reliable method to assay the lytic action on
cell membranes of any physical or chemical agent. In this
context RBC membranes are used as a membrane model. It
was found long ago that erythrocytes become more sensitive

to hemolysis induced by certain drugs or toxins when, after
incubation at 37 °C, the cell suspension is cooled to 4
°C (1-3). This is known as “hot-cold hemolysis”. The
molecular basis for this phenomenon is not known. Different
explanations have been proposed, but none has gained wide
acceptance.

PlcHR2 toxin from Pseudomonas aeruginosa is an enzyme
with both phospholipase C and sphingomyelinase activities.
Stonehouse et al. (4) found that PlcHR2 was highly hemolytic
when the RBC were given the hot-cold treatment described
above. Ochi et al. (5, 6) described a hot-cold hemolysis
induced by Clostridium perfringens R-hemolysin that has a
sphingomyelinase and a phospholipase C activity (7).
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Previous studies from this laboratory demonstrated that
phospholipases C and sphingomyelinases induce extensive
changes in membrane architecture, including breakdown of
the membrane permeability barrier, as a result of the
generation of diacylglycerol and/or ceramide in the lipid
bilayer (8, 9). In particular, sphingomyelinase activity gives
rise to the formation of ceramide-rich, rigid membrane
domains thatareresistant toTritonX-100solubilization(10,11).
In addition, ceramide formation is accompanied by extensive
permeabilization of the membranes (9, 12). We have recently
described the effects of PlcHR2 hydrolytic activity on
liposomes composed of SM, PC, PE, and Ch, i.e., the main
lipids occurring in the erythrocyte membrane (13). PlcHR2

hydrolyzes PC and SM at similar rates, but other phospho-
lipids are cleaved at much lower rates, if at all (4).
Interestingly, the generation of ceramide at equimolar
amounts with diacylglycerol under those conditions does not
cause efflux of vesicular contents (13).

In the present paper we describe the formation of cera-
mide-enriched domains in RBC treated with PlcHR2 and the
concomitant generation of a propensity to hot-cold hemoly-
sis. We further reproduce the phenomenon in liposomes.
Calorimetric studies in both cell and model membranes allow
a correlation between the presence of ceramide-rich rigid
domains and the susceptibility to hot-cold hemolysis.

MATERIALS AND METHODS

Materials. PlcHR2 was purified as previously described
(4). Ceramidase from P. aeruginosa was purified as described
by Wu et al. (14). Egg PE was purchased from Lipid
Products (South Nutfield, U.K.). Egg SM and egg ceramide
were from Avanti Polar Lipids (Alabaster, AL). 1-Amino-
naphthalene-1,3,6-trisulfonic acid (ANTS), p-xylenebis-
(pyridinium bromide) (DPX), 1,1′-dioctadecyl-3,3,3′,3′-tetra-
methylindocarbocyanine perchlorate (DiIC18), and N-(4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodec-
anoyl)sphingosylphosphocholine (BODIPY FL C12-
sphingomyelin) were supplied by Molecular Probes, Inc.
(Eugene, OR). Ch was from Sigma (St. Louis, MO); horse
and goat defibrinated blood was purchased from Biomedics
(Madrid, Spain).

Liposome Preparation. Large unilamellar vesicles (LUV)
of diameters 100-150 nm were prepared by the extrusion
method using Nuclepore filters 0.1 µm pore diameter at room
temperature in 25 mM HEPES and 150 mM NaCl, pH 7.2.
Lipid concentration was 0.3 mM. For multilamellar vesicle
(MLV) preparation, the samples were hydrated at 50 °C in
the same buffer, helping dispersion by stirring with a glass
rod. In order to ensure homogeneous dispersion, the hydrated
samples were extruded between two syringes through a
narrow tubing (0.5 mm internal diameter, 10 cm long) 100
times at 50 °C. Final lipid concentration was always 1 mM.
Phospholipid concentration was measured in terms of lipid
phosphorus.

Hemolysis Assay. Human blood was collected from healthy
donors and stored in EDTA tubes (BD Vacutainer Systems,
Franklin Lakes, NJ). Human, horse, or goat blood was
washed three times with 25 mM HEPES, 150 mM NaCl,
and 0.1 mM EGTA, pH 7.2, buffer by centrifugation at 1250g
for 10 min and brought to 1% hematocrit. Hemolysis
experiments were carried out at 37 °C, and PlcHR2 was used

at a final concentration of 0.01 µg/mL (or 2.5 ng/mL when
used in parallel with ceramidase). At selected times, aliquots
were removed from the reaction mixture and placed in ice
for 2-20 min (depending on sample size) in order to induce
hot-cold hemolysis. After centrifugation at 1700g for 10
min, hemolytic activity was measured as the increase in A412

(i.e., increase in hemoglobin content) of the supernatant. In
experiments involving ceramidase, the protein was used at
a final concentration of 0.3 µg/mL, and pH was raised to
8.5 for optimal activity.

PlcHR2 ActiVity. Activity on erythrocytes was assayed
either by quantitative thin-layer chromatography (TLC) or
by determining soluble phosphorus release due to the enzyme
activity as described previously (12). Lipid extraction was
performed using a modification of the Bligh and Dyer
method (9, 10). Briefly, 1.5 mL of chloroform/methanol (1:2
v/v) was added to 0.4 mL of cell suspension, and aliquots
were removed from the hemolysis reaction mixture at the
desired times. After vortexing for 15 s, chloroform (0.5 mL)
and water (0.5 mL) were added to the samples, which were
further mixed after each addition. Centrifugation at 1500g
for 15 min favored separation into two phases: a lower
organic and an upper aqueous phase. For TLC experiments,
the organic phase was evaporated, resuspended in 80 µL
chloroform, and separated on TLC silica gel G60 plates from
Merck(Darmstadt,Germany)usingchloroform-methanol-acetic
acid-water (60:50:1:4 v/v/v/v) as solvent. Plates were
charred with 10% sulfuric acid (v/v) followed by heating at
110 °C for 15 min. Quantification of lipids was performed
by measuring the optical densities of each spot using a GS-
800 densitometer from Bio-Rad Laboratories (Hercules, CA).

Fluorescence Spectroscopy. Vesicle efflux was usually
assayed with the ANTS-DPX fluorescent system (15). DPX
forms a complex with and quenches fluorescence of ANTS.
When both molecules are entrapped in a vesicle, ANTS
fluorescence is low. When they are released to the surround-
ing aqueous medium, the complex dissociates, and ANTS
fluorescence increases. Details on the use of these fluorescent
probes, includingassaycalibration,aregivenelsewhere(8,9,16).
Fluorescence measurements were performed in an Aminco
Bowman Series 2 luminescence spectrometer.

Fluorescence Microscopy. An inverted confocal excitation
fluorescence microscope (Zeiss LSM 510 META NLO; Carl
Zeiss, Jena, Germany) was used in our experiments. The
excitation wavelengths were 488 and 543 nm (for BODIPY
FL C12-sphingomyelin and DiIC18). The fluorescence signals
were simultaneously collected using multitrack mode (Zeiss
software) into two different channels using bandpass filters
of 525/50 and 590/50 nm, respectively. The objective used
in all the experiments was a 63× water immersion, NA 1.2
objective. Fluorescence microscopy experiments were per-
formed at room temperature.

Differential Scanning Calorimetry. For the DSC measure-
ments both lipid suspensions and buffer were degassed before
being loaded into the sample or reference cell of a VP-DSC
microcalorimeter from Microcal (Northampton, MA). Three
heating scans, at 45 °C/h, were recorded for each sample.
Lipid phosphorus assays were carried out on all samples after
the DSC scans in order to obtain accurate ∆H values (in
kcal/mol of phospholipid). Thermogram transition temper-
atures, enthalpies, and widths at half-height were determined
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using the software ORIGIN (Microcal) provided with the
calorimeter.

For calorimetric studies of RBC membranes, erythrocytes
were first treated with PlcHR2 as mentioned above; then
hemoglobin was eliminated by hypotonic lysis (17). Briefly,
samples were treated with 1.2 mM acetic acid and 4 mM
MgSO4, pH 3.2, at 4 °C for 15 min. After centrifugation at
31000g for 15 min, 4 °C, the supernatant was removed, and
the pellet was washed twice in the same buffer to obtain the
hemoglobin-free ghost membranes. In the last wash, the
pellet was suspended in 25 mM HEPES and 150 mM NaCl,
pH 7.2, degassed, and loaded into the calorimeter. After the
first DSC experiment, consisting of three to four heating and
cooling scans, the sample was treated with 7.2 µg/mL
ceramidase at 37 °C for 12 h in 10 mM Tris and 2.5 mM
CaCl2, pH 8.5. The solution was degassed again prior to the
next DSC experiment.

Dynamic Light Scattering. Sizes of erythrocytes and
erythrocyte “ghosts” were measured by dynamic light
scattering. For the erythrocyte studies, a Mastersizer X was
used, and for erythrocyte “ghosts” a Zetasizer Nano-S
instrument was used, both from Malvern Instruments (Mal-
vern, U.K.). The use of different light scattering instruments
was due to their different size ranges. Briefly, blood was
diluted to 1% hematocrit in buffer A (25 mM Hepes/NaOH,
150 mM NaCl, pH 7.4) followed by incubation with 0.01
µg/mL PlcHR2 for 0 or 60 min. Afterward, cells were
incubated for 2 min in ice. Samples without enzymatic
treatment were used as control. “Ghosts” were produced after
the Montes et al. (17) protocol and diluted in buffer A in
order to measure their size.

Fluorescence-ActiVated Cell Sorting (FACS). Sizes of
erythrocytes and erythrocyte “ghosts” were analyzed by flow
cytometry on a FACS-Calibur from Becton-Dickinson
(Franklin Lakes, NJ). Erythrocytes were diluted 4000 times
in buffer A (25 mM Hepes/NaOH, 150 mM NaCl, pH 7.2)
followed by incubation with 0.01 µg/mL PlcHR2 for 0 or
60 min. Afterward, cells were incubated for 2 min in ice.
Samples without enzyme treatment were used as control.
Sizes were analyzed by measuring the side scattering (SSC)
of a 488 nm, air-cooled argon ion laser.

RESULTS

PlcHR2 Hydrolysis of Erythrocyte Lipids. The time course
of human RBC lipid hydrolysis by PlcHR2 is shown in Figure
1. The observed pattern is typical of phospholipases: a latency
period, of about 10-20 min under our conditions, is followed
by a stage of high activity that decreases again after 50-60
min when ≈20% of the membrane phospholipid has been
digested (Figure 1A). In human RBC, PC + SM make up
about 50 mol % of the total phospholipid, so that somewhat
less than 50% of PC + SM is cleaved in 1 h. This is
confirmed by the quantitative TLC data in Figure 1B.

PlcHR2-Dependent Formation of Ceramide Domains in
RBC. Confocal microscopy of RBC stained with hydrophobic
fluorescent probes allows visualization of the lipid hydrolysis
process mentioned above. Human RBC stained with DiIC18

(Figure 2, left-hand side) or with BODIPY FL C12-SM
(Figure 2, right-hand side) were treated with PlcHR2 at 37
°C, under conditions similar to those used in the assay in
Figure 1. The samples were examined by confocal micros-

copy at room temperature. The top part of Figure 2 shows
control, untreated erythrocytes. After 10 min enzyme treat-
ment, lateral membrane heterogeneity becomes apparent
(Figure 2, bottom). Domains occur, in which the fluorescent
probes become concentrated. The fact that, in Figure 2 (right-
hand side), BODIPY FL C12-ceramide, resulting from PlcHR2

hydrolysis of BODIPY FL C12-SM, accumulates in the
domains indicates that such domains are ceramide-enriched.
This is in agreement with our previous observation of Cer-

FIGURE 1: Time course of human RBC phospholipid hydrolysis by
phospholipase C/sphingomyelinase PlcHR2. (A) Overall phospho-
lipid hydrolysis. (B) Specific phospholipid hydrolysis: (1) SM; (9)
PC. Average values ( SD (n ) 3).

FIGURE 2: Confocal fluorescence microscopy images of human RBC
before and after treatment with PlcHR2. Left-hand side: RBC stained
with DiIC18. Right-hand side: RBC stained with BODIPY FL C12-
sphingomyelin. Top images: Before enzyme treatment. Bottom
images: 10 min after PlcHR2 addition. The smaller pink arrows
point to ceramide-enriched domains.
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rich domain formation after sphingomyelinase digestion of
SM-containing lipid bilayers (11).

PlcHR2-Induced Hot-Cold Hemolysis. Hot-cold hemoly-
sis was induced under the conditions described by Stone-
house et al. (4); i.e., RBC were incubated with PlcHR2 at
37 °C for various lengths of time, after which the preparations
were transferred to 4 °C for 2 min. The results are
comparable to those obtained by the above authors (Figure
3A). Confocal microscopy reveals that, after the hot-cold
shock, the typical RBC cell morphology has been drastically
modified, the cells becoming spheroidal (Figure 3C). The
ceramide-rich domains are clearly visible, in some cases one
large domain providing the vesicles with a signet-ring
appearance. In contrast, erythrocyte “ghosts” obtained by the
classical osmotic shock procedure (17) appear smaller and
without any detectable lateral heterogeneities (domains)
(Figure 3D).

PlcHR2 hydrolyzes at equal rates PC and SM in mem-
branes (13). In view of the prominent formation of Cer-rich

domains in hot-cold hemolysis, this process was induced
by PlcHR2 in goat RBC, that lack PC (18), in order to test
whether SM hydrolysis alone was capable of inducing the
effect. In these RBC SM makes up to 46% of membrane
phospholipids. The results in Figure 4A confirm that SM
hydrolysis is enough to induce hot-cold hemolysis in the
absence of PC. As a control experiment, the same treatment
was applied to horse RBC, containing 42% PC and 13% SM
(18). As shown in Figure 4B, PlcHR2 does not elicit hot-cold
hemolysis in horse RBC.

Enzyme-Induced RBC Size Changes. Putative changes in
human RBC average diameter due to enzyme activity and/
or hot-cold hemolysis were investigated by dynamic light
scattering. The results are summarized in Table 1. RBC
incubation with PlcHR2 at 37 °C for 1 h causes a uniform
decrease of about 20% in the average diameter. This may
be due, among other things, to the enzyme-induced cleavage
of phospholipids under these conditions (Figure 1). Transfer
to 4 °C, under conditions inducing hot-cold hemolysis, did
not cause any further changes in size. In contrast, erythrocytes

FIGURE 3: Hot-cold hemolysis of human RBC treated with PlcHR2.
(A) Time course of hot-cold hemolysis. RBC are incubated with
PlcHR2 at 37 °C for varying lengths of time, as indicated on the
x-axis, and then transferred to 4 °C for 2 min before quantifying
the degree of hemolysis. Average values ( SD (n ) 3). (B) Control
RBC, examined by confocal fluorescence microscopy after staining
with BODIPY FL C12-sphingomyelin. (C) RBC after 60 min
incubation with enzyme at 37 °C and then cold treatment for 2
min. (D) RBC “ghosts” obtained by osmotic shock, stained with
DiIC18. Bars: 5 µm.

FIGURE 4: Time course of hot-cold hemolysis of goat and horse
RBC treated with PlcHR2. (A) Goat. (B) Horse. (1) Enzyme
treatment at 37 °C for varying lengths of time, as indicated on the
x-axis and then incubation at 4 °C for 2 min. (b) Enzyme treatment
at 37 °C without further incubation at 4 °C. Average values of two
closely similar experiments.

Table 1: Average Diameters of Human Red Blood Cells and Derived
“Ghosts” As Obtained from Dynamic Light Scattering Measurementsa

cells treatment
size ( SD

(µm)

RBC 60 min at 37 °C (no enzyme) 7.1 ( 0.04
RBC 60 min at 37 °C (no enzyme), then 2 min, 4 °C 7.1 ( 0.03
RBC PlcHR2, 60 min, 37 °C 5.5 ( 0.03
RBC PlcHR2, 60 min, 37 °C, then 2 min, 4 °C 5.6 ( 0.1
“ghosts” osmotic shock 1.9 ( 0.1

a Two different instruments were used, respectively Mastersizer and
Nanosizer, for measurements on RBC and “ghosts”, in order to use in
each case the instrument that suits better the size of the measured
object.
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“ghosts” obtained by osmotic shock were clearly smaller than
the original cells. Note that, in practice, dynamic light
scattering will provide information based on the size of the
largest particles in the suspension, rather than on the size of
the most abundant particles.

Fluorescence-activated cell sorting (FACS) provides less
accurate size information, but it reports on particle shape
and gives data on distributions of heterogeneous size

populations. The samples described in Table 1 were also
examined by FACS, and representative histograms are shown
in Figure 5. Control RBC (no enzyme and no cold shock)
(Figure 5A) gave rise to a characteristic asymmetric histo-
gram, with a shoulder at the high-scattering side, that is
attributed to the discoidal shape of these cells (19). A smaller
peak, at lower scattering intensity, is probably due to
erythrocyte “ghosts”; see below. Virtually the same histogram

FIGURE 5: Representative FACS histograms showing changes in human erythrocyte shape and size after addition of PlcHR2. (A) Erythrocytes
not incubated with PlcHR2 at 37 °C and not incubated at 4 °C. (B) Erythrocytes not incubated with PlcHR2 and incubated at 4 °C. (C)
Erythrocytes incubated for 60 min with PlcHR2 at 37 °C. (D) Erythrocytes incubated for 60 min with PlcHR2 at 37 °C followed by incubation
at 4 °C. (E) Erythrocyte “ghosts”. SSC ) side scattering.
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is found when control cells incubated at 37 °C in the absence
of enzyme are transferred to 4 °C (Figure 5B). Enzyme
treatment for 60 min at 37 °C does cause significant changes
in the FACS histogram (Figure 5C). The main feature is now
a symmetric peak, revealing spherical vesicles. In addition,
a minor peak is observed of size intermediate between that
of the main peak and the putative “ghosts”. Hot-cold
treatment after enzyme hydrolysis (Figure 5D) causes a large
increase in the proportion of those intermediate-size vesicles
that become predominant. As a control, a FACS histogram
of “ghosts” obtained by osmotic shock is shown in Figure
5E. Our interpretation of the results in Table 1 and Figure 5
is that PlcHR2 treatment for 1 h at 37 °C causes mainly a
change in RBC shape that goes from discoidal to spherical
with slight reduction in diameter, while the additional cold
shock gives rise to a population of cell remnants, also
vesicular in nature, of a size intermediate between the
“ghosts” and the intact cells. Additionally, the discoidal to
spherical transition observed in the cells is in agreement with
that observed in fluorescence microscopy experiments (Fig-
ures 2 and 3).

Ceramide-Induced Hot-Cold Leakage of Lipid Vesicles.
The observation that Cer domains could be involved in
hot-cold hemolysis was interpreted in the light of two
previous observations, namely, sphingomyelinase formation
of rigid Cer-rich domains in SM-containing bilayers (10, 11)
and ceramide-induced efflux of vesicular aqueous contents
(leakage) (9, 12). Efflux is probably due to the structural
defects at the interface between domains of different fluidities
(20). The observed coalescence of Cer-rich domains into a
single, large one upon cooling the cells (Figure 3B,C) may
impart a mechanical fragility to the cells, thus facilitating
their lysis.

In order to test the hypothesis that cold-induced formation
of large Cer-rich domains would favor membrane breakdown,
LUV composed of either SM:PE:Ch (2:1:1 mol ratio) or SM:
PE:Ch:Cer (2:1:1:0.4 mol ratio) were prepared by extrusion.
The vesicles contained the water-soluble fluorescent probe
ANTS and its quencher DPX. LUV prepared at 20 °C were
transferred to 37 °C for 30 min and then cooled down to 4
°C. As seen in Figure 6A, in Cer-containing LUV, but not
in the control vesicles, cooling was accompanied by a marked
increase in efflux rate in the following 30 min. No such effect
was detected when the vesicles were incubated, in a parallel
assay, at the constant temperature of 37 °C (Figure 6B). This
experiment in a simple model system reinforces the idea that,
in membranes containing Cer, transfer from 37 to 4 °C
somehow destabilizes the permeability barrier.

The phenomenon was further explained when vesicles of
the above compositions, with and without Cer, were exam-
ined by differential scanning calorimetry (DSC). This
technique reveals thermotropic (i.e., heat-induced) phase
transitions as long as they are highly cooperative. Both pure
SM and SM-Cer binary mixtures have been shown to
exhibit characteristic calorimetric transitions (11). The lipid
mixtures used in the experiments in Figure 6, i.e., SM:PE:
Ch (2:1:1 mol ratio) and SM:PE:Ch:Cer (2:1:1:0.4 mol ratio),
were also examined in the DSC calorimeter. Representative
thermograms are shown in Figure 7. An endotherm is clearly
detected in each case; however, the presence of 10 mol %
ceramide shifts the midpoint transition temperature Tm from
33.0 ( 1.5 to 39.8 ( 0.1 °C, causes the transition enthalpy

to grow from 1327 ( 120 to 1847 ( 93 cal/mol, and
decreases the endotherm width at midheight from 27.3 (
3.0 to 22.3 ( 0.4 °C. All three changes point in the same
direction, namely, to ceramide inducing the formation of
more highly cooperative, more rigid domains. This in turn
is compatible with the morphological observations in RBC
(Figures 2 and 3) and in general with the known properties
of ceramide in lipid bilayers (21). The coexistence of fluid
and rigid domains in membranes has, as explained above,
been associated to a loss of the permeability barrier.

Calorimetric Studies of RBC Membranes. Applying DSC
to RBC membranes further tested the involvement of Cer-
rich domains in PlcHR2-induced hot-cold hemolysis. For
this purpose, erythrocyte ghosts were obtained before and

FIGURE 6: Ceramide-induced hot-cold lysis of large unilamellar
vesicles. Vesicle composition was (b) SM:PE:Ch (2:1:1, mol ratio)
or (1) SM:PE:Ch:ceramide (2:1:1:0.4, mol ratio). Leakage was
measured as release of entrapped ANTS/DPX from the liposomes.
(A) Vesicles were incubated at 37 °C for 30 min and then
transferred to 4 °C. (B) Temperature was kept constant at 37 °C.
Average values of two closely similar experiments.

FIGURE 7: Differential scanning calorimetry of multilamellar vesicles
composed of SM:PE:Ch (2:1:1) ( 10 mol % ceramide. Third scans.
The same amount of lipid P was present in both samples. Scans
representative of three independent, similar results.
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after the cells were incubated with the enzyme. Representa-
tive calorimetric traces are shown in Figure 8. In ghosts
obtained from untreated human RBC (trace a) no clear
endothermic transitions were detected. However, when the
erythrocytes had been treated with PlcHR2, two large
endotherms could be seen, centered at about 24 and 48 °C,
respectively (Figure 8, trace b). These endotherms were
tentatively attributed to PlcHR2-catalyzed generation of
ceramide in the membranes. The endotherm centered at 24
°C (marked with an asterisk) was particularly interesting to
us, because its onset and completion temperatures were at
≈15 and 30 °C; i.e., when transferring the cells from 37 to
4 °C the components giving rise to this endotherm would
undergo a transition from the fluid to the gel state. Thus,
assuming that the endotherm detected at 24 °C in PlcHR2-
treated membranes was due to Cer-enriched domains, the
calorimetric studies would confirm again the hypothesis of
Cer domain involvement in hot-cold hemolysis.

That Cer was responsible for the endotherm observed near
24 °C in PlcHR2-treated erythrocyte ghost membranes was
confirmed by further treating the PlcHR2-digested membranes
with ceramidase, an enzyme that specifically hydrolyzes Cer
into sphingosine and a free fatty acid (14). As seen in Figure
8, trace d, ceramidase treatment abolished the endotherm,
confirming that it was due to Cer-enriched domains. Since
ceramidase digestion was a rather lengthy process under our
conditions (overnight incubation), some erythrocyte ghosts
were incubated in parallel in the absence of the enzyme. The
DSC thermogram (Figure 8, trace c) reveals that the

endotherm at ca. 24 °C was still present after the incubation.
Exactly the same experiments, with PlcHR2, ceramidase, and
DSC, were carried out with sheep RBC and the correspond-
ing ghosts with similar results (data not shown).

Ceramidase Inhibits Hot-Cold Hemolysis Induced by
PlcHR2. The final test to prove that Cer is essential in the
mechanism of hot-cold hemolysis would be to show a
decrease in hot-cold hemolysis as a result of ceramide
removal by ceramidase. This is in fact observed in Figure 9,
where ceramidase-treated RBC exhibit 20% less hot-cold
hemolysis after 3-4 h PlcHR2 treatment than the control
cells. That ceramidase has not a more definitive effect is
probably due to the fragility of the cells that have been
incubated for a long time, with or without ceramidase, before
the cold shock. Slow hemolysis at constant 37 °C is actually
favored by ceramidase, in agreement with the recent findings
of Okino and Ito (22) presumably because of the perme-
abilizing effect of sphingosine (23).

DISCUSSION

The molecular mechanism of hot-cold hemolysis has
remained a mystery for a long time. The above experiments
provide a mechanistic explanation for the hot-cold hemoly-
sis induced by PlcHR2 and by sphingomyelinases in general.
However, some instances of hot-cold hemolysis appear to
be unrelated to ceramides, thus still remain unexplained. In
the case described in the present paper, a felicitous coinci-
dence has been found between studies in model and cell
membranes involving sphingomyelinases and ceramides.

Sphingomyelinase ActiVity and Hot-Cold Hemolysis.
Hot-cold hemolysis was related long ago to the activity of
bacterial toxins (1, 2) that, years later, were found to possess
a sphingomyelinase activity (3, 24). Smyth et al. (3)

FIGURE 8: Differential scanning calorimetry of human RBC “ghosts”
obtained by hypotonic lysis. Third scans. The same amount of lipid
P was present in all samples. (a) Control (untreated) RBC
membranes. (b) Membranes obtained from ghosts treated with
PlcHR2 at 37 °C for 45 min. (c) Same sample as in (b), incubated
overnight without further enzyme addition. (d) Same sample as in
(b), incubated overnight with ceramidase. The endotherm confirmed
to arise from ceramide-enriched domains is marked with an asterisk.
Scans representative of three independent, similar results.

FIGURE 9: Ceramidase inhibition of hot-cold hemolysis induced
by PlcHR2. (A) Hot-cold hemolysis of RBC treated with PlcHR2
at 37 °C with (b) or without (1) further treatment with ceramidase.
(B) PlcHR2-induced hemolysis at a constant T ) 37 °C, with (b)
or without (1) further treatment with ceramidase. Average values
of two closely similar measurements.
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attempted a rational explanation of the phenomenon and
suggested that hot-cold hemolysis could be a consequence
of divalent cations stabilizing the membrane differently at
37 °C and at 4 °C. Tomita et al. (25) studied in parallel the
hydrolytic activity of Bacillus cereus sphingomyelinase on
RBC and on liposomes and were able to establish a
correlation of SM degradation with hot-cold but not with
“hot hemolysis”, i.e., hemolysis at a constant temperature
of 37 °C, without cold shock. Later, kinetic analysis
confirmed that hot-cold hemolysis and sphingomyelinase
activity were very closely associated (26). The present results
provide an explanation according to which hot-cold hemol-
ysis would be due to a change in the membrane physical
properties caused by the sphingomyelinase activity.

Hemolysis: Leakage or Breakdown? A proper interpreta-
tion of the experiments in this paper requires some discussion
on the mechanisms of hemolysis. In fact, hemolysis is
operationally defined as hemoglobin leaving the RBC and
measured in terms of fraction of hemoglobin that is no longer
entrapped in the RBC. However, hemoglobin efflux may
occur at least in two different ways, either as a gradual
release or as an all-or-none event. In our previous studies
of Cer-induced efflux of aqueous contents (9, 12) the
experiments were carried out at a constant temperature,
usually 37 °C. Sphingomyelinase treatment of LUV can give
rise to the release of high molecular weight dextrans,
although at a slow rate (12). These data might explain a
phenomenon of PlcHR2-induced gradual hemolysis, i.e., slow
leakage of hemoglobin, at a constant temperature, as seen
at 37 °C (Figure 9B). Cer-induced leakage occurs probably
through the defects existing at the interfaces between rigid
(Cer-rich) and fluid (Cer-poor) domains (20, 21).

However, hot-cold hemolysis is probably a different
phenomenon, of an all-or-none kind, as suggested by the
much higher amplitude of the event (compare hot-cold vs
constant temperature hemolysis in Figure 9). All-or-none
lysis has not been considered up to now in connection with
Cer-induced efflux; thus a mechanism has not been sug-
gested. However, the images in Figure 3B,C and the large
endotherm observed by DSC under comparable conditions
(Figure 8) suggest a possible hypothesis. In summary, cooling
to 4 °C would cause certain Cer-rich domains to go into a
rigid phase and to coalesce into a single large domain. The
overall flexibility of the RBC would be impaired. Then
mechanical forces, e.g., simply the shear stress due to cells
diffusing in the buffer, would cause the breakdown of the
now rigid and fragile RBC membranes and the release of
the cell contents. Mechanical and colloidosmotic stress
measurements should help in testing this hypothesis.

Ceramidase and Hemolysis. A recent, interesting publica-
tion (22) reports on the enhanced hemolytic effect of PlcHR2

in the presence of a neutral ceramidase, also produced by P.
aeruginosa. This would seem at odds with the above results,
but in fact the studies by Okino and Ito (22) refer to
hemolysis at constant 37 °C. As discussed above, PlcHR2

hemolysis at constant temperature consists, at least in its early
stages, of the gradual release of hemoglobin, rather than of
cell breakdown. In fact, we recently showed that sphingosine,
one of the products of ceramidase activity, causes also release
of vesicular and cell contents (23) and is even more active
than ceramide in this respect. Thus, if hemolysis at constant
37 °C can be interpreted as a gradual efflux of hemoglobin,

conversion of ceramide into sphingosine via ceramidase can
only help the phenomenon. In agreement with Okino and
Ito (22), we have confirmed that ceramidase enhances PlcHR2

hemolysis at 37 °C (Figure 9B).
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(2002) Membrane restructuring via ceramide results in enhanced
solute efflux. J. Biol. Chem. 277, 11788–11794.

13. Montes, L. R., Ibarguren, M., Goñi, F. M., Stonehouse, M., Vasil,
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24. Wadström, T., and Möllby, R. (1971) Studies on extracellular
proteins from Staphylococcus aureus. VII. Studies on beta-
hemolysin. Biochim. Biophys. Acta 242, 308–320.

25. Tomita, M., Sawada, H., Taguchi, R., and Ikezawa, H. (1987) The
action of sphingomyelinase from Bacillus cereus on ATP-depleted
bovine erythrocyte membranes and different lipid composition of
liposomes. Arch. Biochem. Biophys. 255, 127–135.

26. Linehan, D., Etienne, J., and Sheehan, D. (2003) Relationship
between haemolytic and sphingomyelinase activities in a partially
purified beta-like toxin from Staphylococcus schleiferi. FEMS
Immunol. Med. Microbiol. 36, 95–102.

BI801139Z

11230 Biochemistry, Vol. 47, No. 43, 2008 Montes et al.


