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ABSTRACT. A key step in the targeting of soluble lysosomal enzymes is their recognition and phosphorylation

by a 540 kDa multisubunit enzyme, UDW-acetylglucosamine-phosphotransferase (phosphotransferase).
The molecular mechanism of recognition is still unknown, but previous experiments suggested that the
phosphotransferase-binding sites on lysosomal proteins are represented by structurally conserved surface
patches of amino acids. We identified four such regions on nonhomologous lysosomal enzymes, cathepsins
A, B, and D, which were superimposed by rotating their structures aroundotfaect of the glycosylated

Asn residue. We proposed that these regions represent putative phosphotransferase-binding sites and tested
synthetic peptides, derived from these regions on the basis of surface accessibility, for their ability to
inhibit in vitro phosphorylation of purified cathepsins A, B, and D. Our results indicate that cathepsin A
and cathepsin D have one closely related phosphotransferase recognition site represented by a structurally
and topologically conservefl-hairpin loop, similar to that previously identified in lysosonfablucu-

ronidase. The most potent inhibition of phosphorylation was demonstrated by homologous peptides derived
from the regions located on cathepsin molecules opposite the oligosaccharide chains which are
phosphorylated by the phosphotransferase. We propose that recognition and catalytic sites of the
phosphotransferase are located on different subunits, therefore, providing an effective mechanism for
binding and phosphorylation of lysosomal proteins of different molecular size.

The biogenesis of soluble lysosomal proteins involves their causes the inborn diseases, I-cell disease and pseudo-Hurler
transport from the ER to the pre-Golgi and Golgi compart- polydystrophy, which are characterized by the massive
ments, where they obtain a mannose-6-phosphate lysosomasecretion of lysosomal enzymes. Reitman and Kornféld (
targeting marker (reviewed in refs and 2). Synthesis of =~ demonstrated that lysosomal enzymes are phosphorylated at
the mannose-6-phosphate signal on the lysosomal enzymeseast a 100-fold more efficiently than nonlysosomal glyco-
is a two step process. The initial step occurs in the pre- andproteins or short glycopeptides, containing the identical high-
cis-Golgi, where UDP-GIcNAc:lysosomal enzyrieacetyl- mannose oligosaccharides, which suggests that the high
glucosamine-1-phosphotransferase (phosphotransferase) trangffinity of phosphotransferase for lysosomal enzymes is
fers the N-acetylglycosaminyl phosphate (GIcNAc) from mediated by specific proteirprotein interactions. Thus,
UDPGIcNAc toal,6 andal,3 branches of a high mannose phosphotransferase should bind surface determinants com-
oligosaccharide chain on lysosomal enzymes to produce amon to all lysosomal proteins but absent in other glycopro-
phosphodiester. Then, in the medial Golgi, a specific teins. Since more than 50 soluble lysosomal proteins cloned
diesterase removes the terminal GIcNAc from the mannose-to date do not exhibit any obvious common amino acid
6-phosphate3—6). sequence motif, it is probable that the phosphotransferase

The determinant step in the sorting of lysosomal enzymes recognition site is determined by the tertiary structure of
is their specific recognition by the phosphotransferase amonglysosomal enzymes. Indeed, the disruption of the native
the other glycoproteins which pass through the endoplasmicconformation of lysosomal enzymes significantly or com-
reticulum. A genetic deficiency of the phosphotransferase pletely inhibits phosphorylation7¢9).
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where the C-terminal lobe Lys residues had been convertedas a substrate. One unit of enzyme activity (U) is defined as
to Glu were normally targeted to the lysosome and processedthe conversion of kmol of substrate per min. Proteins were

to the mature form.
We presumed that if the recognition site is structurally

assayed according to Bradfor@lj with BSA (Sigma) as a
standard. Phosphotransferase activity was assayed by the

conserved among different lysosomal enzymes, it could be method of Reitman et al1g) with [-*P]JUDP-GIcNAc as

identified by superimposing their tertiary structures. Fol-
lowing this strategy, we found four structurally conserved

a phosphate donor andp-methyl-mannopyranoside (Sigma)
as an acceptor. The enzyme activity was expressed as pmoles

surface patches in the nonrelated lysosomal proteasesof GIcNAc-1—[*?P]phosphate transferred per h.

cathepsins A, B, and D. These sites were examined as

potential phosphotransferase-binding domains and analogou
synthetic peptides were tested for their capacity to mimic
the binding to phosphotransferase and thus inhibit in vitro
phosphorylation of the corresponding cathepsin.

EXPERIMENTAL PROCEDURES

Peptides.The 9-12 amino acid peptides derived from
sequences of cathepsin A or cathepsin D were purchase
from Sheldon Biotechnology Center (McGill University,

Montréeal), and those derived from the sequence of cathepsin

B were synthesized in the laboratory of J.S.M. All peptides

were of 90% or higher purity as analyzed by reversed-phase

HPLC and had correct monoisotopic molecular masses
determined by FAB-mass spectrometric analysis.

Synthesis of f-32P]JUDP-GIcNAc. [5-32P]JUDP-GIcNACc
was synthesized by the method of Lang et&)lahd purified
on a QAE-Sephadex column according to Cuozzo etHl), (
The final preparation of-*?PJUDP was homogeneous as
determined by TLCg).

Cathepsins A, B, and [Zathepsin A and cathepsin D from
human placenta were purified using the affinity chromatog-
raphy on concanavalin A-Sepharose and Phe-Leu-agaros
as describedlb). After affinity chromatography, the prepa-
ration was dialyzed against 10 mM Tris-HCI buffer, pH 7.5,
centrifuged at 100@for 10 min, applied to a FPLC Mono
Q column (Parmacia) equilibrated with the same buffer and
eluted with a linear NaCl gradient from 0 to 0.4 M. Under

In Vitro Phosphorylation of Lysosomal Proteiris.vitro
phosphorylation of human placental cathepsins A, D, and
recombinant rat procathepsin B was performed as described
by Cuozzo and Sahagiai4) using the partially purified

rat liver phosphotransferase angt¥P]JUDP-GIcNAc as a
phosphate donor. The reaction mixture (@l0) contained

0.5 uCi of [5-*?PJUDP-GIcNAc, -5 ug of cathepsin, 12
units of phosphotransferase, 50 mM Tris-HCI, pH 7.5, 50

an GIcNAc, 10 mM MgCh, 6 mM ATP, 0.25 mM DTT,

1 uM UDP-GIcNAc, and 1% (v/v) Triton X-100. Phospho-
rylated proteins were analyzed by SBBAGE according

to Laemmli (L7). After electrophoresis, gels were stained
for protein with Coomasie blue R250 and vacuum-dried.
Protein phosphorylation was analyzed by autoradiography
and quantitated with a 425 Phosphorimager (Molecular
Dynamics Inc.) using a ImageQuaNT software. Preliminary
experiments with/§-32P]-phosphorylated cathepsin A prepa-
ration showed that the Phosphorimager response was directly
proportional to the amount of radioactivity applied on gel
in the range of 0.161.00«Ci.

To study the inhibition of phosphorylation, cathepsin-
derived synthetic peptides were added to the incubation
énixture in concentrations of 0, 0.25, 0.50, 0.75, and 1.00
mM. The phosphorylation of cathepsins was quantitated as
above, and the dependence of the phosphorylation on
concentration of cathepsin-derived peptides was analyzed by
nonlinear regression.

Structural AnalysisStructural analysis was performed with

these conditions, cathepsin A and cathepsin D were elutedtN® QUANTA-CHARMm software package (Molecular
as two separate peaks. Fractions containing cathepsin ASimulations Inc.). The atomic X-ray structures of rat pro-

activity were pooled and concentrated. The cathepsin D
preparation was additionally purified by FPLC gel filtration
on a Superose 12 column.

Recombinant rat procathepsin B was expresseRichia
pastorisyeast and purified as describet). All enzymes
were more than 95% pure by Laemmli SBBAGE (17)
and stable for several months when stored-a0 °C.

Purification of Phosphotransferas&hosphotransferase
was patrtially purified from rat liver by a modification of the
method of Reitman et al1@). A crude preparation of rat
liver membranes was washed 3 times with a 10 mM Tris-
HCI buffer, pH 7.4, 0.1% (w/v) Lubrol PX (ICN Biochemi-
cals, Mississauga), 5 mM Mg£10.5 mM DTT, and 10 mM

cathepsin B, human cathepsin D, ghdlucuronidase were
obtained from the Brookhaven Protein Databank (1cte, 1llya
and 1bhg). Due to the hold placed on the cathepsin A
coordinates (1ivy; 22) initial analysis and peptide selection
were made with the homology modeled struct@®) (Final
analyses were subsequently performed with the crystal-
lographic coordinates.

RESULTS AND DISCUSSION

Selection of Putatie Phosphotransferase-Binding Regions
on Lysosomal Cathepsins A, B, and Bssuming that
phosphotransferase-binding domains share the same structure
in all soluble lysosomal enzymes, we searched for structurally

mannose-6-phosphate. Phosphotransferase was solubilized byonserved regions in cathepsins A, B, and D. Although all

a sonication of membranes (2 times by 15 s at 60 W) in 25
mM Tris-HCI buffer, pH 7.4, 2% (w/v) Lubrol PX, 0.5%
(w/v) deoxycholate, 20% (v/v) glycerol, 5 mM Mgg£land
3 mM mercaptoethanol. The enzyme was typically purified
about 160-fold with a recovery of 26% of total initial activity.
Enzyme Assay€athepsin A activity was measured by
the method of Tranchemontagne et al9)(with CBZ-Phe-
Leu as a substrate and cathepsin D activityaccording to
the method of Barret20) with bovine hemoglobin (Sigma)

three enzymes have a proteolytic function, they differ in their
overall tertiary structure and catalytic properties. The serine
carboxypeptidase, cathepsin A, is a member of dg
hydrolase fold family, the cysteine endo/dipeptidyl peptidase,
cathepsin B, belongs to the papain superfamily, and the
aspartic endopeptidase, cathepsin D, has structural similarities
to pepsin. Therefore, it can be assumed that their phospho-
transferase recognition sites have been acquired by conver-
gent evolution and are probably the only structurally
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Ficure 1: Ribbon representations of lysosomal cathepsin A (A), B (B), and D (C) tertiary structure. Putative phosphotransferase recognition
sites are shown: green, the “Lys region” comprised by GlyR#33 for cathepsin A, Phel7#¥all87 for cathepsin B, and Leu276

Leu285 for cathepsin D; blue, the “His region” (Lys4ieu422 for cathepsin A, Gly92-Gly99 for cathepsin B, and Ser73-Gly81 for
cathepsin D); orange, the “Pro region” (Phe4430451 for cathepsin A, Glu133.ys141 for cathepsin B and Thr1t®\lal128 for cathepsin

D); and pink, a loop opposite to the Asn glycosylation site (GT@r87 for cathepsin A, lle44Glu53 for cathepsin B, and Serl70

Gly179 for cathepsin D). Asn-glycosylation sites are shown in red.

conserved regions between these enzymes. Although cathePro451 of cathepsin A; Lys184, His97, and Thr138 (Pro138
psins are phosphorylated and transported to the lysosome ag; human enzyme) of cathepsin B; and Lys281, His77, and
precursors, we have examined in vitro phosphorylation, and Pro122 of cathepsin D. In all three cathepsins these residues
the structures of the mature forms of cathepsins A and D. occupy spaces centered at the apexes of triangles which can
We assumed from studying the modeled structures of be superimposed within an average rms deviation of 1.8 A.
cathepsin A and D precursor2Z, 24 and crystal structure  Lys32 of cathepsin A is located in a loop region spanning
of cathepsin B precursoR9) that these regions are retained residues Gly24Phe38 (shown in green in Figure 1). This
in the mature forms and are positioned similarly as in the loop superimposes (rms deviation of 0.95 A) with the
precursors. cathepsin D Pro272Pro287 loop earlier proposed(, 17

By rotating the cathepsin structures around theaom as an element of the phosphotransferase recognition site. In
of the glycosylated Asn residues, we identified spatially both proteins these loops contain several Lys residues which,
conserved surface amino acid residues: Lys32, His418, andas previously shown by a chemical modificatidd) or site
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FIGURE 2: Solvent accessibility (& of amino acid residues of cathepsin A (a), procathepsin B (b), and cathepsin D (c) putative
pho?hotransferase recognition sites. Candidate segments which corresponded to our criteria for possible interaction with phosphotransferase
(25 A? cutoff, dotted line) and were selected for the synthesis of peptides (solid black) are labeled and their sequence is boxed. The
topologically conserved amino acid residues are underlined.
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in orange in Figure 1) and a loop opposite the Asn
KDa 1 2 3 4 5 6 7 8 9 glycosylation site (GIn76Tyr87 in cathepsin A, lle44
Glu53 in cathepsin B, and Ser17Gly179 in cathepsin D,
all shown in pink in Figure 1).
46 Inhibition of in Vitro Phosphorylation by Synthetic Pep-
= tides. To verify if the selected sites are involved in phos-
photransferase binding, we used a peptide-mapping approach
which has been successfully applied in of¥7)(and other
laboratories 28—32) to define regions involved in protein
- protein interactions. The peptide-mapping approach is based
on the ability of peptides derived from protein recognition
interface to mimic the binding with sufficient affinity to
. . displace or hamper proteitprotein interactions resulting in
the inhibition of a certain biological activity (in our case,
the phosphorylation of acceptor proteins). Using the criteria
of surface accessibility (solvent accessibility of residue side
chains greater than 252 we selected peptides from each
of the topologically conserved regions to test for their ability
to mimic the interaction of cathepsins with phosphotrans-
ferase. Each of the selected 102 amino acid peptides
20- - contained a stretch of at least six solvent-accessible residues
(Figure 2).
The phosphorylation of lysosomal cathepsins A, B, and
Ficure 3: Autoradiogram showing in vitro phosphorylation of D was studied in vitro using a partially purified phospho-

ovalbumin (lanes 2 and 3), recombinant rat procathepsin B (lanes 32) )
4 and 5) human placental cathepsin A (lanes 6 and 7) and humantransferase and a phosphate dongr>*PJUDP-GIcNAC.

placental cathepsin D (lanes 8,9) by rat liver phosphotransferase.”Nosphorylated proteins were not detected when phospho-
Lane 1, phosphotransferase control. Each sample containe€D.5 transferase alone was incubated with*fP]JUDP-GIcNAc
of [3-2PJUDP-GIcNAc and S:g of the acceptor protein. Samples  (Figure 3, lane 1), confirming the absence of endogenous
applied on lanes 1, 2, 4, 6, and 8 contained 12 units of phospho-|ysosomal proteins in the preparation. Unspecific phospho-
gﬁgvsvfﬁrase activity. The positions §C-labeledM; standards are rylation of cathepsins did not occur in the absence of phos-
' photransferase (Figure 3, lanes 3, 5, 7, and 9). In the presence
directed mutagenesig§), are also important for phospho-  of phosphotransferase, cathepsin B (lane 4), cathepsin A (lane
transferase recognition of cathepsin L. This loop is not 6), and cathepsin D (lane 8) were intensely phosphorylated.
conserved in cathepsin B, although one of the Lys residuesNeither ovalbumin, a nonlysosomal glycoprotein (lane 2),
(Lys184) is found at a topologically equivalent position nor heat-denatured lysosomal cathepsins A and D (not
(Figure 1). The second structurally conserved element is ashown) were phosphorylated under similar conditions, in-
His-containing loop, spanning residues Lys414u422 in dicating that the observed phosphorylation is structure-
cathepsin A, Gly92Gly99 in cathepsin B, and Ser7&ly81 specific.
in cathepsin D (shown in blue in Figure 1). Interestingly, in Al peptides derived from the putative phosphotransferase-
cathepsin D, this segment contains a His77 residue, whichbinding sites showed a dose-dependent inhibition of phos-
was also shown to be essential for the phosphorylafi@h ( phorylation although the effect varied from peptide to peptide
Two other putative phosphotransferase-binding sites included(Figure 4). Control peptides (randomly synthesized 10 amino
a structurally conserved loop containing Pro residues (shownacid peptides, peptides depleted of spatially conserved

A4 (mM) A2 (mM)

1.00 0.75 0.50 0.25 | 1.00 0.75 0.50 0.25 | kDa

[=]

Ficure 4: Autoradiogram showing in vitro phosphorylation of 32 kDa subunit of cathepsin A in the presence of synthetic peptides A2 and
A4. Each sample contained Qu&i of [3-32P]JUDP-GIcNAc, 5ug of cathepsin A, 12 units of phosphotransferase activity, and A2 or A4
peptide in indicated molar concentration. The molecular mass of the phosphorylated protein is shown.



78 Biochemistry, Vol. 38, No. 1, 1999

a 201

=
o
o

Phosphorylation (%)

20-{| —@— A2 —e— AC
—F— A3 0.3 mM
0 T T T 1
0 0.25 0.5 0.75 1
Peptide added (mM)
b 120
)
X 100
N
c
S s 10 mM
:.('g. 2mM
= o0 | o
S o B2 1.2 mM
5 40
% —5— B3
o ] B4 0.6 mM
0. —e— BC
0 T T T 1
0 0.25 0.5 075 1
Peptide added (mM)
)
>~
S
c
R
-+
L)
P \ 1.5 mM
(@]
L 0.7 mM
& 0.5mM
(@)
= —6— D1 —F— D3
o —e— D2 —A— D4 0.2mM
0 T T T T
0 0.25 05 0.75 1

Peptide added (mM)

Ficure 5: Inhibition of in vitro phosphorylation of cathepsins A
(a), B (b), and D (c) in the presence of synthetic peptides derived
from putative phosphotransferase recognition sites on cathepsin A
(Al, G24YLKSSGSKH33; A2, Q76PDGVTLEYNPY87; A3,
K414EFSHIAFL422; A4, FA33SRFLNKQP451), cathepsin B (B1,
F177SDFLTYKSGV187; B2, 144HTNGRVNVES3; B3, G92VY-
NSHIG99; B4, E133AGYSTSYK141) and cathepsin D (D1, L276-
KLGGKGYKL285; D2, S170RDPDAQPGG179; D3, S73FDIHY-
GSG81; D4, T119KQPGITFIA128). Two of the control peptides
are also shown: AC (Y400KYGDSGE407) which is selected from
cathepsin A loop presumably not involved in phosphotransferase
binding; BC (G92VNSMIG99) which is the B3 peptide where His97
was replaced by Met residue. Estimat§dsalues for the peptides
are shown. The phosphorylation of cathepsins was performed as
described in the Experimental Procedures. The reaction mixtures
were subjected to SDSPAGE and protein phosphorylation was
analyzed and quantitated with the 425 Phosphorimager using a
ImageQuaNT software.
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FIGURE 6: Superimposition of thg-hairpin loop regions found in
cathepsin A (black), cathepsin D (gray) ghdlucuronidase (white).

residues, or peptides selected from loops presumably not
involved in the phosphotransferase binding) did not show
this effect. The quantitative results are shown for all
cathepsins studied on Figure 5. For both cathepsin A and
cathepsin D, the peptides A1 and D1 derived from a Lys-
containing loop with a conservegthairpin structure had a
significant inhibitory effect on phosphorylation-60% at 1

mM peptide concentration), confirming that these regions
are involved in phosphotransferase recognition. These results
corroborate previous findings for cathepsin (11 and
indicate that cathepsin A has a closely related recognition
site.

A similar g-hairpin loop was also identified as the
phosphotransferase recognition site in another lysosomal
enzyme,3-glucuronidase 33). The structures of all three
loops can be superimposed with a rms deviation of 0.95 A
(cathepsin A versus cathepsin D) or of 1.1 A (cathepsin A
versus -glucuronidase) (Figure 6). Moreover, all three
regions are enriched in Lys, Tyr, and Gly residues which
are suggested to form a short consensus sequence for
phosphotransferase recognitid8). To date, cathepsin A,
cathepsin D, ang-glucuronidase are the only three lyso-
somal proteins that seem to possess this structurally con-
servedp-hairpin loop in a total of seven available crystal-
lographic structures (cathepsins A, B, D A-glucuronidase,
arylsulfatase B, and aspartyl glucosaminidase). In addition,



Phosphotransferase-Binding Sites on Lysosomal Cathepsins Biochemistry, Vol. 38, No. 1, 19999

a surface-exposed loop on aspartyl glucosaminidase involved Although the determination of the tertiary structure of
in phosphotransferase recognition, although it does not form phosphotransferase crystallized bound to its lysosomal
af-hairpin, contains consensus amino acid residues Lys177protein substrates will most likely be necessary to clarify
Tyr Cys Gly Pro Tyr Lys18334). the recognition mechanism of phosphotransferase, we believe

Neither a3-hairpin structure nor the consensus amino acid that our results on the identification of new phosphotrans-
residues are conserved in a topologically similar region of ferase binding sites on cathepsins A, B, and D add new
cathepsin B. Therefore, it is not surprising that the peptide dimension to the ur)derstandlng of the biogenesis and sorting
B1 selected from this region did not show any significant Of lysosomal proteins.
inhibition of phosphorylation (Figure 5b).
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