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ABSTRACT

The mechanism by which cancer cells overwhelm normal parenchyma!
cells during cancer invasion remains obscure. In this article, we describe
the purification of a potent cytotoxic protein from plasma membranes of
ras oncogene transformed fibroblasts. Iunior cytotoxic protein was puri
fied from detergent extracted tumor membranes by aniÃ³n exchange and
gel filtration chromatography. Polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate indicated that the hemolytic fractions
contained a single protein with an apparent molecular weight of 62,000. A
higher concentration of tumor cytotoxic protein was required to lyse
fibroblasts as compared to RBC. Based on plasma membrane localization,
immunological identity, and biological characteristics, tumor cytotoxic
protein is a novel cytolysin which is capable of killing normal cells during
cancer invasion.

INTRODUCTION

Cytolysins, defined as agents capable of causing physical dissolu
tion of mammalian cells, are produced by most organisms in nature ( 1)
and are readily demonstrated by their hemolytic activity (2). Cells of
the immune system produce complement-like hemolytic/cytolytic
proteins (perforin) (3-6), serine proteases (5), and tumor necrosis-like

factors (6) which are exocytosed during tumor cell killing events.
Other cells of the defense system of the body [eosinophils (7), mac
rophages (8), and neutrophils (9)] also produce cytotoxic factors.

Since malignant cells seem to function at an advantage in the battle
between the host and cancer, it was not surprising to find that cancer
cells are likewise armed with cytotoxins (10, 11). We demonstrated
that low concentrations of W-256 carcinosarcoma cells were able to

lyse immature and mature RBC and L929 fibroblasts by a cell contact
requiring proteinase dependent mechanism localized to the plasma
membrane (10, 12, 13). Nonmalignant cells lacked this cytolytic ca
pacity (10, 14).

Studies of numerous other human (15, 16) and mouse cancer cell
lines (17. 18) demonstrated that the plasma membranes of most cancer
cells are highly enriched in hemolytic factors that lyse RBC through
a cell contact requiring proteinase independent mechanism (14, 19).
Transformation of nonhemolytic NIH-3T3 fibroblasts by H-ra.c (19)
and v-scr (20) oncogenes has provided a useful tool to further study

the expression of potent plasma membrane and less potent soluble
tumor hemolytic factors (21).

A crude hemolytic factor has recently been identified in detergent
extracts of highly enriched plasma membranes isolated from ras on
cogene transformed fibroblasts cultivated in vitro. Based on its cell
surface localization, heat stability, calcium independent hemolytic
activity, and sensitivity to inactivation by papain, but not trypsin, this
tumor factor appeared to differ from all previously described mam
malian hemolysins (14). By contrast, hemolytic activity was not

Received 9/30/92; accepted 12/21/92.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by a Merit Review Grant from the Department of Veterans

Affairs.
2 To whom requests for reprints should be addressed, at Research Department (151).

VA Medical Center, Northport. NY 11768.

present in the detergent extracts of plasma membranes isolated from
subconfluent, nontransformed NIH-3T3 fibroblasts (14).

In this study, we describe the purification and characterization of
this novel hemolysin/cytolysin extracted from tumor cell plasma
membranes and refer to this protein as TCP.1

MATERIALS AND METHODS

The NIH-3T3 cell line, transformed with the cloned viral Harvey ras on

cogene (22), was cultivated and heterotransplantated into HO NIH Swiss nude
mice to obtain a large volume of tumor. Tumor cell suspensions were prepared

and crude membranes were isolated using nitrogen cavitation followed by
differential centrifugation as previously described (14). Extrinsic membrane
proteins were removed by treatment with 2 M KC1. Intrinsic plasma membrane
proteins were solubilized in 1% l-0-H-octyl-ÃŸ-D-glucopyranoside (Boehringer
Mannheim, Indianapolis. IN) and enriched for hemolytic activity by 60-100%

(NH4)2SO4 phase partitioning of hydrophobic proteins as modified from Parish
et al. (14, 23). The oily film of lipid proteinaceous material was harvested from
the surface of the aqueous phase, resolubili/.ed with detergent, dialyzed ex
haustively against 50 imi Tris-HCI, 5 DIMCaCI2. 0.6% 3-((3-cholamidopro-

pyl)dimethylammonio]-l-propanesulfonate (Boehringer Mannheim) buffer
(Tris-CHAPS, pH 7.2). and then applied to a 1.6 x 17-cm column of DEAE-

Sephacel A-50 (Pharmacia-LKB, Piscataway. NJ). Bound proteins were eluted
with a 200-ml linear gradient of 0-0.8 M NaCl in Tris-CHAPS buffer.

Hemolytic activity, absorbance, and conductivity were measured. Fractions
with high specific hemolytic activity were pooled, concentrated, and dialyzed

against 1 MNaCl. 5 m.MCaCl2, and 10 min HEPES, 0.6% CHAPS buffer (pH
7.2). The pool was applied to a SuperÃ³se 12 HR 10/30 gel filtration column
(Pharmacia). The column was equilibrated in HEPES-CHAPS buffer and op

erated at a flow rate of 0.5 ml/min. Samples were sterile filtered (0.2 )jm
Acrodisc-Gelman Science. Ann Arbor, MI), diluted at least 6- to 10-fold in
detergent-free HEPES buffer to negate detergent effect, and tested for
hemolytic activity. Samples were stored and remained stable at -20Â°C.

This purification scheme was followed identically for four independent
preparations of TCP. Each study yielded similar results except for differences
between the amount of starting tumor mass and the amount of purified TCP
isolated.

A discontinuous system for polyacrylamide gel electrophoresis in sodium
dodecyl sulfate was used using the gel buffer and sample preparation system
of Laemmli (24). Reduced conditions included the addition of ÃŸ-mercapto-
ethanol (final concentration. 1%) and heating to 100Â°Cfor 5 min. Silver

staining was used to identify protein bands (25).
In the initial protein purification studies, hemolytic activity of tumor derived

fractions (200 pi) was routinely measured using 5>'Felabeled rat RBC (5 X IO6
in 1 ml) suspended in Dulbecco's PBS (pH 7.4) with glucose (4.5 mg/ml) in an

18 h assay at 37Â°Cin 4-ml friction capped tubes as described previously (15).

Prior to testing, fractions were diluted in sufficient HEPES buffer to lower the
final detergent concentrations to <0.017r, at least 4-fold below the threshold

required for detergent induced hemolysis. In preliminary studies we deter
mined that a CHAPS concentration above 0.04% resulted in hemolysis after an
18-h incubation at 37Â°C.

'The abbreviations used are: TCP. tumor cytotoxic protein; CHAPS. 3-[(3-cholami-

dopropyl)dimethylamino|-l-propanesulfonate; MTT, 3-(4,5-dimethylthiazoyl-2-yl)-2,5-
diphenyltetra/olium bromide; HEPES, 4-{2-hydroxyelhyl)-l-pipera/incethancsulfonic
acid; PBS, phosphate buffered saline; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; PAP, horseradish peroxidase-rabbit antihorseradish peroxidase com

plex.
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PURIFICATION OF TUMOR CYTOTOXIC PROTEIN

Release index (RI) (hemolytic activity) was calculated as:

59Fe in supernatant
RI = â€¢¿�

v'Fe in supernatant and pellet

Spontaneous hemolysis due to RBC, detergent, and buffer effects (identical
assay composition to detergent solubilized test sample minus cytolytic protein)
was measured in each experiment and was subtracted from the release index
(12); this baseline release ir.dex was routinely <3.0%.

When it became apparent that purified TCP was considerably more potent
than the crude hemolytic factor extracted from plasma membranes (14), we
modified the assay conditions slightly by using smaller conical tubes and
shortening the duration of incubation. The total assay volume, RBC number

and volume, and TCP volume, however, all remained constant. Subsequently,
we converted to a microassay system to conserve reagents (26). In this latter
assay system 40 pi prediluted TCP or buffer were added to 5 x IO6 rat RBC
(suspended in Dulbecco's PBS, pH 7.4. with 4.5 mg/ml glucose) in 200 ul.

which increased the concentration of RBC 5-fold as compared to the routine

procedure for measuring hemolysis. The mixture was incubated in microtiter
wells at 37Â°Cfor 18 h, after which Ahm was measured in a microplale reader

(BioTek, Winooski. VT). Hemolysis was calculated from a calibration curve

generated as follows: 2 aliquols of RBC suspensions ( 1 intact. 1 completely
lysed) are combined in different ratios; A^t is measured; and a linear regres
sion curve is created where hemolysis is a function of /46W).Controls for
spontaneous hemolysis were run concurrently and taken into account when

calculating final hemolysis percentages.
To determine whether purified TCP binds to RBC prior to lysis as does

crude TCP, TCP (3.4 ug in 200 ul) was preincubated with RBC (5 X IO6) for
30 min at 4Â°C(nonlysing condition). The supernatant, containing unbound

TCP, was removed by centrifugaron. The RBC pellet was washed twice. RBC
were then resuspended in 1.2 ml of buffer (pH 7.4) and incubated for 18 h at
37Â°C.

To examine the effects of time and temperature on the rate of hemolysis. a
variation of the standard hemolysis assay was followed. Fifty x IO6 rat RBC

were pelleted by centrifugation in 1.5-ml microcentrifuge tubes. The superna

tant was removed and prediluted TCP (1.3 ug in 200 ul) or prediluted buffer
was then added to each RBC pellet (final TCP concentration. 6.5 ug/ml). The
pellets were resuspended in the 200-ul volume and the mixture was allowed to

incubate for 5, 15. and 30 min, and I. 2, 4, and 18 h at each of 4 temperatures,
4Â°C,9Â°C,25Â°C,and 37Â°C.Detergent buffer controls were run for each incu

bation time and temperature.
To determine whether pH could affect the rate of TCP induced hemolysis,

the standard hemolysis assay conditions were again modified. TCP (2 ug in 200
pi) or CHAPS buffer was preincubated with '"Fe labeled rat RBC (50 X 10"

in I ml) in 25 msi phosphate buffer (Na:HPO4-NaH2PO4), 150 ITIMNaCI, and
4.5 mg/ml glucose (pH 7.4) for IO min at 4Â°C(final TCP concentration, 1.7

ug/ml). This step allowed TCP to bind to RBC under nonlysing conditions. The
cell suspensions were centrifuged, the supernatants were removed, and the
RBC pellets were resuspended in the above buffer adjusted to each of the
following pHs; 5.0; 5.5; 6.0; 6.5; 7.0: 7.5: 8.0; 8.5; and 9.0. Pellets were
incubated at 37Â°Cfor only I h at these pHs before measuring hemolysis. This

suboptimal incubation period was selected to emphasize the effect of pH on

hemolysis.
The ability of TCP to hÃ©molyseRBC of different mammalian species was

also studied using a modification of the microassay system described above

(26). Sheep, rabbit, mouse, rat. and human RBC were collected, washed, and
suspended in HEPES buffer with and without calcium at a concentration of I
X IO7cells in 100 pi. TCP was added ( 100 ng in 20 ul; final TCP concentration,

0.83 fig/ml) and the mixture was allowed to incubate at either pH 5.5 tor 5 h
or at pH 7.4 for 18 h. At^, was measured in a microplate reader (BioTek.
Winooski. VT) at the end of both time intervals and hemolysis was calculated
from a calibration curve as described above.

Human serum lipoproteins were separated by ultracentrifugation on a KBr
gradient (27) and tested within 1 week of preparation for inhibitory activity
against TCP. TCP ( 1.6 ug in 200 ul) was preincubated with undiluted and 1:10
and I : I(X) diluted human serum lipoprotein fractions ( 100 ul) for I h prior to
the addition of "Fe labeled RBC (5 x IO6 in I ml: final TCP concentration.

1.23 ug/ml). Hemolysis was measured after 18 h and inhibition of hemolysis
was determined by comparison with untreated TCP.

The cytotoxic effect of TCP on nucleated target cells (WEHI-164 and L-929

fibroblasts) was examined using a tetra/.olium dye reduction assay (28). WE
HI-164 fibrosarcoma cells and L-929 murine fibroblasts were cultivated in

flasks in antibiotic supplemented RPMI 1640 with 10% heat inactivated fetal
bovine serum and antibiotic supplemented Dulbecco's modified Eagle's me

dium with 10% heat inactivated donor calf serum, respectively. The target cells
were trypsini/.ed, washed, resuspended in medium, and added to 96-well
fiat-bottomed microtiter plates (Costar. Cambridge. MA) at a concentration of
1 X IO4 cells/50 ul. Cells were allowed to attach overnight at 37Â°C.The cells

were then washed and fresh RPMI containing 10% delipidated donor calf
serum and antibiotics was added. Extracted tumor membrane proteins, con
centrated in Centricon 10 microconcentrators (Amicon, Danvers, MA), were
added to the cells (10 ul) and the plates were incubated for 18 h at 37Â°Cin a

humidified 5% COs-95% air mixture. Cytotoxicity was measured in replicate

sets of 6 wells using MTT (Sigma, St. Louis, MO) (10 ul/well at a concen
tration of 5 mg/ml) in a dye reduction test which detects only viable cells (28).
After a 4-h incubation period with MTT. unreactive dye and medium were

removed and 50 ul of acidified isopropyl alcohol were added to each well. Am,

was measured in a microplate reader. Microtiter wells containing buffer with
comparable concentrations of detergent served as controls for nonspecific dye
reduction. NaOH treated cells served as the 100% cytotoxicity reference point.
Cell lift-oft effects were evaluated by microscopic examination of plates prior

to adding MTT. In one series of experiments, cell toxicity was evaluated by
direct microscopic examination after 1. 2. 4. 6 and 18 h of incubation of L-929

fibroblasts with varying concentrations of TCP.
To determine whether RBC could abrogate TCP induced lysis of WEHI-164

cells, TCP (3.7 ug in 200 ul) was added either directly to WEHI-164 cells
adherent to microtiter plates or preincubated with 50 X IO6 RBC in conical
tubes for 30 min at 4Â°C(final TCP concentration, 18.5 ug/ml). In the latter

case, TCP treated RBC were pelleted by centrifugation, and the supernatant
was removed and added to a second set of wells containing WEHI-164 cells.
In both scenarios, WEHI-164 cells were allowed to incubate for 18 h at 37Â°C.

Cytotoxicity was then measured in the MTT assay. TCP treated RBC were
resuspended. incubated for 18 h at 37Â°C,and tested for hemolysis.

To investigate the possibility that other cell types, in particular nucleated
cells, might bind TCP and subsequently remove TCP induced hemolysis, the
following study was performed. TCP (6 ug in 100 ul) was preincubated with
2 X 10" pelleted NIH 3T3 fibroblasts, v-ra.v transformed NIH 3T3 fibroblasts,
or L-929 murine fibroblasts in conical tubes tor 6 h at 37Â°C.The mixtures were

centrifuged and the supernatants were added to a new set of conical tubes
containing 50 x IO6 pelleted RBC. Hemolysis was measured after 18 h at
37Â°C.

Polyclonal antiserum specific for TCP was produced in New Zealand white
rabbits by injection of 40 ug of TCP emulsified in complete Freund's adjuvant

over a 4-week period. Rabbits were bled and immune IgG was isolated from
serum (21) using a Protein A-Sepharose CL-4B column per manufacturer's

instructions (Pharmacia-LKB. Piscataway, NJ). Immunoblotting was per
formed following electrotransfer of proteins from an SDS-PAGE to nitrocel

lulose paper. Nonspecific binding sites were blocked with 1% bovine serum
albumin. Rabbit polyclonal IgG anti-TCP (diluted 1:100) was incubated with
nitrocellulose strips for 18 h. In addition, rabbit polyclonal IgG anti-TCP

preadsorbed with TCP antigen and nonimmune rabbit polyclonal IgG were run
as negative controls, along with alkaline phosphatase-conjugated goat anti-

rabbit IgG antibodies alone. Strips were then washed three times with Tris
buffered saline-Tween-20. Alkaline phosphatase-conjugated affinity purified
goat anti-rabbit IgG antibodies (Bethesda Research Laboratories, Bethesda,

MD) were incubated with the nitrocellulose strips for 2 h. The phosphatase
reaction was visualized with the use of 5-bromo-4-chloro-3-indolylphosphale

/Moluidine salt and nitroblue tetra/.olium chloride (Bethesda Research Labo

ratories).
The binding specificity of rabbit antiserum to TCP was further evaluated by

coupling the anti-TCP antibodies (3.4 mg IgG) to an Affigel-IO column (Bio-
Rad. Richmond. CA) at pH 5.0 per manufacturer's instructions. Antibody

reactivity was tested by applying partially purified TCP to the antibody coupled
column, washing the column extensively, and then eluting bound proteins with
100 ITIMglycine, 3 MNaCI buffer. 0.2% l-O-/i-octyl-ÃŸ-D-glucopyranoside, pH
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PURIFICATION OF TUMOR CYTOTOXIC PROTEIN

3.0. Eluted fractions were neutralized, dialyzed, diluted in detergent-free

buffer, and tested for hemolytic activity.
Immunohistochemical localization of TCP in fibroblasts was performed

using the PAP technique (29). Nontransformed and raÃtransformed NIH-3T3

fibroblasts were grown on coverslips and fixed for IO min in PBS buffered
3.5% paraformaldehyde at 22Â°C.Cells were then washed with PBS and per-
meabilized with 95% ethanol at -20Â°C for 3-5 min (permeation for longer

periods or using Triton X-100 severely damaged the plasma membrane) and

washed again with PBS. Immunostaining with antibodies was performed per
DAKO PAP KIT Systems 40 (Dako Corp., CarpinterÃa, CA) according to
manufacturer's instructions. In brief, endogenous peroxidase was suppressed

with 3% H2O2 for 5 min at 22Â°C.Nonspecific protein binding was quenched
with normal swine serum for 20 min at 22Â°C.The cells were incubated with

rabbit primary antibodies (20-30 ug/ml) diluted in PBS (anti-TCP bound to
Protein A column [IgG] and affinity purified using Affigel-10 immobilized
antigen) for 18 h at 4Â°C.After incubation, the cells were washed for 20 min

with three changes of PBS and incubated with affinity purified swine anti-
rabbit IgG (link antibody) for 20 min at 22Â°C.After a 20-min wash, the cells
were incubated with soluble PAP reagent for 20 min at 22Â°C.After a 20-min

wash, the cells were incubated with 3-amino-9-ethylcarbazole in N,/V-dimeth-
ylformamide in acetate buffer and 0.3% H2O2 in water for 3 min at 22Â°C.With

this substrate, the formation of a reddish water insoluble oxidation product of
aminoethylcarbazole decorates the antigen. After washing in PBS, coverslips
were mounted on slides in sorbitol (40%), gelatin (20%), and water and coded
before examination. The preservation of plasma membranes after permeabili-
zation and the degree of immunostaining were estimated on a scale of 1-4

without identification of the specimens. Controls included incubation with
nonimmune rabbit IgG and preadsorption of primary anti-TCP with TCP

antigen.
Phospholipase A2 in tumor fractions was measured using a plasmalogen

substrate (30).
Protein determinations were made using the bicinchoninic acid reagent per

manufacturer's instructions (Pierce BCA Protein Assay Reagent. Rockford,

IL).

RESULTS

Purification and Molecular Weight Determination of TCP. Tu
mor membrane proteins were solubilized in detergent and enriched
for hemolytic activity by 60-100% (NH4)2SO4 partitioning of hydro-
phobic proteins (Table 1). Concentrations of l-0-rc-octyl-ÃŸ-D-gluco-
pyranoside less than 0.5-1.0% resulted in incomplete extraction of
hemolytic activity from tumor membranes ( 14). AniÃ³nexchange chro-

matography resulted in weak binding of the hemolytic factor to
DEAE-Sephacel (Fig. \A ). Gel filtration chromatography of pooled

fractions from the aniÃ³n exchange column (Fig. IÃŸ)resulted in a
sharp protein peak with coincident hemolytic activity (TCP) with an
apparent molecular weight of 20,000. This purification scheme for
TCP resulted in more than a 500-fold enrichment of specific

hemolytic activity (Table 1). A larger protein peak lacking hemolytic
activity eluted earlier on gel filtration (Mr 66,000 on SDS-PAGE) than

did TCP. This MT 66,000 protein, which also required detergent ex
traction from tumor membranes, had no hemolytic activity even at
protein concentrations considerably above TCP (Fig. IB). Similar
Chromatographie results were achieved in 3 additional purifications of
TCP. Specific hemolytic activities with different preparations of TCP
varied between 35 and 154% hemolysis/ug protein, thus making it
difficult to compare absolute values between different experiments.

Polyacrylamide gel electrophoresis in the presence of sodium dode-

cyl sulfate under nonreducing conditions indicated that the lytic frac
tions (purified TCP) contained a single protein with an apparent
molecular weight of approximately 62,000. A slightly broader band of
M, 68,000 was detected under reduced conditions (Fig. 2A).

Table 1 Purification, specific hemolytic activity, and total recovery of TCP as
compared to the starting celi homogenate

SampleCell

homogenateCrude
organellesKCl
extractDetergent
extract0-60%

AS'ppt60-100%

ASpptAniÃ³n

exchangeGel
filtrationTotalprolein(mg)22.10010.6334581,387984516910.7Totalhemolyticactivity(units)"17.44431,15708.665010,0325,1854.954Recovery(%)

11001790500583028Specificactivity%oflysis/mg)''79293062402,2237,56146.215Purification(-fold)40g02896586

"One unit of hemolytic activity produces 100% hemolysis.
'' Specific hemolytic activity, percentage hemolysis of 5 x \(f 59Fe labeled RBC/mg

protein/18 h at 37Â°C.
' AS, (NH4)2SO.i partitioned hydrophobic proteins; ppt, precipitate.
<lTotal recovery of TCP (free of the Mr 66.000 inactive membrane protein) as a single

M, 62.000 silver stained band on SDS-PAGE was approximately 2 mg.

Binding and Lysis Are Independent Stages in TCP Induced
Hemolysis. As we described with the crude tumor hemolytic factor
(14), purified TCP induced hemolysis also appears to be a 2-step

process. Preincubation of purified TCP (3.4 ug in 200 ul) with RBC
(5 X IO6) under nonlysing conditions (4Â°C)followed by removal of
unbound TCP and incubation of the resuspended RBC for 18 h at 37Â°C

resulted in complete hemolysis (final volume, 1.2 ml). This is con
sistent with a temperature independent binding step followed by a
temperature dependent lysis step.

To further support the idea of an initial binding step, we demon
strated that preincubation of TCP (2.47 ug in 200 ul) with RBC ghosts
(100 ul, prepared from IO8 RBC) prior to the addition of rat RBC,

resulted in 96% loss of hemolytic activity (14).
Hemolytic Properties of TCP. The dose-response curve for TCP

induced hemolysis is shown in Fig. 3. A TCP fraction with high
specific activity5 was used in this experiment under standard assay

conditions. The development of hemolysis occurred within a narrow
range of protein concentrations (400-550 ng/ml).

The effects of time and temperature on the rate of TCP induced
hemolysis is shown in Fig. 4. A high concentration of TCP (6.5 ug/ml
final) was able to lyse rat RBC in 15 min at 37Â°Cand in 30 min at
25Â°C.Minimal hemolysis (16% release index) was noted at 4Â°Ceven

after 18 h of incubation.
The effect of pH on the rate of hemolysis induced by TCP after

binding to its target RBC is shown in Fig. 5. After the initial binding
step of TCP to RBC under nonlysing conditions, TCP was able to lyse
target RBC within I h at pH 5-6 at 37Â°C.No hemolysis was noted

during this limited 1-h incubation at pH >6.5. The suboptimal incu

bation conditions of this experiment were selected to exaggerate the
pH effect. Preincubation of TCP with RBC for 10 min at pH 5.5 and
4Â°Calso resulted in accelerated hemolysis. After removal of the

supernatant and resuspension of RBC at pH 7.4, hemolysis was noted
within l h at 37Â°C(data not shown).

Hemolytic Activity of TCP with Different Species of RBC. After
18 h incubation at pH 7.4 and 37Â°Cin medium lacking Ca2 *, TCP

(final concentration, 0.83 ug/m) produced complete lysis of rat,
mouse, and rabbit RBC but had no effect on sheep and human RBC.
The addition of Ca2+ to the incubation mixture did not affect the

amount of resulting lysis. When TCP was incubated with these dif
ferent species of RBC at pH 5.5, accelerated hemolysis was noted,
with the exception of sheep cells. After 5 h at pH 5.5, rat, mouse, and
rabbit RBC were totally lysed, human RBC were partially lysed
(15%), and sheep RBC were not lysed.

4 Because the antibody of the PAP reagent is from the same species of animal as the

primary antibody, they will be united at the site of the tissue antigen by the link antibody.

^ The TCP fraction used for the dose response curve had the highest specific activity
of all preparations (154% hemolysis/|jg protein during an 18-h incubation at 37Â°C).
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B Elution Volume
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0.0
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200

O oâ€”
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Fig. I. Purification of tumor cytotoxic protein by aniÃ³nexchange and gel filtration chromatography. Ammonium sulfate phase partitioned proteins were applied to a DEAE-Sephacel
A-50 column (Pharmacia) and bound proteins were eluted with a 200-ml linear gradient of 0-0.8 MNaCl in 0.6% CHAPS buffer. Samples were diluted in detergent-free buffer (final
CHAPS concentration, 0.01%) and tested for hemolysis using A9Felabeled rat RBC in an 18-h assay at 37Â°C(A). Hemolytic fractions between 220 and 280 ml were pooled for further

purification, concentrated, dialyzed against HEPES-CHAPS buffer in l M NaCl. and applied to a SuperÃ³se 12HR 10/30 gel filtration column operated at a flow rate of 0.5 ml/min. A
sharp protein peak eluting between 16 and 17 ml (arrowhead) contained all of the hemolytic activity and was designated TCP (B). A dominent membrane protein of M, 66.000 which
lacked hemolytic activity eluted at 15.5 ml (inset). The fraction eluting at 16 ml contained both Mt 66,000 and M, 62,000 proteins. Molecular weight marker proteins were used to
calibrate the column for molecular mass, kda, molecular weight in thousands. , A^sa', Oâ€”O, release index (%); â€¢¿�â€¢-,conductivity.

TCP Has No Phospholipase Activity. The possibility that TCP
induced RBC lysis was due to a lipase effect was evaluated in a
phospholipase A2 assay. Purified TCP had no measurable phospholi-

pase A2 activity, thus negating this potential mechanism of hemolysis
(31).

Inhibition of TCP by Lipoproteins. We previously reported that
human serum inhibited the hemolytic activity of detergent extracted
tumor membranes (14). In this experiment, TCP (1.23 ug/ml final)
was preincubated with varying dilutions of human serum lipoprotein
fractions (100 ul) prior to the addition of 59Fe labeled RBC. To

achieve 100% inhibition of hemolysis, the amounts of protein required
for native serum, very low density lipoprotein, low density lipopro
tein, and high density lipoprotein were 244, 139, 39, and 145 ug,
respectively. The inhibitory effect of lipoproteins on hemolysis was
evident even when TCP was permitted to bind to RBC before the
addition of serum components.

Cytotoxic Activity of TCP with Nucleated Target Cells. Purified
and partially purified TCP were cytotoxic to WEHI-164 fibrosarcoma

cells in a parallel assay to that described for RBC lysis (Fig. 6/4).
However, more than a 10-fold higher concentration of TCP was re

quired to kill nucleated cells. The toxic effect of TCP was not due to
cells lifting off the plate. Similar concentrations of TCP were also
toxic to murine L-929 fibroblasts. Microscopic examination of L-929
fibroblasts incubated at 37Â°Cwith TCP for fixed time intervals re

vealed morphological evidence of cell toxicity within 2 h and almost
total cell necrosis within 4 h at a TCP concentration of 24.8 ug/ml
(Fig. 65). After incubation with TCP, the typical flattened, spindly
appearance of fibroblasts was altered to rounded and more refractile
cells, with decreased cell number and increased amounts of intercel

lular debris. Incubation of L-929 fibroblasts with a comparable con

centration of CHAPS in buffer without TCP resulted in no morpho
logical evidence of toxicity. The demonstration of cytotoxicity by
microscopic examination was confirmed in the MTT assay at 18 h
showing >90% L-929 cell death at TCP concentrations of 9.9 ug/ml

and above.
To examine the possibility that RBC could abrogate TCP lysis of

WEHI-164 cells, TCP (3.7 ug in 200 ul) was added either directly to
WEHI-164 target cells or preincubated with RBC for 30 min at 4Â°C

(TCP concentration, 18.5 ng/ml) and then added to WEHI cells. After
an 18-h incubation at 37Â°C,TCP added directly to WEHI-164 cells

produced 89% cytotoxicity. In contrast, preincubation of TCP with
RBC resulted in 0% WEHI cell toxicity. The initial TCP treated RBC
were 98% lysed after 18 h incubation, indicating that virtually all of
the TCP had become bound to the RBC membranes and was no longer
available to bind to nucleated target cells.

To address the question of whether other cell types could bind TCP
and thereby influence TCP induced hemolysis, TCP was preincubated
with NIH 3T3 fibroblasts, \-ras transformed NIH 3T3 fibroblasts, or
L-929 murine fibroblasts for 6 h at 37Â°C.The supernatants were
removed and added to RBC for 18 h at 37Â°C.Preincubation with NIH

3T3, v-ras transformed NIH 3T3, and L-929 cell supernatants yielded

36, 0, and 0% hemolysis, respectively. In comparison, TCP added
directly to RBC for 18 h at 37Â°Cproduced 100% lysis.

Immunological Identity of TCP. Immunoblotting of TCP with
rabbit antibodies to TCP (1:100) resulted in the detection of a single
reactive band at M, 62,000 (Fig. 20) which coincided with the protein
identified on silver staining. Rabbit polyclonal antibodies to TCP,
however, did not inhibit the hemolytic activity of TCP.
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A
Mr (KDa) 1

200 â€”¿�

B
Mr (KDa) 1

66 â€”¿�

45 â€”¿�

200 â€”¿�

66 â€”¿�

45 â€”¿�

Fig. 2. SDS-PAGE of TCP silverstains (A ) and immunoblots (# ). Purified TCP was subjected to SDS-PAGE (5-15% gradient gel) under nonreduced and reduced conditions. In A,
Lane I contains the marker proteins: myosin (M, 2(X).(XX));ÃŸ-galactosidase(Mf \ I6,(XX));phosphorylase B (M, 92,(XX)>;bovine serum albumin (M, 66.2<XÂ»;and ovalbumin (M, 45.(XX)).
iMnes 2 and 3 contain nonreduced purified TCP and 60-l(X)^Ã (NH4)2SO4 partitioned membrane proteins, respectively. A single silver stained band of Mr 62,Ã•XX)was detected under
nonreduced conditions. Lane 4 contains purified TCP (M, 68,CKX))electrophoresed under reducedconditions. In B, lj.mc 1 contains biotinylaied marker proteins. Lanes 2 (purified TCP)
and 3 (partially purified TCP) are immunoblots of TCP using affinity purified polyclonal rabbit antibodies to TCP. A single protein band was identified on immunohlotting. IMHC4,
immunoblot of purified TCP using rabbit polyclonal IgG anti-TCP preadsorbed with TCP antigen. Other TCP negative staining controls (not shown) included noninunune rabbit
polyclonal IgG and alkaline phosphaiase-conjugated affinity purified goat anti-rabbit IgG antibodies, kda, molecular weight in thousands.

100.

8.

80-

60-

40-

20-

100-

200 400

Protein (ng)

600 800

Fig. 3. Dose responsehemolysis curve for TCP incubated with rat RBC in conical lubes
at pH 7.4 for 18 h at 37Â°C.At a TCP concentration of 500 ng/ml. the final concentration

of CHAPS was 0.0008%.

The binding capacity of rabbit antisemiti to TCP was further dem
onstrated by coupling the anti-TCP antibodies to agarose beads. After
applying crude TCP (270 ug/ml) to the immobilized anti-TCP column,

the release index of the bound (59 ug/ml) and unbound proteins (130
ug/ml) was 64 and 12%, respectively, which confirms the anti-TCP

reactivity of the antibodies.
Subcellular Localization of TCP. The affinity purified anti-TCP

antibody was used in immunoenzymatic staining to localize TCP in

16 181 2 3 4 514

Time (hours)

Fig. 4. Temperature dependence of hemolysis of rat RBC incubated with TCP
(6.5 ug/ml) for varying time intervals in conical tubes. Final CHAPS concentration.
0.0039!-. â€¢¿�4Â°C;A. 9Â°C;â€¢¿�25Â°C:Â»,37Â°C.

transformed fibroblasts. The immunoperoxidase staining of rus trans
formed fibroblasts with antibody to TCP after ethanol pcrmeabiliza-

tion revealed intense linear deposits along the intact plasma membrane
and some diffuse staining of the cytoplasm (Fig. 1A ). The amount of
staining depended on the degree of plasma membrane disruption, with
3- to 5-min ethanol treatment yielding optimal results with relatively

well preserved plasma membranes and strong immunoreaction. Com
parable levels of staining were observed in dense and sparse cultures.
Without ethanol treatment of cells the staining was minimal. The
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Fig. 5. Effect of pH on TCP induced hemolysis.
TCP (final concentration. 1.7 ug/ml) was incubated
wilh "Fe labeled rat RBC in 0.025 M phosphate
buffer (Na2HPO.,-NaH,P04). ISO HIMNaCl, and
4.5 mg/ml glucose (pH 7.4) in conical tubes (final
CHAPS concentration. 0.004%). After a 10-min
incubation at 4Â°C.cell suspensions were centri-

fuged. the supernatants were discarded, and the
RBC were incubated at 37Â°Cin the same buffer

adjusted to pH between 5.0 and 9.0. After I h of
incubation, hemolysis was measured.

M

60

40

20

Ã•

I

S.O 5.S 0.0 6.5 7.0
pH

147.5 8.0 8.5 0.0

K

in
in
_>.
o

12345
Protein (ug/m1)

20 40 60 80

Protein (ug/ml)
100 120

Fig. 6. A. comparison of TCP dose response curves after 18 h incubation for RBC lysis (/<â€¢//)and WEHI-164 fibrosarcoma cytotoxicity (right)- The purification of TCP is repre
sented by A. sequential ammonium sulfate precipitation; D, aniÃ³nexchange; and O, gel filtration Chromatographie steps, fl. morphological demonstration of L929 cell toxicity after
incubation with TCP for 4 h at 37Â°C;A. fibroblasts in 0.003% CHAPS containing buffer; B. cells after incubation with 12.4 Mg/ml TCP; and C, incubation of cells with 24.8 ug/ml

TCP. X 100.
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r

Fig. 7. Localization of cellular TCP by immunohistochemistry. Ras transformed NIH-3T3 fibroblasts grown on coverslips were fixed in 3.5*# paratormaidehyde tor IO min and
permeabili/ed hy 5 min treatment with 95*^ ethanol. Some coverslips were not treated with ethuiiol. The cells were stained with affinity purified rabbit antibodies to TCP or with
anti-TCP antÂ¡bodiesthai had been preadsorbedwith an excessof purified TCP. Following addition of swine antiserum to rabbil IgG (link antibody), the immune reaction was identified
using a soluble PAP und .Vamino-9-ethylcarba/ole as substrate. Multiple washeswith PBS were used between each step. Note the intense linear deposits (arrow) on the intact plasma
membranes of ru\ transformed cells reacted with anti-TCP (A ). By contrast, nontransformed fihrohlasts showed minimal staining (fi >.A and B were developed simultaneously. Oil
immersion, X I(MX).
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absorption of anti-TCP antibody with TCP antigen resulted in almost

complete disappearance of staining. Use of nonimmune rabbit IgG as
the primary antibody resulted in no staining (data not shown). The
staining of nontransformed NIH-3T3 cells was markedly less than

transformed cells and appeared diffuse with minimal membrane stain
ing (Fig. IB).

DISCUSSION

At the turn of the century, it was well recognized that crude tumor
homogenates had hemolytic properties (32). These observations re
mained rather dormant until recent studies confirmed that most cancer
cell lines lyse RBC during 1-2 days of coincubation (10, 12, 15, 17,

20). The dominant hemolytic property of cancer cells has been local
ized to the plasma membranes (14). Thus, cancer cells are able to
direct lethal hits against normal cells, similar to the damage inflicted
on transformed cells by activated cells of the immune system.

The component of the plasma membrane responsible for hemolysis
appears to vary with different cancer cell lines. Hemolysis induced by
Walker-256 carcinosarcoma cells has been attributed to a trypsin-like

membrane-bound serine proteinase designated Memsin (12, 33). Sub
sequent analysis of the Walker-256 line suggested a monocytoid origin

for these cells which might explain the dominance of a serine pro
teinase (34). Plasma membrane-induced hemolysis by other cancer

cell lines has been attributed to less well characterized proteolytic
mechanisms (16, 18, 20). Transformed cells also secrete a less potent,
metal dependent hemolysin which is soluble, heat-labile, and inacti

vated following digestion by trypsin (19, 21).
In this study we report the purification of a cytotoxic protein from

cancer cells that appears to differ from previously described mamma
lian hemolysins. TCP was isolated from nonionic detergent extracted
tumor plasma membranes by modification of a phase separation pro
cedure using 60-100% ammonium sulfate to distinguish between

integral and nonintegral membrane proteins (21). Detergent was re
quired at each purification step to maintain solubility of TCP, thus
corroborating the hydrophobic character of the protein. On nonre-
duced SDS-PAGE. TCP migrated as a single protein species of M,
62,000. The higher M, 68,000 on reduced SDS-PAGE is consistent

with the presence of intrachain disulfide bonds (35) in the TCP mol
ecule. The lower apparent molecular weight of TCP noted on gel
filtration (M, 20,000) as compared to SDS-PAGE has been previously

described with other hydrophobic membrane proteins and would ap
pear to be caused by hydrophobic interactions between the protein and
the gel filtration beads, thus retarding the rate of elution (36). TCP was
also demonstrated to migrate as a single protein species on density
gradient velocity sedimentation (data not shown).

The issue of the affinity of TCP binding to RBC was addressed in
preliminary studies by varying the pH of the incubation mixture.
Rather than finding that TCP eluted from RBC at low pH (as antici
pated in a receptor-type binding mechanism), at pH <6.5 TCP in

duced hemolysis quite rapidly. Although the lower pH accelerated the
rate of hemolysis, TCP was quite active at physiological pH over a
longer period of incubation (TCP final concentration. 1.7 ug/ml). As
noted in Fig. 4, a higher concentration of TCP (6.5 ug/ml) also
resulted in accelerated hemolysis (15-30 min) at pH 7.4 and 37Â°C.

The observation that RBC and fibroblasts bind TCP suggests that
the surfaces of different cell types may have a common TCP binding
mechanism. Additional studies are required to determine whether a
receptor phenomenon is involved. The relative resistance of ras trans
formed fibroblasts to cytotoxicity induced by TCP suggests that some
nucleated cells may have protective mechanisms.

We have used affinity purified rabbit anti-TCP in an immunohis-

tochemical staining reaction to localize TCP to the plasma membranes

of ras transformed fibroblasts in culture. A prominent feature of the
immunoenzymatic reaction with the plasma membrane was the re
quirement for membrane permeabilization prior to staining which
suggests that TCP is primarily localized to the interior aspect of the
plasma membrane in quiescent transformed cells. It remains to be
determined whether the localization of TCP is altered during cell
killing events. There was minimal reactivity between rabbit anti-TCP
and the plasma membranes of nontransformed NIH-3T3 fibroblasts

which is consistent with the lack of hemolytic activity of nontrans
formed cells ( 10, 14, 20).

In comparison of tumor cytotoxic protein to other mammalian cell
associated cytolysins, major differences are noted (6-9). In contrast to

perforin, a well characterized lymphocyte cytolysin resembling the
ninth factor of complement and released from lymphocyte granules as
a soluble component (5. 7), TCP (a) does not require calcium for
activity (is active in the presence of EDTA); (b) is an intrinsic mem
brane protein; (c) retains hemolytic activity at pH <6 (37); (d) lyses
rat, mouse, and rabbit RBC but not sheep RBC; (e) is stable above
75Â°C(14); and (/) is present in fibroblasts (perforin is limited to

lymphocytes) (3,4, 6). On the other hand. TCP shares similarities with
complement-like cytolysins (5, 6) in (a) requiring an initial temper

ature independent target binding step followed by a temperature de
pendent lysis step; (b) requiring higher concentrations of cytolysin to
destroy nucleated target cells as compared to that needed to lyse RBC
(6); and (c) being inhibited by serum lipoproteins.

Membrane localization of hemolytic factors has also been reported
with pathogenic ameboflagellates (38). Young and Cohn (39) reported
the detergent extraction of a pore forming, heat labile, trypsin sensi
tive protein from Entamoeba histolytica that had a A/r 30,000 on gel
filtration. A relatively heat resistant cytolysin with some similarity to
TCP has also been isolated from the surface membrane of Naegleria
fowleri (40). suggesting that pathogenic cells of distant origins may
share similar modes of inflicting cell damage.

The mechanism by which normal parenchyma! cells become re
placed by cancer cells during the process of invasion is an important
aspect of neoplasia that is poorly understood (41). Some morpholog
ical studies have suggested that cancer cells damage normal cells
during cell-cell contact (42,43): other studies have identified no direct

damage to normal cells during the invasive process (44). A major
limitation to these studies has been the short duration of observation
and the nonphysiological experimental models used.

The purification of active TCP from tumor plasma membranes
should help to elucidate the cytolytic events occurring during cancer
dissemination. The localization of TCP within the plasma membrane
and the mode of presentation of TCP in the microenvironment of the
tumor remain to be clarified. However, it would appear that the
localization of TCP to the tumor plasma membrane seems optimal for
its cytolytic function. The inhibitory effect of lipoproteins on TCP
would appear to localize and limit the cytotoxic effect to the area of
cell-cell contact. A combined effect of tumor-membrane bound and

secreted cytotoxins on target cells also needs to be considered.
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