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Follicle-stimulating hormone (FSH), an α/β heterodimeric glycoprotein hormone, consists of functionally significant variants resulting from the presence or absence of either one of two FSHβ subunit N-glycans. The two most abundant variants are fully-glycosylated FSH24 (based on 24 kDa FSHβ band in Western blots) and hypo-glycosylated FSH21 (21 kDa band, lacks βAsn24 glycans). Due to its ability to bind more rapidly to the FSH receptor and occupy more FSH binding sites than FSH24, hypo-glycosylated FSH21 exhibits greater biological activity. Endoglycosidase F1-deglycosylated FSH bound to the complete extracellular domain of the FSH receptor crystallized as a trimeric complex. It was noted that a single biantennary glycan attached to FSHα Asn52 might preemptively fill the central pocket in this complex and prevent the other two FSH ligands from binding the remaining ligand-binding sites. As the most active FSH21 preparations possessed more rapidly migrating α-subunit bands in Western blots, we hypothesized that Asn52 glycans in these preparations were small enough to enable greater FSH21 receptor occupancy in the putative FSHR trimer model. Highly purified hFSH oligosaccharides derived from each FSH subunit, were characterized by electrospray ionization-ion mobility-collision-induced dissociation (ESI-IM-CID) mass spectrometry. FSHβ glycans typically possessed core-linked fucose and were roughly one third bi-antennary, one third tri-antennary and one third tetra-antennary. FSHα oligosaccharides largely lacked core fucose and were bi- or tri-antennary. Those αAsn52 glycans exhibiting tetra-antennary glycan m/z values were found to be tri-antennary, with lactosamine repeats accounting for the additional mass. Selective αAsn52 deglycosylation of representative pituitary hFSH glycoform Superdex 75 gel filtration fractions followed by ESI-IM-CID mass spectrometry revealed tri-antennary glycans predominated even in the lowest molecular weight FSH glycoforms. Accordingly, the differences in binding capacity of the same receptor preparation to different FSH glycoforms are likely the organization of the FSH receptor in cell membranes, rather than the αAsn52 oligosaccharide.
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Introduction

Follicle-stimulating hormone (FSH) is a heterodimeric glycoprotein hormone. Both FSHα and FSHβ subunits possess 2 potential Asn(N)-linked glycosylation sites (1). Human pituitary and urinary FSH preparations are complex mixtures of glycosylation variants that differ in the structures of N-linked oligosaccharides (so-called microheterogeneity) (2–4) as well as in the number of oligosaccharides attached to the 4 N-glycosylation sites (macroheterogeneity) (2). Both α-subunit glycosylation sites, Asn52 and Asn78, are always glycosylated in pituitary and urinary FSH preparations, while partial glycosylation of both FSHβ-subunit sites, Asn7 and Asn24, has been reported (1). FSH macroheterogeneity, the absence of one of the 2 FSHβ N-glycans, was initially detected by Western blotting, then confirmed by automated Edman degradation and MALDI-MS (5). Fully- and partially-glycosylated FSHβ subunit bands exhibit molecular weights of 24, 21, and 18 kDa in FSHβ-specific Western blots. We use FSHβ molecular weights to designate the corresponding FSH glycoform heterodimers, FSH24 (both Asn7 and Asn24 glycans present), FSH21 (Asn24 glycan missing), and FSH18 (Asn7 glycan missing), respectively. Hypo-glycosylated FSH preparations are designated FSH21/18, because most of these preparations contain both glycoforms and the first purified hypo-glycosylated FSH preparation was a 60:40 FSH21:FSH18 mixture (6). The electrophoretic mobilities of FSHα bands from different glycoform preparations vary. Nevertheless, FSHα typically migrates as a single band (6), rather than as mixtures of glycosylated, partially- and fully-deglycosylated bands. Thus, α-subunit glycosylation heterogeneity is essentially microheterogeneity, which can be evaluated by sequential release of Asn52, then Asn78 oligosaccharides (7).

FSH glycosylation macro- and micro-heterogeneity, have been observed to change in different physiological states, as indicated by altered isoelectric patterns [reviewed in (8)]. FSH microheterogeneity results from as many as 100 structural variants of complex-type glycans differing by composition and number of branches, the presence or absence of core fucose or bisecting GlcNAc residues, and terminal sialylation patterns (2). Sialylation increases structural variety in several ways including, altering the number of negative charges (-1 for each Neu5Ac residue), position on partially sialylated, multi-antennary glycans, and linkage to underlying galactosyl residues, either α2-3 or α2-6 (9).

Glycosylation microheterogenity is better characterized for pharmaceutical preparations of recombinant hFSH than for pituitary or urinary hFSH. Proteinase K digestion of reduced, carboxymethylated pituitary hFSH revealed only 24 glycan structures (10, 11) as compared with 68-84 liberated by PNGaseF and characterized by nanoESL-MS (2). Reduction, carboxamidomethylation, chymotryptic digestion, followed by LC-MS appears to provide almost quantitative oligosaccharide characterization of recombinant hFSH produced by Chinese hamster ovarian (CHO) cells (12–14). For example, a recent study reported 28 glycan structures following glycopeptide analysis of several GonalF and Bemfola lots (12). In our hands, PNGaseF released a total of 35 glycan structures from recombinant hFSH preparations, GonalF and Follistim (Bousfield & Harvey, unpublished data from our laboratory). CHO cell-expressed glycoproteins exhibit reduced microheterogenity due to limited glycosyltransferase expression. As CHO cells do not express GlcNAc transferase III, no bisecting GlcNAc residues are present (15). CHO cells express α3-sialyltransferases, but not α6-sialyltransferases (15), therefore, all Neu5Ac residues are linked α2-3. Neu5Ac linked α2-3 prevents FSH binding to the asialo-glycoprotein receptor in the liver (16). In addition, CHO cell-produced recombinant hFSH preparations exhibit limited microheterogeneity at 3 of 4 glycosylation sites (12). Bi-antennary glycans with 1 or 2 Neu5Ac residues comprise the majority of the glycans at βAsn24, and both FSHα glycosylation sites. Core fucose is absent in those derived from the FSHα subunit and present in the βAsn24 glycans, but only in a fraction of those attached to βAsn7, where most of the microheterogeneity occurs. Both core-fucosylated and non-fucosylated versions of 11 glycans, along with 7 exclusively non-fucosylated glycans are attached to βAsn7. In contrast, pituitary and urinary hFSH glycans include many of the structural variations absent in recombinant hFSH expressed in CHO cells.

The combined macro- and micro-heterogeneity of FSH glycosylation create differential charge patterns responsible for FSH isoforms reported in physiological fluids and tissue extracts (8). Altered biological activity exhibited by FSH isoforms led to the hypothesis that carbohydrate modulates hormone activity (17). Chemical deglycosylation of FSH preparations attended by retention of receptor-binding activity, but loss of ability to stimulate cAMP and steroidogenesis supported this hypothesis and suggested the mechanism involved efficiency of signal transduction (18, 19). Elimination of glycosylation sites by mutagenesis localized FSH biologic activity primarily to α-subunit Asn52 (20–22). Conflicting results were obtained following FSHβ glycosylation site mutation. Either FSH activity increased or decreased in the absence of one of these glycans (21, 23, 24).

Naturally occurring FSH macroheterogeneity results from a variation in N-glycosylation efficiency of oligosaccharyl transferase in processing the pre-FSHβ subunit. This manifests as high pituitary FSH21 abundance in young women that becomes equivalent to that of FSH24 in perimenopausal age pituitary FSH, and reaches low abundance in postmenopausal pituitary FSH equivalent to that observed in postmenopausal urinary FSH (2). Although the original glycosylation modulation hypothesis focused on FSH biological activity (17), macroheterogeneity also impacts FSH receptor (FSHR) binding. Hypo-glycosylated FSH21/18 preparations bind FSHRs more rapidly than FSH24, exhibit a higher affinity for FSHR, and occupy more FSH binding sites than FSH24 under identical experimental conditions (6, 25). Greater FSH21/18 receptor-binding activity is associated with greater biological activity both in vivo and in vitro. In human granulosa cell-like KGN tumor cells, HEK293 cells transfected with human FSHR, and primary cultures of porcine granulosa cells, FSH21/18 exhibited greater biological activity than FSH24 (26–28). FSH21/18 was also more active stimulating cultured murine ovarian follicles (29). FSH21/18 and FSH24 displayed differential patterns of gene expression in Fshb-null mouse ovaries (30) and immature mouse ovaries (31) following 2-hr treatment in vivo. In non-gonadal tissues, FSH24 has been reported to be more active than FSH21/18 at promoting osteoclast differentiation (32). While our focus in recent years has been on FSH glycosylation macroheterogeneity, microheterogeneity should not be completely ignored. Structural studies on the FSH receptor, suggested the structure of the αAsn52 oligosaccharides in hypo-glycosylated FSH might contribute to increased FSHR binding.

FSHR cloning suggested a monomeric GPCR structure with large extracellular domain (33), dismissing previous FSH crosslinking data that had suggested several components comprised the FSHR (34, 35). Nevertheless, evidence that the FSHR was associated with a larger complex than that indicated by its predicted primary structure appeared a few years later (36). FSHR dimers or oligomers were subsequently observed in co-immunopurification and fluorescence resonance energy transfer experiments (37) and independently confirmed by ultracentrifugation and Western blot analysis of the resulting fractions (38). While these studies supported the existence of FSHR dimers or oligomers, the extent of oligomerization was not determined. Negative cooperativity associated with binding of all glycoprotein hormones to their cognate receptors (39) revealed only a portion of the bound thyroid-stimulating hormone (TSH), luteinizing hormone (LH), or FSH tracers was dissociated after 3-24 hr incubation in the presence of excess unlabeled hormone. Thus, the majority of these receptor populations appeared to be monomers (40), as additional binding site(s) provided by receptor oligomerization are needed for excess cold ligand binding to initiate neighboring receptor conformational changes that dislodges bound tracer ligand. Otherwise, in the absence of unlabeled competitor, 125I-FSH remains bound to its receptor (39, 41). FSHR oligomerization characterized using a super-resolution microscopic technique employing photoactivatable dyes and localization microscopy (PD-PALM) revealed that in FSHR-transfected HEK293 cells 70% of FSHRs were monomeric (42). This increased to 80% after either 2-min incubation with hypo-glycosylated FSH preparations, eFSH and hFSH21/18, or after 5 min with hFSH24, and returned to 70% by 15 min (42). These results conflict with crystal structures of recombinant FSH and the high affinity FSHR binding site appearing to dimerize in the crystals, as well as in solution (43) and the entire FSHR extracellular domain and FSH appearing as trimers, supported by binding studies (44, 45). PD-PALM analysis of a biased FSH agonist revealed increased FSHR oligomerization to 50% by 15 min after hormone addition (42). As receptor binding experimental incubation times range from 1-24 hr, perhaps longer exposure to deglycosylated FSH promotes bulk receptor association. Cryogenic electron microscopy (cryo-EM) structures of the LH/CG receptor and TSH receptor provided insight into activation of the monomeric receptor population based on single particle analysis of monodisperse solubilized receptors (46, 47).

The crystal structure of deglycosylated FSH bound to the entire FSHR extracellular domain (FSHRECD) trimeric structure resulting from interactions between the receptor hinge regions not present in the dimeric recombinant FSHR high affinity hormone binding domain complexes (FSHRHB) reported earlier (43, 44). Recombinant FSHRECD trimers formed a central pocket within which only a single FSHα Asn52 glycan could be accommodated (45). In the trimer model a bi-antennary glycan was predicted to preclude simultaneous binding of a second FSH ligand to FSHR trimers. The three FSH ligands observed in the actual crystal structure were effectively deglycosylated by endoglycosidase F1 digestion reducing their oligosaccharides to single GlcNAc residues (44). Evidence in support of a trimeric FSHR model was provided when elimination of the αAsn52 glycosylation site increased FSH binding to CHO cells expressing the FSHR 3-fold. Furthermore, co-incubation with an allosteric FSHR modulator increased fully-glycosylated FSH binding 3-fold and altered the ratio of β-arrestin-FSHR binding from 1:3 to 1:1 (45). PD-PALM studies on the LH/CGR indicated a variety of oligomeric forms ranging from dimers to greater than 9 receptors (48). Molecular modeling based on patterns of oligomerized receptors suggested a variety of receptor-receptor interactions via the transmembrane domains. A similar pattern of FSHR oligomerization has been observed using the same PD-PALM approach during the first 15 min of FSH binding (42).

This project was stimulated by the potential for a bi-antennary αAsn52 glycan to fill the central pocket formed by the FSH receptor trimer model, thereby precluding simultaneous binding by additional FSH ligands (44, 45, 49). Following 3-hr incubation, 125I-FSH21/18 tracer saturates at a level 2- to 3-fold higher than FSH24 tracer, depending on the receptor preparation (6, 25). As some hypo-glycosylated hFSH preparations possessed faster migrating α-subunit bands than observed in this pituitary FSH preparation (6), the size and abundance of small oligosaccharides could influence FSHR binding. Because single FSHα bands merely shift their mobility, we characterized N-glycan populations at both glycosylation sites and found bi- and tri-antennary oligosaccharides predominated in both positions of a pituitary FSH preparation possessing both FSH24 and FSH21. To determine if small αAsn52 glycan populations increased in abundance with decreasing FSH size, we selectively removed αAsn52 glycans from a series of 25-50 µg pituitary FSH glycoform fractions from which FSH24 and FSH21 preparations are derived. Mass spectrometry revealed that tri-antennary oligosaccharides were the most abundant glycans attached to all hFSHα subunits at Asn52 regardless of FSH glycoform size. Analysis of αAsn52 glycans from a 2-mg FSHα sample revealed low abundance glycans in the mass range typical of tetra-antennary glycans were actually tri-antennary with lactosamine repeats. As immunoaffinity chromatography separated 21kDa-FSHβ from 24kDa-FSHβ, we also characterized βAsn7 glycans as well as total FSHβ glycans, expanding our knowledge of pituitary FSH microheterogeneity to both subunits and 3 of 4 FSH glycosylation sites.



Materials and Methods


Materials

Human pituitary glands were obtained from the National Hormone and Pituitary Program via Dr. James A. Dias, the University at Albany, Albany, NY. The highly purified pituitary hFSH preparations AFP4161A and AFP7298A were purchased from the National Hormone and Pituitary Program and Dr. A.F. Parlow. AFP4161A FSH subunits were dissociated by overnight incubation in 6 M GuHCl and FSHα purified by reverse-phase HPLC followed by Sephadex G-100 chromatography (50). Anti-human α-subunit monoclonal antibody 4882 was the generous gift of SPD Development Co., Ltd. (Bedford, UK). FSH ELISA kits were purchased from Immuno-Biological Laboratories, Inc. (IBL America), Minneapolis, MN. Recombinant hFSH glycoform preparations GH3-FSH21 and GH3-FSH24 were purified in our laboratory (25).



FSH Subunit Glycoform Isolation From Purified Pituitary hFSH

A 0.5 mg sample of highly purified hFSH (AFP7298A) was dissolved in 100 µL 6 M guanidine-HCl in 0.01% TFA containing 30% acetonitrile, pH 4, and incubated at 37°C overnight. The dissociated subunit solution was diluted with 20 ml 0.05 M sodium phosphate buffer, pH 7.5, and applied to a 2-mL anti-α subunit monoclonal antibody (MAb) 17-6.E5.A4 immunoaffinity column and an 18-mL MAb 15-1.E3.E5 (AB_281484) anti-FSHβ subunit immunoaffinity column linked in series. Following sample loading and washing with the same buffer, the columns were separated. The FSHα subunit fraction was eluted from the 17-6.E5.A4 antibody column with 0.1 M glycine-HCl, pH 2.7, containing 0.5 M NaCl. Fully-glycosylated, 24kDa-FSHβ was eluted from the 15-1.E3.E5 column with 0.1 M glycine-HCl, pH 2.7, containing 0.5 M NaCl, while hypo-glycosylated, 21kDa-FSHβ was subsequently eluted with 3 M guanidine-HCl.



Oligosaccharide Isolation From FSH Subunits


Sequential Oligosaccharide Release From FSHα

Oligosaccharides were sequentially released from FSHα subunit preparations by PNGaseF digestion of native (Asn52 glycans released), then reduced, carboxymethylated FSHα (Asn78 glycans released), as previously described (7). Oligosaccharides were separated from partially or completely deglycosylated FSHα by ultrafiltration in Millipore (Billerica, MA) Amicon Ultra-4, 10,000 MW cutoff, cartridges and recovered from the filtrate fraction by evaporation in a Thermo Fisher Scientific (Waltham, MA) Savant SpeedVac.



Oligosaccharide Release From FSHβ Glycoforms

Samples of 24kDa-FSHβ and 21kDa-FSHβ were reduced and carboxymethylated (51), the buffer exchanged with 0.2 M ammonium bicarbonate, pH 8.5, by ultrafiltration, and subjected to overnight PNGaseF digestion at 37°C (9). Oligosaccharides were separated from deglycosylated protein using the Acquity UPLC system employing a Phenomenex (Torrance, CA) reverse-phase Kinetex C8 column. The column was equilibrated at 50°C with 0.01% TFA containing 5% acetonitrile at a flow rate of 0.7 mL/min. Oligosaccharides emerged in the void volume peak, which was collected manually, and carbohydrate recovered by evaporation in a Speed Vac.




Characterization of FSH αAsn52 Oligosaccharides as a Function of FSH Size


Pituitary FSH Glycoform Isolation

FSH was isolated from dried human pituitaries by extraction in water maintained at pH 5.5 with HCl, followed by extraction in 0.1M saturated ammonium sulfate, pH 4.1. Solubilized FSH was captured from the combined extracts by immunoaffinity chromatography using MAbs 15-1.E3.E5 and 4882, with individual MAb chromatogram development. FSH glycoform fractions were obtained by triple-Superdex 75 chromatography, as previously reported (25). The amount of FSH in each fraction was estimated by size exclusion chromatography (SEC) using a Waters (Milford, MA) 1.7 µm particle size, BEH200 UPLC SEC column. Isocratic 0.2 M ammonium bicarbonate/20% acetonitrile chromatograms were developed with a Waters H-class Acquity UPLC system. Western blot analysis was performed on 1 µg samples (6). FSH receptor-binding was performed with 10 µg samples after serial dilution (52).



Selective Release of αAsn52 Oligosaccharides From Dissociated FSH Glycoform Samples

Eight, 25- or 50-µg FSH glycoform samples were dissociated into subunits by overnight incubation at 37°C in 100 µL 6 M guanidine-HCl in 0.01% trifluoracetic acid, pH 4, containing 30% acetonitrile. Dissociated subunits were transferred to 0.2 M ammonium bicarbonate buffer, pH 8.5, by ultrafiltration in Amicon Ultra-4, 10,000 MW cutoff, centrifugal ultrafiltration cartridges. A 1 µL aliquot containing 2.5 mU Prozyme (Hayward, CA) PNGaseF was diluted in 650 µL 0.2 M ammonium bicarbonate buffer, pH 8.5, and 5 or 10 µL aliquots added to each 25 or 50 µg FSH sample, respectively, and incubated overnight at 37°C. Western blot analysis of two before and two after 1-µg samples was performed with antibodies specific for FSHα (HT13) and FSHβ subunits (15-1.E3.E5) to confirm selective deglycosylation of FSHα. Oligosaccharides were separated from residual glycoprotein by reverse-phase UPLC using a Phenomenex (Torrance, CA) Kinetex C4 column. Oligosaccharides were recovered from the filtrate by evaporation in a SpeedVac. Oligosaccharide mass spectrometry was performed as described below.




Mass Spectrometry


Sample Preparation for Mass Spectrometry

Native and Arthrobacter ureafaciens sialidase-deglycosylated oligosaccharide samples were dissolved in 5 µL water. After applying 1 µL samples to a Nafion membrane for about 1 hour, treated oligosaccharide samples were diluted with 2 µL water and 3 µL methanol. A 0.2 µL aliquot of 0.1 M ammonium phosphate was then added. Each sample was centrifuged at 10,000 rpm for 1 min, then infused into a Waters (Milford, MA) ESI, Synapt G2 ion mobility mass spectrometer with Waters long, thin-wall capillaries. Negative ion MS, MS/MS and ion mobility data were collected using Waters (Milford, MA) MassLynx 4.1 and interpreted as described earlier (53, 54). Negative ion CID provides detailed information on structural features of N-glycans such as the location of fucose residues (differentiation between core and antenna fucose by the mass of the 2,4A ion from the reducing-terminal GlcNAc residue) and the presence of bisecting GlcNAc residues (abundant D-221 ion) as detailed previously (54).



Sialic Acid Linkage Analysis of Selectively Released αAsn52 Oligosaccharides From Purified FSHα

FSH subunits from hFSH preparation AFP4161A were purified by reverse-phase HPLC (50). FSHα Asn52 glycans were released by selective PNGaseF digestion of a 2 mg FSHα sample as described above. Chemical desialylation of a 1 µg glycan sample involved incubation in 2 µL 1% acetic acid for 30 min at 80°C followed by ESI-MS evaluation. Over 30 neutral glycan ions were identified and 17 proposed structures confirmed by collision induced dissociation (55–57). Another 1 µg glycan sample was purified with Nafion, dried, then heated in 20 µL with 4-(4,6-dimethoxy-1,3,5-trazin-2-yl)-4-methyl-morpholinium chloride (DMT-MM) for 1.25 hr to derivatize sialic acids and stabilize them toward MALDI-TOF-MS. The derivatized glycans were dried by evaporation, dissolved in 1 µL water, purified on Nafion for 10 min, and the oligosaccharide derivatives characterized by MALDI-TOF-MS from DHB (58).



MS Data Analysis

For each FSH subunit glycan sample, an ESI spectrum was collected, along with mobility-extracted singly, doubly and triply charged ion spectra (Supplement Figures S1-S4). The results of these analyses were recorded in separate ion tables (see Supplement Tables S1-S12). Many of the glycans gave several different ions (e.g. different charge states, sodium salts or [M+H]- and [M+H2PO4]- ions). These ions were brought together in Supplement Table S13. Glycan heterogeneity is illustrated in Supplement Table S14. For quantitative evaluation, peak heights of the monoisotopic ion and up to four of the 13C peaks were summed to give a measurement for each ion species. Then, the different ions from each glycan were summed to give the value for that glycan and results listed in Table 1. Because the quantitative figure for each glycan is the sum of several ions that are formed with unknown but different ionization efficiencies, the numbers do not represent the absolute amounts of each glycan but can be used to draw comparisons between the samples.


Table 1 | Composition and abundance of FSH glycans (all ions).



A similar approach was taken for FSH glycoform αAsn52 oligosaccharide samples. The ESI, single, doubly, and triply charged spectra can be found in the supplement as Figures S5-S8 and Tables S15-S17. Composition and quantitative data were assembled into Table S18.




FSHR-Binding Assay

Ten µg samples from 25 FSH-containing column fraction tubes were each added to a 12 x 75 mm polystyrene tube containing 990 µl RLA buffer, then serially diluted 1:10 four times. FSH receptor-binding activities were measured in a FSH radioligand assay using Chinese hamster ovarian (CHO) cells expressing hFSH receptors and 125I-hFSH24 as tracer (6). Based on the results of this experiment, six representative fractions were selected, serially diluted and evaluated in the radioligand assay. The assay of these 6 samples was repeated twice. Initial serial dilutions were based on SEC quantification, but were later corrected for protein recovery by amino acid analysis.



FSH Serum and Tissue Accumulation Studies

All mouse procedures were approved by the Wichita State University IACUC. CD-1 mice were obtained from Charles River. All FSH injections were intra-peritoneal (IP), as our collaborators use this mode of administration for in vivo studies of FSH glycoform preparations (30, 31). Up to six 20-µl blood samples were collected from the retro-orbital plexus, the blood allowed to clot and 10 µl serum collected following centrifugation. FSH concentrations were measured either by using an IBL America ELISA kit, which measures all hFSH glycoforms equivalently, or by counting 125I in a Perkin-Elmer Wallac (Turku, Finland) Wizard2 model 2470 automatic gamma counter. Unlabeled hormone IP injections consisted of 10 µg pituitary hFSH (AFP7298A) and samples were collected at 20, 40, 60, 120, 180, and 240 min. Following IP injection of 1 µg 125I-labeled pituitary hFSH, samples were collected at 10 min intervals. At 70 min, the mice were euthanized, tissues removed and weighed in tared 12 x 75 mm polypropylene tubes and counted. Data are reported as cpm/mg tissue and total 125I-FSH uptake.




Results


FSH Subunit Glycoform Isolation

Dissociated pituitary hFSH subunits were purified using anti-FSHβ MAb 15-1.E3.E5 and anti-human α-subunit MAb 17-6.E5.A4 immunoaffinity columns. The former separated fully- from hypo-glycosylated FSHβ variants and the latter produced FSHα (Figure 1). The pH 2.7 buffer released 24kDa-FSHβ from the anti-FSHβ antibody column, while 3 M GuHCl released 21kDa-FSHβ. The anti-α antibody column captured the FSHα subunit, which was released with pH 2.7 buffer. SDS-PAGE indicated 24kDa-FSHβ was the most abundant component of the pH 2.7 fraction and 21kDa-FSHβ was the most abundant component of the 3 M GuHCl fraction (Figure 1A, lanes 2 and 3). The FSHα subunit preparation included three bands that suggested nicking of the αL2 cystine knot loop (Figure 1A, lane 4). This nick produces two fragment bands following reduction of disulfide bonds; a 17.5 kDa C-terminal glycoprotein band that migrates just ahead of the intact 22 kDa intact α-subunit band and a 10 kDa N-terminal peptide fragment band (59). Low level mouse antibody contamination was indicated by faint 50 kDa heavy chain and 25 kDa light chain bands in Coomassie Blue stained SDS gels (Figure 1A, lanes 1 and 3). Neither IgG band was detectable in the Western blot employing rabbit anti-mouse-HRP in any subunit preparation (Figure 1B, lanes 2 and 3 and Figure 1C, lane 4), indicating very low antibody contamination. The anti-α, HT13 Western blot did not detect the 17.5 kDa, C-terminal α-subunit glycopeptide fragment band (Figure 1C, lane 4), which possesses the primary epitope for this antibody (60). Only the intact, 22 kDa FSHα band was detected. However, the intensity of the band was low, suggesting the 17.5 kDa band was below the limits of detection (Figure 1A, lane 1). Alternatively, the αL2 loop nick may have affected antibody binding. A subsequent SDS-PAGE analysis of this FSHα preparation made 3 weeks later revealed reduced intensity of the intact α-subunit band staining, and increased intensities of both low MW bands (data not shown). Moreover, Edman degradation of the unbound fraction, which primarily possessed the 17.5 kDa band, revealed internal αL2 loop sequences that were consistent with proteolytic degradation (61).




Figure 1 | FSH subunit purification. Characterization of subunits derived from highly purified human pituitary FSH (AFP7298A). (A) SDS-PAGE of 5 µg subunit samples followed by Coomassie Blue staining. (B) Anti-FSHβ Western blot of 1 µg subunit samples using 15-1.E3.E5 as primary antibody. (C) Western blot of 1 µg subunit samples using anti-hCGα monoclonal antibody, HT13, as primary antibody. In both cases sheep anti-mouse IgG-HRP complex was the secondary antibody. Samples were loaded in the same order in each experiment. Lane 1, unbound material; lane 2, 24kDa-FSHβ; lane 3, 21kDa-FSHβ; lane 4, FSHα; lane 5, BioRad molecular weight markers, as indicated.





Site-Specific Analysis of Human Pituitary FSH Oligosaccharide Populations

Purification of both FSH subunits provided the opportunity to expand our knowledge of FSH microheterogeneity. Individual FSHα glycosylation site glycan populations were obtained by sequential PNGaseF digestion of native and reduced, carboxymethylated FSHα. PNGaseF digestion of reduced, carboxymethylated 21kDa-FSHβ liberated Asn7 glycans, while. PNGaseF digestion of reduced, carboxymethylated 24kDa-FSHβ released a mixture glycans from both Asn7 and Asn24. As our attention was initially focused on αAsn52 glycans, spectra for this glycan population are illustrated in Figure 2. The ESI-MS spectrum revealed the bi-antennary (such as structures 22, 36, 43, and 58, see Table 1 for glycan identification) and tri-antennary glycans (48, 49, 63, 64, and 71). Low abundance hybrid type glycans, 7, 8, 12, 15, and 17 were observed in the singly charged spectrum. The doubly charged spectrum comprised largely bi-antennary (22, 34, and 43) and tri-antennary (48 and 49) glycans. The triply charged spectrum featured fully-sialylated tri-antennary glycan ions (49).




Figure 2 | ESI-MS and ion-mobility MS spectra for FSH αAsn52 glycans. (A) Nano-ESI-MS spectrum. (B) Singly charged ion mobility MS spectrum. (C) Doubly charged ion mobility MS spectrum. (D) Triply charged ion mobility MS spectrum. Glycan structures displayed using the CFG/Oxford system, which identifies monosaccharides with colored symbols and linkages without the use of labels (see key). The glycan numbers correspond to Table 1.



The ESI-MS spectra were similar for both of the FSHβ glycoforms (Supplement Figures S1A, B) and these both differed from the Asn78 and Asn52 spectra, which were similar to each other (Supplement Figures S1C, D). Core fucose was found in almost all FSHβ glycans and was absent in most FSHα glycans. Ion mobility MS revealed very low abundance glycans, which were likely obscured in total glycan spectra provided by ESI-CID alone (Supplement Figures S2-S4 and Tables S1-S12). Singly charged spectra (Supplement Figure S2) revealed oligomannose to tri-antennary glycans in the FSHβ spectra (10-11 glycan ions, Supplement Tables S1, S2) and oligomannose to bi-antennary glycans in FSHα spectra (19-22 glycan ions, Supplement Tables S3, S4). Doubly charged glycans in the FSHβ spectra (73 glycan ions, Supplement Tables S5, S6) ranged from bi-antennary to tetra-antennary while FSHα glycans (19-32 glycan ions, Supplement Tables S7, S8) ranged from bi-antennary to tri-antennary (Supplement Figure S3). Triply charged glycans (25 glycan ions in FSHβ spectra and 4-9 glycan ions in FSHα spectra, (Supplement Figure S4 and Tables S9-S12) ranged from tri-antennary to tetra-antennary types in all spectra. Composition and relative abundance data derived from these analyses, as well as subsequent FSH glycoform αAsn52 analyses are compiled in Table 1.

Data extracted from the ion mobility-MS spectra identified 81 glycan species representing as many as 103 glycans. The greater number of proposed structures than glycan species detected resulted either from ambiguity when only compositions were inferred from the data or when more than one structure was found in fragmentation data obtained for 9% of the glycan ions. The relative amounts for 67 of the more abundant glycans are compared in Figure 3. Structural heterogeneity was greater for FSHβ glycans than for FSHα glycans. While 33 glycan structures accounted for 90% of the FSHβ glycan abundance (Figure 3A), only 13 FSHα glycan structures accounted for 90% of α-subunit glycan abundance (Figure 3B). The three most abundant FSHβ glycans were bi-antennary, tri-antennary, and tetra-antennary (Table 1, structures 26, 55, and 82, respectively). Structure 26 was found in low abundance at both FSHα glycosylation sites, however, a related structure 22, which is virtually the same as 26, lacking only core fucose, was the most abundant glycan released from Asn78 and second most abundant Asn52 glycan. Structure 55 was absent from both FSHα glycosylation sites, however, a nearly identical, non-fucosylated, tri-antennary structure 49 was second and third most abundant Asn52 and Asn78 glycan, respectively. Tetra-antennary structure 82 was also missing from FSHα glycans. The fourth most abundant FSHβ glycan, partially sialylated, di-Neu5Ac, tri-antennary, core-fucosylated structure 54, was high in abundance in FSHβ and low abundance in FSHα. The otherwise identical, non-fucosylated structure 48 was abundant in both FSHα glycan populations and low in abundance in FSHβ. Glycans possessing a bisecting GlcNAc residue exhibited a similar pattern of relative abundance with fucosylated, fully sialylated bi-antennary structure 46, tri-antennary structure 75 and disialylated tri-antennary structure 74 highly abundant in FSHβ, yet absent (35) or low in abundance in FSHα, while the non-fucosylated counterparts (structures 43, 72, and 71, respectively) exhibited the opposite pattern of relative abundance, high abundance in FSHα, but low in FSHβ. One FSHα glycan stood out, structure 34, which was bi-antennary with one GalNAc and one Gal residue, each capped with Neu5Ac. This structure accounted for 20% of αAsn78 and 10% of αAsn52 glycans (Figure 3B) and probably accounted for bi-antennary glycan abundance being greater than tri-antennary abundance in the αAsn78 population (Figure 3E). The alternative structure with a bisecting GlcNAc residue and a single branch incorporating Gal would have had to accommodate two Neu5Ac residues.




Figure 3 | Human pituitary FSH glycan populations. (A) Glycans derived from 24kDa- (blue) and 21kDa-FSHβ (red) roughly in order of core fucosylated 24kDa-FSHβ glycan abundance, interrupted by otherwise identical structures lacking core fucose. (B) Glycans derived from αAsn78 (cyan) and αAsn52 (magenta) shown in the same order as in panel (A) Glycan abundances are presented as % of total glycans observed using the values in Table 1. Glycan structures are displayed using the hybrid Oxford Glycobiology Institute/Consortium for Functional Glycoscience system (1, 62). The former identifies linkages without the use of labels, while the latter uses a proposed symbol and color scheme for individual monosaccharide residues (shown in the Key). Arrows identify those glycans observed in site-specific glycopeptide studies (10, 11) (C) Relative abundance of glycans possessing core fucose residues. (D) Relative abundance of oligomannose or hybrid type glycans. (E) Relative abundance of biantennary glycans, as defined by the presence of the branch-initiating GlcNAc. (F) Relative abundance of tri-antennary glycans. (G) Relative abundance of tetra-antennary glycans. (H) Relative abundance of glycans possessing a bisecting GlcNAc residue. (I) Relative abundance of glycans possessing a GalNAc residue. (J) Glycans possessing enough Neu5Ac to terminate all branches.



With regard to glycan structure types, over 83-85% of FSHβ glycans were core fucosylated, while less than 6-7% of FSHα glycans possessed core fucose (Figure 3C). FSH glycans included 0.5-1.1% oligomannose or hybrid type structures on the α-subunit at both glycosylation sites and 0.15-0.27% in the FSHβ glycans (Figure 3D). The patterns of glycan branching also differed between subunits, with 24kDa- and 21kDa-FSHβ possessing 28% or 30% bi-antennary glycans, respectively, while 60% and 41% of these glycans decorated FSHα sites Asn78 and Asn52, respectively (Figure 3E). Tri-antennary glycans were more abundant in 24kDa-FSHβ and at αAsn52 (34% and 53%, respectively) than in 21kDa-FSHβ (29%) and at αAsn78 (36%, Figure 3F). Tetra-antennary glycans were largely restricted to FSHβ, with 32% on both 24kDa- and 21kDa-FSHβ as compared with only 3% or 6% on αAsn78 and αAsn52, respectively (Figure 3G). Moreover, as will be shown below, glycans the size of tetra-antennary oligosaccharides derived from αAsn52 on a different human pituitary FSHα preparation were tri-antennary, with lactosamine repeats providing the additional mass. Bisecting GlcNAc residues were found in 21-23% of FSHβ glycans, 29% of αAsn78 and 39% of αAsn52 glycans (Figure 3H). GalNAc residues substituting for Gal, particularly in α1-3Man complex branches were found in 4% of 24kDa-FSHβ, 7% of 21kDa-FSHβ, 17% of αAsn78 and 14% of αAsn52 glycans (Figure 3I). The GalNAc abundance was greater than the 3%, 6%, 9%, and 7% sulfate abundance, respectively, consistent with significant sialylation of GalNAc residues. The four most abundant FSHβ glycans, 26, 55, 82, and 54 were more abundant in the fully-glycosylated 24kDa-FSHβ, while glycans 45, 91, 58, 36, and 56 were much more abundant in 21kDa-FSHβ. The remainder exhibited essentially the same relative abundance. For FSHα glycans, 22 and 34 were more abundant in the Asn78 glycan population, while glycans 49, 48, 72, 71, 87, and 77 were more abundant in the Asn52 population.



FSH Glycoform Fractionation

High resolution Superdex 75 gel filtration remains the most effective method for naturally occurring FSH glycoform separation. The chromatogram for immunoaffinity-purified human pituitary hFSH consisted of a single protein peak (Figure 4A). This peak was subdivided into 25 fractions and the protein in each fraction quantified by UPLC size exclusion chromatography (not shown). Western blot analysis of 1 µg samples from 24 fractions (each blot accommodated 12 samples) indicated FSH24 was present in fractions 8-13 while predominantly FSH18/21 was found in fractions 26-31. Fractions 14-25 were mixtures of all 3 glycoforms. Although the sample loads, based on peak area, were the same in all cases, intensities of the FSHβ immunoreactive bands corresponding to fractions 8-10 and 30-31 were significantly lower than those for the rest of the fractions.




Figure 4 | High resolution gel filtration chromatography of immunopurified hFSH. (A) The chromatogram shows the results of fractionating 10 mg immunopurified hFSH using three, 1 x 30 cm Superdex 75 columns in series. The inset shows the 24k-FSHβ and 21k-FSHβ bands in FSHβ Western blots performed on samples applied to two 15% polyacrylamide mini-gels. The dots indicate extensively analyzed fractions 9, 12, 21, 22, 30, and 32. (B) To screen the FSH fractions, ten µg samples of each were serially diluted 1:10 four times and FSH receptor binding activities compared. A general trend of increasing FSHR binding activity was noted going from fraction 8 to fraction 32. (C) Six fractions were selected to represent FSH24, the FSH24/FSH21 mixture, and FSH21. Ten-µg samples (based on SEC determination) were serially diluted and tested for FSH binding in the FSH radioligand assay.



Radioligand assay of serially 1:10-diluted samples of each fraction confirmed the presence of binding competent FSH heterodimer (Figure 4B). The significantly greater ID50 values for fractions 8-15 and 30-32 were consistent with reduced FSHβ immunoactivity in the Western blots of these fractions, although the range was reduced for the second group of fractions, reflecting greater receptor-binding activities. Representative Superdex 75 fractions 9, 12, 21, 22, 30, and 32 were selected for additional characterization. The protein content of each of these samples was established by amino acid analysis of 5 µg samples. RLA based on adjusted protein content revealed a 7-fold range of average ID50 values between the two most active fractions, 30 and 32, as compared with the two least active fractions, 9 and 12 (Figure 4C and Table 2).


Table 2 | FSH receptor-binding activities of hFSH glycoform fractions.





Selective FSHα Asn52 Glycan Removal With PNGaseF

Western blot analysis of PNGaseF-digested, dissociated hFSH glycoform fractions 9, 12, 21, 22, 30, and 32 is shown in Figure 5. Consistent with earlier studies involving LH preparations (7), PNGaseF digestion did not affect FSHβ glycosylation in either dissociated or intact FSH (Figure 5A). In contrast, the mobilities of the dissociated FSHα subunits increased following PNGaseF digestion (Figure 5B). To evaluate the generality of this procedure for FSH preparations used in our studies, samples of recombinant GH3-hFSH glycoforms were dissociated and the subunits with 6 M GuHCl and the subunits subjected to the same mild PNGaseF deglycosylation procedure. These preparations exhibited similar patterns of FSHβ glycan resistance and selective PNGaseF deglycosylation (lanes 16-19). Limited sensitivity of αAsn52 N-glycans to PNGaseF digestion was exhibited by the intact hFSH sample, in which most of the FSHα remained fully glycosylated (lane 21). This demonstrated the need for subunit dissociation prior to PNGaseF digestion. As the protein amounts were based on SEC quantitation, reduced immunoactivity was observed for fractions 9, 30, and 32. Nevertheless, unaltered FSHβ and altered FSHα subunit band mobilities were observed in these samples as in the more abundant samples.




Figure 5 | Selective αAsn52 deglycosylation of dissociated hFSH samples by PNGaseF digestion. Subunit mobilities were assessed by subunit-specific Western blots of 1 µg samples of FSH dissociated into subunits and transferred to 0.2 M ammonium bicarbonate buffer by ultrafiltration (see Methods). (A) FSHβ probed with anti-FSHβ monoclonal antibody 15-1.E3.E5 diluted 1:500. (B) FSHα probed with anti-α subunit monoclonal antibody HT13, diluted 1:5000. Lane 1, MW marker; lane 2, fraction 9 subunits; lane 3, fraction 9 subunits following PNGaseF digestion; lane 4, fraction 12 subunits; lane 5, fraction 12 subunits + PNGaseF; lane 6 subunits, fraction 21 subunits; lane 7, fraction 21 subunits + PNGaseF; lane 8, fraction 22 subunits; lane 9, fraction 22 subunits + PNGaseF; lane 10, fraction 30 subunits; lane 11, fraction 30 subunits + PNGaseF; lane 12, MW marker, lane 13, MW marker; lane 14, fraction 32 subunits; lane 15, fraction 32 subunits + PNGaseF; lane 16, recombinant GH3-FSH24 subunits; lane 17, GH3-FSH24 subunits + PNGaseF; lane 18,GH3-FSH21 subunits; lane 19, GH3-FSH21 subunits + PNGaseF; lane 20, intact hFSH; lane 23, intact hFSH + PNGaseF; lane 24, BioRad MW marker.





FSHα Asn52 Glycan Size Trends as a Function of FSH Glycoform Size

We characterized αAsn52 N-glycans from all six glycoform fractions (Supplement Figures S6-S8 and Tables S15-S18). Representative spectra shown in Figure 6 indicate very similar glycan populations in the largest and smallest FSH gel filtration fractions. Quantitative results for 44 of 65 glycans exhibiting a relative abundance >1% are plotted in Figure 7A. Three patterns of abundance were noted. Tri-antennary glycans 72, 49, 71, and 48, exhibited the highest abundance in fraction 9 and progressively decreased to the lowest abundance in fraction 30 or 32. Bi-antennary glycans, such as 22, 43, 34, 36, and 56, were lowest in abundance in fractions 9 and 12 and highest in the rest. The largest glycans, 77, 87, 78, 88, 92, 86, 76, 79, 98, 93, 104, 99 and 109, with m/z values suggesting tetra-antennary were most abundant in fractions 9 and 12, but low in the 4 remaining fractions. Glycan relative abundance was essentially the same in all fractions for structures 64, 51, 52, 74, and 54. Overall, tri-antennary were the most abundant type in all FSH glycoform samples analyzed (Figure 7E), while the tetra-antennary were only enriched in FSH24 fractions 9 and 12 (Figure 7F). Glycans found to be more abundant in fractions 21, 22, 30, and 32 were typically bi-antennary, such as structures 22, 43, 34, 36, and 56 (Figure 7A). However, tri-antennary glycans were the most abundant type of αAsn52 glycan found in all FSH samples evaluated (Figure 7E). As these glycans were all derived from the FSHα subunit, core fucose glycan abundance was low (Figure 7B). Almost 40% of these glycans possessed a bisecting GlcNAc residue and there was no size-associated difference in their distribution. GalNAc substitution for Gal was observed in most FSH glycoform fractions with a trend toward increasing abundance with decreasing molecular size of FSH (Figure 7H). About 50% of immunopurified FSH glycans were fully-sialylated. Fully-sialylated glycans were more abundant in the pituitary hFSH preparation AFP7298A, consistent with anion exchange chromatography enrichment of negatively charged glycans (63).




Figure 6 | Mass spectrometry of hFSH glycoform aAsn52 glycans. Oligosaccharides were released from dissociated subunits by PNGaseF digestion (Figure 5). Nano-ESI-ion mobility-MS was used to characterize representative glycan samples. (A) FSHa Asn52 glycan structure diagrams. (B) FSHa Asn52 glycans isolated from FSHa in Figure 1. Nano-ESI spectrum from Supplement Figure S1D. (C) FSHa Asn52 glycans from pituitary FSH24 glycoform fraction 12 (Figure S5B). (D) FSHa Asn52 glycans from FSH24/21/18 fraction 21 (Figure S5C). (E) FSHa Asn52 glycans from FSH18/21 fraction 30 (Figure S5E).






Figure 7 | Relative abundance of hFSH glycoform αAsn52 oligosaccharide populations. FSH indicates FSHα Asn52 glycan data (black bars) from Table 1 for comparison of products of conventional pituitary FSH purification with immunoaffinity purification. Fractions 9, 12, 21, 22, 30, and 32 are those recovered from the Superdex 75 chromatogram in Figure 4A. (A) Forty-four of 82 glycans ranked in order of fraction 9 glycan abundance. (B) Fraction of FSHα Asn52 glycans possessing core fucose. (C) Oligomannose or hybrid type glycan abundance. (D) Biantennary glycan abundance. (E) Triantennary glycan abundance. (F) Tetra-antennary glycan abundance. (G) Glycans possessing bisecting GlcNAc residue. (H) Glycans possessing GalNAc residue substitution for Gal in complex antennae. (I) Glycans possessing sufficient Neu5Ac to cap all complex branches.





Sialic Acid Linkages Associated With αAsn52 Glycans

ESI-MS/MS was used to define the desialylated glycans recovered from FSH preparation AFP4161 FSHα subunit Asn52 glycosylation site (Supplement Figure S9 and Table S19). Structures found during analysis of FSH preparation AFP7298A αAsn52 were largely confirmed (Supplement Figures S9A–M). However, for glycans with masses consistent with tetra-antennary oligosaccharides, tri-antennary oligosaccharides with lactosamine repeats were encountered instead (Supplement Figures S9N–O).

Neu5Ac is connected to FSH glycans by both α2-3 and α2-6 linkages (64). An earlier study of FSHα Asn52 glycans derived from a different hFSH preparation, AFP4161, included modification with DMT-MM. This stabilized Neu5Ac to MS analysis and a 32 mass unit difference distinguished α2-3 from α2-6 linkages (Figure 8 and Supplement Table S19). Glycans with single complex branches yielded two sialylated ion species, one linked α2-3 and the other linked α2-6. Bi-antennary glycans yielded 5 ions, two for the mono-sialylated variants and three for the combinations of di-sialylated variants: both α2-3 linked Neu5Ac, one α2-3 and one α2-6 linked Neu5Ac, or both α2-6 linked Neu5Ac. Tri-antennary glycans yielded 8 variants, the mono- and di-sialylated patterns described for bi-antennary glycans along with three additional tri-sialylated glycan variations, three α2-3 linked Neu5Ac residues, two α2-3 and one α2-6 linked Neu5Ac residues, and one α2-3 linked with two α2-6 linked Neu5Ac residues. No tri-antennary glycans were observed possessing three α2-6 linked Neu5Ac residues (Figure 9). It was notable that no tetra-antennary glycans were confirmed by fragmentation of 44% of the pituitary hFSH glycans. Rather, lactosamine repeats were observed with the repeats on branches other than the textbook Man6-GlcNAc6 branch (65). This contrasts with earlier studies involving glycans from all 4 FSH N-glycosylation sites, which largely detected tetra-antennary glycans in the tetra-antennary glycan mass population. Pituitary FSH glycans were concluded to be tetra-antennary, however, the abundance of the glycans with tetra-antennary mass is low in FSHα. Accordingly, these may not have been observed in studies involving total FSH glycans, which would be dominated by FSHβ tetra-antennary glycans. Whether tri-antennary glycans with lactosamine repeats are restricted to αAsn52 is a question for future studies.




Figure 8 | MALDI-MS analysis of DMT-MM-derivatized hFSH αAsn52 oligosaccharides. Representative mono-, di-, and tri-antennary glycans showing patterns of α2-3 and α2-6 linked Neu5Ac residues for the mono-, di- and tri-sialylated variants of the neutral glycan structures. The m/z values for selected oligosaccharide ions are shown in bold.






Figure 9 | Patterns of sialic acid heterogeneity in the FSHα Asn52 glycan population. The neutral core glycan structure(s) consistent with composition and CID-MS (bold text, underlined, see Supplement Figures S9A, O). Sialic acid distributions based on data derived from Figure 7 and Table S19. Major sialylation patterns indicated by dashed boxes. Glycan masses from Tables 1 and 3. Glycan structures identified according to Table 1. A dash indicates no corresponding glycan in the table.





Pituitary FSH in Serum and Tissue

The pattern of pituitary FSH uptake and clearance was determined following IP injection of 10 µg unlabeled pituitary hFSH. Serum sample ELISA revealed FSH concentrations reached a maximum value at 20 min and remained elevated for another 40 min before beginning to decline (Figure 10A). Serum 125I-pituitary FSH following IP injection of 1 µg tracer rose more gradually, reaching peak accumulation at 40-50 min, then decreasing. The differences in serum uptake between the labeled and unlabeled FSH may represent dilution errors needed to measure serum FSH in the ELISA vs direct measurement of 125I in serum samples. The use of 10-fold more hormone in the unlabeled experiment likely contributed to the faster rise in serum hFSH.




Figure 10 | Pituitary FSH uptake and tissue accumulation. (A) FSH appearance and clearance from mouse serum following IP injection of 10 µg unlabeled pituitary FSH over 6 hr (solid circles, mean ± SD, n = 5) or 5 ng 125I-pituitary FSH over 70 min (red circles, mean ± SD, n = 3). The points are mean values of three mice The line indicates 70 min point at which mice were euthanized for tissue recovery. (B) Normalized tissue uptake of 125I-pituitary FSH 70 min following IP injection of 1 µg pituitary FSH tracer. Significant differences (p < 0.05) indicated by different letters; a ovaries, b kidney, c liver, and d fat. (C) Total 125I-FSH uptake in each tissue showing impact of size.



Seventy min after injection 125I-FSH accumulation, regardless of whether total cpm taken up or normalized to cpm per mg tissue, was highest in the kidney (Figures 10B, C), consistent with its major role in FSH clearance (66). Liver uptake was second highest, followed by fat and lung uptake. Total ovarian uptake was relatively low due to its small size. When normalized for tissue mass, the kidney remained the site of highest FSH tracer uptake. Liver uptake was second, but not significantly higher than that of the ovary. Both were higher than fat and spleen. Accumulation in lungs was not significantly different than in the ovaries, although less than that in the liver.




Discussion

Mass spectrometry of FSH proteinase K glycopeptides provided the first glycosylation site-specific characterization of pituitary FSH (10) and FSH isoform (11) oligosaccharides. Eleven oligosaccharides were identified at each of two glycosylation sites, αAsn52 and βAsn24, (Table 3), while only 4 were identified at βAsn7, and two at αAsn78. The deficiency in Asn78 glycans was largely due to the absence of the most abundant glycopeptide, -Asn78-His-Thr-. Mass spectrometry of PNGaseF-released oligosaccharides separated from several denatured FSH preparations revealed >30 to almost 100 glycan structures (2, 9). While this made it obvious the glycopeptide study had underestimated glycan heterogeneity in pituitary FSH, the extent was unknown. The sequential PNGaseF digestion protocol developed for LH and CG α-subunits (52) released FSHα glycans from Asn52, then Asn78. Both Asn7 and Asn24 glycan populations were resistant to PNGaseF digestion in native, FSHβ (Figure 5), while PNGaseF released both from reduced and alkylated 24kDa-FSHβ. As only 21kDa-FSHβ was detected in the hypo-glycosylated FSHβ preparation, the Asn7 glycan population was defined for this variant. Nano-ESI-ion mobility-MS analysis revealed populations of 45-61 glycans at each glycosylation site, suggesting glycopeptide analysis had only detected more abundant glycans. Indeed, all Asn7, 8 of 11 Asn52, and 10 of 11 Asn24 glycans encountered in the glycopeptide studies exhibited relative abundances of >1% when characterized as oligosaccharides (Figure 3, arrows). However, not all the major glycans in the oligosaccharide populations, such as structures 75, 90, 81, 95, and 96, were detected in the glycopeptide analysis, while fairly rare glycans, such as structures 21 and 33, were observed. Overall, oligosaccharide mass spectrometry identified four times as many FSH glycans as glycopeptide mass spectrometry. This most likely reflects the suppressive effect of the peptide moieties on ionization. Gel filtration partially eliminated peptide inhibition that prevented analysis of unfractionated proteinase K digests (10). However, no Asn78-His-Thr glycopeptides were detected during analysis of FSH, LH, TSH, or hCG glycopeptide preparations, despite it being the most abundant product of proteinase K digestion of the αAsn78 glycosylation site (10, 11, 68).


Table 3 | Oligosaccharides detected at FSH glycosylation sites in site-specific glycosylation studies.



Both FSHα glycosylation sites possess the same glycan populations, differing only in the relative abundance of particular glycan types. For example, Asn78 possesses a greater abundance of bi-antennary glycans, while Asn52 possesses a greater abundance of tri-antennary glycans. As Asn52 glycans are close to both FSHβ glycans, the more extensive branching may reflect greater exposure to GlcNAc transferase IV, which adds a β1-4-linked GlcNAc residue to the Man3 branch, while Asn78 glycans may experience reduced exposure to this transferase due to their location at the opposite end of the molecule. The glycan populations at both FSHβ glycosylation sites are also similar to each other in that the order of abundance was almost identical for the top 9 structures, although structures 55 and 82 exchanged positions with each other in the order of 21kDa-FSHβ glycan abundance as did structures 54 and 46. Many of the glycans exhibited the same relative abundance despite representing Asn7 only or both glycosylation sites.

Restriction of core fucosylation primarily to β-subunit oligosaccharides has been reported for other glycoprotein hormones (69–71). Asn78 glycans appear less accessible in folded FSHα as indicated by limited PNGaseF sensitivity in folded α-subunit (7). One could argue these glycans are less accessible to Golgi FUT8 because only folded proteins enter this compartment. However, Asn52 glycans become much less accessible in the heterodimer despite being located on an enzyme accessible loop (Figure 5). By the same token, FSHβ Asn7 and Asn24 glycans are PNGaseF resistant in both native hormone as well as isolated subunit. All insect cell-expressed FSH glycans were susceptible to endoglycosidase F-1 digestion (43, 44), indicating the region of the first glycosidic bond was enzyme accessible and suggesting the nearby reducing terminal GlcNAc C6 hydroxyl group could be accessible to fucosyltransferase.

In pituitary hFSH, tri-antennary and bi-antennary glycans predominated at the αAsn52 glycosylation site (Figures 3E, F), but this α-subunit preparation was derived from largely FSH24. High-resolution gel filtration had little effect on the size distribution of the two most abundant oligosaccharide types in the Asn52 glycan population (Figure 7). These results support the hypothesis that FSHα oligosaccharides have limited impact on FSH heterodimer size (5). FSHβ oligosaccharides increase the width of the elliptical FSH heterodimer substantially, while αAsn52 glycan size extends FSH length, which is ~75 Å for the peptide moiety alone, making it large enough to influence ultrafiltration in the kidney (72). Consistent with its major role in FSH clearance, the kidney accumulated the greatest amount of tissue-associated 125I-FSH (Figure 10). The liver accounted for the second highest tissue accumulation, probably due to its large size and the asialoglycoprotein receptor binding α2-6-Neu5Ac-terminated oligosaccharides (73), which are abundant in hFSH (64). Oligosaccharides with a single α2-6-linked Neu5Ac tended to be the most abundant pattern for FSH αAsn52 oligosaccharides. If that pattern is typical of FSHβ glycosylation, then clearance by the liver is probably low, since single accessible Gal residue glycans exhibit the lowest affinity for the asialoglycoprotein receptor (74).

We reported very small, 4-residue, oligosaccharides attached to horse pituitary LHα Asn56 (homologous to human αAsn52) (75). As hypo-glycosylated FSHα subunits exhibited greater electrophoretic mobility during SDS-PAGE (6) as well as exhibiting 2- to 3-fold greater binding to FSHR than FSH24 in saturation binding experiments (25), it was reasonable to entertain the hypothesis that small hypo-glycosylated FSHα Asn52 glycans were responsible for the increased receptor-binding, possibly because more than one FSH with such small glycans could simultaneously fit in the putative FSHR trimers (76). However, no such small glycans were encountered in any of the three FSHα Asn52 glycan samples. Tri-antennary glycans proved the most abundant αAsn52 oligosaccharide type not only in the predominantly FSH24 pituitary hFSH, but also in the lowest molecular weight fractions of hypo-glycosylated pituitary FSH. Furthermore, even in the largest FSHα Asn52 glycan sample, lactosamine repeat-bearing tri-antennary glycans were revealed, rather than very small oligosaccharides. Thus, mass spectrometry data for FSHα Asn52 glycans fail to support the small glycan hypothesis.

Three FSH N-glycans affecting biological activity, αAsn52, βAsn7, and βAsn24 (6, 21, 24, 45), are clustered at one end of the FSH molecule (Figure 11), while the αAsn78 glycan, not implicated in FSHR activation (21, 24), is located at the opposite end. Elimination of the αAsn52 glycan site or either one of the FSHβ N-glycan sites, Asn7 or Asn24, resulted in increased FSHR occupancy in saturation binding studies (25, 45). Crystallographic studies of endoglycosidase F1-deglycosylated FSH/FSHR extracellular domain (ECD) lacking or including the hinge region, rationalized the requirement for an intact heterodimer to engage the receptor (43, 44) as well as the limited effect of FSH carbohydrate on FSHR affinity (19, 21, 24, 77) by exclusively protein-protein interactions between FSH and FSHR (43, 44). Oligosaccharide models added to FSHR-bound FSH using the Glycam web tools, show these are on the back side of FSH and off to each side of the receptor-binding site (Figure 11). Cryogenic electron microscopic (cryo-EM) structures for the related LH and CG receptor (LH/CGR) and TSH receptor (TSHR) revealed a rigid body extracellular domain rotation of 45° or 38°, respectively, between the inactive and active conformations (46, 47). These studies suggest the ligands for these receptors navigate a gap between the receptor ECD and the cell membrane. As the cluster of activity-related FSH N-glycans would face the cell membrane in order for FSH to engage the FSHR in these models, steric hindrance may affect receptor binding, with the αAsn52 oligosaccharide likely closest to the cell surface. Limited access to FSHR is consistent with the approximately 1-hr lag in FSH24 binding. However, FSH21/18, which possesses two of three glycans in the activity-related carbohydrate cluster, binds FSHR with little to no lag (6). Perhaps loss of one of these glycans permits greater flexibility, thereby reducing steric hindrance.




Figure 11 | FSH24/FSHR model. (A) Models of FSH24 and FSHR associated based on the crystal structure of FSH-FSHRECD (4AY9). The FSHα subunit cartoon is shown in green and FSHβ in cyan. Oligosaccharides are rendered as spheres. FSHβ Asn7 glycan is colored dark blue to distinguish it from the cyan-colored Asn24 glycan. Each glycan represents the most abundant glycan structure at αAsn52, αAsn78, and βAsn7 (Table 2) with a tri-antennary glycan chosen for βAsn24. Three glycans are clustered at one end, while the αAsn78 glycan is at the opposite end. (B) Figure rotated 90° to emphasize the FSH peptide moiety is sandwiched between the FSH glycans and the FSHR. Oligosaccharide models created and attached to an FSH model extracted from pdb file 4AY9 using the web-based Glycam glycoprotein builder tool [Woods Group. (2005-2016) GLYCAM Web. Complex Carbohydrate Research Center, University of Georgia, Athens, GA. (http://glycam.org)].



A mechanism involving FSH ligands engaging a sterically hindered FSHR binding site is more plausible than one invoking FSHR oligomerization. The report of FSHRECD-FSH complex structures as potential dimers (43) was followed a few years later by evidence for intact FSHR oligomers at the cell surface (37). However, a study linking glycoprotein hormone oligomerization to negative cooperativity indicated most of these receptors were monomeric (39). PD-PALM studies involving both LH and FSH receptors have confirmed the largely monomeric nature of these receptors (42, 48). In addition to defining the pattern of FSHR oligomerization, FSH glycoforms altered oligomerization patterns and a biased FSH agonist increased FSHR oligomerization from 30% to 50% in 15 min. Perhaps part of the bias of crystallographic studies toward dimeric or trimeric FSH/FSHR structures stems from the need to deglycosylate FSH in order to obtain diffractable crystals. These inactive FSHR ligands promote receptor oligomerization. Cryo-EM studies are biased towards the monomeric receptor, as single particle studies involve monomeric receptors. The latter approach does have the advantage of permitting the inclusion of glycosylated glycoprotein hormones and might provide insight into FSHR activation by FSH glycoforms bearing variable patterns of 3-4 N-glycans.
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