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Stepwise Degradation of Membrane Sphingomyelin by
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The mechanism of in vitro synergistic lysis of sheep erythrocytes by Coryne-
bacterium ovis and Corynebacterium equi was investigated. Hemolysis required
(i) the action of phospholipase D from C. ovis, (ii) the action of an extracellular
protein of C. equi, and (iii) Mg2". Maximum lysis required imposition on the
system of a fourth condition (step iv), such as chilling. Steps i, ii, and iv occur
sequentially and in that order. Mg2" functions in steps i and ii. The extracellular
protein of C. equi was purified to homogeneity and found to be a phospholipase
C capable of hydrolyzing ceramide phosphate, phosphatidic acid, and all of the
isolated major phospholipids of mammalian erythrocyte membranes. The prin-
cipal features of the synergistic hemolytic system could be reproduced in experi-
ments involving liposomes containing either sphingomyelin or ceramide phos-
phate and trapped ['4C]glucose. We inferred that sphingomyelin of sheep eryth-
rocytes is first converted to ceramide phosphate by C. ovis phospholipase D. On
the basis of results with liposomes, we propose that the ceramide phosphate is
then converted to ceramide by C. equi phospholipase C. We believe that the
resulting in situ ceramide then undergoes dislocation by chilling and perhaps also
by virtue of an affinity between ceramide and C. equi phospholipase C. The
dislocation of ceramide presumably disorganizes the lipid bilayer sufficiently to
result in cell lysis.

When Corynebacterium ovis and Corynebac-
terium equi grow in close proximity on the sur-
face of sheep blood agar, an area of hemolysis
develops, but where the growth ofeach organism
is far from the other, hemolysis does not occur
(7). It has been demonstrated that the synergis-
tic hemolytic effect results from the action of
diffusible products (8). C. ovis is known to pro-
duce an extracellular phospholipase D (PLD)
(phosphatidylcholine phosphatidohydrolase
[EC 3.1.4.4]) which, with respect to the major
membrane phospholipids, is specific for sphin-
gomyelin (16). This enzyme is also known to
release choline from intact sheep erythrocytes
with the formation of ceramide phosphate (N-
acylsphingosine phosphate) (17) but without ac-
companying lysis. We postulated that C. equi
produces an extracellular product (designated
equi factor) that acts upon PLD-modified sheep
erythrocytes to cause them to lyse under appro-
priate conditions. Since the in situ product of
PLD action is ceramide phosphate, it follows
that equi factor is an agent that interacts with
this particular phospholipid. One aim of this
study was to elucidate the nature and mecha-
nism of action of equi factor, and one of several
possibilities is that it is a phospholipase which
has ceramide phosphate as its substrate. Exper-
imental results that are consistent with this con-
cept are presented.

MATERIALS AND METHODS
Assay ofequi factor activity. equi factor activity

is defined as the capacity of a solution to lyse sheep
erythrocytes pretreated with C. ovis PLD. PLD was
produced, purified, and assayed as described previ-
ously (12). Suspensions of washed sheep erythrocytes
in 0.01 M Tris(hydroxymethyl)aminomethane (pH
7.2)-0.145 M NaCl (buffer I) were prepared as de-
scribed previously (5). To each of a series of tubes
were added 1 ml of sheep erythrocyte suspension, 0.5
ml of buffer I containing 10 mM MgCl2 and 0.2%
gelatin (buffer II), and 5 U of PLD (as measured by
inhibition of staphylococcal al-toxin hemolytic activ-
ity) (12). The mixtures were placed in a 37°C water
bath for 30 min. Starting with 0.5 ml, volumes of the
test solution decreasing by about 25% were placed in
the tubes, and sufficient buffer II was added to bring
each tube to 2 ml. The mixtures were placed at 37°C
for 30 min and then in an ice water bath for 15 min.
After brief centrifugation, percent hemolysis was es-
timated from the hemoglobin color in the supernatants
as compared with the colors of standards; 1 U of equi
factor activity was defined as the amount of test
solution causing 50% hemolysis.

Preparation of liposomes, lipid dispersions,
and ceramide phosphate. Multilamellar liposomes
composed of a phospholipid (sphingomyelin or cer-
amide phosphate), cholesterol, and dicetyl phosphate
and in some experiments loaded with ['4C]glucose
were prepared as previously described (12).
Aqueous dispersions of lipid for use as enzyme sub-

strates were prepared by bath sonication of a dried
lipid film into an appropriate buffer. When Triton X-
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100 was included, the detergent was mixed in a chlo-
roform solution of lipid before drying.

Ceramide phosphate (N-acylsphingosine phos-
phate) was generated enzymatically as described pre-
viously (12), but separation of the product was carried
out on preparative thick-layer silica gel plates rather
than on paper. The product was located under ultra-
violet light, the silica gel was scraped from the plate,
and the lipid was recovered by the extraction proce-
dure of Bligh and Dyer (6).

Sphingomyelinase C activity was estimated by using
['4C]sphingomyelin and the procedure described for C.
ovis toxin (PLD) activity (12) taking into account the
fact that the ['4C]phosphorylcholine product migrates
more slowly (Rf = 0.12) than ['4C]choline.

Analytical methods. Radioactivity was estimated
with a Beckman LS 7500 liquid scintillation spectro-
photometer, using ACS aqueous counting scintillant
(Amersham Corp., Arlington Heights, Ill.).

Lipid extraction was carried out by the method of
Bligh and Dyer (6). Inorganic phosphorus was esti-
mated by the method of Ames and Dubin (1).

Special reagents. Staphylococcal sphingomyeli-
nase (4), phospholipase C from Clostridium perfrin-
gens (3), and staphylococcal delta toxin (11) were
prepared as described previously.

Sphingomyelin was purchased from GIBCO Labo-
ratories, Grand Island, N.Y., phosphatidylcholine and
phosphatidic acid were from General Biochemicals,
Chagrin Falls, Ohio, phosphatidylethanolamine and
phosphatidylserine were from Supelco, Bellefonte, Pa.,
and ceramide was from Sigma Chemical Co., St. Louis,
Mo.

RESULTS

Production and purification of equi fac-
tor. C. equi strain C was maintained on sheep
blood agar plates. Seed cultures were prepared
in nutrient broth, whereas for production of equi
factor a yeast diffusate casein hydrolysate me-
dium (4) was employed. Each of three 2-liter
Erlenmeyer flasks containing 530 ml ofthe latter
medium was inoculated with 2 ml of seed cul-
ture. The cultures were grown in a 37°C shaking
incubator at 150 rpm for 72 h. Under these
conditions a turbidity of 9.2 to 12.3 optical den-
sity units developed, as measured by using a

standard Zeiss spectrophotometer at 650 nm and
a 10-mm light path. The culture supernatant
usually contained 24 to 60 equi units per ml.

Unless otherwise noted, centrifugation was at
13,000 to 14,500 x g. After centrifugation for 40
min, the proteins of the supernatant were salted
out with 56 g of ammonium sulfate for each 100
ml. After standing overnight in the cold, the
precipitate was collected in 30 ml of 80% satu-
rated ammonium sulfate. Subsequent steps were
carried out in the cold. After centrifugation for
10 min, the precipitate was extracted with 120
ml of 30% saturated ammonium sulfate. After
centrifugation for 15 min, the supernatant was

discarded, and the precipitate was extracted
with 45 ml of 20% saturated ammonium sulfate.
The mixture was centrifuged for 30 min, the
precipitate was discarded, and 11.5 g of ammo-
nium sulfate was dissolved in the 50 ml of su-
pernatant. The resulting precipitate was col-
lected in 7 ml of 50% saturated ammonium sul-
fate.
After centrifugation at 12,000 x g for 10 min,

the precipitate was transferred with 7 ml of 0.03
M sodium borate-0.1 M KCI (pH 8.2) to a cel-
lophane bag and dialyzed against 1 liter of the
same solution for 60 min. The dialyzed material
was fractionated on a column (2.5 by 30 cm) of
Sephacryl S-200 (Pharmacia Fine Chemicals)
equilibrated and eluted with 0.03 M sodium
borate-0.1 M KCl (pH 8.2) at a presample flow
rate of60 il/h. Each fraction was approximately
5 ml. The behavior of equi factor in a Sephacryl
column is shown in Fig. 1. After the active frac-
tions were combined, the volume was reduced
by pervaporation to 24 ml, and the solution was
dialyzed against 1.8 liters of distilled water for 3
h.
The solution was subjected to electrofocusing

under the conditions described in the legend to
Fig. 2, which provides data based on a small-
scale trial ofelectrofocusing. The active fractions
were pooled and dialyzed against 1.8 liters of
distilled water for 24 h and then lyophilized. The
lyophilized product was dissolved in 1.4 ml of
distilled water and stored at -20'C. The recov-
ery and specific activity at each stage of purifi-
cation are shown in Table 1. In some trials the
final recovery of activity was about twice that
shown.
Behavior of equi factor in polyacryl-

amide gels. A sample of purified equi factor
was allowed to stand for 2 h at 370C with 1%
sodium dodecyl sulfate-0.1% dithiothreitol in 10
mM sodium phosphate, pH 7.0. Approximately
52 equi units (0.083 U of absorbance at 280 nm)
was subjected to electrophoresis by the method
of Weber and Osborn (19). Staining revealed a
single well-demarcated band (Fig. 3); the migra-
tion rate of this band compared with the migra-
tion rates of standard proteins (trypsin, ovalbu-
min, and bovine serum albumin) indicated a
molecular weight of 74,000. The only other ma-
terial visible on the gel was an area of residual
ampholine just above the tracking dye.
The purified material was also examined by

polyacrylamide gel electrophoresis under non-
dissociating conditions. Samples of 13.5 equi
units each were subjected to electrophoresis for
75 min in 7% polyacrylamide gels at pH 7.2 with
reversed electrodes and at a current of 2.5 mA/
gel. The gel dimensions were 0.5 by 8.0 cm.

INFECT. IMMUN.
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FIG. 1. Distribution of equi activity (0) and absorbance at 280 nm (0) among fractions from Sephacryl S-
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FIG. 2. Isoelectric focusing (18) was carried out in a linear density gradient prepared from (i) a less dense
solution consisting of4 ml of8% (wt/vol) ampholine (pH 3.5 to 10), dialyzed equi factor, and sufficient water
to bring the volume to 55 ml, and (ii) a more dense solution containing 32 ml of water, 8.5 ml of 8% (wt/vol)
ampholine of the samepH range, and 25 g of sucrose. Focusing was done at about 40C for 42 h in a 110-ml
electrophoresis column (LKB Instruments) with a final potential difference of 750 V. Fractions having a
volume of4 ml each were examined for absorbance at 280 nm (0), forpH (0), and for equi activity (0).

Staining revealed a single broad band centered
4.5 mm from the origin. Tests of eluates of slices
cut from an unstained gel showed a small
amount of equi factor activity to be present at a
locus coinciding with the location of the stained
band.
Thermolability of equi factor. Heating a

solution of equi factor in a boiling water bath for
1 to 2 min resulted in complete inactivation.
Solutions diluted to contain 10 U/ml of buffer I
and then heated to 600C showed a partial loss of
activity; the courses of inactivation were similar
for crude and purified preparations (Table 2).
Requirement for divalent cations. A 0.7%

(vol/vol) suspension of washed sheep erythro-
cytes was treated for 30 min at 370C with PLD
at a concentration of 7.5 U/ml. The mixture was
centrifuged, and the erythrocytes were sus-
pended to their original concentration in buffer
I supplemented with 0.2% gelatin. To 1-ml por-
tions of PLD-modified erythrocytes were added
0.5 ml of buffer I containing 5 U of equi factor
and, beginning with 0.5 ml, decreasing volumes
of MgCl2 solution. After the final volumes were
adjusted to 2 ml with buffer I, the tubes were
placed at 370C for 30 min and then in ice water
for 15 min. Estimations of the hemoglobin in the
supernatants after centrifugation gave the re-
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TABLE 1. Purification of equi protein
% Re-

Total ac- Total A2,,0 Sp act coveryStage Vol ) tivity (U) units (U/A280) of activ-
ity

Culture supernatant 1,445 72,000 152,000 0.47
Ammonium sulfate precipitate 30 49,800 4,140 12 69
Ammonium sulfate-fractionated material 7 25,200 280 90 35
Pervaporated and dialyzed Sephacryl eluate 24 12,800 70 183 18
Electrofocused, dialyzed, and lyophilized product 1.4 2,890 48 602 4

a A280, Absorbance at 280 nm.

FIG. 3. Polyacrylamide gel electrophoresis of pu-
rified equi factor. The origin was at the top, and the
anode was at the bottom. See text.

TABLE 2. Thermolability of equi activity

Actiityof cudeActivity of puri-
Min at 60C Aptrieptny(U/ml)e fied prepn (U/

0 10 10.5
1 - 9.6
2 10 10
4 7.0 7.9
8 5.0 6.1
16 2.8 3.3

suits shown in Fig. 4, in which a requirement for
Mg2+ is demonstrated. Substitution of CaCl2 for
MgCl2 showed that Ca2+ was at least as effective
as Mg
Demonstration of synergism in blood

agar. The synergistic hemolytic effect described
by Fraser (8) using cultures of C. ovis and C.
equi could be duplicated by substituting for the
microorganisms their respective growth prod-
ucts, PLD and equi factor (Fig. 5).
Properties of the synergistic hemolytic

system and comparison of it with CAMP
protein-induced hemolysis (5). As illustrated
by the experiment demonstrating a requirement
for divalent cations, sheep erythrocytes pre-
treated with PLD are modified so that they are
susceptible to lysis by equi factor. However,
when the order of treatment was reversed (that
is, when sheep erythrocytes were first treated
with equi factor, washed, and then exposed to
PLD), no lysis occurred. We infer that normal
sheep erythrocytes are not altered by equi fac-
tor.
When equi factor was titrated as described

above, but without chilling, about three times as
much equi factor was needed to produce lysis as
was needed with chilling. Hence, a "hot-cold"
effect (4) is demonstrable.
The CAMP reaction is a synergistic hemolytic

system in which sheep erythrocytes modified by
staphylococcal sphingomyelinase C are lysed,
apparently nonenzymically, by a protein from
Streptococcus agalactiae (5). The results of ex-
periments designed to compare the PLD-equi
factor system with the CAMP reaction are sum-
marized in Table 3. The effect of staphylococcal
delta toxin, which is thought to have a detergent-
like action on membranes (15), was examined
because it is known (11) to act synergistically
with staphylococcal sphingomyelinase.
Liposome studies Multilamellar liposomes

prepared from sphingomyelin, cholesterol, and
dicetyl phosphate and containing ['4C]glucose in
the aqueous spaces were treated with PLD and
equi factor alone and in combination to deter-
mine whether their combined effects on sheep
erythrocytes could be duplicated in a simple
artificial system (Table 4). All assays were done

INFECT. IMMUN.
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FIG. 4. Effect ofMg2' on activity of equi factor.

FIG. 5. Synergistic hemolysis caused by C. ovis
PLD and equi factor. A total of 65 U of C. ovis PLD
contained in 5 .d wasplaced on the surface ofa sheep
blood agarplate in a single horizontal streak; 5 U of
equi factor contained in 5 was placed in a single
streak at right angles to the first streak. Incubation
was at 37"C for 16 h and was followed by brief
refrigeration.

in duplicate. Spontaneous release of glucose was
less than 5%. PLD at the concentration used
released 26.7% of the trapped counts, whereas
equi factor alone released 5.4%. Their combined
effect (68.2%) was more than twice that of a
simple additive effect. The basic feature of the
synergistic hemolytic system was therefore re-
produced when liposomes of appropriate com-

position were used instead of erythrocytes. One
difference between the two systems is that PLD
alone causes no leakage from erythrocytes.

["4C]glucose-loaded liposomes were prepared
by using ceramide phosphate as the phospho-
lipid component. Such vesicles were less stable
to the assay conditions than sphingomyelin li-

posomes, for they displayed approximately 35%
spontaneous release of counts. Nevertheless,
they were sensitive to concentration-dependent

disruption when treated with small amounts of
equi factor (Table 4). This effect was not ob-
tained when boiled equi factor was used. Pre-
treatment of membrane sphingomyelin with
PLD therefore appears to play a significant role
in disruption by equi factor. Under the condi-
tions used, binding of equi factor to liposomes
with or without PLD pretreatment was not de-
monstrable.
Phospholipase activity of equi factor.

TABLE 3. Ability of various agents to induce lysis
during or after exposure of sheep erythrocytes to (i)
C. ovis PLD and (ii) staphylococcalphospholipase C

(sphingomyelinase C or beta-hemolysin)

Sheep Sheep
erythro- erythro-
cytes cytes
treated treated

Agent tested with with
P11) (7 phospho-
U/mi) lipe C
for 30 (5 U/nil)
mmn" for 30

mmn
None 0 0
CAMP protein (100 U/ml) 0 +
equi factor (7 U/ml) + +
Cold (WCfor 15min) 0 +
Staphylococcal delta toxin' + +
Ethylenediaminetetraacetate 0 +

(25 mM)
" Tests were done at 370C for 30 min except for the

cold treatment. The diluent was buffer I containing 10
mM MgCl2.

b 0, No hemolysis; +, hemolysis.
c Tested at 1 to 3 Ag/mil (at these concentrations

delta toxin alone is not hemolytic).

TABLE 4. Release of trapped ['4C~glucose from
liposomes by PLD and equi factor

% of

Phospholipid in lipo- Ireatment1gl4C]o
somes re-

leased"

Sphingomyelin PLD (29 U) 26.7
Sphingomyelin equi factor (10 U) 5.4
Sphingomyelin PLD (29 U) + equi 68.2

factor (10 U)
Ceramide phosphate equi factor (2.5 U) 29.0
Ceramide phosphate equi factor (7.5 U) 42.7
Ceramide phosphate equi factor (25 U) 97.0
Ceramide phosphate equi factor (25 U; boiled) 3.4

a Liposome samples (20 p1) prepared as described in the
text and containing approximately 16,000 cpm of ['4C]glucose
were incubated at 37"C for 1 h with the agents indicated, in
buffer I-10mM Mg2e in a final volume of220 p1. Centrifugation
at 17,300 x g for 90 min allowed recovery of the supernatant
fluid and pellet for measurement of radioactivity.

" Values have been corrected for spontaneous release from
untreated liposomes (3.53% for sphingomyelin liposomes and
34.6% for ceramide phosphate liposomes) by subtracting the
spontaneous release values and normalizing to 100%.

usI
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After it was established that equi factor has a
disruptive effect on synthetic membranes con-
taining ceramide phosphate, it was of interest to
determine whether alteration of this phospho-
lipid is enzymatic. Incubation with equi factor
of sonicated dispersions of pure ceramide phos-
phate, PLD-treated sphingomyelin, or liposomes
prepared from these reagents, followed by thin-
layer chromatography revealed small amounts
of split products. However, when the nonionic
detergent Triton X-100 (final concentration,
0.1%) was included in the reacton mixtures, en-
zymatic breakdown was observed. Samples (0.5
mg) of sheep sphingomyelin dissolved in chlo-
roform containing the detergent were dried in
reaction vessels. Dispersion by sonication of the
dried lipid-detergent film in buffer I was followed
by incubation at 370C for 1 h with either 100 U
of PLD or 40 U of equi factor or both in the
presence of 10 mM Mg2". Reaction mixtures
(300 p1) were sampled for estimation of inorganic
phosphorus and then extracted for total lipid.
Thin-layer chromatography on silica gel G was
performed on duplicate samples in solvents con-
taining chloroform, methanol, and water (65:25:
4, vol/vol) (10) and chloroform, methanol, and
NH40H (50:5:2, vol/vol) (aqueous layer removed
before use) (16). Spots were visualized by spray-
ing with 55% (vol/vol) H2S04 followed by heat-
ing. Comparisons with reference standards in
both systems revealed incomplete hydrolysis of
sphingomyelin to ceramide regardless of the
presence of PLD, although ceramide phosphate
appeared only in those tubes in which PLD was
included. Analysis showed the release of 102
nmol of inorganic phosphate (corresponding to
16.9% of the total sphingomyelin phosphate)
only in those tubes containing both PLD and
equi factor. PLD alone did not give rise to inor-
ganic phosphate. These results suggested that
equi factor is a phospholipase C which cleaves
sphingomyelin to ceramide and phosphoryl cho-
line and is also capable of hydrolyzing the phos-
phate group from ceramide phosphate. The lat-
ter activity was demonstrated by using pure
ceramide phosphate (Fig. 6). Figure 6, lane A
represents thin-layer chromatography of a lipid
extract of 0.5 mg of sheep erythrocyte sphingo-
myelin treated with 100 U of PLD. Much of the
sphingomyelin (spot 1) was converted to cer-
amide phosphate (spot 2). The incubation of
purifed ceramide phosphate with equi factor
(lane B) led to virtually complete conversion to
ceramide (spot 3), indicating a phospholipase C
activity. The migration of reference standards in
this solvent system is shown in Fig. 7.
The sphingomyelinase activity was confirmed

by incubating equi factor (10 ,ul of diluted sample
plus 15 ,ul of buffer I containing 10 mM MgCl2

INFECT. IMMUN.
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FIG. 6. Thin-layer chromatography demonstrat-
ing ceramide phosphate cleavage by equi factor. In
laneA 0.5mg ofsheep erythrocyte sphingomyelin was
dispersed into buffer I containing 10 mM Mg2+, and
1(X) U ofPLD (7ILI) was added (final volume, 3(K) ILI).
Incubation was at 370C for 30 min and was followed
by total lipid extraction and thin-layer chromatog-
raphy in chloroform-methanol-water (65:25:4). Spots
were visualized by spraying with 55% H2S04 and
heating. In lane B, ceramide phosphate (0.2 mg) was
dispersed in buffer I containing 10 mM Mg2+ and
0.1% Triton X-100. Incubation was with 40 U (40 M1)
of equi factor for 1 h at 370C in a final volume of 300
t1. Extraction and thin-layer chromatography were
as described above for lane A.

and Triton X-100) with 5 pl of [N-methyl-'4C]-
sphingomyelin (6.7 nmol) prepared as described
previously (12); 1 U of equi factor hydrolyzed
11.6 nmol of sphingomyelin in 30 min at 370C.
In the absence of detergent only 3.5% of this
activity was observed.

It was of interest to determine qualitatively
whether equi factor was enzymatically active
against other phospholipids, particularly those
of mammalian erythrocyte membranes. Samples
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FIG. 7. Thin-layer chromatography of the products of C. ovis PLD and equi factor hydrolysis. Sonicated
dispersions of sphingomyelin (lanes B through E) and lecithin (lanes G and H) prepared as described in the
text were incubated in the presence of 10 mMMg2' in buffer I for I h at 370C with the agents indicated below
in a volume of 300 Ad. Triton X-100 (0.1%) was included in all but lanes B and G. After total lipid extraction,
thin-layer chromatography on silica gel G was carried out by using chloroform-methanol-water (65:25:4)
(lanes A through F) or chloroform-acetic acid (96:4) (lanes G through I). Spots were visualized by spraying
with 55% H2SO4 and heating. Enzyme treatments were as follows: lane B, staphylococcal sphingomyelinase
C; lane C, 40 U of equi factor; lane D, 100 U ofPLP; lane E, 40 U of equi factor + 100 U ofPLD; lane G, C.
perfringens phospholipase C; lane H, 40 U of equi factor. Reference standards were included for ceramide
(lane A), sphingomyelin (lane F), and lecithin (lane I). 0, Origin; SF, solvent front.

(0.5 mg) of phosphatidylcholine, phosphatidyl-
ethanolamine, phosphatidylserine, and phos-
phatidic acid were exposed to equi factor in the
presence of detergent and Mg2e; this was fol-
lowed by lipid extraction and thin-layer chro-
matography exactly as described above for
sphingomyelin, except that the chromatographic
solvents used were chloroform-methanol-water
(65:25:4, vol/vol) (10) and chloroform-acetic acid
(96:4, vol/vol) (13). Each of the phospholipids
was hydrolyzed; diglyceride was formed, and, in
the case of phosphatidic acid, 510 nmol of inor-
ganic phosphate was released. equi factor there-
fore is a phospholipase C and shows quite broad
substrate specificity, provided Triton X-100 is
used as an activator.
The activities ofthe enzyme on sphingomyelin

and phosphatidylcholine are shown in the thin-
layer chromatograms of Fig. 7, where they are

compared with the activities of three well-char-
acterized phospholipases. Figure 7, lanes B
through E, represent the enzymatic alteration of
sphingomyelin. Staphylococcal sphingomyeli-
nase (fl-hemolysin) is a phospholipase which
released ceramide from sphingomyelin (lane B).
equi factor (lanes C and E) produced the same

product as the staphylococcal enzyme, whereas
PLD (lanes D and E) hydrolyzed sphingomyelin
to ceramide phosphate, which characteristically
runs a diffuse cone-shaped spot. The hydrolysis

of phosphatidylcholine by equi factor (lane H)
resulted in the same product (diacylglycerol) as
the hydrolysis by C. perfringens phospholipase
C (lane G).

DISCUSSION
Although a considerable number ofsynergistic

hemolytic systems are known, the biochemical
mechanisms underlying them usually are not
well understood. Examples of synergistic hemol-
ysis are lysis ofhuman erythrocytes resulting (i)
from the combined action of either phospholi-
pase C from Bacillus cereus or phospholipase
A2 from pancreas and a sublytic concentration
of sodium deoxycholate (14) and (ii) from the
combined action of cobra venom phospholipase
A2, bovine plasma albumin, and Ca2+ (9).
Another example of synergistic hemolysis is

the CAMP reaction, in which staphylococcal
sphingomyelinase C and a protein from S. aga-
lactiae produce hemolysis ofsheep erythrocytes,
although neither agent alone is lytic at 370C. In
this instance the staphylococcal enzyme con-

verts membrane sphingomyelin to ceramide (N-
acylsphingosine) without accompanying lysis;
however, when the streptococcal protein is pres-
ent, hemolysis ensues. Lysis depends upon an

apparently nonenzymatic reaction between the
streptococcal protein and in situ ceramide (5).
In a synthetic membrane system, no evidence of

A B C
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enzymatic breakdown was obtained whether
neutral detergent was present (unpublished
data) or not (5).
The present study addressed itself to the

mechanism of sheep erythrocyte lysis that re-
sults from the combined action of PLD from C.
ovis and an extracellular protein from C. equi
(equi factor). The former agent is known to
convert sheep erythrocyte membrane sphingo-
myelin to ceramide phosphate without accom-
panying lysis (17). Hence, it remained to define
the nature of the interaction between ceramide
phosphate and equi factor. The most obvious
possibility is that equi factor is a phospholipase
C which has the capacity to catalyze the hy-
drolysis of ceramide phosphate. The data pre-
sented, which are based largely on use of lipo-
somes as models, are consistent with this hy-
pothesis and suggest that the following stepwise
degradation of membrane sphingomyelin may
be the basis for cell lysis:

sphingomyelin
C.

ovis
PLD + Mg2"

ceramide phosphate + choline

ceramide phosphate
equi factor + Mg2"

ceramide + phosphate

In addition to the two enzymes and Mg2+, a

fourth condition (such as chilling or addition of
CAMP protein), which is capable of causing
dislocation of in situ ceramide, must be imposed
on the altered cells in order for maximum lysis
to be achieved. %

The finding that little hydrolysis of ceramide
phosphate could be detected in the absence of
nonionic detergent suggests that extensive deg-
radation of this phospholipid may not be re-

quired for lysis. This is consistent with the ob-
servation that erythrocyte ghosts treated with
equi factor gave significant amounts of split
products on thin-layer chromatography of lipid
extracts only when detergent was present during
hydrolysis (unpublished data).
The phospholipase C of C. equi (equi factor)

was found unexpectedly to split not only cer-
amide phosphate but also sphingomyelin when
this phospholipid was a constituent of liposomes
and when a neutral detergent was present. In
contrast, the C. equi enzyme has no demonstra-
ble effect on intact sheep erythrocytes, presum-
ably because the sphingomyelin of the mem-

brane of native erythrocytes is not accessible to
the enzyme. The two other major phospholipids,
phosphatidylethanolamine and phosphatidyl-
serine, are presumably even less accessible be-
cause they are located principally in the cyto-

plasmic half of the lipid bilayer. The inaccessi-
bility to enzymic action of an externally located
phospholipid is by no means unprecedented, a
well-studied example being the resistance of hu-
man erythrocytes to the action of Bacillus cer-
eus phospholipase C (14) in contrast to their
susceptibility to C. perfringens phospholipase C.

Also unexpected was the finding that C. equi
phospholipase hydrolyzed not only ceramide
phosphate and sphingomyelin but also all of the
other major mammalian membrane phospholip-
ids and phosphatidic acid as well. Because only
a single protein was found by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, we
incline toward the view that only one enzyme is
involved. The phospholipases C of C. perfrin-
gens and Clostridium novyi are known to have
relatively broad substrate specificities (2). None-
theless, it may be that our preparation contained
more than one enzyme.

It is possible that the effect of equi factor on
erythrocyte membranes is more like that of
CAMP protein than that of an enzyme. How-
ever, although equi factor can substitute for
CAMP protein in the CAMP reaction, CAMP
protein cannot substitute for equi factor in the
system under consideration here (Table 3). In
addition, the hot-cold effect can be interpreted
as favoring the idea that ceramide is formed by
virtue of enzymic action of equi factor, by anal-
ogy with the action of staphylococcal sphingo-
myelinase. It appears that further work is
needed before a firm conclusion can be drawn as
to the manner in which equi factor acts on
altered erythrocyte membranes.

ACKNOWLEDGMENTS
We are grateful to W. L. Barksdale for supplying strains of

corynebacteria and for helpful suggestions during the course
of this investigation.

This work was supported by Public Health Service grant
AI-02874 from the National Institute of Allergy and Infectious
Diseases and by Public Health Career Program Award 5K06-
AI-14-198 from the National Institute of Allergy and Infectious
Diseases to A.W.B.

LITERATURE CITED
1. Ames, B. N., and D. T. Dubin. 1960. The role of polya-

mines in the neutralization of bacteriophage deoxyri-
bonucleic acid. J. Biol.Chem. 235:769-775.

2. Avigad, G. 1976. Microbial phospholipases, p. 99-167. In
A. W. Bernheimer (ed.), Mechanisms in bacterial toxi-
nology. John Wiley & Sons, New York.

3. Bernheimer, A. W., and L. S. Avigad. 1976. Properties
of a toxin from the sea anemone Stoichactis helianthus,
including specific binding to sphingomyelin. Proc. Natl.
*Acad. Sci. U.S.A. 73:467-471.

4. Bernheimer, A. W., L S. Avigad, and K. S. Kim. 1974.
Staphylococcal sphingomyelinase (/?-hemolysin). Ann.
N.Y. Acad. Sci. 236:292-306.

5. Bernheimer, A. W., R. Linder, and L S. Avigad. 1979.
Nature and mechanism of action of the CAMP protein
of group B streptococci. Infect. Immun. 23:838-844.

INFECT. IMMUN.



CORYNEBACTERIAL DEGRADATION OF SPHINGOMYELIN 131

6. Bligh, E. G., and W. J. Dyer. 1959. A rapid method of
total lipid extraction and purification. Can. J. Biochem.
Physiol. 37:911-917.

7. Fraser, G. 1961. Haemolytic activity of Corynebacterium
ovis. Nature (London) 189:246.

8. Fraser, G. 1964. The effect on animal erythrocytes of
combinations of diffusible substances produced by bac-
teria. J. Pathol. Bacteriol. 88:43-53.

9. Gul, S., and A. D. Smith. 1974. Haemolysis of intact
human erythrocytes by purified cobra venom phospho-
lipase A2 in the presence of albumin and Ca2. Biochim.
Biophys. Acta 367:271-281.

10. Kates, M. 1972. Techniques in lipidology: isolation, anal-
ysis and identification of lipids. North Holland Publish-
ing Co., Amsterdam.

11. Kreger, A. S., K.-S. Kim, F. Zaboretzky, and A. W.
Beruheimer. 1971. Purification and properties of
staphylococcal delta hemolysin. Infect. Immun. 3:449-
465.

12. Linder, R., and A. W. Bernheimer. 1978. Effect of
sphingomyelin-containing liposomes of phospholipase
D from Corynebacterium ovis and the cytolysin from
Stoichactis helianthus. Biochim. Biophys. Acta 530:
236-246.

13. Randerath, K. 1968. Thin layer chromatography, 2nd ed.

Academic Press, Inc., New York.
14. Roelofsen, B., R. F. A. Zwaal, P. Comfurius, C. B.

Woodward, and L. L M. Van Deenen. 1971. Action
of pure phospholipase A2 and phospholipase C on hu-
man erythrocytes and ghosts. Biochim. Biophys. Acta
241:925-929.

15. Rogolsky, M. 1979. Nonenteric toxins of Staphylococcus
aureus. Microbiol. Rev. 43:320-360.

16. Soucek, A., C. Michalec, and A. Souckova. 1971. Iden-
tification and characterization of a new enzyme of the
group "phospholipase D" isolated from Corynebacte-
rium ovis. Biochim. Biophys. Acta 227:116-128.

17. Soucek, A., and A. Souckova. 1974. Toxicity of bacterial
sphingomyelinases D. J. Hyg. Epidemiol. Microbiol.
Immunol. 18:327-335.

18. Vesterberg, O., T. Wadstrom, K. Vesterberg, H.
Svensson, and B. Malmgren. 1967. Studies on extra-
cellular proteins from Staphylococcus aureus. I. Sepa-
ration and characterization of enzymes and toxins by
isoelectric focusing. Biochim. Biophys. Acta 133:435-
445.

19. Weber, K., and M. Osborn. 1969. The reliability of
molecular weight determinations by dodecyl sulfate-
polyacrylamide gel electrophoresis. J. Biol. Chem. 244:
4406-4412.

VOL. 29, 1980


