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ABSTRACT: Murine sperm initiate fertilization by binding to the zona pellucida (mZP), the specialized
extracellular matrix of their homologous eggs. O-Glycans occupying two highly conserved vicinal
glycosylation sites (Ser-332 and Ser-334) on the mZP glycoprotein designated mZP3 were previously
implicated in this interaction. However, recent biophysical analyses confirm that neither site is occupied,
implying that an alternate O-glycosylation domain may be operational in native mZP3. Since human ZP3
(huZP3) can substitute for mZP3 in rescue mice to mediate sperm binding, the site specificity of
O-glycosylation in both native mZP3 and huZP3 was analyzed using ultrasensitive mass spectrometric
techniques. Two O-glycosylation sites in native mZP3, one at Thr-155 and the other within the glycopeptide
at positions 161-168 (ATVSSEEK), are conserved in huZP3 derived from transgenic mice. Thus, there
is a specific O-glycosylation domain within native mZP3 expressing two closely spaced O-glycans that
is very well conserved in an evolutionarily related glycoprotein. In native mZP3, core 2 O-glycans
predominate at both sites. However, in huZP3 derived from rescue mice, the O-glycans associated with
Thr-156 (analogous to Thr-155 in mZP3) are exclusively core 1 and related Tn sequences, whereas core
2 O-glycans predominate at the other conserved site. This unique restriction of O-glycan expression suggests
that sequence differences in the conserved O-glycosylation domains of mZP3 and huZP3 affect the ability
of core 2N-acetylglucosaminyltransferase(s) to extend the core 1 sequence. However, this difference in
O-glycosylation at Thr-156 does not affect the fertility or the sperm binding phenotype of eggs derived
from female huZP3 rescue mice.

Development in eutherian mammals begins when sperm
undergo initial binding to the specialized extracellular matrix
of the egg, known as the ZP.1 The molecular basis for this
interaction remains poorly understood, though exceptional

knowledge exists about gamete binding in many lower
species (1, 2). The predominant animal model for eutherian
sperm-egg binding is the mouse (3, 4). The mZP consists
of three major glycoproteins (mZP1-mZP3). mZP3 is
responsible for initial sperm-egg binding and the induction
of the acrosome reaction (3, 4). Gene inactivation studies
clearly demonstrate that the deletion of mZP3 leads to a
complete loss of the mZP and therefore fertility (5).

The major model for initial murine gamete binding
implicates mZP3-associated O-glycans in this interaction (3,
4). Previous studies were carried out with biologically active
recombinant mZP3 derived from F9 embryonal carcinoma
cells (6) to map the exact O-glycosylation sites responsible
for this interaction. Exon swapping studies suggested that a
region (329SNSSSS334) encoded by exon 7 of the mZP3 gene
was required for inhibition of murine sperm-egg binding
in vitro (7). The biologically active O-glycosylation sites
within this exon were mapped by replacing specific Ser
residues with Ala. Conversion of either Ser-332 or Ser-334
to Ala resulted in mutant recombinant mZP3 molecules that
do not inhibit murine sperm-ZP binding (8), suggesting that
vicinal O-glycan presentation was required for this biological
activity.
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A recent proteomic analysis indicates that Ser-332 and Ser-
334 are not glycosylated in native mZP3 (9). These data
exposed two major problems with the mapping studies (7,
8). First, it was assumed that recombinant mZP3 is glyco-
sylated in exactly the same manner as native mZP3. The
possibility that O-glycosylation could be initiated at another
mZP3 domain in F9 cells, whose polypeptideN-acetylga-
lactosaminyltransferase repertoire is likely to be different
from that of the mouse (10), was not entertained. Second,
compelling evidence indicates that polypeptideN-acetylga-
lactosaminyltransferases are also regulated by the amino acid
sequence of the glycoprotein carrier (11). Thus, the mutations
at Ser-332 and Ser-334 could have subtly affected the activity
of the polypeptideN-acetylgalactosaminyltransferases or
other glycosyltransferases that are involved in the addition
of carbohydrate ligands for murine sperm binding.

Previous transgenesis studies indicate that huZP3 can
substitute for mZP3 in eggs to mediate murine sperm-egg
binding (12). In addition, native mZP3 and huZP3 derived
from rescue mice also express identical O-glycans (13). Thus,
huZP3 may be able to mimic the biological activity of native
mZP3 by acquiring identical O-glycans. However, because
the proper positioning of O-glycans was previously impli-
cated in the binding interaction (7, 8), it is essential to
perform analysis of the O-glycosylation sites within huZP3
to determine if they are identical to native mZP3. We
observed two conserved O-glycosylation sites close to each
other in space in native mZP3 and huZP3 produced in rescue
mice. However, the O-glycans linked at the first site within
this domain differ between mZP3 and huZP3.

EXPERIMENTAL PROCEDURES

Materials. Purified ZP was isolated from flash-frozen
mouse ovaries obtained from 12-14-week-old wild-type and
huZP3 rescue mice as described previously (13). All other
chemicals and reagents were purchased from Sigma unless
otherwise indicated.

Reduction and Carboxymethylation.The ZP preparations
were dissolved in 300µL of tris(hydroxymethyl)ami-
nomethane (Amresco) buffer (0.6 M, pH 8.0) previously
degassed with N2. Dithiothreitol was added in 1 molar equiv
to a 4-fold molar excess over the number of disulfide bonds
present in the sample and incubated for 1 h at 37°C. The
sample was carboxymethylated using a 5-fold molar excess
of iodoacetic acid over the amount of reductant added. This
derivatization was carried out in the dark for 1 h at room
temperature. The sample was immediately transferred to
Snakeskin pleated dialysis tubing (7 kDaMr cutoff) (Pierce,
Rockford, IL), dialyzed against 4.5 L of 50 mM ammonium
hydrogen carbonate (pH 7.4) for 48 h at 4°C with a buffer
exchange every 12 h, and lyophilized.

Trypsin Digestion.The ZP preparations were dissolved
in 200 µL of 50 mM ammonium hydrogen carbonate (pH
8.5) (AnalaR, Poole, U.K.) and incubated with TPCK-treated
bovine pancreas trypsin at an enzyme:substrate ratio of 1:50
(w/w). The digestion was carried out at 37°C for 5 h and
terminated by boiling for 2 min prior to lyophilization.

PNGase F Digestion.The ZP glycopeptides were dissolved
in 200 µL of ammonium hydrogen carbonate (50 mM, pH
8.5) and incubated with 0.5 unit of PNGase F (Roche) for
18 h at 37 °C to release N-glycans. The reaction was
terminated by lyophilization.

C18 Sep-Pak Purification.Reverse-phase C18 Sep-Pak
cartridges (Waters Corp.) were conditioned using successive
5 mL washes of methanol, 5% acetic acid, and 100%
propanol and 10 mL of 5% acetic acid. The PNGase
F-digested sample was then loaded onto the C18 Sep-Pak
cartridge and eluted sequentially with 3 mL of 5% acetic
acid and 2 mL each of 20, 40, and 60% propanol in 5%
acetic acid followed by 2 mL of 100% propanol. The 5%
acetic acid fraction was lyophilized. The other fractions
containing the O-glycans and/or peptides were dried by a
combination of vacuum centrifugation and lyophilization.

Nano-LC-ES-MS/MS Analysis.Tryptic digests were ana-
lyzed by nano-LC-ES-MS/MS using a reverse-phase nano-
HPLC system (Dionex, Sunnyvale, CA) connected to a
quadrupole TOF mass spectrometer (Q-STAR Pulsar I, MDS
Sciex). The digests were separated by a binary nano-HPLC
gradient generated by an Ultimate pump fitted with a Famos
autosampler and a Switchos microcolumn switching module
(LC Packings, Amsterdam, The Netherlands). An analytical
C18 nanocapillary (75µm inside diameter× 15 cm, PepMap)
and a micro precolumn C18 cartridge were employed for on-
line peptide separation. The digest was first loaded onto the
precolumn and eluted with 0.1% formic acid (Sigma) in water
(HPLC grade, Purite) for 4 min. The eluant was then
transferred onto an analytical C18 nanocapillary HPLC
column and eluted at a flow rate of 150 nL/min using the
following gradient of solvent A [0.05% (v/v) formic acid in
a 95:5 (v/v) water/acetonitrile mixture] and solvent B [0.04%
formic acid in a 95:5 (v/v) acetonitrile/water mixture]: 99%
A from 0 to 5 min, 99 to 90% A from 5 to 10 min, 90 to
60% A from 10 to 70 min, 60 to 50% A from 70 to 71 min,
50 to 5% A from 71 to 75 min, 5% A from 75 to 85 min, 5
to 95% A from 85 to 86 min, and 95% A from 86 to 90
min. Data acquisition was performed using Analyst QS
software with an automatic information-dependent-acquisi-
tion (IDA) function.

RESULTS

Analytical Strategy.mZP3 is the major carrier of O-
glycans in the mZP (13). Using this knowledge, sensitivity
was maximized by analyzing proteolytic digests of mZP
rather than purified mZP3. To search for O-linked glycosy-
lation sites on ZP3, on-line nano-LC-ES-MS/MS was
performed on tryptic digests of ZP depleted of N-glycans
by PNGase F digestion. The MS data across the elution
profile were then manually searched for the presence of low-
mass signals corresponding to carbohydrate fragments [e.g.,
m/z 204 (HexNAc) andm/z 366 (HexHexNAc)] indicative
of O-glycosylation. All spectra exhibiting putative carbohy-
drate fragment ions were scrutinized for the presence of
molecular ions corresponding to glycopeptides. The existing
database of O-glycans linked to mZP3 was employed to
inform these searches (13). Ions separated from their
neighboring ions by increments corresponding to sugarm/z
differences were specifically flagged for subsequent analysis.
For example, since NeuAc and NeuGc differ by 16 Da, pairs
of doubly and triply charged signals separated bym/z 82+

and m/z 5.33+, respectively, are indicative of sialylated
glycopeptides. The putative glycopeptide assignments were
then confirmed by MS/MS fragmentation data.

ExclusiVe Expression of Core 1 O-Glycans and Related
Tn Sequences on Thr-156 of huZP3.Carbohydrate fragment
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ions indicative of O-glycopeptides were observed in the MS
spectra of components eluting at 68-69 min in the nano-
LC-ES-MS analysis of the 20% propanol Sep-Pak fraction
of huZP. Detailed examination of the MS data from this
portion of the chromatogram revealed the presence of clusters
of doubly and triply charged ions showing mass intervals
that were consistent with glycopeptides (Figure 1). Thus, the
cluster of triply charged signals observed atm/z 1022.63+,
1027.93+, and 1033.23+ has a characteristicm/z difference
of m/z 5.33+, suggestive of disialylated glycopeptides dif-
fering in their sialic acid content: capped with NeuAc (m/z
1022.63+, Mr ) 3064.6), NeuAc and NeuGc (m/z 1027.93+,
Mr ) 3080.6), and NeuGc (m/z 1033.23+, Mr ) 3096.6).

Using this cluster as a starting point, structural relationships
to neighboring signals can be elucidated. For example, a
related signal cluster observed atm/z 954.93+, 960.53+, and
965.53+ corresponds to one fewer HexNAc residue (203 Da)
than the differentially sialylated glycopeptides described
above. The same strategy was employed to assign the
remaining signals present in the MS spectrum (Table 1). The
spectrum of one of the triply charged signals (m/z 960.53+)
that was selected for CAD ES-MS/MS analysis is displayed
in Figure 2. The fragment ions map onto the human ZP3
sequence145QGDVSSQAILPTWLPFR161. There are three
possible O-glycosylation sites within this sequence (Ser-149,
Ser-150, and Thr-156). The signals atm/z1119.4 and 1281.4

FIGURE 1: MS data derived from components eluting at 68-69 min from on-line nano-LC-ES-MS of the 20% propanol Sep-Pak fraction
obtained following trypsin and PNGase F digestion of huZP3. Panels A and B correspond to low- and high-mass regions of the spectrum,
respectively. Multiply charged ions correspond to glycans attached to the huZP3 peptide145QGDVSSQAILPTWLPFR161. A comprehensive
list of the O-glycans at this site and them/z values observed are given in Table 1.

FIGURE 2: CAD ES-MS/MS spectrum ofm/z 960.53+ acquired during the on-line nano-LC-ES-MS/MS experiment of the 20% propanol
Sep-Pak fraction obtained following trypsin and PNGase F digestion of huZP3. Panels A and B correspond to low- and high-mass regions
of the spectrum, respectively. The characteristic sugar ions atm/z 204.0, 292.0, and 308.0 correspond to HexNAc, NeuAc, and NeuGc,
respectively. These are accompanied by signals atm/z 186.0, 274.0, and 290.0, respectively, that correspond to the loss of water from these
sugars. The signal atm/z186.0 also corresponds to a peptide fragment. The peptide sequence assignments of145QGDVSSQAILPTWLPFR161

are provided above the spectra. The asparagine at position 147 was converted to aspartic acid following the release of N-glycans by PNGase
F treatment. The HexNAc and HexHexNAc sugars were observed to be attached to the peptide fragment155PTWLPFR161. The bracketed
numbers on the figure correspond to them/z values expected but not observed in the CAD ES-MS/MS spectrum ofm/z 960.53+. The
asterisk denotes the site of O-glycosylation at Thr-156.

A Conserved O-Glycosylation Domain within mZP3 and huZP3 Biochemistry, Vol. 45, No. 2, 2006639



in the MS/MS spectrum (Figure 2) correspond to increments
of HexNAc and HexHexNAc, respectively, on the peptide
fragment 155PTWLPFR161, confirming O-glycosylation at
Thr-156. In total, 12 exclusively core 1 and Tn-related
sequences were determined to be linked at this site (Figure
3, structures i-xii). A principal feature of these O-glycans
was sialylation, with the majority carrying either one or two
NeuAc or NeuGc sugars. The Sda epitope (NeuAc/NeuGcR2-
3[GalNAcâ1-4]Gal) was also observed as a component of
some of these glycans. Additional evidence for these
assignments was obtained via nano-LC-ES-MS of the 40%
propanol Sep-Pak fraction which yielded data that could be
assigned to the peptide145QGDVSSQAILPTWLPF160 car-
rying glycan structures i-xii in Figure 3. This sequence is
the same peptide described above, except that cleavage has
occurred C-terminal to Phe-160 instead of Arg-161, presum-
ably due to contaminating chymotryptic activity.

Core 1, Core 2, and Related Tn Sequences Are Expressed
on Thr-155 of mZP3.The domain of mZP3 corresponding
to the Thr-156 glycopeptide in huZP3 has the sequence
144QGDVSSHPIQPTWVPFR160. This murine glycopeptide
was observed at an elution time of∼33 min in the nano-
LC-ES-MS experiment on the 20% propanol Sep-Pak
fraction of mZP (Figure 4 and Table 2). The most intense
peak assigned in Figure 4 atm/z 908.33+ corresponds to
HexHexNAc3 attached to the mZP3 peptide144QGDVSSH-
PIQPTWVPFR160. Further examination of the spectrum
revealed the presence of related signals; for instance,m/z
894.63+ corresponds to the substitution of a HexNAc residue
for a hexose (Hex2HexNAc2 attached to144QGDVSSH-
PIQPTWVPFR160). The most notable feature of the data is
that the O-glycans identified at this site (Figure 3, structures

i, ii, xiii -xvii, xx, xxvi, xxvii) were predominantly core 2
sequences, in contrast to those found at the equivalent site
on huZP3. Assignments were confirmed by CAD ES-MS/
MS experiments. For example, collisional activation of the
triply charged signal atm/z 948.63+ yielded fragment ion
data establishing both the peptide sequence and the attach-

FIGURE 3: O-Glycans associated with the conserved O-glycosylation domain within huZP3 and mZP3. Structure i is commonly called the
Tn antigen, and structures iii and iv are sialyl-Tn. Attachment of Gal to the 3-position of the Tn antigen generates core 1 structures.
Branching of core 1 by the addition of GlcNAc to the 6-position of GalNAc in the core 1 structure produces the core 2 sequence. Thus,
structures ii and v-xiii are core 1 O-glycans, while structures xiii*-xxvii are core 2 O-glycans. Only core 1 O-glycans and the related Tn
sequences (i, iii, and iv) are found at Thr-156 in huZP3. In contrast, core 2 O-glycans (structures xiii*-xxv and xxvii) predominate on the
huZP3 peptide162TTVFSEEK169, although some core 1 and related Tn O-glycans are also present (structures i, ii, v, and vi). Structures i,
ii, v, and vi and core 2 O-glycans (structures xiii*-xx and xxii-xxvii) are also linked to Thr-155 in mZP3. The second mZP3 glycosylation
site (161ATVSSEEK168) also contains core 1 and related Tn structures (structures i, ii, v, and vi) and core 2 O-glycans (structures xiii*-xx,
xxii-xxv, and xxvii). A comprehensive list of the O-glycans at each site and them/z values observed are given in Tables 1-5.

Table 1: Glycans Attached at Thr-156 within the Peptide Backbone
145QGDVSSQAILPTWLPFR161 on huZP3a

a The Mr values correspond to nonprotonated species. Symbols are
as follows: (b) galactose, (9) GalNAc, ()) NeuAc, and (() NeuGc.
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ment site at Thr-155 (Figure 5). The MS/MS spectrum of
m/z948.63+ displays definitive evidence of glycosylation via
the presence of major low-mass signals atm/z 168.0
(HexNAc - 2H2O), m/z186.0 (HexNAc- H2O), m/z204.1
(HexNAc), m/z 366.1 (HexHexNAc), andm/z 528.1 (Hex2-
HexNAc). The occurrence of the diagnostic Hex2HexNAc
fragment suggests the presence of a Gal-Gal-GlcNAc-
containing glycopeptide, i.e., Figure 3, structures xvi (Hex3-
HexNAc2), xx (Hex3HexNAc3), and xxvii (Hex4HexNAc3).
Subtracting the masses of each of these structures from the
total molecular weight of the glycopeptide revealed that
structure xvi (Figure 3) is attached to the mZP3 peptide144-
QGDVSSHPIQPTWVPFR160. The site of O-glycosylation
was deduced to be Thr-155 due to the presence of signals at
m/z1105.4 and 1267.4, corresponding to the peptide fragment
154PTWVPFR160 carrying HexNAc and HexHexNAc sugars,
respectively, and signals atm/z 1443.5 and 1605.6 which
correspond to the addition of HexNAc and HexHexNAc,
respectively, to the peptide fragment151PIQPTWVPFR160.
Interestingly, all the O-glycans observed at this elution time
were nonsialylated, and the most abundant components were
capped with galactose or contained a LacdiNAc (Gal-
NAcâ1-4GlcNAc) antenna. This is in accord with previous
MALDI screening of the O-glycan repertoire of mZP (13).
Sialylated glycopeptides (Figure 3, structures v, vi, xviii, xix,
and xxii-xxv) were found to elute later, at approximately
40 min (Figure 6 and Table 3). These data were assigned by
utilizing our strategy, described earlier, of searching for
characteristicm/z differences between peaks corresponding
to differential sialylation. For instance, the triply charged
peak atm/z 997.0 was found to correspond to NeuGcHex2-
HexNAc2 attached to the144QGDVSSHPIQPTWVPFR160

peptide. Further inspection of the data revealed a smaller
triply charged signal atm/z 991.6, indicating the presence
of the same glycopeptide containing NeuAc instead of
NeuGc. Families of multiply charged signals were observed
at 45 and 52 min in the nano-LC run (data not shown). These
signals correspond to the nonsialylated and sialylated gly-
coforms, respectively, of the peptide lacking the C-terminal
Arg residue, as described previously for the huZP3 peptide.

Core 2 O-Glycans Predominate on the162TTVFSEEK169

Sequence in huZP3.Analysis of MS data from the sample

eluting from 13 to 15 min in the nano-LC-ES-MS experi-
ment revealed the presence of a series of singly and doubly
charged signals consistent with glycopeptides (Figure 7).
Compositions were deduced using exactly the same logic as
described earlier for the first glycopeptide, and assignments
are given in Table 4. For example, CAD ES-MS/MS analysis
of the doubly charged signal atm/z 981.22+ gave singly
charged peptide fragment ions that were consistent with the
huZP3 peptide162TTVFSEEK169 (Figure 8). In addition, loss
of part or all of the glycan chain without cleavage of the
peptide backbone yielded singly charged ions atm/z1143.3,
1305.3, 1346.4, 1508.2, and 1670.3, corresponding to the
peptide plus increments of HexNAc, HexHexNAc, HexNAc2,
HexHexNAc2, and Hex2HexNAc2, respectively. Taking into
account the molecular weight of the intact glycopeptide, we
deduced the O-glycan attached to them/z981.22+ component
to have the composition NeuAcHex2HexNAc2 (Figure 3,

FIGURE 4: MS data derived from nonsialylated components eluting
at 33 min from on-line nano-LC ES-MS of the 20% propanol Sep-
Pak fraction obtained following trypsin and PNGase F digestion
of mZP3. Multiply charged ions correspond to nonsialylated glycans
attached to the mZP3 peptide144QGDVSSHPIQPTWVPFR160. A
comprehensive list of the O-glycans at this site and them/z values
observed are given in Table 2. Masses of all ions are given in Table
2.

Table 2: Nonsialylated Glycans Attached to the Peptide Backbone
144QGDVSSHPIQPTWVPFR160 on mZP3a

a The Mr values correspond to nonprotonated species. Symbols are
as follows: (b) galactose, (9) GalNAc, and (0) GlcNAc.

Table 3: Sialylated Glycans Attached to the Peptide Backbone
144QGDVSSHPIQPTWVPFR160 on mZP3a

a The Mr values correspond to nonprotonated species. Symbols are
as follows: (b) galactose, (9) GalNAc, (0) GlcNAc, ()) NeuAc, and
(() NeuGc.
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structure xviii). This glycan was one of 18 sequences located
at this site (Figure 3, structures i, ii, v, vi, xiii-xxv, and
xxvii; Table 4). Interestingly, in contrast to the restricted
expression of core 1 and related Tn structures at Thr-156,
the majority of sugars attached to162TTVFSEEK169 are core
2 O-glycans. There are three potential sites for O-glycosy-
lation within this peptide at Thr-162, Thr-163, and Ser-166.

Unfortunately, the exact attachment site could not be
determined from the CAD ES-MS/MS data.

Core 2 O-Glycans Predominate on160RATVSSEEK168 in
mZP3.A search of the data arising from nano-LC-ES-MS
analysis of the 20% propanol Sep-Pak fraction of mZP failed
to detect the161ATVSSEEK168 glycopeptide. Since the
homologous glycopeptide from huZP3 eluted very early in

FIGURE 5: CAD ES-MS/MS spectrum ofm/z 948.63+ acquired during the on-line nano-LC-ES-MS/MS experiment of the 20% propanol
Sep-Pak fraction obtained following trypsin and PNGase F digestion of mZP3. Panels A and B correspond to low- and high-mass regions
of the spectrum, respectively. The signals atm/z 204.1, 366.1, and 528.1 are characteristic of sugars HexNAc, HexHexNAc, and Hex2-
HexNAc, respectively. These are accompanied by signals atm/z 168.0 and 186.0 which correspond to the loss of two water molecules and
one water molecule, respectively, from HexNAc. The signal atm/z 186.0 also corresponds to a peptide fragment. The peptide sequence
assignments of144QGDVSSHPIQPTWVPFR160 are shown above the spectra. The mZP3 sequence144QGDVSSHPIQPTWVPFR160 was
derived from the CAD ES-MS/MS analysis ofm/z 948.63+ (Figure 6). The asparagine at position 146 was converted to aspartic acid
following the release of N-glycans by PNGase F treatment. HexNAc and HexHexNAc sugars were observed to be attached to the peptide
fragments151PIQPTWVPFR160 and154PTWVPFR160. The numbers in brackets correspond to them/z values expected but not observed in
the CAD ES-MS/MS spectrum ofm/z 948.63+. The asterisk denotes the site of O-glycosylation at Thr-155.
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the nano-LC run (see above), and the murine glycopeptide
is predicted to be considerably more hydrophilic, we searched
for its presence in the 5% acetic acid Sep-Pak fraction. On-
line nano-LC-ES-MS of this fraction revealed the presence
of glycopeptides eluting at approximately 7 min (Figure 9
and Table 5). CAD ES-MS/MS analyses ofm/z 686.32+

(Figure 10) confirmed the presence of the extended peptide
160RATVSSEEK168 carrying primarily core 2 O-glycans
(Figure 3, structures i, ii, v, vi, xiii-xx, xxii-xxv, and xxvii).
This glycopeptide arises from chymotryptic cleavage at Phe-
159 instead of tryptic cleavage at Arg-160. The glycans
observed were the same as those on the equivalent huZP3
peptide (162TTVFSEEK169).

A ConserVed O-Glycosylation Domain Is Present in both
mZP3 and huZP3 Produced in Mice.A sequence alignment
of the complete shared O-glycosylation domain is presented
in Figure 11. Clearly, there are significant similarities and
differences in the amino acid sequence within this region.
Both share a conserved N-glycosylation site N-terminal to
the O-glycosylation domain. As we have noted, the position-
ing of site 1 in each domain (Thr-155/156) is well-conserved,
although it is apparent from our data that there are significant
differences in O-glycosylation at this site. However, the
O-glycans linked to site 2 are very similar in both huZP3
and mZP3.

DISCUSSION

There is a very substantial literature suggesting that
O-glycans play a crucial role in murine sperm-egg binding
(3, 4). Wassarman and colleagues originally reported that
O-glycans derived from mZP3 inhibit this binding (14). A
subsequent study by Bleil and Wassarman suggested that
O-glycans terminated with GalR1-3Gal sequences also
inhibit murine sperm-egg binding (15). However, more
recent knockout studies indicate that oligosaccharides ter-
minated withR1-3-linked Gal are not required for either
fertility (16) or sperm binding (17). Recombinant mZP3 that

FIGURE 7: MS data derived from components eluting at 13-15
min from on-line nano-LC-ES-MS of the 20% propanol Sep-Pak
fraction obtained following trypsin and PNGase F digestion of
huZP3. Panels A-C correspond to low-, intermediate-, and high-
mass regions of the spectrum, respectively. Multiply charged ions
correspond to glycans attached to the huZP3 peptide162TTVF-
SEEK169. A comprehensive list of the O-glycans at this site and
the m/z values observed are given in Table 4.

FIGURE 6: MS data derived from sialylated components eluting at 40 min from on-line nano-LC-ES-MS of the 20% propanol Sep-Pak
fraction obtained following trypsin and PNGase F digestion of mZP3. Multiply charged ions correspond to sialylated glycans attached to
the mZP3 peptide144QGDVSSHPIQPTWVPFR160. A comprehensive list of the O-glycans at this site and them/z values observed are given
in Table 3.
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potently inhibited murine sperm-egg binding was also
isolated from F9 embryonal carcinoma cells (6). This mZP3
isoform was employed to identify O-glycans linked to Ser-
332 and Ser-334 as crucial for its ability to inhibit murine
sperm-egg binding (7, 8), though these sites are not occupied
in native mZP3. One possible explanation for this discrep-
ancy is a shift in the biologically active sperm binding
domain to the region of recombinant mZP3 containing Ser-
332 and Ser-334. The mutations could also have induced a
major change in the glycosylation of the bioactive domain
of recombinant mZP3, resulting in the loss of its physiologi-
cal carbohydrate ligands.

Previous biophysical analyses have defined the potential
glycosylation sites in mZP3 from mouse ovaries and
recombinant huZP3 (9, 18), and the overall population of
O-glycans (13), but did not establish the repertoires of
glycans at each glycosylation site. By exploiting ultra-high-
sensitivity nano-LC-ES-MS methodologies, we have now
delineated the O-glycosylation profiles at two highly con-
served sites in mZP3 and in huZP3 expressed in murine
ovaries. Site-specific presentation of O-glycans in vivo could
play a crucial role in mediating binding. Thus, defining
glycosylation in both wild-type and huZP3 rescue mice is
an essential first step in establishing the requirements for
carbohydrate-dependent binding. Despite the paucity of
available material, we were successful in acquiring very high-
quality MS and MS/MS data that enabled unambiguous
analysis of site-specific glycosylation.

Using this approach, both mZP3 and huZP3 produced in
mice were shown to express a shared O-glycosylation domain
containing two O-glycans spaced five to eight amino acids

apart (Figure 11). However, though native mZP3 and huZP3
produced in rescue mice show positional conservation in this
region, the profile of O-glycans expressed at the first
homologous site (Thr-155/Thr-156) is quite different. Thus,
in mZP3, core 2 sequences are primarily expressed at Thr-
155, whereas in huZP3, only core 1 and related Tn sequences
are present at Thr-156. To our knowledge, this type of site
specificity has not been observed when the glycoprotein
carrier also expresses core 2 O-glycans at another O-
glycosylation site.

Significantly, some of the core 1 O-glycans at Thr-156 of
huZP3 have sialic acid inR2-6 linkages to the GalNAc
attached to Thr, indicating that the GalNAc is accessible to
an R2-6 sialyltransferase but apparently not to the core 2
N-acetylglucosaminyltransferase that attachesâ1-6-linked
GlcNAc to make core 2 sequences. Thus, it is apparent that
simple accessibility may not be a factor in this differential
processing, but that some other type of regulatory event must
occur to restrict core 2 addition at this site. If we bear in
mind that there are three sequence differences just upstream
of the glycosylation site (Gln/His, Ala/Pro, and Leu/Gln; see
Figure 11), one explanation for the positional specificity is
that the activity of the core 2N-acetylglucosaminyltrans-
ferases that modify mZP3 or huZP3 in the murine egg is
influenced by the hydrophobicity and/or conformation of the
peptide in the vicinity of the glycosylation site. An alternate
explanation is that the sialyltransferase which modifies
the 6-position of the GalNAc residue might be influenced
by the local peptide sequence. Since this enzyme competes
with the core 2 glycosyltransferase, an increase in its
activity is likely to inhibit production of core 2 structures.

FIGURE 8: CAD ES-MS/MS spectrum ofm/z 981.22+ acquired during the on-line nano-LC-ES-MS/MS experiment of the 20% propanol
Sep-Pak fraction obtained following trypsin and PNGase F digestion of huZP3. The signals atm/z 204.0, 292.0, and 366.1 are characteristic
of sugars HexNAc, NeuAc, and HexHexNAc, respectively. These are accompanied by signals atm/z 168.0 (corresponding to the loss of
two water molecules from HexNAc) andm/z 186.0 and 274.0 which are consistent with the loss of one water molecule from HexNAc and
NeuAc, respectively. The peptide sequence assignments are shown in the inset. The numbers in brackets correspond to them/z values
expected but not observed in the CAD ES-MS/MS spectrum ofm/z 981.22+.
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Similar regulatory mechanisms may apply to the huZP
glycoproteins.

Another major question is whether this physiological
O-glycosylation domain plays a role in initial sperm binding.
Because of the data presented in other studies, alternative
models for initial murine gamete binding independent of
carbohydrate recognition have been presented. One model
proposes that mZP1-mZP3 form a supramolecular complex

that mediates initial sperm-egg binding (12). Another model
suggests that SED1, a sperm plasma membrane glycoprotein
homologous to a small group of secreted cell matrix adhesive
proteins, mediates binding via a protein-protein interaction
(19). However, conclusive data supporting either of these
newer models have not been obtained (20).

By contrast, there is some compelling data indicating that
carbohydrate recognition plays a key role in this binding
interaction. Although no carbohydrate inhibitor blocks all
initial murine sperm-egg binding in vitro, oligosaccharides
or artificial carbohydrate constructs terminated with LacNAc
(Galâ1-4GlcNAc) inhibit binding of murine sperm to eggs
by 70-80% (21). In addition, the extent of sperm-egg
binding is decreased by 70-75% following the digestion of
the mZP with a specificâ1-4 galactosidase (22). These
results indicate that the majority of the natural binding sites
for murine sperm apparently require terminal LacNAc
sequences.

There is also strong circumstantial evidence indicating that
N- or O-glycans preferentially terminated withâ1-6-linked
LacNAc sequences act as ligands for initial gamete binding
in the mouse (23). This sequence is expressed on core 2 but
not core 1 O-glycans on the mZP. The possibility that vicinal
core 2 O-glycans at Ser-332 and Ser-334 could act as a
binding domain for murine sperm-egg binding was proposed
in a previous study (23), but can now be eliminated on the
basis of subsequent structural analyses (9). In addition, only
core 1 O-glycans are linked at Thr-156 of huZP3, yet huZP3
rescue mice retain their fertility and sperm binding pheno-
type. Thus, the expression of core 2 O-glycans at both sites

Table 4: Glycans Attached to the Peptide Backbone
162TTVFSEEK169 on huZP3a

a The Mr values correspond to nonprotonated species. Symbols are
as follows: (b) galactose, (9) GalNAc, (0) GlcNAc, ()) NeuAc, and
(() NeuGc.

FIGURE 9: MS data derived from components eluting at 7 min from
on-line nano-LC-ES-MS of the 5% acetic acid Sep-Pak fraction
obtained following trypsin and PNGase F digestion of mZP3.
Multiply charged ions correspond to glycans attached to the mZP3
peptide160RATVSSEEK168. A comprehensive list of the O-glycans
at this site and them/z values observed are given in Table 5.

Table 5: Glycans Attached to the Peptide Backbone
160RATVSSEEK168 on mZP3a

a The Mr values correspond to nonprotonated species. Symbols are
as follows: (b) galactose, (9) GalNAc, (0) GlcNAc, ()) NeuAc, and
(() NeuGc.
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within this conserved O-glycosylation domain is apparently
not obligatory for biological activity.

This result suggests several potential hypotheses concern-
ing the role of core 2 O-glycans in murine sperm-egg
binding. It is possible that there could be an absolute
requirement for the expression of a core 2 O-glycan at only
one site, with a core 1 or core 2 O-glycan filling the other
site. A sperm binding domain could also involve the
obligatory expression of a core 1 O-glycan at one site and a
core 2 O-glycan at the other site. This exact specificity will
have to be determined empirically.

Another possibility is that there may not be a defined
O-glycosylation binding domain that mediates binding, but
a lectin-like interaction that recognizes a carbohydrate
sequence shared by both N- and O-glycans (23). In this
model, the oligosaccharides linked to the mZP rather than
their absolute positional arrangement may regulate binding.
mZP3 may be a more effective inhibitor of binding because
it carries more of the physiological ligands required for this
interaction.

Regardless of these potential requirements, models involv-
ing carbohydrate recognition are more consistent with the
results in transgenic mice expressing human glycoproteins.
Murine but not human sperm bind to eggs from huZP3,
huZP2, and huZP2/huZP3 rescue mice (12, 24), clearly
implying that these human glycoproteins acquire mZP
glycans when produced in murine ova. Evidence that
carbohydrate recognition plays a key role in defining binding
specificity was recently obtained in another study utilizing
defined mammalian sperm-egg recognition model systems.
Recombinant porcine ZP glycoproteins expressing the N-
glycan sequences implicated in initial bovine sperm-egg
interaction bind to bovine but not porcine sperm (25).

This controversy about the role of carbohydrate recognition
in murine gamete binding has recently been extended to the
human model. huZP apparently consists of four major
glycoproteins (huZP1-huZP3 and huZPB) (26). A newly
developed paradigm suggests that human sperm have evolved

FIGURE 10: CAD ES-MS/MS spectrum ofm/z 686.32+ acquired during the on-line nano-LC-ES-MS/MS experiment of the 5% acetic acid
Sep-Pak fraction obtained following trypsin and PNGase F digestion of mZP3. The signals atm/z 204.1 and 366.2 are characteristic of
sugars HexNAc and HexHexNAc, respectively. These are accompanied by signals atm/z 168.1 and 186.1 which correspond to the loss of
two water molecules and one water molecule, respectively, from HexNAc. In addition, the singly charged species atm/z1006.6 (RATVSSEEK)
and 1209.6 (RATVSSEEK+ HexNAc) are also observed as the doubly charged signals atm/z 503.82+ and 605.82+, respectively. The
peptide sequence assignments are shown in the inset. The numbers in brackets on the assignments correspond to them/z values expected
but not observed in the CAD ES-MS/MS spectrum ofm/z 686.32+.

FIGURE 11: Sequences of the conserved O-glycosylation domain
of huZP3 (top) and mZP3 (bottom) characterized in this study are
shown. In each glycoform, a single O-glycan is linked at Thr-156/
155 and another at one of three potential O-glycosylation sites
(underlined) at site 2. The glycoforms of mZP3 carry both core 1
and core 2 structures at each site, while huZP3 exclusively carries
core 1 glycans at Thr-156 and both core 1 and core 2 structures at
site 2. A highly conserved N-glycosylation site N-terminal to this
domain is indicated by the boxed asparagine residue. This aspar-
agine is converted to aspartic acid following release of N-glycans
from the glycopeptide by PNGase F digestion.
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to interact with a matrix composed of all four huZP
glycoproteins, an extrapolation of the murine supramolecular
model (12). However, there is very convincing data indicat-
ing that human sperm-ZP binding is primarily carbohydrate
dependent (27). In addition, it is also evident that rat zona
also consists of four homologous glycoproteins, but that
human sperm do not bind to rat zona pellucida (28). A
compelling reason to determine the validity of the carbohy-
drate- versus non-carbohydrate-mediated models for initial
gamete binding in both the murine and human systems now
exists.
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