(5.5 ¢, versus 12.3 ¢,). The fact that ¢ for
the V2 channel, as measured through volt-
age sensitivity of activation, is underestimat-
ed shows that estimates of g obtained in this
way must be interpreted carefully.
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Tumor Necrosis Factor—a Activates the Sphingomyelin
Signal Transduction Pathway in a Cell-Free System

KENNETH A. DRESSLER, SHALINI MATHIAS, RICHARD N. KOLESNICK*

The mechanism of tumor necrosis factor (TNF)—a signaling is unknown. TNF-«
signaling may involve sphingomyelin hydrolysis to ceramide by a sphingomyelinase
and stimulation of a ceramide-activated protein kinase. In a cell-free system, TNF-a
induced a rapid reduction in membrane sphingomyelin content and a quantitative
elevation in ceramide concentrations. Ceramide-activated protein kinase activity also
increased. Kinase activation was mimicked by addition of sphingomyelinase but not by
phospholipases A,, C, or D. Reconstitution of this cascade in a cell-free system
demonstrates tight coupling to the receptor, suggesting this is a signal transduction

pathway for TNF-o.

PHINGOMYELIN CAN BE METABO-

lized to generate molecules that have

various functions within the cell (1-5,
6). Ceramide, which is generated by sphin-
gomyelinase action, can be deacylated to
sphingoid bases (1, 2), which are potential
inhibitors of protein kinase C (3) or phos-
phorylated to ceramide 1-phosphate (4) by a
ceramide kinase (5). Ceramide appears to
have bioeffector properties (7, 8). Cell-per-
meable ceramide analogs stimulate mono-
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cytic differentiation of human leukemia
(HL-60) cells (7) and the phosphorylation
of the epidermal growth factor receptor
(EGFR) at Thr®®® in A431 human epider-
moid carcinoma cells (8). TNF-a activates a
neutral sphingomyelinase to generate cera-
mide in HL-60 cells, and it was postulated
that this initiated TNF-a action (9). We
defined a ceramide-activated protein kinase
with a synthetic peptide derived from the
amino acid sequence surrounding Thré® of
the EGFR (residues 663 to 681) (10). Ki-
nase activity was membrane-associated,
Mg>*-dependent, and activated by natural
or synthetic ceramide in a concentration-
and time-dependent manner. This ceramide-
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activated protein kinase activity was rapidly
increased in membranes derived from HL-60
cells treated with TNF-o. The present studies
were undertaken to evaluate coupling of this
sphingomyelin pathway to stimulation of the
TNF receptor in a cell-free system.

The binding of TNF-a to its receptor is
detectable within 2 min and maximal by 5 to
10 min at 4°C in membranes derived from
HL-60 cells (11). Therefore, supernates
from HL-60 cells, collected after a low-
speed centrifugation to remove nuclei, were
first incubated with TNF-a for 5 min at 4°C
to allow the formation of TNEF-receptor
complexes. Thereafter, reactions were initi-
ated by warming supernates to 22°C in a
reaction mixture containing adenosine tri-
phosphate (ATP) and Mg>* at pH 7.4.

These conditions were adopted to allow for
activation of neutral sphingomyelinase (1,
12). Under these conditions, TNF-a in-
duced a time- and concentration-dependent
reduction in sphingomyelin content (Fig.
1A). The effect of TNF-a was evident at 1
min and maximal by 7.5 min. Sphingomye-
lin concentrations decreased 27% from a
control concentration of 10.4 + 0.5 (mean
+ SEM) to 7.6 + 0.2 nmol per milligram
(nmol mg™') of supernate protein (P <
0.001). In contrast, the concentration of
sphingomyelin in control incubations did
not change. Concentrations of TNF-a of
300 pM were effective, with a maximal effect
at 3 nM TNF-a [effective dose (EDg,) =
500 pM]. Under the same conditions, cera-
mide increased quantitatively from 1.8 =+

Fig. 1. TNF-a effects on
sphingomyelin (A) and
ceramide (B) concentra-
tions in a cell-free system.
HL-60 cells were grown
in RPMI 1640 medium
supplemented with 10%
bovine calf serum and
amino acids (4). To mea-
sure sphingomyelin, we
resuspended cells (1 x 10°
ml™'), labeled for 48 !
hours in medium with 0
[*H]choline (1 p.Ci ml™?)

(29), in serum-free medi-

um containing bovine insulin (5 pg ml™") and human transferrin (5 pg ml™"). After 3 hours, cells were
resuspended (150 x 10° mI™") in homogenization buffer (50 mM NaF, 5 mM EGTA, and 25 mM Hepes,
pH 7.4), disrupted at 4°C with 150 strokes of a tight-fitting Dounce homogenizer (Fisher Scientific,
Pittsburgh, Pennsylvania), and centrifuged for 5 min (500g). The nuclei-free supernate was first incubated for
5 min at 4°C with 30 nM human TNF-« (Genentech, South San Francisco, California) or diluent (50 mM
Hepes, pH 7.4). At time zero, 15 pl of supernate (112 pg per incubation) were added to a reaction mixture
containing 30 pl of 25 mM Hepes, pH 7.4, 30-pl of 750 pM ATP, and 75 pl of reaction buffer (50 mM
Hepes, pH 7.4, and 20 mM MgCl,) at 22°C. The reaction was terminated with CHCl;:CH;OH:HCl
(100:100:1; v/v/v) (4, 5, 13) and 150 pl of balanced salt solution (135 mM NaCl, 4.5 mM KCl, 1.5 mM
CaCl,, 0.5 mM MgCl,, 5.6 mM glucose, and 10 mM Hepes, pH 7.2) containing 20 mM EDTA. Lipids in
the organic phase extract were subjected to alkaline methanolysis to remove glycerophospholipids (4).
Sphingomyelin recovery in the nuclei-free supernate was 93% of that in intact cells. A measure of 10° cell
equivalents of supernate contained 50 pg of protein. Sphingomyelin was resolved by thin-layer chromatog-
raphy (TLC) with CHCl,;:CH;OH:CH;COOH:H,O (25:15:4:1.5) as solvent, identified by iodine vapor
staining, and quantified by liquid scintillation spectrometry (1, 7, 28). Ceramide was quantified with the
diacylglycerol kinase reaction (4, 29). Values (mean) are derived from triplicate determinations from one
experiment representative of three similar studies for sphingomyelin and four similar studies for ceramide.
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Fig. 2. Effect of TNF-a on ceramide-activated
protein kinase activity. HL-60 cells were incubat-
ed in serum-free medium and homogenized (as in
Fig. 1). After an initial incubation with TNF-a,
15 pl of nuclei-free supernate (112 pg per incu-
bation) were added to a reaction mixture contain-
ing 30 pl of EGFR peptide (4 mg ml~" in 25 mM
Hepes, pH 7.4), 30 pl of [y-**P]ATP (750 pM,
4000 dpm pmol™!), and 75 p.l of reaction buffer
(10). We terminated the reaction by adding 30 pl
of 0.5 M ATP in 90% formic acid. Phosphoryl-
ated peptide was first run on a C,3 Sep-Pak 1
cartridge, then resolved by C,g reverse-phase 2 4 6 810 00101 1 10100
HPLC (Waters, Milford, Massachusetts), with a Time (min) TNF-a (M)

linear gradient of acetonitrile. The peptide eluted at 30% acetonitrile, as we determined by monitoring
Cerenkov radiation in 1-ml fractions. Background activity was subtracted from each point. (A) Kinetics
of TNF-a (30 nM)-stimulated EGFR peptide phosphorylation. Values (mean) represent data from
four experiments. (B) Concentration dependence of EGFR peptide phosphorylation at 5 min of
stimulation with TNF-a (0.01 to 30 nM). Values (mean) represent data derived from duplicate points in
two experiments. The SEM of the values in (A) was 18% and the mean range of values in (B) was 3%.
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0.3t0 4.0 + 0.5 nmol mg~" (Fig. 1B). This
effect was detectable at 1 min (P < 0.001)
and maximal by 7.5 min. Thus, 2.8 nmol of
sphingomyelin per milligram of supernate
protein were lost for each 2.2 nmol of
ceramide per milligram of supernate protein
that was generated. Similar kinetics of
sphingomyelin degradation and ceramide
generation were determined in intact HL-60
cells (n = 3), confirming previous studies
(9). Other choline-containing lipids, includ-
ing phosphatidylcholine, lysophosphatidyl-
choline, and sphingosylphosphorylcholine
(1), and 1,2-diacylglycerol were not affected
by TNF-a. Thus, TNF-« activated a neutral
sphingomyelinase in a cell-free system,
which resulted in the generation of the
potential second messenger ceramide.

The effect of TNF-a on ceramide-activat-
ed protein kinase activity was assessed. Nuclei-
free supernates contain ceramide-activated pro-
tein kinase activity that can phosphorylate
EGFR peptide with a maximum velocity
(Vmax) of 50 to 100 pmol per minute per
milligram (pmol min~' mg™") of protein and
a Michaelis constant (K,,)) of 15 pM for ATP
and 0.25 mg ml ™! for peptide (10). Ceramide
(0.001 to 3 M) enhances kinase activity to a
maximum of twofold of control (10). TNF-a,
which increased ceramide concentrations, sim-
ilarly enhanced kinase activity in intact cells
(10). For studies assessing the effect of TNF-a
in broken cell preparations, nuclei-free super-
nates were incubated under conditions suffi-
cient for stimulation of neutral sphingomyeli-
nase in a reaction mixture that also contained
EGFR peptide and y->?P-labeled ATP. Phos-
phorylated peptide was resolved by high-per-
formance liquid chromatography (HPLC) and
quantified by Cerenkov counting (10). Kinase
activity was calculated from the specific activity
of [y-*?P]ATP and incorporation of *?P into
EGEFR peptide. Background activity was sub-
tracted from each point. TNF-a (30 nM) treat-
ment enhanced kinase activity (P < 0.001) ina
time-dependent manner (Fig. 2A). TNF-a
stimulation of kinase activity was evident by 1
min and demonstrable for at least 10 min. If
the initial incubation with TNF-a at 4°C was
omitted and TNF was added directly to the
reaction mixture at 22°C, the reaction was
delayed. Under these conditions, enhancement
of activity by TNF-a did not occur for 2 min,
presumably until after TNF-receptor complex-
es had formed. TNF-a enhanced kinase activity
in a concentration-dependent manner at 5 min
(Fig. 2B). TNF-a was effective at 10 pM and
had a maximal effect at 3 nM; the EDg, was
=300 pM TNF-o. This is similar to the EDjg,
of 200 pM for stimulation of ceramide-activat-
ed protein kinase by TNF-« in intact cells (10).
TNF-a enhanced kinase activity in a total of
20 separate studies. Guanosine triphosphate
(GTP) and guanosine-5'-O-(3-thiotriphos-
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phate) (GTP-y-S) (0.25 to 200 uM) did not
affect kinase activity.

To demonstrate that the effect of TNF-a
is mediated by sphingomyelin hydrolysis to
ceramide, we added a sphingomyelinase or a
phospholipase (A,, C, or D) to the kinase
reaction mixture and measured EGFR pep-
tide phosphorylation. For some studies, the
reaction mixture contained free Ca’* (1
mM), which did not affect results. Control
activity reflects several TNF-a-independent
protein kinases that are known to phosphor-
ylate EGFR peptide on Thr%®. Exposure of
the nuclei-free supernates to sphingomyeli-
nase (1 x 1073 U ml™") from Staphylococcus
aureus for 5 min induced an increase in
kinase activity comparable to that induced
by TNF-a (1 nM) (Fig. 3). This concentra-
tion of sphingomyelinase stimulates a two-
fold elevation in ceramide levels in HL-60
cells (4, 13). Concentrations of phospholi-
pases A,, C, and D, which were 40- to
400-fold higher than sphingomyelinase and
which are effective for phospholipid hydrol-
ysis under conditions used in these assays
(14), did not enhance kinase activity. Hence,
the effect of TNF-a in broken cell prepara-
tions was mimicked by a sphingomyelinase
but not by other phospholipases.

The mechanism of coupling of the TNF
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Fig. 3. Effect of phospholipases on ceramide-
activated protein kinase activity. Nuclei-free su-
pernates, prepared as in Fig. 1, were first incubat-
ed with TNF-a (3 nM) or added directly to
reaction mixtures that contained various phos-
pholipases: sphingomyelinase (SMase) (1 x 1073
U ml™Y, S. aureus), phospholipase A, (PLA,)
(3.8 x 1072 and 3.8 x 107! U ml™}, Vipera
ruselli), phospholipase C (PLC) (3.8 x 1072 U
ml™, Bacillus cereus), and phospholipase D
(PLD) (3.8 x 1072 U ml™}, Streptomyces chro-
mofuscus). Peptide phosphorylation was measured
as in Fig. 2. Control value represents peptide
phosphorylation in the absence of phospholipases
or TNF-a. Values (mean = SEM) represent data
derived from duplicate samples in three experi-
ments. *P < 0.001 compared to control.
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receptor to sphingomyelinase is unknown.
Neutral sphingomyelinase appears to be
ubiquitous in mammalian cells and is exter-
nally oriented in the plasma membrane (15).
Similarly, sphingomyelin is preferentially lo-
calized to the outer leaflet of the plasma
membrane (16). This colocalization of re-
ceptor, phospholipase, and substrate at the
plasma membrane suggests that ceramide is
generated at this site. The exact intracellular
site of the ceramide-activated protein kinase
has not yet been investigated; however, pre-
liminary evidence suggests it is an intrinsic
membrane protein (10). In this regard, ce-
ramide-activated protein kinase would not
have to be present in the outer leaflet of the
plasma membrane for signaling to occur, as
ceramide can redistribute across a membrane
bilayer (17).

Ceramide-activated protein kinase may
be a member of an emerging family of
serine/threonine protein kinases that in-
cludes microtubule-associated protein 2
(MAP2) kinase [extracellular signal-regu-
lated kinase (ERK1)] (18), EGFR threo-
nine (ERT) kinase (19), glycogen synthase
kinase-3 (18) and p34°4“*-containing pro-
line-directed and histone H1 kinases (19,
20). The substrates for these kinases appear
to have a minimal recognition sequence,
X-Ser/Thr-Pro-X, in which the phosphoryl-
ated site is flanked by a COOH-terminal
proline residue (20, 21) and X can be any
amino acid. Substrates for this class of
kinases include EGFR, proto-oncogene
products Jun and Myc, tyrosine hydroxy-
lase, histone H1, glycogen synthase, syn-
apsin I, and protein phosphatase inhibitor
II (19-22). TNF-induced, proline-directed
phosphorylation of these proteins has not
yet been demonstrated. The X-Ser/Thr-
Pro-X sequence is different from consensus
substrate sequences for other major serine/
threonine kinases, including cyclic adeno-
sine monophosphate (cAMP)- and cyclic
guanosine monophosphate (cGMP)-de-
pendent protein kinases, Ca®* /calmodulin-
dependent—protein kinase, and ribosomal
S6 protein kinase (19). In fact, these ki-
nases have limited activity toward this pro-
line-containing sequence (20).

It has been proposed that various distinct
signaling systems, including protein kinases
A and C, phospholipases A, and C, the
EGFR tyrosine kinase, and a novel serine
kinase, may mediate TNF-a action (23). Itis
clear that no single second messenger path-
way can account for the entirety of the
reported biologic effects of TNF-a. The role
of the sphingomyelin pathway in events
other than monocytic differentiation has not
been investigated nor has the relation to
these other signaling systems. This issue is
further complicated by the recent cloning of

two distinct TNF receptor forms of 55 kD
and 75 kD (24) with homologous extracel-
lular domains and dissimilar intracellular
portions. HL-60 cells appear to contain
both receptor forms (25, 26). Although no
evidence exists to demonstrate which form
activates the sphingomyelin pathway, the
existence-of activating and blocking receptor
antibodies and cell lines containing a single
receptor form (25-27) may allow for this
distinction in the future.

In sum, the rapid kinetics of activation of
the sphingomyelin pathway by TNF-« in
intact cells, the ability of cell-permeable
ceramide analogs to bypass receptor activa-
tion and mimic TNF-a action, and the
reconstitution of this cascade in a cell-free
system provide strong support for the no-
tion that this pathway serves to couple
TNF receptor activation to cellular stimu-
lation. Hence, these studies suggest that
TNF-a may activate a plasma membrane—
bound neutral sphingomyelinase to gener-
ate the second messenger ceramide, which
stimulates the ceramide-activated protein
kinase to phosphorylate a distinct set of
protein substrates, thereby altering their
function.
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Identification of the Integrin VLA-2 as a

Receptor for Echovirus 1

JEFFREY M. BERGELSON,* MICHAEL P. SHEPLEY, T
Bosco M. C. CHAN,+ MARTIN E. HEMLER, ROBERT W. FINBERG

Cell surface receptors for echovirus, a common human pathogen, were identified with
monoclonal antibodies that protected susceptible cells from infection with echovirus 1.
These monoclonal antibodies, which prevented virus attachment to specific receptor
sites, recognized the a and B subunits of the integrin VLA-2 (c,B,), a receptor for
collagen and laminin. RD rhabdomyosarcoma cells expressed little VLA-2, did not
bind to 35S-labeled virus, and resisted infection until transfected with complementary
DNA encoding the o, subunit of VLA-2. Thus, integrins, adhesion receptors impor-
tant in interactions between cells and with the extracellular matrix, can mediate virus

attachment and infection.

identified for only a few of the viruses
that cause human disease (1). Echovi-
ruses, nonenveloped RNA viruses belong-
ing to the picornavirus family, are frequently
responsible for febrile illness and viral men-
ingitis (2). In newborn infants echoviruses
can cause fatal disseminated infections (2).
The integrin family of adhesion receptors is
composed of at least 7 different B subunits
and 14 different « subunits that associate to
form at least 16 different heterodimers (3).
Integrins mediate cell-to-cell interactions as
well as cell interactions with the extracellular
matrix and are involved in diverse functions
such as cell migration, inflammation, and
thrombus formation (3-5). VLA-2 (a,8,)
mediates cell attachment to collagen and
laminin (6) and participates in tumor me-
tastasis in vivo (7).
To identify cell surface proteins involved
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in echovirus attachment, we immunized
mice with HeLa cells to obtain monoclonal
antibodies (MAbs) capable of protecting
cells from echovirus infection (8). Two pro-
tective MAbs, DE9 [immunoglobulin G1
(IgG1)] and AA10 (IgM), were obtained
from independent hybridoma fusions. Bind-
ing of [**S]methionine echovirus 1 was
reduced by 90% when HeLa cell monolay-
ers were first incubated with AA10, but this

Fig. 1. Attachment of echovirus 1 to HeLa cell monolayers.
Echovirus 1 and poliovirus 2w2 were labeled with [3*S]methio-
nine and purified (8). Purity of the labeled virus was confirmed
by electrophoresis in 12.5% polyacrylamide gels. (A) HeLa
monolayers in 24-well tissue culture plates were first incubated
for 30 min with MADbs (20 pg/ml) at room temperature, then
washed and incubated for 30 min with the labeled virus
(~20,000 cpm) in Hanks balanced salt solution containing 10
mM Hepes (pH 7.0), 20 mM MgCl,, and 4% fetal calf serum.
Dark bars, preincubated with medium; white bars, preincubated
with control T9 (Coulter, Hialeah, Florida), an isotype-matched
MAD to a HelLa cell surface antigen; hatched bars, preincubated
with AA10. Radiolabeled virus bound per confluent monolayer

MAD did not inhibit binding of poliovirus 2
(Fig. 1A). DE9 reduced the binding of
radiolabeled echovirus 1 by about 50%, but
only when rabbit antibody to mouse immu-
noglobulin was added (Fig. 1B) (9).

Although both MAbs protected HeLa
cells from the cytopathic effect of echovirus
1, they did.not prevent cytopathic effects
caused by other picornaviruses. AA10 pro-
tected cells from infection even at high
multiplicity [100 plaque-forming units
(PFU) per cell]. In addition, plaque forma-
tion by echovirus 1 was inhibited 100%
when target monolayers were preincubated
with AA10 (20 pg/ml): no plaques were
seen when more than 100,000 PFU were
added to AA10-treated monolayers. There
was no comparable inhibition of plaque
formation by other picornaviruses (Fig. 2).
Incubation of echovirus directly with AA10
(20 pg/ml) did not reduce the viral titer,
which indicates that the protective effect of
AA10 resulted from its interaction with
cells, not the virus.

Each MAb immunoprecipitated a pair of
proteins (125 and 145 kD) from surface-
radioiodinated HeLa cells under two deter-
gent conditions (Fig. 3A). AA10 immuno-
precipitated more of the larger protein. The
molecular weights of the precipitated pro-
teins resembled those reported for B, inte-
grins (VLA proteins), which consist of a
common 130-kD B, subunit in association
with unique o subunits of 120 to 210 kD
(5). Immunoprecipitation with DE9 and
AA10 revealed the same protein patterns
seen with Abs to the B, and o, integrin
subunits of VLA-2 (Fig. 3B). Immunode-
pletion with a MAb to the B, subunit
climinated almost all material precipitable by
DE9 (Fig. 3D). Depletion with AA10 itself
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(mean * SD cpm bound for triplicate samples) is shown.

Experiments were performed three times. (B) MAb-treated B
monolayers (dark bars) were washed and incubated with rabbit
antibodies to mouse immunoglobulin (40 wg/ml; hatched bars)
(Cappel, West Chester, Pennsylvania) for an additional 30 min
before washing and addition of radiolabeled virus as in (A).
5E2B4 (26) recognizes the intracellular protein Tau. W6/32
(murine IgG2a, ATCC) recognizes a framework determinant of
human major histocompatibility complex (MHC) class I, which

is expressed on Hela cells. Radiolabeled virus bound per
confluent monolayer (mean + SD cpm for four samples) is
shown. In control experiments, DE9 did not inhibit binding of o
poliovirus 2, whether or not second antibody was used.
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