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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 163168 (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 spermknowledge exists about gamete binding in many lower
undergo initial binding to the specialized extracellular matrix species 1, 2). The predominant animal model for eutherian
of the egg, known as the ZPThe molecular basis for this  sperm-egg binding is the mouse,(4). The mZP consists
interaction remains poorly understood, though exceptional of three major glycoproteins (mZPImZP3). mZP3 is

responsible for initial spermegg binding and the induction
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A recent proteomic analysis indicates that Ser-332 and Ser-

334 are not glycosylated in native mZP3).(These data
exposed two major problems with the mapping studigs (

8). First, it was assumed that recombinant mZP3 is glyco-

Chalabi et al.

Cis Sep-Pak Purification.Reverse-phase & 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

sylated in exactly the same manner as native mZP3. TheF-digested sample was then loaded onto the S&p-Pak

possibility that O-glycosylation could be initiated at another
mZP3 domain in F9 cells, whose polypeptiNeacetylga-

lactosaminyltransferase repertoire is likely to be different

from that of the mouselQ), was not entertained. Second,
compelling evidence indicates that polypeptieacetylga-

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

lactosaminyltransferases are also regulated by the amino aciccombination of vacuum centrifugation and lyophilization.

sequence of the glycoprotein carrigéd). Thus, the mutations

Nano-LC-ES-MS/MS Analysigryptic digests were ana-

at Ser-332 and Ser-334 could have subtly affected the activitylyzed by nano-LC-ES-MS/MS using a reverse-phase nano-

of the polypeptideN-acetylgalactosaminyltransferases or

HPLC system (Dionex, Sunnyvale, CA) connected to a

other glycosyltransferases that are involved in the addition quadrupole TOF mass spectrometer (Q-STAR Pulsar |, MDS

of carbohydrate ligands for murine sperm binding.

Sciex). The digests were separated by a binary nano-HPLC

Previous transgenesis studies indicate that huZP3 cangradient generated by an Ultimate pump fitted with a Famos

substitute for mZP3 in eggs to mediate murine speeyg
binding (L2). In addition, native mZP3 and huzZP3 derived
from rescue mice also express identical O-glycass Thus,
huzP3 may be able to mimic the biological activity of native

autosampler and a Switchos microcolumn switching module
(LC Packings, Amsterdam, The Netherlands). An analytical
Cignanocapillary (7%m inside diametex 15 cm, PepMap)
and a micro precolumn {gcartridge were employed for on-

mZP3 by acquiring identical O-glycans. However, because line peptide separation. The digest was first loaded onto the

the proper positioning of O-glycans was previously impli-
cated in the binding interaction7,( 8), it is essential to

perform analysis of the O-glycosylation sites within huzZP3
to determine if they are identical to native mzZP3. We

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 ;£ nanocapillary HPLC

column and eluted at a flow rate of 150 nL/min using the

observed two conserved O-glycosylation sites close to eachfollowing gradient of solvent A [0.05% (v/v) formic acid in
other in space in native mZP3 and huZP3 produced in rescuea 95:5 (v/v) water/acetonitrile mixture] and solvent B [0.04%

mice. However, the O-glycans linked at the first site within
this domain differ between mzZP3 and huzP3.

EXPERIMENTAL PROCEDURES

Materials. Purified ZP was isolated from flash-frozen
mouse ovaries obtained from-124-week-old wild-type and
huzZP3 rescue mice as described previou&R).(All other

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-

chemicals and reagents were purchased from Sigma unlesgon (IDA) function.

otherwise indicated.

Reduction and Carboxymethylatiofhe ZP preparations
were dissolved in 300uL of tris(hydroxymethyl)ami-
nomethane (Amresco) buffer (0.6 M, pH 8.0) previously
degassed with N Dithiothreitol was added in 1 molar equiv

RESULTS

Analytical Strategy.mZP3 is the major carrier of O-
glycans in the mZP13). Using this knowledge, sensitivity
was maximized by analyzing proteolytic digests of mzP

to a 4-fold molar excess over the number of disulfide bonds rather than purified mZP3. To search for O-linked glycosy-

present in the sample and incubated foh at 37°C. The

lation sites on ZP3, on-line nano-EES-MS/MS was

sample was carboxymethylated using a 5-fold molar excessperformed on tryptic digests of ZP depleted of N-glycans
of iodoacetic acid over the amount of reductant added. Thisby PNGase F digestion. The MS data across the elution

derivatization was carried out in the dark fb h atroom

profile were then manually searched for the presence of low-

temperature. The sample was immediately transferred tomass signals corresponding to carbohydrate fragments [e.g.,

Snakeskin pleated dialysis tubing (7 kDR cutoff) (Pierce,
Rockford, IL), dialyzed against 4.5 L of 50 mM ammonium
hydrogen carbonate (pH 7.4) for 48 h at@ with a buffer
exchange every 12 h, and lyophilized.

Trypsin Digestion.The ZP preparations were dissolved
in 200 uL of 50 mM ammonium hydrogen carbonate (pH
8.5) (AnalaR, Poole, U.K.) and incubated with TPCK-treated

m/z 204 (HexNAc) andn/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 searchesl3). lons separated from their
neighboring ions by increments corresponding to sugar

bovine pancreas trypsin at an enzyme:substrate ratio of 1:50differences were specifically flagged for subsequent analysis.

(w/w). The digestion was carried out at 3C for 5 h and

terminated by boiling for 2 min prior to lyophilization.
PNGase F DigestiornThe ZP glycopeptides were dissolved

in 200 uL of ammonium hydrogen carbonate (50 mM, pH

For example, since NeuAc and NeuGc differ by 16 Da, pairs
of doubly and triply charged signals separatednlyy 82"

and m/z 5.3*", respectively, are indicative of sialylated
glycopeptides. The putative glycopeptide assignments were

8.5) and incubated with 0.5 unit of PNGase F (Roche) for then confirmed by MS/MS fragmentation data.

18 h at 37°C to release N-glycans. The reaction was
terminated by lyophilization.

Exclusve Expression of Core 1 O-Glycans and Related
Tn Sequences on Thr-156 of huZRarbohydrate fragment
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Ficure 1: MS data derived from components eluting at-&® min from on-line nano-LEES-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 géiG®VSSQAILPTWLPFRSL A comprehensive

list of the O-glycans at this site and th@z values observed are given in Table 1.

(1291) 1860 301.0 4001 4871 (574.1) (7022) (773.2) (886.3) (999.4) (1096.5) (1197.5) (1383.6) (1496.7) (1593.8) (1740.9)

(1786.5) (1729.5) 1614.5 15154 14288 13415 12135 11424 10294 9163 819.3 7183 532.2 4191 (322.2) 1751

t + HexNAc 1119.4
+ HexHexNAc 1281.4
¢- 204.0 (HexNAc) B a- 960.5 ([M+3H]*)
a-175.1 (y™) d- 274.0 (NeuAc-H,0) b- 1029.4 (y"s) g- 13415 (y'11)
b- 186.0 (HexNAc - H;0, bz ) e- 290.0 (NeuGe - H20) c-1119.4 (PTWLPFR + HexNAc)  h- 1428.8 (y'1,)
d f-292.0 (NeuAc) 201 b 411424 (y%) i~ 1515.4 (y"13)
109 g- 301.0 (bs) e- 1213.5 (y"10) j- 1614.5 (y"1a)
h- 308.0 (NeuGc) f- 1281.4 (PTWLPFR + HexHexNAC)
R i- 400.1 (bs)
N j-419.1 (y") ¢
5 k- 487.1 (bs) QGDVSSQAILPTWLPFR
3 I- 532.2 (y"s) a
e b ¢ f m-718.3 (y"s) | f 1914.5
o | n-819.3 (y')
g \ 0-916.3 (y"7)
£
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FiGURE 2: CAD ES-MS/MS spectrum afvz 960.5+ acquired during the on-line nano-EES-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 iom3z204.0, 292.0, and 308.0 correspond to HexNAc, NeuAc, and NeuGc,
respectively. These are accompanied by signatga186.0, 274.0, and 290.0, respectively, that correspond to the loss of water from these
sugars. The signal at/z 186.0 also corresponds to a peptide fragment. The peptide sequence assigniieEpGRYSSQAILPTWLPFRE!

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 frefgmeritPFRSL The bracketed

numbers on the figure correspond to timéz values expected but not observed in the CAD ES-MS/MS spectrum/2960.5". The
asterisk denotes the site of O-glycosylation at Thr-156.

ions indicative of O-glycopeptides were observed in the MS Using this cluster as a starting point, structural relationships
spectra of components eluting at-689 min in the nano-  to neighboring signals can be elucidated. For example, a
LC—ES-MS analysis of the 20% propanol Sep-Pak fraction related signal cluster observedralz 954.9", 960.5", and

of huzZP. Detailed examination of the MS data from this 965.5" corresponds to one fewer HexNAc residue (203 Da)
portion of the chromatogram revealed the presence of clusterghan the differentially sialylated glycopeptides described
of doubly and triply charged ions showing mass intervals above. The same strategy was employed to assign the
that were consistent with glycopeptides (Figure 1). Thus, the remaining signals present in the MS spectrum (Table 1). The
cluster of triply charged signals observednalz 1022.6", spectrum of one of the triply charged signaty4 960.5")
1027.9%, and 1033.2" has a characteristiovz difference that was selected for CAD ES-MS/MS analysis is displayed
of Mz 5.3*, suggestive of disialylated glycopeptides dif- in Figure 2. The fragment ions map onto the human ZP3
fering in their sialic acid content: capped with NeuAw% sequenceé**QGDVSSQAILPTWLPFRSL There are three
1022.6%, M, = 3064.6), NeuAc and NeuGen(z 1027.9", possible O-glycosylation sites within this sequence (Ser-149,
M, = 3080.6), and NeuGcenfz 1033.2", M, = 3096.6). Ser-150, and Thr-156). The signalsalz 1119.4 and 1281.4
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Core 1 and Related Tn Sequences

OF T & Ninken NIKes IURes & KU .—ﬁ (vi) O- @8 or .ﬁ (vii)O—.ﬁ

(uiis)o-.-g or Hﬁ (ix)og-ﬁ &) (»:—ﬁ (xi)o:ﬁ or o—:—ﬁmno-:ﬁ

(xiii) @M or (-0-H

Core 2 Sequences

(xiii*) % (xiv) .a(xv).—% (xvi) .-._E}(xvii) D_{.—E} OR -—{._El)

(xviii) O_{.—E’% (xix)O—{.-E; (XX)% 13 ._:_-.Di on.-D-.-E})(xxi) %{.E%
OR 5{’9}m:{.—§) {xxii) g_—{._g%oni{.-a {xxiii) g{’a

m vy :EE}% oR o-{ E ¥ Gal @ GleNAc[] Neudce O

Key to Symbols:
GalNAc @l NeuGe O

*Potential core 2 isomer of xiii

Ficure 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 GIcNAc to the 6-position of GalNAc in the core 1 structure produces the core 2 sequence. Thus,
structures ii and wxiii are core 1 O-glycans, while structures xiikxvii 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 (structuregxxiigind xxvii) predominate on the

huzP3 peptidé®2TTVFSEEK!®, although some core 1 and related Tn O-glycans are also present (structures i, ii, v, and vi). Structures i,
i, v, and vi and core 2 O-glycans (structures xii¥x and xxii—xxvii) are also linked to Thr-155 in mZP3. The second mZP3 glycosylation

site (SIATVSSEEK!®9) also contains core 1 and related Tn structures (structures i, ii, v, and vi) and core 2 O-glycans (structu®s, xiii*

xxii —xxv, and xxvii). A comprehensive list of the O-glycans at each site andnfbealues observed are given in Tables5l

in the MS/MS spectrum (Figure 2) correspond to increments aple 1: Glycans Attached at Thr-156 within the Peptide Backbone
of HexNAc and HexHexNAc, respectively, on the peptide “QGDVSSQAILPTWLPFRE: on huzP3

fragment SSPTWLPFR®., confirming O-glycosylation at

Thr-156. In total, 12 exclusively core 1 and Tn-related Ob;‘:'r’ve . M. mi:;'g’;°P“Pf‘dgw) "”"i“glir‘;:;:’;’e“-"d”“

sequences were determined to be linked at this site (Figure [g5537 19146 0 " No Carbohvdrate Attached

3, structures-xii). A principal feature of these O-glycans 1059.8 [ 2117.6 203.0 ]

was sialylation, with the majority carrying either one or two T 65 .

NeuAc or NeuGc sugars. The Sgpitope (NeuAc/NeuG2— 760.5" |

3[GalNAgs1—-4]Gal) was also observed as a component of I295--}f' 2408.6 494.0 om

some of these glycans. Additional evidence for these 3. o o=

assignments was obtained via nano-tES-MS of the 40% 809.2% T )

propanol Sep-Pak fraction which yielded data that could be I;Sé-gf' 2570.6 656.0 e @ .ﬁ

assigned to the peptiddsQGDVSSQAILPTWLPFS car- S st —

rying glycan structures-ixii in Figure 3. This sequence is 863.2°" T ’ SOl o oﬁ

the same peptide described above, except that cleavage hag 1431.8" | 2861.6 947.0 ek

occurred C-terminal_to I_Dhe-160 insteaql of Arg-161, presum- ?:998 A T ol - ol

ably due to contaminating chymotryptic activity. 960.5"" =
Core 1, Core 2, and Related Tn Sequences Are Expressed ‘I;%?S-?f' 2893.6 979.0 i

on Thr-155 of mZP3The dpma;m of mZP3 corresponding |§§5.31' TN s

to the Thr-156 glycopeptide in huZP3 has the sequence | 10226 Q‘:ﬁ

144QGDVSSHPIQPTWVPFRC. This murine glycopeptide 154137 13080.6 1166.0 cad wong

was observed at an elution time o33 min in the nano- :‘:i;‘;‘ s T a .

LC—ES-MS experiment on the 20% propanol Sep-Pak |32 | o *:2

fraction OT mZP.(Fig.ure 4 and Table 22' The most intense a2 The M, values correspond to nonprotonated species. Symbols are
peak assigned in Figure 4 a¥z 908.3* corresponds t0  as follows: ®) galactose, M) GalNAc, (©) NeuAc, and ) NeuGc.
HexHexNAg attached to the mZP3 peptid&#QGDVSSH-

PIQPTWVPFR®C, Further examination of the spectrum i, ii, xiii —xvii, xx, xxvi, xxvii) were predominantly core 2
revealed the presence of related signals; for instaméze, sequences, in contrast to those found at the equivalent site
894.6" corresponds to the substitution of a HexNAc residue on huZP3. Assignments were confirmed by CAD ES-MS/
for a hexose (HexexNAc, attached to*QGDVSSH- MS experiments. For example, collisional activation of the
PIQPTWVPFR®). The most notable feature of the data is triply charged signal atn/z 948.6" yielded fragment ion

that the O-glycans identified at this site (Figure 3, structures data establishing both the peptide sequence and the attach-
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28 a 718.6" Table 2: Nonsialylated Glycans Attached to the Peptide Backbone
- b-962.3%* 144QGDVSSHPIQPTWVPFRC on mzP3
":o_ 894.67 c-1070.3% m/z M, Glycopeptide Predicted Carbohydrate
; 20 772,97 Observed minus Peptide (M) Structure
§ ' - 1950.0 0 No Carbohydrate Attached
i 2 908.3" g 3+ . 7186° | 21528 2028 n
2 10 l 9763 9 1361.9° 1158.393* 2315.8 365.8 om
£ 840.6™" 1016.3* 772.97
£ . 840.6 2518.8 568.8 N« mem ~om
C
l \l J ’ { ( / 1 894.6° [ 2680.8 730.8 b
e e o m w hm . ;(3)21339? 2218 7718 Fou
m/z X 107 948.6™ 2842.8 892.8 T
Ficure 4: MS data derived from nonsialylated components eluting [9g23% 2883.9 933.9 ENL =N e
at 33 min from on-line nano-LC ES-MS of the 20% propanol Sep- -
Pak fraction obtained following trypsin and PNGase F digestion | %763 2925.9 9759 Dou-men
of mZP3. Multiply charged ions correspond to nonsialylated glycans [ 10163 | 3045.9 1095.9 e = %o ew = T
attached to the mZP3 peptid¥QGDVSSHPIQPTWVPFRC, A e
e il 1070. 207. 1257. o
comprehensive list of the O-glycans at this site andntfevalues 0703 32079 ’ Sew = ("7
observed are given in Table 2. Masses of all ions are given in Table  aThe \, values correspond to nonprotonated species. Symbols are
2. as follows: @) galactose, M) GalNAc, and (0) GIcNAc.

ment site at Thr-155 (Figure 5). The MS/MS spectrum of _ _
m/z948.6" displays definitive evidence of glycosylation via  [20le 3¢ Stalated Glycans Attached to the Peptide Backbone
the presence of major low-mass signals ratz 168.0 Q Q onm

(HEXNAC - 2H2O)v m/z 186.0 (HEXNAC_ HZO)v m'z204.1 m/z M, Glycopeptide Predicted Carbohydrate
(HexNAc), 'z 366.1 (HexHexNAc), andvz 528.1 (Hex- Observed minus Peptide (M;) Structure
HexNAc). The occurrence of the diagnostic HdgxNAc 550D 3

fragment suggests the presence of a Gal-Gal-GIcNAc- & No Carbohydrate Attached
containing glycopeptide, i.e., Figure 3, structures xvi (Hex ;zg‘;;‘f 2600.8 6368

HexNAG,), xx (HexsHexNAG;), and xxvii (HexHexNAGs). 13|£4-* ToRE =T M—L
Subtracting the masses of each of these structures from the| g75 3+ ' ' ;

total molecular weight of the glycopeptide revealed that g5 ¢ 297138 T =

structure xvi (Figure 3) is attached to the mZP3 peptide oSy
QGDVSSHPIQPTWVPFRC. The site of O-glycosylation 997.0" | 2988.0 1038.0

was deduced to be Thr-155 due to the presence of signals at =575 5319 SRS

m/z1105.4 and 1267.4, corresponding to the peptide fragment ) S{ely =S {2y
SPTWVPFR® carrying HexNAc and HexHexNAc sugars, 10646 | 3190.8 1240.8 [

respectively, and signals at/z 1443.5 and 1605.6 which . S {%en = ﬁ{'%l
correspond to the addition of HexNAc and HexHexNAc, |!127:37 | 33789 149262

respectively, to the peptide fragmeltPIQPTWVPFRSC, O%E; m<*$
Interestingly, all the O-glycans observed at this elution time | 1132.6™ | 33948 1444.8

were nonsialylated, and the most abundant components were O%E':. mﬁ

capped with galactose or ant_air_]ed a LaC(_jiNAC (Ga|' aThe M, values correspond to nonprotonated species. Symbols are
NAcS1—4GIcNAc) antenna. This is in accord with previous as follows: @) galactose,M) GalNAc, (O) GIcNAc, (¢) NeuAc, and

MALDI screening of the O-glycan repertoire of mzZP3j. (#) NeuGc.

Sialylated glycopeptides (Figure 3, structures v, vi, xviii, Xix,

and xxii—xxv) were found to elute later, at approximately eluting from 13 to 15 min in the nano-L€ES-MS experi-

40 min (Figure 6 and Table 3). These data were assigned byment revealed the presence of a series of singly and doubly

utilizing our strategy, described earlier, of searching for charged signals consistent with glycopeptides (Figure 7).

characteristion/z differences between peaks corresponding Compositions were deduced using exactly the same logic as

to differential sialylation. For instance, the triply charged described earlier for the first glycopeptide, and assignments

peak atm/z 997.0 was found to correspond to NeuGcklex are given in Table 4. For example, CAD ES-MS/MS analysis

HexNAc, attached to thé*‘QGDVSSHPIQPTWVPFRO of the doubly charged signal atvz 981.2" gave singly

peptide. Further inspection of the data revealed a smallercharged peptide fragment ions that were consistent with the

triply charged signal am/z 991.6, indicating the presence huZP3 peptidés’TTVFSEEK® (Figure 8). In addition, loss

of the same glycopeptide containing NeuAc instead of of part or all of the glycan chain without cleavage of the

NeuGc. Families of multiply charged signals were observed peptide backbone yielded singly charged ionsvat1143.3,

at 45 and 52 min in the nano-LC run (data not shown). These 1305.3, 1346.4, 1508.2, and 1670.3, corresponding to the

signals correspond to the nonsialylated and sialylated gly- peptide plus increments of HexNAc, HexHexNAc, HexNAc

coforms, respectively, of the peptide lacking the C-terminal HexHexNAG, and HexHexNAG,, respectively. Taking into

Arg residue, as described previously for the huZP3 peptide. account the molecular weight of the intact glycopeptide, we
Core 2 O-Glycans Predominate on tH8TTVFSEEK® deduced the O-glycan attached to ith& 981.2" component

Sequence in huzP&nalysis of MS data from the sample to have the composition NeuAcHgkexNAc, (Figure 3,
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Ficure 5. CAD ES-MS/MS spectrum afivz 948.6+ acquired during the on-line nano-EES-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 signalavdt 204.1, 366.1, and 528.1 are characteristic of sugars HexNAc, HexHexNAc, and Hex
HexNAc, respectively. These are accompanied by signat$zt68.0 and 186.0 which correspond to the loss of two water molecules and

one water molecule, respectively, from HexNAc. The signah&at186.0 also corresponds to a peptide fragment. The peptide sequence
assignments of*QGDVSSHPIQPTWVPFRO are shown above the spectra. The mZP3 sequeiQEDVSSHPIQPTWVPFRO was

derived from the CAD ES-MS/MS analysis afiz 948.6" (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
fragments'>PIQPTWVPFR®% and 1>PTWVPFR®C The numbers in brackets correspond to thie values expected but not observed in

the CAD ES-MS/MS spectrum ofVz 948.6". The asterisk denotes the site of O-glycosylation at Thr-155.

structure xviii). This glycan was one of 18 sequences located Unfortunately, the exact attachment site could not be
at this site (Figure 3, structures i, ii, v, vi, xixxv, and determined from the CAD ES-MS/MS data.

xxvii; Table 4). Interestingly, in contrast to the restricted Core 2 O-Glycans Predominate 8fPRATVSSEEKE in
expression of core 1 and related Tn structures at Thr-156,mZP3.A search of the data arising from nano-tES-MS
the majority of sugars attached 6T TVFSEEK%° are core analysis of the 20% propanol Sep-Pak fraction of mzZP failed
2 O-glycans. There are three potential sites for O-glycosy- to detect the'S!ATVSSEEK® glycopeptide. Since the
lation within this peptide at Thr-162, Thr-163, and Ser-166. homologous glycopeptide from huZP3 eluted very early in
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Ficure 6: MS data derived from sialylated components eluting at 40 min from on-line nartESEMS 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 peptidé*QGDVSSHPIQPTWVPFRO, A comprehensive list of the O-glycans at this site andntfevalues observed are given

in Table 3.

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 ofz 686.3"
(Figure 10) confirmed the presence of the extended peptide
16RATVSSEEK®® carrying primarily core 2 O-glycans
(Figure 3, structures i, ii, v, Vi, XitkxX, 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 {?TTVFSEEK9),

A Consered O-Glycosylation Domain Is Present in both
mZP3 and huZP3 Produced in Mic&.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 spetigg binding
(3, 4). Wassarman and colleagues originally reported that
O-glycans derived from mZP3 inhibit this binding4). A

O-glycans terminated with Gal—3Gal sequences also
inhibit murine spermregg binding {5). However, more

minated withal—3-linked Gal are not required for either
fertility (16) or sperm binding17). Recombinant mzZP3 that
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FiIGUrRe 7: MS data derived from components eluting at-15%
subsequent study by Bleil and Wassarman suggested thaimin from on-line nano-LEES-MS of the 20% propanol Sep-Pak
fraction obtained following trypsin and PNGase F digestion of
huzP3. Panels AC correspond to low-, intermediate-, and high-
recent knockout studies indicate that oligosaccharides ter- rcnoa:fessge(?r'%nfoo;g]faﬁge;:{;g’eijestgefﬁg e%z“g;“gggg@g? lons
SEEK° A comprehensive list of the O-glycans at this site and
the m/z values observed are given in Table 4.
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FiIGURE 8: CAD ES-MS/MS spectrum afvz 981.2+ acquired during

the on-line nano-EES-MS/MS experiment of the 20% propanol

Sep-Pak fraction obtained following trypsin and PNGase F digestion of huZP3. The sigm&84.0, 292.0, and 366.1 are characteristic

of sugars HexNAc, NeuAc, and HexHexNAc, respectively. These

are accompanied by sign&4.68.0 (corresponding to the loss of

two water molecules from HexNAc) and/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 correspofzdvatutise

expected but not observed in the CAD ES-MS/MS spectrumvafo8

potently inhibited murine spermegg binding was also
isolated from F9 embryonal carcinoma cef$. (This mzZP3
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 {, 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-

1.2%,

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

332 and Ser-334. The mutations could also have induced acarrier also expresses core 2 O-glycans at another O-

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 huZP39( 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 huzZP3 produced in

glycosylation site.

Significantly, some of the core 1 O-glycans at Thr-156 of
huzZP3 have sialic acid im2—6 linkages to the GalNAc
attached to Thr, indicating that the GalNAc is accessible to
an a2—6 sialyltransferase but apparently not to the core 2
N-acetylglucosaminyltransferase that attach#s6-linked
GIcNACc 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 (GIn/His, Ala/Pro, and Leu/GIn; see
Figure 11), one explanation for the positional specificity is
that the activity of the core A-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

mice were shown to express a shared O-glycosylation domainwith the core 2 glycosyltransferase, an increase in its

containing two O-glycans spaced five to eight amino acids

activity is likely to inhibit production of core 2 structures.



A Conserved O-Glycosylation Domain within mzZP3 and huzP3

Biochemistry, Vol. 45, No. 2, 200645

Table 4: Glycans Attached to the Peptide Backbone
162TTVFSEEK® on huZP3

Table 5: Glycans Attached to the Peptide Backbone
16RATVSSEEK® on mzP3

@ The M, values correspond to nonprotonated species. Symbols are
as follows: @) galactose,W) GalNAc, @) GIcNAc, (¢) NeuAc, and
(#) NeuGc.

m- 839.9*
n- 950.0%

o- 970.5

p- 1022.5*"
q- 1052.0*"
r-1116.5%"
s-1124.5"
t- 1132.5%"

e-701.3*"
f-744.4%
g-749.7°
h- 755.4>"
i- 787.9%
j-812.3*"
k- 817.7%
1- 831.9%

a- 605.3%"
b- 633.6°
c- 677.0%"
d- 682.3*

868.9%"
i AN

686.3*"

IS
-3
=

889.4° 1014.5"

Intensity (counts)

8 85 9 95 10 105 11 1156
m/z X 107

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 mzZP3.
Multiply charged ions correspond to glycans attached to the mzP3
peptide’®RATVSSEEK8 A comprehensive list of the O-glycans

at this site and thevz values observed are given in Table 5.

7.5

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.
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OEE% O aen (#) NeuGec.

that mediates initial sperfregg 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 proteiprotein interaction

(19). However, conclusive data supporting either of these
newer models have not been obtaing@)(

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
(Galp1—4GIcNAC) inhibit binding of murine sperm to eggs
by 70-80% @1). In addition, the extent of speraegg
binding is decreased by #¥5% following the digestion of
the mZP with a specifigl—4 galactosidase2@). 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 wjfii—6-linked
LacNAc sequences act as ligands for initial gamete binding
in the mouseZ3). 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 sperfregg binding was proposed
in a previous study23), but can now be eliminated on the

Because of the data presented in other studies, alternativebasis of subsequent structural analy$sl6 addition, only

models for initial murine gamete binding independent of

core 1 O-glycans are linked at Thr-156 of huZP3, yet huzP3

carbohydrate recognition have been presented. One modeftescue mice retain their fertility and sperm binding pheno-

proposes that mZPAmZP3 form a supramolecular complex

type. Thus, the expression of core 2 O-glycans at both sites
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FiGURE 10: CAD ES-MS/MS spectrum afvz 686.3+ acquired during the on-line nano-EES-MS/MS experiment of the 5% acetic acid
Sep-Pak fraction obtained following trypsin and PNGase F digestion of mZP3. The sigmals204.1 and 366.2 are characteristic of
sugars HexNAc and HexHexNAc, respectively. These are accompanied by sigmétslé8.1 and 186.1 which correspond to the loss of
two water molecules and one water molecule, respectively, from HexNAc. In addition, the singly charged spezit8G8.6 (RATVSSEEK)
and 1209.6 (RATVSSEEK- HexNAc) are also observed as the doubly charged signai¥zb03.8" and 605.8", respectively. The
peptide sequence assignments are shown in the inset. The numbers in brackets on the assignments correspéndalog¢beexpected
but not observed in the CAD ES-MS/MS spectrumne 686.3+.

huzp3 Thr-156 Site 2 Another possibility is that there may not be a defined
'“QG[EIVSSQAILP‘T’WLPFRTTVFSEEK’SQ O—glyqosylathn blnd|_ng domain that med|ates binding, but
— = a lectin-like interaction that recognizes a carbohydrate

mZP3 Th1ss ‘ sequence shgred by bqth N-' and O-glyca23).(In this
Ste2 model, the oligosaccharides linked to the mZP rather than

¢
1*“QGNVSSHPIQPTWVPFRATVSSEEK ' their absolute positional arrangement may regulate binding.

FiGURE 11: Sequences of the conserved O-glycosylation domain MZP3 may be a more effective inhibitor of binding because
of huzP3 (top) and mZP3 (bottom) characterized in this study are it carries more of the physiological ligands required for this
shown. In each glycoform, a single O-glycan is linked at Thr-156/ interaction.

155 and another at one of three potential O-glycosylation sites Regardless of these potential requirements, models involv-

(underlined) at site 2. The glycoforms of mZP3 carry both core 1 . - : .
and core 2 structures at each site, while huZP3 exclusively carries'Y carbohydrate recognition are more consistent with the

core 1 glycans at Thr-156 and both core 1 and core 2 structures atreSU_ItS in transgenic mice expres_sing human glycoproteins.
site 2. A highly conserved N-glycosylation site N-terminal to this Murine but not human sperm bind to eggs from huzP3,

domain is indicated by the boxed asparagine residue. This aspar-huzP2, and huZP2/huZP3 rescue mide, (24), clearly
agine is converted to aspartic acid following release of N-glycans implying that these human glycoproteins acquire mzZP
from the glycopeptide by PNGase F digestion. - . .

glycans when produced in murine ova. Evidence that
within this conserved O-glycosylation domain is apparently carbohydrate recognition plays a key role in defining binding
not obligatory for biological activity. specificity was recently obtained in another study utilizing

This result suggests several potential hypotheses concerndefined mammalian sperfegg recognition model systems.

ing the role of core 2 O-glycans in murine speregg Recombinant porcine ZP glycoproteins expressing the N-
binding. It is possible that there could be an absolute glycan sequences implicated in initial bovine spefegg
requirement for the expression of a core 2 O-glycan at only interaction bind to bovine but not porcine spergb)(
one site, with a core 1 or core 2 O-glycan filling the other  This controversy about the role of carbohydrate recognition
site. A sperm binding domain could also involve the in murine gamete binding has recently been extended to the
obligatory expression of a core 1 O-glycan at one site and ahuman model. huZP apparently consists of four major
core 2 O-glycan at the other site. This exact specificity will glycoproteins (huzZP2huzP3 and huZPB)26). A newly
have to be determined empirically. developed paradigm suggests that human sperm have evolved
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to interact with a matrix composed of all four huzP

glycoproteins, an extrapolation of the murine supramolecular

model (L2). However, there is very convincing data indicat-
ing that human spermZP binding is primarily carbohydrate
dependentq7). 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 pelluci@s)( 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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