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involve either Fas-Fas ligand interaction or perforin-
Perforin is a 68 kD protein found in the granules of mediated lysis (2-4). In perforin-dependent cytotoxic-

cytotoxic lymphocytes and is used by lymphocytes to ity, granules are released from cytotoxic lymphocytes
form lethal pores in the membranes of the cells they prior to the lysis of target cells (5). The exact mecha-
kill. We and others have found that when perforin is nism of this lysis is not completely understood but in-purified, its lytic activity is markedly reduced. ELISAs volves membrane pores (6). Granules isolated from cy-indicated that our final recovery of perforin protein

totoxic lymphocytes will produce these pores (7,8) andwas excellent. We decided to determine if depletion of
contain the pore-forming protein perforin (9-12), asother granule proteins contributed to the loss of lytic
well as a number of different serine-dependent prote-activity. We isolated perforin to the point where lytic
ases termed granzymes (13-16), and proteoglycan (17).activity was diminished and added back granule pro-
Perforin is essential for lethal pore formation; miceteins that had no lytic activity or detectable (anti-
lacking the gene for perforin lack both NK- and T cell-genic) perforin. Perforin was isolated by Cu2/-immobi-
mediated cytotoxicity (4,18,19). The following reportlized metal affinity chromatography (IMAC) followed
illustrates the depletion of PEPr during perforin isola-by phenyl-Superose hydrophobic interaction chroma-
tion. It also shows reconstitution of lytic activity by thetography (HIC). Its lytic activity was enhanced by a

low molecular weight (õ15 kD) protein, perforin en- addition of PEPr and provides a practical method for
hancing protein (PEPr). We have isolated PEPr by two the isolation of PEPr.
methods, HIC and MonoQ. Nonlytic PEPr restored per-
forin to close to its original lytic activity. A protein

MATERIALS AND METHODSsimilar if not identical to PEPr was also detectable as
an 125I-labeled protein associated with lytic perforin.

Granule preparation. The granules (20) were obtained fromWe propose that PEPr acts in conjunction with per-
RNK-16 NK- like leukemia cells (21) grown as an ascites line in F344forin to form lethal pores and suggest that PEPr may
rats obtained from the National Cancer Institute (USA). The ascitesbe the rat equivalent of the human cytotoxic lympho- cells were washed with Borregard’s relaxation buffer (22) and then

cyte protein, granulysin. q 1997 Academic Press ruptured using a nitrogen cavitation bomb (Parr instrument Co.,
Moline, IL) pressurized to 450 psi. The lysate was layered over 54%
Percoll (Sigma Chemical Co., St. Louis, MO) which formed a gradient
during a 20 minute centrifugation at 45,000 x g in a Beckman Ti50.2

Natural killer and cytotoxic T lymphocytes are im- rotor at 47C. The dense fractions (up to 1.068 grcm03) were pooled.
Nuclei were removed by filtration through a 3 mm Nucleopore filterportant for the body’s defense against tumor growth,
(Millipore, Bedford, MA) (23). Percoll was then removed by a highviral infections and tissue transplantation (1). Cyto-
speed spin, 4 hours at 145,000 x g. Granules were collected fromtoxic lymphocytes have two lytic mechanisms which above the Percoll pellet, disrupted by three freeze-thaw cycles after
adding NaCl to bring the salt concentration up to 1 M (22) and stored
at 0207C. Protein concentrations were determined by a BCA assay1 Corresponding author. Fax: (702) 784-1620. E-mail: hudig@ (Pierce, Rockford, IL) using bovine serum albumin (BSA) for calibra-

med.unr.edu. tion.
Abbreviations: IMAC, immobilized metal-affinity chromatography;

NK, natural killer cells; RBC, rabbit red blood cells; IP, intraperito- Protease assays. Protease activities were measured using colori-
metric assays with peptide thiobenzyl ester substrates (20). Afterneal; CTL, cytotoxic lymphocyte; SDS–PAGE, sodium dodecyl sul-

fate–polyacrylamide gel electrophoresis; ADCC, antibody-dependent cleavage these substrates release the thiobenzyl group which is de-
tected using Ellman’s reagent (24), dithiobis-(2-nitrobenzoic acid).cell-mediated cytoxicity; MHC, major histocompatibility complex;

KLH, keyhole limpet hemocyanin. The product absorbs at 412 nm. A Thermomax microplate reader
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(Molecular Devices, Palo Alto, CA) in the kinetics mode was used to luted to 0.5 M NaCl in 20 mM Tris, 0.1 mM EGTA pH 7.0 and loaded.
Proteins were eluted with a gradient from 0.5 to 1 M NaCl. Formeasure the rates of substrate hydrolysis.
some experiments the unfractionated granule proteins or the IMAC-Cytotoxicity assays. Cytolytic activity was determined by the he- perforin fraction were 125-I radiolabeled (Pierce, Rockford, IL; Iodo-moglobin released from lysed red blood cells (RBC) (23,25). Dilutions gen Protocol).of isolated perforin were incubated with 0.5% (v/v) RBC at room

PEPr supplementation of lysis. Dilutions of isolated perforintemperature for the times indicated in 0.2 ml in round bottom micro-
were placed into round bottom microtiter plates (Falcon). To thistiter plates (Falcon 3910, Becton Dickinson Labware, Lincoln Park,
a 0.5% (v/v) RBC dilution containing 2 mM calcium was added.NJ). The assay buffer contained 10 mM HEPES, 0.15 M NaCl, and
This was immediately followed by the addition of a single concen-10 mg/ml bovine serum albumin (Sigma A4503), pH 7.5 with addition
tration of PEPr or a control. The samples were incubated at roomof calcium to 1 mM during incubation to start lysis (7). The reaction
temperature for varying time points and the reaction was haltedwas halted by acidification with pH 6.0 2-[N-morpholino]ethane-sul-
by acidification (25).fonic acid (MES, Sigma M-8250) (25). The microtiter plates were

spun at 1500 x g for 10 minutes, the cell-free supernatants trans- The chymase granzyme inhibition. The HIC hydrophobic pool was
ferred to a second microtiter plate, and the released hemoglobin treated with 1 mM Z-Gly-Leu-Phe-chloromethylketone (Enzyme Sys-
detected with a microplate reader at 412 nm. The percent lysis was tems Products, Dublin, CA) (30) for 30 min. at room temperature.
calculated as [(% expt’l hemolysis - % spontaneous hemolysis)/(% Before dialysis to remove excess inhibitor, 1 mg of bovine serum
maximal hemolysis - % spontaneous hemolysis)] 1 100. Addition of albumin was added to the sample. The samples were dialyzed over-
0.01% saponin (Sigma) produced maximal RBC lysis. The activity of night with three buffer changes. The dialysis buffer contained 0.5 M
perforin was expressed as lytic units per mg total protein. One lytic NaCl (Fisher), 20 mM Tris (Fisher) and 1 mM EGTA (Sigma) pH
unit is the amount of perforin needed to mediate lysis of 50% of the 7.5. The inhibition of the chymase activity was confirmed before the
red cells. The units of activity were calculated by linear regression sample was used in a supplementation experiment. HIC perforin
of the perforin activity at several dilutions and the lines had r values was similarly treated, diluted and immediately assayed for lysis.ú0.95.

Proteoglycan assay. We used a colorimetric assay for sulfated
RESULTSglycosaminoglycans (26). Samples (25 ml) were mixed with 200 ml

of the color reagent (4.6 mM 1,9-dimethyl-methylene blue (Aldrich
Chemical Co., Milwaukee, WI. Prod. # 34,108-8) in 40 mM NaCl Perforin loses lytic activity when purified. As we iso-
(Fisher Scientific, Pittsburgh, PA) and 40 mM glycine (Fisher), pH lated perforin, it lost lytic activity at each step despite
3.0 in microtiter wells. Assays were read immediately at 525 nm. excellent recovery of the perforin protein. Perforin wasChondroitin sulfate A (Sigma) was used for calibration.

isolated (Fig. 1A) by a combination of two steps pre-
SDS–PAGE of proteins. For SDS-PAGE the samples were elec- viously used to purify perforin: Cu2/-IMAC (29) and

trophoresed (27) using precast 12% gels (Bio-Rad Laboratories, Her-
then HIC (31). At this point perforin was enriched butcules, CA). The proteins were visualized with either a Coomassie
not pure (Fig. 2, lane 3) and routinely had Ç20-25% ofblue stain (28), silver stain (28) or detected by radioactivity with a

Bio-Rad phosphoimager. Images were obtained using either a Vmax its original lytic activity. The recovery of perforin pro-
scanner (Envisions Solutions Technology, Burlingame, CA) and tein was ú90% when quantified by ELISA. MonoQ
Adobe Photoshop (Adobe Systems, Mountain View, CA) capturing anion exchange chromatography (32) was used as a
software or using a Bio-Rad phosphoimager with its software. Labels

third step to purify perforin. However, the pure per-were added to the images using Corel Draw software (Corel, Ottowa,
forin was nonlytic and our efforts to restore its lyticOntario).
activity were unsuccessful. We turned to an alternativePerforin and PEPr isolation. Columns were attached to a FPLC
approach to determine if other granule proteins couldwork station fitted with LC-500 pumps (Pharmacia, Piscataway, NJ)

and controlled by the FPLCmanager software program. Perforin iso- contribute to the pore-forming activity of perforin.
lation: Perforin was prepared by IMAC (29) followed by HIC. Prior

Perforin regains lytic activity by the addition of PEPr.to the IMAC column, EGTA was removed by Bio-Gel P-6DG chroma-
A Ç15 kD granule protein has now been isolated (Fig.tography (Bio-Rad Laboratories, Richmond, CA) (1.6 cm 1 20 cm )

to exchange the granule proteins into IMAC starting buffer which 1 and Fig 2 lanes 4 & 6) that can restore lytic activity
contained 20 mM HEPES (Fisher), 10% Betaine (Sigma B-2629), to perforin. This 15 kD protein has been named perforin
0.1% NaN3 (Fisher) and 1 M NaCl (Fisher) pH 7.5. These granule enhancing protein (PEPr). PEPr is nonlytic by itself.proteins were then loaded onto an IMAC (Poros MC/P 5mm/50mm,

Low Mr proteins are found in the original granule ex-PerSeptive Biosystems, Cambridge, MA) column that was pre-
tracts (Fig. 2, lane 1) and associated with lytic IMACcharged with copper and eluted with a gradient of 0 to 0.2 M imidaz-

ole. Perforin eluted at Ç0.06 M imidazole. After the addition of dry perforin (Fig. 2, lane 2). The low Mr proteins are also
NaCl to make the perforin sample 2 M NaCl, it was loaded onto a detectable in HIC-purified perforin when proteins are
phenyl-Superose HIC column (Pharmacia, HR 5/5). The loaded col- radio-iodinated (Fig 2., lane 3). We first found PEPr asumn was washed with starting HIC buffer containing 2 M NaCl,

the major component of a nonlytic hydrophobic fraction10% betaine, 20 mM Tris (Fisher), 1 mM EGTA (Sigma) and 0.1 %
NaN3, pH 7.2. The bound proteins were eluted with a NaCl gradient that restored lysis.
decreasing to 0 M NaCl using NaCl-free HIC buffer. Perforin was

HIC isolation of PEPr. Perforin lytic activity is de-detected by cytotoxicity assays and by enzyme-linked immunosor-
pendent upon chymase granzyme activity (20). Mostbent assays (ELISA) using affinity-purified anti-perforin peptide an-

tibodies and alkaline phosphatase-linked goat anti-rabbit IgG anti- granzymes are depleted from perforin by Cu2/-IMAC
bodies (Sigma). PEPr isolation: PEPr was isolated by HIC in the (29). We thought that further depletion of chymase
perforin preparation just described (Fig 1A) or by MonoQ (Fig. 1B). from perforin by HIC might reduce its lytic activity andThe proteoglycan and proteins that did not bind to the IMAC column

therefore tested the effects of restoration of the HICwere further separated using a MonoQ (Pharmacia HR5/5) anion
exchange column. The unbound IMAC fraction (1 M NaCl) was di- chymase fraction (indicated by triangles in Fig. 1A).
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FIG. 1. Isolation of Perforin PEPr by HIC (A) and of PEPr by MonoQ (B). A. HIC. Perforin was first separated by Cu2/-IMAC and then
further enriched by phenyl-Superose HIC (illustrated). Lytic activity is indicated by the filled circles expressed as the percentage red cells
lysed by a 1/100 dilution of the fractions. The salt gradient is indicated by the dashed line. The hydrophobic chymase fraction, indicated
by the triangles, also contains PEPr. The proteins from the perforin fraction and the chymase fraction are illustrated in Fig 2., lanes 3 and
4, respectively. B. MonoQ. Proteins that passed through the Cu2/-IMAC column, the first step of perforin isolation, were further separated
by MonoQ. By supplementation experiments PEPr was found in peak 1. About 98% of the granule proteoglycan was loaded onto this anion
exchange column. Most eluted in peak 3.

The fraction enhanced lysis (Fig. 3A). However, the (Fig. 2, lane 4). This fraction (circles Fig 1A, 60-70 ml
volume) was completely nonlytic by itself but could dou-enhancing activity was unchanged when the chymase

activity was irreversibly inactivated by chymase inhibi- ble the lytic activity of HIC-perforin and thereby re-
store perforin to its lytic activity prior to HIC. Additiontors (which were dialyzed away). Examination of radio-

iodinated proteins in the hydrophobic ‘‘chymase’’ of excess PEPr has never been observed to increase
perforin lytic activity above the original, unfraction-fraction revealed that the chymases were in low abun-

dance: bands were absent at the ú25 kD Mr’s of gran- ated activity. The increase was in the final number of
red cells damaged (lysed) as well as the rate of lysis.zymes. Only enzyme activity indicated the presence of

the chymase(s). The predominant protein was Ç15 kD After Ç2 hours the lytic damage by unsupplemented

FIG. 2. SDS PAGE of Perforin and PEPr. Lane 1 illustrates Coomassie blue-stained proteins of the granule extract (10 mg). Lanes 2
and 3 contain silver-stained IMAC and 125I-labeled HIC perforin preparations, respectively. Lane 4 contains 125I-labeled proteins of the
PEPr HIC fraction. Lanes 5 and 6 contain silver-stained IMAC (unbound fraction) and MonoQ PEPr fractions (peak 1), respectively.
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that substantialÇ15 kDa granule protein was depleted
from perforin during the first step of purification and
that this protein had the same bioactivity. The 15 kD
protein was unbound by Cu2/-IMAC (Fig. 2, lane 5).
Its enhancing activity towards perforin was variable
and appeared consistently only after the Ç15 kD pro-
tein was separated by MonoQ anion exchange chroma-
tography (Fig. 1B). Most proteoglycan was found in the
OD280 peak 3 when PEPr was fractionated but small
amounts eluted prior to the first OD280 peak (triangles,
Fig. 1B). PEPr activity is found in peak 1 (Fig. 4), with
some activity in peak 2 and no detectable activity in
peak 3 (not illustrated). PEPr prepared by MonoQ was
also nonlytic by itself. It had a steep dose titration for
enhancement. In the experiment illustrated, addition
of 80 ng of peak 1 doubled the lytic activity of perforin
while 40 ng had little effect (Fig. 4). The PEPr peak 1
contains proteins with molecular weights of 15.6, 13.8,
7.7 and 7.2 kD (Fig 2, lane 6). Recovery of the peak 1
proteins was Ç24 mg protein from 10 mg of protein in
the starting granule extract.

DISCUSSION

Isolation and characterization of PEPr. To the best
of our knowledge, this is the first report of a cytotoxic
granule protein that enhances lysis by perforin. The
protein, PEPr, increases the number of red cells that
are lysed by fixed amounts of perforin. PEPr appears

FIG. 3. Enhancement of perforin lysis by PEPr that was isolated
by HIC. A. PEPr increases final lytic activity. HIC-perforin was sup-
plemented with 87 ng of hydrophobic PEPr per well. The PEPr was
pooled from 64-68 ml volumes of Fig 1A. Lysis was stopped at the
times indicated on the abscissa. PEPr alone was not lytic. B. Dose-
dependent increases in lysis by PEPr supplements. PEPr was added
to perforin at the concentrations indicated. The reaction was allowed
to proceed for 20 minutes.

perforin was complete (Fig 3A). TheÇ15 kD hydropho-
bic fraction caused an initial acceleration of lysis that
also reached a maximum after 2-3 hours of incubation
(Fig 3A). The effects of the 15 kD protein were dose-
dependent (Fig. 3B) and occurred when 87 ng of per-
forin was added per reaction (Ç2.8 1 1008 M). BCA

FIG. 4. Enhancement of perforin lysis by PEPr isolated byprotein quantification indicated a recovery of 35 mg
MonoQ. Perforin was diluted and assayed alone for 20 min for the

PEPr protein from 3.6 mg of starting granules in a calibration of lytic units. Enhancement of lysis was measured when
volume of ú8 ml. Efforts to further characterize PEPr the indicated amounts of PEPr isolated by MonoQ (Fig. 1B, peak 1)

were added to constant amounts of perforin. The increased lysis offrom this HIC fraction were complicated by losses of
the supplemented perforin was converted into relative lytic units ofprotein during concentration.
activity from the perforin calibration curve. MonoQ peak 2 (Fig 1B)

MonoQ isolation of PEPr. We developed a second also had some enhancing activity while the proteoglycan peak 3 did
not (not illustrated).method for the purification of PEPr after determining
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to be a hydrophobic protein based on its HIC elution in vitro lysis. In vivo, the presence of perforin inhibitory
molecules, including vitronectin (43) and lipoproteinsat Ç0 M salt. The bioactive PEPr proteins isolated by

HIC (a) or MonoQ (b) have Mr’s of Ç15 kD and are (44), may make PEPr-mediated enhancement of lysis
critically relevant. The data presented here indicateeffective at similar concentrations. A protein with simi-

lar Mr (c) co-purifies with lytically active perforin. It that cytotoxic granules contain at least one protein in
addition to perforin and chymase granzymes (20,45)is likely (but still unproven) that the 15 kD proteins

indicated by the letters in parentheses are one protein. which participate in lethal pore formation.
We feel it is premature to conclude that PEPr is a cat-
ionic protein even though it binds to the anionic resin ACKNOWLEDGMENTS
MonoQ. Very large amounts of proteoglycan are bound
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public for National Institutes of Health (USA) research funds fromeral properties suggest that PEPr might be the rat
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