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ABSTRACT Specific inhibitors of three lysosomal proteinases
are present in the cytosolic and lysosomal compartments of rabbit
liver. The cytosolic inhibitors, purified by chromatography on
DEAE-Trisacryl and Sephadex G--75, show specificities toward ca-
thepsin M, cathepsins B and L, and fructose 1,6-bisphosphatase
converting enzyme (CE), respectively, and are designated IM? IB/L,
and ICE. Inhibitors with similar specificities have been isolated from
the intralysosomal compartment. Two of these inhibitors, IM and
ICE, are also present in the lysosomal membranes. The lysosomal
distribution parallels that of the respective proteinases. The in-
hibitors are polypeptides with molecular weights of 5,000-10,000
for the two forms of IB/L, 12,500 for IM, and 10,000-40,000 for the
ICE species.

Endogenous inhibitors of lysosomal proteinases have been
identified in a variety of rat and human tissues (1) as well as in
rat (1) and human (1-3) serum. (For reviews see refs. 4 and 5.)
Intracellular inhibitors of lysosomal proteinases specific for
cathepsins B and H were recently identified and partially pu-
rified from rat lung and hog kidney by Lenney et al. (1). More
recently an inhibitor of lysosomal thiol proteinases, most ef-
fective against cathepsin H, has been isolated in homogeneous
form from rat liver cytosol (6-8). Similar cytosolic inhibitors of
thiol proteinases have been partially purified from bovine spleen
(9).
We report here the characterization of at least three distinct

inhibitors, each specific for a different lysosomal proteinase or
set of proteinases, isolated from rabbit liver cytosol and from
both the soluble and membrane compartments of rabbit liver
lysosomes. One cytosolic inhibitor, which may be identical to
that reported by earlier workers, inhibits the activities of ca-
thepsins B, L, and M. Two other inhibitors, one specific for
fructose-1,6-bisphosphatase (Fru-P2ase)-converting enzyme (CE)
and the other specific for cathepsin M, were also isolated from
the cytosol fraction. Specific inhibitors for cathepsins B and L,
for cathepsin M, and for CE were also isolated from the soluble
fraction after disruption of lysosomes. The lysosomal mem-
branes contained inhibitors for CE and cathepsin M. The pres-
ence of specific lysosomal inhibitors of lysosomal proteinases
has not been reported previously, to our knowledge.

MATERIALS AND METHODS
Materials. Fru-P2ase (10) and aldolase (11) were purified from

livers of fed rabbits as previously described. The purified en-
zymes were stored at 4°C as suspensions in 80% saturated am-
monium sulfate. Before use, the protein was collected by cen-
trifugation and dissolved in 10mM sodium acetate, pH 6.0, and
the solution was dialyzed against the same buffer. CE2 and ca-
thepsins B, L, and M from rabbit liver were purified by chro-

matography on Ultrogel AcA 34 and CM-cellulose as described
(12, 13).

Fru-P2, NADP, cysteine, trypsin, subtilisin Carlsberg (type
VIII), benzoyl-L-arginine P3-naphthylamide (BANA), concanav-
alin A immobilized on agarose, and methyl a-D-mannoside were
purchased from Sigma. Sephadex G-75 was obtained from Phar-
macia. DEAE-Trisacryl M was from LKB. CM-cellulose (CM
11) and DEAE-cellulose (DE 32) were obtained from Whatman.
Triton WR1339 (injectable) was from Serva (Heidelberg). Stan-
dard proteins for molecular weight determination were ob-
tained from Boehringer Mannheim. All other chemicals were
reagent grade.

Methods. Enzyme assays. Aldolase activity was assayed as de-
scribed by Gracy et al (14). Fru-P2ase activity was measured
spectrophotometrically at pH 9.2 in the presence of 2 mM MgCI2
as described (15). For each enzyme the unit of activity was de-
fined as the amount required to convert 1 ,Amol of substrate per
min under the standard assay conditions.

Assay of lysosomal proteinases. CE activity was assayed at
pH 5.0 with Fru-P2ase as the substrate. The reaction mixture
(0.1 ml) contained 50 mM sodium acetate buffer at pH 5.0, 0.1
mg of Fru-P2ase, 5 mM cysteine, and 5 ,g of purified CE. At
0 time and after 30 min, aliquots were removed and assayed for
Fru-P2ase activity at pH 9.2. One unit of CE activity was de-
fined as the amount that would increase the specific activity of
Fru-P2ase by 1 unit/mg in a 1-hr period.

Cathepsin B and L activities were assayed with BANA as sub-
strate. The assay mixtures (0.25 ml) contained 50 mM sodium
acetate buffer at pH 5.0, 5 mM cysteine, 2 mM BANA, and 5
jig of cathepsin B or L. The mixture was incubated for 30 min
at 37°C and free ,-naphthylamine was determined as described
(12). One unit of enzyme activity was defined as the amount re-
quired to liberate 1 jumol of ,B-naphthylamine in 30 min under
these conditions. Cathepsin M activity was assayed with aldol-
ase as substrate. The assay mixture (0.1 ml) contained 50 mM
sodium acetate buffer at pH 5.0, 5 mM cysteine, 0.1 mg of al-
dolase, and 1 ,ug of cathepsin M. One unit of activity was de-
fined as the amount required to inactivate 1 nmol of aldolase in
30 min under these conditions.

Assay of inhibitory activity. Inhibitors were assayed under
the conditions used for the evaluation of the activity of the var-
ious cathepsins but with a solution of the inhibitor replacing the
same amount of buffer. The mixtures were incubated for 5 min
at room temperature before the substrate was added. One unit
of inhibitor activity was defined as the amount required to in-
hibit 1 unit of enzyme activity under the specified assay con-
ditions.

Preparation of subcellularfractions andfractionation of the
heavy particles. The heavy particle and postlysosomal fractions
from livers of control and Triton WR1339-treated rabbits and

Abbreviations: BANA, benzoyl-L-arginine f3naphthylamide; Fru-P2,
fructose 1,6-bisphosphate; Fru-P2ase, fructose 1,6-bisphosphatase; CE,
Fru-P2ase converting enzyme; kDa, kilodaltons.
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membranes from the heavy particle. fraction were prepared as
described (12). The heavy particles were fractionated by cen-
trifugation through a sucrose density gradient (16). Fractions
(1. 25 ml) were collected through a pinhole in the bottom of the
tube and 1 ml of each fraction was dialyzed overnight against
distilled water. To assay for the presence of inhibitors, the pH
of each.fraction was adjusted to 4.0 and the fractions were heated
at 90'C for 10 min. The pH was then brought to 6.0 and the pre-
cipitated proteins were removed by centrifugation. The clear
supernatants were assayed for proteinase inhibitory activity as
described above.

Marker enzymes were assayed with aliquots of the unheated
fractions as follows: cathepsin C as described (12), catalase by
the method of Snyder et aL (17), and NADH oxidase by the
method of Mackler (18). Protein was determined by the method
of Lowry et al. (19).

RESULTS
Isolation of Specific Inhibitors from Rabbit Liver Cytosol.

The postlysosomal fraction; heated at pH 2.0 and chromato-
graphed on DEAE-Trisacryl, yielded three peaks of inhibitor
activity (Fig. 1). These were.designated cytosolic ICE (peak 1),
cytosolic IM (peak 2) and cytosolic IB/L (peak 3) on the basis of
their specificity for these lysosomal proteinases or classes of
proteinases. Pooled fractions from each peak were further pu-
rified by chromatography on-Sephadex G.75 (Fig. 2). The frac-
tions containing cytosolic ICE, corresponding to a molecular
weight of approximately 40,000, showed no inhibitory activity
against cathepsins M, B, or L (Fig. 2A). The fractions containing
cytosolic IM, corresponding to a molecular weight of approxi-
mately 12,500, did not inhibit CE or cathepsins B and L (Fig.
2B). The inhibitor designated cytosolic IB/L also emerged as a
single peak, corresponding to a molecular weight of 12,500
(Fig. 2C). These fractions also inhibited the activity of cathepsin

-I If a

20 2 0.8-

1 10 0.4

0
90 100 110 120 130 140 150 160 170

Fraction

FIG. 1. Separation by ion-exchange chromatography of cathepsin
inhibitors in the postlysosomal supernatant fraction. The postlysosom-
al supernatant fraction corresponding to 45 g of liver was adjusted to
pH 2.0 with 6 M HCl and heated at 9000 for 10 min. The mixture was
cooled in an ice bath and the pH was adjusted to 6.0. The precipitated
proteins were removed by centrifugation and the-clear supernatant (180
ml) was concentrated to 10 ml by ultrafiltration on a YM 5 membrane
(Amicon) and applied onto a DEAE-Trisacryl column (2 x 10 cm) equil-
ibrated with 20 mM sodium acetate, pH 6.7, containing 0.1 mMEDTA.
All the inhibitor activity was retained by the ion-exchanger. The col-
umn was washed with the same buffer solution until the absorbance
at 280 nm fell below 0.02. The absorbed proteins were eluted with a
linear gradient of NaCl begun at fraction 90 (arrow) and reaching 0.16
M at fraction 170. The flow rate was 1 ml/min and 2-ml fractions were
collected. Aliquots (50 Ad) of each fraction were analyzed for inhibition
of CE (a), cathepsin M (0), cathepsin B (v), and cathepsin L (A).
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FIG. 2. Gel filtration on Sephadex G-75 of ICE, IM, and IB/L after
separation by DEAE-Trisacryl chromatography. (A) Fractions con-
taining cytosolic ICE (fractions 95-115, Fig. 1) were pooled and con-
centrated to 2 ml by ultrafiltration with a YM 5 membrane and applied
to a Sephadex G-75 column (1.6 x 100 cm) equilibrated in 20 mM so-
dium acetate, pH 6.0, containing 0.1 mM EDTA. The flow rate was 18
ml/hr and 1.4-ml fractions were collected. Aliquots (50 p1l) were as-
sayed for inhibition of CE (a), cathepsin M (e), cathepsin B (A), and
cathepsin L (A). No inhibition of the last two was observed in any of
these fractions. Fractions 75-100 were pooled-and concentrated by ul-
trafiltration with YM 5 membrane to 2 ml (ICE). The arrows indicate
the elution volume of standard proteins: ovalbumin [45 kilodaltons
(kDa)], chymotrypsinogen (25 kDa), and cytochrome c (12.5 kDa). (B)
The fractions containing cytosolic IM (fractions 120-132, Fig. 1) were
pooled and concentrated and chromatographed on a Sephadex G-75 col-
umn as in A. Fractions 100-120 were pooled and concentrated to 2 ml
by ultrafiltration with a YM 5 membrane (IM). (C) Fractions 138-160
(Fig. 1) containing cytosolic IB/L were pooled and concentrated and
chromatographed on a Sephadex G-75 column as in A. Fractions 100-
125 were pooled and concentrated to 2 ml by ultrafiltration with aYM
5 membrane (IB/L).

M. Attempts to separate these three activities by hydrophobic
chromatography or with CM-cellulose were unsuccessful.

Specific Inhibitors Released by Freezing and Thawing of
Rabbit, Liver Lysosomes. The heavy particle fraction was dis-
rupted by freezing and thawing, centrifuged to remove the
membrane fraction, and, after the supernatant solution had been
heated at pH 4.0, the soluble proteins were chromatographed
on Sephadex G-75 (Fig. 3). Two peaks containing CE inhibitor
activity were detected (peaks 1 and 3), corresponding to Mr =
20,000 and Mr = 10,000, respectively. The fractions under peak
1 were collected and designated lysosomal ICE. Inhibitor activ-
ity for cathepsins B and L also eluted in two peaks (peaks 2 and
4), corresponding to Mr = 12,500 and Mr = 5,000, respectively.
The fractions in peak 2 also contained an inhibitor of cathepsin
M. The inhibitors of cathepsins B and L in peaks 2 and 4. were
designated as lysosomal IB/L and lysosomal IB/L, respectively.
The lysosomal IM inhibitor in peak 2 was separated from ly-

sosomal IB/L by treatment with immobilized concanavalin A,
which completely removed lysosomal 'B/L without loss of ly-
sosomal IM (Fig. 4). Small amounts of contaminating lysosomal
ICE, present in the peak 2 fractions, also failed to bind to the
immobilized concanavalin A. The results indicate that lyso-
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FIG. 3. Separation by gel chromatography of the cathepsin inhib-
itors present in the rabbit liver intralysosomal compartment. The heavy
particle fraction (15 ml), derived from 100 g of rabbit liver, was dis-
rupted by freezing and thawing and the membranes were separated by
centrifugation at 100,000 x g for 45 min (see Methods and ref. 12). The
supernatant solution was adjusted to pH 4.0 and heated at 900C for 10
min. The pH was then brought to 6.0 and the precipitate was removed
by centrifugation. The resulting clear supernatant (12.5 ml) was con-
centrated by ultrafiltration with a YM 5 membrane and chromato-
graphed as described for Fig. 2A. Aliquots (5 suI) were assayed for in-
hibition of CE (0), cathepsin M (e), cathepsin B (A), and cathepsin L
(A). Fractions under each peak were pooled and concentrated to 2 ml
by ultrafiltration with a YM 5 membrane (peak 1, fractions 90-101;
peak 2, fractions 104-112; peak 4, fractions 125-135).

somes contain four distinct inhibitors, two specific for cathep-
sins B and L and two others specific for CE and cathepsin M,
respectively.

Inhibitors Associated with the Lysosomal Membranes. Two
specific inhibitors of lysosomal proteinases were recovered
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FIG. 4. Separation of lysosomal Im and IB/L by treatment with im-
mobilized concanavalin A. An aliquot (0.125 ml) of the concentrated
lysosomal fraction that inhibited cathepsins B. L, and M (peak 2, Fig.
3) was added to 0.375 ml of a solution containing 20 mM Tris HCI at
pH 6.5, 0.5 M NaCl, 1 mM MnC12, and 1 mM CaCl2 and the indicated
amounts of coneanavalin A/agarose. The suspensions were rotated
end-over-end for 2 hr at room temperature and the gel was then re-
moved by centrifugation at 600 x g for 5 min. The inhibitor activities
were assayed by using 10 tul of the clear supernatant solution. o, CE;
*, cathepsin M; a, cathepsin L; A, cathepsin B. The gel was washed
three times with 1-ml portions of the same buffer solution and 0.25 ml
of 0.5 M methyl a-D-mannoside was added to elute the adsorbed ma-
terial. The ordinate shows the percent of the original inhibitor activity
remaining in the supernatant solution after treatment with immobi-
lized concanavalin A or a-methyl mannoside.
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FIG. 5. Separation by gel chromatography of the inhibitors pres-
ent in the rabbit liver lysosomal membrane fraction. Washed lysosomal
membranes, derived from 100 g of liver (122 mg of protein) (see Meth-
ods and ref. 12) were solubilized by the addition of 1 M NaCl. The
membrane extract (12 ml) was adjusted to pH 2 and heated at 900C for
10 min. The pH was then brought to 6.0 and the precipitated proteins
were removed by centrifugation. The resulting supernatant solution
(10.5 ml, 6 mg of protein) was concentrated to 1.5 ml by ultrafiltration
with a YM 5 membrane and chromatographed on a Sephadex G-75
column as described in the legend to Fig. 2A. Aliquots (50 ,l) of each
fraction were assayed for inhibition of CE (0), cathepsin M (e), ca-
thepsin B (A), and cathepsin L (A). Fractions 90-102 and 109-120 were
separately pooled and concentrated to 2 ml by ultrafiltration with a
YM 5 membrane.

from the lysosomal membrane fraction solubilized in 1 M NaCi
as described (12). The released proteins, after heating at pH 2,
were chromatographed on Sephadex G-75 (Fig. 5). Two peaks
of inhibitory activity were recovered; one, corresponding to Mr
= 20,000, contained an inhibitor specific for CE (membrane
ICE). The second peak, corresponding to Mr = 12,500, con-
tained an inhibitor specific for cathepsin M (membrane IM). No
inhibitor of cathepsin B or cathepsin L was detected in asso-
ciation with the lysosomal membranes.

Molecular Sizes and Properties of Endogenous Inhibitors.
The specific inhibitors for cathepsin M, whether isolated from
the cytosol, intralysosomal contents, or lysosomal membranes,
were of similar size, Mr 12,500. This was also true for the cy-
tosolic and lysosomal inhibitors of cathepsins B and L, except
that the soluble fraction released from disrupted lysosomes con-
tained a second inhibitor of smaller size, Mr 5,000. The in-
hibitor of CE present in the cytosol fraction was larger, Mr
40,000, but, after incubation for 60 min at room temperature in
the presence of 5mM cysteine, chromatography of the purified
ICE on Sephadex G-75 yielded a major component correspond-
ing with Mr = 20,000 and a minor component with Mr = 10,000.
Similarly, lysosomal ICE, isolated from the Sephadex G-75 col-
umn in the fraction corresponding to Mr = 20,000, was re-
covered in the Mr = 10,000 fraction after incubation with 5 mM
cysteine. Because cysteine was always present in the assays for
lysosomal proteinases, it may be concluded that the active forms
of ICE are the monomeric species with Mr = 10,000. The sizes
of inhibitors IB/L and IM were not altered by incubation with
cysteine.

All of the inhibitors were destroyed by digestion with trypsin
at a ratio of 10:1 (wt/wt, data not shown), which establishes their
protein or polypeptide nature. In the crude extracts the inhib-
itors are heat labile at neutral pH, but stable when heated at pH
2-4 as indicated for each inhibitor by the heating conditions em-
ployed for their isolation. Their effects were reversed by di-
lution of the proteinase-inhibitor complexes.

Biochemistry: Pontremoli et al.
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FIG. 6. Sucrose density gradient sedimentation of the heavy par-

ticles isolated from control rabbits and from rabbits injected with Tri-
ton WR1339. Heavy particles were prepared from livers of control (A)
and Triton WR1339-treated (B) rabbits. A suspension of heavy par-

ticles (3 ml, corresponding to 30 g of liver) in 0.25M sucrose containing
1 mM EDTA was layered on the top of a sucrose density gradient and
processed as described (16). The fractions collected were dialyzed over-

night against distilled water, the pH was adjusted to 2.0, and the frac-
tions were heated at 900C for 10 min. The precipitated proteins were

removed by centrifugation and the inhibitor activities were assayed
with 20-sul aliquots. The locations of peak fraction containing peroxi-
somes and mitochondria are indicated by the marker enzymes catalase
and NADH oxidase, respectively. Assays were also carried out for ca-
thepsin C (16) as the lysosomal marker.

Localization of the Inhibitors in Lysosomes Isolated from
Livers of Rabbits Treated with Triton WR1339. In order to
confirm the presence of inhibitors in lysosomes, their distri-
bution was analyzed after sucrose density gradient centrifuga-
tion ofthe heavy particle fraction prepared from livers ofrabbits
injected with Triton WR1339 (Fig. 6). When particles from liv-
ers of control rabbits were analyzed by this procedure the in-
hibitor activity was recovered in two peaks, one of which co-

incided with the fractions containing cathepsin C, assayed as

a lysosomal marker, and another much smaller peak coinciding
with the fractions containing NADH oxidase (Fig. 6A). In the
same experiment carried out with the heavy particle fraction
from Triton WR1339-treated rabbits, the inhibitors were re-

covered mainly in the less-dense Triton-filled lysosome fraction
which again coincided with the location of cathepsin C. The
same Triton-filled lysosomes were previously shown to contain
cathepsins M and CE (16), establishing that the lysosomes con-

tain both the proteinases and the specific proteinase inhibitors.

DISCUSSION
The presence of inhibitors in the cytosol has been described
previously (see references cited in the Introduction), with the
suggestion that they may serve to protect cytosolic proteins against
the action of released lysosomal proteinases or act in other ways
to regulate the function of lysosomal proteinases (1).
The finding of inhibitors in the lysosomes was unexpected,

particularly because previous workers have reported that these
inhibitors are confined to the cytosol (5, 7, 8). Although the in-
hibitors present in the cytosol and lysosomes are similar in spec-

ificity and subunit size after reduction with mercaptoethanol,
further experiments are necessary to assess their structural
identity.

It may be significant that the distribution of lysosomal in-
hibitors between the intralysosomal and membrane-bound frac-
tions parallels the distribution of the proteinases on which they
act. Thus the intralysosomal space contains inhibitors for CE,
cathepsin M, and cathepsins B and L, all of which are present
in this compartment. On the other hand, the lysosomal mem-
branes contain inhibitors for CE and cathepsin M, .which are
present in the membranes, but not for cathepsins B and L, which
are not found in the membranes (12, 20). The function of these
intralysosomal inhibitors may be to prevent autodigestion of ly-
sosomal enzymes.
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