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Formation of Ion-Permeable Channels by 
Tumor Necrosis Factor-a 

Tumor necrosis factor- (TNF, cachectin), a protein secreted by activated macro- 
phages, participates in inflammatory responses and in infectious and neoplastic disease 
states. The mechanisms by which TNF exerts cytotoxic, hormonal, and other specific 
effects are obscure. Structural studies of the TNF trimer have revealed a central 
pore-like region. Although several amino acid side chains appear to preclude an open 
channel, the ability of TNF to insert into lipid vesicles raised the possibility that 
opening might occur in a bilayer milieu. Acidification of TNF promoted conforma- 
tional changes concordant with increased surface hydrophobicity and membrane 
insertion. Furthermore, TNF formed pH-dependent, voltage-dependent, ion-perme- 
able channels in planar lipid bilayer membranes and increased the sodium permeability 
of human U937 histiocytic lymphoma cells. Thus, some of the physiological effects of 
TNF may be elicited through its intrinsic ion channel-forming activity. 

THE PROTEIN TNF CAUSES HEMOR-
rhagic necrosis of certain solid tu- 
mors and is responsible for the phys- 

iological manifestations of "endotoxic 
shock" and the wasting syndrome (cachexia) 
of chronic disease. It also participates in 
positive and negative growth regulation and 
has direct effects on a wide variety of cells 
(1). Although TNF typically acts to combat 
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infection and cancer growth, it notably en- 
hances human immunodeficiency virus rep- 
lication (2)and has permeabilizing effects on 
the vascular endothelium that may actually 
contribute to cancer metastasis (3). 

Mature TNF acts as a compact trimer 
(-51 kD); each subunit is an antiparallel P 
barrel (4, 5). A long channel extends down 
the central axis of threefold symmetry (4, 5). 
Despite the compactness of the trimeric 
structure and the occluded appearance of the 
midregion of the channel, the trimer inter- 
face may be somewhat plastic because the 
three monomeric subunits are not precisely 
superimposable (5). The ability 0 f - m ~  tb 
insert into membranes (6) and to dissociate 
in mild detergent (7) supports this concept 
of interface plasticity. TNF insertion into 
the hydrocarbon core of phospholipid bilay- 
ers increases with decreasing pH (6). Acid- 
ification (pH 5.3, 15 min) also increases the 
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cancer cell-killing activity of TNF (6, 8 )  
while reducing specific binding (9). Two 
studies with model membrane targets have 
shown that TNF can increase vesicre perme- 
ability to calcein (10). Moreover, several 
physiological studies suggest TNF alters 
membrane permeability. Thus, TNF causes 
a rapid decrease in the resting membrane 
potential of skeletal muscle cells (II) ,  similar 
to that observed in the endotoxic shock 
syndrome (12); this activity could account 
for the increased sodium space and fluid 
retention that occurs in shock. TNF also 
induces oligodendrocyte necrosis, myelin dil- 
atation, and periaxonal swelling similar to 
that induced by batrachotoxin (which opens 
Naf channels) (13). To determine whether 
TNF might itself be a channel-forming mol- 
ecule, a hypothesis consonant with its chan- 
nel-like structure and membrane insertion 
activity, we evaluated the effects of human 
recombinant TNF on planar phospholipid 
membranes. 

Figure 1A shows the current response of a 
TNF-treated membrane to a series of graded 
voltage ( v ) steps. In the absence of TNF, the 
membrane conductance was ohmic and 
equal to -10 pS (indistinguishable from 
zero in Fig. 1) .  After addition of TNF to a 
final concentration of 100 ng/ml, the mem- 
brane current I (and therefore conductance, 
g = I / V )  remained nearly zero at small 
voltages (absolute values of V < 40 mV). 
The side to which TNF was added was taken 
as ground; hence, voltages correspond to 
the cccytoplasmic" voltage. At larger positive 
voltages ( V  > 40 mV), the current rose 
within seconds to a new, higher steady state, 
which was steeply dependent on the mem- 
brane voltage. When the polarity of the 
voltage was reversed, the conductance de- 
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measured. The pH of the cis compartment was then 

creased rapidly to -0. Data from Fig. 1A 
are plotted as a steady-state current-voltage 
relation in Fig. 1B. The current remained 
-0 at most negative voltages, whereas cur- 
rent values increased sharply at positive volt- 
ages. The conductance induced by TNF was 
due to formation of ion-permeable channels 
(Fig. 2). Observed single-channel conduc- 
tances were heterogeneous, but could be 
grouped into two main classes, one centered 
at -5 to 10 pS (Fig. 2A), and a second, 
larger class ranging from -100 to 1000 pS 
(Fig. 2B). The most frequently observed 
event was 5 pS (Fig. 2C). Although chan- 
nels can occasionally form at pH 7.2, chan- 
nel formation was enhanced by lowering the 
p H  of the aqueous phase containing TNF 
(Fig. 2D). The channel activities of diphthe- 
ria, tetanus, and botulinus toxins have a 
similar pH dependence (14). The enhance- 
ment of TNF cytotoxicity effected by puls- 
ing target cancer cells with medium of pH 
5.3 (6, 8) suggests that channel formation is 
involved in the TNF cytotoxic pathway. 
TNF channels exhibit preferential perme- 
ability for cations over anions, but not ab- 
solutely so. In a tenfold concentration gra- 
dient of NaCI, a TNF-treated membrane 
showed a reversal potential of -25 to 30 
mV (dilute side an ideally cation- 
selective channel would give a reversal po- 
tential of -51mV). 

The following data support the notion 
that channel formation is intrinsic to TNF. 
First, in the absence of added TNF, no 
channel activity was observed. Second, two 
separate, highly purified preparations of 
TNF (recombinant human TNF and natural 
human TNF) produced similar channel ac- jm 
can be observed. Less frequently, larger and small- 

Fig. 2. Single-channel 
currents induced by 
TNF in lipid bilayer 
membranes. (A) The 
current through a mem- 

01 brane (25) held at +8O 

10 
mV (dashed line indi- 
cates I = 0). Numerous 
fluctuations of the cur-

l , rent, corresponding to a 
PH conductance of -5 pS, 

er fluctuations can be seen. These fluctuations 
appear to represent the opening and closing of 
single ion-permeable channels in the membranes. 
(B)At later times (> 30 min) after TNF addition, 
large current fluctuations can be observed (dashed 
line indicates I = 0). These fluctuations are widely 
dispersed in size and may represent aggregation of 
TNF trimers in the membrane (29). (C) A fre- 
quency histogram of the current jumps shown in 
(A); 5 pS is the most frequently observed event. 
(D) Effect of pH on the ion-channel activity of 
TNF. The membrane (30) was held at +100 mV 
for 10 min at each pH before conductance was 

adjusted with unbuffered 100 mM dimethylglutaric 

Fig. 1. Voltage-dependent currents induced by 
TNF in planar lipid bilayer membranes. (A) 
Membrane currents and voltages for a membrane 
treated with TNF (100 ng/ml). Top trace, a series 
of voltage pulses applied to the membrane begin- 
ning at ?10 mV and increasing in 10-mV incre- 
ments to ?80 mV. Bottom trace, the current 
response of the membrane to the imposed voltage 
pulses. The linear spikes represent capacitative 
transients. At low voltages (? 10 to ?30 mV), the 
current is nearly zero, which reflects the imperme- 
ability of lipid membranes to small ions in the 
aqueous phase. At higher voltages ( V  > +40 
mV), the membrane current increases significantly 
and reaches a plateau within -30 s. At negative 
voltages, the currents decay rapidly to a value 
close to that of an unmodified membrane. (B) 
The data from (A) plotted as a steady-state I -V 
curve. These experiments were conducted with 
human recombinant TNF and solvent-free mem- 
branes as described (28). 

tivity. Third, boiling TNF for 5 min, which 
eliminates biological activity, also eliminated 
channel-forming activity. Fourth, channel 
activity was enhanced by low pH. This is 
consistent with reports showing that mem- 
brane insertion (6) and permeabilization 
(10) increase at low pH. Although our 
results appear to conflict with others in 
which TNF had no effect on lipid mem- 
branes (15), those experiments -were not 
performed in the presence of a p H  gradient, 
a requirement for optimal TNF channel 
activity that is highly reminiscent of findings 
with diphtheria toxin (14). The bilayer lipid 
composition was also different. 

Next, we asked whether the formation of 
Naf -permeable TNF channels in lipid bilay- 
ers was correlated with an ability td alter the 
Naf permeability of target cancer cells (Fig. 
3). Addition of TNF to human U937 histi- 
ocytic lymphoma cells increased 22Naf up- 
take by 100 to 300%, in the presence or 
absence of ouabain. The simplest explana- 
tion for this enhanced Naf uptake is a direct 
permeabilization of the target cell mem-
brane by TNF. Naf uptake was consistent 
with the amount of channel activity seen in 
planar membranes at neutral pH. The aque- 
ous space between macrophages, which se- 
crete TNF, and their substrate has been 
determined to have a pH of 3.6 to 3.7 (16). 
Thus, the potential for substantial changes 
in intracellular free Naf concentrations ex- 

I +Ouabain 

TNF 
Fig. 3. TNF promoted Na+ uptake by human 
histiocytic lymphoma cells. The histograms depict 
the amount of Na+ taken up by TNF-treated 
(hatched bars) and untreated (solid bars) U937 
cells. Three independent experiments are shown 

acid. Little activity is seen above pH 6 , whereas acti ~vity increased below pH 6. This increase continued for uptake studies conducted in the presence and 
to at least p H  4. absence of ouabain (31). 
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Fig. 4. (A) A model for 
TNF-membrane interac-
tions and channel forma-
tion. Step l, transient inter- 
action of TNF with the 
membrane bilayer [which 
includes insertion at pH 7, 
although to a lower extent 
than at acid pH (6, 9)]. Step 
2, acid-induced [and per-
haps receptor-induced (8)] 
conformational changes lead 

that is dependent on pH. This suggests a 
possible role for the "jelly roll" motif in 
facilitating acid-dependent membrane pene- 
tration. Our results also raise the possibility 
that acid-facilitated conformational changes 
and subsequent membrane penetration may 
allow the central pore-like region of the 
TNF trimer to assume an "open" state. 

Qualitative agreement between our cellu- 
lar and planar bilayer findings suggests that 

to acquisition of ANS bind- 
ing sites [see (B) and (C)] 
and exposure of tryptophan 
(W) residues (9). Step 3, 
membrane penetration by 
m F  molecules that have 
undergone appropriate hy- 

Membrane 

1 rl 
channel activity may be physiologicdy rele- 
vant. Channel formation by TNF would 
explain the rapid decrease in resting mem- 
brane potential in skeletal muscle (If) ,  the 

2 3 increased cellular Nat and water levels of 
endotoxic shock (12), and myelin dilatation, 
oligodendrocyte necrosis, and periaxonal 
swelling (13). The presence of TNF-specific 

drophilic to hydrophobic 3.4x104 

transitions in conformation 
(6, 9). Membrane insertion 
in the presence of Na+ en- 
ables the TNF trimer to ex- 
press channel activity. A 
photoreactive glycolipid 0 
probe (6, 9) is shown on the o 
right. (B) TNF acquires hy- 
drophobic binding sites at 

8 7 6 5  4 

1200 2400 3600 0 1200 2400 

Time (s) 	 Time (s) 

receptors on the plasma membrane (21) 
might compensate for the relatively low 
channel-forming activity of TNF seen with 
planar membranes at neutral pH [for exam- 
ple, by facilitation of membrane insertion 
(8)]. Localized acid effects are also possible 
both intracellularly (for example, in endo- , 	~ . , 

somes) and extracellularly [for example, near 
activated macrophages and osteoclasts (16)l. 
Acidification of TNF decreased specific 
binding to U937 cancer cells, but it en-
hanced the killing activity (6, 8, 9). The pH 
dependence of channel formation may Bc- 
count for the ability of TNF to exert dispar- 
ate cytotoxic and hormonal actions. 

~ e v e l o ~ m e n tof specific channel blockers 
and enhancers for the TNF ion channel may 
enable clinicians to control the deleterious 
effects of TNF (for example, septic shock) 
and to augment the therapeutic ones (for 
example, cancer cell destruction). In this 
regard it should be noted that amiloride 
analogs were recently shown to inhibit TNF 
killing of murine L929 and L-M(TK-) cells 
through an effect not related to blocking of 
the Na+-H+ antiporter (22). 
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low pH. The fluorescence intensity of ANS is plotted against time at the indicated pH (27).The units 
of fluorescence are arbitrary. Dips in fluorescence intensity are caused by closing the shutter [and reflect 
the sequential addition to pH 8 b d e r  (27) of ANS, TNF, and 1N HCI]. (C) Reversibility of the 
acid-induced conformational change of TNF. The fluorescence intensity of ANS (32) is shown to 
decrease abruptly upon returning the pH of the TNF sample to 8 after 30 min at pH 4. 

ists in the neighborhood of cells that secrete 
TNF. 

Our model for TNF channel formation 
(Fig. 4A) takes into account data from 
intramembranous photolabeling studies (6) 
and from studies in which we monitored the 
effects of low DH on TNF conformation. 

I 


The compound S-anilino-l-naphthalene-
sulfonic acid (ANS) has been widely used 
both as a probe of hydrophobic binding 
sites and as a highly sensitive detector of 
protein structural alterations (17, 18). A 
small amount of ANS-TNF association oc- 
curred at pH 5 (Fig. 4B). Lowering the pH 
to 4 provoked a rapid conversion in TNF 
structure and then a relatively slower con- 
version event. The biphasic nature of this 
conformational change mimicked the pro- 
gression from membrane binding to in-
tramembranous insertion observed in exper- 
iments with TNF and lipid vesicle targets 
(9). The blue shift in the ANS fluorescence 
maximum after association with TNF at low 
p H  (9) reflects acquisition of a hydrophobic 
binding pocket for ANS (18). TNF rapidly 
lost the ability to bind ANS when the pH 
was returned to 8, thereby demonstrating 
full reversion to a hydrophLc configuration 
(Fig. 4C). 

Further evidence for acquisition of hydro- 
phobic properties at low p~ is the dramatic 
decrease in the intrinsic fluorescence of TNF 
at low pH, indicating that its tryptophan 
residues (two per monomer; W in Fig. 4A) 
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have become exposed to the surface (9). 
TNF is a trimer in solution (7, 19). The 
observation that vesicle-bound TNF is more 
susceptible to digestion by endoproteinase 
argC than is unbound TNF (9) indicates 
that the membrane-bound TNF conformer 
is somewhat different from the soluble TNF 
conformer. Recent cross-linking studies 
have revealed that regardless of whether 
TNF is bound to fluid or frozen lipid vesi- 
cles. it retains its trimeric structure. In-
tramembranous photolabeling of the trimer 
has also been demonstrated (9). Therefore, 
the plasticity of the TNF trimer may d o w  
for channel opening and closing but does 
not appear to be sufficient for trimer disas- 
sembly. Relevant to these findings is the 
report that a long-lived cellular pool of 
internalized TNF appears to be membrane- 
integrated (20). Taken together, these find- 
ings support our proposal that at least one 
functional form of TNF is a membrane- 
embedded trimer, the effects of which are 
mediated through its ion channel-forming 
activity. Indeed, such an activity could well 
provoke responses specific to cell type, with 
membrane depolarization and altered free 
Nat levels being handled according to each 
cell's unique transporter composition and 
ion-modulated enzyme systems. 

The three-dimensional structure of TNF 
is similar to that of several viral coat proteins 
(4), including the influenza hemagglutinin 
HA, which has membrane fusogenic activity 
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containing 2 x lo6 cells, was resuspended in 200 p1 Rochester, NY) binding studies were performed 
of buffer A after the last wash and equilibrated at with 2 ml of buffer [0.15 M sodium citrate-phos- 
4°C for 15 min before the addition of 1kg TNF (2 phate-chloride, pH 8 initially (27)] having 4 pM of 
p1 of a 0.5 mgiml stock in 10 mM sodium phosphate ANS and 10 pg of TNF. The graphs in Fig. 4, B and 
and 0.2 M NaCI; pH 7) or 2 kl of buffer alone. C, represent a single time scan with excitation and 
Binding was allowed to proceed for 2 hours at 4°C. emission wavelengths of 380 nm and 480 nm, 
Then 10 pl of 20 mM ouabain in water or 10 p1 of respectively.ANS was freshly prepared in the buffer. 
water alone were added, and the samples were The quantum yield of fluorescence is dependent on 
incubated for 13 min at 37°C. Next, 10 pl of ,,NaCI environmental polarity (17) and is insensitive to pH 
[ l o  pM stock, 200 pCi/ml (Amersham, Arlington over a wide range (18). 
Heights, IL)] were added to each sample, and 33. We are grateful to Genentech for supplying us with 
incubation at 37°C was continued for 10 min. human recombinant TNF, to L. Greene for expert 
Ice-cold PBS (0.8 ml; 10 mM sodium phosphate technical assistance, and to G. Eisenman and other 
and 150 mM NaCI) was added to stop the flux of colleagues for valuable comments. This work was 
22Na+. The cells were pelleted in a microcentrifuge supported by the Department of Veterans Affairs 
(Beckman) and washed nvice with 1 ml of PBS. and National Institute of Mental Health grant 
Aliquots (10 111) of the first and last supernatants MH43433 (B.L.K.) and by NIH grant GM22240 
were removed for counting. Pelleted cells were (B.J.W.). R.L.B. held an NIH Atherosclerosis Pre- 
solubiliwd by incubation for 15 min with 100 111 of doctoral Training Grant Award (2 T32 HL07386). 
0.5% Triton X-100 in buffer A at 37°C. Solubilized 
cells and supernatant aliquots were mixed with 10 25 October 1991; accepted 16 January 1992 

Identification of a Major Growth Factor for 
AIDS-Kaposi's Sarcoma Cells as Oncostatin M 

Conditioned medium from human T cell leukemia virus type 2 (HTLV-11)-infected T 
cells supports the growth and long-term culture of cells derived from acquired 
immunodeficiency syndrome (AIDS)-associated Kaposi's sarcoma 'lesions (AIDS-KS 
cells). A protein of 30 kilodaltons was purified from conditioned medium that 
supports the growth of AIDS-KS cells. The amino-terminal sequence of this protein 
was identical to the amino-terminal sequence of Oncostatin M, a glycoprotein that 
inhibits the growth of a variety of cancer cells. Oncostatin M from conditioned 
medium stimulated a twofold increase in the growth of AIDS-KS cells at a concen- 
tration of less than 1 nanogram of the protein per milliliter of medium. 

APOSI'S SARCOMA (KS) IS A MUL- ciated with human immunodeficiency virus 
ticentric neoplasm found predomi- (HW) infection (1, 2). The KS lesion has a 
nantly in males and frequently asso- complex histology characterized by the prolif- 

eration of spindlelike cells with neovasculariza- 
B. C. Nair, A. L. DeVico, Y. Chen, A. Patel, T. O'Neil, tion. ~ ~are ~ ~in-
M. G. Sarngadharan, Depament of Cell Biology, Ad- flammatory cells, fibroblasts, and endothelial 
vanced BioScience Laboratories, Inc., Kensington, MD cells (2, 3). The mechanism underlying the 20895. 
S. Nakamura and R. C. Gallo. Laboratory of Tumor Cell Datho~~nesiSof this com~lex tumor is not 

Biology, National Cancer ~nsutute, ~a t idna lInstitutes of clearly understood. 
Health, Bethesda, MD 20892. 

T. D. Copeland and S. Oroszlan, Laboratory of Molec- Several cytokines, including interleukin-1, -
ular Virology and Carcinogenesis, Advanced BioScience interleuki& and tumor necrosis faaor- in-Laboratories-Basic Research Program, National Cancer 
Institute-Frederick Cancer Research and Development d ~ c ethe growth of cells derived from AIDS- 
Center, Frederick, MD 21702. 	 KS cells (4-6). These cells are morphologically 

the 'pkdeke cek obs'red 'K'*Present addiess: Department of Internal Medicine, 'ear 
University of Southern California, Los Angeles, CA lesions (7). The HW-1 Tat protein has also 

90033, and Huntington Memorial Hospital, Los Ange- been shown to enhance the growth of AIDS-
les, CA 91105. 
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