O 0NN Wb —

EFFECTS OF DIFFERENTIAL GLYCOSYLATION OF GLYCODELINS ON LYMPHOCYTE
SURVIVAL

Cheuk-Lun Lee"*, Poh-Choo Pang®, William S.B. Yeung', Bérangére Tissot’, Maria Panico’, Terence

T.H. Lao", Ivan K. Chuz, Kai-Fai Lee', Man-Kin Chungl, Kevin K.W. Lam', Riitta Koistinen>°, Hannu
Koistinen®, Markku Seppili®, Howard R. Morris®’, Anne Dell’* and Philip C.N. Chiu "

' Department of Obstetrics and Gynaecology, > Department of Chemistry, University of Hong Kong, Pokfulam

Road, Hong Kong, China.
*Division of Molecular Biosciences, Faculty of Natural Sciences, Imperial College London,
SW7 2AZ, United Kingdom.

* Department of Obstetrics and Gynaecology, Chinese University of Hong Kong, Shatin, Hong Kong, China.
> Department of Obstetrics and Gynaecology, *Clinical Chemistry, Helsinki University Central Hospital,
00029 HUS Helsinki, Finland.

"M-SCAN Ltd, Wokingham, Berks RG41 2TZ, UK.

* The two authors contributed equally to this study.
* To whom correspondence should be addressed: Dr. P.C.N. Chiu, Tel: 852-28199378. Fax: 852-28161947,
email: pchiucn@hkucc.hku.hk; or Professor A. Dell, Tel: (+44-207) 594-5219. Fax: (+44-207) 225-0458.

email: a.dell@imperial.ac.uk.

Running Title: Glycodelin Glycosylation and Lymphocyte Survival
Keywords: glycodelin, glycosylation, glycomics, lymphocyte, mass spectrometry, sialidase

Glycodelin is a human glycoprotein witl36
four reported glycoforms, namely glycodelin-A37
(GdA), glycodelin-F (GdF), glycodelin-C (GdCB8
and glycodelin-S (GdS). These glycoforms haveé9
the same protein core and appear to differ im0
their N-glycosylation. The glycosylation of GdA ist1
completely different from that of GdS. GdA42
inhibits proliferation and induces cell death ofi3
T-cells. However, the glycosylation andi4
immuno-modulating activities of GdF and Gd®&5
are not known. This study aimed to use ultra-hight6
sensitivity mass spectrometry to compare thel7
glycomes of GdA, GdC and GdF, and to study thet8
relationship between the immunological activityt9
and glycosylation pattern among glycodelib0
glycoforms. Using MALDI-TOF strategies, thé1
glycoforms were shown to contain an enormous?2
diversity of bi-, tri- and tetra-antennary3
complex-type glycans carrying Galpl-4GlcNA&4
(lacNAc) and/or GalNAcB1-4GlcNAc (lacdiNAcPS
antennae backbones with varying levels of fucos©&6
and sialic acid substitution. Interestingly, they alb7
carried a family of SdH8
(NeuAca2-3(GalNAcp1-4)Gal)-containing glycan$9
which were not identified in the earlier studyb0
because of less sensitive methodologies used6l
Among the three glycodelins, GdA is most heavilyv2
sialylated. Virtually all the sialic acid on Gd(®3
occurs on the Sda antennae. With the exceptiorb4
of the Sda epitope, the GdC N-glycome appear$5
to be the asialylated counterpart of the GdA/GdI66
glycomes. Sialidase activity, which may bé&7
responsible for transforming GdA/GdF to GdCH8
was detected in cumulus cells. Both GdA and GdI69
inhibited the proliferation, induced cell death and’0

1

suppressed IL-2 secretion of Jurkat cells and
peripheral blood mononuclear cells. In contrast,
no immunosuppressive effect was observed for
GdS and GdC.

Glycodelin is a member of the lipocalin family.
It consists of 180 amino acid residues (1) with two
sites of N-linked glycosylation. There are four
reported glycodelin isoforms, namely glycodelin-A
(amniotic  fluid isoform, GdA), glycodelin-F
(follicular fluid, GdF), glycodelin-C (cumulus
matrix, GdC) and glycodelin-S (seminal plasma,
GdS) (2-5). Among the four glycodelin isoforms,
only the N-glycan structures of GdA and GdS have
been previously determined. This was achieved
using fast atom bombardment mass spectrometry
(6,7). The glycan structures of GdA and GdS are
completely different. In GdA, the Asn-28 site carries
high mannose, hybrid and complex-type structures,
whereas the second Asn-63 site is exclusively
occupied by complex-type glycans (6). The major
non-reducing  epitopes characterised in the
complex-type glycans are Galp1-4GlcNAc (lacNAc),

GalNACcP1-4GIcNAc (lacdiNAc),
NeuAca2-6GalB1-4GlcNAc  (sialylated lacNAc),
NeuAca2-6GalNAcB1-4GlcNAc (sialylated

lacdiNAc), Galp1-4(Fucal-3)GlcNAc (Lewis-x) and
GalNAcP1-4(Fucal-3)GlcNAc (lacdiNAc analog of
the blood group substance Lewis-x) (6). Many of
these oligosaccharides are rare in other human
glycoproteins. GdS glycans are unusually fucose
rich, and the major complex type glycan structures
are bi-antennary glycans with Lewis-x and Lewis-y
antennae. Glycosylation of GdS is highly
site-specific. Asn-28 contains only high mannose
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structures, while Asn-63 contains only complex typé8
glycans. More than 80% of the complex glycan$9
have 3-5 fucose residues/glycan, and none of th&é0
glycans is sialylated, which is unusual for a secreted1
human glycoprotein (7). The glycan structures oH2
GdF and GdC are not known, though they differ ir63
lectin binding properties and isoelectric point fron64
the other two glycodelin isoforms (5). 65

Glycans are involved in various intracellularb6
intercellular and cell-matrix recognition events (8,9)67
Glycosylation determines the biological activities 0H8
the glycodelin isoforms (2,10). For example, botl69
GdA and GdF inhibit the spermatozoa-zona/0
pellucida binding (11) via fucosyltransferase-5 (12)71
but only the latter inhibits progesterone-induced/2
acrosome reaction, thus preventing a premature/3
acrosome reaction of the spermatozoa. There ig4
evidence that cumulus cells can convert exogenousy§
GdA and -F to GdC, the physicochemical propertiesjg
of which suggest that it is differently glycosylated77
compared with GdA/F (5). Moreover, GdC7g
stimulated spermatozoa-zona pellucida binding in @79
dose-dependent manner and it effectively displaced()
sperm-bound GdA and -F (4,5). GdS suppresseg]
capacitation probably via its inhibitory activity org?2
cholesterol efflux from spermatozoa (13). 83

Except for the effects on fertilization, GdA ig4
involved in feto-maternal defense. This glycodelirgs
isoform suppresses proliferation and inducegg
apoptosis of T-cells (2), and also inhibits naturaR?7
killer cell (14) and B-cell activities (15)88
Glycosylation is involved in the binding of GdA t®9
receptors on T-cells (16). The sialic acid of GdAg(
contributes to the apoptotic activity in T-cells (17,18)1
and binding to CD45, a potential GdA receptor (16)92
The importance of glycosylation in glycodelin 193
further shown by the absence of immunosuppressive4
activities in GdS with different glycosylation (18)95
The immuno-modulating activities of GdF and Gd®)¢g
are unknown. 97

Our previous work showed that glycans ar®g
indispensable for the different glycodelins to exhibifg
their binding activities and biological effectg)()
(13,19,20). The present study aims at identifying thg)]
effect of all four glycodelin isoforms on lymphocy{g)?2
viability, cell death, and interleukin-2 (IL-3p3
secretion and to correlate these bioactivities wiflp4
their glycosylation patterns determined by magg)5
spectrometry. 106

107
108
109

Preparation of peripheral blood mononuclear celfs] ()
(PBMCs)- Human peripheral blood from healthy |
female donors was obtained from the Hong Korig 2
Red Cross blood transfusion service. PBMCs wefg] 3
isolated from the buffy coat by Ficoll-Paque densify] 4

EXPERIMENTAL PROCEDURES

2

gradient centrifugation (GE Healthcare, Uppsala,
Sweden). In brief, diluted buffy coat (1:1 with
phosphate buffer saline, PBS, pH 7.2) was layered
on the Ficoll and centrifuged at 400 g for 40 minutes
at room temperature. The remaining red blood cells
were removed using red blood cell lysing buffer
(150mM NH4CI, 10mM NaHCO;, 0.1mM EDTA).
The PBMCs were then washed twice with PBS and
resuspended in RPMI medium containing 10% fetal
bovine serum (FBS), 50 units/ml of penicillin and 50
ug/ml of streptomycin. Monocytes were removed by
cell adhesion in plastic culture flask for 2 hours.

Cell cultures- PBMCs and human cell lines
including oviductal cells (OE E6/E7), natural killer
cells (NK92mi), cells from a chronic myelogenous
leukaemia line (K562), T-lymphoma cells (Jurkat),
hepato-carcinoma  cells  (Hela), trophoblast
choriocarcinoma cells (BeWo) and endometrial cells
(RL95) were cultured in RPMI 1640 (K562, Jurkat,
PBMCs), DMEM (Hela, OE E6/E7, BeWo and
RL95) or MEM (NK92mi) supplemented with 10%
fetal bovine serum, 50 units/ml of penicillin and 50
pg/ml of streptomycin at 37°C in an atmosphere of
5% CO, in air.

Purification of glycodelins- The study protocol was
approved by the Institutional Review Board of the
University of Hong Kong/Hospital Authority Hong
Kong West Cluster. GdA, -S, -F and -C were
purified as described from first trimester amniotic
fluid, seminal plasma, follicular fluid, and cumulus
matrix of human, respectively (5,12,19) at Queen
Mary Hospital, Hong Kong. The collected samples
were diluted with tris-buffered saline (TBS, pH 7.4)
and 0.1% Triton X-100 in a ratio of 1:3-1:5 was
added. GdA, -S and -C were purified by monoclonal
anti-glycodelin (clone F43-7F9) chromatography. In
brief, the diluted amniotic fluid, seminal plasma or
cumulus matrix were loaded onto anti-glycodelin
column, which was then washed successively by
TBS, IM NaCl with 1% isopropanol, 10 mM
ammonium acetate with 0.1% isoproponal, pH 5 and
TBS. Glycodelin was eluted by 20 mM CacCl, with
0.1% trifluoroacetic acid. The eluted GdS and -C
were further purified with anion-exchange Mono-Q
(GE Healthcare) column by AKTA purifier 10 (GE
Healthcare). The purification of GdF involved the
successively use of several chormatographic
columns including Hi-trap blue, protein-G, lectin
affinity, Mono-Q and gel filtration as described (21).
The purified glycodelins were dialyzed in 2 mM
Tris-HCI, pH 7.5 and concentrated by Amicon-10
concentrator (Amicon Inc., Billerica, USA).
Deglycosylated glycodelin  was prepared by
denaturation of GdA in 0.1% PB-mecaptoethanol
before incubation with 0.5 mU PNGase F at 37°C
for 24 hours. The digest was boiled for 5 minutes to
inactivate the PNGase F and dialyzed in 2 mM
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Tris-HCI, pH 7.5. Desiaylation of GdA and GdF wa$§
performed using sialidase coated agarose bead$9
(Sigma, MO, USA) in 1M Tris-HCI (pH 7) at 37 °®0
for 18 hours. The free sialic acid was removed by 1
dialysis with 2 mM Tris-HCl, pH 7.5 at 4°(2
overnight. The success of desiaylation was verified3
by the decreased binding of the treated glycodelin t®b4
the lectin, wheat germ agglutinin which bind65
strongly to sialylated glycans and weakly to othe66
glycoconjugates (22). The concentrations of th&7
purified glycodelins were determined by 8
commercial protein assay kit (Bio-Rad, Herculesp9
USA). The purified glycodelins showed single bands/0
in 12% gel sodium dodecyl sulfate polyacryamidé/1
gel (Figure 1). 72
XTT cell viability/proliferation assay- Cell viability/3
was determined by a colorimetric assay (Roché/4
Diagnostics Co., Basel, Switerland) which measured/5
the production of a color formazan end-product fron/6
a tetrazolium salt sodiuny/7
3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-78
methoxy-6-nitro) benzene sulfonic acid hydraté/9
(XTT) from the viable cells. In this assay, XT180
labeling mixture was freshly prepared by mixingS1
XTT labeling reagent with electron coupling reagen82
at a ratio of 50:1. Fifty micro-litres of the labeling3
mixture was added to the cell culture 12 hourg4
before the end of the incubation period. Th5
absorbance was measured at 450 nm with 286
correction at 595 nm (Infinite F200, Tecan87
Minnedorf, Switzerland). The cell suppression wafi8
expressed by the following equation: 89
Suppression Index (%) = (Absorbance of glycodeliP0
treated cells - Absorbance of blank) / (Absorbcanc®1
of control cells — Absorbance of blank) x 100% 92
Cell death analysis by flow cytometry- AfteD3
treatment the cells were labeled with Yo-Pro®-1 and4
propidium iodide (PI) for cell death analysi95
according to the manufacturer’s protocol (InvitrogerQ6
Carlsbad, CA, USA). Briefly, 3x10° cells werd7
washed twice with PBS. Yo-Pro®-1 dye (1 ul) an®8
PI (1 pl) in 0.5 ml of PBS was added into the celD9
suspension. After 15 minutes of incubation, the cell90
were analyzed immediately with a Coulter Epic Elitd1
ESP flow cytometer (Beckman Coulter, Int02
Fullerton, CA, USA) equipped with an argon laser ¢03
488 nm. Fluorescence signal was measured using tHé4
525 nm and 610 nm band pass filters, and wd45
analyzed by the Winlist software (Verity Softwald)6
House, Topsham, ME, USA). Cells that were ndf)7
stained were counted as viable. Cells labeled wifl)8
Yo-Pro®-1 only were counted as apoptotic cellk09
Cells labeled with both Yo-Pro®-1 and PI wetd O
counted as necrotic cells. It should be noted that thidl 1
cell population may also contained late apoptotid?2
cells that were propidium iodide positive. 113
Determination of IL-2 production by ELISA- THd4

3

levels of IL-2 was measured from the culture
supernatant of the treated cells according to the
manufacturer protocol (BD Biosciences Pharmingen,
San Diego, USA). In brief, capture antibody in 0.1
M sodium carbonate buffer (pH 9.5) was coated on a
96-well ELISA plate overnight at 4 °C. The wells
were blocked with 200 pl of 10% FBS in PBS for 1
hour and were incubated with 100 pl of culture
medium overnight at 4 °C. Then 100 pl of
biotinylated  detection antibody and avidin
horseradish peroxidase conjugate mixture was added
and incubated for 1 hour. Color development was
achieved by enzymatic reaction  using
3.3,5.5’-tetramethylbenzidine as substrate. The
reaction was terminated by the addition of 50 pl of
2M H,S0O.. The absorbance was measured at 450 nm
with A correction of 595 nm. The wells were washed
five times with 0.05% Tween-20 in PBS between
each step.

Lectin binding assays- Lectin binding assay (19) was
used to study the glycosylation of glycodelins.
Briefly, the wells in 96-well plate were coated with
various lectins (10 pg/ml) overnight. Uncoated sites
in the well were blocked by incubation with 100 pl
of 5% casein in PBS for 3 hours with slow shaking.
Glycodelins (7.5 pmol in 250 pl) were then added
and incubated overnight at 4°C. After washing the
wells twice with 0.05% Tween 20-TBS, monoclonal
anti-glycodelin antibody (clone F43-7F9, 2.5 pg in
200 pl) was added and the mixture was incubated for
2 hours. The wells were washed 4 times and 100 pl
of HRP conjugated anti-mouse IgG at a dilution of
1:5000 (Sigma, St. Louis, MO, USA) was added.
After 2 hours of incubation, the wells were washed
and 100 pl per well of o-phenylenediamine (Sigma)
was added. The ODy4y was determined with a
microplate reader (MR5000, Dynatech, Embrach,

Switzerland). The assay was done at room
temperature. The control wells contained BSA
instead of glycodelin.

Processing of the glycodelin N-glycans- Preparations
of purified GdA, GdF and GdC (25-50 pg each)
were used for all MALDI experiments and GC-MS
analyses. Each of the 50 ug of GdA preparations was
purified from separate pools of 500 ml of
midtrimester amniotic fluid from 20 pregnant
women whereas each of the 50 pg of GdF
preparations was purified from separate pools of 2.5
liters of follicular fluid from around 270 women
enrolled in the assisted reproduction program.
Preparations of 50 pg of GdC were purified from
500 ml of cumulus matrix pooled from around 165
cases of oocyte retrieval.

The purified glycodelins were initially
subjected to reduction, carboxymethylation, and
tryptic digestion before the N-glycans were released
by PNGase-F (Roche Applied Science, Burgess Hill,



O 0 ~JNWN B~WN =

UK) digestion. After that, the released N-glycan$8
were purified by using a Sep-Pak C18 cartridgd9
(Waters Corp, Hertfordshire, UK). Prior to mas©$0
spectrometric analyses, the purified native N-glycan®1
were derivatised using the sodium hydroxidé2
permethylation procedure. All of the abové3
procedures were carried out as described previously4
(23). 65
MS and MS/MS data acquisition of permethylated6
glycodelin N-glycans- MALDI- MS and MS/M$7
data were acquired using a 4800 MALDI-TOF/TO68
(Applied Biosystems, Darmstadt, Germany) mas$9
spectrometer. The collision energy was set to 1 kV/0
and argon was used as collision gas. Samples weré/ 1
dissolved in 10 ul of methanol and 1 ul was mixed af/2
a 1:1 ratio (v/v) with 2,5-dihydrobenzoic acid (2073
mg/ml in 70% methanol in water) as matrix. 74
Analyses of MALDI data- The MS and MS/MS dat&/5
were processed using Data Explorer 4.9 Softwaré/6
(Applied Biosystems, Warrington, UK). The mass/7
spectra were baseline corrected (default settings) and/8
noise filtered (with correction factor of 0.7), and/9
then converted to ASCII format. The processed0
spectra were then subjected to manual assignmen81
and annotation with the aid of a glycobioinformatic2
tool, GlycoWorkBench (24). Peak picking was dond33
manually, and proposed assignments for the selecte4
peaks were based on '*C isotopic compositior85

together with knowledge of the biosyntheti®6
pathways. The proposed structures were the87
confirmed by data obtained from MS/MS an®88

linkage analysis experiments. 89
GC-MS linkage analysis- Partially methylated alditoDO
acetates were prepared and analysed by GC-MS a91
previously described (23). 92
Biological characterization of different glycodeli93
isoforms- XTT assay and flow cytometry was used®4
to study the effect of glycodelin on celD5
viability/proliferation and cell death, respectively. IiD6
brief, PBMC and cell lines including OE E6/E7 (25)97
NK92mi, K562, Jurkat, Hela, BeWo and RL95 werd8
incubated with 0, 0.001, 0.01, 0.1 and 1 pg/ml 0P9
glycodelins or deglycosylated glycodelin in 100 kDO
of culture medium for 36 hours before XTT viability 1
assay. Cell death analysis by flow cytometry wd{)2
performed as described above in cells treated with1103
ug/ml of glycodelins in 500 ul of culture medium fad4
48 hours. For IL-2 analysis, cells were incubatdd)5
with 1 pg/ml of glycodelins and stimulated by 196
pg/ml of phytohaemagglutinin (PHA) in 500 pl ¢07
culture medium for 16 hours. The media aft¢f)8
incubation were then collected. The cell debris in tH6)9
conditioned media was removed by centrifugation &0
500 g for 5 minutes. The IL-2 production wdd 1
determined by ELISA as described above. THd2
viability of the cells at 16 hours was also determinddl 3
by flow cytometry as described above. 114

4

Determination of sialidase activity on cumulus cells-
The Institutional Review Board of the University of
Hong Kong/Hospital Authority Hong Kong West
Cluster approved the protocol for collection and use
of cumulus oophorus in this study. Cumulus-oocyte
complexes were obtained from women who
underwent treatment with intracytoplasmic sperm
injection for male infertility. Human menopausal
gonadotropin (Serono, Geneva, Switzerland) was
used for ovarian stimulation after down-regulation
with buserelin (26). The cumulus-oocyte complexes
were dispersed in 1 ml of 0.1% hyalurondidase in
human serum albumin supplemented G-MOPS
medium (Vitrolife, Kungsbacka, Sweden) at 37°C.
After digestion, cumulus cells were pelleted at 300 g
for 5 minutes. The dispersed cumulus cells were
then washed twice in TC-199 medium (Sigma) and
resuspended to a final concentration of 4x10° viable
cells/ml. Trypan blue exclusion test was employed to
determine the viability of the cells. They were then
cultured in 2 ml of TC-199 medium supplemented
with 20% fetal bovine serum as described (27).

After 48 hours, sialidase activity on the cell
surface of cumulus cells was determined using
4-methylumbelliferyl =~ N-acetylneuraminic  acid
(4AMU-NANA; Sigma-Aldrich, St. Louis, MO, USA)
as a substrate, according to previously described
method (28). Briefly, after washing with fresh
medium, the cells were incubated with 50 umol/l of
4MU-NANA in 1 ml of culture medium for 2-8
hours at 37°C. The conditioned medium was then
collected, centrifuged at 500 g for 15 minutes, and
the liberated 4-methylumbelliferone in the
supernatant was measured using a fluorometer with
excitation at 340 nm and emission at 505 nm
(Infinite F200, Tecan, Méannedorf, Switzerland).
Data analyses - All values were expressed as mean
+ S.E.M. (standard error mean). The data were
compared by student’s t-test or ANOVA followed by
a post-hoc test (Tukey’s test) to discern differences
between individual groups. The data were analysed
using SigmaStat 2.03 (Jandel Scientific, San Rafael,
CA, USA). A P value below 0.05 was taken as
significant.

RESULTS

Differential lectin binding properties of glycodelins -
Glycodelin-A, -F, -S and -C were purified from
amniotic fluid, follicular fluid, seminal plasma and
cumulus matrix, respectively (Figure 1), and were
analyzed for lectin binding. The lectin binding
properties of glycodelins are shown in Table 1.
Consistent with our previous data (5), GdF was
characterized by significantly lower affinity to UAEI
(P<0.05) and higher affinity to S-WGA (P<0.05),
while GdS was characterized by a low affinity to
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WFA (P<0.05) when compared with other isoforms58
GdA and GdF had significantly higher affinities t&d9
WGA and SNA than GdC and GdS (P<0.05). N®O
significantly differences were found in ConA, PNA1
and RCA[y affinity between the glycodelitb2
isoforms. 63
Characterisation of the N-glycomes of GdA, Gd®4
and GdF - Glycomic profiling was carried out using5
well documented methodologies (29,30). Brieflyp6
samples were reduced, carboxymethylated, digested7
with trypsin and the N-glycans were released by8
peptide N-glycosidase F digestion and permethylated9
prior to MALDI-TOF profiling. When samplé/0
amounts permitted, MALDI-TOF/TOF sequencing/ 1
and gas chromatography-MS linkage analyses weré/2
additionally carried out. Analyses were done on twd/3
preparations of each of the purified glycodelins to/4
allow  assessment of reproducibility.  Thé/5
MALDI-TOF profiles for one of each of the GAA76
GdC and GdF samples are shown in Figures 2 to 477
respectively. Spectra from the replicate batches aré/8
presented in Supplementary Figures S1 to S379
respectively. For clarity, not all components ar80
given their m/z values and annotations in Figures B1
to 4; complete assignments are presented in thd82
expanded Supplementary Figures. The structure3
shown in the annotations were assigned fron84
compositional information provided by the MALDRBS
MS data, complemented by MALDI MS/MS an86
linkage data where available, taking into accoun87
biosynthetic considerations plus results of the earlie88
GdA study (6). Because of the limited amount o9
material, only a selection of the molecular ion90
observed in the MALDI-TOF spectra could b1
subjected to MS/MS experiments. Molecular ion92
analysed by MS/MS are flagged in thd3
Supplementary Figures. 94

Important characteristics of these data are: (iP5
All of the glycodelin glycomes are immensely6
complex with many components of the same m/27
value being mixtures of more than one type oP8
structure. This trait is observed throughout the whol©®9
detectable mass range of m/z 1500-520000
(Supplementary Figures S1 to S3): from the lowéf1
mass region (e.g. m/z 1836, 2040, 2070, 2244, 228502
2459, and 2592) to the middle mass region (e.g. ml93
2646, 2663, 2775, 2861, 3095) and high mass regidi04
(e.g. m/z 4267, 4512); (ii) Both lacNAc and5
lacdiNAc are present as antenna backbones in alD6
three glycodelins and in many cases are substitutdd)7
with fucose or sialic acid; (iii) Some of the glycad98
have compositions consistent with  bisectdd)9
structures and this was confirmed for GdA and GdU10
by the presence of 3,4,6-linked mannose in theld 1
linkage analysis data (Table 2); (iv) Biantennardyl2
glycans are the most abundant family in alll3
glycodelins but a great diversity of tri- and4

5

tetraantennary structures are also present; (V)
Sialylation levels differ markedly in the three
isoforms. GdA is the most heavily sialylated, GdF
has a similar glycan composition as GdA but with
much lower sialylation, whilst GdC has the smallest
repertoire of glycans carrying sialic acid. The
duplicate batches gave broadly similar data, albeit
with quantitative differences in some components.
Whether these quantitative differences are an
experimental artefact arising during sample handling
prior to glycomic analysis or are due to differences
between individual women remains to be established.
With respect to the latter, it is significant that
quantitative differences have previously been
observed between individual GdA samples (31).
Also it should be noted that GdC and GdF are low
abundance glycodelins requiring the pooling of
follicular fluid from almost 300 women for the
preparation of a batch of 50 pg. (vi) Consistent with
earlier observations (6), low levels of high mannose
structures were observed in GdA and they were also
detected as minor components of the GdC and GdF
glycomes; (vii) All of the molecular ions observed in
the original Fast Atom Bombardment (FAB) data for
GdA ((6), Figure 2) are recapitulated in the current
GdA data and abundances are comparable once the
poor sensitivity at high mass of the FAB-MS
methods of the 1990’s is taken into account. The
MALDI experiments have additionally revealed a
wealth of components above m/z 3000 which were
not detected using the FAB ionization. Many of
these glycans were unexpectedly found to carry the
Sda epitope (NeuAca2-3(GalNAcB1-4)Gal) which
gives characteristic fragment ions in MS/MS
analysis (Figure 5 and (32), Figure 2B) and
3,4-linked Gal in the linkage analysis
(Supplementary Figure S4). The structures of
Sda-containing glycans are shown in Supplementary
Table S1; (ix) Sda containing glycans were also
found in GAC and GdF (see Table S1). Interestingly
those present in GdC are characterised by the
absence of sialylation on other antennae. Indeed,
careful scrutiny of the MALDI profiles allows us to
conclude that the sialic acid on GdC is almost
exclusively associated with the Sda epitope.
Moreover, with the exception of this epitope, the
GdC N-glycome appears to be the asialylated
counterpart of the GdA glycome (see Discussion).

Glycodelin-A and -F reduced viability/proliferation
of lymphocytes - The effects of glycodelin treatment
for 48 hours on the viability/proliferation of various
cell lines are shown in Table 3. GdA and GdF at
concentrations of >0.1 pg/ml significantly decreased
(P<0.05) the viability of Jurkat and PBMCs, whereas
GdS, GdC and deglycosylated glycodelin had no
effect. At 1 pupg/ml, GdA decreased the
viability/proliferation of Jurkat cells and PBMC to
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30.4+3.8% and 44.3+7.3% respectively. GdF at thé8
same concentration reduced lymphocyte viability td9
a similar extent (Jurkat: 37.6+3.3%, p=0.002; PBM(®0
37.7£5.1%, P<0.001). None of the glycodeli6l
glycoforms did affect the viability/proliferation 062
OE E6/E7, NK92mi, K562, Hela, BeWo and RL9®H3
cells at the tested concentrations (data not shown). 64
Glycodelin-A and -F induced apoptotic and necroti®5
cell death of lymphocytes - The YoPro-PI assay wa$6
used to determine the proportion of viable, apoptoti®7
and necrotic cells simultaneously in a samplé8
(Figure 7 and Table 4). Treatment with 1 pg/ml 069
GdA significantly increased the apoptotic population/0
of Jurkat cells from 6.4+0.3% to 33.4+5.3%, and thé/ 1
necrotic population from 6.4+0.3% to 22.7+12.1%72
The corresponding values for GdF were 27.9+5.4%/3
and 37.548.1%, respectively. 74

GdA and GdF also caused cell death of PBMCg/5
(Figure 7 and Table 4). GdA and GdF treatment foi76
48 hours significantly increased the percentage off7
necrotic cells from 7.6+0.4% to 73.9+£2.7% and/8
75.8+£1.9% and of apoptotic cells from 3.8+0.5% t&/9
8.9+0.9% and 8.7+0.9%, respectively. On the othe80
hand, GdS, GdC and deglycosylated glycodelin had81
no significant effects on apoptosis and necrosis o2
Jurkat cells and PBMCs. 83
Sialyation is important for activity of glycodelin-84
on cell death of lymphocytes - Sialidase treatmenf5
decreased the sialic acid content of GdA and GdF a6
shown by a decrease in binding to wheat gern87
agglutinin (Supplementary Table S2). Desialyatior88
abolished the ability of GdA and GdF in inducing9
cell death (Table 4). 90
Glycodelin-A and -F suppress IL-2 secretion b®1
lymphocytes- The effects of glycodelin treatment fof?2
16 hours on cytokine secretion of Jurkat cells and3
PHA-induced PBMCs were studied. None of th&4
glycodelin isoforms affected cell viability within th€5
treatment period (Figure 8). GdA and GdB6
significantly inhibited IL-2 secretion by Jurkat cellgy7
from 851.6£228.3 pg/ml (untreated control) t®§
339.1+58.9 pg/ml (P<0.01) and 187.5+44.5 pg/mbog
(P<0.05), respectively. Other glycodelin isoformg)(
and deglycosylated glycodelin had no effeqtg]
PBMCs were less sensitive to the inhibitory activify))
of GdA and GdF. The corresponding levels of IL{3)3
were 925.9+53.1 pg/ml (P<0.01) and 857.1£1171Q)4
pg/ml, which were significantly lower (P<0.05) thams
the control (1355.8+102.3 pg/ml). GdC had a slighfg
but significant inhibitory effect (P<0.05) on IL{3)7
secretion in PBMCs. 108
Cumulus cells possess sialidase activity - Thg9
sialidase activity in cumulus cells is shown in Figuie ()
9. The sialidase activity of the cumulus cellg 1
increased the production of the 2
4-methylumbelliferone in a time-dependent manngn 3
and was significantly (P<0.05) higher than the4

6

corresponding medium control after 4 hours of
incubation.

DISCUSSION

This is the first study to investigate the
immunosuppressive activity of the two recently
discovered glycodelin family members, GdF and
GdC. Like GdA, GdF reduced cell
viability/proliferation, induced cell death and
reduced PHA-induced production of IL-2 from
lymphocytes. The reduction in IL-2 production may
be partly responsible for the decrease in cell
viability/proliferation as IL-2 modulates
proliferation of stimulated T cells (33). Our data on
the immunosuppressive effects of GdA agree with
previous reports that GdA inhibits lymphocyte
growth by induction of cell death and reduction of
IL-2  synthesis (18,34,35). Importantly, the
immunosuppressive activity of GdA and GdF was
glycosylation dependent and was abolished after
deglycosylation and desialyation.

Comparing the MALDI data for all three
glycodelins, it is clear that there are both similarities
and differences in their glycomes. The similarities
lie in shared antennae sequences and branching
patterns, whilst the differences are associated with
variations in relative glycan abundances plus the
absence of a2-6 linked sialic acid in GdC. GdA is
the most heavily sialylated glycodelin as exemplified
by the most abundant biantennary glycans observed
in the MALDI profile (m/z 2646, 3007 and 3211,
Figure 2) all of which are sialylated (Figure 6C). In
contrast, GAF and GdC are both relatively poorly
sialylated and their most abundant biantennary
glycans are non-sialylated (Figure 6C). However, it
is important to note that, like GAA, GdF carries a2-6
linked sialic acid on a portion of its glycans
(Supplementary Figure S3), whilst GdC is unique in
lacking this type of sialylation.

The shared outer arm o2-6 sialylation of GdA
and GdF could explain the comparable
immunosuppressive activities found in the present
study, assuming that a small amount of an active
glycoform is sufficient for conferring function.
Similar observations have been reported for another
glycoprotein with immunomodulatory properties,
al-acid glycoprotein  (36). However, these
observations do not exclude the possibility that GAA
and GdF may suppress the lymphocyte activities by
different glycans. Whether  the similar
immunosuppressive activities of GdA and GdF are
due to the same or different glycan chain(s) is still an
open question.

In some other assays GdA and GdF have been
found to behave differently. This may be a reflection
of the lower degree of sialylation of GdF and/or
differences in abundance of other sequences such as
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fucosylated lacdiNAc. For example, only GdF bubg&
not GdA suppresses the progesterone-induced9
acrosome reaction (19). GdF also has higher spern60
binding affinity compared to GdA (12,19,20). 61

The advancement of MS technologies has led2
to the interesting discovery that there is an additionab3
family of glycans in all the female glycodelins whict64
was not characterised earlier, namely the Sda-capped5
family. The molecular ions of the most abundant6
members of this family are well above m/z 3000, and7
were therefore refractory to the mass spectrometryv8
of the 1990’s; Even though smaller Sda-containingg9
N-glycans are observed at m/z lower than 3000, they/0
are of low abundance and are isobaric to other, moré/ 1
abundant, glycans. Moreover, the MS/MS methods/2
equivalent to the TOF-TOF technology employed ir/3
the present work were not available when GdA wag/4
first characterised. Thus, the minor biantennary/5
Sda-containing components now observed in thé/6
MALDI spectra (Figure 2A) were impossible to/7
detect in the earlier FAB experiments (6). 78

Cumulus cells can transform GdA and GdF t&/9
GdC (5). One of the important findings in this repor0
is that the structures of the N-glycans of GdC aré1
consistent with desialylation of the a2-6 sialylate2
antennae in GdA/GdF. This observation suggest$3
that GAC may be a product of remodelling oB4
GdA/GdF by the cumulus cells and that this proces$5
might be dominated by desialylation. Furthermore$6
the remodelling of GdA/GdF to GdC hypothesis i87
consistent with the present finding that cumulus cell$8
possess  sialidiase activity. Our unpublished9
observation has also shown that desialyation of Gd40
and GdF is associated with loss of sperm-zon®1
pellucida binding inhibitory activity thereby)2
resulting in comparable behaviour to GdC. 93

The sialidase of the cumulus cells is likely t®4
have similar activity to the sialidase from Vibri®5
cholera (37) because it does not remove the siali®6
acid on the Sda epitope. To date, not much is knowrD7
about the type of sialidase expressed on the surfac®8
of cumulus cells. Plasma membrane-associate®9
sialidase (Neu3) is localized mainly on the cel00
surface, and has shown to be involved in tH®I
regulation of transmembrane signalling (38)02
However, since Neu3 is a glycolipid-specifl®3
sialidase which acts preferentially on gangliosid®4
substrates, but have no activity against sialylatdd)5
glycoproteins (Ha et al., 2004), glycodelins would H6
less likely the substrates of Neu3. Alternatively, tHé)7
sialidase could be secreted by the cumulus cells asl8
soluble enzyme into the cumulus matrix. In this cast0)9
it would be similar to the glycan modifying enzymdsl O
in luminal fluid of rat epididymis that are known fol 1
be involved in sperm maturation (39). The recehd2
discovery that a cell surface tumor suppressor callddl 3
Klotho is a 2,6 specific sialidase and is known to Hel4
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expressed in mouse cumulus (data accessible at
NCBI GEO database (40), accession GSE4260 (41))
makes this molecule a possible candidate for our
observed sialidase activity (42).

The putative liberation of the sialic acid
residues from GdA/GdF to form GdC may result in
greater exposure of the Sda epitope. However to date,
no receptor for this epitope has been identified. The
Sda epitope is relatively rare in human and very little
is known about its function. Nevertheless it is of
interest that the Sda epitope in bovine pregnancy
associated glycoproteins appears to be hormonally
regulated (31).

The new structural discoveries of the present
work allow refinement of the hypothesis of the roles
of glycodelin isoforms in human fertilisation (43).
Glycodelin is synthesized in the granulosa cells of
the late secondary follicle. During the periovulatory
period, the sialidase present in cumulus cells use
GdA and -F in the follicular fluid as substrate for the
production of the GdC, which is then released into
the extracellular matrix during cumulus expansion or
shortly after ovulation. During cumulus penetration,
GdC in the cumulus matrix displaces sperm-bound
glycodelin isoforms and promotes the zona binding
capacity of the penetrated spermatozoa.

Carbohydrate interactions induce lymphocyte
differentiation, maturation, activation, migration and
responsiveness (44-46). In this study, both GdF and
GdA were shown to possess a diversity of sialylated
glycans and are immunosuppressive, while the
non-sialylated GdS as well as GdC, which has
Sda-restricted  sialylation, lacked equivalent
immunosuppressive activity. Importantly, the ability
of GdA and GdF to induce lymphocyte cell death
was abolished after desialyation, consistent with the
reported crucial role of sialyation in the
immunosuppressive activity of glycodelin (47).
Sialic acid is an acidic monosaccharide that is
usually the terminal sugar residue of N-glycan
chains (48). The presence of sialic acid receptors on
leukocytes is well recognized (49). Therefore, it is
tempting to speculate that GdA and GdF might
mediate their immunosuppressive effect through this
type of receptor on lymphocytes.

The immunosuppressive activity of glycodelin
was abolished after deglycosylation in the present
study. It has also been proposed that the apoptotic
activity of glycodelin is associated with its protein
backbone (50) based on the observation that GdA
glycopeptide produced by trypsin digestion did not
induce apoptosis (18) and mutation of both
glycosylation sites (Asn-28 and Asn-68) of
glycodelin yielded recombinant non-glycosylated
glycodelin which retained anti-proliferative activity
(50). The discrepancy in the immunosuppressive
activity of deglycosylated glycodelin in the two
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studies could be due to the deglycosylation method
used; enzymatic deglycosylation in the present study
and site-direct mutagenesis in the previous report.
The former involved a denaturing step while the
latter may change the protein configuration of the
resulting molecule. Experiments using recombinant
glycodelin from prokaryotes may help to solve the
discrepancy. Recombinant glycodelin produced in E.
coli has been shown to bind to monocytes, but not to
T-cells and B-cells (51). However, glycosylation is
essential for proper folding of glycoproteins (52-53),
and deglycosylation strategies may therefore affect
the binding and bioactivity of the deglycosylated
molecules.

The glycosylation of glycodelins is also
important for their influence on human sperm
behaviour. Deglycosylation abolishes the actions of
glycodelins on capacitation, the acrosome reaction
and zona pellucida binding ability (4,10,54). It has
also been demonstrated that the glycans derived
from GdA can modulate hormone production from
trophoblast cells (55).

In conclusion, the glycosylation of GdA, GdF
and GdC show many similarities but there are some
important differences, most notably in the level and
type of sialylation. Evidence is presented that the
glycans, particularly the sialic acid residues, are
important in the immunosuppressive activities of
glycodelin.  Further  understanding of the
glycosylation of glycodelin isoforms, particularly
their actions on lymphocytes may assist in the
rational design of novel therapeutic strategies for
immune-based disorders in reproduction.



o o0

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

REFERENCES

Julkunen, M., Seppala, M., and Janne, O. A. (1988) Proc Natl Acad Sci U S A 85(23),
8845-8849

Seppala, M., Taylor, R. N., Koistinen, H., Koistinen, R., and Milgrom, E. (2002)
Endocr Rev 23(4), 401-430

Chiu, P. C., Koistinen, R., Koistinen, H., Seppala, M., Lee, K. F., and Yeung, W. S.
(2003) Biol Reprod 69(1), 365-372

Yeung, W. S., Lee, K. F., Koistinen, R., Koistinen, H., Seppala, M., Ho, P. C., and
Chiu, P. C. (2006) Mol Cell Endocrinol 250(1-2), 149-156

Chiu, P. C., Chung, M. K., Koistinen, R., Koistinen, H., Seppala, M., Ho, P. C., Ng, E.
H.,, Lee, K. F., and Yeung, W. S. (2007) J Biol Chem 282(8), 5378-5388

Dell, A., Morris, H. R., Easton, R. L., Panico, M., Patankar, M., Oechniger, S.,
Koistinen, R., Koistinen, H., Seppala, M., and Clark, G. F. (1995) J Biol Chem
270(41), 24116-24126

Morris, H. R., Dell, A., Easton, R. L., Panico, M., Koistinen, H., Koistinen, R.,
Oehninger, S., Patankar, M. S., Seppala, M., and Clark, G. F. (1996) J Biol Chem
271(50), 32159-32167

Ohtsubo, K., and Marth, J. D. (2006) Cell 126(5), 855-867

Varki, A. (1993) Glycobiology 3(2), 97-130

Seppala, M., Koistinen, H., Koistinen, R., Chiu, P. C., and Yeung, W. S. (2007) Hum
Reprod Update 13(3), 275-287

Oehninger, S., Coddington, C. C., Hodgen, G. D., and Seppala, M. (1995) Fertil
Steril 63(2), 377-383

Chiu, P. C., Chung, M. K., Koistinen, R., Koistinen, H., Seppala, M., Ho, P. C., Ng, E.
H., Lee, K. F., and Yeung, W. S. (2007) J Cell Sci 120(Pt 1), 33-44

Chiu, P. C., Chung, M. K., Tsang, H. Y., Koistinen, R., Koistinen, H., Seppala, M.,
Lee, K. F., and Yeung, W. S. (2005) J Biol Chem 280(27), 25580-25589

Okamoto, N., Uchida, A., Takakura, K., Kariya, Y., Kanzaki, H., Riittinen, L.,
Koistinen, R., Seppala, M., and Mori, T. (1991) Am J Reprod Immunol 26(4), 137-142
Yaniv, E., Borovsky, Z., Mishan-Eisenberg, G., and Rachmilewitz, J. (2003) Cell
Immunol 222(2), 156-163

Rachmilewitz, J., Borovsky, Z., Riely, G. J., Miller, R., and Tykocinski, M. L. (2003)
J Biol Chem 278(16), 14059-14065

Jayachandran, R., Radcliffe, C. M., Royle, L., Harvey, D. J., Dwek, R. A., Rudd, P.
M., and Karande, A. A. (2006) Glycobiology 16(11), 1052-1063

Mukhopadhyay, D., SundarRaj, S., Alok, A., and Karande, A. A. (2004) J Biol Chem
279(10), 8577-8584

Chiu, P. C., Koistinen, R., Koistinen, H., Seppala, M., Lee, K. F., and Yeung, W. S.
(2003) J Biol Chem 278(15), 13570-13577

Chiu, P. C., Tsang, H. Y., Koistinen, R., Koistinen, H., Seppala, M., Lee, K. F., and
Yeung, W. S. (2004) Biol Reprod 70(6), 1710-1719

Yao, Y. Q., Chiu, C. N., Ip, S. M., Ho, P. C., and Yeung, W. S. (1998) Hum Reprod
13(9), 2541-2547

Tsuji, T., and Osawa T. (1987) J Biochem. 101(1), 241-249.

Sutton-Smith, M., and Dell, A. (2006) Analysis of carbohydrates/glycoproteins by
mass spectrometry. In: Celis, J. E. (ed). Cell biology : a laboratory handbook, 3rd ed.
/ edited by Julio E. Celis. Ed., Oxford ; Boston : Elsevier Academic, Amsterdam
Ceroni, A., Maass, K., Geyer, H., Geyer, R., Dell, A., and Haslam, S. M. (2008) J
Proteome Res 7(4), 1650-1659

Lee, Y. L., Lee, K. F,, Xu, J. S., Wang, Y. L., Tsao, S. W., and Yeung, W. S. (2001)
Mol Reprod Dev 59(4), 400-409

Ng, E. H,, Ajonuma, L. C., Lau, E. Y., Yeung, W. S., and Ho, P. C. (2000) Hum
Reprod 15(4), 772-777



27.

28.

29.
30.

31.

32.

33.

34.
35.

36.
37.
38.
39.
40.
41.
42.

43.
44.

45.
46.
47.
48.

49.
50.

51.

52.

53.

54.

55.

Chian, R. C., Ao, A., Clarke, H. J., Tulandi, T., and Tan, S. L. (1999) Fertil Steril
71(1), 61-66

Azuma, Y., Sato, H., Higai, K., and Matsumoto, K. (2007) Biol Pharm Bull 30(9),
1680-1684

Haslam, S. M., North, S. J., and Dell, A. (2006) Curr Opin Struct Biol 16(5), 584-591
Pang, P.-C., Tissot, B., Drobnis, E. Z., Sutovsky, P., Morris, H. R., Clark, G. F., and
Dell, A. (2007) J. Biol. Chem. 282(50), 36593-36602

Koistinen, H., Easton, R. L., Chiu, P. C., Chalabi, S., Halttunen, M., Dell, A., Morris,
H. R., Yeung, W. S., Seppala, M., and Koistinen, R. (2003) Biol Reprod 69(5),
1545-1551

Klisch, K., Jeanrond, E., Pang, P. C., Pich, A., Schuler, G., Dantzer, V., Kowalewski,
M. P., and Dell, A. (2008) Glycobiology 18(1), 42-52

Wagner, H., Hardt, C., Heeg, K., Rollinghoff, M., and Pfizenmaier, K. (1980) Nature
284(5753), 278-278

Pockley, A. G., and Bolton, A. E. (1989) Clin Exp Immunol 77(2), 252-256
Skornicka, E. L., Kiyatkina, N., Weber, M. C., Tykocinski, M. L., and Koo, P. H.
(2004) Cell Immunol 232(1-2), 144-156

Shiyan S. D., and Bovin N. V. (1997) Glycoconj J. 14(5), 631-8

Conzelmann, A., and Lefrancois, L. (1988) J. Exp. Med. 167(1), 119-131

Miyagi, T., Wada, T., and Yamaguchi, K. (2008) Biochim Biophys Acta 1780(3),
532-537

Tulsiani, D. R. (2003) Microsc Res Tech 61(1), 18-27

Edgar, R., Domrachev, M., and Lash, A. E. (2002) Nucl. Acids Res. 30(1), 207-210
Hernandez-Gonzalez, 1., Gonzalez-Robayna, 1., Shimada, M., Wayne, C. M., Ochsner,
S. A., White, L., and Richards, J. S. (2006) Mol Endocrinol 20(6), 1300-1321

Cha, S.-K., Ortega, B., Kurosu, H., Rosenblatt, K. P., Kuro-o, M., and Huang, C.-L.
(2008) Proc Natl Acad Sci U S A 105(28), 9805-9810

Seppala, M. (2004) Int J Gynaecol Obstet 85(2), 105-118

Bianco, G. A., Toscano, M. A., llarregui, J. M., and Rabinovich, G. A. (2006)
Autoimmunity Rev 5(5), 349-356

Toscano, M. A., llarregui, J. M., Bianco, G. A., Rubinstein, N., and Rabinovich, G. A.
(2006) Medicina 66(4), 357-362

Lowe, J. B. (2001) Cell 104(6), 809-812

Poornima, B. L., and Karande, A. A. (2007) FEBS Lett 581(22), 4366-4370

Varki, A., Richard, C., Jeffrey, E., Hudson, F., Gerald, H., and Jamey, M. (1999)
Essentials of Glycobiology Cold Spring Harbor Laboratory Press, New York

Crocker, P. R., Paulson, J. C., and Varki, A. (2007) Nat Rev Immunol. 7(4), 255-266.
Jayachandran, R., Shaila, M. S., and Karande, A. A. (2004) J Biol Chem 279(10),
8585-8591

Miller, R. E., Fayen, J. D., Chakraborty, S., Weber, M. C., and Tykocinski, M. L.
(1998) FEBS Lett 436(3), 455-460

Mitra, N., Sinha, S., Ramya, T. N., and Surolia, A. (2006) Trends Biochem Sci 31(3),
156-163

Rudd, P. M., Wormald, M. R., Wing, D. R., Prusiner, S. B., and Dwek, R. A. (2001)
Biochemistry 40(13), 3759-3766

Yeung, W. S., Lee, K. F., Koistinen, R., Koistinen, H., Seppala, M., Ho, P. C., and
Chiu, P. C. (2007) Soc Reprod Fertil Suppl 63, 143-151

Jeschke U, Richter DU, Mobius BM, Briese V, Mylonas I and Friese K (2007)
Anticancer Res 27, 2101-2108.

ACKNOWLEDGEMENTS

This study was supported in part by an RGC grant (HKU 764706M and HKU
764007M), grants from the Biotechnology and Biological Sciences Research Council

10



(B19088 and SF19107) including a BBSRC Professorial Fellowship (A.D.), and Imperial
College London Scholarships and the Malaysian ISIS Perdana Scholarship (P-C.P.).

FOOTNOTES

Abbreviations used: MALDI, matrix assisted laser desorption/ionization; TOF, time of flight;
MS, mass spectrometry; MS/MS, tandem mass spectrometry; GC, gas chromatography;
PBMC, peripheral blood mononuclear cell; Sda epitope, (NeuAca2-3(GalNAcB1-4)Gal);
XTT, sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene
sulfonic acid hydrate; Gd, glycodelin; PHA, phytohemagglutinin;

FIGURE LEGENDS

Figure 1. Purity of purified glycodelins. The purity of 0.5 pg GdA, -F, -S, -C and
deglycosylated glycodelin (De-Gd) were determined in a 12% sodium dodecyl sulfate
polyacryamide gel electrophoresis and visualized by silver staining..

Figure 2. MALDI-TOF mass spectrum of GdA N-glycans: Panel A, m/z 1500-3500; Panel
B, m/z 3500-5200. The N-glycans from purified glycodelin preparations were released by
PNGase-F and permethylated (“Experimental Procedures”). A representative spectrum of GdA
N-glycans is shown [batch (i)] and an additional sample analysed yielded similar data
(Supplementary Figure S1). Data were acquired in the positive ion mode [M+Na]". The figure
on each right hand axis gives the total ion count for that panel of the overall spectrum. Peak
assignments are based on '“C isotopic composition together with knowledge of the
biosynthetic pathways, and structures were confirmed by MS/MS and linkage analyses. The
sugar symbols are those employed by the Consortium for Functional Glycomics for the
representation of glycan structures. Structures shown outside a bracket have not been
unequivocally defined. For simplicity, specific linkages are not assigned in the mass spectra
and only one branching pattern for tri-antennary structures is shown. Therefore, the position of
an antenna in a cartoon does not imply designation of a specific arm. MS/MS experiments
showed that the biantennary glycans have the usual a.3 and o6 arms as indicated in the cartoons.
However we cannot rule out minor structures carrying both antennae on the o3 arm. Note the
high level of sialylation and the presence of N-glycans with Sda antennae.

Figure 3. MALDI-TOF mass spectrum of GdC N-glycans: Panel A, m/z 1500-2800; Panel
B, m/z 2800-4500. A representative spectrum of GdC N-glycans is shown [batch (i)] and an
additional sample analysed yielded similar data (Supplementary Figure S2). Data acquisition
and peak assignments were carried out as for GdA (Figure 2). Note the lack of sialylation and
the presence of N-glycans with Sda antennae.

Figure 4. MALDI-TOF mass spectrum of GdF N-glycans: Panel A, m/z 1500-2800; Panel
B, m/z 2800-4500. A representative spectrum GdF is shown [batch (i)] and an additional
sample analysed yielded similar data (Supplementary Figure S3). Data acquisition and peak
assignments were carried out as for GdA and GdC (Figures 2 and 3).

Figure 5. Representative MALDI-TOF/TOF tandem mass spectra of Sda-containing
glycodelin N-glycans: Panel A, MS/MS of the m/z 3253 component of GdA; Panel B,
MS/MS of the m/z 3545 component of GdC. Signals present in Figures 2 and 3 were
subjected to tandem MS and the resulting MS/MS data are shown. The fragment ions are
consistent with the sequences shown in the inset. Fragmentation is usually favoured on the
reducing side of HexNAc residues. The peaks which are labeled with an “x” are due to
contaminating molecular or fragment ions from neighbouring peaks. The horizontal arrows on

the spectra indicate losses from the molecular ion of the designated glycan moieties. Note the
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characteristic fragment ion for the Sda epitope at m/z 1092 and the fragment ions at m/z 2184 (in
Panel A), m/z 2476, 2013 and 1823 (in Panel B) for the loss of Sda-containing antenna. Other
signals with potential Sda arrangements (Supplementary Figures S1 to S3) were analysed for
GdA, GdC and GdF, and they yielded similar data.

Figure 6. Major N-glycans of GAA/F and GdC: Panel A, antennae and cores of GdA and
GdF; Panel B, antennae and cores of GdC; Panel C, structures of the major components
corresponding to the three most abundant molecular ions in the biantennary regions of
the MALDI profiles of GdA, GdC and GdF. The +/- annotations in the composite
structures in A and B indicate that not all glycans carry the associated structural feature.

Figure 7. Dot plot of glycodelin on PBMCs and Jurkat cells death after 48 hours
treatment. Viable, necrotic and apoptotic cells were identified and quantified by bivariate
Yo-Pro®-1/PI flow cytometry. Cells without stain were counted as  (green). Cells labed with
Yo-Pro®-1 only were counted as apoptotic cells (blue). Cells labeled with both Yo-Pro®-1
and PI were counted as necrotic cells (Red).

Figure 8. Effect of glycodelin on IL-2 secretion and viability of PBMCs and Jurkat cells
after 16 hours treatment. PBMCs primed by PHA (5 pg/ml) and Jurkat cells were incubated
with 1 pg/ml of glycodelin for 16 hours. IL-2 secretion and Cell viability were quantified by
ELISA and flow cytometry respectively. Data are mean = S.E.M., N=4, * and ** P<0.05 and
0.01 vs corresponding control, respectively

Figure 9. Sialidase activity on the intact cumulus cells. Sialidase activity of intact cumulus
cells was determined by incubation with 4MU-NANA at pH 7.4 for 2-8 hours at 37°C. The
results represent the mean of three independent experiments + S.E.M and are expressed as
percentage of activity at time 0. ¥*P<0.05 when compared to the corresponding control at the
same time point.

Table 1. Binding of lectins with glycodelin-C, -A, -S and -F. Data are presented as means +
S.E.M. (N=5). The control coated with 10000 ng/ml BSA instead of lectins had OD between
0.07-0.13. ** <% ¢Tp<( 05 within the same row (ANOVA on rank).

Table 2. GC-MS linkage analyses of partially methylated alditol acetates obtained from the
PNGase F released N-glycans of glycodelin-A, glycodelin-F and glycodelin-C. Permethylated
N-glycans were hydrolyzed, reduced, acetylated and analyzed by GC-MS (“Experimental
Procedures™). Note the presence of the 3,4-linked galactose which provides evidence for the
Sda epitope, and 3,4,6-linked mannose for bisecting GlcNAc.

Table 3. Effect of Glycodelins on viability of Jurkat and PBMCs by XTT assay. Cells of
3x10* were incubated with 0.001, 0.01, 0.1 and 1 pg/ml of glycodelins for 36 hours, XTT
labeling mixture was added 12 hours before measurement. Percentage stimulation (%) = (Abs
Gd - Abs blank) / (Abs control-Abs blank) x 100%. Data are mean = S.E.M, N=8. P values
are shown for significant differences as compared to control without treatment (One-way
ANOVA).

Table 4. Effect of deglycosylation and desialyation of GdA on cell death of Jurkat and
PBMC:s. Jurkat cells and PBMCs were incubated with 1 pg/ml of glycodelin A, F, S, C and
deglycosylated glycodelin (De-Gd). Viable, necrotic and apoptotic cells were identified and
quantified by bivariate Yo-Pro®-1/PI flow cytometry. Cells without stain were counted as
viable cell. Cells labeled with Yo-Pro®-1 only were counted as apoptotic cells. Cells labeled
with both Yo-Pro®-1 and PI was counted as necrotic cells. Data are mean + S.E.M, N=4, *
and ** P<(0.01 and 0.001, P values are shown for significant differences as compared to
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control without treatment (student’s t-test).

Supplementary Figure S1. MALDI-TOF mass spectra of N-glycans from two GdA
preparations. Regions from the MALDI MS spectra for both batches are expanded for clarity.
Data are presented in sets of spectra with the upper panel of each subfigures being the first
batch of GdA [GdA - batch (i); 50 pg starting material] and the lower panel, the second batch
[GdA - batch (ii); 50 pg starting material]. Subfigure S1-A, m/z 1560-2000; Subfigure S1-B,
m/z 2000-2300; Subfigure S1-C, m/z 2300-2600; Subfigure S1-D, m/z 2600-2900; Subfigure
S1-E, m/z 2900-3200; Subfigure S1-F, m/z 3200-3500; Subfigure S1-G, m/z 3500-3800;
Subfigure S1-H, m/z 3800-4090; Subfigure S1-I, m/z 4090-4550; Subfigure S1-J, m/z
4500-5200 (GdA - batch (i) only because batch (ii) appeared to contain a little less sample and
signal to noise was poor above m/z 4500).

The glycodelin N-glycans were released by PNGase F, permethylated, and subsequently
subjected to Sep-Pak cleanup ("Experimental Procedures"). Data were acquired in the positive
ion mode [M+Na]". Peak assignments are based on '“C isotopic composition together with
knowledge of the biosynthetic pathways, and structures were confirmed by MS/MS and
linkage analyses. The assignments for the peaks with boxed m/z values were confirmed by
MS/MS. The sugar symbols are those employed by the Consortium for Functional
Glycomics for the representation of glycan structures. Structures shown outside a bracket
have not been unequivocally defined. For simplicity, specific linkages are not assigned in the
mass spectra and only one branching pattern for tri-antennary structures is shown. Therefore,
the position of an antenna in a cartoon does not imply designation of a specific arm. Peaks
which are labelled with an "x" are due to known contaminants.

Supplementary Figure S2. MALDI-TOF mass spectra of N-glycans from two GdC

preparations. Regions from the MALDI MS spectra for both batches are expanded for clarity.
Data are presented in sets of spectra with the upper panel of each subfigures being the first

batch of GdC [GdC - batch (i); 50 pg starting material] and the lower panel, the second batch

[GdC - batch (ii); 50 pg starting material]. Subfigure S2-A, m/z 1560-2000; Subfigure S2-B,

m/z 2000-2300; Subfigure S2-C, m/z 2300-2600; Subfigure S2-D, m/z 2600-2900; Subfigure

S2-E, m/z 2900-3200; Subfigure S2-F, m/z 3200-3500; Subfigure S2-G, m/z 3500-3800;

Subfigures S2-H (m/z 3800-4090) and S2-I (m/z 4090-4500) are data only from GdC - batch (i)
because batch (ii) appeared to contain a little less sample and signal to noise was poor above

m/z 3600. For experimental details see Figure S1.

Supplementary Figure S3. MALDI-TOF mass spectra of N-glycans from two GdF
preparations. Regions from the MALDI MS spectra for both batches are expanded for clarity.
Data are presented in sets of spectra with the upper panel of each subfigures being the first
batch of GdF [GdF - batch (i); 50 ug starting material] and the lower panel, the second batch
[GdF - batch (ii); 25 pg starting material]. Subfigure S3-A, m/z 1560-2000; Subfigure S3-B,
m/z 2000-2300; Subfigure S3-C, m/z 2300-2600; Subfigure S3-D, m/z 2600-2900; Subfigure
S3-E, m/z 2900-3200; Subfigure S3-F, m/z 3200-3500; Subfigures S3-G (m/z 3500-3800),
S3-H (m/z 3800-4090) and S3-I (m/z 4090-4500) are data only from GdF - batch (i) because
the batch (ii) had half the amount of sample compared to batch (i) and signal to noise was
poor above m/z 3500. For experimental details see Figure S1.

Supplementary Figure S4. Electron impact mass spectra (EI-MS) of the partially
methylated alditol acetate (PMAA) derived from 3.,4-linked galactose, which provides
the evidence for the Sda epitope: Upper Panel, GdA; Lower Panel, GAC. GC-MS linkage
analyses of partially methylated alditol acetates obtained from the PNGase-F released
N-glycans of GdA and GdC. Permethylated N-glycans were hydrolyzed, reduced, acetylated
and analyzed by GC-MS (“Experimental Procedures”). The retention time on the capillary GC
column and the fragment ions observed in the EI-MS spectra are used to identify the
3,4-linked galactose. Characteristic fragment ions of 3,4-linked galactose PMAA shown in the
inset.
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Supplementary Table 1. The structures of the Sda-containing glycans. The table is
tabulated from the signals observed in the mass spectra (Supplementary Figures S1 to S3).
The m/z values are rounded up to whole numbers for the ease of comparison. Values which
are more than m/z 3200 are adjusted by the addition of m/z 1 to make the rounding more
accurate.

Supplementary Table S2. Binding of GdA with or without sialidase treatment to wheat germ
agglutinin (WGA).
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Figure 3
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Figure 4
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Figure 6
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Figure 8
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Figure 9
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Table 1

Lectin Lectin-immunoassay at OD4y, (Mean = SEM)
[specificity] GdC GdF GdA GdS
Peanut agglutinin (PNA) 0.18 +0.02 0.12+0.01 0.07+0.01 0.10+0.01
[-Gal(1-3)GalNAc]

Succinylated wheat germ agglutinin (S-WGA) ~ 0.62+0.05°  1.34+0.06"°  0.48+0.04°  0.32 +£0.04°
[GIcNACc or its oligomer]

Concanavalin A (ConA) 1.45 £0.08 1.20 £0.16 1.19£0.18 1.33+0.15
[-Man, -Glc]

Wisteria floribunda agglutinin (WFA) 1.47£0.15°  0.92+0.05° 1.04+0.08* 0.29 +0.02>%
[GalNAc]

Ricinus communis agglutinin (RCA ) 1.16 £0.12 0.80+0.12 0.98 £0.15 1.20+0.17
[-Gal]

Sambucus nigra bark agglutinin (SNA) 0.52£0.04* 1.65+0.18" 1.71+0.18"° 0.39+0.07%"
[-NeuNAc(2-6)Gal/GalNAc]

Wheat germ agglutinin (WGA) 048 £0.09° 1.26+0.15* 1.02+0.14™ 0.27+0.03%"
[(GIecNAc),, NeuNAc]

Ulex europaeus agglutinin (UEAI) 1.56+£0.10°  0.90+0.12> 1.28+0.07  1.48+0.13¢
[-L-fuc]

Data are presented as means + S.E.M. (N=5).

The control coated with 10000 ng/ml BSA instead of lectins had OD between 0.07-0.13.

04 eTp<(),05 within the same row (ANOVA on rank).
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Table 2

Characteristic Fragment Ions Assignment Elution Time (Mins)
GdA GdC
115,118, 131, 162,175 terminal fucose 17.47 16.97
102, 118,129, 145,161, 162,205  terminal mannose 18.98 18.47
102, 118, 129, 145, 161, 162,205  terminal galactose 19.23 18.73
129, 130, 161, 190 2-linked mannose 20.14 19.62
118,129, 161, 234 3-linked mannose 20.32 19.79
118, 129, 161, 234 3-linked galactose ~ 20.43 19.89

99, 102, 118, 129, 162, 189, 233 6-linked galactose 20.95 Not detected
118, 305 3,4-linked galactose  21.10 20.56
130, 190, 233 2,4-linked mannose  21.34 20.78
129, 130, 189, 190 2,6-linked mannose  21.74 21.17
118, 129, 189, 234 3,6-linked mannose  21.89 21.33
118,333 3,4,6-linked mannose 22.35 21.78
117, 159, 203, 205 terminal GlcNAc 22.83 22.50
117, 159, 203, 205 terminal GalNAc 23.27 22.62
117,159, 233 4-linked GlcNAc 23.72 23.12
117, 159, 346 3,4-linked GIcNAc  24.58 23.98

117, 159, 203, 233 6-linked GalNAc 24.71 Not detected
117, 159, 261 4,6-linked GlcNAc  25.02 24.40

25



Table 3

Glycodelin

Suppression Index (S.I. £+ SEM)

GdA GdF GdS GdC De-Gd
(pg/ml)
Jurkat 0.001 102.1+£23 108.5+3.1 100.0+£22 989+04  99.9+0.7
0.01 973+£56 945+63 996432 992+16 983+1.0
59.6+3.8 66.5+102
0.1 5<0.001 5<0.001 101.0+£3.0 944+39 101.3+0.8
304+3.8  37.6£3.3
1 50,026 5-0.002 97.0423 99.7+33 1009+13
PBMCs  0.001 992+35 1040+1.8 104.+23 1066+4.6 106.6+5.0
0.01 97.6+58 999+56 1082+54 110.1+6.1 103.2+12
732+80  754+6.1
0.1 0017 5<0.001 108.0+£53 1113+54 100.6+4.7
443+73  37.7+5.1
1 00,001 0<0.001 96.5+3.4 101.9+3.8 105.6+3.6

Data are mean + S.E.M (N=8).

Suppression Index (%) = (Abs Gd - Abs blank) / (Abs control-Abs blank) x 100%
P values were shown for significant differences as compared to control without treatment (One-way

ANOVA).
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Table 4

Control GdA GdF GdS GdC Deglyc((;)(siylated Desg(li)zted De-s(lfé)l;ated

Jurkat
Viable 873+04% 22.7+12.1%* 34.6+13.5%* 863+1.0% 86.3+1.3% 84.1+1.9% 829+1.6 87.9+0.7
Apoptosis 6.4+ 0.3% 334£53%* 279+54%* 6.5+0.5% 6.6 +0.7% 7.5+1.1% 93+1.4 6.3+1.0
Necrosis 6.4+0.3% 22.7+£12.1%* 37.5+8.1% * 7.2+0.5% 7.1£0.7% 8.4+0.9% 7.7+1.0 5.6+1.6

PBMCs
Viable 88.3+£09%  15.6+1.9% ** 142+£1.2%** 87.6+0.3% 83.2+2.5% 82.5+2.9% 83.4+1.6 829=+1.6
Apoptosis 3.8+ 0.5% 89+£0.9% **  8.7+£0.9% ** 3.0+£0.2% 4.1+£0.7% 49+1.1% 9.8+1.7 93+1.4
Necrosis 7.6 +0.4% 73.9+£2.7% ** 75.8+1.9% ** 8.9+0.3% 12.0 £ 1.8% 11.8+1.6% 6.8+ 1.0 7.7+1.0

Data are mean + S.E.M (N=4).

* and ** p<0.01 and 0.001, P values were shown for significant differences as compared to control without treatment (Student’s t-test).
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