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We have performed a detailed analysis of all the 
anionic oligosaccharides released by  endo-8-N-acetyl- 
glucosaminidase H from the whole  cell glycoproteins of 
P388D1 mouse macrophage-like cells labeled for 14 h 
with [2-3H]mannose. The major anionic species con- 
sisted of phosphorylated high mannose-type oligosac- 
charides containing one or two phosphomonoesters or 
phosphodiesters in several different positions. In addi- 
tion we identified hybrid-type molecules containing 
one,  two, or  three sialic acid residues. A subset of the 
latter molecules also contained phosphodiesters or 
phosphomonoesters on another branch of the same 
oligosaccharide.  Unlike previously reported hybrid- 
type molecules, these do not have a “bisecting” N-ace- 
tylglucosamine residue on the &linked mannose.  Some 
of these oligosaccharides contained an unidentified 
acid-labile group on the core N-acetylglucosamine or 
the /%linked mannose. The glycoproteins secreted by 
these cells were greatly enriched in hybrid oligosaccha- 
rides containing one sialic acid and one  phosphomon- 
oester. 

The interaction of the isolated oligosaccharides with 
bovine liver phosphomannosyl receptor immobilized 
on  Affigel was analyzed. Oligosaccharides with phos- 
phomonoesters were the only species that interacted 
with high affinity with the receptor, and molecules with 
two phosphomonoesters showed the best binding. The 
location of the phosphomonoester on the oligosaccha- 
ride influenced the degree of interaction with the  re- 
ceptor. Removal of accesible nonphosphorylated man- 
nose residues improved the binding in some  cases. 
These findings indicate that  the generation of the phys- 
iological phosphomannosyl ligand on  lysosomal en- 
zymes involves removal of the blocking N-acetylglu- 
cosamine residues, trimming of certain mannose resi- 
dues, and correct positioning of the phosphate esters. 

The  phosphomannosyl recognition marker of lysosomal en- 
zymes, which appears  to be involved in the  targeting of newly 
synthesized  lysosomal  enzymes to lysosomes (1, 2),  is gener- 
ated in  two steps. First, N-acetylglucosamine 1-phosphate is 
transferred  to  the hydroxyl  group at C-6 of a mannose residue 
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on  the high mannose-type oligosaccharides of lysosomal en- 
zymes. This  reaction is catalyzed  by a specific N-acetylglucos- 
aminylphosphotransferase (3-5). Deficiency of this enzyme (4, 
6, 7) or of its  capacity  to recognize lysosomal  enzymes (8) 
results  in  the  failure of targeting of these  hydrolases which 
characterizes the genetic human diseases, mucolipidosis I1 (I- 
Cell Disease) and mucolipidosis I11 (pseudo-Hurler polydys- 
trophy).  In  the  next  step,  the  outer N-acetylglucosamine 
residues are removed  by the  action of an a-I?-acetylglucosa- 
mine 1-phosphodiester N-acetylglucosaminidase  (formerly 
c d e d  N-acetylglucosaminylphosphodiesterase)’ (9-11). Sev- 
eral lines of evidence  suggest that  the  phosphomonoester- 
containing  oligosaccharides are responsible  for  high  affinity 
binding of the hydrolase to a  phosphomannosyl receptor 
involved in the  targeting of lysosomal  enzymes to  the lyso- 
somes (12-18). 

In a previous study, we described the  detailed  structural 
features of phosphorylated high mannose-type oligosaccha- 
rides  released  by endo-P-N-acetylglucosaminidase H  from the 
total cellular  glycopeptides of [2-’H]mannose-labeled mouse 
lymphoma cells (19). The similarity of these oligosaccharides 
to  those found on newly synthesized  P-glucuronidase (20, 21) 
and  their  absence  in fibroblasts from  patients with  I-Cell 
Disease suggested that  they  represented  the  phosphorylated 
oligosaccharides of total cellular  lysosomal enzymes. Subse- 
quently,  others  have described  similar  oligosaccharides  in 
lysosomal enzymes  from other  sources (22, 23). 

In  the course of our previous study we noted  the existence 
of several unidentified  anionic  [2-3H]mannose-labeled  com- 
pounds  that also appeared  to  have  been released  by endo H.2 
The  behavior of these molecules  could not  be explained solely 
on  the basis of the presence of phosphodiesters  or  phospho- 
monoesters. We report  here a detailed structural analysis of 
all of the anionic  oligosaccharides  released  by endo H from 
the [2-3H]mannose-labeled  glycoproteins of both  the  intracel- 
lular  and  the  secreted pools of P388D1 mouse macrophage 
cells. 

Since a  known physiological function of these oligosaccha- 
rides involves the  targeting of lysosomal  enzymes to lyso- 
somes, we were interested  in  studying  the  interaction of the 
phosphomannosyl receptor  with  the  numerous anionic  species 
and isomers that we isolated.  We  describe here  the isolation 
of this receptor from  bovine  liver  using  a new affinity method, 
its immobilization on Affigel, and  an analysis of the  structural 

Varki, A,, Sherman, W., and  Kornfeld, S., (1983) Arch. Biochem. 
Biophys., in  press. 

The  abbreviations  used  are:  endo H, endo-P-N-acetylglucosamin- 
idase  H; SDS, sodium  dodecyl sulfate;  SDS-PAGE,  polyacrylamide 
gel electrophoresis  in the presence of SDS;  S.A.,  sialic  acid;  HPLC, 
high performance  liquid  chromatography. 
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Anionic  Oligosaccharides 2809 

TABLE I11 
Types of anionic oligosaccharides present in each fraction 

The origin of each fraction is indicated as follows: c = cellular, m 
= media. The capital letter indicates the QAE-Sephadex peak of 
origin (see Fig. 2). The Roman numeral I indicates failure to bind to 
concanavalin A, whereas I1 indicates binding. 

I I 1 

cBI 

Yes B Media mBI1 
No B Media mBI 

Yes B Cells cBII 
No B Cells 

cCII Cells C Yes 
mCII Media 

Yes D Cells cDII 
No D Cells cDI 
Yes C 

cEII Yes E Cells 

mEII 

Yes F Media mFII 
Yes F Cells cFII 

Yes E Media 

- 

Frac- 
tion 

-__ 

% 

99 
62 
38 
99 
58 
42 
99 
99 
92 
5 

15 
80 
28 
7 

55 
10 
95 
3 

95 
97 - 

Anionic groups 

1 pho- I m o r -  1 Total 3H sialic phos- Phospho- 
acid diester 

68.2 
194.0* 
124.6 
13.0 
15.0 
l l .Ob  

218.0b 
124.0b 

3.2 

12.2 
4.1 

64.0b 
6.2 
1.8 

12.1 
2.2 

140.0 
4.3 

100.0* 
22o.ob 

1 
0 
1 
1 
1 
0 
0 
0 
2 
2 
1 
0 
3 
2 
1 
0 
1 
0 
0 
0 - 

0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
1 
2 
0 
1 
0 
1 
0 
1 
0 
0 

0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 

ConA, concanavalin A-Sepharose. 
Indicates species previously described by us (19). 

determinants of the anionic oligosaccharides which influence 
binding to  the receptor. 

EXPERIMENTAL PROCEDURES and RESULTS3 

Anionic  Oligosaccharides  Released by Endo H May  Have 
Sialic  Acids, Phosphodiesters, and Phosphomonoesters in a 
Variety of Combinations-Table I11 lists the origin and  the 
actual recovery of radioactivity in each of the various oligo- 
saccharides  obtained from the original QAE-Sephadex gra- 
dients. The  structural studies described in the Miniprint re- 
vealed that these oligosaccharides could be grouped into  three 
major types of anionic species which are shown in composite 
form in  Fig. 10. 

A major portion of the endo H-released material consisted 
of high mannose-type oligosaccharides containing one or two 
phosphate groups (structure A ,  Fig. 10). The phosphate 
groups were located predominantly on four different mannose 
residues, labeled d,   h,  and i in  Fig. 10. The great  majority of 
the molecules with two phosphates  contained either two phos- 
phodiesters or two phosphomonoesters. However, there was 
a small amount of oligosaccharide which contained one phos- 
phodiester and one phosphornonoester (fraction cEIINlW in 
Table IT). In addition  to  these oligosaccharide species which 
have been previously described (19, 23) we were able to 
identify several new anionic species. 

One new oligosaccharide species consisted of hybrid mole- 

’’ Portions of this paper (including “Experimental Procedures,” part 
of “Results,” Figs.  1-9, and  Tables  I and 11) are presented in miniprint 
at  the end of this paper. Miniprint is easily read with the aid of a 
standard magnifying  glass. Full size photocopies are available from 
the Journal of Biological Chemistry, 9650 Rockville Pike, Bethesda, 
MD 20814. Request Document No. 82M-2530, cite the authors,  and 
include a check or  money order for $13.60 per set of photocopies. Full 
size photocopies are also included in the microfilm edition of the 
Journal that is available from Waverly Press. 

cules containing one, two, or  three sialic acid residues (struc- 
ture C, Fig. 10). Most of these molecules contained four or 
five mannose residues although  a  small fraction had  three or 
six mannose residues. The sialic acids were located on the side 
of the molecules that contained the mannose residue linked 
a1,3 to  the /?-linked mannose. When a single sialic acid was 
present it was linked to  a  penultimate galactose which, in 
turn, was linked to an N-acetylglucosamine. The linkage of 
the additional sialic acid residues could not be elucidated. 
There was no evidence for the presence of a “bisecting” N- 
acetylglucosamine on the p-linked mannose or for branching 
on the mannose residue linked a1,3 to  the p-linked mannose. 

In addition to these hybrid species, we identified molecules 
containing both sialic acid and phosphate residues (structure 
B, Fig. 10). The sialic acid residues were all located on the 
branch containing the mannose residue linked a1,3 to  the p- 
linked mannose. The phosphate groups in the form of phos- 
phodiesters or phosphomonoesters were located exclusively 
on mannose residues h or i .  Mannose residue f, which can be 
phosphorylated in the usual high mannose oligosaccharides, 
was not phosphorylated in  any of these hybrid molecules. The 
number of mannose residues varied but  tended to be greater 
than in the hybrids that only contain sialic acid. Once again, 
there was no evidence for a “bisecting” N-acetylglucosamine 
linked to the p-linked mannose. 

Interaction of the Anionic Oligosaccharides  with the Phos- 
phomannosyl Receptor-The availability of these various 
phosphorylated oligosaccharides in  a purified state allowed us 
to  study  their interaction with the phosphomannosyl receptor. 
To  do this, each oligosaccharide was passed over  a column of 
bovine liver phosphomannosyl receptor which was coupled to 
Affigel as described under “Experimental Procedures.” In 
order to detect  subtle interactions, the 3H-labeled oligosac- 
charides were premixed with [ “Clmaltose which served as  an 
internal  marker that did not interact with the receptor. 

Molecules carrying one or two phosphodiesters eluted with 
the [‘4C]maltose marker, indicating a lack of significant inter- 
action with the receptor (Fig. 11A and Fig. 12A, respectively). 
Similarly, hybrid-type molecules with one sialic acid as well 
as neutral high mannose-type oligosaccharides failed to be 
retarded  on the column (data not  shown). However, oligosac- 
charides with one phosphomonoester were significantly re- 
tarded in their elution from the column (Fig. 13, upper) and 
molecules with two phosphomonoesters bound to  the column 

h o r n  
M 

I 
GlcNAc *GlcNAc 

h/4 
I 

M 

*GlcNAc 

A B C 
FIG. 10. Summary of proposed structures of Endo H-re- 

leased anionic oligosaccharides. M ,  mannose; SA.,  sialic acid. 
Each mannose residue in structure A is assigned a  letter so that they 
can be referred to individually in the text. The residues marked with 
the * are phosphorylated in one or more of the phosphorylated 
oligosaccharide species. The * indicates that  the core Manpl- 
4GlcNAc can carry the unexplained acid-labile substitution (see text 
for discussion). 
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FIG. 11. Phosphomannosyl  receptor-Mgel affinity chro- 
matography. The various  fractions  were  chromatographed on the 
column  and then  eluted with 5 mM mannose  6-phosphate as described 
under  "Experimental  Procedures." M6P shows the position  where 
mannose 6-phosphate  first  elutes  from the column. The position of 
the ['4C]maltose  marker  is  indicated by the dashed line. A, molecules 
carrying  one  phosphodiester  each  (purified  by  neuraminidase treat- 
ment of fraction  cBII-see  Fig. 3C) were  applied to the column; B, 
the same  fraction  was treated with  mild  acid  to  remove the covering 
N-acetylglucosamine  residues  and then applied to the column. Frac- 
tions 1 and 2 were  pooled  as  shown and  desalted on Bio-Gel  P2; C, 
fraction 1 was treated with  jack  bean a-mannosidase and the charged 
fragments  recovered  by  desalting on Bio-Gel  P2. The charged frag- 
ments  were  then  passed  over the column. The * indicates the positions 
of the phosphates in the various  isomers. 

and  required  Man-6-P for elution (Fig. 140).  Since  these 
samples contain a number of different  isomers,  all of the 
isomers must be capable of interacting  with  the  receptor, 
although  not necessarily to  the  same  extent  (see below). 

Removal of Blocking  N-Acetylglucosamine  Residues Is 
Not Sufficient for  Receptor  Binding  in  All Cases-As shown 
in Fig. 11B, when oligosaccharides containing a single phos- 
phodiester were treated with mild acid to remove the blocking 
N-acetylglucosamine  residue and  then  chromatographed  on 
the  receptor column, most of the molecules continued  to 
interact poorly with  the  receptor  (fraction l), while  a small 
portion  was  slightly retarded  (fraction 2). This is in  contrast 
to  the  naturally occurring  molecules with  one  phosphomon- 
oester which all showed some  retardation  on  the  receptor 
column  (Fig. 13, upper).  In  order  to  ascertain  the  reason  for 
this difference we compared  the  structures  present  in frac- 
tions 1 and 2. The  most striking  difference was  in  the size 
of the underlying oligosaccharide. Fraction 1 contained 
Man9GlcNAcl, MaQGlcNAcl, Man,GlcNAcl, MansGlc- 
NAcl, and MansGlcNAcl  in the  ratio of 24:38:26:102, 
whereas  fraction 2 had  the  same molecules  in the  ratio of 
4:30:27:19:20. Thus  an increased size of the underlying oligo- 
saccharide  appeared  to  be  contributing  to  the decreased  bind- 
ing. We therefore  treated a portion of fraction 1 with  jack 
bean  a-mannosidase  and  chromatographed  the resulting  frag- 
ments  on  the  receptor column. As shown in Fig. 11C, the 

fragments were now retarded  on  the column, demonstrating 
that  the removal of the accessible mannose residues enhanced 
the  interaction of the residual fragments  with  the  receptor. 
On the  other  hand,  the underlying mannose residues of the 
fragments  must  enhance  the  interaction  with  the  receptor 
since Man-6-P  alone is not  retarded  on  the column (data  not 
shown). 

When  the blocking N-acetylglucosamine  residues  were re- 
moved from  the oligosaccharides with two  phosphodiesters, 
the  majority of the molecules now bound  to  the  receptor 
column and  required  Man-6-P  for  elution (Fig. 12B). However, 
a  significant fraction of the molecules  were  only retarded  on 
the column (fractions 1 and 2  in Fig. 12B).  Treatment of this 
partially  retarded  material  with  a-mannosidase caused  a ma- 
jor  portion  to bind  with a higher  affinity to  the  receptor 
column and  require  Man-6-P for elution (Fig. 12C).  Thus 
some of the oligosaccharides require removal of both  the 
blocking N-acetylglucosamine  residues and  certain  mannose 
residues for high  affinity interaction  with  the  receptor. 

The  Position of the  Phosphate  Residue  on  the  Oliosac- 
charide Affects the  Interaction with the Receptor-The nat- 
urally  occurring  oligosaccharides with  one  phosphomonoester 
were retarded  to different extents  on  the  receptor column. 

I t  If 

l -  

FRACTION 

FIG. 12. Phosphomannosyl  receptor-Mgel affinity chro- 
matography. The various fractions were  chromatographed on the 
column  and then eluted with 5 mM mannose 6-phosphate as described 
under  "Experimental  Procedures." M6-P shows the position  where 
mannose 6-phosphate first elutes from the column. The position of 
the ['4C]maltose  marker is indicated by the dashed line. A ,  molecules 
with 2 phosphodiesters  each  were purified from  fraction  cDII by 
neuraminidase treatment (see Fig. 4C and  Table 11) and  applied  to 
the column  directly; B, another aliquot was treated with  mild acid to 
remove the  outer GlcNAc residues and then  applied to the column. 
Fractions 1 and 2 were  pooled as shown. Each was then  desalted on 
Bio-Gel  P2, treated with jack bean a-mannosidase,  and then desalted 
again on Bio-Gel  P2; C, the charged  molecules  from  fraction 1 reiso- 
lated  after  a-mannosidase treatment were  applied to the column. 
Similar  results  were  obtained  with  fraction 2. The inset structures 
only show the most  common  isomer of molecules with  two phos- 
phates, for  convenience (see Fig. 10, structure A for other possibili- 
ties). 
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FIG. 13. Phosphomannosyl receptor-Aftigel chromatogra- 
phy. Molecules  with  one  phosphomonoester  each (Fraction cC11- 
see Table 111)  were  applied to the column  and eluted as described 
under  “Experimental  Procedures.”  The dashed line shows the posi- 
tion of elution of [’4C]maltose. Peaks A and B were  pooled as shown 
and  desalted on Bio-Gel  P2.  Aliquots of fractions A and B were 
reduced,  fragmented by acetolysis,  and  fractionated on QAE-Sepha- 
dex as described  under  “Experimental  Procedures.” The negatively 
charged  fragments  from  each  fraction were dephosphorylated  with 
alkaline  phosphatase,  desalted on  Amberlite MB-3, and  spotted on 
Whatman No. 1 paper. A and B show paper  chromatography in 
Solvent A for 14 h. The standards are: Mz, mannobiose; Ms, manno- 
triose; Mq GlucitolNAc,  MaaGlucitolNAc. The inset structures show 
the acetolysis  fragmentation pattern (dashed  lines) and  location of 
the phosphomonoesters (*) in fractions A ( A )  and B ( B ) .  M6P, 
mannose-6-P. 

These molecules  were separated  into two  pools ( A  and B )  as 
shown  in Fig. 13, upper. We have previously  shown that  such 
molecules contain a mixture of isomers,  with the  phospho- 
monoesters being present  predominantly at four  different 
positions (residues d, f i  h, and z of Fig. 10, structure A )  (18). 
In  order  to  ascertain if the differences  in  affinity  were related 
to  the position of the  phosphomonoester  on  the oligosaccha- 
rides, portions of pools A and B were subjected  to acetolysis 
and  the  resulting  fragments  separated  into  neutral  and anionic 
species on QAE-Sephadex as described under  “Experimental 
Procedures.” The charged fragments were dephosphorylated 
and analyzed  by paper  chromatography.  The  material from 
pool A gave rise to  mannobiose  almost exclusively, whereas 
the  material  frompool B gave rise to a fragment  that  migrated 
in the position  expected  for  Man3GlucitolNAc  (Fig. 13, A and 
23, respectively). This difference in  the  fragmentation  pattern 
demonstrates  that  the  phosphate  residues  are  located at very 
different  positions in  the two groups of molecules. As shown 
in the insets on Fig. 13, the molecules with  the  highest affinity 
for the  receptor  have  the  phosphomonoester  on  the  branch 
linked a1,3 to  the  P-linked  mannose  whereas  the molecules 
with  the lowest  affinity have  the  phosphomonoester  on  the 
branch linked a1,6 to the ,&linked mannose. This  corresponds 
well with the  observation  that  the  naturally occurring  mole- 

10 20 30 40 

FRACTION 
FIG. 14. Phosphomannosyl receptor-Affigel  affinity  chro- 

matography. The various  fractions  were  chromatographed  on the 
column  and then  eluted with 5 mM mannose 6-phosphate, except  in 
D when the elution  was  made  with 0.5 mM mannose 6-phosphate. 
M6P shows the position  where  mannose 6-phosphate fist elutes from 
the column. The  position of the [‘4C]maltose  marker  is  indicated by 
the dashed  line. A ,  chromatography of molecules  with one sialic  acid 
and  one  phosphomonoester  (Fraction  mEII, see Table 111); B,  chro- 
matography of the same  fraction  after  removal of the sialic  acid  with 
neuraminidase; C, chromatography of the phosphorylated  oligosac- 
charide  from the Thy-1- mutant (see Ref. 43). This  fraction was 
approximately 85% pure. D, chromatography of molecules  with  two 
phosphomonoesters  (fraction  cFII, see Table 111). The asterisks mark 
the possible  positions of phosphates on the various  isomers. 

cules with  one  phosphodiester  behave like the pool A material 
after undergoing  conversion  by  acid treatment  to  the  phos- 
phomonoester  state.  Previous  studies  have  demonstrated  that 
these molecules have  their  phosphate residues predominantly 
on  the  branch linked a1,6 to  the  a-linked  mannose (19). 

When  aliquots of pools A and B were treated with a- 
mannosidase and  the residual charged  fragment  rechromato- 
graphed  on  the  receptor column, there was no  change in the 
elution  position. This  demonstrates  that in the case of the 
molecules with  one  phosphomonoester,  the  mannose residues 
on  the  other  branches  do  not  have a significant effect on  the 
binding to  the  receptor.  This conclusion was confirmed by the 
finding that  the  phosphorylated oligosaccharide  isolated  from 
the Thy-1-  class E mutant cell line (43) eluted from the 
receptor column in  the  same position as the pool B material 
even though  it  has only  four mannose residues  (Fig. 14 0. In 
this molecule, as in the pool B material,  the phosphomonoes- 
ter is on  the  branch linked a1,3 to  the P-linked  mannose. 

Sialylated,  Phosphorylated  Hybrid Molecules Interact 
Poorly  with  the  Mannose  6-Phosphate  Receptor-The hybrid 
molecules with  one sialic acid  residue and  one  phosphomon- 
oester displayed no  detectable binding to  the  receptor column 
(Fig. 14A). Upon  removal of the sialic acid the molecules 
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migrated in the position expected of species with one phos- 
phomonoester on the branch linked a1,6 to  the P-linked 
mannose (Fig. 14B). In  this case, the sialic acid present on 
another branch of the oligosaccharide appears to  interfere 
with the binding to  the receptor. 

DISCUSSION 

In our previous study of endo H-released oligosaccharides 
from mouse BW5147  cells,  we found that  the major anionic 
fractions contained high mannose-type oligosaccharides that 
had one, two, or possibly three 6-phosphomannosyl residues 
present as phosphomonoesters or as phosphodiesters with 
outer N-acetylglucosamine residues (19). We noted, however, 
the existence of several unexplained anionic species in the 
various fractions. The major goal of the  current  study was to 
isolate and  characterize  these species. To accomplish this we 
made several changes in the purification scheme used for the 
previous study. The most significant change was to release 
the oligosaccharides directly from the  intact glycoproteins (by 
incubating with endo H  in the presence of 0.2% SDS) rather 
than from pronase-derived glycopeptides. The released oligo- 
saccharides could then be more readily separated from the 
residual material. This is a problem when dealing with gly- 
copeptides since highly anionic oligosaccharides are difficult 
to  separate from small glycopeptides by gel filtration. The 
other major change in the fractionation scheme was to sepa- 
rate  the various anionic oligosaccharides on QAE-Sephadex 
using a  gradient elution with ammonium acetate, pH 5.3, as 
buffer. This proved to be a more effective way to  separate  the 
different species then  the stepwise elution scheme used pre- 
viously. 

We found that all of the anionic charges on the endo H- 
released oligosaccharides from the cell types analyzed could 
be accounted for by some combination of sialic acids, phos- 
phodiesters, or phosphomonoesters. The molecules were of 
three basic types: high mannose-type oligosaccharides with 
phosphomannosyl residues in the form of phosphodiesters or 
phosphomonoesters; hybrid-type molecules containing sialic 
acid, galactose, and N-acetylglucosamine in one outer  branch 
and mannose residues in the  other branch; and hybrid-type 
molecules containing sialic acid, galactose, and N-acetylglu- 
cosamine residues as well as phosphomannosyl residues (see 
composite structures in  Fig. 10). 

The hybrid-type molecules differed from those previously 
described (39, 40) in several ways. First, the molecules were 
sialylated, containing up to  t,hree sialic acid residues. All  of 
the sialic acid residues were on the branch of the molecule 
which contains the mannose linked a1,3 to  the j?-linked man- 
nose and one of the sialic acid residues was linked to a 
penultimate galactose. The location of the  other sialic acids 
could not be determined with the amount of available mate- 
rial. Since there was no evidence for more than one N-acetyl- 
glucosamine residue substituting the mannose residue linked 
a1,3 to  the P-linked mannose, the additional sialic acid resi- 
dues could have been present  in the form of a polysialosyl 
sequence (41) or directly linked to the galactose-substituted 
N-acetylglucosamine residue (42). Another novel feature of 
these  hybrid-type molecules is that they did not have a 
“bisecting” N-acetylglucosamine residue linked to  the P -  
linked mannose. Thus  the suggestion that hybrid molecules 
are generated because the “bisecting” N-acetylglucosamine 
residue impedes the action of a-mannosidase I1 (44) is not 
applicable in all cases. In those instances where the sialylated 
hybrid-type molecules also contained  a phosphomannosyl res- 
idue, the origin of the hybrid species can be readily explained 
since the phosphate residues are known to block the action of 
the a-mannosidases (19). Because of the location of the block- 

ing phosphate groups, some of the molecules contained more 
than  the five mannose residues usually found in hybrid-type 
oligosaccharides (39, 40). This indicates that N-acetylglucos- 
aminyltransferase I, the enzyme that transfers the N-acetyl- 
glucosamine residue to  the mannose residue linked a1,3 to  the 
P-linked mannose, does not have an absolute  requirement for 
the typical Man5GlcNAc2 oligosaccharide as its substrate. The 
existence of the sialylated, phosphorylated hybrid species 
indicates that  at least some of the newly synthesized lysosomal 
enzymes must pass through the region of the Golgi apparatus 
where terminal glycosylation takes place. Finally, some of the 
hybrid-type molecules contained an unidentified acid-labile 
substitution,  most likely on the  outer N-acetylglucosamine 
residue of the core or on the /?-linked mannose. This acid- 
labile moiety was not found on any of the high mannose-type 
oligosaccharides. 

A scheme that relates the various events  in the biosynthesis 
of the species identified in this study  and  integrates them with 
previous data concerning N-linked oligosaccharide processing 
(45) is shown in Fig.  15. Starting with the neutral high man- 
nose-type oligosaccharide precursor (structure A ) ,  it is possi- 
ble to generate all of the molecules that have been identified. 
The small amount of structure E,  with one phosphodiester 
and one phosphomonoester, relative to structure F with two 
phosphomonoesters (6.5 X lo3 cpm uersus 320 X 10” cpm) 
indicates that removal of the blocking N-acetylglucosamine 
from this species is quite efficient. 

The studies of the interaction of the various anionic oligo- 
saccharides with the immobilized  bovine liver Man-6-P recep- 
tor have revealed that binding to  the receptor is influenced by 
a number of the  structural features of these oligosaccharides. 
The  state of the phosphate is of primary importance. Thus 
the molecules that interacted with highest affinity with the 
receptor were those with phosphomonoesters, and molecules 
with two phosphomonoesters interacted better  than molecules 
with one phosphomonoester (Fig. 15). However, within these 
two classes of molecules there was further heterogeneity in 
the extent of interaction with the receptor. In the case of 
molecules with a single phosphomonoester, those with the 
phosphomonoester on the branch linked a1,3 to the P-linked 
mannose (position d )  bound more tightly than  the isomers 
with the phosphomonoester on one of the  other two branches 
(positions f ,  h, or 2). This difference persisted after  the various 
molecules were degraded to smaller fragments with jack bean 
a-mannosidase. In addition, all of the fragments generated by 
a-mannosidase  interacted with the receptor better  than man- 
nose 6-phosphate  interacted. This indicates that  the linkage 
of the Man-6-P to the underlying sugars is important for high 
affinity binding. The fragment with the sequence P-Manal- 
2Manal-3ManPl-4GlcNAc interacts best with the receptor. 

If molecules with one or two phosphodiesters interact with 
the receptor,  these  interactions are too weak to  be  detected in 
our assay system. Even after removal of the blocking N- 
acetylglucosamine residues, a significant portion of the mole- 
cules did not bind as well as  the naturally occurring species 
with phosphomonoesters in the same locations. Since the 
naturally occurring molecules have fewer mannose residues, 
we treated the artificially uncovered molecules that  had a 
lower than expected affinity for the receptor with a-mannos- 
idase. This  treatment caused most of these molecules to 
achieve the expected level of binding for the number and 
location of the phosphate residues. The most likely explana- 
tion for  this effect is that a-mannosidase is removing mannose 
residues which are linked a1,2 to penultimate phosphoman- 
nosy1 moieties (as occurs at residues d and h in species with 
phosphodiesters). Since Man-6-P interacts with the receptor 
much better  than glucose &phosphate, its 2-epimer (12), it is 
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PHOSPHOMANNOSYL 
RECEPTOR BINDING 

(Relative) 

I J 

+++/++++ 

+ +  

1. 
C 

L 
G 

FIG. 15. Proposed steps in the generation of the anionic oligosaccharides described in  this study. The 
high mannose-type oligosaccharide A on a protein backbone arises from trimming of the  three glucose residues of 
the oligosaccharide originally transferred from the lipid carrier. The subsequent  steps are indicated by arrows, 
along with the enzymatic activities involved at each step. 1, N-acetylglucosaminylphosphotransferase; 2, al-2- 
specific mannosidase; 3, N-acetylglucosamine 1-phosphodiester glycosidase; 4, N-acetylglucosaminyltransferase I, 
galactosyltransferase, and sialyltransferase with or without the al-3/1-6-specific mannosidase. The * indicate 
alternate positions of the phosphate groups; the individual sugars are depicted by the following: 0, mannose; W, N- 
acetylglucosamine; O, galactose; +, sialic acid. The relative degree of binding of the oligosaccharides J ,  H ,  F, and 
G are indicated on a scale of - to ++++. 

not surprising that oligosaccharides  with 6-phosphomannosyl 
residues that  are substituted at C-2 do not interact well  with 
the receptor until the  outer mannose residues are removed. 
We conclude  from these data that  the generation of the 
physiologically important ligand for the phosphomannosyl 
receptor involves three steps: the transfer of GlcNAc l-phos- 
phate  to mannose residues, the removal of the blocking 
GlcNAc residues, and the trimming of outer mannose residues 
which are linked a1,2 to penultimate phosphomannosyl resi- 
dues. This triad of events is,  in fact, what occurs during the 
synthesis of lysosomal  enzymes (21). 

These studies of the interaction of isolated oligosaccharides 
with the Man-6-P receptor do not reveal the minimal require- 
ments for  binding of a lysosomal  enzyme  which contains 
multiple oligosaccharide units. In this regard we have found 
that lysosomal  enzymes of the BW5147 Thy-1- E murine 
lymphoma cell  line are capable of high affinity binding to  the 
Man-6-P receptor and subsequent adsorptive endocytosis (43). 
These enzymes contain truncated oligosaccharides with single 
phosphomannosyl residues (as shown in Fig. 14C) demon- 
strating that  the presence of monophosphorylated oligosac- 
charides on a lysosomal  enzyme is sufficient for recognition 
and translocation by the Man-6-P receptor. 
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SUPPLEMENTARY  MATERIAL 

TO 

The Spectrum o f  Anionrc  Ollgosacchandes Released by E n d o - 8 - N - a ~ e t y l g I ~ ~ ~ s ~ ~ l n i d a s e  H 

frm Glycoproteins:  Structural  Studies and in teract ions Wlth the Phosphonannosyl  Receptor 

~ a t e n a l ~  - D-[2-3H]Hannore ( l o  Cllml) and 14C maltose were frm N e w  England Nuclear. 
Af f ige l -10 and AG SOW ( I - X Z )  were from BloRad L a b o r a t o n e s .   W e r l 7 t e  *e-3 lon exchange res-  

adex 6-50-00,  bovlne l i v e r  acetone poder,  l -D-gdl~ctOn01actone.  sodium  barohydride, and man- 
in was frm Mal l inckrodt .  QAE-Sephadex (9-25-120). Sephadex 6-25-80, Sephadex 6-15-00, Seph- 

nose 6-phosphate were frm Signa Chemlcal CO. Con A-Sepharore Was fran Phamllitcia; T r i t on  X- 
100 and the 3a70 s c i n t i l l a t i o n  count7ng cock ta l l  were frm RPI. DE-52  (DEAE cellulose1 was 
from Whatman. GLC-grade pynd lne  was frm Plerce. The MangGlcNAc, RngGlcNk ,  Han7GlcNAc. 
 an G I C N A ~ ,  and HangGlcNAc standards were I so la ted  and character ized as previously  descr ibed 
(247. ~ n a l - 2 N a n n i t o l  and Hand-3Nannitol were prepared as previously  descr ibed (25) .  Heth- 
y la ted  [2-3Hlrnannase Standards were prepared as previously  descr ibed (26)  Z-aCetmido-2- 
deaxygluconalactone was k ind ly   prov lded by Dr. J .  Baenziger. A11 other  chemicals were of re- 
agent grade. 

- Streptomyces e endO-8-N-.CetylgIUcO~~~i"id~se H was frm Niles.  8-Galactosl- 
d a w ,  +hexosaminidase and o-mannosldase frm jack  bean meal were prepared as described  by 
L T  and LI (27). HMMgenenus Escherichia toll alka lTne phosphatase was a qlf t  of Dr. M. 
Schlennger .   Washington  Unlvers l ty .   V ibrEholerae  neurmin idase was frm Calbiachen. The 
o-N-acetylglucoramine l - p h a s p h o d l e s t e F j l j & ? ~ a s  pur i f ied  1800-fold frm rat l i v e r  as 
prevlausly  descr ibed  (11).  

Buffers - m e   f o l l o w i n g   b u f f e r s   w r e  used l n  various  procedures  descrlbed  below.  Buffer A: 
XX i imHtass ium phosphate pH 6.5; Buf fer  B: C t t ra te  phosphate pH 6.0. 15 ny( N a C I .  0.051 
T r i t o n  x-loo. with 0.02% sodium  azide,  Buffer C: 0.24 HaCl,  10 M EDTA, 0.05.11 sodim ace- 
t a t e  p~ 5.0; Buf fe r  0: 0.4N K C I ,  50 mM imidazole pH 7.0, w i t h  11 T r i t o n  X-100. Buf fer  E: 
10 mM T r i s  HC1,  pH 8.0, 150 mM NaCl. 1 mN CaC12, 1 mM ngC12, and 0.02% sodium  azide. 

Radiolabel In  of  Tissue Cul ture Cells - P38801 murine macrophage c e l l s   w r e   m a i n t a i n e d   i n  
suspension c e l t u r e  as previously described  (21). A 150 m d ianeter   t i ssue culture d ish  ws 
Seeded w t h  2 x 106 c e l l s   u h i c h  were a l l o n e d   t o   a t t a c h  and grow t o  confluence. m e   p l a t e  was 
washed once w i t h   c m p l e t e  o-minrmal essent ia l  medium and t h e   l a b e l r n g   i n l t l a t e d   w i t h  50 mI 
o f   t h e  same medium conta in ing 101 f e t a l   c a l f  serm a h  4 mci o f  [Z-~H]manannose. 
We had prev laus ly  found t h a t  under  these  condit ions,  the  consunption  of  glucose  by  the  cel ls 

two hours. A t  8 hours, uhen the  concentrat ion had f a l l e n  frm the initial l e v e l  of 5 d4 t o  
1 5  extremely  rapid. Me there fore   momtored  the   concent ra t ion   o f   g lucose  in   the   every  

2.1 mM, an a l i q o u t   o f   s t e r i l e  1M glucose nas added t o  br ing  the  concentrat ion back to 5 mn. 
A t  14 hours, when the  Concentratlon  of  glucose had once aga in   fa l len  t o  2.4 m, the d i a  MS 
rmoved,  and t h e   c e l l s  were harvested into 25 ml of  ice  cold  complete medxa. me c e l l s  were 
pe l l e ted  a t  600 x g and t h e   p e l l e t  washed three  t imes i n   t h e  same ice-cold &ia. 

washed c e l l  p e l l e t  (150 u l )  was suspended i n  830 y l  o f  20 nM Tr i s ,  pH  7.4, and sonicated 
Iso lat ion  o f  [2-3H]Hannose-Labeled Glycoproteins frm the  Ce l lu la r   Hater la l  and h d i a  - The 

three  t lmes. f o r  20 s each tlme. with  a  Biosonik 1V Drobe set  a t  60. 20 ul o f  101 80s was 
added ( f o r  a f i na l   concen t ra t i on   o f  0.n) and the  sonicate was b o i l e d   a t  i w c  io; io -min and 
t rans fe r red  to a 1.5 ml fppendorf tube. The tube was cen t r i f uged   a t  10,OW x g f o r  5 min. 
and the   superna tan t   rmved .  The p e l l e t  was re -ex t rac ted   w i th  500 ul  of 20 mM Tr is .  pH  7.4 
conta in ing 0.8 808, a t  IOO'C for   5  nrn,  and the  supernatant pooled w i t h   t h e   f i r s t  one.  The 

app l i ed   t o  a column of Sephadex 6-50-80 (0.9 x 90 cm) and the  c o l m n  was e lu ted   w i th  2 O m  
SDS extract.  which  contained greater than 901 of the ce l l -assoc ia ted   rad ioac t iv i t y .  was 

T r l s  pH  7.5, w i th  0.B SDS. b e  ml f r ac t i ons  nere collected and moni tored  for   rad ioact iv i ty .  

the colrvnn were pooled (see Figure 1 ) .  c h i l l e d  on i ce ,  and nine volumes of Ice  cold  acetone 
The h igh molecular welght  [2-3Hlmannose-labeled g l y c o p r o t e i n s   e l u t i n g   i n   t h e  void  volume of 

added slouly.   wi th  f requent  mixing. The mixture was then  allowed to Stand a t  -ZO°C for'  10 
mlnutes. Under these conditions. greater than 951 of   the 3H labe l  was in t he   p rec ip i t a te ,  
*h ich was co l l ec ted  a t  12000 x g for  15 min. For i s o l a t i o n  of glycoproteins frm the media. 
the med~urn was c l a r i f i e d  by centr l fugat ion,   concentrated t o  about 10 m1 uslng an i m r s i b l e  

as descnbed above. m e   p r e c i p i t a t e  was r e d i s o l v e d   i n  20 ny( Tr is .  pH 1 . 4 .  conta in ing 0.2% 
CX-10 ultrafiltration u n i t   ( M l l l l p o r e ) .  and t h e   p r o t e i n s   p r e c i p i t a t e d   w t h   c o l d  901 acetone 

508, app l led   to   the  Sephadex G-50 column, and the  h igh  molecular   wiqht   mater la l   reoreCiDi -  
tared w1th 96% acetone as descrlbed above. Because of the   la rge  amoint o f   p r a t e i n  in t h e  

the   so lub i l i zed   mater ia l .  
serum-containing  media, i t  nas necessary t o  run the column t h ree   t imes   t o   f rac t i ona te   a l l   o f  

were washed once I n  ice-cold 90% acetone,  resuspended i n  1 ml 0 citrate-phosphate  buffer pH 
i s o l a t l o n  and Fvac t ionat ion   o f  Endo H Releasable  Oligosaccharides - The acetone  precipi tates 

5.5, conta inrng 0.2% 808. and then  heated  for 5 min a t  lOO*C. A k e r  coolrng t o  rom tmpe;a- 
l u r e .  the s o I ~ t 1 0 n s  were t rea ted  wlth 2 mu O f  endo H a t  37°C under a t o l u e n e   a m s p h e r e  f o r  

sin. centrifuged a t  10,000 x 9 for  5  min, and the  Supernatant f l u i d   r e a p p l i e d   t o   t h e  Sephadex 
36 hours; an add l t lona l   1  mU of enzme was added a f t e r  20 hours. The d igest  was b o i l e d   f a r  5 

was p o l e d .  To remove the SDS. 2M KC1 was added f o r  a f ina l   concent ra t ion 'o f  20 mN and the 
G-50 column. The released radioactivity. *h ich was inc luded by the  colunn (see  Figure  1) 

m l x t w e  was c h l l l e d  on i c e   f o r  30 minutes. me resulting p r e c l p l t a t e  *as rwoved b; c e n t r i -  
fugation, and the  supernatant was l yoph i l i zed  and desal ted on a Sephadex 6-15 colwnn (0.9 x 
50 cm) in H20. The m a t e r i a l   e l u t i n g   i n   t h e   v o i d  of the G-15 calmn, Vhich  represented a i l  of 

dryness. m e  anionic species present 1n t n i s   m i x t u r e   o f  oligosaccharides were i so la ted  and 
the   labe led  endo H re leasab le   ~ l igosacchar ides   in   the   S tar t ing   g lycapra te7ns .  war taken to 

cept  that   the  buffer used was m n l u m  acetate, pH  5.3. and the  gradient was run frm 2 t o  
fractionated by gradient  e l u t i o n  frm QAE-Sephadex, exac t l y  as previously  descr ibed (20).  ex- 

350 r n ~  acetate over  200 m l .  

Analysls of Anlamc Oligosaccharides on QAE-Sephadex - The nunber O f  negative  charges on the 
end0 H-released  oligosaccharides was determlned p r i o r   t o .  or fo l lowing,  various treatments  by 
batch e l u t ~ o n  frm QAE-Sephadex i n  a manner s im i la r   t o   t ha t   p rev ious l y   desc r ibed  (18). m e  
OIlgosaCChar-ldeS were dissolved I n  2 mM T r i s  base, parsed over 1 m l  colunnr of QAE-Sephadex 
equ l l l b ra ted  1 0  2 mM T r i r  base and e lu ted  wi th   increas ing  concentrat ions  o f  NaCl i n  2 mM T r i s  
base  (0.75 ml x 6 f o r  each concentrat ion) .  We have found  that, under these conditions endo 
H-released  oligOsaccharideS w t h  1.2.3 or 4  net  negat ive  charges  elute  at  20 M. 70 ny(: 100 
mM, and 140 mM NaCl respect lve ly .  A f l n a l   e l u t i o n   w i t h   I N  NaCl I n  0.1N HCI (0.75 ml x 2 )  was 
done. 1.5 ml f r ac t l ons  nere col lected.  and the   rad ioac t iv i t y   mon i to red .  

Enzyme D lge r t i an  of  Ollgosacchandes - A l l   d i g e s t l o n s  were cdrrled out a t   3 7 V  i n  a toluene 
atmosphere. a-G cNAc I-phosphodiester  glycosidase E c o l i   a l k a l i n e  phosphatase jack bean 
0-mannosldase. j i c k  bean 8-hexosaminidase.  Jack b e ; n < - c t o s l d a r e  and cho l i rae  new- 
drnlmdase d igest lons were Carr led out  as described  elsewhere (11.19.28). in-n the  

ta r l da re )  and the  n-galactGsldase  dlgeSt1ons  conta~ned 2-acetamido-2-deoxygluconolactone. (to 
0-hexosdmlnldase  lncubatlons  cantalned  1-galactonolactone ( t o  I n h l b l t  any t races   o f  n:galac- 

l n h l b l t  any traces O f  8-hexOsam1nldaSe) (29). The o-mannaSldaSe digest ions  contained  both 
1nh7bl tor r .  

Paper Chromatography - Descendlng  paper  chromatography was performed on Yhatman No. 1 paper 
I n   e t h y l   a c e t a t e l p y n d ~ n e l a c e t l c   a c i d l w a t e r  (5:5:1:3) (solvent  A) or l n  ethy l   acetate:pyr i -  
d1ne:HpO (8:2:1) ( s o l v e n t  8 ) .  S t r l p s   ( 1  ern) w r e  Cut, soaked I n  6.4 ml of  water, and the 3H 
r a d l o a c t l v l t y   d e t e m n e d .  

High-Yaltage Paper Electropmresis - Man.d-Zmannlto1 and M n a l - h a n n i t n l  were separated by 
h igh  voltage paper e lect rophares l r  accardTng to the method O f  Wema, c. (30). 

h t h y l a t l o n   A n a l y r l s  of  OllgosacchaPldeS - The methylation  procedure Yas ca r r i ed  Out exac t l y  
as previously  described  (26). 

RedUCtlon o f  Endo %Released  Oligosaccharides - The desalted  oligOsaCCharldeS  Uere  reduced i n  
Bo ul o f  0.2 H borate pH 9.8.. conta in ing 0.M NaBHd fo r   2   hours  a t  37'C (31). The borates 
#ere  then remosed by  repeated  eYaporatlOn frm methanol  containing  a  drop  of  glacial aCetlC 
ac ld.   me sample vas de la l ted  on a Sephadex 6-25 column (fov a n i o n ~ c  ~ l i g ~ ~ s a c c h a r i d e s )  o r  
on a lml h b e r l i t e  MB-3 column ( for   neutra l   o l7gasacchar ldes) .  

H i  h-Pressure LI u i d  Chromatography for   Separat ion  o f  Reduced 011goSaCCharldes - Thls was 
~d Chranato- 
graph.  exactly as descr ibed  by  Hel l is  and Baenziger  (31)  except  that  the  program was star ted 
a t  25% Water i n   a c e t o n i t r i l e .  All samples were f i r s t   desa l ted  by passage over a  small colmn 
o f   M b e r l l t e  MB-3 (1.5 m l ) i n  HzO. 

k e t o l y s i s   o f  Reduced Oligosaccharides - The procedure incorporated  several modif icat ions  of  
previously  descr ibed methods 19,26,32-34). The reduced, desal ted.  Ol igosaccha~ldes  *ere 
I v o o h i l l z e d   i n  a r e a c t l v i a l  w!th a t i a h t - f i t t i n o   t e f l o n  CaD. 100 ul of   d rv   ovr id lne :   ace t ic  
&h id r ide   (1 : l )  .a; added. the  sample-vortexed kll. and p iaced  in .a   dess i ia ibr  i n  a dark 

f o r   6  hours, men a yel low color developed. The reagents  neve  then rmved by dry ing under a 
s t rea r  Of nl trogen  fol lowed by l y o p h i l i z a t i o n   f o r  a few hours. 100 V I  of   the   ace to lys is  
mix ture  [ ( l l : lO: l ) 'g lac~al   acet ic   aCid:aCet ic   anhydr ide:~oncentrated  su l fur ic   ac id   (a l l   dry) ]  
was added. t he  u1al capped t i gh t l y ,   vo r texed  well. and placed a t   3 7 T   l n  a t i ssue  culture 
warn ram f o r  8 t o  10 hours, The reac t i on  was quenched by t rans fer r ing   the   con ten ts   to  an 
Eppendarf microcentr i fuge  tube  conta in ing  Suf f ic lent  111 barium acetate (85 " 1 )  t o  neutralize 
a l l  of   the  sul func  acid.  The r e a c t l v i a l  was then washed w i th  0.4 ml x 3 o f  70% methanal, 
and the  washlngs added t o  the  react ion.  The bar ium  su l fa te  was r m v e d  by  centrlfUgatlOn, 
and t he   pe l l e t   ex t rac ted  once with  701  methanol. The pooled  supernatants were taken  to   dry-  

deacetylated  by I n c u b a t i o n   i n  0.08 ml o f  0.2 N NaOH a t  R.T. fo r  45 min ( a   r h i t e   p r e c i p l t a t e  
ness th ree   t i nes  w t h  701  methanol t o   r m v e  the   ace t ic  a c ~ d .  m e   a c e t o l y s i s   f r a g m n t s  were 

of  barium  hydroxlde i s  seen). I n   t h e  case O f  neut ra l  011gosaccharideS, the  fragments  nere 
desalted  by passage over a colmn of M e r l i t e  MB-3 mlxed  bed resin (1.5 nl) i n  water. i n  
the  case  of  the anionic ol igosacchar ides,  the  mixture was d i l u t e d  to 8 ml and the  charged 
fragments were recovered an a c o l m n  of WE-Sephadex. as previously  descr ibed  (19).  

Preparation  of  Phorphmannosyl  Receptor-Sepharose  Colmn 

p lace a t  Porn tmpera tu re   f o r  2 days. The ace ty la t l on  was t hen   cnp le ted  by  heating It IDO'C 

1. P r e   a r a t i o n   o f   A f f i n i t   C o l m  - Ye reasoned t h a t  since the  sl ime  mold  Dict  Ostel lUm d l <  
co ideu i   secre tes   la rge   quht i t i tes   o f   "h igh   up take"   l ysosomal  e n z p s  (%)&XI 
-Id be rre~ared frm the  to ta l   secret ions.  2 x 109 veoe ta t i ve   ce l l s  O f  the  axenic 
s t r a i n  A-3 n a i n t b l n e d   i n  HL-5 d i m  *re washed and transfeGred t o   d i f f e r e n t i a t i o n  medium 

by  cent r l fugat ion,  and the  &im conta in i l lg   the   secre ted   mater ia l   fu r ther   c la r i f ied   by  cen- 
(15 M PO4 buf fer ,  pH 6.0) and incubated a t  R.T. f o r  12 hours. The ce l l s   yere   then removed 

t r i f u a a t i o n   a t  10.000 x a f o r  10 min. m e   S u w m a t a n t   f l u i d  was passed o w 7  a  column  of DE- 

bu f fe r ,  and eluted with 100 ml o f  LM Mac1 1" th i s   bu f fe r .  The e lu ted  mater ia l  was d ia lyzed 
52 (217 x 10 cm) ;quilib;ated i n  Buffer A. The c o l m n  was w a s h e i u i t h  12W om1 of the same 

tw ice .   fo r  10 hours each, against  a  20-fold excess Of Buffer A. 1M MES pH  6.5 was added fo r  
a f ina l   Concent ra t ion   o f  0.lM and the  protein  coupled t o  25 ml of A f f i ge l - l o   us ing   t he  nanu- 
facturer's  recnmended  procedure.  After 15 hours, 2.5 ml o f  1M ethanolamine HCI .  pH  7.8, was 
added and the  gel  mlxed  for 2 hours. 6 " e x o s m i n i d a s e   a c t i v i t y  vas  followed  throughout  these 
steps as a  representa t ive   o f   the   l ysosmal  enzfles. and p ro te in  na5 monitored  by  the method 
o f  Lowry (36). F r m   t h e   s t a r t i n g   m e d i m   c o n t a i n i n g  184 mg of p ro te in  and 2443 u n i t s   o f  8- 
hexosaminidase.  approximately 50 mg of p ro te in  and 2342 units of   enzme were coupled to the 
25  ml  of ge l .  The gel was pawed i n t o   a   c o l m n  and e q u i l i b r a t e d   i n   B u f f e r  8. 

2. Puri f icat ion  of   Bovine  Liver  Phorphnannosyl  Receptor - The procedure used was s i m i l a r   t o  
t h a t  of Sahagian. e t   a l .  17.37 , excep t   t ha t   t he   a f f i n i t y   co lmn   desc r ibed  above was U t i -  
l i z e d .  1W g o f  b z i K  II!ver a!etow po*der was suspended i n  2000 ml o f  Buffer C. and s t i v -  
ed f o r  15  min on i ce .  The  oH. which was 5.8. was adiusted t o  5.0 b r i e f l v   w i t h   a l a c i a l   a c e t i c  
ac id  (added d r o p i s e )  and &.pH was then  brought ba;k up t o  6.0 w i t h   a d k t i o n  if 1N NaOH. 
The mixture was cen t r i f uged   a t  1O.OW x g fo r  15 mln and the supernatant f l u i d  discarded. 
The pellet vas resuspended i n  2600 ml Of d is t i l l ed   na ter ,   d ispersed  w i th   th ree   qu ick   burs ts  
rn a Yaring  blender. and the S o l i d   m t e r i a l   c o l l e c t e d   a g a i n   b y   c e n t r i f u g a t i o n .  The p e l l e t  
was s i m i l a r l y  resuspended i n   B u f f e r  0. and stirred a t  4 Y   f o r  45 mlo .  The mater ia l  nas cen- 
t r i f u g e d   a t  35.000 x g fo r  15 mi" and the  supernatant  f lu id passed  over  a  plug  of glass mol. 
The c lea r   ex t rac t  was passed  over  the a f f i n i t y  column a t   t h e   r a t e   o f   3   m l l n i n ,  The colunn 
was washed w i t h  2000 ml o f   B u f f e r  B then eluted w i t h  Buffer  B  containing 5 RIM mannose 6- 
phosphate. Af ter  one colmn w l m e  Of the   bu f fe r   con ta imng mannose 6-phosphate. t he   f l aw  
was stopped  for 1 hour. and then resuned. Pro te in  was nonttared i n   t h e   v a r i o u s   f r a c t i o n s  by 
the  method Of L o w y   e t  a l .  (36) 2 rng o f   p r o t e i n  was e lu ted  by  the Han 6-P.  Uhen 2-10 ug 
O f  t h i s   p r o t e i n   w s ' r i i j i & d  to'SDS-PAGE analysis, it s h o d  a single  Comasie  b lue-staining 
band of I+ 21O.OW Yhich  corresponds wel l  wi th   the   p rev ious ly   repor ted   mo lecu la r   w igh t   o f  
t he  phosphomannoryl receptor  frm b o v i n e   l i v e r  (17.37). The receptor   preparat ion was concen- 
t ra ted   10- fo ld   us lng   an   k icon   concent ra to r  and a Yll-10 mmbrane. 

3. Gwpling  of  the  mosph-nnosyl-Recepto~ t o  Af f i ge l  - 1 mg o f   the   receptor   p repara t ion   in  
3.3 ml nas  mixed w i t h  0.7 ml of In HEPES f o r   a   f i M 1  pH o f  7.8. 4 ml o f   A f f l g e l - 1 0   w s  pre- 
pared  as reccmended by the  manufacturer. washed w i t h  20 ml of   Buf fe r  B. added to the protein 

was then added. and the  suspension  mixed f o r  an  addi t ional  2 h. The coupl iwg  e f f ic iency was 
solut ion,  and mixed  end-over-end f o r  14 hours a t  4% 0.5 ml of  ethanolamine HCI, pH  7.8. 

estimated t o  be  greater  than 801. The gel was degassea and poured i n t o  a colunn (0.7 OD x 18 
cm) and e q u i l i b r a t e d   i n   B u f f e r  8 before use. 

Phosp)Mmannosyl-Receptor A f f i n i t y   C h r a a t o g r a D b  - AI1  operarlonr were ca r r i ed   ou t   a t  4'C. 

t hen   d i sso l ved   i n  ZW V I  of  Buffer B. conta in ing  4W cpn of 1% naitose  (as an internal  mar- 
Desalted  [2-'HNannose-Iabeled  oligosaccharides or glycopeptides were taken t o  dryness. and 

ker). The sample *as appl ied t o  the colmn. w i h e d   i n   w i t h  206 "1 o f   B u f f e r  B. and then 
e lu ted   w i th   t he  s m  buf fe r .   A f te r  2 coluvl volmes, t h e   e l u t i o n  was cont lnued  wi th   Buf fer   8  
conta in i rm mannose 6-ohos~hate I 5  o r  0.5 nll. as i n d i c a t e d   I f o r  an addi t ional  tw column vol-  
umes. 0.5 ml f r ac t i ons  &e c o i l e c t e d   d i r e i t l y   i n t o   s c i n t i l l a t i o n   v i a l s  and the 1 4 ~  and 3H 
r a d i o a c t l v i t y  determined. For preparat ive runs. the  internal   marker was n i t t e d   b u t  was 
chromatographed separately  e i ther  immediately  before or after  the  Ol igosacchar ides. 

mide  gel  electrophoresis i n   t h e  presence  of sodium  dodecyl  rulfate7SE-PAGE) was c a r n e d   o u t  
Other  Procedures - Pro te ln  was detennined  by the method of Lowry, et   a l .   (36).   Polyacryla- 

by a mod i f l ca t i on   o f   t he  method o f   L a e n l l i i  (8.38). n - N - k e t y l h e r o s m l n l d a r e   a c t i v i t y  was 
assayed as previously  descr ibed ( 9 ) .  and the  a c t i v i t y  expressed i n  U n i t s  ( 1   m l e l h r ) .  

RESULTS 

c e l l u l a r  and secreted  glycoproteins isolated as  described under "Experimental  Procedures". 
I s o l a t i o n  and Fract ionat ion  o f   Anion lc   Ol iqorcchar ides - P38801 c e l l s  vere labeled, and the 

As shown i n  Figure 1, t he   h igh   mo lecu la r   we igh t   g l ycop ro te lns   e lu t i ng   i n   t he   w id  of the 
Sephadex G-50 column *re  pooled and digested  wi th  endo H. and the  re leased  o l lgosacchar ider  
isolated  by  rechraaatography under t he  s m  conditions. Under these conditions, 53% of t he  

treatment  of  the  ""released  material  with endo H d i d  not re lease any more r a d i o a c t i v i t y .   m e  
label  frm c e l l u l a r  and 40.2% o f   t h e   l a b e l  frn the media g lycoprote lns was released. Re- 

released  Olig0laCCharides were desalted and f ract ionated by QAE-sephadex gradient   e lu t ion.  

media bound to the column and eluted i n  several  dlf ferent peaks. The various peaks nere 
As Shown ln Figure 2. 9.4% o f   t h e   c e l l u l l a r  oligosaccharides and 3% o f   the   those frm the 

pooled,  taken t o  dryness.  dissolved ~n 1 ml o f  Buffer E, and passed ovev 1 ml columns of Con 

t he   e lua tes  were repassed over t he  columns, ~n order to ensure maximal b lnd lng.  The columns 
A-Sepharose equ i l l b ra ted  i n  the same buf fer .   Af ter  washing w t h  one rnl of  the same buffer, 

were washed w l th   8  m1 o f   B u f f e r  0, and then eluted wi th  10 m1 O f  Buffer f containing 100 mM 

elution w i th  o-methylmannoslde. However. n g m f ~ c a n t   m u n t s  of radioactivity passed through 
the columns i n  c e r t a t n  fractions (see Table  1). m e  var ious  f rsc t lonr  were taken to dryness 

ca l l y .   acco rd ing   t o  I ~ S  peak o f  o n g i n  on the QAE-Sephadex grddlen!. The c e l l u l a r   f r s c t l o n r  
and desalted on columns o f  6-25 (0.9 x 50 cm) i n  water. Each f r a c t i o n  was named a lphabet i -  

have the   p re f l x  'c', *hereas those frm the  media  have t h e   p r e f u  m'; f vac t lons   tha t  bound 
t o  Cnon A are labeled 11. whereas t h m e  t h a t   d i d  not are   labe led  I. 

o-methylmannoside a t  60-C. I n  a l l  instances.  the  major i ty O f  the COUntS bound, and required 
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2816 Anionic Oligosaccharides 

MEDIA I I 1  

FRPCMN 

F i  "re 1 - Sephadex  G-50 Chrmatography O f  [2-3HlHannose-Labeled OligOSaCCharldeS Released 
h a c t  GlyCOprotelnS  by Endo H. The labeled  mater ia l  f m  t h e   c e l l s  (Panel A) and the 
medla  (Panel 8 )  were Prepared and chrmatographed an Sephadex 6-50 as descrlbed  under  'Exper- 
imental  Procedures". The matena l  e l u t l n g  i n   t h e   v o i d  uol- was pooled as indicated by the 
b a ~ ,  t r e a t e d   m t h  endo H and rechrmatogrdphed on t he  Sephadex G-50 column (Panels C and D). 
The released o11gosaCChwldeS were pooled as I nd l ca ted   i n   t he   f i gu re .  

2oo A CELLS 

a m J o 4 0 5 o w i o e o w  , . . . .  

FRACTION 
F l  "re 2 - QAE-Sephadex Gradient  Fractionatlon  of Endo H-Released OllgOSaccharides. The 0 1 1 -  brides from the cells ( top )  and the  media  (bottam)  Yere  loaded on a QAE-Sephadex 
c o l m n  and e lu ted   w l th  a l i nea r   g rad ien t  as described under "Experimental  Procedures". The 
various peaks were pooled as  labeled. 

were t r ea ted   w i th  e i t h e r  mi ld   ac id .   neurminrdare,  a l k a l i n e  phosphatase. or canblnatlons  of 
Character lzat lon of the Anionic  Specler  Present l n  Each F rac t l on  - Al iquot  of  each f rac t ron  

these  treatments and then  analyzed f a r   t h e  nunber Of negatlve Charges by   ba tch   e lu t ion  fran 
small column5 of QAE-Sephadex. The e l u t i o n  of an untreated  al lqout  of each f ract ron was 
followed  simultaneously. As expected, many o f   t he  fractions contained  mixtures  of   d i f ferent 
amonic  specles. SMne examples are shown l n  Figures 3 and 4. The panels on t h e   l e f t  of 
Figure 3 show the   ana ly r l s   o f   f r ac t i on  cBII ,  vh ich   o r lg ina ted  frm peak B of   the QAE-Sephadex 
gradlent  O f  the c e l l u l a r  mater la l  and bound t o  Con A. U i t h  no treatment  (3A). a l l  of the 
molecules had one net  negatlve charge ( e l u t l n g   a t  20 N a C l ) .  After  mi ld  acid  t reatment,  
(Panel 3e:  l i l% of t h e   r a d i o a c t i v i t y  l n c r e a ~ e d  t o  two net negat lve  charges  (e lu t ing  a t  70 m M ) ,  
u h l l e  365 became neutral .  Upon neuraminidase  treatment.  (Panel 3C) a   s i m i l a r  36s became neu- 
t r a l .  Upon cmbined  treatment  Wlth  mlld  acld and a l ka l i ne  phosphatase a l l   o f   t h e   r a d l o a c t l v -  
1 t y  became neutra l  (30) .  Thus, t he   f rac t l on   cans l r ted   o f  a m i x t u r e   o f   o l l g o s a c c h a n d e s   w t h  
one 51a11C dcld  (converted  to  neutral  by m i ld   ac id  Or neurmin ldase)  and others w t h  One 
phosyhodiester  (canverted t o  d phosphornonoester by mi ld   ac id .  and subsequently  neutralfred by 
alkaline phosphatase).  Panels E, F, and G Show the  behavior O f  f r a c t i o n  cB1 ( tha t  Originally 
r a n  through Con A) upon no treatment.  rnl ld  acid  treatment, and neuraminidase  treatment, re- 
Spectlvely. A11 of   the  negat ive  charge  in  these molecules can be accounted fo r  by s i a l l c  
ac id .  

m l l d  dcld  treatment, neuraminidase  treatment, and a l ka l i ne  phosphatase  treatment, respective- 
Panels A, 8, C, and 0 o f  Flgure 4 Show the   ana lys ls   o f  f r a c t l o n  cOl1 a f t e r  no treatment, 

l y .  Thls  f ract ion  Carr ies two net  negatlve  charges per ollgasacchande,  both  of  whlch are 

o f  4.1% of  the molecules. Suuuestlnu t h a t  these mlecules C ~ P Y  two sia l l c   ac id   res ldues .  
P e s l s t a n t   t o   a l k a l i n e  phosphatase. Mi ld   ac ld  and neuramimdase cause complete  neutral izat ion 
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F i  ure 3 - QAE-Sephadex Batch Elution for  Analysis O f  Anlonlc  Species. Fractions cBl1 
Pane S A. 6. C. and 0) and cBI  (Panels E, F, and G) were a p p l l e d   t o  QAE-Sephadex a f t e r  no 

treatment  (Panels A and E). mi ld  acid  t reatment  (Panels B and F).  neuramimdase  treatment 
(Panels C and 6) or  mi ld   ac id   p lus   a lka l ine  phosphatase  treatment  (Panel O), and then  eluted 
batchwise wi th   increas ing  concentrat ions  o f  NaCl as shown. 

> z ~ r n m w r n  
l t t t t t  
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0 20 7 o l m ! w m  
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FRACTION 

i tepwise   Wth   inc reas ing   concent ra t ions   o f  NaCl I S  Shorn. 

present ~n the endo H-released  Ollgosacchilrides fran both  the cells and medium. a s  being 
I n  t h i s  manner. 11 was p ~ s s l b l e  t o  account f o r   Y l r t u a l l y  a l l  of  the  various  anionic  species 

var ious  cmbinat?ons Of phorphodierters,  phosphmonoesters, or s % a l i c  aclds. A cwnplete ca t -  
alogue of a l l  the species found. w l t h   t h e i r   o r i g i n a l  source.  behavlor OR Con A, and t he  ac- 

main body o f   t he  manurcr,pt). In add i t ion ,   there  war a mall amount O f  r a d l o a c t l v i t y   w l t h  d 
tual t o t a l  cpn i so la ted  I "  each rpecles fran the ce l l s  and m d ? a   i s  given i n  Table 3 (see 

negat ive  charge  greater  than  that   of  2 phoSphomonOesterr (see Flgure 2. t he  reglon beyond 

a l l o w  an adequate characterlzatlon  of  the  species  present. 
peak F).  Although t h l s   m a t e n a l  bound t o  Con A, there vas a n  Inadequate number O f  counts t o  

o f  these  al lgosaccharlder. In order  to conserve space. only the  StUdleS  performed on  one 
rna~or f r a c t l o n   ( c B l i )  w 1 1  be described, and the  o thers w l l  then be c o n t r a s t e d   w i t h   t h l l  
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Fract lon 
Name 

C 0 l I  

rn0I I 

C 0 I  

m n  I 

C C I l  

rnCll 

C O l l  

co1 

cEII' 

m E l I  

c F l I  

RlFlI 

Table 1 

A n a l y s ~ s   o f   h i o n i c  Species In Lndo H Released Oli4os 

x o f  Total CPH E lu t ino   a t  ImH NaCII 
20 Treatment 0 

H+ 36 
N 36 
H t  and AP 99 

kJne 1 
H+ 57 
N 58 

0 
H+ 
mne 

97 
N 99 

mne 0.5 

None 1 
H' 98 
N 99 

1 mne 
99 

1 None 
99 

Noone 0 

AP 

AP 

H+ 7 
N 3 
AP 0 

None 2 
H+ 90 
N 88 

1 
H+ 
None 

28 
N 29 

mne 0 
H+ 2 
N 1 
AP 0 
N and AP 99 

0 mne 
95 

0 Hone 
97 

AP 

AP 

99 
2.5 

63 
1 

98 
1 

41 

100 
1 
1 

99 
1 
D 

D 
0 

0 
0 

0 
0 
10 

3 

0 
0 
0 

0 
0 
0 

0 
0 
0 

99 
0 

2 
2 

D 
o 

70- 

0.5 
61 
1 
0 

1 
40 
1 

0 
1 
0 

0 
1 
1 

99 
1 

99 
1 

98 
14 
85 
97 

94 
5 
8 

0 
60 
53 

2 
95 
96 
1 
0 

3 
2 

2 
2 

160 

0 
0.5 
0 
0 

0 
1 
0 

0 
1 
0 

0 
0 
0 

0 
0 

0 
0 

2 
79 
2 
0 

4 
5 
4 

99 
0 

10 

98 
0 
3 
0 
0 

1 
2 

2 
1 

140 

0 
0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 

0 
0 

0 
0 
0 
0 

0 
0 
0 

0 
13 
0 

0 
3 
0 
0 
0 

95 
0 

96 
0 

1M 

0 
0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 

0 
0 

0 
0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 
0 
0 

0 
0 

0 
0 

Al iqouts of t he  various fract ions e r e  subjected to  d i f ferent  t redtments as shorn. and 
then  aopl ied  to colunns of QAE-Sephadex and eluted  stepwise as  described. ( m e  
examples are Shown graphlcal ly  in  Figures 3 and 4).  (N = neurminidase, Ht = m i ld  
acid. AP = alkal ine phosphatase). 

(*I The o r ig ina l   f rac t i on   cE I I  was thought t o  be contaminated with  molecules  contain- 
ing  only 2 negatlve charges, because Of crossover frm the much larger  adjacent peak 0 
(see upper Panel of  Figure 2. peaks 0 and E.)  The material was therefore  preparative- 
l y  fractionated batchwise on QAE-Sephadex i n  a manner s i m i l a r   t o   t h a t  shorn above. As 
expected, some of   the   rad ioac t iv i t y   e lu ted   a t  70 mn NaCl. The major i ty  of   the  radio- 
act iv i ty   e lu ted  a t  100 mI4 NaCl. This l a t te r   f rac t i on  was pooled and desalted. and i s  
hereafter  Called  cEII. 

Table 2 

h o n s t r a t i o n  of SUbfraCttOnS 

I of  Total CPM Elu t ing   a t  (mu NaCl) 
Start ing 
Fraction  Subfractlan Treatment 0 20 70 1W 140 1000 

C O l l  "_ N 3 1 0 8 5  2 0 0 

COIIN~~ H+ 

cDIIN70 H+ 

H' and AP 86 5 10 0 0 0 
8 0 9 2  0 0 0 

H+ and AP 95 0 f 0 1 0 
2 0 3 0 9 5 0  

CE11 ." N 29 8 5 3  E 0 0 

C E I I N ~ O  H' 9 1 9 0  0 0 0 
H+ and AP 82 1 17 0 0 0 

CEI1N70 H' 2 1 9 7  0 0 0 
H+ and AP 96 0 3 0 0 0 

c E l l N l ~ ~  H+ 2 0 0 3 9 5 0  
H+ and AP 95 0 0 f 2 0 

Allqouts of f ract ions cal l  and cE I I  were treated  with  neuraninidase.  boiled.  dlluted 
with  2 mM T n s  base, appl ied  to ColUnnS of WE-Sephadex, and batch  eluted  with  in- 
creasrng concentrations I S  shown. Each subfraction  thus generated was desalted on 
Sephadex  6-25, subjected to  other  treatments and then  reapplied  to  the  colmns as be- 
fore. ( N  = neurminidare; H+= mild  acid; AP = a l ka l i ne  phosphatase) The vnderscored 
numbers lnd lcate  the  or ig ina l   e lu t ion  pos i t lon o f  each fract ion i.e., where they vould 
have eluted  without any further  treatment. 

Fract ion  c0 l l   cons is ted of a mixture of  molecules  with one phasphodiester or one s i a l i c  
acid. (see Table  1). T u 0  d i f f e ren t  methods we~e used t o  separate  these  subfractions. 
Treatment wi th neuraminrdase, followed by app l i ca t i on   t o  QAE-Sephadex resul ted  in   a   neutra l  
f rac t ion   tha t  had los t   I t s   s ia l i c   ac id   res idue   (he rea f te r   ca l l ed   f rac t i on  c 0 I I b ) .  Alterna- 
t ive ly ,   t reatment   wth  the  pur i f ied o-GICHAC-1-phosphodiester glycosidase  resulted i n  cleav- 

Continued to   e lu te   w i th  20 mH N a C l  a f t e r   t h i s  treatment  conslsted o f   t he   i n tac t   s la l y la ted  
age of the phosphodiesters, with  a consequent increase i n  negative charge. The material  that 

molecules (hereaf ter   ca l led f rac t l on  cBIlP20). 

Fract ion cBlIn,  l e s t  5Dx o f   i t s   r a d l o a c t 1 v ~ t y  as f ree mannose upon treatment  with  jack 
bean a-mannoridase. HPLC analysis of t h i s  fraction revealed an unexpected degree of  hetero- 
genei ty  (Figwe 5. Panel A). Several peaks. of size  ramJing  fran Mnnosec,GlcNAcl t o  nan- 
nose7GlcNAc RW seen. Treatment With 8-gaIacto)1idase  before  the HPLC analysis caused an 
almost  canpfete  overal l   shlf t   of  the peaks, of  about one sugar residue  (Figure 5 Panel 0 ) .  
This suggested tha t  most, If not a l l .  o f  these  molecules had  one terminal  galact&  residue 
af ter   rmoval   of   the  s1aI ic  acid.  Treatment Ylth  8-galactosidase and 8-hexosaminidase re- 
sulted i n  a fur ther decrease i n  size (Panel C), t o   t he  degree expected i f  one additional 
GlcNAC residue had been remved  (31). However. the  heterogeneity o f  the peaks persisted. 
Cornblned treatment m t h  both  the above enzymes and  .,-mannosidase caused release  of  the  major- 
i t y  O f  the   rad ioac t iv i t y  as free mannose (whlch was reduced to  mannitol   pr ior   to  the HPLC 
analysis) (Panel 0). The renalmng radioactivity migrated as tw d i s t l n c t  peaks Instead  of 
the  Slngle peak expected o f  Mannl-4GlcitolNAc. Thlr Suggested that one pornble'caure  of  the 
observed  heteroqenerty  mignt be some unezplalned sub r t l t u t i on  of t h l s  disaccharide. 

A 

B 

C 

A FRACTION 

dare, and the  Oligosaccharides  that  becme  neutral were isolated. mese neutral  oligosaccha- 
r i des  *ere subjected t o  no treatment  (Panel A) di  est ion  with  0-galactosidase (Panel 0 ) .  d i -  

dare,  n-hexoraninidare and oannos idase  (Panel 0). Following  the  treatments.  the  oligosac- 
gestion  with  8-galactosidase and 8-hexosminidke ?Panel C). or  digestion  with  0-galactosi- 

charides e r e  reduced w i th  NaBH4, desalted on M e r l i t e  118-3, and fractioned by HPLC as de- 
scribed under "Experimental  Procedures". The standards  are MI. Mannitol; n ~ ,  Mnnob l i t o l ;  
M3. R n n o t r i i t o l ;  h G ,  Mnnose~Glc l to l l uc ;  MSG. Mnnose~Glci to l lUc; &G, Mn6Glci to lMc; M7G. 
Man,Glcitolluc; MSG. R n ~ G l c i t o l N k ;  MgG, M n g G l c i t o l W .  

- HPLC Analysis of OligOsaCCharlde Size. Fraction  CBll was treated  wi th  neurmini-  

He next  considered  other  possible  structural  features  that  could  explain such hetero- 
geneity. (he p o s s i b i l i t y  w s  t ha t  sane of the  oligosaccharides were subst i tu ted  wi th  fucose 
resldues. To ru le   ou t   t h i s   poss ib i l i t y .  an al iquot was hydmlyzm I n  2N HCl f o r  6 hours a t  
100'C.  and the  resulting  mnosaccharides  fractionated by paper chranatography i n  SOlvent B 
for  14 hours.  Greater than 99.5% of the counts  migrated as free mannose. and none as free 
fucose (data  not shorn) .  Another p o s s i b i l i t y  was the presence of repeating  Gal-GlcW  units 
of varying  sizes. muever the  overa l l   s ize  o f  these  Oligosaccharides was s m e h a t  smaller 
than  night be expected i f  such subst i tut ions were present.  Furthermore,  endo-@-galactosidase 
treatlaent had no e f f e c t  on the HPLC p ro f i l e  o f  these  OligOSMCharideS  (data Rot shorn). The 
next   pOSr ib i l i ty  we considered was tha t  YIM of   the molecules  might  Carry an additional 

branch on the mannose l inked 01-3 t o  the 8-linked mannose. To study t h i s  poss ib i l i t y .  ue 
GlcNk residue.  either as a 'bisecting" residue on the  n-l inked mannose. or  as an additional 

Perfonnw a methylation  analysis of each of the peaks seen on HPLC. A preparative run s i n i -  
l a r   t o  Panel A of Figure 5 was Carrled  out except that  smaller (0.3 ml)  fract ions were 
collected.  This a l l o w  the  separat ion  of   at   least  0 d i s t i n c t  peaks. each o f  whlch was repa- 
r a t e l y  subjected t o  methylation. Al l   the  f ract ions  contained a residue of 2.4 di-methylnan- 
nose that   ar ises frm the  8-linked mannose. h i c h   w u l d  not be present i f  a  "bisecting" 
Glcluc  residue was present. mne of the peaks gave rise t o  3.6 dinethylmannose tha t  wuld  
have been generated i f  branching was present on the  a l -3   l inked  r ide O f  the molecule. The 
methylation  analysis suggested t h a t   t h e   M j o r  peaks had 4 t o   5  mannose resldues.  although 3 
or 6 residues  could be present i n  the  smaller or larger OligOsaCCharides. respectively. Fur- 
t h e m r e .  we noted  that  adjacent p a t s  could have an identical  methylat ion  prof i le. Thus. 
the unknom factor  causing  the  heterogeneity on HPLC analysis had detectable  effect on the 
methylation  profi le.  Similar  heterogeneity was seen upon HPLC analysis  of several o f   the  
other  f ract ions  that   carr ied one sial ic  acid  residue  (data mt shown). 

during  the  preparation  of OligosaCCharides f o r  HPLC. ue also  stvdied  similarly  treated hrgh- 
mannose oligosaccharide standards. As shorn i n  Figure 6. Panel A. no such heterogeneity MS 
seen i n  these standards. To rule ou t   t he   poss ib i l i t y   t ha t  an a r t i f a c t   m y  have arisen  fran 
some Step dur ing  the purification of the  oligosaccharides. we also studied molecules h i c h  
had  one phosphmonoester a f t e r   r m v a l  of the  pbsphate.  (Fractions  cCll and m C I l  o f   the  
same experiment - see Table 1). The p r o f i l e  obtained  with  fractlon cClI af te r   remua l   o f   the  

these  mlecules  contained p r imar i l y  M n g G l c W l  and Rn lGlc luc l   (19) .  and showed no such 
phosphate and reduction i s  shown i n  Panel B o f  Figure 6 .  I n  keeping w i th  previous findings. 

heterogeneity  of peaks. He next  dixovered  that  the  heterogeneity  could be markedly de- 
creased i f  the removal of the   s ia l i c   ac id  was accmplished by mild  acid,  rather  than by neur- 
aminidase  treatment. Panel C of Figure 6 i s  iden t ica l   to  Panel A of Figure 5. and  shows the 
prof i le  fo l lowing neuraminidase  treatlaent. Panel D s b w s  the  effect  of  mild  acid  treatment 
p r io r   to   the   reduc t ion  step. Note that  the  heterogeneity i s  markedly  diminished. However, 
the peaks s t i l l  do not  exactly  co-migrate  with  the  highannose Standards i n  Panel A. This  

t r i bu tes  less than one mannose equivalent i n   t h i s  HPLC sys tm (31). 
i s  expected because the  additional  N-acetylglucosmine residue i n  each oligosaccharide con- 

To rule  out   the  possibi l i ty   that   th is  heterogenei ty arose frm sme chemical a r t i f a c t  

Thus. l h i l e  Y s t i l l  cannot conclusively rule o u t  an a r t i f ac t ,  it appears l i k e l y   t h a t  
some Of these  slalylated  hybrid-type  mlecules have an ac id- lab i le   subst l tu t ion on the core 
Hannl-4GlclUC t h a t   a l t e r s   t h e i r  behawlor on HPLC. 

The above studies suggested that  the molecules contain  the canna" sequence S.A.+al-- 
G l c ~ n d - 3 N a n n l 4 G l c W .  In order   to  prove th i s .  we sought to   iso la te  the  s ia l ic   ac id-  
Containing fragment. Fraction  cBIlP 0 .  which contai lwd  the  intact   molecules  wi th  their  

and the  negatively charged fragment was re- isolated on QAE-Sephadex. m e  fragment was sub- 
s ia l ic   acid  residues. was digested w?th 8-galactosidase.  0-hexosminidase, and "mannosidare. 

jected  to  mild  acid  treatment  to r m v e  both  the  sialic  acid  residue and the  unexplained 

major peaks were seen (see Figure 7. Panel  A). Both paks .  when SubJected to  sequential  di- 
acid- labi le  subst i tut ion.  The neutralized fragments Yere reduced and analyzed on HPLC. T v o  

gestio"  wIth  8-galactosidase.  8-hexosdnidase and  mannos nos id are. showed an order ly decrease 

Panel 0 and C). The f i r s t  peak o r i g i n a l l y  migrated i n   t h e   p o s i t i o n  expected o f  the  predicted 
i n  size as expected, wi th  eventual   d igest ion  to manmse and Rn81-4GIcitc.lNk  (see  Figure 7, 

fragment t h a t   w u l d  have been protected by the  s ia l ic   acid  residue e.g.. Gal-Glc~4&nd-3- 
Han814Glcito1NAc. He suspected that  the second peak represented an incanplete  dlgestian 
product.  with  a  surviving  terminal mannose l inked 01-6 t o  the  8-linked mannose (see  inset  to 

y ie lded 2.4-dimethylnannore, 3,4,6-tnmethylnannase. and 2.3,4,6-tetramethylaannore i n  I 
Figure 7. Panel  C). To prove t h i s  we analyzed the second peak by methylation  analysis. This 

r a t i o  of 1.0:1.25:1.25, which i s  cangatlble  with  the  predicted  Structure. The incanplete  d i -  
gestion  of  the  terminal  d-6  l inked mannose could be the   resu l t  o f  s te r i c  hindrance from the 
undigested 01-3 l inked branch. or the presence of   the unexplained substitution i n  the  core. 

These data show that  the  Sialy lated molecules  present i n   f rac t l on  c 0 l l  have an overal l  
structure  that   is   s iml lar   to  previously  reported  hybr ids (40 ) .  except for   the presence Of the 
s la l ic  acid. and the absence Of the  '"blrect lng" GlcNAc residue. 
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Anionic Oligosaccharides 

I G2N.k 

GAL 

FRACTION 7 - 
HPLC Fract lonat ion of  Oligosaccharides. Standard  hlgh mannose Oligosaccharldes 
f r a c t i o n  d l 1  neut ra l i zed   w i th   a lka l ine  phosphatase  (Panel E ) ,  t he   neu t ra l  

fract lon  generated frm cBlI   by  t reatment  wi th  neuraminidase (Panel C) and the   neut ra l  
fractlon  generated  from c a l l  by   t rea tment   v i th   m i ld   ac id  (Panel 0) P r e  reduced w i th  r(aEH4, 
desal ted and f rac t i ona ted  on HPLC as  described under "Experimental  Procedures". me 
standards  are MSG. Mnnose GlcitolHAc; %G. Man~GlcftolHAC; q G ,  Mn7GlcitolMAc. E$G. 
MangGICltolNk; MgG. MangGiCitOlHAC. 

blik 1-phosphodiester  glycosidase. and re f rac t i ona ted  on QAE-Sephadex t o  separate  the 
FI w e  7 - HPLC Fract ionat ion  of   Ol igosacchar ides. Panel A: F rac t i on  cElI was t r e a t e d   m t h  

oligosaccharides w t h  phasphomnoesters ( 2  negative  charges) frm those   w i th   s ia l i c   ac ld  
(1  negative  charge)  which *ere unaffected  by  the  treatment. ne l a t t e r   f r a c t i o n  was desalted 

was then passed over QAE-Sephadex t o   i s o l a t e   t h e   S u r v i v i n g  charged  fragment.  This  fragment 
and t reated  wi th   a   mix ture  o f   8-galactos idase,  8-hexosaminidase and o-nannosidase. me dlgest  

was desalted on BioGel PZ. then   t rea ted   wth   mi ld   ac ld .   reduced  w i th  HaBH4. desal ted on 
k b e r l i t e  ME-3, f ract ionated on HPLC. and an a l lquot   mon i to red   fo r   rad ioac t iv i t y .  The tw  

iden t i ca l  tm fragments were recovered ( f o r  example. see F igure 8, Panel 0) .  h a i n .   t h e   o n l y  
detectable causes of   heterogenel ty   rere  the nMber o f  mannose r e r i d w s  and the presence o f  
the  unexplained  acid  labi le Substitution. 

When r i m r l a r  experiments were car r ied   ou t  an other   f rac t ions   w i th  one s ia l i c   ac id ,   t he  

molecules which ca r r i ed  tw o r  three  negative charger tha t   cou ld  be rmoved by neuraninrdase 
Structure of  Ollgosaccharides w i th  more than one S i a l i c  Acid  Residue - We a lso l den t l f i ed  

t reatment  a lone  ( f ract lans cDIINQ, and c E l I b   r e s p e c t i v e l y .  - see Table 2). We reasoned t h a t  
the  presence  of ta or m r e   s i a l l c   a c i d s  most l i k e l y   r e s u l t e d  frm branchlng on the   cha in  
conta in ing   the  mannose l i nked  01-3 to   the   8 - l inked mannose. s i n c e   t h i s   w u l d   i n c r e a s e   t h e  
number of   aalactose  resldues  avai lable  for   Sialy lat lon.  However, HPLC analys is  Of the neu- 

molecules which ca r r i ed  tw o r  three  negative charger tha t   cou ld  be rmoved by neuraninrdase 
Structure of  Ollgosaccharides w i th  more than one S i a l i c  Acid  Residue - We a lso l den t l f i ed  

t reatment  a lone  ( f ract lans cDIINQ, and c E l I b   r e s p e c t i v e l y .  - see Table 2). We reasoned t h a t  
the  presence  of ta or m r e   s i a l l c   a c i d s  most l i k e l y   r e s u l t e d  frm branchlng on the   cha in  
conta in ing   the  mannose l i nked  01-3 to   the   8 - l inked mannose. s i n c e   t h i s   w u l d   i n c r e a s e   t h e  
number of   aalactose  resldues  avai lable  for   Sialy lat lon.  However, HPLC analys is  Of the neu- 
t r a l i z e d  core fragments d id   no t  show the  expected  increase in   ove ra l l   s i re .   a l t hough   the  

51s o f  the *ole mixtures Shored no evtdence f o r  a 3.6 or 3.4-dimethylmannose rep lac ing a re- 
heterogeneity of peaks was once  again seen (data  not  sbsn).  Furthemmre.  methylat ion  analy- 

sldue of 3.4,6-trimethylmannose. thus  naklng  branching on t he  01-3 l inked  s ide  very unlikely. 
The l lm l ted  amounts of  these fractions prevented us frm performing  further  Studies t o  l oca l -  
1ze  the s ia l l c   ac id   res idues .  Presumably.  as i n   t h e  case o f   t he   mnos la l y la ted   m lecu les ,  
One o f  t h e   S l a l l c  acids Substi tutes  a  galactose  residue. Since other   prev ious ly  known 1Ink-  
ages o f   t he   s la l i c   ac ids   i nc lude   t he   p0 l ys ia losy l   l i nkage   (41 )  a$ l lnkage to  the  galactose- 
Subst i tu ted N-acetylglucosam1ne residue  (42).  we Speculate tha t   s lm i l a r   l i nkages   m igh t  ex- 
plain  the  observed  f indings. 

Structures  of  Molecules  "7th  Slallc  Acids and Phosphate Groups - AS shown i n  Tables 1. 2 .  and 

phonanoesterr or phosphodlesters an the same 01ig0SaCChwide. muever, only  one f rac t i on  
3 re rere   ab le  t o  i d e n t i f y  molecules  carry ing  var ious  cmbinat lons of s ia l l c   ac ids  and phor- 

(mEl l )  had SUf f lC len t   mater ia l  t o  a l l ow  d c m p l e t e   s t r u c t u r a l   a n a l y s i s .   l h i s   f r a c t i o n   r h i c h  
contained a m a ~ o r  p v t 1 o n  of the   an ion l c   o l i gosacchandes   i n   t he  media.  (see  Figure 2 )  con- 
s isted  pr imari ly  (95%)  of   molecules  that  had one s i a l l c   a c l d  and one phosphononoerter. Ye 
first approached the   S t ruc tura l   ana lys is  by r m v a l  of  both  the  negative  charges  wlth  the 
appropriate  enzme  treatments. When the   resu l t ing   neut ra l  core was analyzed on HPLC.  many 
p e a k  were seen i n   t h e  size range Madnnose~GlcW~  to  PannDsegGlcNAcl (da ta   no t  shown). We 
next rmoved  the phosphate  group  only. and subjected  the  molecule  to  digestion wlth  8-galac- 

mannose. Thus, the   under l i lng  ollgosaccharides were someuhat larger  than those On molecules 
tos ldare,  8-hexoSamlnldase and o-mannosidase. 56% o f   t he   rad lodc t l v i t y  was released as free 

w l t h  one s l a l l c   a c l d  alone. and had greater  numbers of  accesslble mannose residues. The 
negat lve ly  Charged f r a g m n t   r e r u l t l n g  frm the  nlxed  glycoSidaSe  digestion was then  t reated 
w i t h   m l l d   a c i d  and analyzed on HPLC. AS shown i n   F l g u r e  0 ,  Panel C, the   mater la l  now con- 
s l s t e d   e r c l u s i k l y   o f  two fragments  that  co-migrated  exactly  with  those  obtalned by s ln l lar  
t reatments  of  other Sla ly la ted  hybr ld l   (Panels  A and E ] .  Thus. I t  1 s  reasonable t o  conclude 
that  these mlecules also con tam  the  c m b n  sequence S.A.~l-.GIcNRC-Manol~3Mn814G1~NPr. 
and tha t   they  sometimes car ry   the   ac id - lab l le   g roup  tha t  causes d l temd  behavior  on HPLC. 

removed the n a l l c  aCld  resldue, and then  subjected  the  phosphorylated oligosaccharide t o  
ace to l ys i s  Whlch selectively cleaves  01-6  I lnkager. The acetolysis  fragments were fraction- 
ated on qAi-Sephadex, and the  negatlvely  charged  fragments  dephosphorylated and analyzed. AS 
shown I n  Figure  9, Panel A, a l l  O f  the Charged fragments  co-migrated  wlth  mannabiase a f t e r  
remval of the phosphate  resldue. As shown i n  the   inse t   to  Panel E of  Flgure 9, mannobiore 
fragments can  arlse from two  different  branches  of  the  ol igosaccharide  after  cleavage  of  the 
01-6 l inkages. TO d l f f e r e n t l a t e  between these tm p e s s l b l l l t i e s ,  we reduced the  nannoblose 
fragments, and SUbJeCted then t o  hlgh  vol tage paper electrophoreSlr,  whlch  separates peduced 
mannobiases l i nked  01-2 frm those  I lnked 01.3. As shown 1 0  Panel B of F lgure 9, a l l  of  the 
reduced mdnnOblOSe fragments  CO-mlgrated w l t h  Manol-2  mannltol. Thus, the phosphate  Pesldue 

To 7dentIfy  the  locatian(s)  of  the  phosphononoerter  group on these  ol lgaracchar lder.  ne 

could only De present on one o f  tm p s i t l o n s  on t he   o l l go~accha f ide .   uh tch  are lnd lcated on 
t he   I nse t  t o  Panel B o f   F lgure  9. 

Thus, these molecules Carry  the I l d l i C  acld  residue ~n the same location as the non- 
phosphorylated  hybrlds do. bu t   the  phosphate re l l due  can only  be present on two of  the  three 
possible posi t ions.  

C 

FRACTION 8 
maJor peaks r h o m   i n  Panel A Were analyzed  further I S  shorn i n  Panels E ( f l r s t  peak) and c 
8-galactosidase and 8-hexosaminidase o r  ( 3 )  @-galactosidase  8-hemsamlnidaSe and omannosi- 
(second  peak).  Separate a l i quo ts  were subjected t o  treatment  wtth (1) 8-galactosldare ( 2 )  

d a q .  In   the case Of 131 it was necessary t o  r e p e a t   t h e   r d u c t l o n   w i t h  MBHq t o  reduce  the 
12- Hhannose  released. In a l l  cases. t he   d iges ts  r r e  desa l ted   p r io r  t o  HPLC analysis. The 
Structures Shown are  based on t h i s  and other in format ion (see text ) ,  The Standamis a re  as 
described i n   t h e  legend t o  F igure 5. 

F i   u re  8 - HPLC Fract ionat ion of  Oligosaccharides. Panel A IS i den t l ca l  t o  Panel A of  Flgure k B and C show the  ol iuosacchar ides  remainina  af ter   the  Ident ical  treatment lree 
legend t o  F igure 7 )  O f  f ract ions cB1 and a lka l ine   pdsphatase  d iges ted   mEl I   ; i sp ic t i& i i .  

c i d e   i n  each  case w l t h   t h o s e   i n  Panel A. The standards  are as descnbed  rn  the  legend t o  
The propsed  s t ruc tu res  of peaks 1 and 2 i n  Panel A  are shorn. m t e   t h a t  peaks 1 and 2 coin-  

F igure 5. 
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+- Fi ure 9 - CharacteTlzation  of  Negatlvely Charged Aceto lys is  Fragments.  Neurmimdase  treat- 

on QAE-Sephadex. Panel A - The fragments d e  characterized by  paper  chrmatography i n  501- 
ed r a c t l o n  m E l l  was subjected t o   a c e t o l y s i s  and the  negat lve ly  charged  fragments i so la ted  

vent A f o r  14 hour- renaval o f   t h e  phosphate w l t h   a l k a l l n e  phosphatase. The Standards 
are M Mannose. M2 Mannobiose. M3 M a n n o t ~ ~ o s e .  and MqGlucltolNAc,  Han~GlucitolNAc. 
 ane el'^ - m e  ;annibiose  frag&nts'were  reduced and fractionated by h igh vol tage paper elec- 
t rophores is  as descnbed i n  "Experimental  Procedures". The standards are Hol-3M:Mannosed-3- 
Manmtal '  Mol~2M:MdnnDSeal~ZRnmTO1. The stTuctur.1 d l a g r m   i n   t h e   I n s e t  ShoY the  IcetOlY- 
51s c lea iage  pat tern  (dot ted  l ines)  and t h e   p s s l b l e   p s i t w n s  of  the  phospnmonoester ( P I  
based uwn t h l s   a n a l y s i s .  
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