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THE SYNTHESIS, CHARACTERIZATION, AND USE OF A PROTEIN-
CYSTEINE PROTEINASE INHIBITOR COMPLEX FOR THE STUDY OF
ENDOSOME/LYSOSOME FUSION

by

Adele K. Mountz

(ABSTRACT)

The cysteine proteinases cathepsins B, L, and S are lysosomal
enzymes responsible for the degradation of endocytosed
proteins. Their presence in human cell monocytic lines THP1
and U937 was detected by the use of the membrane-permeable,
irreversible, active-site directed inhibitor Fmoc-('*I)Tyr-
Ala-CHN, followed by immunoprecipitation of the enzymes, SDS-
PAGE, and autoradiography. All three enzymes were detected in
THP1 cells; only after differentiation of U937 cells to
macrophage-like cells were the enzymes detectable. Both cell
lines show multiple forms of cathepsin S, at 35 kDa, 28 kDa,
and 26 kDa, suggesting the presence of an active pro-form of
cathepsin S as well as the processing of cathepsin S into
single- and two-chain forms. This is the first evidence for
an active pro-form of a cysteine proteinase and for the
processing of cathepsin S to a two-chain enzyme form. Multiple
forms of cathepsin L were analyzed by iso-electric focusing
followed by denaturing polyacrylamide gel electrophoresis.

The multiple forms are not due to the presence of carbohydrate

chains on the protein.



The inhibitor Fmoc-Tyr-Ala-CHN, was synthesized and its
inhibitory properties against cathepsins B, L, and S were
determined. Both in vitro and in vivo studies show that this
inhibitor is an effective reagent for studying lysosomal
cysteine proteinases. In order to be useful in the study of
the delivery of lysosomal enzymes to vesicles containing
recently internalized compounds, the deblocked peptidyl
diazomethane inhibitor NH,-Tyr-Ala-CHN, was cross-linked to
bovine serum albumin (BSA) using the heterobifunctional cross-
linking agent sulfo-SANPAH. This non-reducible cross-linked
complex was used to characterize the inhibitory properties of
the protein-inhibitor complex against cathepsins B, L, S and

papain in vitro and in vivo.
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CHAPTER 1 LITERATURE REVIEW

Cells internalize compounds from the extracellular
environment via the process of endocytosis. Once inside the
cell in membrane-bound vesicles, substances destined to be
degraded are transported to 1lysosomes, either by passing
through pre-existing late endosomes or by the maturation of
the vesicle in which the substances reside into late endosomes
and lysosomes. Exactly when internalized compounds first meet
active lysosomal hydrolases is not clear. Immunocytochemical
methods detect both active and inactive (pro-) forms of
lysosomal enzymes. Identification of lysosomal hydrolases
present in vesicles separated by subcellular fractionation
procedures is clouded by incomplete separation of endosomes,
lysosomes, and microsomes. The internalization of compounds
that can tag specific active lysosomal proteinases would
clearly identify which, if any, of the proteinases are present
in endocytic vesicles. This thesis describes the synthesis
and characterization of a prototype of such a compound. A
protein carrier molecule was covalently cross-linked to a
specific active-site-directed inhibitor of cysteine
proteinases and the complex analyzed for its ability to
interact irreversibly with the lysosomal cysteine proteinases
cathepsins B, L, and S. Cellular forms of these enzymes were
also identified by the use of a membrane permeable form of the

1



inhibitor.

1.1 Endocytosis

Endocytosis is the process by which substances in the
extracellular environment are internalized by cells into
membrane-bound vesicles. Three general routes have been
described: phagocytosis ("cell eating", or the uptake of large
particles such as whole bacteria by macrophages); pinocytosis
("cell drinking", or the nonspecific uptake of small
substances); and receptor-mediated endocytosis (an
extracellular 1ligand specifically binds a cell surface
receptor and the receptor-ligand complex is internalized into
small vesicles). Pinocytosis occurs during both phagocytosis
and receptor-mediated endocytosis. Not all substances taken
into cells by receptor-mediated endocytosis are internalized
at the same rate. One class of receptors is clustered in
specific regions of the plasma membrane, in clathrin-coated
pits, and these are rapidly internalized once ligand is bound.
A second type of receptor aggregates in coated pits only after
ligand has bound to the receptor. A third type does not
aggregate into coated pits, regardless of the presence of
bound 1ligand; receptor-ligand complexes are internalized
nonetheless.

Many receptors of the type located in coated pits contain
an essential Tyr residue in a tight loop in their cytoplasmic

2



tails located 6 or 7 amino acid residues from the
transmembrane domain (Collawn et al. 1990; Chen 1990;

Ktistakis et al. 1990). This motif 1is thought to be

recognized by the clathrin assembly protein AP2 (Pearse 1988;
Glickman 1989; Beltzer and Speiss 1991; Smythe et al. 1992).
AP2 is hypothesized to mediate the assembly of clathrin
triskilions into the polygonal coat lattice below receptors
to be internalized. GTP-binding proteins have also been shown
to be involved in coated pit assembly, invagination, and
budding (Carter et al. 1993). Once formed, clathrin is
removed from the vesicle by the heat shock protein hsc70
(DeLuca-Flaherty et al. 1990).

The vesicles formed by invagination and budding of
clathrin-coated pits fuse with each other and with larger
early endosomes after the clathrin coat has been removed. The
factors required for such endocytic membrane fusions are not
fully characterized, although they are thought to be very
similar to those required for membrane fusion events in the
transport of proteins from the endoplasmic reticulum to the
Golgi body and for fusion events in protein transfer from one
section of the Golgi to the next (Hunziker et al. 1992). AP2
is implicated in the aggregation of the uncoated vesicles for
lateral fusion events and for fusion with endosomes (Beck et
al. 1992). sSmall GTP binding proteins (Bucci et al. 1992; van
der Sluijs et al. 1992; Wessling-Resnick et al. 1990), an ADP-
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ribosylation factor (Lenhard et al. 1992), N-ethylmaleimide
sensitive factors (Wessling-Resnick et al. 1990), and
endosomal membrane proteins (Emans et al. 1993) all seem to

be involved in the fusion mechanism.

1.1.1 Acidification

Early endosomes have an acidic pH of 6.0 - 6.2 (Gruenberg
1989), which facilitates the wuncoupling of 1ligand from
receptors, freeing the receptors to recycle to the plasma
membrane. The decreased pH is achieved by the activity of a
H'-ATPase. Known as the V-ATPase, it is distinct from other
cellular ATPases based on sensitivity (or lack there of) to a
variety of reagents such as N-ethylmaleimide, vanadate,
oligomycin, aurovertin, dicyclohexylcarbodiimide, and
balifomycin. It contains two domains: the cytoplasmic V,
domain, which contains the ATP binding site, and the
transmembrane V, domain, which houses the proton channel. It
has been immunolocalized to endosomes, lysosomes, parts of the
Golgi complex, the plasma membrane, and small vesicles just
inside the plasma membrane (Marquez-Sterling et al. 1991).
Acidification of internalized vesicles does not occur,
however, until they reach the endosome responsible for
uncoupling of ligands from receptors (early endosome, or
"CURL"), even though the V-ATPase is present. Many models for
control of the V-ATPase have been proposed, including changes

4



in subunit composition, changes in the number of V-ATPases
present in a given compartment, control of coupling of ATP
hydrolysis and protein translocation, inactivity of separated
V, and V, domains, and the control of the Cl™ channel present
in the vesicles necessary for maintaining electrical
neutrality across the membrane (reviewed in Forac 1992a,b).
Additional studies suggest also that a Na' flux is necessary
(Gaete et al. 1991). Casciola-Rosen et al. (1992) have
identified a Na'/K'-ATPase present in early and late endosomes
and they propose that it may be important in the regulation

of vesicular pH.

1.1.2 Late Endosomes

After dissociation of ligands from their receptors, the
receptors and bulk membrane are recycled back to the plasma
membrane (Mayor et al. 1993) while the fluid content proceeds
towards late endosomes and lysosomes. Late endosomes are
described as being more dense and more acidic (pH 5.5 -6.0,
Gruenberg 1989) than early endosomes. They are located
towards the perinuclear region of the cell as compared to the
proximity of early endosomes to the cell periphery. Late
endosomes have been described as multi-vesicular bodies
because they often appear to contain internal membrane swirls.
Other names for late endosomes include "endolysosome" and the
"prelysosomal compartment"” (PLC). These structures are
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distinct from lysosomes even though they contain lysosomal
membrane markers because they contain mannose 6-phosphate
receptors. Parks et al. (1991) have identified the membrane
glycoprotein plpg 57 as a distinct marker for late endosomes.
The protein rab7 is also a marker for late endosomes as it is

not seen in early endosomes or lysosomes.

1.1.3 Maturation versus Vesicle Delivery Models

Two different hypotheses exist as to how contents of
early endosomes end up in late endosomes and lysosomes: the
maturation model and the vesicle delivery model (Helenius et
al. 1983). The maturation model suggests that each early
endosome matures to a late endosome and to a lysosome, with
vesicles delivering lysosomal proteins to the endosome over
time, such that the vesicle eventually acquires a full battery
of 1lysosomal proteins. The endosomal contents are not
selectively removed for transport to another compartment.

The vesicle delivery model, however, states that there
are pre-existing cellular compartments to which internalized
compounds are shuttled. An internalized ligand buds from the
early endosome into a small delivery vesicle, which then fuses
with another pre-existing organelle (the late endosome). The
partially digested ligand is then removed from this organelle
and transferred to the lysosome for complete degradation.

The primary difference between the two models is that the
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maturation model states that the internalized compounds never
leave the vesicle in which they were originally internalized,
while the hydrolytic enzyme content and membrane components of
the vesicle changes. The delivery model suggests that the
internalized molecules are removed from early endosomes and
delivered to a pre-existing late endosome. Recently, a number
of studies have concluded that early endosomes mature into
late endosomes and lysosomes (Stoorvogel et al. 1991; Dunn and
Mafield 1992; Roederer et al. 1990; Casciola-Rosen et al.
1991). Racoosin and Swansen (1993), however, present data
suggesting that the initial stages of endocytosis occur by a
maturation process, while the last step occurs by vesicle
delivery of endosomal contents to a pre-existing, stable

lysosome.

‘1.2 Lysosome Biogenesis

Lysosomes are subcellular organelles with a high density
and low internal pH (4.5 to 5.0). They are the site of
complete degradation of internalized 1ligands and are
accessible to fluid-phase markers. Their biogenesis can best

be described by the biosynthesis of lysosomal hydrolases.

1.2.1 Co-translational Insertion of Lysosomal Proteins into
the Endoplasmic Reticulum
Proteins destined for lysosomes are co-translationally
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inserted into the ‘endoplasmic reticulum (ER). Such proteins
contain an N-terminal signal (pre-) sequence, which directs
their recognition and, thus, insertion through the ER membrane
by proteins of the signal recognition particle (SRP) (Walter
and Blobel 1980). The SRP, after binding to the recently
translated peptide signal sequence from ribosome-bound mRNA,
inhibits further translation. It then carries the ribosome
complex to the ER and docks with resident ER membrane proteins
(Gilmore et al. 1982 a,b; Meyer et al. 1982), anchoring the
ribosome and nascent chain to the organelle. The SRP then
leaves the ER-bound ribosome, removing the translational
inhibition. Once internalized, the N-terminal signal sequence
is proteolytically removed (Conner et al. 1987). The rest of
the polypeptide chain continues to be inserted as it is
translated. Folding of the polypeptide occurs during and
after insertion and is facilitated by chaperone proteins.
Disulfide bonds also form during or soon after protein

synthesis and insertion through the ER membrane.

1.2.2 Glycosylation

Once the entire folded peptide is inside the ER, it is
glycosylated at Asn sites in the sequence Asn-X-Ser/Thr, where
X represents any amino acid except Pro or Asp (Marshall 1972).
A common precursor branched oligosaccharide complex containing
three glucose, nine mannose, and two N-acetylglucosamine
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residues is transferred en bloc to the Asn in the above motif
by the enzyme oligosaccharide transferase from a dolichol
phosphate lipid anchor. Immediately following the transfer,
the three glucose residues are removed by two different
enzymes: glucosidase I (Atkinson and Lee 1984) and glucosidase
II (Hubbard and Robins 1979). Up to 4 mannose residues can be
removed by ER mannosidases. Resident ER proteins persist in
the high mannose oligosaccharide form.

Further oligosaccharide processing occurs as proteins are
transported from the ER to the cis Golgi via non-clathrin
coated vesicles in an ATP-dependent manner (Farquhar and
Palade 1981). The mechanism of vesicle fusion between the ER
and Golgi components is similar to that involved in vesicle
fusion along the endocytic pathway, although the specific
proteins involved differ. Resident ER proteins contain a C-
terminal sequence Lys-Asp-Glu-Leu ("KDEL") (reviewed by Pelham
et al. 1990); proteins lacking this motif proceed through the
Golgi complex by default, while proteins containing the "KDEL"
sequence are retrieved and transported back to the ER.

Some lysosomal enzymes contain '"complex" carbohydrate
chains, in which the remaining mannose residues have been
removed and N-acetylglucosamine, galactose, and sialic acid
added. Other lysosomal enzymes contain oligosaccharides of
the high mannose type as found in the ER. In the Golgi
complex, most soluble lysosomal enzymes are phosphorylated on
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carbon-6 of a terminal mannose residue. The enzyme UDP-N-
acetyl glucosamine : lysosomal enzyme N-acetyl glucosamine
phosphotransferase catalyzes the addition of N-acetyl
glucosamine phosphate via a phosphodiester bond to the mannose
residue; the enzyme N-acetyl glucosamine-1l-phosphodiester a-N-
acetyl glucosaminidase then removes N-acetyl glucosamine,
leaving the phosphate attached to the mannose residue of the
oligosaccharide chain. The transferase seems to modify
selectively only proteins destined for lysosomes. It has been
suggested that the transferase recognizes some unidentified

conformational feature of lysosomal enzymes (Kornfeld 1987).

1.2.3 Mannose 6-Phosphate Receptors

The presence of mannose 6-phosphate on soluble lysosomal
enzymes is the primary feature of these enzymes that targets
them for lysosomal delivery. Two classes of mannose 6-
phosphate receptor (MPR) have been identified: the 215 kDa or
cation-independent MPR (CI-MPR, Sahagian et al. 1981), and the
46 kDa or cation-dependent MPR (CD-MPR, Hoflack and Kornfeld
1985). Both receptor types have been immunolocalized to the
trans Golgi network (TGN), early and late endosomes, and the
plasma membrane. Klumperman et al. (1993) have found,
however, that the CD-MPR and CI-MPR have different endosomal
distributions. The CD-MPR is more rapidly segregated into more
electron-dense tubules and vesicles associated with endosomes
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than is the CI-MPR, implying that the CD-MPR is more rapidly
recycled to the TGN. Studies of the sequence of the CI-MPR
revealed 99% identity with the insulin-like growth factor II
(IGF II) receptor (Morgan et al. 1987; Oshima et al. 1988).
Biochemical studies have shown that the same receptor binds
both mannose 6-phosphate and IGF II at different binding sites
(Keiss et al. 1988; MacDonald 1988; wWaheed 1989). Both the
CD- and CI-MPR bind to mannose 6-phosphate with high affinity
at pH 6-7, but with low affinity at pH 5.5 (Fisher et al.
1980, Hoflack et al. 1987, Tong et al. 1989a,b); the receptors
release their ligand at low pH once delivered to early or late
endosomes. Chao et al. (1990) have evidence that the CD-MPR
is also 1involved with the enhanced secretion of newly
synthesized lysosomal enzymes either by transporting them
directly to the plasma membrane or by releasing their bound
ligand in early endosomes. The bound ligand is reeleased due
to the lowered pH, where the free ligands can cycle to the
plasma membrane in the small vesicles -that are returning
plasma membrane receptor molecules. Hoflack and Lobel (1993)
have reviewed the structure and function of both the CI- and

CD-MPR.

1.2.4 Additional Targeting Mechanisms
Lysosomal membrane proteins are thought to be targeted to
lysosomes by sequences in their cytoplasmic tails. The
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protein 1gpl20 (lgp A) is reported to contain a Gly-Tyr motif
similar to the plasma membrane receptor internalization motif
(Section 1.1.1; Harter and Mellman 1992) as does the protein
lamp 1 (Carlsson and Fukuda 1992). The exact path taken in
the delivery of lysosomal membrane proteins is not clear.

Mathews et al. (1992) report that LEP 100 is initially

targeted to either the plasma membrane or early endosomes
before proceeding to lysosomes. The cytoplasmic domain is
most likely recognized by the same adaptor proteins as plasma
membrane receptors and internalized by a similar mechanism.
Other reports (Harter and Mellman 1992; Green et al. 1987),
however, suggest that 1lysosomal membrane proteins are
segregated from plasma membrane-destined proteins at the TGN,
and that the delivery to the plasma membrane of lysosomal
membrane proteins is not necessary or kinetically possible.
Carlsson and Fukada (1992) suggest that both initial plasma
membrane and lysosomal targeting occur, with the majority, but
not all, of lysosomal membrane proteins being delivered to

lysosomes.

1.2.5 An Alternative View

In a recent study, Rabinowitz et al. (1992) suggested a
different model for the delivery of endocytosed compounds for
degradation. They propose that internalized ligands first
enter coated pits, which fuse with a large pre-existing
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