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Lysosomal targeting of soluble lysosomal hydrolases is
mediated by mannose 6-phosphate receptors, which
recognize and bind mannose 6-phosphate residues in
the oligosaccharide chains of proteins destined for
delivery to lysosomes. This recognition marker is gener-
ated by the sequential action of two enzymes, the first of
which, UDP-N-acetylglucosamine phosphotransferase,
recognizes lysosomal enzymes on the basis of a struc-
tural determinant in their polypeptide chains. This
recognition event is a key step in lysosomal targeting of
soluble proteins, but the exact nature of the recognition
determinant is not well understood. In this study we
have characterized the phosphotransferase recognition
signals of human lysosomal aspartylglucosaminidase
(AGA) using transient expression of polypeptides
carrying targeted amino acid substitutions. We found
that three lysine residues and a tyrosine residing in
three spatially distinct regions of the AGA polypeptide
are necessary for phosphorylation of the oligosacchar-
ides. Two of the lysines are especially important for
the lysosomal targeting efficiency of AGA, which seems
to be mostly dictated by the degree of phosphorylation
of the a subunit oligosaccharide. On the basis of the
results of this and previous studies we suggest a general
model for recognition of lysosomal enzymes by the
phosphotransferase.

Keywords aspartylglucosaminidase/lysosomal targeting/
mannose 6-phosphate receptor/phosphotransferase

Introduction

mannose residues in the oligosaccharide chains of lyso-
somal enzymes. Another intra-Golgi enzymacetyl-
glucosamine 1-phosphodiesteiN-acetylglucosaminidase
later exposes the Man 6-P marker by removing the
covering GIcNAc. The Man 6-P is then recognized and
bound by mannose 6-phosphate receptors and the lysoso-
mal hydrolases are transported into the endosomal com-
partment. The phosphotransferase enzyme has only been
preliminarily characterized and very little is known about
its mode of function and of the interactions with its
substrate molecules. Recently the bovine enzyme was
purified to homogeneity and found to be a hexameric
540 kDa complex consisting of two disulfide-linked homo-
dimers of 166 and 51 kDa subunits and two non-covalently
associated 56 kDa subunits (Babal., 1996a,b).

The phosphotransferase must specifically recognize and
phosphorylate soluble lysosomal proteins, which represent
only a minority of all soluble glycoproteins passing
through the Golgi apparatus. Therefore, this recognition
event is a key step in lysosomal targeting. Phospho-
transferase recognizes its substrates on the basis of a
three-dimensional polypeptide determinant that has been
postulated to be common to soluble lysosomal enzymes
(Reitman and Kornfeld, 1981; Waheed al, 1982), but
the exact nature of this targeting determinant is not well
understood. Soluble lysosomal enzymes do not exhibit any
obvious sequence homologies beyond functional similarity
and thus sequence comparisons have not revealed any
common targeting motif.

Earlier studies based mainly on various mutagenesis
strategies have suggested that lysine residues of soluble
lysosomal enzymes are essential for interaction with
the phosphotransferase, but no well-defined structural
determinant has been identified that would exclusively
mediate the initial interaction. So far, the lysosomal
targeting determinant has been experimentally character-
ized in only two lysosomal enzymes, namely cathepsins
D and L (Baranskiet al, 1990, 1991, 1992; Cantor and
Kornfeld, 1992; Cuozzo and Sahagian, 1994; Cuozzo
et al, 1995; Dustinet al, 1995), but the results have
been somewhat puzzling. In cathepsin D the minimal
phosphorylation determinant was found to consist of
Lys203 and residues 265-292 in the C-terminal lobe of
the molecule (Baranskit al, 1990). However, subsequent
studies have revealed that other elements in the N-terminal
lobe also affect phosphorylation of the oligosaccharides

Lysosomal targeting of soluble lysosomal enzymes occurs (Baranskiet al, 1992). In procathepsin L, Cuozzi al.

mainly via the mannose 6-phosphate (Man 6-P) receptor (1995) have shown that Lys54 and Lys99 in the propeptide
pathway and is dependent on generation of a Man 6-P region are necessary for phosphorylation. On the basis of
marker in the oligosaccharide chains of proteins destinedthese studies, it is known that lysine residues on the
for lysosomes. The initial step is accomplished by the surface of the protein molecules play a key role in
Golgi-resident enzyme UDR-acetylglucosamine 1-phos- recognition by the phosphotransferase.

photransferase (phosphotransferase), which catalyzes the To date three-dimensional structures of seven lysosomal
transfer of GIcNAc phosphate onto the-1,2-linked enzymes have been reported, namely those of cathepsins
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D, B and L (Jiaet al,, 1995; Baldwinet al,, 1993; Metcalf
and Fusek, 1993; Coulombet al, 1996), protective
protein/cathepsin A (Rudenket al., 1995),3-glucuronid-

on lysosomal targeting. Three lysine residues and one
tyrosine were found to be important for oligosaccharide
phosphorylation. In the three-dimensional structure these
ase (Jainet al, 1996), arylsulfatase B (Bonet al, residues are located in two distant regions and they form
1997) and aspartylglucosaminidase (Oinogatal., 1995). distinct but cooperating determinants that interact with the
Unfortunately, the coordinates are available in the databankphosphotransferase. On the basis of the data from this and
only for cathepsins B and D and aspartylglucosaminidase, other studies we will also present some general rules
making direct structural comparisons difficult. On the for recognition of soluble lysosomal enzymes by the
basis of similarity in the three-dimensional structure of phosphotransferase.
the previously defined targeting determinant of cathepsin
D and the newly resolved structure Bfglucuronidase, Results
it was suggested that there might be some sequence
conservation in lysosomal targeting signals. A loose con- Identification of residues necessary for the
sensus sequence formingBehairpin structure was indi-  mannose 6-phosphorylation
cated as a putative lysosomal targeting determinant (JainThe role of individual amino acid residues in mannose
et al, 1996). However, experimental evidence from muta- 6-phosphorylation and lysosomal targeting of AGA was
genesis studies supporting this hypothesis is lacking. analyzed using site-directed mutagenesis and transient
A reliable identification of the targeting determinant expression of the mutant polypeptides in COS-1 cells.
requires the use of site-directed mutagenesis and interpret-Since lysine residues have been suggested to be essential
ation of the data on the basis of the three-dimensional recognition determinants in mannose 6-phosphorylation
structure of the protein. Here we present characterization of (Cuozzo and Sahagian, 1994), 15 of the 16 lysine residues
the phosphotransferase recognition determinant of humanof the AGA polypeptide (eight in the subunit and eight
lysosomal aspartylglucosaminidase (AGA). AGA is a in the B subunit) were mutagenized either to arginines
soluble lysosomal amidohydrolase that catalyzes the break-(most lysines in thex subunit) or into alanines (those in
down of glycoasparagines by removing the oligosaccharide the 3 subunit and Lys117 in the subunit) (Figure 1).
chain attached to asparagine residues (Makétoal, Lys4 locates within the signal sequence and was not
1968). The AGA enzyme is a heterotetramer of two =~ mutagenized. The effect of these substitutions on phos-
and two 3 subunits that are translated as a continuous phorylation of the oligosaccharides and on lysosomal
precursor polypeptide which is rapidly cleaved after syn- targeting efficiency of the AGA polypeptides was analyzed
thesis into the subunits in the endoplasmic reticulum. This using pulse labeling with either¥S]Cys or F2P]R in
proteolytic cleavage produces the 27 kDa pr@nd 17 transiently transfected COS-1 cells. Activity measurements
kDa 3 subunits and results in establishment of the enzym- were performed to ensure that the mutant polypeptides
atic activity of AGA (Ikonenet al, 1993). Recent data exhibited normal enzyme activity to exclude the possibility
suggests that the activating cleavage producing thethat these substitutions resulted in misfolding of AGA
(pro-ap), heterotetrameric complex is autoproteolytic which could be the cause of mistargeting. Of the lysine

(Tikkanen et al, 1996) and is triggered by the joining
together of two precursor polypeptides (Riikonehal.,

residues, Lys37, residing next to theglycosylation site
of the a subunit, and Lys117 could not be substituted for

1996). We have recently determined the three-dimensionalwithout disturbing the conformation of the polypeptide,
structure of the heterotetrameric human lysosomal AGA whereas all other substitution mutants exhibited normal

enzyme (Oinoneret al, 1995). Eachaf dimer in the
active tetramer forms a single domain, the core of which
is formed by a four layer sandwich ai-helices and
B-sheets. The C-terminal end of the subunit extends

processing into subunits. We studied the effect of the
produced substitutions on secretion, processing and
phosphorylation of the mutant AGA polypeptides (Table
). Most of the substitutions resulted in wild-type phos-

outside this core and forms a loop structure on top of the phorylation ¢-6%). For further studies we chose only

molecule.
The AGA precursor contains two asparagine-linked
glycosylation sites, Asn38 in the and Asn308 in the

subunit. Both sites are utilized, each tetramer thus bearingGIcNAc phosphotransferase

those substitutions that resulted in>e8l0% reduction in

phosphorylation. Three lysine residues (Lys177, Lys183
and Lys214) were identified as putative parts of the
recognition determinant.

four oligosaccharides, and both oligosaccharides can alsoAlanine substitutions were also produced for thase

be mannose 6-phosphorylated (Tikkamtml, 1995). The
enzymatically active tetrameric molecule is transported
mainly via the Man 6-P receptor pathway into lysosomes,
where the C-terminus of the pi-subunit is further
trimmed, resulting in the mature 24 kdasubunit (Ikonen
et al, 1993). This event can be utilized to monitor the
entry of AGA into the endosomal/lysosomal compartment.
The well-defined structural features of the AGA mole-

subunit lysines whose substitution to arginine resulted in
reduced phosphorylation of the oligosaccharides (Lys177
and Lys183) to test if the positive surface charge plays a
role in phosphotransferase recognition. In both cases the
alanine substitutions were found to result in a more severe
phosphorylation defect than the arginine substitutions.
Lys177 and Lys183 are part of the C-terminal loop of
the a subunit, which forms an interesting extension into

cule make it an excellent candidate for detailed analysesthe tightly packed core structure of AGA. Furthermore,
aimed at characterization of the phosphotransferase recoga sequence resembling the previously suggested short

nition site(s). We usedn vitro mutagenesis and pulse—

consensus sequence for GIcNAc phosphotransferase recog-

chase studies of the mutated polypeptides expressed imition (Jainet al, 1996) could also be identified in this

animal cells to study the effect of targeted substitutions
on phosphorylation of the oligosaccharides of AGA and

region, (Lys177 Tyr Cys Gly Pro Tyr Lys183), although
in AGA it does not form g3-hairpin structure. Additional
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Fig. 1. Schematic illustration of the mutagenized amino acids of the AGA polypeptide. The AGA polypeptide consists of a signal sequence (ss) and
two subunits: the 27 kDa pra; which is further trimmed to the 24 kDa subunit in lysosomes, and the 17 kPBaubunit. The amino acids

mediating interaction with the phosphotransferase are indicated with an

alanine substitutions were produced for the neighboring
residues Tyrl78, Prol81 and Tyrl82, whereas llel72 was

asterisk.

Table I. Preliminary screening of the lysine and other substitutions in
the AGA polypeptide

mutagenized to glycine. In pulse—chase experiments the
Prol81Ala and 1le172Gly substitutions did not disturb

either lysosomal targeting or phosphorylation, whereas
both the Tyrl78Ala and Tyrl82Ala mutants exhibited

reduced phosphorylation (Table 1). Further analysis
showed, however, that at least in part, the effect of
Tyrl82Ala substitution was due to reduced stability and

degradation of the mutant polypeptides with this sub-
stitution.

The third lysine residue (Lys214) important for phos-
phorylation is located 40 A distant from Lys183. To
determine if this region also involves other residues, two
nearby amino acids, Thr215 and His213, were mutagenized
to alanine. The effect of these substitutions was analyzed
as above. Pulse—chase studies wits and 3P labels
showed that lysosomal targeting as well as phosphorylation
was unaffected by the substitutions Thr215Ala and
His213Ala.

The phosphotransferase recognition sites in the

AGA polypeptide

On the basis of the preliminary screening, those substitu-
tions that seemed to produce an effect on phosphorylation
and/or lysosomal targeting were analyzed in more detail.
For further analysis we chose three different lysine
substitutions (Lys177Ala, Lys183Ala and Lys214Ala) as
well as mutant Tyr178Ala. In addition to single substitu-
tions, we also produced mutants carrying various combin-
ations of the alanine substitutions (Lys177Lys183Ala,
Lys177Tyr178Lys183Ala, Lys183Lys214Ala and Lys177-
Tyr178Lys183Lys214Ala). Pulse—chase analysis®3S-
labeled polypeptides with various chase times (1, 3 and
6 h) were performed to monitor lysosomal targeting
efficiency of both the single and combination mutants.
The targeting defect was already apparei@lachase with
mutants Lys183Ala, Lys214Ala and all the combination

Substitution  Activity ~ Precursor Secretion Phosphorylation
processing
Lys37Arg BG misfolding  n.d. n.d.
Lys109Arg as WT as WT as WT as WT
Lys1l7Ala BG misfolding  n.d. n.d.
Lys177Arg as WT as WT as WT reduced
Lys177Ala as WT as WT as WT reduced
Lys183Arg as WT as WT Increased reduced
Lys183Ala as WT as WT Increased reduced
Lys189Arg as WT as WT as WT as WT
Lys196Ala as WT as WT as WT as WT
Lys214Ala as WT as WT increased reduced
Lys228Ala as WT as WT as WT as WT
Lys230Ala as WT as WT as WT as WT
Lys288Ala as WT as WT as WT as WT
Lys295Ala as WT as WT as WT as WT
Lys319Ala as WT as WT as WT as WT
Lys335Ala as WT as WT as WT as WT
Lys342Ala as WT as WT as WT as WT
1lel72Gly as WT as WT as WT as WT
Tyrl78Ala  as WT as WT, as WT reduced
unstable
Prol81Ala as WT as WT as WT as WT
Tyrl82Ala  reduced  degradation reduced reduced
His213Ala as WT as WT as WT as WT
Thr215Ala  as WT as WT as WT as WT

The effect of targeted amino acid substitutions on phosphorylation and
secretion of the mutant AGA polypeptides transiently expressed in
COS cells was determined in pulse-chase experiments¥ttor 32P
label. Each determination was performed at least twice. As WT, the
numeric values deviate from those obtained for the wild-type AGA by
not more than 6%; BG, background; n.d., not determined.

2 for the combination mutant containing all four substi-
tutions.

Since pulse—chase analysis can be used to monitor the
fate of polypeptides synthesized during a limited period
of time, immunofluorescence staining was performed with
cells transfected with the wild-type AGA or with the

mutants, as evidenced by the slow appearance of thecombination mutant carrying all four substitutions. These

mature 24 kDaa subunit and enhanced secretion of
the polypeptides into the medium (data not shown). In
particular, the two combination mutants in which the two
lysines Lys183 and Lys214 were both substituted for were
massively secreted into the medium, as shown in Figure
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analyses show that even at steady-state these mutant
polypeptides are not detected in significant amounts in
lysosomes, but rather reveal an endoplasmic reticulum/
Golgi-like staining pattern, as expected for a protein that
is present in the secretory pathway. In contrast, the wild-
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Fig. 2. Pulse—chase analysis of the Lys177Tyr178Lys183Lys214Ala
mutant and wild-type (WT) AGA polypeptides expressed in COS-1
cells. The cells were transfected with the mutant or wild-type AGA C
cDNA constructs and pulse-labeled wit#$]Cys fa 1 h and chased

for 1, 3 or 6 h adndicated. The proteins were immunoprecipitated
from the cells and medium with an AGA-specific antiserum and
separated by 14% SDS—PAGE. The molecular weights of the
polypeptides are indicated.

type AGA displays a clear Golgi and lysosomal staining
(Figure 3).

Phosphorylation of the oligosaccharides of the mutant
AGA enzymes was studied using pulse—chase labeling.
The wild-type and mutant polypeptides were labeled with
[32P]R, immunoprecipitated from the cells and the medium
and analyzed by SDS—PAGE and autoradiography. Each
pf the single sub_stitutions resulted ina n_otigeable dgc_rease,:ig_ 3. Immunofiuorescence staining of AGA polypeptides in
in phosphorylation, but different substitutions exhibited transfected COS cellsAj Lys177Tyr178Lys183Lys214Ala;
phosphorylation defects of varying degrees (Figure 4). (B) wild-type AGA; (C) untransfected COS-1 cells.
Endoglycosidase H digestion was performed with the
labeled, immunoprecipitated wild-type polypeptides to pulse, 3 h chase). Secretion of the mutant polypeptides
demonstrate that labeling wit)fP was oligosaccharide- was measured as the fraction (% secreted) of#¥8JCys-
specific and thus could be removed upon digestion. We labeled AGA polypeptides immunoprecipitated from the
observed no remaining label after digestion with endo- medium and the cells after 1 h label and 4.5 h chase, as
glycosidase H, suggesting that there is no phosphorylationdetermined by scanning of the autoradiographs. Lysosomal
of AGA in the polypeptide backbone that would interfere targeting efficiency was determined as the percentage of
with our phosphorylation assay (data not shown). We also processeda subunit from the total intracellular and
studied the half-life of phosphorylation of the over- secreteda subunit pool (prea + a) of the 3°S-labeled
expressed AGA. Even afte6 h chase we observed AGA polypeptides. Phosphorylation was determined as
no reduction in phosphorylation of the wild-type AGA, the percentage of wild-type phosphorylation in the parallel
indicating that the Man 6-P groups of AGA are stable experiments, by determining the relative total amount of
under the conditions used in this study (2.5 h pulse, 3 h immunoprecipitated phosphorylated polypeptides (intra-
chase) (data not shown). cellular+ secreted) correlated with transfection efficiency/

To measure quantitatively the effect of these substitu- expression level (relative amount of total immunoprecipit-
tions on secretion and lysosomal targeting of the polypep- ated®>S-labeled polypeptides) (Table Il). Substitutions of
tides as well as on phosphorylation of the oligosaccharides,Lys177 or Tyrl78 resulted in a noticeable but relatively
pulse—chase experiments were performed in parallel with minor reduction in phosphorylation of the oligosaccharides
both P5S]Cys (1 h pulse, 4.5 h chase) arfdH]R, (2.5 h and neither secretion nor lysosomal targeting efficiency
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of the polypeptides was altered. Other single substitutions effect on phosphorylation of the subunit sugar chain.

as well as their combinations result in a more severe
defect in phosphorylation (exhibiting 4.2—-40% of wild-

Interestingly, the reduced phosphorylation ratio also correl-
ates with enhanced secretion and reduced lysosomal target-

type phosphorylation) associated with increased secretioning efficiency. In the case of the mutant polypetides
and decreased lysosomal targeting of the polypeptidesexhibiting reduced phosphorylation ratios, lysosomal

(5.8-29%) (Table II).
Our assay allows for quantification of the effect of
the produced substitutions on phosphorylation of the

targeting efficiency is not improved even after prolonged
chasing (18 h), whereas the fraction of secreted polypep-
tides is increased as compared with shorter chase times

oligosaccharides in each subunit separately, since both thgdata not shown). This further indicates that these polypep-
a and theB subunit carry only one oligosaccharide chain. tides are incapable of being internalized by endocytosis.

All single substitutions and their combinations that resulted
in reduced phosphorylation of the oligosaccharides affect
phosphorylation of both subunits (Table Il). However, the
subunit phosphorylation ratico(B) is similar to that of
the wild-type AGA only in the case of the Lys177Ala and
Tyrl78Ala mutants, whereas all other mutants exhibit
considerably lower ratios (Table Il). This indicates that
although overall phosphorylation of AGA is reduced by

In COS-1 cells, human AGA protein was overexpressed
~20- to 30-fold as compared with endogenous AGA.
Therefore, it is possible that this high overexpression
might cause mistargeting and exaggerate the effect of the
produced substitutions on targeting and phosphorylation
of AGA. To test this, we also expressed wild-type AGA
and the mutants containing the substitutions Lys183Ala
or Lys214Ala or their combinations in NIH 3T3 cells

all these substitutions, some of them display a stronger (indicated in Table I1), resulting in 5- to 7-fold lower
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Fig. 4. Phosphorylation of the mutant and wild-type AGA

polypeptides. COS cells were transfected with one of the mutant or
wild-type AGA cDNA constructs and pulse-labeled with
[32P]orthophosphate for 2.5 h and chased for 3 h. The substitutions are
indicated above the lanes with the standard one letter abbreviations
due to space restrictions.

expression levels. The results concerning secretion, lyso-
somal targeting and phosphorylation of the wild-type and

mutant AGA proteins were found to be in good agreement
with the results obtained in COS-1 cells (Table II).

Discussion

A systematic mutagenesis screening of the lysine residues
in the AGA polypeptide revealed three lysine residues
important for proper phosphorylation of the oligosacchar-
ides, namely Lys177 and Lys183 in theand Lys214 in

the B subunit. On the basis of the three-dimensional
structure of AGA determined earlier by us (Oinoredral,
1995), these three lysines clearly protrude from the surface
of the AGA molecule. We selected several candidate
residues in the close vicinity of the lysines in the three-
dimensional structure and analyzed their role in phos-
phorylation, but of these only Tyr178 was clearly demon-
strated to be a part of the phosphorylation signal of AGA
(Figure 5). However, Lys183 and Lys214 seem to be the
major parts of the determinant, Lys177 and Tyr178 playing

Table II. Effect of targeted substitutions on phosphorylation and lysosomal targeting of AGA

Number of Phosphorylation Phosphoryla@ ratio Lysosomal Secretion
experiments (% wild-type) targeting efficiency (% total
(cells + medium)  Cells Medium 35s-labeled
polypeptides)
wTa 5 100 2.5+ 0.25 3.1+ 0.22 52 =+ 3.6 (43) 32+ 3.1 (24)
Lys177Ala 3 86 = 5.0 2.9+ 0.085 2.7+ 0.55 58 * 6.2 26+ 4.1
Tyrl78Ala 3 58 *49 2.9+ 0.58 3.6+ 0.88 62 *+2.2 27+ 1.9
Lys183Arg 2 54 + 4.8 2.7+ 0.35 3.3+ 0.50 49 + 14 43+ 5.6
Lys183Al& 4 28 *7.2(35) 1.0+ 0.087 1.2+ 0.11 27 *1.4(25) 62+ 7.1 (50)
Lys214Alg& 4 39 =+ 2.9 (30) 1.2+ 0.38 1.3+ 0.13 29 =+ 1.5(27) 56+ 12 (49)
Lys177Lys183Ala 4 29 + 45 14+ 0.25 1.9+ 0.33 23 +*47 59+ 55
Lys183Lys214Al& 3 42+08(23) nd nd 10 + 4.8 (16) 83+ 6.4 (59)
Lys177Tyr178Lys183Ala 4 22+ 1.0 1.7+ 0.049 2.2+ 0.14 23 =58 62+ 3.2
Lys177Tyr178Lys183Lys214Afa 4 7713095 nd nd 5.8+ 1.3 (13) 74+ 7.7 (59)
Prol81Ala 3 106 = 5.0 2.4+ 0.10 25+ 0.050 53 *=28 30+ 2.6

The effect of selected amino acid substitutions on phosphorylation of the oligosaccharides and on lysosomal targeting of the mutant AGA

polypeptides was determined quantitatively. Phosphorylation was correlated with the expression level as determined from parallel experiments using

35S label. Expression levels of the mutants were within the range 80-120% of the expression level of the overexpressed wild-type AGA. Values are
given with the standard deviations. nd, not determined due to the very low level of phosphorylation.
aConstructs also expressed in NIH 3T3 cells, the results for which are given in parentheses and represent a mean of two parallel samples.
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Fig. 5. The mutated amino acid residues of AGA. Thigoolypeptide chain is in green and tBepolypeptide chain in yellow. The residues affecting
phosphorylation and lysosomal targeting (Lys177, Tyrl78, Lys183 and Lys214) are colored red. The neighboring residues that were mutated but
which did not affect phosphorylation are colored pink (lle172, Pro181, His213 and Thr215). Tyr182 has been omitted from the picture for clarity.

The figure was drawn with the program SETOR (Evans, 1993).

only a less important, yet clearly detectable role in the
recognition event.

The lysosomal targeting signals in the oc and
subunits

case of the Tyrl82Ala mutant normal processing of the

precursor into subunits was found to occur without delay.
The third targeting determinant, located in fhsubunit

of AGA, seems to consist of Lys214, which also clearly

extends outwards from the surface of the molecule. Lys214

Two parts of the phosphotransferase recognition signal of is located at g3-hairpin between the first tw@-strands

AGA are located at the C-terminal end of thesubunit,
the first comprising Lys177 and Tyrl78, the second

Lys183. Interestingly, the loose lysosomal targeting con-

sensus sequence (Lys Tyr Pro Lys Gly TyBhglucuronid-
ase) suggested by Jaghal.(1996) could also be identified

of the3 subunit. Recently Jaiet al. (1996) have suggested
that this kind offp-hairpin structure could be part of the
lysosomal targeting motif. However, thiB-hairpin of
AGA is embedded in the structure, with only His213,
Lys214, Thr215 and His217 exposed to the solvent, and

in this region. In AGA the same residues are present, but this region does not match with the consensus recognition
the actual sequence is different and interrupted by a Cyssequence that has been suggested byetaah Moreover,

that is part of a disulfide bridge (Lys Tyr Cys Gly Pro

Tyr Lys). Furthermore, in AGA these residues do not form
a B-hairpin. The C-terminal end of the mature, lysosomal
o subunit of AGA is a 24 residue polypeptide that forms
aloop structure held together by a disulfide bridge followed
by a short C-terminal extension, but the functional sig-
nificance of this region has previously been unknown
(Oinonenet al, 1995). Interestingly, the most common

substitution of His213 and Thr215 did not affect phos-
phorylation of AGA, which would suggest that the inter-
action area on th@ subunit is restricted.

On the basis of the three-dimensional structure of the
AGA heterotetramer the three signals are located far from
each other, on opposite faces of the molecule, when the
residues in each3 heterodimer are considered. However,
determinants provided by different halves of the tetramer,

mutation causing aspartylglucosaminuria, a lysosomal i.e. thea subunit loop with Lys177, Tyrl78 and Lys183
accumulation disease, results in substitution of Cys163 from one dimer and th@ subunit site with Lys214 from

(Ikonenet al, 1991) and disruption of the disulfide bond
to Cys179 holding the C-terminal loop of tle subunit

the other dimer, place the residues on the same face of
the tetrameric AGA molecule (Figure 6). Therefore, each

together. The mutant polypeptides are neither processedAGA molecule contains two recognition sites, both of

into subunits nor phosphorylated (Peltata al, 1996),
indicating the significance of folding of this region in both
processing of the AGA precursor into subunits and in
oligosaccharide phosphorylation.

which involve residues from botluf3 dimers of the
tetramer. TheN-glycosylation sites of AGA are located
60 A from each other and are not in the immediate
vicinity of the phosphotransferase-binding sites. However,

Lys177 and Lys183 are accessible on the surface of themolecular modeling of theN-glycans in both subunits

molecule and are likely to be in direct contact with the

suggests that the mannose residues that can become

phosphotransferase. The flat face of the Tyr178 phenol ring phosphorylated are at approximately the same spatial level
is also exposed to the solvent. Tyrl82, whose substitutionin the molecule as the targeting signal residues.

resulted in lower phosphorylation but also in reduced
stability of the AGA molecule, is also an important
part of this structure, affecting the conformation of the
C-terminal loop structure. However, alanine substitution
of Tyrl82 cannot result in severe misfolding, since this

Interaction with the phosphotransferase is

cooperative.

Our mutagenesis data suggest that the recognition sites of
AGA function in a cooperative manner. Since all three

region is located close to the subunit processing site andsites of AGA are necessary for full phosphorylation of

large structural alterations would result in prevention of

the oligosaccharide on either subunit, binding of the

processing of the precursor molecule into subunits. In the phosphotransferase must take place simultaneously at all
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polypeptides, prior to processing into and 3 subunits
(Riikonen et al, 1996). This is supported by our earlier
findings on phosphorylation of active site mutants of AGA
whose processing into subunits is prevented (Tikkanen
et al, 1996). These molecules are transported into the
lysosomes as precursor dimer complexes and their oligo-
saccharides are apparently phosphorylated (Pettoéd.,
1996). Normal processing of the AGA precursor takes
place very rapidly after synthesis, in the ER (Ikorsral,,
1993), whereas the phosphotransferase seems to be located
within the Golgi apparatus (Goldberg and Kornfeld, 1983).
Thus, interaction of AGA with the phosphotransferase
normally occurs only after processing of AGA into its
subunits has taken place. This would suggest that the
conformations of the precursor and the processed forms
of AGA are not grossly different, since both forms are
compatible with recognition by the phosphotransferase
p-glycosylation and oligosaccharide phosphorylation, as evidenced by
phosphorylation of the above-mentioned mutations pre-
venting processing of AGA.

# a-glycosylation

B-glycosylation L¥s177 a-glycosylation The a and B subunits are unequally
phosphorylated
We were also able to measure directly the phosphorylation
ratio of oligosaccharides located in differadtglycosyl-
ation sites on a lysosomal enzyme and the effect of
targeted substitutions not only on overall phosphorylation
but also on the phosphorylation ratio. The degree of
phosphorylation of thex and 3 subunits was not equal
even in wild-type AGA, where the subunitis phosphoryl-
ated more efficiently than thg subunit. Substitution of
individual residues at any of the three identified sites
decreased phosphorylation of the oligosaccharides on both
subunits and none of the produced substitutions affected
phosphorylation of only one subunit.

Phosphorylation of thex subunit is reduced more
efficiently than that of th@ subunit by alanine substitution
of Lys183 and Lys214, as indicated by the reducef
phosphorylation ratio in both the cells and the medium.
i oo oo b e s gonm e - Ahough the confomation of the cligosatcharide shows
)F/)gljlow. The mutated amino acid residues are colore%yred (reduced a_ high degree of variation, it can b_e estimated that the
phosphorylation) or pink (phosphorylation level unchanged). The distance of the mannose of thesubunit glycan to Lys183
figure was drawn with the program GRASP (Nichaisal, 1991). is ~25 A and to Lys214 ~20 A. The corresponding
distances to thel subunit glycan are 40 and 15 A
respectively. Lys177, whose substitution did not alter the
a/B phosphorylation ratio, is within the same ~40 A

sites. Allthough Lys177 and Tyrl78 clearly play a role in

binding of the phosphotransferase, as evidenced by the". - , .
reduced phosphorylation resulting from their single distance from both glycosylation sites. The location of the

substitution, the main part of the determinant seems to N-glycosylation site with respect to the phosphotransferase
be made up of Lys183 and Lys214, whose combined récognition determinant thus seems to affect the efficiency
substitution results in a similar defect in targeting and Of phosphorylation of the oligosaccharide chain to some
phosphorylation as combined substitution of all four €xtent. However, the distance between the oligosaccharide
residues. However, we cannot exclude the possibility that @nd the determinant cannot be exact, since the glycan can
there are other residues in the vicinity of the targeting adopt a range of different conformations. Consistent with
determinants or in the C-terminal propeptide of the these results, Cantor and Kornfeld (1992) have shown
subunit that participate in phosphotransferase binding, that oligosaccharides located on novel glycosylation sites
since both the above-mentioned combination mutants generated in the cathepsin D molecule were efficiently
still have some residual phosphorylation (4.2 and 7.7%). phosphorylated. However, the degree of phosphorylation
However, these residues would be only minor contributors was dependent on the distance between the oligosaccharide
to binding. and the phosphotransferase recognition site, oligosacchar-

The productive interaction must be able to occur with ides residing closer to the targeting determinant being
the AGA molecule consisting of two dimerized precursor better phosphorylated.
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Interactions with the mannose 6-phosphate kind of recognition could be acchieved either by a single
receptor well-defined large determinant common to all ligands or
A single high mannose oligosaccharide can acquire oneby the use of two or more distinct sites, in each of which
or two Man 6-P markers (Varki and Kornfeld, 1983) and the recognition area as such is small. It is unlikely that
it has been shown that oligosaccharide chains tagged withlysosomal enzymes would all posses a distinct targeting
only a single Man 6-P are poorer ligands for the Man 6-P sequence or even a universal structural determinant for
receptors than those containing two Man 6-P (Creek and phosphotransferase recognition. It is more plausible that
Sly, 1982; Varki and Kornfeld, 1983; Hoflaek al, 1987). the lysosomal targeting signal would be based on one or
The mutant AGA polypeptides in which either Lys183 more lysine residues, their mutual position and the distance
together with Lys214 or all three lysines and the Tyr of between them, which would allow for structural variation
the recognition determinant were substituted by alanines of the ligand enzyme molecules.

are both still phosphorylated to a low but detectable
degree. However, all of the phosphorylated polypeptides , ,
are secreted from the cells into the medium and are /Pteraction of lysosomal enzymes with the

incapable of being endocytosed by Man 6-P receptors Phosphotransferase
back into the cells. Substitutions of Lys183 and Lys214 The bovine phosphotransferase molecule has recently been

are associated with dramatically increased secretion asPurified and characterized and, although the exact subunit

well as low lysosomal targeting efficiency of the mutant Structure of this enzyme molecule remains to be verified,
AGA polypeptides. These mutants exhibit a reduced itis clear that the phosphotransferase is a large multisubunit

phosphorylation ratio of the subunits, which thus seems complex which would be able to establish interactions
to be correlated with increased secretion and reduced®Ve @ large surface area of the substrate molecule (Bao
lysosomal targeting and is likely to reflect the affinity of the €t @l 1996a,b). Binding of the lysosomal enzyme to the
phosphorylated oligosaccharides for the Man 6-P receptor, Phosphotransferase could also trigger a conformational
Alanine substitutions of Lys177 or Tyr178 that clearly change in the phosphotransferase complex and result in
affect overall phosphorylation of AGA do not significantly ~ €Stablishment of enzymatic activity towards the oligo-
alter thea/ phosphorylation ratio and the mutant polypep- saccharides. Packing of the lysosomal enzyme against the
tides exhibit lysosomal targeting and secretion comparable Phosphotransferase would thus allow for binding in the
with wild-type AGA. From this data it is evident that a active site of the phosphotransferase and subsequent
mere reduction in overall phosphorylation of the oligo- Phosphorylation of only the oligosaccharides resident on
saccharides is not necessarily sufficient to result in a the lysosomal enzyme itself. This kind of binding-induced
targeting defect, whereas the degree of phosphorylation@ctivation of the phosphotransferase would efficiently

of individual oligosaccharides seems to be more important Prevent phosphorylation of non-lysosomal glycoproteins.
for lysosomal targeting efficiency. On the basis of the data presented here and in previous

Interestingly, Baransket al. (1992) obtained similar ~ Studies, it now seems probable that the phosphotransferase

results when analyzing phosphorylation of chimeric mole- fecognition signals of lysosomal enzymes are based on
cules containing parts of cathepsin D and the secretorySmall contact points, on their mutual position and on the
protein glycopepsinogen fused together_ When the amino distance between them. The key e-lements in the contact
|0be Of Cathepsin D is rep'aced by the Corresponding seem to be one or more IyS|ne residues on the surface of
sequence from glycopepsinogen, the resulting chimeric the lysosomal enzyme. In the case of lysosomal polypep-
molecules are efficiently phosphorylated, but over half of tides with multiple oligosaccharide chains, such as AGA,
the p0|ypep[ides are secreted, as Compared with g%lt' remains unresolved Whether the. phosphqtransferase
secretion of wild-type cathepsin D. However, the authors binds the lysosomal enzyme in two different orientations,
were unable to provide any explanation for this phe- Phosphorylating different oligosaccharides, or if a single

nomenon. orientation allows for simultaneous phosphorylation of
both oligosaccharides by the suggested two separate active

Lysosomal targeting as an example of molecular sites of the phosphotransferase.

recognition

In many biological processes specific molecular recogni-
tion is a prerequisite for formation of a protein—protein Materials and methods
complex, such as that between a lysosomal enzyme .

n vitro mutagenesis

and t.he phos_photransf_erase. Other e_xamples of S.pemﬂ#/lutagenesis was performed with a Chameleon Double-Stranded, Site-
protein—protein interactions are_f_ound n antlgen—antlquy Directed Mutagenesis Kit (Stratagene) as suggested by the manufacturer.
and receptor-hormone recognition and in the formation As a template, the full-length coding region of the AGA cDNA cloned
of oligomeric protein complexes. The protein surface area into theBanHl site of mammalian expression vector SV-poly was used
required for this type of interaction varies, but is typically - 0 eaE0E B e B rleotide located in the polyinker
1000 /. In the case of recognition of_lysosomal enzymes, region of SV-poly which destroyed th&coRV restriction enzyme

the phosphotransferase must specifically recognize andgieavage site. In the combination mutants the substitutions were produced
bind a large variety of proteins whose three-dimensional one after another in subsequent rounds of mutagenesis, except for the
structures are quite different from each other. This recogni_ Lys177Tyrl78Ala double substitutions, which were included in the
tion event must be specific enough to identify the correct ame O"Igon.gc'egtide' To Criag;e: second dm“tatior.‘ in TlechndS?t{;’Ct' an
. Y - oligonucleotide destroying th&Sad site and returning theEc
!'gands,and the bmdmg,Strong enQUQh for a productive site was used for selection of mutated plasmids. The first selection
interaction to occur, but it should still allow for the large  gjigonucleotide was then used again to produce a third mutation. Mutant
variation in overall structure of the ligand molecules. This clones were identified by sequencing.
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COS-1 and NIH 3T3 cell culture and DNA transfection Creek,K.E. and SlyW.S. (1982) Adsorptive pinocytosis of
COS-1 and NIH 3T3 cells were maintained in Dulbecco’s modified phosphorylated oligosaccharides by human fibrobldsBiol. Chem,
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum 257, 9931-9937.

and antibiotics. For transfection, the cells were seeded on a 6-well plate Cuozzo,J.W. and Sahagian,G.G. (1994) Lysine is a common determinant
at 400 000 cells/well and grown overnight. Transfection was performed  for mannose phosphorylation of lysosomal proteihsBiol. Chem,

with 7 pg plasmid construct by the DEAE dextran/chlorokine method 269, 14490-14496.

(Luthman and Magnusson, 1983) and the cells analyzed on the third day Cuozzo,J.W., Tao,K., Wu,Q., Young,W. and Sahagian,G.G. (1995)

after transfection. Lysine-based structure in the proregion of procathepsin L is the
recognition site for mannose phosphorylatidn.Biol. Chem, 270,

Metabolic labeling and immunoprecipitation 15611-15619.

The cells were incubated in cysteine-free medium for 30-60 min before Dustin,M.L., Baranski,T.J., Sampath,D. and Kornfeld,S. (1995) A novel

labeling with 15QuCi/ml [3®S]Cys (Amersham) using a 1 h pulse followed mutagenesis strategy identifies distantly spaced amino acid sequences

by a 1-6 h chase. Labeling with?P]orthophosphate (Amersham) was that are required for the phosphorylation of both the oligosaccharides

carried out as described earlier (Tikkaretral, 1995) in phosphate-free of procathepsin D by N-acetylglucosamine 1-phosphotransferase.

medium with 400uCi [32P]R/ml with a 2.5 h pulse and a 3 h chase. J. Biol. Chem, 270, 170-179.

The cells were harvested, lysed and the proteins immunoprecipitated Evans,S.V. (1993) SETOR: hardware lighted three-dimensional solid

and separated as described earlier (Pel@lal, 1994). The media model representations of macromoleculds. Mol. Graphics 11,

were concentrated to 100-2@0with Centricon-30 microconcentrators 134-138.

(Amicon) before immunoprecipitation. Felgner,P.L., Gadek,T.R., Holm,M., Roman,R., Chan,H.W., Wenz,M.,
Northrop,J.P., Ringold,G.M. and Danielsen,M. (1987) Lipofection: a

Assay for AGA activity highly efficient, lipid mediated DNA-transfection proceduteroc.

The AGA activity assay was performed as described earlier (Peltola  Natl Acad. Sci. USA84, 7413-7417.

et al, 1996). Goldberg,D.E. and Kornfeld,S. (1983) Evidence for extensive subcellular
organization of asparagine-linked oligosaccharide processing and

Immunofluorescence lysosomal enzyme phosphorylatiah.Biol. Chem, 258 3159-3165.

COS-1 cells were transfected using lipofection (Felgeeal, 1987) Hoflack,B., Fujimoto,K. and Kornfeld,S. (1987) The interaction of

with the mutant Lys177Tyr178Lys183Lys214Ala or wild-type AGA phosphorylated oligosaccharides and lysosomal enzymes with bovine

construct. Immunostaining of AGA was performed with a rabbit anti-  liver cation-dependent mannose-6-phosphate recept8iol. Chem,

serum against human AGA as described earlier (Tikkaeteal, 1995). 262 123-129.

lkonen,E., Baumann,M., GnK., Syvanen,A.-C., Enomaa,N., Halila,R.,
Aula,P. and Peltonen,L. (1991) Aspartylglucosaminuria: cDNA
Acknowledgements encoding human aspartylglucosaminidase and the missense mutation
causing the diseas&MBO J, 10, 51-58.
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