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In an earlier  report we described the identification of 
an a-N-acetylglucosaminyl phosphodiesterase that is 
capable of cleaving the  outer phosphodiester-linked a- 
N-acetylglucosamine residues present on the high man- 
nose oligosaccharides of newly synthesized lysosomal 
enzymes (Varki, A,, and Kornfeld, S. (1980) d Biol. 
Chem 266, 8398-8401).  We have now purified this en- 
zyme  1800-fold with a 24% yield from rat liver, using 
subcellular fractionation, differential extraction with 
Triton X-100, DEAEkellulose chromatography, hepa- 
rin-Sepharose chromatography, concanavalin A-Seph- 
arose affinity chromatography, and gel filtration on 
Sephacryl 5-300. The purified preparation is free of 
lysosomal a-N-acetylglucosaminidase. 

The enzyme exhibited a single form on both the ion 
exchange and gel filtration steps. It has a broad pH 
optimum between 6.0-8.0 and is unaffected by divalent 
cations or reducing agents. The  enzyme cleaves a-N- 
acetylglucosamine residues from five different loca- 
tions on the high mannose oligosaccharide. In the case 
of molecules with one phosphodiester, the  rate of cleav- 
age is not affected by the size of the underlying oligo- 
saccharide or  the presence or absence of an asparagine- 
linked peptide. Molecules with two phosphodiesters are 
cleaved in a nonrandom manner. The  enzyme has no 
activity toward p-nitrophenyl-a-N-acetylglucosamine 
but is capable of cleaving phosphodiester-linked N-ac- 
etylglucosamine in molecules such as UDP-N-acetylglu- 
cosamine, indicating that  it can only hydrolyze N-ace- 
tylglucosamine residues that  are a-linked to a phos- 
phate group. 

Considerable evidence now indicates that  the high mannose 
oligosaccharides of newly synthesized acid hydrolases are 
modified to  generate a phosphomannosyl recognition marker 
that is necessary for the targeting of these enzymes to  the 
lysosomes (1-11). Work from this laboratory has demon- 
strated  that  the early intracellular biosynthetic intermediates 
of P-glucuronidase contain phosphodiesters between high 
mannose oligosaccharides and  outer a-linked ClcNAc residues 
(12). Similar findings have been reported by Hasilik et al. 
(13). We subsequently found that such phosphodiesters can 
be located at five different positions on these oligosaccharides, 
although the bIocking residue is always a-iv-acetylglucosa- 
mine (14). Since previous studies  had shown that  the mature 
recognition marker contains mannose 6-phosphate in a phos- 
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phomonoester form (5, 6), it appeared that  an enzyme  or 
enzymes must be responsible for processing these phospho- 
diesters to yield the phosphomonoesters of the mature  target- 
ing signal. We searched for and identified an a-N-acetylglu- 
cosaminyl phosphodiesterase activity capable of removing the 
outer “blocking” a-N-acetylglucosamine residues and dem- 
onstrated that this enzyme is distinct from the previously 
described lysosomal  a-N-acetylglucosaminidase (15). 

In this paper we describe the solubilization, partial purifi- 
cation, and characterization of the  rat liver a-N-acetylglucos- 
aminyl phosphodiesterase. 

EXPERIMENTAL  PROCEDURES 

Materials 
Male Sprague-Dawley rats (100-150 g) were obtained from Harlan 

Industries, Inc. The 3a70 liquid counting mixture and  Triton X-100 
were purchased from Research Products  International. DE52 (DEAE- 
cellulose) was from Whatman. Amberlite MB-3 mixed  bed resin was 
from Sigma. Concanavalin A-Sepharose (10 mg/ml) and  Sephacryl 
S-300 supex5ne were from Pharmacia. Heparin-Sepharose (-2.5 X 
lo3 units/ml of Sepharose) was kindly provided by Dr. Douglas 
ToUefsen (Washington University) and was prepared by coupling 
porcine intestinal  heparin (Sigma) to cyanogen bromide-activated 
Sepharose  after the method of March et al. (16). Homogenous Esch- 
erichia coli alkaline phosphatase (EC 3.1.3.1) was a kind gift of Dr. 
M. J. Schlesinger, Washington University. Endo-P-N-acetylglucosa- 
minidase H was from Miles. a-Mannosidase from jack bean meal was 
prepared as described by Li and Li (17). 

Substrates  and  Inhibitors 
UDP-N-acetylglucosamine and N-acetyl-D-glucosamine l-phos- 

phate were from Sigma. P-Nitrophenyl-a-D-N-acetyiglucosaminide 
was from Calbiochem. Purified Proteinase I from D. discoideum was 
kindly provided by Dr. Gary L. Gustafson, University of Montana (18, 
19). Purified teichoic acid from the cell  walls of Micrococcus uarians 
(ATC 29750) (formerly Staphylococcus lactis 2102)  was the generous 
gift of Sir James Baddiley, University of Newcastle-Upon-Tyne (20, 
21). [6-3H]GlcNAc-[32P]Man,4GlcNAc~-Asn-peptide was  kindly sup- 
plied by Marc L. Reitman of this  laboratory  and was enzymatically 
prepared using v-32P]UDP-[6-3HJGlcNAc and cell extracts from the 
15B Chinese hamster ovary cell line (22). GlcNAcal + 32P + 6 
Manal-methyl(G1cNAc-P-a-methylmannoside) was prepared enzy- 
matically using rat liver extracts, a-methylmannoside and v-”P] 
UDP-GlcNAc.’ The product was isolated on quaternary aminoethyl 
(QAE) Sephadex and desalted on a Bio-Gel P-2 column. L-Glycan 
from group D streptococcus was kindly provided by Dr. John Pazur, 
Pennsylvania State University (23). Substrates IC10 (GlcNAc-P-[2- 
3H]Man~9GlcNAc)  and IA)JSO((G~CNAC-P)Z-[~-~H]M~~~-~G~CNAC) 
were prepared from [2-3H]mannose-labeled mouse lymphoma 
cells as previously described (14). MangGlcNAcl,  MansGlcNAcl, 
Man7GlcNAcl, Man~GlcNAcl, Man4Glcit,lNAc~ mannotriose, man- 
nobiose, Manal + 2 mannitol, and Manal -+ 3 mannitol were 

’ M.  L. Reitman, and S. Kornfeld, unpublished observations. 
The abbreviations used are: Glc,t,lNAc, N-acetylglucosaminitol; 

ManNAc, N-acetylmannosamine; Rha, rhamnose. All sugars have the 
D configuration unless noted otherwise. 
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prepared as previously described (24). All other chemicals were of 
reagent grade and were obtained from commercial sources. 

Analytical Methods 
Protein was determined by the method of Lowry, in the presence 

of  0.5% sodium dodecyl sulfate to eliminate inteference by Triton X- 
100 (25). Free N-acetylglucosamine was measured by the method of 
Reissig et  al. (26). Descending paper chromatography for separation 
of [JH]mannose-labeled oligosaccharides was carried out in Solvent 
A ethyl  acetate/pyridine/acetic  acid/H20 (5:5:1:3).  Mild acid hydrol- 
ysis for cleavage of phosphodiesters, NaBH4 reduction, and acetolysis 
of phosphorylated oligosaccharides were camed out  as previously 
described (14). The  treatment of oligosaccharides with jack bean a- 
mannosidase and alkaline phosphatase and of glycopeptides with 
endo-P-N-acetylglucosaminidase H  has been previously described 
(14). 

Enzyme Assays 
The rationale for the a-N-acetylglucosaminyl phosphodiesterase 

assay utilizing substrate IC,O, has been discussed (15). The assay was 
carried out  as previously described (15) except for two modifications. 
First, N-acetylmannosamine (10 mM) and EDTA (5 mM) were added 
to  the reaction mixtures to inhibit the lysosomal a-N-acetylglucosa- 
minidase and  the al,2-specific mannosidase which  were present  in the 
crude fractions. Second, the phosphomonoester (“uncovered”) prod- 
uct was eluted from the QAE-Sephadex column with 1 M NaCl 
containing 0.1 N HCl. This allowed all of the product to be eluted in 
1.7 ml. One unit of activity is defined as cleavage of 1% of substrate 
IClo/h under these conditions. a-N-Acetylglucosaminidase was as- 
sayed  as previously described (15), using the p-nitrophenyl-a-o-N- 
acetylglucosaminide as substrate. 

Buffers 
The following buffers were used during the purification procedure: 

Buffer A (for all sucrose solutions), 50 mM sodium maleate, pH 6.5, 
with 5 mM MgC12; Buffer B, 5 mM sodium maleate, pH 6.8; Buffer C, 
5 mM Tris maleate, pH 7.2, with 0.5% Triton X-100 (v/v); Buffer D, 
20 mM Tris HCl (pH 8.0), 150 mM NaCl, 1 mM  CaC12, 1 mM MgCL 
with 0.5% Triton X-100. 

Purification of the  a-GlcNAc  Phosphodiesterase 
All procedures were carried out at 4  “C, unless otherwise stated. 
Steps 1-3: Homogenization and Subcellular  Fractionation-The 

starting  material was 115 g of fresh, finely minced liver from 16 male 
Sprague-Dawley rats. The homogenization was carried out with three 
20-s bursts of a Polytron PCU-2-110 (Brinkmann  Instruments) at 
setting  2 in Buffer A with 0.5 M sucrose (3 ml/g of liver). Subcellular 
fractionation was performed as previously described (27,  28) with 
some modifications. Nuclei and  intact cells were removed from the 
homogenate by centrifugation at 600 X g for 10 min. The postnuclear 
supernatant was removed by aspiration and 20-ml aliquots were 
layered onto 10-ml cushions of 1.3 M sucrose in Buffer A, and  centri- 
fuged at 63,000 X g for 2 h (Spinco No. 30 rotor). The crude smooth 
membrane fraction that appeared  as  a white band above the 1.3 M 
sucrose layer was removed and adjusted to 0.25 M sucrose and 400 
mM NaCl with ice-cold distilled water and  4 M NaC1. The membranes 
were then pelleted by centrifugation at 50,000 rpm in a 60 Ti (Spinco) 
rotor  for 45 min. The pellet contained 65-7076  of the a-GlcNAc 
phosphodiesterase activity from the original homogenate and was 
used for further purification. 

Step 4: Differential  Triton Solubilization-The pellet was resus- 
pended in Buffer B with 0.1% Triton X-100 and 10 mM mannose 6- 
phosphate using 10 passes of a motor-driven Potter-Elvhejhem ho- 
mogenization apparatus (final protein concentration, 25 mg/ml) and 
placed on ice for 2 h.  The suspension was centrifuged at  160,000 X g 
for 45 min, and the supernatant was removed. The mannose 6- 
phosphate was included to ensure release of any receptor-bound 
lysosomal enzymes (29), especially the a-N-acetylglucosaminidase. 
The pellet was subjected to one more identical extraction except that 
the mannose 6-phosphate was omitted. Under these conditions 
greater than 95% of the a-N-acetylglucosaminyl phosphodiesterase 
remained in the pellet. The pellet was next resuspended as described 
above in  1.0% Triton X-100 (final protein concentration, 20 mg/ml) 
and placed on ice for 60 min. After centrifugation at 160,000 X g for 
60 min, the supernatant was removed and the pellet was extracted 
once more under identical conditions. The supernatants from the last 
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FIG. 1. Chromatography of a-GlcNAc  phosphodiesterase on 
DEAE-cellulose. The details are described under “Experimental 
Procedures.” The black bar indicates the fractions that were pooled 
for further purification. 

two steps were combined and contained 85%  of the a-GlcNAc phos- 
phodiesterase activity originally present in the crude smooth mem- 
branes. 

Step 5: DEAE-Cellulose Chromatography-The Triton-solubi- 
lized material was  dialyzed  twice  (4 h  each) against 20 volumes of 
Buffer C  and  then loaded onto  a column of DE52 equilibrated in 
Buffer C. The column (2.7 X 14 cm) was washed with 75 ml of this 
buffer, followed by  75 ml of the same buffer containing 50 mM NaCI. 
The column was then  eluted with a linear gradient of NaCl (50-500 
mM) in Buffer C ,  over a 150-ml volume. 2.25-m1 fractions were 
collected and monitored for protein and the a-GlcNAc phosphodies- 
terase activity. As shown in Fig. 1 the enzymatic activity eluted as  a 
single peak, which was pooled as indicated. 

Step 6: Heparin-Sepharose-The pool material from the previous 
step was applied directly to a column of Heparin-Sepharose (0.9 X 15 
cm) equilibrated in Buffer C with 150 mM NaC1, and the column was 
eluted with the same buffer. Under these conditions, half of the 
applied protein bound to  the column, but all of the enzymatic activity 
passed through. 

Step 7: Concanavalin A-Sepharose Affinity Chromatography- 
The run-through fraction from the previous step was pooled, adjusted 
to 1 mM CaClz and 1 mM MgCL  using 1 M stock solutions, and applied 
to a column of concanavalin A-Sepharose (1.5 ml total volume) 
equilibrated in Buffer D. The eluate was reapplied twice to  the 
column to ensure maximal protein binding.3 The column was then 
washed with 30 ml of Buffer D, followed by 6 ml of Buffer D 
containing 5 mM EDTA and 0.5 M a-methylmannoside. Under these 
conditions, the a-GlcNAc phosphodiesterase remained bound to  the 
column. The column was  allowed to stand at 4 “C for 12 h, brought 
out to room temperature for 60 min, and  then eluted with Buffer D 
(room temperature) containing 5 mM EDTA and 0.5 M a-methylman- 
noside. Most of the activity was recovered in the f i s t  1.5  ml eluted 
from the column. 

Step 8: Sephacryl S-300 Chromatography-The 1.5-ml fraction 
from the concanavalin A-Sepharose column (see above) was applied 
directly onto  a column of Sephacryl S-300  (0.9 X 98 cm) equilibrated 
in Buffer C. The column was eluted with the same buffer. One-ml 
fractions were collected and monitored for protein and enzymatic 
activity. The a-GlcNAc phosphodiesterase activity eluted as  a single 
peak of apparent molecular weight 500,000 (in  Triton X-100). The 
fractions containing enzyme activity were  pooled. 

RESULTS 

Purification of a-N-Acetylglucosaminyl  Phosphodiester- 
ase-A representative  purification  scheme is shown  in  Table 

The recovery at this step could be improved by using a larger 
concanavalin A column, to bind all of the activity. However, in order 
to keep the volume low for the next step, the column size  was limited 
to 1.5 ml. 
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TABLE I 
Purification of rat liver a-N-acetylglucosaminyl phosphodiesterase 

Experimental details including the enzyme assays are  described  under  "Experimental  Procedures." 

a-N-Acetylglucosaminyl phosphodiesterase a-N-Acetylglucosamini- 
dase 

Step Protein Volume 
Total activ- Specific ac- Yield 

ity tivity Purity Yield Purity 

mg ml units units/mg Q -fold % -fold 
1. Homogenization 14,241 380 62,777 4.4 100 1 100 1 
2.  600 X g spin 9,142 302 54,306 5.9  86.5 1.4 66 1.03 
3. Sucrose  gradient + 0.4 M 521 14  40,962 78.1 65.3 18 8.4  2.31 

4. Differential Triton X-100 157 22  35,019  223  55.8  51 1.3  1.2 

5. DEAE-cellulose 53  28 26,965 509 43.2  116 0.29 0.78 
6. Heparin-Sepharose 27 48 27,153 1,006 43.2  228 0.29 1.6 
7. Concanavalin A-Sepha- 3.7 1.5 16,450 4,446 26.2  1,008 N.D." N.D. 

8. SeDhacrvl 5-300 

NaCl  wash 

solubilization 

rose 
1.89 7.3 14,892  7,879  23.7 1,787 ~ 0 . 0 3  

a N.D., not done. 

1. The phosphodiesterase was  purified about 1800-fold with a 
24% yield of the original activity. As shown in the table, the 
find preparation was totally free of lysosomal a-N-acetylglu- 
cosaminidase, an enzyme  which is also capable of cleaving a- 
GlcNAc residues in phosphodiester-linkage to high mannose- 
type oligosaccharides (12-14). Sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis of the purified enzyme revealed 
several Coomassie blue-staining bands, suggesting that  the 
preparation is not homogeneous. 

Storage and Stability-The purified  enzyme lost 50% of its 
activity when stored at  4 "C for 120 days. Over the same 
period of time, an identical sample which had been rapidly 
frozen  using  liquid nitrogen and  stored at -80 "C lost 27% of 
its activity. The addition of bovine serum albumin (1 mg/ml), 
glycerol (lo%), phenylmethylsulfonyl fluoride (2 mM), or 
EDTA (5 mM) did not affect this loss of activity. Repeated 
freezing and thawing caused considerable loss of activity. 
Repeated dialysis also caused significant loss of activity, even 
when the dialysate contained Triton X-100. 

Effects of Triton X-100"Addition of Triton X-100 to crude 
membrane preparations resulted in considerable activation of 
enzyme activity, up to a maximum of 270% with 0.5% Triton 
X-100 at a protein concentration of  18 mg/rnl. The enzyme 
remained bound to the membranes in the presence of 0.1% 
Triton X-100 and required a  Triton/protein  ratio of 1 p1/2  mg 
for solubilization. Thereafter, 0.5% Triton X-100 was  included 
in all the buffers used for the purification because omission of 
the detergent appeared to cause a considerable loss of activity 
at some steps. However,  when the purified enzyme  was diluted 
to give a Triton X- 100 concentration of  0.01% (critical micellar 
concentration of' Triton X-100, 0.016% (30)), it still retained 
>go% of its activity. 

General Properties-The enzyme  was active over a broad 
range of pH with the optimum being between pH 6-8 (Fig, 2) .  
Five millimolar concentrations of the cations Ca2+, Mg2+, 
MnZc, Cog+, Fez*, Cu2+, and Hg2+ were without effect on 
enzyme activity whereas P043 ions caused considerable inhi- 
bition. Thus, 5 mM phosphate buffer (pH 7.4) inhibited the 
enzyme 25%, whereas 33 mM phosphate buffer inhibited 82%. 
EDTA ( 5  mM) and dithiothreitol (0.2 mM) had no effect on 
the enzyme activity. 

The Enzyme Cleaves Phosphodiester-linked a-GlcNAc 
Residues from Five Positions on the  High  Mannose Oligo- 
saccharide-we have previously shown (14) that substrate 
IClo consists of a mixture of isomers each of which contains a 
single phosphodiester-linked GlcNAc residue located at  one 
of three different positions on the underlying oligosaccharide 

I I 1 I 1 I I 

4 5 6 7 8 9 IO 

PH 
FIG. 2. Effect of pH on the a-GlcNAc phosphodiesterase ac- 

tivity. Reaction  mixtures (30 4) contained 1.3 p g  (10 units) of the 
purified enzyme  protein, loo0 cpm of substrate  IC,O, 10 m M  ManNAc, 
and 0.5% Triton X-100 in the appropriate  buffer as indicated: 0 , 0 . 0 5  
M sodium  citrate; a, 0.05 M sodium  cacodylate; 0, 0.05 M Tris HCI; 
A, 0.05 M sodium  carbonate/bicarbonate. The reactions  were  incu- 
bated at 37 "C for 1 h and assayed as described under  "Experimental 
Procedures." 

(Fig. 3). Similarly, substrate IAb50 contains a mixture of iso- 
mers which contain two phosphodiesters at five different 
positions (Fig. 3). When these compounds were incubated 
with the purified  enzyme  for  prolonged periods of time (8 h), 
there was complete conversion of all of the phosphodiesters 
to phosphomonoesters, demonstrating that  the enzyme is 
capable of acting at all five  positions. 

To study the effect of the position of the phosphodiesters 
on the  rate of uncovering, an aliquot of  IAc1o (simiiar to IClo; 
see Ref. 14) was treated with the enzyme until 25% of the 
material was uncovered. The unreacted material and the 
product were then separated on QAE-Sephadex and each was 
subjected to NaBH4 reduction and acetolysis which  selectively 
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FIG. 3. Structures of the phosphodiester-containing high 
mannose oligosaccharides used as substrates. The various iso- 
mers present in IC10 (top row) and IAbm (bottom row) are shown and 
the relative amounts of each in the mixture are indicated. GNAc, 
GlcNAc; M ,  mannose; R ,  GlcNAc. 

cleaves the a1 + 6 linkages (14). The negatively charged 
fragments, which consisted exclusively of mannobiose (see 
Ref. 14 and Fig. 3), were isolated on QAE-Sephadex, reduced 
with NaBH4, treated with alkaline phosphatase, and subjected 
to high voltage paper electrophoresis to  separate Manal -+ 
2mannitol from Manal + 3mannitol (31). The relative pro- 
portions of the al + 2- and the al + 3-linked mannobiose 
fragments were as follows: product, 68:32; remaining unreacted 
material, 82:18; original substrate, 74:26. Thus, under these 
conditions the isomer with the phosphodiester on the  Manal 
-+ 3Man branch appeared to be  uncovered at a slightly faster 
rate  than isomers with the phosphodiester on the Mand  + 
2Man branch even though the former was  only 26%  of the 
starting mixture. However, a detailed kinetic analysis of these 
differences could not be performed because of the limited 
amount of the  substrate and our inability to  separate  the 
isomers for individual study. 

The time course of uncovering of substrate IAbm  is  shown 
in  Fig. 4. The intermediate product (one covered and one 
uncovered phosphate) appeared rapidly, whereas molecules 
with two  uncovered phosphates were  only detected after  a lag 
period. In order to determine if the uncovering  was  proceeding 
in a random or a nonrandom fashion, a scaled-up reaction was 
allowed to proceed to  partial completion (see arrow in  Fig. 4) 
at which point 25%  of the material was in the intermediate 
product. The entire reaction mixture was then  treated with 
alkaline phosphatase to remove the uncovered phosphate 
residues, leaving the unreacted phosphodiesters intact.  This 
treatment converted the intermediate to  a species with one 
phosphodiester which  was then separated from the totally 
uncovered material (now neutral) and the residual unreacted 
material by differential elution from QAE-Sephadex. The 
intermediate and the unreacted molecules  were separately 
treated with mild  acid to form phosphomonoesters and reiso- 
lated using QAE-Sephadex. The phosphorylated oligosaccha- 
rides were then reduced with NaBH4 and subjected to aceto- 
lysis to selectively cleave the mannose residues linked a1 -+ 
6, and the resulting fragments were separated into neutral and 
negatively charged species on QAE-Sephadex as previously 
described (14). The negatively charged fragments were  con- 
verted to neutral species with alkaline phosphatase and ana- 
lyzed  by  descending paper chromatography in Solvent A.  As 
shown in Fig.  5, panel B, the negatively charged fragments 
arising from the residual, unreacted substrate consisted of 
Man.,G1citolNAc,  MansGlcit,lNAc and mannobiose. The  pat- 
tern obtained was virtually identical to  that observed with the 

starting fraction (see Fig. 12 of Ref. 14). If uncovering occurred 
randomly, then  the pattern obtained with the intermediate 
would be identical with the  pattern observed with the residual 
fraction. However, as shown  in Fig.  5, panel  A, the major 
phosphorylated fragment from the intermediate was manno- 
biose. This indicates that uncovering of the IAbm species 
occurs in a nonrandom fashion with the phosphodiester on 
the "left  side" of the molecule  (Fig. 3) being the first to be 
converted to  a phosphomonoester. 

Structural Requirements for  a-N-Acetylglucosamine  Phos- 
phodiesterase Activity-Since IClo (one phosphodiester) con- 
tains core oligosaccharides ranging in sue from MangGlcNAc 
to Man6GlcNAc (14), we used this substrate to determine if 
the size of the underlying oligosaccharide  influenced the ac- 
tivity of the phosphodiesterase. An aliquot of  IC10 (10,000 
cpm) was incubated with the enzyme until 10% of the phos- 
phodiesters were  cleaved. The reaction was then stopped and 
the molecules with the exposed phosphomonoesters were 
separated from the unreacted material by differential elution 
on QAE-Sephadex. A separate aliquot of  IC10 was treated 
directly with mild  acid to cleave all the phosphodiesters. The 
two samples were then converted to neutral species with 
alkaline phosphatase and the core oligosaccharides were sep- 

I 

5 
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FIG. 4. Time course of GlcNAc cleavage from oligosaccha- 
rides containing two phosphodiesters. The reaction mixture (120 
4) contained 10.4 pg  (80 units) of the purified enzyme protein and 
4000 cpm of substrate IAbm in 50 mM Tris HCl, pH 7.4, and 0.5% 
Triton X-100. The enzyme and  rest of the mixture were prewarmed 
separately at  37 "C and then mixed. Fifteen-pl aliquots were removed 
at  the times indicated and immediately heated to 100 "C for 5 min to 
inactivate the enzyme. After cooling, 1 pl of 1 M Tris base and 3 pl(0.6 
units) of E. coli alkaline phosphatase were added to each (final pH- 
8.5) and incubated at 37 "C for 3 h to cleave all the exposed phospho- 
monoesters. The reaction mixtures were diluted to 1 ml with distilled 
water and applied to columns of QAE-Sephadex (0.5 X 3 cm) equili- 
brated in 2 mM Tris base. Each column was eluted successively with 
6 ml of 2 m~ Tris base, 8 ml of 20 mM NaCl in 2 mM Tris base, and 
8 ml of 70 m~ NaCl in 2 mM Tris base. The 3H radioactivity in each 
fraction was determined and expressed as a percentage of the total 
radioactivity eluted from each column. The time course of the change 
in the percentage of the following species is shown: M, molecules 
in which both phosphodiesters were cleaved (run-through of the 
QAE-Sephadex column); M, molecules in which one phospho- 
diester remained intact (eluting with 20 mM NaC1); and -, 
material with both phosphodiesters remaining intact (eluting with 70 
mM NaCl). The arrow indicates the time point at which another 
scaled up reaction was carried out, to provide material for detailed 
structural studies of the various fractions. 
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dlslonce from o r q n  (cm) 

FIG. 5. Paper chromatography of negatively charged ace- 
tolysis fragments. A reaction containing IIAb,, and the a-GlcNAc 
phosphodiesterase was allowed to proceed up to  the point indicated 
by the m o w  in Fig. 4. The reaction was stopped, the products were 
treated with alkaline phosphatase to destroy all "uncovered" phos- 
phomonoesters and fractionated on QAE-Sephadex, and each fraction 
was subjected  separately to acetolysis as described in the text. As 
indicated on the figure, acetolysis will cleave the molecules a t  the a1 
+ 6 linkages (---). The products of acetolysis were fractionated into 
neutral  and negatively charged fragments on QAE-Sephadex as pre- 
viously described (14). The negatively charged fragments from mol- 
ecules with one remaining phosphodiester (Panel A )  and those from 
molecules with both phosphodiesters intact (Panel B )  were treated 
with alkaline phosphatase, desalted on Amberlite MB-3, and  spotted 
on Whatman No. 1 paper. The chromatograms were developed in 
Solvent A for 18 h. One-cm strips were cut  and  the radioactivity was 
determined. The  standards are: M4Glc,dVAc, Ma&-N-acetylglucos- 
aminitol; MJ, Mana l+   2Mana l4  3Man; Mz, Manal --f 2Man; and 
M, free mannose.@, the alkaline phosphatase susceptible phospho- 
monoester of the intermediate that was removed prior to acetolysis. 

arated by descending paper chromatography in solvent A for 
4 days. The percent distribution of the label in the 
MansGlcNAc,  MansGlcNAc,  Man7GlcNAc and MansGlcNAc 
species was as follows: 31:39:20:10 in the  untreated  substrate 
and 35:39:11:15 in the enzyme product. Since there was no 
significant enrichment of any species in the enzyme product, 
we conclude that  the size of the underlying oligosaccharide in 
IClo has no significant effect on the activity of the phospho- 
diesterase. 

To modify the underlying oligosaccharide of ICl0 further, 
the compound was incubated with jack bean a-mannosidase 
to remove all of the mannose residues except those blocked 
by phosphodiester groups (14). This treatment produces three 
isomers with the following structures: GlcNAc-P-Man1 -+ 
2Manl -+ GManl -+ GManl -+ 4GlcNAc, GlcNAc-P-Man1 
3 GManl + 6Manl + 4GlcNAc, and GlcNAc-P-Man1 -+ 
3Manl-  GManlh 4GlcNAc (see Fig. 3). These phosphoryl- 
ated fragments were then  separated from the released man- 
nose by gel filtration on Bio-Gel P-2 and tested as  substrates 
with the phosphodiesterase. The initial rate of cleavage of the 
phosphodiesters of these fragments was essentially identical 
with the  rate of cleavage of untreated IClo (data  not shown), 
again indicating that  the activity of the a-GlcNAc phospho- 
diesterase is not significantly affected by the size of the 
underlying oligosaccharide unit. 

All of the above experiments were performed with phos- 
phorylated oligosaccharides which had been released from 
glycopeptides by cleavage of the chitobiosyl core with endo- 
P-N-acetylglucosaminidase H. In order to study whether the 
phosphodiesterase activity was influenced by the presence of 
the peptide backbone, we utilized a glycopeptide substrate 
with the composition [G-3H]Gl~NAc-"P-Man,,Gl~NAc~-~~~- 
peptide. This  substrate was  purified  from an in vitro reaction 
which  utilized  [/3-"P]UDP-[6-3H]GlcNAc as donor and en- 
dogenous glycoproteins as acceptors (22). The phosphorylated 

TABLE I1 
Comparison of the activity of the  a-N-acetylglucosaminyl 

phosphodiesterase  on  various substrates 
The assays contained 2-10 pl of the purified enzyme in a 30-pl final 

volume, with 50 m~ Tris HC1, pH 7.5, and 0.5% Triton X-100, and 
various concentrations of the substrate. N-Acetylglucosamine release 
was assayed in one of three ways: I) run-through of [6-3H]GlcNAc 
through Dowex AG I-X8 (substrates 1 and 2)  2) by the method of 
Reissig et al. (26) (substrates 3 4 ,  and 3) by AA,,o caused by the p-  
nitrophenol release (substrate 7). All assays were performed in dupli- 
cate and compared with similarly prepared blanks in which the 
enzyme was left out. Michaelis-Menten constants for substrates 1-3 
were derived from double-reciprocal plots ([l/u] versus [l/s]) of 
multiple data points. These assays were performed at a time when 
the enzyme had lost 50%  of its original activity. 

Substrate Vm*X Apparent K, 
nmol/pg/h r n M  

1. GlcNAc-P-a-methylmannoside 3.17  0.19 
2. UDP-GlcNAc 22.8 1.3 
3. GlcNAc-1-P 0.34  1.6 

v" Concentra- 
tied 

nmoI/pg/h rnm 
4. M. varians teichoic acid (GlcNAc- 4.13  1.25 

5. Proteinase I (contains GlcNAc-P- 0.85  0.75 

6. L-Glvcan (contains GlcNAc-a-P- <0.19 0.4 

P-GlcNAc), 

serine) 

Rha) 
7. D-NitroDhenvl-a-D-GlcNAc <0.004  3.0 
" ~~ ~ 

"For various reasons, it was not possible to obtain Michaelis- 
Menten  constants for some of the substrates. In these cases the 
velocity obtained with the maximum concentration studied is re- 
ported. 

Indicates the concentration of terminal a-linked GlcNAc residues. 

~~ 

TABLE I11 
Effect of various compounds on the  a-GlcNAc  phosphodiesterase 

activity 
The activity of the purified enzyme against the phosphodiester- 

linked GlcNAc in  substrate ICl, (IO00 cpm) was assayed as described 
in  the presence or absence of the various compounds at  the final 
concentrations noted. Results are expressed as  the percentage inhi- 
bition of the initial rate of uncovering. Changes of 4 0 %  were not 
considered significant. 

Compound 
~ 

N-Acetylglucosamine 

N-Acetylmannosamine 
N-Acetylglucosamine I-phosphate 

UDP-N-Acetylglucosamine 

UDP-galactose 
Mannose 

cu-Methylmannoside 

Inorganic phosphate 

Mannose 6-phosphate 
p-Nitrophenyl-a-N-acetylglucosaminide 
M. varians teichoic acid (GlcNAc-P- 

GlcNAc)," 

Proteinase I (contains GlcNAc-P-serine)" 

Inhibition 

mM B 

2.5  39 
5 56 

10 67 
10 4 0  
2.5  73 
5 82 

10 98 
5 78 

10 97 
10 12 
5 20 

10 19 
5 22 

10 18 
5 25 

33 82 
66 91 
10 38 
10 c10 

10 

25h 
12 
47 

<I0 

5h 
IOh 

3h 
" See  text for detailed description of these compounds. 

Measured in milligrams/ml. 
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glycopeptide  could  be converted to  the oligosaccharide form 
with endo-P-N-acetylglucosaminidase H (22). Therefore, to 
compare the activity of the phosphodiesterase toward the 
glycopeptide versus the oligosaccharide, we determined the 
initial rate of release of [6-3H]GlcNAc  from this material with 
and without prior treatment with endo-/3-N-acetylglucosamin- 
idase H. The initial rate of [6-3H]GlcNAc release was not 
significantly affected by prior treatment with endo H (mean 
values of 8.3%/h for glycopeptide versus 7.4%/h  for  oligosac- 
charide). Thus  the presence of the peptide in this  substrate 
did not affect the activity of the phosphodiesterase to any 
significant extent. 

Activity toward Other Substrates-In order to understand 
the specificity of the enzyme better, we studied the activity of 
the phosphodiesterase towards a variety of substrates contain- 
ing terminal N-acetylglucosamine residues (Table 11). The 
enzyme displayed significant activity towards GlcNAc-P-a- 
methylmannoside, UDP-GlcNAc,  GlcNAc l-Po4, M. varians 
teichoic acid (which contains GlcNAc-P-GlcNAc) and Pro- 
teinase I from D. discozdeum  (which contains GlcNAc-P- 
serine). However, it was totally inactive towards p-nitro- 
phenyl-a-N-acetylglucosaminide and the L-glycan from group 
D streptococcus (which contains GlcNAc-P-P-Rha). This in- 
dicates that  the enzyme can only  hydrolyze  GlcNAc residues 
that are a-linked to  a phosphate group. The Michaelis-Menten 
constants obtained (see Table 11) show that GlcNAc l-Po4 is 
a poorer substrate  than UDP-GlcNAc or GlcNAc-P-a-meth- 
ylmannoside, suggesting that there may be other factors in- 
volved in the  the specificity of the enzyme. 

The activity of the enzyme towards these substrates could 
not be compared directly to  the activity towards substrate 
IClo for  two reasons. First, we were unable to  separate  the 
various isomers present in the mixture. Second, there was not 
enough of this  substrate  to determine its specific activity or to 
achieve saturating concentrations. 

Inhibitors-N-Acetylglucosamine, N-acetylglucosamine 1- 
phosphate, and UDP-N-acetylglucosamine were  effective in- 
hibitors of enzyme activity, whereas mannose 6-phosphate, 
mannose, a-methylmannoside, and M .  varians teichoic acid 
were  weak inhibitors (Table 111). The degree of inhibition 
seen with N-acetylglucosamine was somewhat lower than  that 
obtained with crude enzyme preparations (15). 

DISCUSSION 

In our previous report, we demonstrated that in rat liver 
the a-N-acetylglucosaminyl phosphodiesterase activity was 
associated with the particulate fractions of the cell and was 
greatly enriched in preparations of light smooth membranes 
which correspond to  the Golgi/GERL fractions (15). The 
finding that  the enzyme remains membrane bound  in the 
presence of high salt and low detergent concentrations and 
requires 1% Triton X-100 for solubilization suggests that it is 
an integral membrane protein. In addition, the strong binding 
to concanavalin A-Sepharose along with the elution by 0.5 M 
a-methylmannoside indicates that  the phosphodiesterase is a 
glycoprotein. We had also suggested based on indirect evi- 
dence, that  the enzyme is distinct from the nonspecific  acid 
hydrolase, a-N-acetylglucosaminidase (15). In the purification 
scheme reported here the two activities are totally separated, 
providing  conclusive evidence that  the two  enzymes are dis- 
tinct proteins. 

Our ability to perform detailed kinetic studies with the 
purified phosphodiesterase was severely limited by the lack of 
adequate amounts of the phosphorylated high mannose oli- 
gosaccharide substrates.  These  transient biosynthetic inter- 
mediates are present in  cells  in  very low concentrations, and 
consequently we were unable to obtain enough material to be 

able to achieve saturating  substrate concentrations in any 
assay. Furthermore, these substrates consisted of mixtures of 
isomers that we were unable to separate. In spite of these 
difficulties, we were able to elucidate a number of aspects of 
the specificity of the enzyme. The phosphodiesterase is ca- 
pable of cleaving phosphodiesters at all of five  known positions 
on the high mannose oligosaccharide, demonstrating that this 
enzyme  could account for all of the uncovering reactions 
which are known to occur in uiuo (14). In the case of oligosac- 
charides with two phosphodiesters, the enzyme  showed a 
marked preference for the phosphodiesters located on the 
branch which contains the mannose residue linked a1,3 to  the 
&linked mannose (see Fig. 3). Consequently the uncovering 
of these molecules proceeded in  a nonrandom fashion. The 
activity of the phosphodiesterase toward molecules  with  one 
phosphodiester was not influenced to  any significant extent 
by the removal of up to  6 of the 9 mannose residues from the 
underlying high mannose oligosaccharide.  However, the weak 
inhibition seen with a-methylmannoside and mannose 6-phos- 
phate and the poor activity against N-acetylglucosamine 1- 
phosphate suggests that at least one, and  perhaps more, of 
the mannose residues of the high mannose-type oligosaccha- 
ride may  be required for optimal enzyme action. The enzyme 
appears to be  specific  for N-acetylglucosamine residues which 
are a-linked to a phosphate residue since it  has no activity 
against p-nitrophenyl-a-N-acetylglucosaminide and L-glycan 
(GlcNAc-13-P-Rha)  while having significant activity toward 
N-acetylglucosamine 1-phosphate and UDP-GlcNAc. Finally, 
the finding that  the enzyme displayed approximately equiva- 
lent activity toward a phosphorylated glycopeptide and the 
phosphorylated oligosaccharide  derived  from the glycopeptide 
suggests that  the peptide backbone of the glycopeptide may 
not have a major effect on the enzyme activity. However, this 
finding may not be relevant to  the situation in vivo where the 
enzyme is assumed to act on intact proteins, e.g. newly phos- 
phorylated acid hydrolases. 

The a-N-acetylglucosaminyl phosphodiesterase is present 
in all the tissues that we have tested, including rat liver, 
human diploid fibroblasts, Chinese hamster ovary cells, mu- 
rine lymphoma cells, and murine macrophages. Its wide dis- 
tribution along  with its  apparent subcellular localization  in 
the Golgi/GERL  region of the cell and its activity toward 
phosphorylated high mannose-type oligosaccharides indicates 
that it is the enzyme  which  is  responsible for the exposure of 
the phosphomannosyl recognition marker of  newly synthe- 
sized  acid hydrolases. 
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Note  Added in Proof-Waheed et al. (32) have recently  described 
the partial purification and characterization of a-N-acetylglucosami- 
nyl phosphodiesterase from human placenta. 
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