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ABSTRACT 

 

 

Follicle-stimulating hormone (FSH) is a glycoprotein hormone that plays a significant role 

in gonadal development and fertility. FSH is a heterodimeric glycoprotein composed of a common 

-subunit non-covalently associated with a hormone-specific FSH-subunit. Three major 

glycoforms of FSH have been found in humans based on Asn-glycosylation of the FSH subunits. 

FSH24 possesses all four potential glycans with a 24kDa-FSH subunit. Two, more active, hypo-

glycosylated FSH variants possess either singly glycosylated 21kDa- or 18kDa-FSH subunits 

that lack either N24 or N7 glycans, respectively, thereby possessing only three glycans. 

In females, hypo-glycosylated FSH abundance has been shown to decrease with age; we 

hypothesized that the same trend occurred in males. FSH was immunopurified from human male 

pituitaries along a spectrum of ages. FSH extracted from these pituitaries was purified by 

immunoaffinity chromatography and heterodimer separated from free subunit by gel filtration. 

Glycoform abundance was determined by automated Western blot. We found that males show no 

significant decrease in hypo-glycosylated FSH with age, as the proportion of FSH21, with one 

exception, was approximately 70% for all ages evaluated. 

Recent studies have revealed that FSH glycoforms affect follicle-stimulating hormone 

receptor (FSHR) conformation and function, but the specific structural differences have not yet 

been elucidated in the full receptor. We hypothesize that glycoforms induce different 

conformational changes in the receptor, leading to biased signal output. Chinese Hamster Ovarian 

(CHO) cells expressing FSHR were used for purification with a membrane-spanning protein. 

Purified FSHR will be evaluated for suitability in structural studies using cryogenic electron 

microscopy.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Asparagine-Linked Glycosylation 

As both projects described in this thesis ultimately involve variation in Asparagine (Asn)-

linked glycosylation of the hormone, follicle-stimulating hormone (FSH), it is appropriate to begin 

with a brief description of this common post-translational protein modification. Asn-linked 

glycosylation is a co-translational, non-template-driven process where carbohydrate moieties are 

covalently attached to proteins entering the lumen of the rough endoplasmic reticulum. Dolichol 

pyrophosphate-linked oligosaccharide precursors are transferred from dolichol pyrophosphate to 

the nascent protein on the nitrogen atom of the Asn residue in the sequence Asn-Xaa-Ser/Thr, 

where Xaa can be any amino acid except proline. This precursor glycan is comprised of three 

glucose (Glc), nine mannose (Man), and two N-acetyl glucosamine (GlcNAc) residues, by 

convention listed from non-reducing to reducing ends of the oligosaccharide. Processing of the 

glycoprotein-coupled oligosaccharide in the endoplasmic reticulum involves sequential removal 

of all three Glc residues and a single Man residue. Properly folded glycoproteins are then 

transferred to the Golgi complex, where continued removal of Man residues typically occurs, 

followed by the addition of other monosaccharide residues, such as GlcNAc, galactose, fucose, 

and sialic acid. These additions to the glycan result in hybrid or complex Asn-linked structures, if 

one or zero branches of the oligosaccharide terminate with a Man residue, respectively. If no other 

sugars are added, and all branches have terminal Man residues, the result is a high mannose 

oligosaccharide (Campo et al, 2019; Hearn & Gomme, 2000; Imperiali & O'Connor, 1999).  

 Asn-linked glycosylation contributes greatly to the diversity of glycoprotein structures, as 

the variation in number of whole glycans attached to the same glycoprotein, known as 



2 
 

macroheterogeneity, and changes in monosaccharide composition, called microheterogeneity, 

differ for each glycoprotein produced. Macroheterogeneity can be regulated by genetics or 

enzymes, and participates in protein quality control, stability, and size (Imperiali & O'Connor, 

1999; Zacchi & Schulz, 2016). Microheterogeneity is determined by the number of branches on 

glycans, complexity type, composition, and the presence or absence of bisecting GlcNAc and/or 

core fucose residues. These aspects are largely due to gene regulation of glycosyltransferases and 

other glycogenes, and plays roles in circulatory half-life, receptor binding, and degradation of the 

glycoprotein (Horvat et al, 2011; Ulloa-Aguirre et al, 2003).  

1.2 Follicle-Stimulating Hormone Structure 

Follicle-stimulating hormone (FSH), also known as follitropin, is a heterodimeric 

glycoprotein hormone. Other members of the glycoprotein hormone family produced in the 

anterior pituitary are luteinizing hormone (LH), and thyroid-stimulating hormone (TSH), while 

chorionic gonadotropin (CG) is synthesized in the placenta. FSH is composed of an -subunit, 

common to all glycoprotein hormones, non-covalently associated with the FSH-specific -subunit. 

Each subunit contains three cystine knot-determined loops, while the FSHβ-subunit contains an 

additional ‘seatbelt’ loop. The seatbelt loop is involved in heterodimer formation, while the second 

and third loops of the α-subunit are responsible for binding specificity (Bousfield & Harvey, 2019; 

Dias et al, 1998). The - and β-subunit primary structures—especially Cys residues—are highly 

conserved across mammalian species. Formation of the five disulfide bonds in the -subunit and 

six in the β-subunit occurs in the ER during protein synthesis. Disulfide bond formation and 

association of the subunits to form the heterodimer are essential for folding and biological activity, 

as both FSH - or β-subunits alone are inactive (Hearn & Gomme, 2000; Moyle et al, 1998; 

Ruddon et al, 1994; Ulloa-Aguirre & Timossi, 1998). The tertiary ribbon structure of each FSH 
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subunit is shown below in Figure 1, along with their primary structures outlining disulfide bond 

and glycosylation sites.  

 

Figure 1. FSH subunit primary and ribbon structures by permission of Oxford University 

Press (Bousfield & Harvey, 2019). A) The α-subunit primary structure indicated using single-

letter amino acid abbreviations with black lines outlining the disulfide bonds between Cys 

residues, as well as carbohydrate schematics for the glycosylation sites using the hybrid 

Consortium for Functional Glycomics/Oxford Glycobiology Institute system notations. The 

secondary structures are color-coded as the primary structure tinted yellow for loop 1, green for 

loop 2, and yellow for loop 3. B) The same characteristics shown for the FSHβ-subunit with the 

addition of the seatbelt loop shown in cyan. Oligosaccharides in the 3D structures were created 

and attached to FSH using the Glycam web tool (Woods, 2005). 

 

Both FSH subunits possess two potential Asn-linked glycosylation sites. Glycans in the α-

subunit are found in loops 2 and 3, residing on opposite ends of the tertiary structure (Figure 1A), 

while both β-subunit glycans are closely associated in loop 1 (Figure 1B). Three major secreted 

FSH glycoforms, based on macroheterogeneity in the -subunit, have been observed in humans 
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(Davis et al, 2014; Walton et al, 2001). FSH24 comprises a 24kDa-FSH subunit possessing both 

glycans. With the two Asn-linked glycans the -subunit always possesses, this results in a fully 

glycosylated, four-glycan, FSH heterodimer. Two, more biologically active, hypo-glycosylated 

FSH variants include either singly glycosylated 21kDa- or 18kDa-FSH subunits that lack either 

Asn24 or Asn7 glycans, known as FSH21 and FSH18, respectively. These glycoforms contain only 

three glycans in the heterodimer. Each glycan has a vital role in FSH function. On the α-subunit, 

Asn52 is responsible for signal transduction, receptor binding, heterodimer stability, and secretion, 

while Asn78 is important for α-subunit folding and stability as well as FSH secretion. FSHβ Asn7 

and Asn 24 glycans both increase circulatory half-life, as well as inhibit binding to the receptor, and 

may be involved in signal transduction (Bousfield & Harvey, 2019; Sairam, 1989; Ulloa-Aguirre 

et al, 1999). In human FSH, glycan structures are primarily complex type and range from bi-

antennary to tetra-antennary, with many residues boasting a terminal sialic acid, or rarely, a sulfate 

(Bousfield & Dias, 2011; Bousfield et al, 2018). Gonadotropin releasing hormone (GnRH) and 

androgens help to regulate these microheterogeneity aspects of FSH oligosaccharide structure 

(Campo et al., 2019).  The addition of terminal sialic acids on FSH glycans aids in the longevity 

of FSH circulation, as well as signaling, while reducing the efficiency of androgen production 

(Loreti et al, 2013; Ulloa-Aguirre et al., 2003; Zambrano et al, 1996). FSHβ oligosaccharides are 

usually fucosylated, which has been shown to aid in receptor binding and signal transduction in 

LH and TSH (Nguyen et al, 2003; Schaaf et al, 1997).  

1.3 Follicle-Stimulating Hormone Receptor Structure 

The follicle-stimulating hormone receptor (FSHR) is a guanine nucleotide-binding signal-

transducing (G) protein-coupled receptor (GPCR) (Minegishi et al, 1991). FSHR has a large 

extracellular domain (ECD) composed of nine leucine-rich repeat (LRR) β-sheets that resemble a 
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crescent shape. A flexible hinge region loop, possessing a sulfated tyrosine residue and three 

disulfide bonds, is essential for the binding of FSH, stabilized by hydrophobic interactions. The 

hinge region is connected to the rhodopsin-like transmembrane domain, made of seven membrane-

spanning α-helices with three extracellular and three intracellular loops. Finally, there is a small, 

poorly defined carboxy-terminal domain in the cytoplasm that is processed before membrane 

insertion, involved in signal transduction, and acts as a site for post-translational modifications 

(Althumairy et al, 2020; Nataraja et al, 2018). Asn-linked glycosylation, phosphorylation, and 

palmitoylation, or the addition of lipid anchors—are post-translational modifications required for 

a mature receptor, which can be organized as monomers, dimers, or oligomers in the plasma 

membrane (Agwuegbo et al, 2021; Banerjee et al, 2021; Fan & Hendrickson, 2008; Guan et al, 

2010; Jiang et al, 2014b; Jiang et al, 2012; Ulloa-Aguirre & Zarinan, 2016). On the ECD, 

glycosylation at Asn174, one of four potential sites, has been confirmed. Nevertheless, the addition 

of carbohydrates is essential for proper folding of the receptor (Davis et al, 1995; Simoni et al, 

1997; Ulloa-Aguirre et al, 2013; Ulloa-Aguirre & Timossi, 1998).  

The FSH receptor gene is made up of 11 exons and nine introns, with at least three 

alternatively spliced FSHR variants. The full-length protein, known as FSH-R1, includes the 

approximately 1700 base pairs of exons 1-10, resulting in a predicted 75 kDa protein, although 

glycosylated FSHRs range in size from 80-87 kDa (Althumairy et al., 2020). FSH-R2 boasts an 

extended exon 9 with no exon 10, while FSH-R3 only contains exons 1-7, without the seven 

transmembrane helices (Ulloa-Aguirre & Zarinan, 2016). Both truncated receptors are expressed 

at lower levels than the full-length FSHR (Zhou et al, 2013). The best-characterized ovine FSHR 

variant predicted structures are shown in Figure 2. The human FSHR variants differ from ovine in 
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that the alternative splicing results in peptide insertions and deletions, with the most highly 

truncated version predicted to be a soluble protein. 

 

Figure 2. FSHR variant predicted structures. Ribbon structures of each variant, based on 

the ovine sequences, are shown with each exon in a unique color as follows: 1) red, 2) green, 3) 

blue, 4) yellow, 5) magenta, 6) cyan, 7) orange, 8) gray, 9) pink, 10) light green, 11) lavender. 

The assumed single-transmembrane domain of FSH-R3 is shown as a cylinder. An exon map for 

each variant was included below the ribbon structure with the same color scheme. The FSH-R1 

model was obtained from AlphaFold (Jumper et al, 2021). Truncated models were made using 

SWISS-MODEL using the LHR and ECD of the FSHR as a reference molecule (Waterhouse et 

al, 2018). The models were visualized in the PyMOL Molecular Graphics System, Version 2.0 

Shrödinger, LLC. 

 

1.4 Follicle-Stimulating Hormone Binding and Receptor Activation 

FSH binds to the concave portion of the receptor, in a manner referred to as ‘hand-clasp 

binding’ (Fan & Hendrickson, 2005). FSH carbohydrates are not directly involved in this 

interaction, though glycans have been shown to affect signal transduction (Bousfield & Harvey, 
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2019). FSH binds primarily to FSHR residues 285-300 and 327-341, and secondarily to regions 

15-31 and 216-235 of the concave portion of FSHR LRRs, aided by the first extracellular loop 

(Banerjee et al., 2021). High affinity binding is proposed to cause a conformational change in the 

FSH ligand that accommodates the sulfo-tyrosine residue of the hinge loop (Fan & Hendrickson, 

2005; Jiang et al, 2014a; Meher et al, 2015). A trimeric arrangement of the FSHR has also been 

proposed to explain signaling differences based on FSH glycosylation, as another recognition area, 

or exosite, may interact with the glycan at FSHα Asn52 (Jiang et al., 2014b; Jiang et al., 2012; 

Thomas et al, 2007; Urizar et al, 2005).  

1.5 Follicle-Stimulating Hormone Receptor Signaling 

The canonical pathway for signal transduction most thoroughly studied is that of the FSHR 

activating the trimeric Gs protein. Gs activation results in dissociation of Gαs from the Gβ-γ 

subunits. Gαs induces all membrane adenylyl cyclase isoform activity resulting in increased cAMP 

production. A secondary messenger within the cell, cAMP activates several molecules including 

protein kinase A (PKA), or exchange protein directly activated by cAMP (EPAC). Both initiate 

cascade activation signals to phosphorylate cytoplasmic proteins and transcription factors (Simoni 

et al., 1997; Ulloa-Aguirre et al, 2018). The Gβ-γ heterodimer, stimulates phospholipase C activity 

(Ulloa-Aguirre et al, 2007). Prolonged exposure to FSH desensitizes the cell, as Gs is uncoupled 

from the FSH/FSHR complex by a combination of β-arrestin binding and G protein-coupled 

receptor kinase phosphorylation, resulting in FSHR downregulation (Troispoux et al, 1999). FSHR 

also activates other G proteins, such as Gαq and Gαi, with downstream effects of increased 

cytoplasmic calcium concentration and selective adenylyl cyclase isoform inhibition, respectively, 

in both testicular Sertoli cells and ovarian granulosa cells (Landomiel et al, 2019).  
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The β-arrestin-dependent pathway allows G protein-coupled receptor kinase 2 or 3 

(GRK2/3)-phosphorylated FSHR signaling inhibition and receptor internalization via clathrin-

coated pits, which triggers recycling or degradation of the receptor (Bhaskaran & Ascoli, 2005; 

Troispoux et al., 1999). Phosphorylation by the GRKs takes place on the serine and threonine 

residues on the intracellular loops or carboxy-tail of the FSHR for recruitment of β-arrestins; the 

exact location has been disputed (Banerjee & Mahale, 2015; Kara et al, 2006; Lazari et al, 1999; 

Ulloa-Aguirre et al., 2013; Ulloa-Aguirre & Timossi, 1998). Truncation of eight C-terminal 

residues of the FSHR marks the complex for degradation. Receptor phosphorylation by GRK5/6 

is another pathway for G protein-independent signaling (Ulloa-Aguirre et al., 2013; Ulloa-Aguirre 

et al., 2018).  

Alternative splicing of the receptor results in differential signaling pathways being 

activated, potentially acting as a mechanism for diversifying FSH signal regulation (Ulloa-Aguirre 

& Timossi, 1998). FSH-R2 did not stimulate cAMP production, while FSH-R3 activated calcium-

dependent signaling, acting as a growth factor-like type I receptor, triggering stem cell 

proliferation in the ovary (Babu et al, 2000; Dias et al, 2010; Sun et al, 2020; Ulloa-Aguirre & 

Zarinan, 2016).  

For aromatase stimulation and differentiation of granulosa cells, FSH uses the protein 

kinase B (PKB) or serum- and glucocorticoid-inducible kinase (Sgk) pathways, along with the 

PKA-dependent pathway (Gonzalez-Robayna et al, 2000). PKB-activated phosphoinositide-3-

kinase (PI3K) pathway plays roles in gene expression, apoptosis, and translation regulation 

(Banerjee et al., 2021; Zeleznik et al, 2003). Protein kinase C (PKC) signal transduction can affect 

steroidogenesis in Sertoli cells, when altered by tumor promoters (Lazari et al., 1999). Other 

proteins that interact with FSHR, such as adaptor protein, phosphotyrosine interacting with pH 
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domain and leucine zipper-1 (APPL1), can also regulate gene transcription and antiapoptotic 

effects through the phosphorylation of a specific transcription factor, forkhead box (FOX)O1 and 

its translocation to the nucleus (Banerjee et al., 2021; Das & Kumar, 2018; Dias et al., 2010; 

Gloaguen et al, 2011; Ulloa-Aguirre et al., 2007).  

1.6 Follicle-Stimulating Hormone and Receptor Function 

FSH is a hormone that plays a significant role in sexual maturation and fertility, by 

stimulating the expression of aromatase, the enzyme responsible for converting androgens to 

estrogens. FSH is released from, and subunit transcription increased in, the anterior pituitary when 

stimulated by GnRH. While GnRH release is pulsatile, FSH is secreted largely constitutively, 

though its secretion can be regulated by steroids, inhibins, and activins (Bousfield & Dias, 2011; 

Burger et al, 2004; Padmanabhan et al, 1997). FSH circulates through the bloodstream to regulate 

follicle growth and differentiation in the ovarian granulosa cells of females and testicular Sertoli 

cell function in males (Hunzicker-Dunn & Mayo, 2015; Kayampilly & Menon, 2009; Lee & 

Walker, 2015; Ulloa-Aguirre et al., 2007). In males, along with LH stimulation of testosterone 

production in Leydig cells, FSH aids in spermatogenesis. In Sertoli cells, FSH regulates inhibin B, 

anti-Mullerian hormone (AMH), as well as other proteins which act as markers of proper cellular 

function by controlling the mitotic phase (Anawalt et al, 1996; Campo et al., 2019; Simoni et al., 

1997; Ulloa-Aguirre et al., 2018). In females, FSH works with LH for proper follicular 

development and can also regulate AMH, activins, and inhibins (Hearn & Gomme, 2000; Loreti 

et al., 2013). In small ovarian follicles, FSH acts by triggering cell proliferation. As the follicles 

mature, differentiation of granulosa cells into large luteal cells is enabled by FSH inducing LHR 

expression and the LH surge triggers this transformation (Gonzalez-Robayna et al., 2000). In 

females, inactivating and activating mutations have been found in the FSHR, causing amenorrhea 
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or spontaneous ovarian hyperstimulation syndrome, respectively, while low levels of FSH and 

FSHR mutations have been associated with polycystic ovarian syndrome (PCOS) (Althumairy et 

al., 2020; Sun et al., 2020). In human males, inactivating mutations of the FSHR alone do not 

cause spermatogenic failure (Siegel et al, 2013). Recombinant FSH is currently used to treat 

infertility in both males and females by stimulating spermatogenesis and follicle development, 

respectively, and has shown potential as a non-steroidal contraceptive (Arato et al, 2020; 

Condorelli et al, 2021; Lunenfeld, 2004; Naz et al, 2005; Smitz et al, 2016).  

There has been evidence of extra-gonadal action of FSH in the placenta and uterus, though 

there is controversy surrounding these claims (Kumar, 2014, 2018). In their 2014 paper, Stilley, et 

al. found FSHR expression in the placenta at all periods of gestation. In this same study, FSHR-

null mice were found to have stunted growth compared to control littermates, suggesting that extra-

gonadal FSHR presence is required for fetal development (Stilley et al, 2014). Another study did 

not find FSHR, or FSH stimulation effects, in human umbilical vein endothelial cells, making a 

role for FSHR in angiogenesis questionable, as discussed further below (Stelmaszewska et al, 

2016).  

FSH is suspected to play roles in many tissue types outside of the reproductive system, the 

best studied of these is the pituitary-bone axis. These extra-gonadal mechanisms likely do not 

employ the cAMP signaling pathway and may be due to alternative splicing of the receptor (Das 

& Kumar, 2018; Robinson et al, 2010; Ulloa-Aguirre & Zarinan, 2016). There is mounting 

evidence for FSH participating in the differentiation of osteoclasts and embryonic fibroblasts, 

which may contribute to osteoporosis in females later in life, especially the accelerated bone loss 

associated with the onset of menopause (Su et al, 2017; Zaidi et al, 2018). Small amounts of FSHR 

have been detected by Western blot in human osteoclasts. In mice, it has been shown that low FSH 
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results in decreased tumor necrosis factor-α (TNFα) in circulation, which in turn reduces osteoclast 

precursor expansion (Iqbal et al, 2006; Robinson et al., 2010). When FSHR is knocked out in 

mice, they are resistant to bone loss (Zhu et al, 2012). FSH concentration in the serum of females 

with osteoporosis were much higher than in pre-menopausal, non-osteoporotic controls (Wang et 

al, 2015). FSH may also play a role in osteoarthritis, as FSHR has been found on chondrocytes 

where its activation stimulates cartilage inflammation (Huan et al, 2021). 

A high LH/FSH ratio has been associated with inflammation and high cholesterol in post-

menopausal females, tying FSH to many aspects of cardiovascular health (Beydoun et al, 2012). 

When FSHR is stimulated in adipose tissues, lipid accumulation occurs. Blocking FSH binding 

decreases body fat, and low FSH in circulation reduces adipose tissue, implicating FSH in obesity 

(Liu et al, 2017). FSH is also associated with carotid intima thickness (Zaidi et al., 2018). 

Metabolic factors, such as waist circumference, total cholesterol, triglyceride levels, and blood 

pressure, in peri- and post-menopausal females have been suspected to increase with changes in 

FSH levels later in life (Serviente et al, 2019; Zhang et al, 2020). A recent study posed that FSH 

levels after menopause contribute to vascular calcification and abdominal aortic aneurysm, though 

the mechanism for this association is unclear (Tedjawirja et al, 2021).  

The FSHR has been found in the endothelial cells of blood vessels associated with a wide 

range of tumors, as well as its association with the epithelial cells of ovarian cancers, providing a 

prospective marker for imaging or target for chemotherapy (Choi et al, 2007; Ide et al, 2013; Radu 

et al, 2010; Sun et al., 2020). This potential was shown in the creation of a DNA vaccine that 

breaks immunotolerance for the FSHR. The SynCon vaccine has been tested in mouse models as 

a treatment for ovarian and prostate cancers to prevent growth and metastasis as well as protect 

against tumor recurrence (Perales-Puchalt et al, 2019). 
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CHAPTER 2 

AIM 

 

2.1 Objectives and Hypotheses  

Glycosylation is a common posttranslational modification of proteins, which affects the 

intrinsic structure and function of the glycoprotein as well as its extrinsic interactions with various 

lectins (Rabinovich & Croci, 2012). Intrinsic functions, such as the mechanism involved in FSH 

glycans fully activating the FSHR, represents a long-standing 40-year gap in our knowledge of 

how glycosylation affects FSH biological function. Diseases due to abnormalities in FSH and 

FSHRs are difficult to identify and treat, signaling the need for better understanding of these 

proteins (Althumairy et al., 2020). These considerations lead to my fundamental research 

questions: 1) do FSH glycoform proportions change with age in males and 2) how do the 

carbohydrates of FSH change receptor-mediated activity?  

2.1.1  Follicle-Stimulating Hormone Macroheterogeneity in Aging Male Pituitaries 

In female pituitaries, hypo-glycosylated FSH abundance has been shown to decrease with 

age, as shown in Figure 3. This study performed in the Bousfield lab determined the correlation of 

age with the decrease of FSH21/18 is -0.92, with a p-value < 0.0001 (Bousfield et al, 2014b). The 

hypo-glycosylated forms of FSH have been shown to be more effective at stimulating cAMP 

production in granulosa cells in vitro than FSH24, suggesting a potential hormonal mechanism 

contributing to the development of menopause (Bousfield et al, 2014a; Butnev et al, 1998; Davis 

et al., 2014; Jiang et al, 2015). FSH isoforms change during puberty in both young males and 

females suggesting gonadal feedback may regulate FSH glycosylation (Olivares et al, 2004; 

Phillips et al, 1997). In males, the quantity of FSH in circulation increases with age, likely leading 

to Sertoli cell failure, but macroheterogeneity proportions have not been elucidated (Morley et al, 
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1997). We aim to determine the proportion of hypo-glycosylated FSH in aging male pituitaries. 

Our hypothesis is that the same macroheterogeneity trend occurs in males as in females: a decrease 

in the more active forms of FSH. For this portion of the study, we extracted FSH from individual 

male pituitaries of varying ages and immunopuried FSH from the extract using anti-FSHβ 

monoclonal antibody (mAb) 46.3H6.B7. We then determined the proportion of FSH21 from the 

purified product by using automated Western blotting procedures.  

 

Figure 3. Relative abundance of hypo-glycosylated FSH in female pituitaries as a 

function of age. The representative Western blot for each sample is provided in A, illustrating the 

24kDa and 21kDa bands belonging to fully and hypo-glycosylated FSH, respectively. B shows 

the band density proportion of hypo-glycosylated FSH. 

[Copyright: © 2014 Bousfield GR, et al. This is an open-access article distributed under 

the terms of the Creative Commons Attribution License, which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original author and source are 

credited.] (Bousfield et al., 2014b). 
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2.1.2 Full Follicle-Stimulating Hormone Receptor Structure in Complex with Follicle-

Stimulating Hormone Glycoforms 

Our working hypothesis is that FSH glycoforms stabilize different FSHR conformations to 

produce the differences in signaling that have been reported. As a proof-of-concept study, we used 

Chinese Hamster Ovarian (CHO) cells that express FSHR as the receptor source, which will be 

purified by anti-FSHR mAb 106.105 (Dias et al, 2011). Our goal is to obtain 100 µg of pure 

receptor which can be used in a variety of experiments to evaluate its potential for structure 

determination in cryogenic electron microscopy (cryo-EM). The structural studies will be 

performed in collaboration with Dr. Zhao Wang, of the Baylor College of Medicine in Houston, 

TX. The feasibility of this project was recently confirmed for the LH/CG receptor in Duan, et al., 

and for the TSH receptor, preprint by Faust, et al (Duan et al, 2021; Faust et al, 2022). The method 

for purification of the FSHR implemented here differs slightly from these studies, using 

membrane-spanning protein (MSP) lipid nanodiscs to encapsulate the protein in an artificial 

membrane similar to that found in the phospholipid bilayer of cells. The membrane-spanning 

protein restoration of the phospholipid environment allows for a more physiologic conformation 

of the membrane protein undisturbed by detergents. By using an MSP, the native conformation of 

the receptor remains intact, sample quality is expected to improve, and we can better understand 

the structure-function relationship of the FSHR with its associated proteins (Denisov & Sligar, 

2016).  

To prepare for these studies, a method for quantifying FSHR amount in MSP nanodisc 

preparations had to be developed. We applied varying amounts of the usual protein standard, 

bovine serum albumin (BSA), during FSHR analysis by SDS-PAGE and used a linear regression 

of the band densities to estimate FSHR and MSP amounts. This approach was intended to eliminate 
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detergent interference and the contribution of MSP from skewing the results of traditional in-

solution protein assays.   

2.2 Significance  

Aging is a universal process, however, the mechanisms regulating the aging process are 

poorly understood. In other glycoproteins, such as immunoglobulin G, glycan microheterogeneity 

has been shown to change with age (Kristic et al, 2014; Parekh et al, 1988). Along with clinical 

observations, lower FSH levels in mice have been implicated in longevity, suggesting that that it 

is an aging hormone (Zaidi et al., 2018). Changes in the hypothalamic-pituitary regulatory axis 

affecting hormone glycosylation provide a potential biomarker for aging in mammals. Along with 

its potential as an aging marker, FSH is currently being used to treat infertility in males and 

females, because couples are more frequently seeking assisted reproduction due to having children 

later in life (Mathews & Hamilton, 2016). Additional specialized care is needed to get the best 

results for couples, requiring a better understanding of how FSH changes with age to ensure that 

these treatments are completely evidence-based (Simoni et al, 2019). For FSH analysis 

specifically, macroheterogeneity is expected to act as a better marker than microheterogeneity 

because the resulting structural heterogeneity is more readily characterized, though a less invasive, 

more sensitive method than discussed here would need to be implemented clinically. While 

macroheterogenity of FSH can easily be visualized via Western blot of 100 ng samples, 

microheterogeneity analysis requires oligosaccharides derived from at least 10 µg of FSH for mass 

spectrometry—not feasible for clinical samples containing 0.002-1 µg FSH.  

Obtaining the full structure of the FSHR in complex with individual FSH glycoforms will 

help us better understand signal transduction and the role in which carbohydrates interact with the 

receptor, change receptor shape, and convey specific transduction signals (Arey et al, 1997; 
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Landomiel et al., 2019; Meher et al., 2015; Ulloa-Aguirre & Zarinan, 2016). The LH/CGR and 

TSHR exhibit major conformational changes involving a rotation of the extracellular domain. The 

inactive state conformation is associated with the ECD in the “down” position, while the active 

state involves a 38-45° rotation to the “up” position (Duan et al., 2021). When TSH binds to the 

ECD of the TSHR, the αAsn52 glycan causes steric interference with the membrane, resulting in 

the ‘up’ position, with the receptor perpendicular to the lipid bilayer, which is sufficient for an 

active TSHR (Faust et al., 2022). The human FSH:FSHR-ECD crystal structure has been 

determined, with engineered truncated FSHR and FSH co-expressed in insect cells. The FSHR 

consisting of only the ECD, which, along with a single-chain FSH, was then enzymatically 

deglycosylated to enable formation of diffractable crystals suitable for X-ray analysis (Fan & 

Hendrickson, 2005; Jiang et al., 2012). A truncated FSHR is problematic, as it is secreted rather 

than being incorporated into the membrane (Davis et al., 1995). The ECD lacking the 

transmembrane heptahelical domain also does not interact with G proteins, required to stabilize an 

active structure, or other proteins involved in signal transduction, such as β-arrestin and APPL1 

(Garcia-Nafria & Tate, 2019; Landomiel et al., 2019). Moreover, the FSH glycans are on the 

opposite side of the ligand from the FSHR binding site, and do not directly bind to the ECD, 

providing no structural mechanism for the inhibitory effects of FSH glycans on binding. The need 

for a structure of the full receptor is highlighted by the roles of the loops connecting the seven-

transmembrane domains, as well as oligmeric arrangement of the receptors mentioned above.  
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CHAPTER 3 

METHODOLOGY 

 

 

3.1 Monoclonal Antibody Purification and Affinity Column Creation 

Anti-FSHβ mouse mAb 46.3H6.B7 and anti-FSHR mouse mAb 106.105 were grown in 

hybridoma cultures and purified from medium containing 2.5% fetal calf serum. The medium was 

diluted 1:4 with double distilled-equivalent water (ddH2O), produced by a Millipore Sigma 

(Burlington, MA) Elix water purification system and precipitated with 45% ammonium sulfate 

overnight at 4℃. The precipitates were centrifuged in the H-6000A rotor of a Sorvall RC-3B Plus 

model centrifuge (Thermo Fisher Scientific, Waltham, MA) at 3566 x g for 30 minutes at 4℃. The 

supernatants were decanted, and pellets resuspended in 50 mM sodium phosphate buffer, pH 7. 

Resuspended antibody pellets were again centrifuged at 3566 x g for 30 minutes at 4℃ in a Sorvall 

RC-3B Plus to remove any insoluble protein. The clear supernatants were then applied to a 20 mM 

sodium phosphate buffer, pH 7-equilibrated MEP HyperCel immunoglobulin affinity column 

(Sartoirus, Goettingen, Ger.) via Pharmicia (now Cytiva, Marlborough, MA) model P-1 peristaltic 

pump and effluent monitored with a model 2238 Uvicord SII ultraviolet (UV) detector to measure 

relative absorbance (A) at 280 nm. Following antibody loading, the column was washed with 20 

mM sodium phosphate buffer, pH 7, until A280 returned to baseline. Bound protein was eluted with 

20 mM sodium acetate, pH 4, containing 150 mM NaCl and effluent collection began once the 

A280 peak appeared, using a 50 mL centrifuge tube containing 10 mL 500 mM Na2HPO4, pH 9.5. 

Samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) on a pre-cast 8-16% SDS-PAGE Mini-PROTEAN gel from BioRad (Hercules, CA). Gels 

were stained using Thermo Fisher Scientific GelCode Blue Safe Protein Stain, and imaged using 

an Azure Biosystems (Dublin, CA) model 600c imaging system to confirm antibody presence in 
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the eluted fraction. The antibody fraction was concentrated using an Amicon Ultra-15 100,000 

molecular weight cutoff centrifugal ultrafiltration cartridge to less than 500 µL and subjected to 

gel filtration using a 1 x 30 cm GE Healthcare (now Cytiva) Superdex 200 Increase column. The 

mobile phase was 0.2 M ammonium bicarbonate containing 20% acetonitrile, and the 

chromatogram was developed at 0.4 mL/minute using a Waters (Milford, MA) HPLC consisting 

of a model 1525 binary pump and model 2489 UV/visible detector monitoring absorbance at 210 

and 280 nm. The HPLC system was controlled by Waters Empower chromatography software 

build number 3471.  

An N-hydroxy-succinimide (NHS)-activated HiTrap column from GE Healthcare (now 

Cytiva) was used for mAb 46.3H6.B7 column creation. The column was activated with 1 mM HCl 

followed by infusion of purified antibody in 1 mL 0.2 M NaHCO3, pH 8.3, containing 0.5 M NaCl 

(coupling buffer) into the column. The column was sealed and incubated at room temperature for 

30 minutes. Unreacted functional groups were blocked by treating the column with ethanolamine 

in 0.5 M ethanolamine, pH 8.3, containing 0.5 M NaCl (buffer A) followed by a wash with 0.1 M 

sodium acetate, pH 4, containing 0.5 M NaCl (buffer B). The column was left in buffer A at room 

temperature for 30 minutes and then washed sequentially with buffers B, A, B, and coupling buffer. 

The column was stored in 0.05 M Na2HPO4, pH 7, containing 0.1% NaN3 until ready for use. 

3.2 Pituitary Follicle-Stimulating Hormone Extraction and Purification 

Male pituitaries of various ages were provided by the NCI Cooperative Human Tissue 

Network, stored at -80℃, and extracted using one of two methods. The first method involved the 

use of a Polytron homogenizer, and the second used a glass-Teflon homogenizer. First, 10 mL of 

11.5 mM NaH2PO4·H2O, pH 5.1, plus 100 µL general protease inhibitors (Sigma), was placed in 

a 50 mL centrifuge tube on ice. The frozen pituitary was added to the buffer and homogenized for 
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10 seconds using a Polytron PT 10-20-3500 homogenizer (Brinkmann, now Kinematica AG, 

Malters, Switzerland) at 70% power in the fume hood. The extract was allowed to cool for 20-30 

seconds on ice before repeating homogenization twice more. The homogenate was centrifuged at 

10,000 x g in a Sorvall RC-6 high speed centrifuge SA-300 rotor (Thermo Fisher Scientific). The 

supernatant was aspirated and saved, while the pellet was resuspended with 10 mL 0.1M 

ammonium sulfate, pH 4.1. The homogenization process was repeated with the second buffer after 

cleaning the homogenizer apparatus with ddH2O. The second homogenate was again centrifuged, 

and the supernatant saved. Both supernatants were stored at -20℃ until use. 

In the second method, pituitaries were lyophilized for three days prior to homogenization 

using a VirTis (Gardner, NY) model 250 freezemobile. The dried pituitary was then cut into small 

pieces using a razor blade and homogenized using 20 strokes of a glass-Teflon homogenizer in 8 

mL 0.02 M sodium phosphate buffer, pH 7 to which 100 µL of Millipore Sigma general protease 

inhibitor cocktail P2714 was added. The homogenized material was then centrifuged at 10,000 x 

g for 20 minutes in the SA-300 rotor of a Sorvall model RC-6. The supernatant was saved, and the 

homogenization and centrifugation steps repeated twice more. The supernatants were stored at -

20℃ until use (Bousfield et al., 2014b).  

FSH yield from the extractions was measured via enzyme-linked immunosorbent assay 

(ELISA) from Immuno-Biological Laboratories (IBL) (Minneapolis, MN) and compared to 

estimated FSH content of human pituitaries. These estimates were based on purified FSH yield as 

summarized by Liu and Ward, 1975, where 6 µg FSH could be purified from a gram of pituitary 

tissue (Liu & Ward, 1975).  

FSH was immunopurified using a 46.3H6.B7 HiTrap affinity column, prepared as 

described above. The pituitary extract was recirculated through the equilibrated column overnight 
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at 4℃. The column was washed for five minutes with 20 mM sodium phosphate buffer, pH 7, then 

with 100 mM sodium phosphate buffer, pH 7 containing 0.3 M NaCl, for 20 minutes. FSH was 

eluted from the column for 20 minutes using 100 mM glycine-HCl, pH 2.7, containing 0.5 M NaCl 

and neutralized using 1.2 mL 1 M Tris-HCl, pH 9.5. The neutralized eluent was then concentrated 

using an Amicon Ultra-15 10,000 molecular weight cutoff centrifugal ultrafiltration cartridge 

(Millipore Sigma). The concentrated protein was applied to a 1 x 30 cm Cytiva Superdex 75 

Increase column. The mobile phase was 0.2 M ammonium bicarbonate containing 20% 

acetonitrile, and the chromatogram was developed at 0.4 mL/minute using the same Waters HPLC 

system described above, monitoring absorbance at both 210 and 280 nm. Protein amount was 

determined by FSH ELISA, as above.  

3.3 Automated Western Blot and Pituitary Glycoform Analysis 

Purified pituitary FSH was analyzed using a Protein Simple (San Jose, CA) Wes automated 

capillary electrophoresis Western blotting system. Samples consisting of 100 ng FSH were 

analyzed in triplicate when available. All reagents except primary antibody were provided by 

Protein Simple. Primary anti-FSH mAb 7.13.B5 was used at 1:5000 dilution in antibody diluent 

with a secondary anti-mouse antibody. Samples were prepared with one-part 5X Fluorescent 

Master Mix (10X Sample Buffer, Master Mix components, 200 mM DTT) to four parts sample 

resuspended in 1X Sample Buffer. Samples were mixed, then denatured at 95℃ for five minutes 

(Nelson et al, 2017). Aliquots consisting of 3 µL of each sample were then loaded into the 25-well 

cartridge and centrifuged for 5 minutes at 291 x g in a Sorvall model RC-3B Plus centrifuge using 

the H-6000 rotor outfitted with plate holders before placing the plate in Wes and running the 

Protein Simple Compass for Simple Western version 4.1.0.  
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3.4 Chinese Hamster Ovarian Cell Culture 

Proof of concept study of FSHR solubilization and purification was carried out using 

transfected CHO cells that express human FSHR, obtained from the late Dr. W.R. Moyle (R.W. 

Johnson Medical School, Piscataway, NJ). Approximately one million frozen cells were removed 

from storage in liquid nitrogen, rapidly heated in a 37℃ water bath, and placed in a 150 cm2 

Corning (Corning, NY) cell culture flask. Cells were grown at 37℃ under 5% CO2, in Gibco 

(Dublin, Ireland) Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 and 10% fetal calf 

serum. Once confluent, cells were dissociated from the flask using trypsin/EDTA incubation and 

placed into 2-L Corning roller bottles. Every three to four days, one-eighth of the cells were sub-

cultured in 500 mL of media; half of the cells were removed from culture and transferred to 0.1 M 

Tris-HCl, pH 7.4, 0.02% NaN3, 0.1% BSA (radioligand assay (RLA) buffer) containing 10% 

glycerol and frozen at -80℃ until ready for use.  

3.5 MACS Follicle-Stimulating Hormone Receptor Solubilization and Purification 

The first method of purification for the FSHR was using MACS MicroBeads (Miltenyi 

Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany). The MACS beads were prepared 

with mAb 106.105 via the following protocol. Reconstitution buffer from Miltenyi was combined 

with 300 µg antibody. The mixture was added to the microbeads and incubated overnight at 4℃. 

Beads were added to an equilibrated Miltenyi µ column sitting in the concave portion of a ‘U’-

shaped magnet, which captures the magnetic beads in the column, 500 µL at a time, followed by 

washing three times with 200 µL of storage buffer, also from Miltenyi. Columns were then 

removed from the magnet and placed into an Eppendorf tube for collection. The beads, which were 

no longer held in place by magnetic attraction, were washed from the column with 125 µL storage 

buffer and stored at 4℃ until use, protected from light.  
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A 50 million cell aliquot of frozen CHO-FSHR cells was thawed and incubated with 

MACS beads for one hour on ice. The mixture of beads and cells was put over a µ column in the 

magnet slot and flow through collected. This process was repeated once more. The column was 

eluted with 100 mM glycine-HCl, pH 2.7, containing 0.5 M NaCl and pH neutralized with 1 M 

Tris-HCl, pH 9.5. The eluent was re-loaded onto the column and eluted again. The beads were 

then washed with a neutral buffer and the column taken off the magnet and the beads stored at 

4℃.  

We then tried solubilizing the cells before combining with the MACS beads and placing 

over the column. We used a solution of 1% igepal and 0.4% deoxycholate to lyse 50 million CHO 

FSHR cells. After one hour on ice, the lysate was diluted 10X with ddH2O before combining with 

the MACS beads. The beads were put on a µ column sitting in the magnet and washed with RLA 

buffer and 0.1% igepal and 0.04% deoxycholate detergent. The receptor was eluted from the beads 

in a manner described above with 100 mM glycine-HCl, pH 2.7, containing 0.5 M NaCl, 0.1% 

igepal, and 0.04% deoxycholate, followed by washing of the beads once more.  

3.6  Follicle-Stimulating Hormone Receptor Solubilization and Purification 

Solubilization of the receptor was also attempted without the use of MACS beads. A buffer 

recommended to us by Dr. James Dias (The University of Albany, Albany, NY) containing 30% 

glycerol, 2% Triton X-100, 25 mM MgCl2, and 50 uL Sigma protease inhibitor cocktail. For this 

attempt, 500 million frozen CHO FSHR cells were used and incubated for two hours on ice. The 

supernatant was collected by centrifugation at 13,000 rpm for 5 minutes at room temperature in a 

Sorvall biofuge pico benchtop centrifuge.  

Typical FSHR solubilization protocols used 500 million fresh CHO FSHR cells 

centrifuged at 291 x g for 10 minutes at 4℃ in the H-6000A rotor of a Sorvall RC-3B Plus model 
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centrifuge. The supernatant was decanted, and pellet resuspended using 6 mL 20 mM HEPES, pH 

7.5 containing 50 mM NaCl, 5 mM MgCl2, 50 uL Sigma protease inhibitor cocktail, 2% lauryl 

maltose neopentyl glycol (LMNG), and 30% glycerol for lysis. LMNG was used as a gentle 

detergent recommended for cryo-EM studies of GPCRs (Garcia-Nafria & Tate, 2019). Cells were 

lysed for 2 hours on ice with frequent mixing. The supernatant was collected by centrifugation at 

16060 x g for 5 minutes at room temperature in a Sorvall biofuge pico benchtop centrifuge.  

 Immunopurification of the FSHR was performed on the cell lysate supernatant using either 

mAb 106.105 or 106.156 columns. Both anti-FSHR antibodies were obtained from Dr. Dias. 

Monoclonal antibody 106.105 was shown in Lindau-Shepard, et al., to not only bind to the ECD, 

but interfere with FSH binding to the FSHR, making it useful for unbound receptor purification 

(Lindau-Shepard et al, 2001). Antibody 106.105 a targets residues 300-315 in the hinge loop near 

the binding site of FSH. Opposite to the FSH-binding site on the rigid LRR, mAb 106.156 binds 

residues 183-220. As such, mAb 106.156 is expected to be a suitable antibody to purify FSHR in 

complex with FSH. Each column was loaded onto a 20 mM sodium phosphate buffer, pH 7-

equilibrated column overnight at 4℃ via a peristaltic pump at a slow rate. Washing with 20 mM 

sodium phosphate buffer, pH 7 with 0.05% LMNG occurred for 20 minutes at 4℃, followed by 

elution with 100 mM glycine-HCl, pH 2.7 containing 0.5 M NaCl and 0.05% LMNG for 30 

minutes at 4℃ and neutralized using 1.2 mL 1 M Tris-HCl, pH 9.5. Eluent was concentrated and 

buffer exchanged to 20 mM Tris-HCl using an Amicon Ultra-15 10,000 Da molecular weight 

cutoff (Sigma-Aldrich). Amicon retentate was transferred to a new tube, 30% glycerol added, and 

frozen at -20℃ until use, or the concentrate was further purified with Superdex 200 with a mobile 

phase of 20 mM HEPES, pH 7.5 containing 50 mM NaCl, 5 mM MgCl2, and 0.05% LMNG. 

3.7 Western Blot 
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 Following SDS-PAGE of selected FSHR samples, protein transfer to polyvinylidene 

difluoride (PVDF) was performed by filling a mini-gel electrophoresis tank with cold 25 mM Tris 

base, 192 mM glycine, 20% methanol, and placed at 4℃ with a magnetic stir bar. The PVDF 

membrane was immersed in methanol for five minutes. The blotting paper, membrane, and 

polyacrylamide gel sandwich, secured by sponges and a cassette, was placed in the tank and a 

constant voltage 100 V was applied for two hours with stirring. Following transfer, the cassette 

was disassembled, and PVDF membrane rinsed with ddH2O before drying on the benchtop 

overnight.  

 Western blotting of the membrane occurred in a suspension 2.5% non-fat dry milk in 50 

mM Tris base, 150 mM NaCl, 1 mM EDTA, 0.05% Tween 20 (Western blot buffer). The primary 

antibody used for FSHR was mAb 106.105 at a 1:1000 dilution in Western blot buffer. The primary 

antibody mixture was placed in a small tray and the dry membrane placed face-down in the buffer 

and incubated at room temperature with shaking for one hour, followed by three rinses with 

ddH2O. The membrane was washed with Western blot buffer for five minutes at room temperature 

with shaking, repeated twice. The secondary antibody was a whole-molecule anti-mouse IgG from 

Sigma used at a dilution of 1:5000 in Western blot buffer. The membrane was incubated at room 

temperature with shaking for one hour. The blot was rinsed three times with ddH2O and developed 

with Cytiva ECL Prime Luminol Enhancer Solution for five minutes at room temperature. The 

blot was then imaged using an Azure Biosystems (Dublin, CA) model c600 imaging system.  

3.8 Membrane-Spanning Protein 1D1 Expression and Purification 

The pMSP1D1 lipid nanodisc, used in other GPCR structural studies, was a gift from 

Stephen Sligar (Addgene plasmid # 20061; http://n2t.net/addgene:20061; RRID:Addgene_20061) 

(Denisov et al, 2004). The bacterial culture was streaked on an LB kanamycin agar plate, incubated 
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overnight, and a single colony was picked and cultured in 3 mL of LB media overnight for plasmid 

isolation by the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Ger.). The plasmid was then 

transformed into BL21(DE3) cells and plated on kanamycin LB. For protein expression, one 

colony was grown overnight with shaking at 37℃ in 50 mL of LB supplemented with kanamycin. 

From this starter culture, 10 mL was added to each of four, one-liter culture flasks containing LB 

and kanamycin, and grown at 37℃ with shaking at 180 rpm until an optical density (OD)600 of 0.6 

was reached. Once the desired optical density was obtained, 1 mL of 1 M isopropyl β-D-1-

thiogalactopyranoside (IPTG) stock was added to the culture and the temperature reduced to 18℃ 

for more efficient protein expression. Following four hours of expression, the culture was placed 

in 1 L centrifuge tubes and centrifuged at 3566 x g for 40 minutes at 4℃ in the H-6000A rotor of 

the Sorvall RC-3B Plus centrifuge. The supernatant was removed, and cell pellet resuspended in 

100 mL 20 mM Tris-HCl, pH 7, 100 mM NaCl, 0.5 mM EDTA (MSP storage buffer), placed into 

50 mL tubes, frozen and stored at -80℃ until use.  

 Frozen cells were thawed for approximately 30 minutes in water, followed by addition of 

one protease inhibitor tablet and 50 mg lysozyme. Cells were placed on ice and lysed by sonication 

for a net sonication time of 10 minutes, repeatedly using 5 sec on, 5 sec off at 40% power. The cell 

lysate was centrifuged at 10,000 x g for 45 minutes at 4℃ in a Sorvall RC-6 high speed centrifuge 

SA-300 rotor. The supernatant was applied to a gravity Ni-NTA column equilibrated with 50 mM 

Tris-HCl, pH 8, containing 500 mM NaCl (wash buffer) and 1% TritonX-100. The column was 

washed with five column volumes (CV) of wash buffer containing 1% TritonX-100, followed by 

5 CV wash buffer, and 5 CV wash buffer containing 10 mM imidazole. The MSP was eluted with 

5 CV 50 mM Tris-HCl, pH 8, containing 500 mM NaCl and 500 mM imidazole. All fractions were 

analyzed for purity and protein amount by SDS-PAGE. MSP1D1-containing fractions were 
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combined and dialyzed against MSP storage buffer using a Spectrum (Los Angeles, CA) 6-8 kDa 

MWCO dialysis membrane at 4℃ overnight with stirring. The 6His tag linked MSP1D1 was 

cleaved by tobacco etch virus protease with the addition of 1 mM DTT overnight at 4℃. After 

dialysis in MSP storage buffer, the protein was further purified through size-exclusion 

chromatography on the Cytiva Akta model 25 chromatography system controlled by the Cytiva 

Unicorn software version 7.4. The column was a 1 x 30 cm Cytiva Supderdex 200 column using 

MSP storage buffer as the mobile phase. Protein-containing fractions were concentrated, and flash 

frozen in liquid nitrogen, then stored at -80℃ until use (Hagn et al, 2018).  

3.9  Follicle-Stimulating Hormone Receptor and Membrane-Spanning Protein Lipid 

Nanodisc Assembly and Purification 

For nanodisc assembly, 400 µL MSP buffer, 50 µL of 50 mM deoxycholate, 250 µL of 1-

palmitoyl-2-oleyol-glycero-3-phosphocholine (POPC) from Avanti Polar Lipids (Alabaster, AL) 

(in 50 mM deoxycholate), 250 µL MSP1D1, and 250 µL solubilized FSHR were combined. The 

mixture was incubated for two hours at 4℃, ensuring that the solution was clear once incubation 

was finished. To remove detergents, the assembly was dialyzed against 2 L MSP buffer at 4℃ for 

two days with frequent changing of the buffer. The mixture was concentrated, and size-exclusion 

chromatography performed. Protein-containing fractions were concentrated to 1µg/µL and stored 

at 4℃ (Hagn et al., 2018).  

3.10 Radioligand Assay 

FSH and mAb binding to the receptor on whole CHO cells was assessed using standard 

radioligand assay (RLA) conditions (Butnev et al, 1996). For each RLA tube, 200 µL of RLA 

buffer was added as well as 100 µL of the desired 125I-FSH tracer. Aliquots of 250,000 CHO cells 

were added to each tube followed by shaking for the desired time at 37℃. The tubes were then 
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centrifuged at 3566 x g for 10 minutes at 4℃ in a Sorvall RC-3B Plus. The supernatant was 

aspirated, and tubes placed in the Wallac Wizard2 model 2470 Automatic Gamma Counter 

(PerkinElmer, Waltham, MA). Counts per minute (cpm) for each time point or dilution were 

entered into the Prism software package (GraphPad LLC, San Diego CA) and non-linear curve 

fitting performed to determine the 50% inhibitory dose (ID50).  

For competitive RLA, serial dilutions of the desired FSH sample were prepared. RLA 

buffer and desired serial dilution was added to each tube to total 200 µL, along with 100 µL 125I-

FSH. CHO cells or FSHR in 200 µL RLA buffer were added to each tube as described above and 

mixed. The tubes were incubated with shaking for 3 hours at 4℃ followed by centrifugation, 

supernatant aspiration, and gamma scintillation counting as described above. 

3.11 Follicle-Stimulating Hormone Receptor Enzyme-Linked Immunosorbent Assay 

 A non-radioactive receptor assay is being developed in our laboratory by Dr. Viktor 

Butnev. FSH-binding activity of the purified FSHR-MSP complex was evaluated in this assay. 

Here, a 96-well high binding plate from Corning was coated with 100 µL FSHR (approximate 

concentration, 5 µg/mL) and incubated at room temperature for one hour with shaking before being 

stored at 4℃ overnight. The plate was washed six times using a BioTek (now Agilent, Santa Clara, 

CA) ELx50 plate washer with borate buffered saline and Tween-20. Following this wash step, the 

plates were blocked with 1% bovine serum albumin in 25 mM phosphate-buffered saline. The 

plate was incubated for one hour at room temperature, followed by washing as described above. 

We added 100 µL of GlycoFormA preparation 214 FSH24/21 mixture to the plate using twofold 

serial dilutions ranging from 0-64 ng/mL. The plate was incubated with shaking at room 

temperature for one hour and stored overnight at 4℃. The plate was washed, followed by addition 

of 100 µL monoclonal antibody 15-1.E3.E5 at a 100 ng/mL concentration. Again, the plate was 
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incubated with shaking at room temperature for one hour, followed by washing and the addition 

of the secondary anti-mouse antibody at 1:1,000 dilution. The same incubation was performed, 

followed by washing, and the addition of 100 µL BD OptEIA 3,3',5,5'-Tetramethylbenzidine 

(TMB) substrate for horseradish peroxidase (BD Biosciences, Franklin Lakes, NJ) per well. Once 

the plate was developed, 50 µL 2 M phosphoric acid stop solution was added, and the plate read 

using BioTek Synergy MX microplate reader.  

3.12 Bovine Serum Albumin as a Protein Standard Following SDS-PAGE 

 Bovine serum albumin (BSA) was used as a standard to measure protein amounts of target 

proteins in Coomassie Blue-stained SDS-PAGE gels. A 4 mg/mL BSA solution was diluted to 1 

µg/µL in borate buffered saline and stored at 4℃ until use. Samples of various quantities (0.5, 1, 

2, 4, 8, and 10 µg) were dried in a Speedvac and resuspended in 2X Laemmli buffer before being 

subjected to SDS-PAGE.  

 Following staining, the gel was imaged, and densitometry of the bands was acquired in the 

c600 using Azure Spot software. The densitometry units were plotted with GraphPad LLC (San 

Diego, CA) Prism as a function of protein amount. Densities of desired sample bands were also 

acquired, and protein amounts interpolated from the linear regression acquired performed on the 

BSA sample band densities.  

3.13 Coupling Gold Nanoparticles to Follicle-Stimulating Hormone   

 We used 25 nm gold particles from Electron Microscopy Services (Hatfield, PA) for the 

preliminary binding analysis to a recombinant GH3-FSH21/24 preparation. Nanoparticles were 

placed in an Amicon Ultra-4 30 kDa molecular weight cutoff and centrifuged for 10 minutes at 

1800 x g in the Sorvall H-6000A rotor at 4℃. The particles were resuspended in 3 mL of 10 mM 

MES buffer and centrifuged again for 15 minutes. The gold nanoparticles were suspended in 1 mL 
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MES and removed from the Amicon. For coupling, 20 µL of 100 mM 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) was added to the particles and incubated 

at room temperature for five minutes followed by the addition of 20 µL of 100 mM N-

hydroxysulfosuccinimide. The mixture was incubated at room temperature for 30 minutes. After 

incubation, 1 mg of FSH was added to the gold mixture and incubation continued at room 

temperature with stirring for two hours. This was then centrifuged in an Amicon Ultra-4 100 kDa 

molecular weight cutoff for 10 minutes at 4℃ in the Sorvall H-6000A rotor. The nanoparticles 

were washed with storage buffer (0.1 M Tris-HCl, pH 7, 15 mM NaN3), and centrifugation 

repeated twice more to remove any unbound FSH.  
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CHAPTER 4 

MONOCLONAL ANTIBODY PURIFICATION RESULTS 

 

 

4.1 Monoclonal Antibody Purification 

 Monoclonal antibodies from hybridoma cultures were purified from either serum-

containing or serum-free media, as described in the methods, to be used for immunopurification 

column creation or as primary antibodies for Western blot. These uses for mAbs are essential for 

the projects discussed here, requiring preparative amounts of antibody that called for my learning 

the purification procedure. Precipitation from serum-containing medium brought down more 

proteins than were found in precipitated serum-free medium, with many serum proteins co-

precipitating as contamination in the mAb preparation. Because similar results were obtained with 

anti-FSHβ and anti-FSHR antibodies, Figure 4 shows a representative chromatogram and SDS-

PAGE analysis of mAb purification. Mouse IgG heavy and light chains are 50 and 25 kDa, 

respectively, identified with arrows. The contaminating proteins can be visualized in this gel, as 

well as the inset gel in Figure 4B after two rounds of size-exclusion chromatography. Lane 1 of 

the inset gel shows the antibody-containing Superdex 200 fraction. This preparation yielded 

approximately 1.2 mg of antibody per liter of media, as determined by SDS-PAGE band density 

comparison of a previously-purified mAb 106.105 preparation, which was a relatively low level 

of expression for hybridoma cell cultures.  
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Figure 4. Monoclonal antibody 106.105 purification. Arrows indicate 50 and 25 kDa IgG heavy 

and light chains, respectively. A) Reduced sample, Coomassie Blue-stained gel. Lane 1, BioRad 

Precision Plus All-Blue Protein Standards, as indicated in kDa; lane 2, ammonium sulfate 

precipitate; lane 3, MEP column flow through; lane 4, MEP column wash; lane 5, MEP column 

elution, concentrated to 1 mL. B) Superdex 200 chromatogram of MEP bound fraction. The bars 

indicate the portion of each peak collected. Inset, reduced sample, Coomassie Blue-stained gel 

for each fraction.  
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CHAPTER 5 

 

PITUITARY FOLLICLE-STIMULATING HORMONE RESULTS 

 

 

5.1 Follicle-Stimulating Hormone Abundance in Aging Male Pituitaries  

 FSH from seven male pituitaries was extracted using a glass-Teflon homogenizer and 

purified by 46.3H6.B7 immunoaffinity chromatography followed by Superdex 75 gel filtration. 

We were not able to purify enough FSH from the other pituitaries for automated Western blotting. 

The age, mass, expected FSH content, and FSH yield for each pituitary are listed in Table 1, with 

the pituitaries used for FSH glycoform analysis indicated by an asterisk. Expected FSH yield from 

each pituitary was calculated using the average pituitary FSH recovery taken from a 1975 review 

by Liu & Ward, where multiple FSH preparation yields averaged 6 mg FSH yield per kg of 

pituitary tissue. For the average 0.5 g human pituitary, 3 µg FSH should be present per gland (Liu 

& Ward, 1975). Disappointingly, some pituitaries in this study were excluded from further analysis 

due to the lack of FSH in the extract, typically caused by a low starting pituitary mass. In fact, with 

average adult pituitary mass being approximately half a gram, we received a median of 38% of the 

expected pituitary mass (Halliburton et al, 1909).  
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TABLE 1 

CHARACTERISTICS OF HUMAN PITUITARIES USED IN THIS STUDY 

Age Pituitary Mass 

(g) 

Expected FSH (µg)  

(Liu & Ward, 1975) 

Extracted FSH 

Yield (µg) 

Purified FSH 

Yield (ng) 

9¹ 0.08 0.48 0.1 0.1 

27¹ 0.37 2.22 0.31 2.1 

31¹ 0.08 0.48 0.22 0.5 

45¹ 0.06 0.36 0.25 >19 

47A 0.07 0.42 0.07 N/A** 

47B 0.01 0.06 0.82 N/A 

48* 0.22 1.32 N/A 860 

52* 0.19 1.14 N/A 950 

53A 0.26 1.56 3.3 89.3 

53B 0.3 1.80 14.3 337 

54 0.18 1.08 >3 N/A 

55 0.15 0.90 >3 N/A 

56 0.42 2.52 18.4 197.4 

60* 0.4 2.40 25.1 157 

65A 0.25 1.50 N/A N/A 

65B 0.47 2.82 13.5 227.3 

66 0.56 3.36 9.8 218 

67A* 0.3 1.80 7 188.2 

67B* 0.13 0.78 N/A 540 

68A* 0.14 0.84 N/A 960 

68B 0.36 2.16 7.4 238.5 

69* 0.32 1.92 N/A 1,540 

70A 0.14 0.84 0.42 5.8 

70B 0.4 2.40   12.6 37 

71¹ 0.17 1.02 0.82 1.3 

78 0.12 0.72 >3 N/A 

80¹ 0.07 0.42 0.29 0.5 

81¹ 0.19 1.14 0.57 4.6 

82 0.11 0.66 >3 N/A 

86¹ 0.04 0.24 0.90 24.7 

¹Pituitary was extracted using Polytron homogenizer 

*Pituitary was used for further analysis 

**Not Available 

 

5.2 Pituitary Follicle-Stimulating Hormone Purification  

 Though the Wes instrument for automated Western blot is capable of detection using tissue 

lysates, purification of the extract was required before Western blotting because of the differing 
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glycosylation patterns of the FSHβ-subunit when found in the heterodimer versus free FSHβ 

(Bousfield et al, 2007). The IBL ELISA confirmed presence of the heterodimer in our Superdex 

fractions, with anti-α and anti-FSHβ antibodies used in the sandwich ELISA. Each pituitary extract 

typically required two to three rounds of purification via anti-FSHβ antibody and Superdex 75 

columns. An example chromatogram and subsequent ELISA from the 67-year-old pituitary B, with 

a starting mass of 0.13 g, following immunoaffinity chromatography are provided in Figure 5. 

FSH typically showed a retention time of 23-30 minutes, as evidenced in the ELISA’s dark blue 

color for this fraction, which was consistent for each pituitary. FSH yield from each individual 

pituitary purification ranged from 0 to 1.54 µg after repeat purifications. This large amount of 

variation was likely due to the starting material being only a portion of the gland, as FSH is not 

distributed equally throughout the pituitary, as well as dissociation of the heterodimer using the 

low pH buffers in the first extraction method. Median and mean yield of purified FSH from the 

pituitaries were 1.1% and 16.7% of the expected yield, respectively. 

 

Figure 5. Pituitary FSH chromatogram and ELISA. This example chromatogram from the 67-

year-old pituitary B, with a starting mass of 0.13 g, monitored Superdex 75 column eluent at A280 

(y-axis) over 70 minutes (x-axis). Fractions collected manually are indicated by filled bars. 

Samples corresponding to each fraction number were dried before running an ELISA, inset, to 

evaluate FSH yield.  
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5.3 Pituitary Follicle-Stimulating Hormone Western Blot Analysis 

For automated Western blots, 100 ng of FSH was needed for each replicate, much less than 

the 1 µg sample required for traditional blotting procedures. Our goal was to run samples in 

triplicate, which required 300 ng of FSH. Of the 30 pituitaries extracted, only 12 yielded at least 

100 ng purified FSH. Seven of these samples were successfully characterized by Western blotting, 

with five analyzed in triplicate. Technical issues with capillary electrophoresis resulted in the loss 

of seven FSH samples that may have otherwise been included in the following analysis. In 

addition, two pituitaries did not yield enough purified FSH for triplicate replication. The seven 

pituitary Superdex 75 chromatograms and Western blots are combined in Figure 6.  
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Figure 6. Superdex 75 chromatograms and automated Western blot of 100 ng pituitary FSH 

samples. Bars on chromatograms indicate FSH-containing fraction. Y-axis is absorbance 

monitored at 280 nm; x-axis is retention time in minutes.  A) Superdex 75 chromatogram of 48-

year-old pituitary. B) Superdex 75 chromatogram of 52-year-old pituitary. C) Superdex 75 

chromatogram of 60-year-old pituitary. D) Superdex 75 chromatogram of 67-year-old pituitary 

A. E) Superdex 75 chromatogram of 67-year-old pituitary B. F) Superdex 75 chromatogram of 

68-year-old pituitary A. G) Superdex 75 chromatogram of 69-year-old pituitary. H) Capillary 

electrophoresis of pituitary samples. Lane 1, 100-ng pituitary FSH standard (AFP7298A); lanes 

2-4, 48-year-old; lanes 5-7, 52-year-old; lane 8, 60-year-old; lane 9, 67-year-old pituitary A; 

lanes 10-12, 67-year-old pituitary B; lanes 13-15, 68-year-old A; lanes 16-18, 69-year-old.   
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5.4 Follicle-Stimulating Hormone Macroheterogeneity in Aging Male Pituitaries 

 

FSHβ subunit band densities obtained by Western blotting were used to calculate the 

relative amounts of fully- and hypo-glycosylated FSH, shown in red and black, respectively, in 

Figure 7A. The relative abundance of FSH21 as a function of age is shown below in Figure 7C. 

With one exception, hypo-glycosylated FSH abundance was greater than that of FSH24, ranging 

from 70 to 76%. The exception possessed only 33% FSH21, a strong outlier for this sample set.  

 
Figure 7. Relative abundance of hypo-glycosylated FSH in male pituitaries as a function of age. 

A) Percent glycoform abundance of FSH21 (black) and FSH24 (red) as determined by band 

densities with error bars showing standard deviation for samples run in triplicate. B)  

Representative blot for each purified FSH sample. C) Plot of the proportions of FSH21 in each 

sample as determined from band density. Trendline, correlation coefficient, and significance 

calculated in Prism. Error bars showing standard deviation for samples run in triplicate were not 

large enough to be visible.  
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By using Fisher Z transformation to transform correlation coefficients to z-scores, we can 

then compare the data acquired from males and females (Bousfield et al., 2014b; Glen, 2014). We 

asked the question: is the proportion of hypo-glycosylated the same with age in males and females? 

Despite small sample size, we can reject this null hypothesis. Our z-value for comparing the two 

correlation coefficients -0.92 and 0.17 for females and males, respectively is 2.928, which 

translates to a p-value <0.05, meaning the sex-differences for FSH glycosylation changes with age 

are statistically significant. Because we had a low range of ages for the male pituitaries, we also 

performed Fisher Z transformation using the five pituitaries from females that corresponded to our 

samples; these ages ranged from 54-72 years old. In this truncated female sample, we obtained a 

correlation coefficient of -0.42 with a p-value of 0.48. When comparing this correlation coefficient 

to our male sample using Fisher Z, we obtained a z-value of 0.792, or a p-value of 0.21, which is 

not significant. This suggests we need to obtain proportion of FSH21 for males in a wider range 

of ages to adequately compare to females.  
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CHAPTER 6 

 

FOLLICLE-STIMULATING HORMONE RECEPTOR RESULTS 

 

6.1 MACS Follicle-Stimulating Hormone Receptor Solubilization and Purification 

 The first method of purification for the FSHR was using MACS MicroBeads. The magnetic 

beads were coupled to mAb 106.105 as described in methods. Test binding of the beads to CHO-

FSHR cells was evaluated by cell count using a Beckman Coulter (Brea, CA) model Z1 cell 

counter, with a starting cell number of 50 x 106. The cell-bead mixture was placed over the 

magnetic column and cells counted in the flow through and elution fractions, shown in Figure 8. 

The number of cells recovered from the flow through was 8.2% of those added to the beads, 

suggesting over 90% of the cells were captured during the procedure. However, cells in the elution 

fraction totaled only 13.8% of the initial number. The loss of this majority of cells may be due to 

the several hours required for the cell capture process. Alternatively, the low pH elution buffer, 

100 mM glycine-HCl, pH 2.7, containing 0.5 M NaCl, may have lysed the cells during elution. 

 

Figure 8. MACS test cell count. The y-axis maximum shows the 50 x 106 cells used in the 

experiment. The cell fraction counts are indicated on the x-axis. The percent of CHO-FSHR cells 

found in each fraction is shown above each bar. 
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For the next experiment, we incubated the MACS beads with 50 million whole CHO-FSHR 

cells, captured them in a µ column in a magnet, then lysed the cells still attached to the beads with 

1% igepal and 0.4% deoxycholate. The expectation was that contaminating proteins would be 

washed away along with cellular debris, leaving FSHR bound to mAb 106.105. Again, the cell 

capture and lysing process took hours. Results from this experiment are shown in Figure 9. FSHR 

(arrow) can be seen in the flow through and lysate fractions slightly above the 75 kDa molecular 

weight marker band, indicating minimal binding to the 106.105-coupled beads. The eluted 

fractions also showed no FSHR, again suggesting a lack of binding in the presence of igepal and 

deoxycholate.  

 

Figure 9. SDS-PAGE analysis of lysing 106.105-caputred CHO FSHR cells in the MACS 

column. Lane 1, BioRad Precision Plus All-Blue Protein Standards, as indicated in kDa; lane 2, 

flow through; lane 3, lysate; lane 4, wash 1; lane 5, elution 1; lane 6, elution 2; lane 7, elution 3; 

lane 8, wash 2. 

 

Cell solubilization before combining the supernatant with the MACS beads was also 

attempted. We used a solution of 1% igepal and 0.4% deoxycholate to lyse the cells. After one 

hour on ice, the lysate was diluted 10X with ddH2O before combining with the MACS beads. The 

beads were put on a µ column in the magnet and washed with RLA buffer containing diluted 
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detergent, 0.1% igepal and 0.04% deoxycholate. The receptor was eluted from the washed beads. 

All fractions were analyzed via Western blot, however, no FSHR was found in any fraction in the 

presence of this detergent. 

6.2 Follicle-Stimulating Hormone Receptor Solubilization with Detergent 

Solubilization of cells with detergent alone was recommended by Dr. James Dias as 

described in the methods. Using Triton X-100, 500 million frozen CHO cells were solubilized. 

Following centrifugation to remove the insoluble portion, the supernatant was loaded onto a mAb 

106.105 column. Much of the FSHR remained in the cell pellet, as the detergent did not appear to 

solubilize the FSHR well. FSHR was detected by Western blot in the flow through, wash, and 

bound fractions, as well as visible degradation shown in Figure 10B. The large amount of 

degradation seen in the insoluble fraction is likely due to the freeze-thaw process the cells 

underwent before lysis, which has been shown to reduce 125I-FSH binding by 50% compared to 

freshly harvested cells (unpublished data from our laboratory). The lack of visible FSHR in the 

Coomassie Blue gel also indicates that there is not enough FSHR in the samples for cryo-EM 

applications.  

 

Figure 10. FSHR purification using 1% Triton X-100 solubilization buffer. A) SDS-PAGE of 

reduced samples followed by Coomassie Blue staining. B) Western blot developed with mAb 

106.105. Lane 1, BioRad Precision Plus All-Blue Protein Standards, as indicated in kDa; lane 2, 

insoluble fraction; lane 3, flow through; lane 4, wash; lane 5, elution.  
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LMNG is a detergent commonly used in cryo-EM studies of GPCRs. Figure 11 shows 

SDS-PAGE characterization of 100 x 106 frozen CHO cell aliquots solubilized with varying 

concentrations of LMNG. Western blots of the lysates indicated that 2% LMNG resulted in the 

least FSHR remaining in the insoluble fraction following centrifugation, suggesting that a majority 

of the FSHR was in solution. Lower concentrations of detergent resulted in more FSHR 

immunoactivity remaining in the pellet. Degradation was also seen here, again due to using frozen 

cells harmed by the freezing or thawing processes. Multiple bands of FSHR immunoactivity are 

visible in Figure 11B, indicating an immature receptor without post-translational modifications in 

the band slightly lower than 75 kDa. The mature, 76 kDa receptor is similar to the band observed 

during other solubilizations (Table 2), as well as a high molecular weight band, likely FSHR 

oligomers (Agwuegbo et al., 2021).  

 

Figure 11. Effects of varying concentrations of LMNG on FSHR solubilization. A) Coomassie 

Blue-stained SDS-PAGE of 100 x 106  aliquots of CHO-FSHR cells solubilized with 2, 1, 0.5, 

and 0.1% LMNG under reduced conditions. Lane 1 is BioRad Precision Plus All-Blue Protein 

Standards, as indicated in kDa. An aliquot from each cell/LMNG mixture is indicated as the 

lysate (L). The cells were centrifuged at 14,000 x g in a tabletop centrifuge at room temperature. 

The supernatant (S) was decanted and 10 µL mixed with an equal volume of 2X Laemmli 

sample buffer. The pellet (P) resuspended in 1 mL H2O and a 10 µL sample of the suspension 

mixed with an equal volume of 2X sample buffer. B) Western blot of parallel gel developed with 

mAb 106.105. 
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6.3 Using Bovine Serum Albumin as a Protein Standard in SDS-PAGE 

 As a solution protein assay measures all proteins in a sample, including BSA samples in 

SDS-PAGE analysis of proteins offered a means to quantify specific proteins, such as the FSHR 

and MSP1D1. Increasing amounts of BSA were loaded onto SDS-PAGE gels as described in the 

methods. Linear regression of BSA band densities produced an excellent fit, with a correlation of 

0.97 as calculated in Prism. The method works well, as it is very reproducible. Results of three 

trials are shown in Figure 12.  

 

Figure 12. BSA standard curve following SDS-PAGE with Coomassie Blue staining. The results 

of three trials testing the 68 kDa BSA band as a protein standard are shown with a linear 

regression. X axis is the BSA concentration in µg, while the Y axis shows band 

densitometry in arbitrary units.  

6.4 Follicle-Stimulating Hormone Receptor Purification 

Using 2% LMNG to solubilize 500 x 106 CHO FSHR cells, we recycled the extract 

supernatant through a mAb 106.105 column to capture FSHR. The bound fraction was subjected 

to Superdex 200 gel filtration using a mobile phase of 20 mM HEPES, pH 7.5, 50 mM NaCl, 5 

mM MgCl2, and 0.05% LMNG. Figure 13 shows the resulting chromatogram as well as Coomassie 
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Blue-stained gel and Western blot for analysis of this purification. The 100 x 106 CHO-FSHR cells 

were from a frozen aliquot, again leading to degradation which can be visualized in lane 2 of the 

Western blot. The criteria for purity in cryo-EM studies of GPCRs, are a single band on a gel and 

single, monodisperse Superdex 200 peak. While a successful purification due to the relatively 

monodisperse peak in fraction A2-3, it was difficult to quantitate due to low concentration and the 

FSHR was only stable at 4℃ for a few days.  

 

Figure 13. FSHR purification with LMNG detergent. A) Superdex 200 size-exclusion 

chromatography of 2% LMNG-solubilized FSHR. Y-axis is absorbance units; x-axis is fraction 

number. Filled bars indicate fractions collected and evaluated by SDS-PAGE. B) Coomassie 

Blue-stained gel showing reduced FSHR purification samples. C) Western blot of parallel gel run 

under identical conditions and developed with mAb 106.105 primary antibody. Lane 1, BioRad 

Precision Plus All-Blue Protein Standards, as indicated in kDa; lane 2, insoluble fraction; lane 3, 

mAb flow through; lane 4, mAb wash; lane 5, mAb elution; lane 6, Superdex 200 fraction 1; lane 

7, Superdex 200 fraction 2; lane 8, Superdex 200 fraction 3; lane 9, Superdex 200 fraction 4; lane 

10, Superdex 200 fraction 5.  

 

The results of immunoaffinity chromatography with the mAb 106.156 column for the 

solubilized supernatant of a fresh, 500 x 106 aliquot of CHO FSHR cells are shown below in Figure 

14. BSA was used as a standard to determine protein content for electrophoretic analysis. Many of 

the contaminating proteins were removed in the eluent, though the enrichment of the FSHR band 

(arrow) was minimal. The solubilized cells, supernatant, and eluent each had approximately 0.5 



45 
 

µg of FSHR in the 8 µL samples analyzed by SDS-PAGE based on band densities. Approximately 

500 µg of FSHR was present in the solubilization, though only 43 µg, or 9.1% of the FSHR was 

collected in the bound fraction. Purification of the FSHR will take multiple rounds of purification 

to obtain 100 µg, the amount needed for cryo-EM analysis. The Western blot showed less FSHR 

degradation resulted from solubilizing fresh cells, evident in the lysate and soluble fractions. The 

appearance of a strong lower molecular weight band in the eluent fraction (star) suggests 

degradation due to the low pH elution buffer. A similar experiment with a new mAb 106.105 

column should be undertaken, as frequent use of the immunoaffinity columns decreases binding 

capacity.  

 

Figure 14. FSHR recovery from mAb 106.156 column. A) Coomassie Blue-stained gel run under 

reduced conditions. B) Parallel gel transferred to PVDF and Western blotted with mAb 106.105. 

Lane 1, BioRad Precision Plus All-Blue Protein Standards, as indicated in kDa; lane 2, lysate; 

lane 3, insoluble fraction; lane 4, soluble fraction; lane 5, flow through; lane 6, wash; lane 7, 

bound fraction.  C) Bovine serum albumin standard curve with interpolated FSHR amounts in 

several fractions. 
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6.5 Membrane Spanning Protein Purification 

 MSP1D1 purification took place as described in the methods. We found that the tobacco 

etch virus protease and MSP1D1 interacted and were not separated by either Superdex 200 or 

Superdex 75 gel filtration. Accordingly, an amylose column was necessary to remove the maltose-

binding protein-tagged protease. Figure 15 shows SDS-PAGE characterization of MSP1D1 

expression and Superdex 200 size-exclusion chromatography. Induction of the MSP using IPTG 

revealed a strong band at approximately 22 kDa, indicated with an arrow, the predicted molecular 

weight of MSP1D1. Cell pellets were lysed and applied to a Nickel-NTA column followed by 

gravity amylose column and Superdex 200 size-exclusion chromatography with a mobile phase of 

20 mM Tris-HCl, pH 7, containing100 mM NaCl, 0.5 mM EDTA. From a single, 50 mL frozen 

aliquot of expressed cells, we obtained approximately 2 mg of pure MSP1D1.   
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Figure 15. MSP1D1 expression and purification. A) SDS-PAGE, Coomassie Blue-stained gel 

showing reduced MSP1D1 expression and purification samples. Lane 1, BioRad Precision Plus 

All-Blue Protein Standards, as indicated in kDa; lane 2, pre-induction cell lysate; lane 3, induced 

cell lysate; lane 4, post-sonication lysate; lane 5, nickel column flow through; lane 6, nickel 

column wash 1; lane 7, nickel column wash 2; lane 8, nickel column wash 3; lane 9, nickel 

column elution 1; lane 10, nickel column elution 2; lane 11, nickel column elution 3; lane 12, 

tobacco etch virus cleavage; lane 13, amylose column flow through concentrate; lane 14 amylose 

column flow through filtrate; lane 15, amylose column wash; lane 16, amylose column elution. 

B) Superdex 200 chromatogram of MSP1D1 from concentrated amylose column flow through 

(panel A, lane 13). 

 

6.6 Follicle-Stimulating Hormone Receptor and Membrane Spanning Protein Assembly 

 While other glycoprotein hormone receptor structural studies have used only detergent-

solubilized receptor preparations, the use of MSP in the present study was intended to enhance 

stability of the transmembrane domains and better mimic the membrane environment. This will be 
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useful for downstream applications of the receptor preparations when determining the complex 

structure of FSHR combined with intracellular signaling proteins. 

MSP1D1 and FSHR complexes were assembled by the procedure described in methods. 

We used a 2:1 ratio of MSP1D1 to affinity purified FSHR. Both the FSHR and MSP1D1 were 

difficult to purify, therefore both preparations in the assembly shown in Figure 16 were crude, with 

many contaminating proteins and faint FSHR and MSP1D1 bands, (arrows). FSHR is indicated by 

the higher molecular weight arrow while MSP1D1 is indicated by the lower molecular weight 

arrow. This approximate 1 µg/µL FSHR-MSP1D1 sample was clearly not pure enough for 

initiation of cryo-EM feasibility studies, as SDS-PAGE characterization reveals. Other 

preparations with more highly purified FSHR and MSP1D1 preparations employing higher 

receptor and MSP concentrations encountered precipitation during dialysis and will require further 

attempts for proper assembly. 

 

Figure 16. FSHR-MSP purification. Reduced Coomassie Blue-stained gel showing 5 µg (lane 2) 

and 10 µg (lane 3) samples of FSHR-MSP complex. Lane 1, BioRad Precision Plus All-Blue 

Protein Standards, as indicated in kDa. 
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6.7 Follicle-Stimulating Hormone Receptor Binding 

 Dr. Viktor Butnev developed an FSHR ELISA, described in the methods. In his hands, a 

solubilized FSHR preparation showed progressive, but low, FSH binding. We then tried to assess 

FSH binding using the assembled FSHR-MSP1D1 nanodiscs with this ELISA. Results shown in 

Figure 17 below revealed little FSH binding to approximately 3 µg of FSHR preparation. As the 

solution-based protein assay measured all protein, there was probably less FSHR than assumed, 

resulting in no dose-response for binding. As lipid nanodiscs restore the membrane lipid 

environment, it is possible all receptors were in the inactive conformation, as in the CG/LHR and 

TSHR studies, and the prevented FSH binding. Alternatively, nanodisc association with the 

polystyrene plate may have resulted in blocking access to the FSH binding site.  

 

Figure 17. FSHR-MSP1D1 binding to FSH in sandwich ELISA. The 96-well plate was coated 

with FSHR nanodisc preparation, incubated with increasing amounts of FSH, and bound FSH 

detected with anti-FSHβ mouse mAb 15-1.E3.E5. 
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6.8 Follicle-Stimulating Hormone Receptor Results Summary 

 Several methods were used for FSHR solubilization with varying effectiveness (Table 2). 

Two anti-FSHR antibodies were used in FSHR purification. The only alternative not evaluated 

was immobilized single-chain equine FSH, as the lower stability of this column meant it was not 

available when these studies were performed. For maximum intact FSHR recovery, fresh cells 

should be used for all preparations. LMNG at 2% concentration was the most effective detergent 

for FSHR solubilization. The 106.156 mAb column exhibited a slightly better FSHR recovery, 

though degradation was seen in the bound fraction that was not encountered with mAb 106.105. 

Perhaps initial capture of FSHR should be with mAb 106.105 and recaptured with mAb 106.156. 

Partial recovery of FSHR with both antibody columns suggest multiple rounds of 

immunopurification, like those used for FSH purification, are necessary. In that case, supernatant 

recycling times should be shortened so multiple rounds of FSHR capture can performed the same 

day of solubilization, when maximum intact FSHR is available. The MSP was very effective at 

keeping FSHR stable for weeks, but more work needs to be done to avoid precipitation during 

dialysis. In-gel BSA standard curves seem to address the problem of FSHR quantification in crude 

preparations and when associated with MSP1D1 nanodiscs.  
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TABLE 2 

FOLLICLE-STIMULATING HORMONE RECEPTOR RESULTS SUMMARY 

Detergent or 

Purification 

Method 

Solubility Antibody 

Binding 

Stability Conclusion Western blot 

MACS 

MicroBeads 

N/A* Minimal N/A Not 

effective 

 
1% igepal/ 

0.4% 

deoxycholate 

Low N/A N/A Not 

effective 

 
Triton X-100 Moderate N/A N/A Not 

effective 

 
LMNG High at 2% 

concentration 

N/A A few 

days 

Effective 

 
HiTrap 

106.105 

N/A Moderate N/A Effective 

 
HiTrap 

106.156 

N/A Moderate N/A Effective, 

some 

degradation 

 
MSP1D1 Low with 

deoxycholate 

for assembly 

N/A Weeks Effective 

 
*Not Applicable 

6.9 Follicle-Stimulating Hormone Gold Nanoparticle Complexes 

As an alternative to solubilizing the FSHR from cells, analysis of the receptor in the cell 

membrane using cryo-EM tomography was considered. This required labeling the FSH ligand with 

electron-dense gold nanoparticles. If gold-FSH retained the ability to bind FSHR, then electron 
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tomography could be used to evaluate the receptor in situ with different-sized nanoparticles for 

each glycoform. We attempted this as N-terminal labeling of FSH with fluorescent dyes, such as 

Alexa Fluor 488, was known to permit full retention of FSHR-binding activity. After coupling 

with 25 nm gold nanoparticles, results of separating gold-bound FSH from unlabeled by 100 kDa 

ultrafiltration are shown in Figure 18. FSHα- and β-subunits ran as a smear on SDS-PAGE, a 

common phenomenon with glycoproteins. There was not much FSH left in the retentate (lane 2), 

indicating that only about 378 µg of the 1 mg of FSH labeled was bound.  

 

Figure 18. Gold nanoparticle FSH labeling. The reduced Coomassie Blue-stained SDS-PAGE. 

Lane 1, BioRad Precision Plus All-Blue Protein Standards, as indicated in kDa; lane 2, Retentate 

following Amicon Ultra buffer exchange; lane 3, Amicon Ultra filtrate 1; lane 4, Amicon Ultra 

filtrate 2; lane 5, 5 µg recombinant GH3-FSH24/21 preparation. 

 To ensure that gold-FSH retains its ability to bind the FSHR, a radioligand assay (RLA) 

was performed to compare native FSH and gold labeled FSH inhibition of 125I-FSH binding to 

CHO FSHR cells. A competitive RLA was performed as described in the methods, with the initial 

stock for gold-FSH dilutions scaled to the 378 µg recovered from the labeling protocol. The results 

shown in Figure 19 indicated large differences in receptor binding activity between the control and 

gold-labeled FSH; the gold-labeled FSH did bind to the CHO cells expressing FSHR but took a 

higher concentration to achieve the same binding. The ID50 values for the control and gold-labeled 
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FSH ligands were 54 and 199 ng, respectively. Our collaborators determined these samples were 

not worth pursuing for cryo-EM, as less than half of the FSH used bound to the nanoparticles. 

 

Figure 19. Gold nanoparticle FSH binding. X-axis is the log amount of FSH used for each 

sample; the Y axis is 125I counts. Nonlinear fit was established for the values in Prism, with the 

mean and ± standard deviation shown for each sample.  
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CHAPTER 7 

DISCUSSION 

7.1  Follicle-Stimulating Hormone Macroheterogeneity in Aging Male Pituitaries 

  In this study, we found that glass-Teflon homogenization of lyophilized pituitary glands 

was more efficient for FSH purification than using a Polytron homogenizer for frozen tissue in 

low pH extraction buffers. An average of only 0.4%, as calculated from Table 1, of the expected 

FSH was obtained after Superdex 200 chromatography, contrasting with the well-established 

method of using a glass-Teflon homogenizer, which resulted in an average of 33% of expected 

FSH purified from the pituitaries. For the pituitaries analyzed by automated Western blot, the 

average for expected FSH purified was much higher, at 61%.  

Our data suggest that there is no significant change in the relative abundance of hypo-

glycosylated FSH with age in males between the ages of 48 and 69, as FSH21 abundance was 

typically 70% in all but one gland. Therefore, the proportion of hypo-glycosylated FSH in males 

would not make a good aging marker, contrasting the strong negative correlation of FSH21 

proportion and age in females (Bousfield et al., 2014b). This study also provides evidence for FSH 

glycoform abundance as a hormonal mechanism in menopause, as males don’t significantly 

experience these FSH glycoform changes over the same age range. Of course, males also do not 

experience the same reductions in fertility that females do.    

For up to 50% infertile couples, male contributing factor is the reason for inability to 

conceive (Kumar & Singh, 2015). While sperm number and motility are important aspects, FSH 

hypo-glycosylation patterns may be useful in the case of male infertility that does not involve an 

obvious sperm defect. Because one of our seven samples did exhibit an aberrantly low amount of 

hypo-glycosylated FSH, it may be worthwhile to pursue larger study of FSH glycosylation in urine 
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for males to determine the prevalence of this phenomenon and if it is in fact associated with male 

infertility. To compare the results in this study with urinary analyses of FSH glycoforms is also 

important for creating a non-invasive test that benefits living patients. Previous studies have shown 

through nano-electrospray mass spectrometry that urinary and pituitary FSH have similar numbers 

of glycans, therefore glycoform profiles of each FSH source likely match.  Moreover, 

commercially-available FSH for infertility treatment is predominantly FSH24 (Bousfield et al., 

2014b). For male treatment, high doses of FSH every day have been shown to improve sperm 

parameters, such as morphology, over long periods of time (Condorelli et al., 2021; Oduwole et 

al, 2021). Because these treatment protocols use the less-bioactive form of FSH, not the form 

largely found in males nor menstruating females, it is likely not as effective a treatment as hypo-

glycosylated recombinant FSH, which may allow for lower doses to be administered.   

A limitation of this study was low sample size leading to a statistical power of 0.74, which 

was not an issue with the pituitary FSH glycoform analysis in females, where the power was 0.99. 

To increase power for this study in males to 0.8 and ensure that our results of no effect of male 

aging on the proportion of hypo-glycosylation are accurate, a total of 30 pituitaries would be 

needed for the study (Champely et al, 2020). Future work on this project should also test pituitaries 

from all ages, while the present study was only able to evaluate ages 48-69 due to a lack of suitable 

pituitaries outside of this age range.  

7.2 Structure of the Entire Follicle-Stimulating Hormone Receptor in Complex with 

Follicle-Stimulating Hormone Glycoforms 

Our goal was to purify a stable and active form of the full-length FSHR from mammalian 

cells for cryo-EM analysis to analyze the effect of FSH glycosylation on FSHR conformation. 

Because FSH glycans face away from the binding portion of the FSHR extracellular domain, the 
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only portion of the FSHR for which structural data are available, there is no obvious mechanism 

for differential signal transduction based on FSH glycoform. The LH/CGR and TSHR exhibit 

major conformational changes involving a rotation of the extracellular domain (Duan et al., 2021). 

When TSH binds to the ECD of the TSHR, the αAsn52 glycan causes steric interference with the 

membrane, resulting in the ‘up’ position, with the receptor perpendicular to the lipid bilayer, which 

is sufficient for an active TSHR (Faust et al., 2022). We predict that the FSHR will have similar 

“push and pull” steric mechanisms for activation. Moreover, better understanding these 

interactions will be useful in determining the impact of FSHR splice variants, if they exist in 

humans, on transduction mechanisms as well as improving treatments for diseases, like cancer and 

osteoporosis, that can be targeted by FSH and the FSHR.  

There were many obstacles for obtaining a sufficient sample of FSHR using mammalian 

cells as the FSHR source. We attempted solubilization with many buffer and detergent 

combinations. The use of fresh CHO FSHR cells is crucial for prevention of degradation during 

the freeze-thaw process. We found that 2% LMNG worked well for FSHR solubilization, with no 

FSHR remaining in the insoluble fractions. Using detergent alone did not allow for the stability 

needed through the purification process, and the FSHR was degraded only a few days of storage 

at 4℃ after immunoaffinity and Superdex 200 chromatography.   

The addition of the MSP seemed to help with the stability of the FSHR, especially 

preventing degradation of the ECD, though it contributed to the lack of purity in FSHR 

preparations. When purifying the MSP, all washes are necessary for nickel affinity purification, as 

well as amylose purification to separate the maltose binding protein-tagged tobacco etch virus. We 

did see a slight reduction with MSP yield during these extra steps, but the amount of protein needed 

for MSP assembly was still easily acquired from one purification.  
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Another issue encountered was the ability of the FSHR to bind to FSH. In the ELISA, the 

FSHR did not bind to FSH under the conditions presented. This may be due to lower-than-

estimated amounts of FSHR or the nanodiscs preventing active conformation of the FSHR on 

polystyrene plates. These experiments should be repeated to determine whether the receptor is 

inactive, or if there was too little for the assays to detect. It may also be possible that our FSHR 

preparations are saturated with a low amount of FSH, indicating that we did not have the correct 

dilutions to see a proper dose-response. Future work on this problem may require the binding of 

FSH before solubilization of the mammalian cells and using either mAb 106.156 or an anti-FSH 

antibody to purify the bound FSH and receptor before assembly into nanodiscs. 

We are still attempting FSHR purification in complex with the MSP1D1, though have not 

yet been successful in obtaining a sample that is cryo-EM-ready. Purification using mAb 106.105 

or 106.156 columns were successful for obtaining a bound fraction, though many rounds of loading 

the columns will need to occur to obtain the 100 µg FSHR needed for analysis. The addition of 1 

mM LMNG in the MSP1D1-FSHR assembly, rather than 50 mM deoxycholate, may be useful in 

preventing precipitation of the complex during dialysis. Another approach to using mammalian 

cells is a FLAG-tagged FSHR in human granulosa cells, obtained from Dr. John Davis (University 

of Nebraska Medical Center, Omaha, NE). By using an anti-FLAG affinity column, we may be 

able to improve the purification process for the FSHR and thereby facilitate MSP assembly. If 

mammalian cells are determined not to be suitable for FSHR expression subsequent purification, 

insect cell lines may be used.  
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