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ABSTRACT: N-Linked sugar chains were liberated by hydrazinolysis from porcine zona pellucida glycoproteins 
obtained from ovarian follicular oocytes. Neutral sugar chains were separated from acidic ones by paper 
electrophoresis and fractionated with a serial lectin column chromatography and Bio-Gel P-4 column 
chromatography. Their structural analysis by sequential glycosidase digestion in combination with methylation 
analysis revealed that the neutral sugar chains are of bi-, tri-, and tetraantennary complex type with a 
fucosylated trimannosyl core. Twenty-six percent of the sugar chains contain N-acetyllactosamine repeating 
structures in their outer chain moieties. Only linear N-acetyllactosamine repeats, the maximum size of which 
is hexasaccharide, are detected. A characteristic feature is that 39% of the sugar chains contain N- 
acetylglucosamine residues a t  their nonreducing termini in spite of the absence of bisected sugar chains. 
This study provided, for the first time, the substantial information about the sugar chain structures of 
mammalian zona pellucida glycoproteins. 

z o n a  pellucida (ZP)] is an extracellular matrix synthesized 
in  and secreted from the mammalian oocytes in developing 
follicles (Shimizu et al., 1983). It remains around the oocyte 
after fertilization until the stage of blastocyst (Stambaugh, 
1978). It has been proposed that Z P  plays important roles 
in fertilization including species-specific recognition by sperm, 
prevention of polyspermy, and protection of fertilized eggs 
(Gwatkin, 1977; Wassarman et al., 1985). 

In mice, ZP  is reported to be composed of three glyco- 
proteins, ZPI, ZP2, and ZP3, with apparent average molecular 
sizes of 200, 120, and 83 kDa, which are associated with each 
other to construct a specific structure (Bleil & Wassarman, 
1980b). So far, it has been shown in mice that the mucin-type 
sugar chains containing a-galactosyl residues in ZP3 work as 
sperm receptor (Bleil & Wassarman, 1980a, 1988; Florman 
& Wassarman, 1985) and that the galactosyl transferase on 
sperm plasma membrane mediates sperm egg binding by in- 
teracting with its substrate on zona pellucida (Shur & Hall, 
1982; Lopez et al., 1985; Shur & Neely, 1988). In  spite of 
these works suggesting the involvement of sugar moieties of 
zona pellucida in the receptor activity for sperm, no direct 
structural analysis of the sugar moieties of ZP  glycoproteins 
has been reported until now. Recent works have shown that 
porcine oocytes are a more convenient source for structural 
study because relatively large amounts of the ZP  can be ob- 
tained. Porcine ZP  is also composed of three glycoproteins, 
one with a molecular size of 82 kDa and the other two with 
a molecular size of 55 kDa (Hedrick & Wardrip, 1987; Yu- 
rewicz et al., 1987). Although the difference in size between 
porcine and mouse ZP glycoproteins is found, their structural 
similarity has been shown by using an immunological tech- 
nique (Kohyama et al., 1985) and a cDNA hybridization 
technique (Ringuette et al., 1986). A large-scale isolation 
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method of Z P  from porcine ovaries has been established 
(Dumbar et al., 1980; Noda et al., 1981). The previous sugar 
composition analysis suggested the presence of N- and 0-linked 
sugar chains in porcine ZP  glycoproteins (Yurewicz et al., 
1987). In this study, the structures of the N-linked, neutral 
sugar chains were analyzed in detail as a first step to elucidate 
the roles of the sugar moiety in fertilization. 

MATERIALS AND METHODS 

Chemicals, Enzymes, and Lectins. NaB3H4 (340 mCi/ 
mmol) and NaB2H4 were purchased from New England 
Nuclear, Boston, MA, and Nacalai Tesque Ltd., Kyoto, re- 
spectively. p-Galactosidase, p-N-acetylhexosaminidase, and 
a-mannosidase were purified from jack bean meal by the 
method of Li and Li (1982). Diplococcal p-galactosidase and 
p-N-acetylhexosaminidase were purified from the culture fluid 
of Diplococcus pneumoniae according to the method of 
Glasgow et al. (1977). Endo-&galactosidase from Flavo- 
bacterium keratolyticus (Kitamikado et al., 1982) and a- 
mannosidase I1 from Aspergillus saitoi (Amano & Kobata, 
1986) were purified according to the cited references. Aleuria 
aurantia lectin (AAL)-Sepharose (Yazawa et al., 1984) and 
Datura stramonium agglutinin (DSA)-Sepharose (Yamashita 
et al., 1987) were prepared according to the cited references, 
respectively. Concanavalin A (Con A)-Sepharose was pur- 
chased from Pharmacia, Uppsala. 

Analytical Methods. Glycosidase digestions were carried 
out as described previously (Yoshima et al., 1980; Mizoguchi 
et al., 1984). Paper electrophoresis (Takasaki et al., 1984), 
Bio-Gel P-4 (minus 400 mesh) column chromatography 
(Yamashita et al., 1982), and affinity chromatography on 
AAL-Sepharose (Yamashita et al., 1985) and DSA-Sepha- 
rose (Yamashita et al., 1987) were performed according to 
the cited references. Con A-Sepharose column chromatog- 
raphy was performed as described by Cummings and Kornfeld 
(1982), except that 5 mM methyl a-glucoside, instead of 10 

I Abbreviations: ZP, zona pellucida; AAL, Aleuria aurantia lectin; 
Con A, concanavalin A; DSA, Datura stramonium agglutinin. 
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mM, was used. Methylation analysis of oligosaccharides was 
performed as described previously (Kagawa et al., 1988). 
Paper chromatography was carried out by using either of the 
two solvent systems: solvent I, 1-butanol/ethanol/water (4:l:l 
v/v); solvent 11, ethyl acetate/pyridine/acetic acid/water 
(5:5:1:3 v/v). 

Preparation of ZP Glycoproteins. ZP glycoproteins were 
isolated from frozen porcine ovaries according to the procedure 
described previously (Dumbar et al., 1980). The procedure 
includes separation of oocytes from ovaries, isolation of the 
Z P  from homogenized oocytes, and solubilization of Z P  gly- 
coproteins. 

Release of the Asparagine-Linked Sugar Chains as Oli- 
gosaccharides from ZP Glycoproteins. Twenty milligrams 
of Z P  glycoproteins was subjected to hydrazinolysis as de- 
scribed previously (Takasaki et al., 1982). The oligosaccharide 
fraction was freed from contaminating peptide components 
by paper chromatography using solvent 11. One-fourth of the 
oligosaccharide fraction was reduced with NaB3H4 to obtain 
a tritium-labeled oligosaccharide mixture. The remaining 
three-fourths of oligosaccharide fraction was reduced with 
NaB2H4 and provided for methylation analysis. 

Oligosaccharides. Gal@l-4GlcNAc@l-+6(Gal@l-- 
4GlcNAc@l-2)Mana  1-6 [Gal@l+4GlcNAc@l-4-  
(Gal@ 1 -4GlcNAc@ 1-2) Mana 1-31 Man@l+4GlcNAc- 
@l-4( Fucal-6)GlcNAcoT2 (Ga14.GlcNAc4.Man,. 
GlcNAc.Fuc.GlcNacoT), Gal@l-4GlcNAc@l-6(Gal@l-- 
4 G l c N A c @  1 - 2 ) M a n a  1-6(Gal@ 1 +4GIcNAc@l--  
2Mana 1-3) Man@ 1 -+4GlcNAc@1-4( Fuca 1-6)GlcNAcoT 
(2,6-branched Ga13~GlcNAc3-Man3~G1cNAc.Fuc.GlcNAcoT), 
GalP 1-4GlcNAc@l-2Manal+6[Gal@l-4GlcNAc@l-4- 
(GalPI -4GlcNAc@l-2)Mana 1-31 Man01 -4GlcNAc- 
@l-4( Fuccul-6)GlcNAcoT(2,4-branched Ga13GlcNAc3. 
Man3~GIcNAc.Fuc.GIcNAcOT), and Gal@l-4GlcNAc@l-- 
2Mana 1 -6(Gal@ 1 -4GlcNAc@l-+2Manal-+3)Man@l-- 
4GlcNAc@l-4( Fuca 1-6)GlcNAcoT (Gal,.GlcNAc,. 
Man3~GlcNAc~Fuc~GIcNAcoT) were obtained from recom- 
binant human erythropoietin by hydrazinolysis (Takeuchi et 
al., 1 988). Mana I-6( 3) [Gal@ I-+4GlcNAc@ 1-2Mana 1 4 -  
3(6)] Man~1+4GIcNAc@l-(Fuca1-6) GICNACOT (Gal. 
GlcNAc~Man3~GlcNAc~Fuc~GlcNAcoT) was prepared from 
hamster melanoma tyrosinase (Ohkura et al., 1984). De- 
galactosylated oligosaccharides were prepared by jack bean 
@-galactosidase digestion of the oligosaccharides described 
above. Manal-.6( Manal-3)Man@l+4GlcNAc@1-4- 
(Fuca 1 +6)GlcNAcoT ( Man3GlcNAc.Fuc.GlcNAcoT) was 
obtained by digestion of Gal,.GlcNAc2Man3GlcNAc.Fuc. 
GlcNAcoT with a mixture of diplococcal @-galactosidase and 
diplococcal 8-N-acetylhexosaminidase. 

RESULTS 
Fractionation of Oligosaccharides Released from ZP 

Glycoproteins. The radioactive oligosaccharide mixture, ob- 
tained from ZP glycoproteins by hydrazinolysis, was subjected 
to paper electrophoresis at pH 5.4. As shown in Figure 1, the 
sample was separated into a neutral fraction (N) and an ex- 
tremely heterogeneous acidic fraction (A) in a percent molar 
ratio of 33 to 67. The fraction N was then subjected to serial 
lectin column chromatography (Figure 2). The sample was 
first applied to a column of AAL-Sepharose to separate into 
the passed-through fraction (AAL-) and the bound fraction 
(AAL'), which was eluted from the column with the buffer 
containing 1 mM fucose. Only 3% of fraction N was recovered 

A 
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Subscript OT indicates NaB3H4-reduced oligosaccharides. 
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FIGURE 1 : Paper electrophoresis of the radioactive oligosaccharides 
obtained from porcine ZP glycoproteins. The oligosaccharides released 
from ZP glycoproteins by hydrazinolysis were subjected to paper 
electrophoresis at pH 5.4 (73 V/cm, 90 min). The arrow indicates 
the position of neutral oligosaccharides. 
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FIGURE 2: Fractionation of the neutral oligosaccharides by serial 
immobilized lectin column chromatography. The radioactive fraction 
N in Figure 1 was first subjected to AAL-Sepharose column chro- 
matography. The fraction bound to the column (AAL') was then 
applied to a column of Con A-Sepharose. The fraction passed through 
the Con A-Sepharose column (Con A-) was subjected to DSA-Se- 
pharose column chromatography. The numbers indicate the percent 
molar ratios of each fraction to the total neutral oligosaccharides. 

in the AAL- fraction, and the remainder was in the AAL+ 
fraction, indicating that almost all of the neutral oligo- 
saccharides contain a-fucose residues. When the AAL- 
fraction was applied to a Con A-Sepharose column, it com- 
pletely passed through the column. No further analysis of this 
fraction was performed because of the limited amount of the 
sample available. However, this chromatographic behavior 
indicates that high mannose type oligosaccharides known to 
interact strongly with Con A are not included in porcine ZP. 

By Con A-Sepharose column chromatography, the AAL+ 
fraction was separated into three fractions; the passed-through 
fraction (Con A-) and the bound fractions eluted with 5 mM 
methyl a-glucoside (Con A+) and then with 100 mM methyl 
a-mannoside (Con A++). The AAL+ Con A- fraction thus 
obtained was further applied to a DSA-Sepharose column and 
separated into the passed-through fraction (DSA-), the re- 
tarded fraction (DSA'), and the bound fraction (DSA+) which 
was eluted with the buffer containing 1% N-acetylglucosamine 
oligomers. The series of lectin column chromatography was 
summarized in Figure 2 together with the percent molar ratio 
of each fraction to the total neutral oligosaccharides. Five 
fractions except for AAL- Con A- fraction were shown to 
contain multiple components by Bio-Gel P-4 column chro- 
matography (Figure 3). 

Methylation Analysis and Preliminary Structural Studies 
of Oligosaccharides in Fraction AAL'. Because of the limited 
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FIGURE 3: Bic-Gel P-4 column chromatography of the oligosaccharides 
fractionated by serial lectin column chromatography. Fractions DSA- 
(panel A), DSA' (panel B), DSA+ (panel C), Con A+ (panel D), and 
Con A+* (panel E) were applied to a column of Bio-Gel P-4. Arrows 
I ,  I I ,  I l l ,  and IV indicate the elution positions of authentic Gal,. 
GlcNAc4~Man3~GlcNAc~Fuc~GlcNAcoT, 2,4-branched Gal,. 
GlcNAc3~Man3~GlcNAc~FucGlcNAcoT, 2,6-branched Gal,. 
G I ~ N A c ~ ~ M ~ ~ ~ ~ G I ~ N A ~ . F ~ ~ . G ~ ~ N A c ~ ~ ,  and Ga12.GlcNAc2.Man,- 
GICNA~.FUC.GICNACOT, respectively. Black arrowheads indicate the 
elution positions of glucose oligomers, and the numbers indicate the 
glucose units. 

Table I:  Methylation Analysis of AAL' Fraction 
methylated sugar molar ratio" 

fucitols 

galactitols 
2,3,4-tri-O-methyl (1,5-di-O-acetyl) 0.8 

2,3,4,6-tctra-O-methyI (1,5-di-O-acetyl) 2.4 
2.4,6-tri-O-methyl (1,3,5-tri-O-acetyl) 0.6 

mannitols 
3,4,6-tri-Omethyl (1,2,5-tri-Oacetyl) 1.1 

2,4-di-O-methyl ( I ,3,5,6-tetra-O-acetyI) 

3,6-di-O-mcthyl ( I  ,2,4,5-tetra-O-acetyl) 0.4 
3,4-di-O-methyl ( I ,2,5,6-tetra-O-acetyl) 0.3 

1 .o 

3,6-di-O-methyl ( 1,4,5-tri-O-acetyI) 3.1 
I ,3,5-tri-O-methyI (4,6-di-O-acetyl) 0.9 
3.4.6-tri-0-methyl ( I  ,5-di-O-acetyl) 0.8 

2-( N-methylacetamido)-2-deoxyglucitols 

Numbers wcrc calculated by taking the value of 2,4-di-O-methyl- 
mannitol as I .O. 

amount of the sample available and the heterogeneous nature 
of the oligosaccharides (Figure 3), methylation analysis of only 
the AAL' fraction was performed to obtain the outline of the 
glycosidic linkages included in the oligosaccharides in this 
fraction. The results are summarized in Table I .  

All fucose residues occur at nonreducing termini. Detection 
of 3,4,6-tri-, 3,6-di-, 3,4-di-, and 2,4-di-O-methylmannitols 
indicates that mannose residues occur in four forms: - 
2Manl-, f;Manl-, Z!Manl-, and ZManl-.. Detec- 
tion of I ,3,5-tri-O-methyl 2-(N-methylacetamido)-2-deoxy- 
glucitol but not the 1,3,5,6-tetra-Omethyl derivative indicates 
that the N-acetylglucosaminitol a t  reducing termini occurs 
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FIGURE 4: Sequential glycosidase digestion of oligosaccharides in the 
DSA- fraction. Fraction a in Figure 3A was digested with diplococcal 
@-galactosidase (panel A). Fractions b and c in Figure 3A were also 
digested with diplococcal @-galactosidase (panel B). Radioactive peaks 
P1, P2, and P3 in panel A were separately digested with diplococcal 
@-N-acetylhexosaminidase (panel C): dashed line, dotted line, and 
solid line in panel C indicate the products from PI, P2, and P3, 
respectively. The peaks in panel C were then digested with jack bean 
@-N-acetylhexosaminidase (panel D). Fraction a was also digested 
with jack bean @-N-acetylhexosaminidase (panel E). Arrows indicate 
the elution positions of authentic oligosaccharides: I, GlcNAc4+ 
Man3~GlcNAc.Fuc.GlcNAco~; 11, 2,4-branched GlcNAc3.Man3. 
GlcNAc~FucGlcNAcoT; 111, 2,6-branched GlcNAc3.Man,. 
GIcNAc.FucG~cNAcoT; IV,  Man3~G~cNAc.Fuc~GlcNAcoT; V, 
Ga12GlcNAc2~Man3GlcNAc.Fuc.GlcNA~T. Black arrowheads are 
the same as in  Figure 3. Bars a in panel A and b and c in panel B 
indicate the elution positions of fractions a, b, and c, respectively (see 
also Figure 3A). 

exclusively as Z:GlcNAcoT. When digested with a mixture 
of diplococcal @-galactosidase and jack bean @-N-acetyl- 
hexosaminidase, the radioactive oligosaccharide mixture in the 
AAL' fraction was all converted to the fucosylated tri- 
mannosyl core,  M a n a  1-6( M a n a  1-3)Man@l-+- 
4GlcNAc@ 1+4( Fuca l-6)GlcNAcoT (data not shown). 
These results indicate that the AAL+ fraction is composed of 
complex-type oligosaccharides which do not contain any fucose 
residue in the outer chain moieties but do in the trimannosyl 
cores. In addition, the absence of 2-mono-0-methylmannitol 
indicates that no bisected oligosaccharide is included. 
Therefore, the molar ratio of each methylated sugar was 
calculated by taking the value of 2,4-di-O-methylmannitol as 
1 .o. 

N-Acetylglucosamine residues except for those a t  reducing 
termini were detected as 3,6-di- and 3,4,6-tri-O-methyl 2-(N- 
methylacetamido)-2-deoxyglucitols, indicating that these 
residues occur in two forms, -4GlcNAc1- and GlcNAc1-. 
This result indicates that some of the outer chains might be 
terminated with N-acetylglucosamine residues. Detection of 
small amount of 2,4,6-tri-O-methylgalactitol in addition to 
2,3,4,6-tetra-Omethylgalactitol suggests the Occurrence of an 
N-acetyllactosamine repeat. To  characterize the structures 
of repeating units, an aliquot of the deuterium-labeled neutral 
oligosaccharide mixture was digested with endo-@-galactosidase 
and labeled with NaB3H,. When applied to a Bio-Gel P-4 
column, two radioactive components with 4.5 and 3.5 glucose 
units were obtained in the molar ratio of 3 to 2 (data not 
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shown). These two components were identified as Gal@l-- 
4GIcNAc/31-GaloT and GlcNAcB1+GaloT by sequential 
digestion with diplococcal 8-glactosidase and jack bean &A’- 
acetylhexosaminidase. Thus, the occurrence of linear N- 
acetyllactosamine repeating units was verified. 

By taking these results into consideration, neutral oligo- 
saccharides in the AAL’ fraction are considered to have the 
following generalized structures: 
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Upon digestion with A. saitoi a-mannosidase 11, which cleaves 
the a-mannosyl linkage of R-Mancul-6(Manal-3)- 
ManPl-4R’ but not of Manal-6(R-Manal-3)- 
Manpl-4R’ (Amano & Kobata, 1986), one mannose residue 
was removed from the solid line peak in Figure 4C, but not 
from the dotted line peak in Figure 4C (data not shown). 
Therefore, it is proposed that 2,6-branching is exclusively 
located on the Manal-6 arm and 2,4-branching on the 
Manal-3 arm, respectively. 

On the basis of these results, fraction a was suppossed to 
be a mixture of tetraantennary oligosaccharides and 2,4- and 
2,6-branched triantennary oligosaccharides which are partly 
galactosylated. Numbers of galactose residues in these oli- 
gosaccharides were examined as follows. When fraction a was 
digested with jack bean @-N-acetylhexosaminidase, a single 
radioactive peak with the same elution position as authentic 
Ga12~GlcNAc2~Man3~GlcNAoFuoGlcNAcoT was obtained 
(Figure 4E). This radioactive component was converted to 
Man3~GIcNAc.Fuc.GlcNAcoT by sequential digestion with 
jack bean @-galactosidase and @-N-acetylhexosaminidase, 
releasing 2 mol each of galactose and N-acetylglucosamine 
residues (data not shown). These results indicated that all 
oligosaccharides in fraction a contain two GalPl-. groups in 
their outer chain moieties. Since fraction a passed through 
a DSA-Sepharose column which requires the Gal@I-- 
4GlcNAcP 1 -+4( Gal01 -+4GlcNAc@1-2) Man group for re- 
tardation and the Gal@1-4GlcNAc@l-+6(Gal/31-- 
4GlcNAc/31-2)Man group for binding (Cummings & 
Kornfeld, 1984; Yamashita et al., 1987), the two GalPI-- 
4GlcNAc@l- groups should not be linked to the same a- 
mannosyl residue of the fucosylated trimannosyl core. Con- 
sidering these results, the structures of three oligosaccharides, 
a l ,  a2, and a3, in fraction a are proposed as shown in Table 
11. 

The degalactosylated fractions b and c, the peak in Figure 
4B, were proven to be identical with P3 in Figure 4A by the 
same sequential glycosidase digestion as indicated by solid lines 
in Figure 4C,D. Therefore, the structures of fractions b and 
c are proposed as shown in Table 11. 

Structural Analysis of Oligosaccharides in DSA’ Fraction. 
Upon digestion with endo-@-galactosidase, the effective size 
of fraction d in Figure 3B was decreased by three glucose units 
(Figure 5A), indicating that one GlcNAoGal group was re- 
moved. Since this product was also retarded from a DSA- 
Sepharose column, a Gal@l-4GlcNAc@l+4(Gal~l+- 
4GlcNAc@l+2)Man group should be left intact after the 
enzymatic digestion (Yamashita et al., 1987). The product 
was digested with diplococcal @-galactosidase with release of 
two galactose residues, producing a radioactive component 
eluting a t  the position corresponding to authentic 
G ~ ~ N A c ~ - M ~ ~ ~ - G I ~ N A ~ . F ~ ~ G ~ ~ N A ~ ~ ,  (Figure 5B). That 
the peak in Figure 5B is identical with oligosaccharide PI in 
Figure 4A was confirmed by the series of analyses already 
described for P1. When fraction d was digested with jack bean 
@-N-acetylhexosaminidase, two N-acetylhexosamine residues 
were removed (Figure 5C). These results indicate that the 
component in fraction d is tetraantennary oligosaccharides, 
the 2,6-branching of which gives GlcNAc@l-+3Gal/31-- 
4GlcNAc@l- and GlcNAcfll-. as shown in Table 11. 

Fraction e in Figure 3B was mainly eluted at  the same 
position as authentic 2,4-branched Ga13.GlcNAc3.Man3- 
GIcNAc*Fuc*GIcNAc~T. The elution pattern showed that a 
minor component which is smaller than the major peak by one 
glucose unit is included in this fraction. With release of three 
and two galactose residues, respectively, from the major peak 

Fucal 
I 

in  which R represents fGalpl-4 or fGalpl-4- 
(GlcN AcP 1 -3GalP 1 -4),. 

Structural Analysis of Oligosaccharides in the DSA- 
Fraction. Fractions a-c in Figure 3A were subjected to se- 
quential exoglycosidase digestion. When incubated with di- 
plococcal &galactosidase, fraction a produced three radioactive 
peaks, PI ,  P2, and P3 as shown in Figure 4A, while fraction 
b was converted to a peak with the same elution position as 
P3 with release of one galactose residue (Figure 4B) Fraction 
c, which was eluted at the same position as P3, was resistant 
to the diplococcal @-galactosidase digestion (Figure 4B). The 
structues of PI ,  P2, and P3 are proposed as shown by the 
following experiments: 

GlcNAMl 
‘,6 MaNal 

Fucal 

.) 

P1 
FuCal 

GldlAcB1-- 
P2 

P3 

Diplococcal 0-N-acetylhexosaminidase is well-known to cleave 
GlcNAc/31-2 linkages in the GlcNAcS1-2Man group and 
the GlcNAc@1-4(GlcNAc/3l-2)Man group but not in the 
GlcNAcpl-6(GlcNAc@l-2)Man group (Yamashita et al., 
198 1 ). Therefore, N-acetylglucosamine residues underlined 
in the proposed structures should be removed by this enzyme. 
Actually, the digestion released one residue of N-acetyl- 
glucosamine from P1 (Figure 4C, dashed line), two residues 
from P2 (Figure 4C, dotted line), and one residue from P3 
(Figure 4C, solid line), respectively. The remaining three, one, 
and two N-acetylglucosamine residues in P1, and P2, and P3, 
respectively, were all released by jack bean 0-N-acetyl- 
hexosaminidase digestion, and fucosylated trimannosyl core, 
Man3.GIcNAc.Fuc.GlcNAcoT, was obtained (Figure 4D). 
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Table I I :  Proposed Structures of Oligosaccharides Obtained from ZP Glycoproteins 
structures molar ratio (%) fraction 

0.8 a1 
GdBl 

Gplgl 

4 

- 
2.9 a2 Galgl -t 4GkNAcgl - 2Manal 

I 

1.4 a3 

(+) 1.8 
(-) 1.1 

b 
C 

1.4 d 

(+) 10.7 
(-) 2.9 

el  
e2 

Galgl - 4GkNAcgl 

(n = 2)b 0.8 
(n = 1) 3.7 
(n = 0) 3.5 

f l  
gl 
hl  

' w e 1  d 4olcNAq31n 

Galgc - 4GlCNm1- \ 
wgr -c 4GlcNWl\ 

c w g 1  - 4GlCNAq31- 

Manal 

iMangl - 4R 
f : Manal 

1.9 M 

g2 
h2 

(n = 2)b 2.3 
(n = 1) 5.3 

(n = 2)b 2.7 
(n = 1) 1.7 

I33 
h3 
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Table I 1  (Continued) 
structures molar ratio (%) fraction 

(+) 3.4 
(-) 1.7 

GWAcpl -D 30alBl -.L 4GlcNAcpl -c PManal (n = 2) 5.1 
1 (n  = 1) 0.8 

( a b 1  4 4)n 

i l  
i2 

GlcNAcpl -D PManal 1 
Gap1 - 4olcNAcpl -e PManal 

f Manal- 4R 
c 

iGalpl- 4GkNWl  d PManal 
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FIGURE 5 :  Sequential glycosidase digestion of oligosaccharides in DSA’ 
fraction. Fraction d in Figure 3B was sequentially digested with 
endo-0-galactosidase (panel A) and diplococcal &galactosidase (panel 
B). Fraction d was also digested with jack bean 0-N-acetylhexos- 
aminidasc (panel C). Fraction e i n  Figure 3B was digested with 
diplococcal 0-galactosidase (panel D). Arrows indicate the elution 
positions of authentic oligosaccharides: I ,  2,4-branched Gal,. 
GlcNAc,.Man,-GlcNAc.FucGlcNAcoT; 11, GlcNAc4-Man3. 
GlcNAc~FucGlcNAcoT; 111, 2,4-branched GlcNAc,.Man,. 
GlcNAc.Fuc.GlcNAcm Black arrowheads are the same as in Figure 
3. Bars d and c in panel A and D indicate the elution positions of 
fractions d and e, respectively (see also Figure 3B). 

and the minor peak by diplococcal @-galactosidase digestion, 
fraction e was converted to a radioactive component with the 
same mobility as authentic 2,4-branched GlcNAc3.Man3- 
GlcNAc.Fuc.GIcNAcoT (Figure 5D). That it has the same 
structure as P2 in Figure 4A was confirmed by the series of 
analyses already described for P2. Considering these results 
and the fact that this fraction was retarded in a DSA-Se- 
pharose column, fraction e is proposed to contain two 2,4- 
branched triantennary oligosaccharides (el and e2) as shown 
in Table 11. 

Structural Analysis of Oligosaccharides in DSA’ Fraction. 
When fraction f was digested with endo-@-galactosidase, it was 
converted to two radioactive components fl’ and f2’ (Figure 
6A). Diplococcal P-galactosidase treatment released two 

24 22 20  10 16 I4  I 2  
.“TVVV V V V V 

I I I I I I IV  + + i t  

P1 P2  P l  I 
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FIGURE 6 :  Sequential glycosidase digestion of oligosaccharides in the 
DSA+ fraction. Fractions f (panel A), g (panel B), and h (panel C) 
in Figure 3C were digested with endo-&galactosidase, respectively. 
By diplococcal &galactosidase digestion, peaks f l’and f2’ in panel 
A, peak g l ’  in  panel B, and peak hl’ in panel C were all converted 
to PI (panel D, solid line), peak g2’ in panel B and peak h2’ in panel 
C to P2 (panel D, dotted line), and peak g3’ in panel B and h3’ in 
panel C to P3 (panel D, dashed line), respectively. Fractions f (panel 
E) and g (panel F) were also digested with jack bean 0-N-acetyl- 
hexosaminidase, respectively. Arrows indicate the elution positions 
of authentic oligosaccharides: I ,  Ga14~GIcNAc4.Man,GIcNAc. 
Fuc.GlcNAcoT; 11, GIcNAc4~Man3~GlcNAc.Fuc~GlcNAcoT; 111, 
2,4-branched GlcNAc3~Man,~GlcNAc.Fuc.GlcNAcoT; IV, 2,6- 
branched GlcNAc,.Man,.GlcNAc.Fuc.GlcNAq,p Black arrowheads 
are the same as in Figure 3. Bars f, g, and h in panels A, B, and C, 
respectively, indicate the elution positions of fractions f, g, and h (see. 
also Figure 3C). 

galactose residues from the components f2’ and three from the 
component f l ’  and produced the same radioactive component 
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PI (Figure 6D, solid line) which was identified as 
GIcNAc4~Man3~GIcNAc~FucGIcNA~OT in the same way as 
described for component PI in Figure 4A. Jack bean 0-N- 
acetylhexosaminidase digestion released one N-acetylglucos- 
amine residue from 53% of fraction f (Figure 6E), indicating 
that one exposed N-acetylglucosamine residue is included in 
part of the oligosaccharides in this fraction. Therefore, 
fractions f l ’  and f2’ were considered to be produced from the 
following tetraantennary oligosaccharides fl and f2 by endo- 
@-galactosidase digestion: 

Mori et al. 

shoulder disappeared after jack bean 0-N-acetylhexos- 
aminidase digestion of fraction g, and a smaller sized radio- 
active peak appeared by removal of one N-acetylhexosamine 
residue (Figure 6F), indicating that 49% of fraction g contains 
exposed N-acetylglucosamine residues in the repeating units. 
These results indicate that fraction g is composed of tet- 
raantennary oligosaccharides g l  with fGal@l-- 
4GlcNAc@1-3Gal0l-4GlcNAc outer chains and 2,4- 
branched (g2) and 2,6-branched (g3) triantennary oligo- 
saccharides, both of which contain *Ga101-4GlcNAc01-.- 
3Gal@1-.4GlcNAc~1-3Gal~I-4GlcNAc outer chains 
(Table 11). 

After endo-0-galactosidase digestion, fraction h was sepa- 
rated into three components, hl’, h2’, and h3’ (Figure 6C). 
Component hl’, which was resistant to the enzymatic digestion, 
was converted to peak P1 with release of four galactose res- 
idues by diplococcal @-galactosidase digestion (Figure 6D, solid 
line). Components h2’ and h3‘ gave the same results as 
components g2’ and g3’, respectively, in a series of glycosidase 
digestions. Jack bean 0-N-acetylhexosaminidase digestion did 
not change the elution position of fraction h (data not shown). 
From these results and the size difference before and after 
endo-0-galactosidase digestion, it was concluded that fraction 
h is composed of typical tetraantennary oligosaccharide (h 1) 
and 2,4-branched (h2) and 2,6-branched (h3) triantennary 
oligosaccharides containing a Gal@l+4GlcNAc0l-- 
3Gal01-4GlcNAc sequence at  one site of their outer chain 
moieties (Table 11). 

Fraction i was eluted as a major peak with a shoulder 
(Figure 3C). When digested with diplococcal @-galactosidase, 
it was converted to the radioactive component P3 with release 
of three galactose residues from the major peak and two from 
the shoulder (Figure 6D, dashed line). Since the presence of 
the Gal@ 1 -4GlcNAc@I -6(GalP 1 -4GlcNAc0 1-2) Man 
group is required for its binding to DSA-Sepharose column 
(Cummings & Kornfeld, 1984; Yamashita et al., 1987), 
fraction i is proposed to contain 2,6-branched triantennary 
oligosaccharide (il ) and that lacking one galactose residue on 
the Manal-3 side (i2) as shown in Table 11. 

Structural Analysis of Oligosaccharides in the Con A+ and 
Con A++ Fractions. As shown in Figure 3D, fraction j was 
composed of a major peak with a small shoulder. By diplo- 
coccal 0-galactosidase digestion, fraction j was converted to 
a single radioactive component with release of two galactose 
residues from the major peak and one from the shoulder 
(Figure 7A). Digestion of this product with diplococcal 
0-N-acetylhexosaminidase yielded a component with the same 
effective size as authentic Gal~GlcNAc.Man3.GlcNAc.Fuc. 
GlcNAcoT with release of two N-acetylglucosamine residues 
(Figure 7B). This component was then converted to the tri- 
mannosyl core by another cycle of sequential digestion with 
diplococcal @-galactosidase and diplococcal @-N-acetyl- 
hexosaminidase (Figure 7C). The data indicate that fraction 
j contains biantennary oligosaccharide with one each of the 
Gal@l-4GlcNAc@1+3Gal0 1 -4GlcNAc@I -. and the 
Galpl-+4GlcNAc@l-. outer chains and its one galactose-less 
derivative as a minor component. Actually, fraction j was 
sensitive to endo-@-galactosidase digestion (data not shown). 
When the peak in Figure 7B was digested with A .  saitoi a- 
mannosidase 11, one mannose residue was removed (data not 
shown), indicating that the larger outer chains are exclusively 
located on the Manal-6 side. To calculate the exact amount 
of minor component with an exposed N-acetylglucosamine 
residue, fraction j was digested with jack bean 0-N-acetyl- 
hexosaminidase. The result indicated that one N-acetyl- 

GlcNAql f ?MaNal 

Fuaxl 

1 

12: W =  Galpl+4GlcNA~pl+3Galpl+4; R“=fGalpl+- 
4GkNAcpl -c 3Galpl-c 4 

That the nonreducing terminal N-acetylglucosamine residues 
are included in some of the repeating units was confirmed by 
the following experiment. The peak indicated by a bar in 
Figure 6E should be devoid of exposed N-acetylglucosamine 
residue because it was obtained by exhaustive jack bean @- 
N-acetylhexosaminidase digestion of fraction f. When this 
peak was digested with endo-0-galactosidase, only one radio- 
active product with the same effective size as fl’ in Figure 6A, 
which corresponds to Ga13~GlcNAc,~Man3~GIcNAc~Fuc~ 
GlcNAcoT, was obtained (data not shown). Thus, the result 
supports that the structures proposed above are correct. On 
the basis of these results, the structures of oligosaccharides 
f l  and f2 in fraction f a r e  proposed as shown in Table 11. 

Endo-@-galactosidase digestion of fraction g produced three 
radioactive components gl’, g2’, and 83’ (Figure 6B). By 
diplococcal @-galactosidase digestion components g l’, g2’, and 
83’ were converted to the radioactive peaks PI (solid line), P2 
(dotted line), and P3 (dashed line), respectively, with release 
of three galactose residues from gl’ and two each from 82’ 
and 83’ (Figure 6D). Subsequent digestion of these peaks PI, 
P2, and P3 with diplococcal and jack bean @-N-acetylhexos- 
aminidase gave the same results as obtained for P1, P2, and 
P3 in Figure 4A (Figure 4C,D), which were identified as 
GIcNAc4.Man3~GlcNAc.Fuc-GlcNAco, and 2,4-branched and 
2,6-branched G I ~ N A c ~ ~ M ~ ~ ~ ~ G ~ ~ N A ~ ~ F ~ ~ ~ G I ~ N A c ~ ~ ,  re- 
spectively. When each of gl’, g2’ and g3’ was digested with 
jack bean 0-N-acetylhexosaminidase, only one N-acetyl- 
glucosamine residue newly exposed by endo-&galactosidase 
digestion was removed (data not shown). These data indicated 
that the N-acetyllactosamine repeating unit is included at one 
site each on the outer chains of tetraantennary and two 
isomeric triantennary oligosaccharides and that the intact 
oligosaccharides in  fraction g contain no exposed N-acetyl- 
glucosamine residue linked to the trimannosyl cores. However, 
the occurrence of the nonreducing terminal N-acetylglucos- 
amine residue in the N-acetyllactosamine repeating unit is 
suspected, since fraction g was eluted as a peak with a shoulder 
from a Bio-Gel P-4 column (Figure 3C). Actually, the 
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Table I l l :  Characteristics of Neutral Sugar Chains of Porcine ZP Glycoproteins 
without repeating" with repeating 

complete incompleteb complete incompleteb total of each rank 
biantennary 22.8c (kl)d 18.3 (k2, 1, m) 5.1 (jl) 0.8 02) 47.0 
2.4-branched triantennary 10.7 (el) 5.8 (a2, e2) 6.1 (g2, h2) 1.5 (g2) 24.1 
2,6-branchcd triantennary 3.4 ( i l )  6.0 (a3, b, c, i2) 3.0 (g3, h3) 1.4 (g3) 13.8 

total of  cach column 40.4 30.9 17.8 7.9 97.0 
tctraantcnnary 3.5 ( h l )  0.8 (al) 3.6 (gl, fl, f2) 4.2 (d, gl, f l ,  f2) 12.1 

"N-Acetyllactosamine repeating units. *Oligosaccharides with exposed N-acetylglucosamine residues. CPercent molar ratio to the total neutral 
oligosaccharidcs. Fractions of oligosaccharides in Table I 1  are indicated in parentheses. 

glucosamine residue was removed from 14% of fraction j (data 
not shown). On the basis of these results, the structures of 
fraction j are proposed, shown as j l  and j2 in Table 11. 

Fraction k was eluted at the position corresponding to that 
of authentic Gal,~Gl~NAc~~Man~~GlcNAc.Fuc.GlcNA~~ with 
a shoulder (Figure 3D). Diplococcal @-galactosidase digestion 
of fraction k produced a major radioactive peak with release 
of two galactose residues from the major peak and one from 
the shoulder (Figure 7D). By the subsequent digestion with 
diplococcal P-N-acetyhexosaminidase, this peak was converted 
to the fucosylated trimannosyl core with release of two N- 
acetylglucosamine residues (data not shown). These results 
indicate that Gal,~GlcNAc2~Man3~GlcNAc.Fuc.GlcNAcoT 
(k 1) and Gal~GlcNAc2-Man3~GlcNAc.Fuc.GlcNAcoT (k2) are 
included in this fraction. When fraction k was incubated with 
jack bean @-N-acetylhexosaminidase, one N-acetylhexosamine 
residue was released from the shoulder, yielding a smaller 
radioactive peak (Figure 7E). Since one mannose residue was 
released from the smaller peak by A. saitoi a-mannosidase 
I1  (data not shown), the exposed N-acetylglucosamine residue 
in k2 should be located on the Manal-3 side. The proposed 
structures of k l  and k2 are shown in Table 11. 

Be sequential digestion with diplococcal @-galactosidase and 
diplococcal @-N-acetylhexosaminidase, fraction 1 was converted 
to the fucosylated trimannosyl core with release of one ga- 
lactose residue and two N-acetylglucosamine residues (data 
not shown). Removal of one exposed N-acetylglucosamine 
residue from fraction 1 by jack bean @-N-acetylhexosaminidase 
(Figure 7F) followed by A. saitoi a-mannosidase I1 digestion 
resulted in no release of mannose residue. The data indicate 
that the oligosaccharide in fraction 1 has the isomeric structure 
of k2 as described above, in which the exposed N-acetyl- 
glucosamine residue is located at the Manal-6 side (Table 
11). 

Fraction m was converted to the fucosylated trimannosyl 
core with release of two N-acetylglucosamine residues by 
diplococcal P-N-acetylhexosaminidase digestion (data not 
shown). Therefore, degalactosylated biantennary structure 
is proposed for fraction m (Table 11). 

DlSCuSSlON 
In the present study, structures of the N-linked neutral sugar 

chains of porcine ZP glycoproteins were investigated. Through 
this work, the structures of 31 oligosaccharides were elucidated, 
and several structural characteristics of the sugar moieties of 
these glycoproteins became evident. The sugar chains were 
found to be composed of a variety of complex-type oligo- 
saccharides. Neither high mannose type nor hybrid-type ol- 
igosaccharide was detected. This result is compatible with the 
observation by Greve et al. (1 982) that mouse ZP glycoproteins 
are sensitive to endo-@-N-acetylglucosaminidase F, but re- 
sistant to endo-@-N-acetylglucosaminidase H digestion. The 
in vitro biosynthetic study using growing mouse oocytes showed 
that high mannose type oligosaccharides of nascent ZP gly- 
coproteins are processed to complex-type oligosaccharides in 
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FIGURE 7: Sequential glycosidase digestions of oligosaccharides in 
Con A+ and Con A++ fractions. Fraction j in Fig. 3D was sequentially 
digested with diplococcal @-galactosidase (panel A) and diplococcal 
@-N-acetylhexosaminidase (panel B). The radioactive peak in panel 
B was further subjected to another cycle of digestion with diplococcal 
@-galactosidase and diplococcal @-N-acetylhexosaminidase (panel C). 
Fraction k in Figure 3D was digested with diplococcal &galactosidase 
(panel D). Fraction k was also digested with jack bean p-N- 
acetylhexosaminidase (panel E). Fraction 1 in Figure 3E was digested 
with diplococcal @-N-acetylhexosaminidase (panel F). Arrows indicate 
the elution positions of authentic oligosaccharides: I, Gal2. 
GlcNAc2~Man3~GlcNAc~Fuc~GlcNAcor; 11, Gal.GlcNAc.Man3. 
GlcNAc.Fuc.GIcNAcoT; 111, Man3.GlcNAc.Fuc.GlcNAcoT. Black 
arrowheads are the same as in Figure 3. Bars j, k, and I in panels 
A, D, and F indicate the elution positions of fractions j, k, and 1, 
respectively (see also Figure 3D,E). 

the Golgi. Therefore, the absence of high mannose type ol- 
igosaccharides in the mature form of mouse and porcine ZP 
glycoproteins indicates that a set of glycosyltransferases and 
processing enzymes leading to the formation of complex-type 
sugar chains are well expressed in the growing oocytes of both 
species. 

Complex-type oligosaccharides found in porcine Z P  glyco- 
proteins are almost all fucosylated at their trimannosyl cores. 
However, several variations are observed in their outer chain 
moieties as summarized in Table 111. First, biantennary, 
2,4-branched and 2,6-branched triantennary, and tetraan- 
tennary oligosaccharides are included in an approximate molar 
ratio of 4:2:1 : I .  Second, 26% of these oligosaccharides contain 
N-acetyllactosamine repeating units in their outer chain 
moieties. The repeating sequences are all linear, and the extent 
of repeat is at most three times: (GalPI~4GlcNAc@l-+3),. 
This is quite different from mouse embryoglycans (Kamada 
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et al., 1987) which contain highly branched and elongated 
N-acetyllactosamine repeating units. Third, exposed N- 
acetylglucosamine residues partly occur in nonrepeating and 
repeating outer chain moieties of the oligosaccharides. These 
incompletely galactosylated oligosaccharides accounted for 
39% of the total neutral oligosaccharides. This might be 
explained by the lower expression of galactosyltransferases in 
growing oocytes producing ZP  glycoproteins. Other possi- 
bilities are also considered. Harpaz and Schachter (1980) 
reported that addition of bisecting N-acetylglucosamine to 
asparagine-linked sugar chains inhibits the processing of the 
sugar chains in the Golgi membrane. However, this is not the 
case, since no bisecting oligosaccharide was detected in the 
oligosaccharides reported here. It is also suspected that de- 
galactosylation might result from the action of endogenous 
P-galactosidase during the purification procedure of ZP  gly- 
coproteins. To rule out this possibility, the oligosaccharide 
mixture released by hydrazinolysis of ZP  glycoproteins, the 
galactose residues of which were labeled by the galactose 
oxidase-NaB3H4 method (Morell & Ashwell, 1972), was in- 
cubated with ovarian follicular fluid containing follicular cells 
and oocytes with vigorous stirring under the same conditions 
as used for purification of the ZP. Then, the supernatant was 
applied to a Bio-Gel P-2 column. The results indicated no 
release of radioactive galactose residue (data not shown). 
Therefore, it can be concluded that the occurrence of non- 
galactosylated N-acetylglucosamine residues in the outer chain 
moieties is an inherent Characteristic of sugar chains of porcine 
ZP  glycoproteins. 

Several lines of evidence suggest that the sugar moieties of 
ZP  glycoproteins play a role in the interaction of mammalian 
sperm with eggs at the inital stage of fertilization. One of the 
well-studied examples is that O-linked oligosaccharides with 
a-linked galactose residues of mouse egg ZP3 have a sperm 
receptor activity (Florman & Wassarman, 1985; Bleil & 
Wassarman, 1988). It has also been suggested that galacto- 
syltransferase located on plasma membrane of the mouse 
sperm head mediates the binding of sperm to eggs (Shur & 
Hall, 1982; Lopez et al., 1985; Shur & Neely, 1988). In this 
context, certain oligosaccharides with exposed N-acetyl- 
glucosamine residues might be recognized as acceptors for the 
enzyme, although their structures have not been elucidated 
in the mouse system. Interestingly, the present study showed 
that considerable quantities of N-linked, neutral oligo- 
saccharides in porcine ZP  glycoproteins are terminated with 
N-acetylglucosamine residues. Our preliminary observation 
that a-lactalbumin, an inhibitor of galactosylation of N- 
acetylglucosamine by galactosyltransferase, inhibits the binding 
of boar sperm to its eggs (data not shown) may indicate that 
exposed N-acetylglucosamine residues in the oligosaccharides 
serve at least as one of the sperm binding determinants in the 
porcine system. Of interest also is the occurrence of lectin-like 
proteins on boar sperm which bind to fucose (Topfer-Petersen 
et al., 1985). Whether fucosyl residues found in almost all 
of the neutral oligosaccharides are recognized by the sperm 
lectin is a subject to be investigated in the future. 

It is known that sperm are loosely attached to the ZP  im- 
mediately after mixing with eggs and then the attached sperm 
bind more tightly to ZP. The bound sperm undergo the 
acrosome reaction, by which the inner acrosome membrane 
of sperm is exposed, penetrates the ZP, and finally fuses with 
egg plasma membrane (Wassarman, 1987; Yanagimachi, 
1988). Thus, the sperm-egg interaction is very complicated. 
It is quite possible that multiple recognition mechanisms are 
involved in these processes. As discussed above, the present 

study on the N-linked, neutral oligosaccharides provided in- 
teresting structural aspects for the elucidation of proposed roles 
of the sugar moieties of Z P  glycoproteins in the sperm-egg 
interaction. Analysis of N-linked, acidic oligosaccharides is 
currently immature but suggests that these oligosaccharides 
are sulfated (data not shown). This characteristic is also 
notable in view of the fact that sulfated glycans such as dextran 
sulfate and fucoidin inhibit the binding of sperm to egg in 
several mammalian species including pig (Huang & Yana- 
gimachi, 1984; Jones et al., 1988). Thus detailed analysis of 
the sugar moieties of ZP glycoproteins will help us to find a 
clue to the understanding of molecular mechanism of ferti- 
lization. 
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ABSTRACT: Erythrocytes from several mammalian species contain mercurial-sensitive water transporters. 
By a stopped-flow light scattering technique, osmotic water permeability (Pf) was exceptionally high in rabbit 
erythrocytes (0.053 f 0.002 cm/s) and reversibly inhibited by 98% by p-(ch1oromercuri)benzenesulfonate 
(pCMBS). The activation energy (E,) was 4.6 kcal/mol (15-37 “C). pCMBS inhibition was half-maximal 
a t  0.1 m M  (60-min incubation): a t  1 m M  pCMBS, half-maximal inhibition occurred in 8 min. Pf was also 
inhibited by HgC12 and pCMB with >90% inhibition in 5 min. There was no inhibition by high concentrations 
of phloretin, DNDS, cytochalasin B, amiloride, ouabain, furosemide, and several proteases. In defolliculated 
Xenopus oocytes microinjected with 50 nL of water or unfractionated m R N A  (1 mg/mL) from rabbit 
reticulocytes, oocyte Pf assayed at  10 OC after 72-h incubation increased from (4 f 1) X lo-” cm/s (water 
injected) to (1 8 f 2) X lo-” cm/s (mRNA injected). Pf increased linearly with [mRNA] (0-75 ng/oocyte) 
and was inhibited slowly and reversibly by pCMBS and immediately by HgC12 but not by cytochalasin B, 
phloretin, or DNDS. E, was 9.6 kcal/mol (water injected) and 2.6 kcal/mol (mRNA injected). These 
results demonstrate that  rabbit erythrocytes have the highest Pf and the greatest percentage inhibition of 
Pr by mercurials of any mammalian erythrocyte studied. The  characteristics of the expressed and native 
water channels were similar, suggesting that the erythrocyte water channel is a membrane protein suitable 
for expression cloning. 

T e  water permeability of human erythrocytes has been the 
subject of considerable interest. From biophysical measure- 
ments, including (a) high osmotic water permeability (Pf = 
0.02 cm/s), (b) a ratio of osmotic-to-diffusional water 
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permeability (Pf/Pd) > 3, (c) a low activation energy ( E ,  = 
4.5 kcal/mol), and (d) 90% inhibition of Pf by mercurials, it 
has been concluded that the erythrocyte contains a specialized 
pore or channel for facilitated water transport (Macey, 1984: 
Solomon et al., 1984). It was proposed that rapid water 
transport is important for protection of erythrocyte integrity 
during passage through and return from the hypertonic renal 
medulla (Macey, 1984). 

The molecular identity of the erythrocyte water channel is 
uncertain. Studies of [203Hg]pCMBS binding have raised the 
possibility that the anion transport protein band 3 is the water 
channel (Benga et al., 1986); however, the lack of water 
transport inhibition by anion transport inhibitors and the 
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