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ABSTRACT 

Adiponectin is an abundant circulating adipose tissue-derived hormone, or adipokine, 

that elicits distinct biological functions through its different oligomeric forms. 

Posttranslational modifications within its non-globular region have been demonstrated 

to be crucial for its formation of multimers (multimerization), secretion, stability, and 

function. Therefore, information concerning these structural modifications and their 

functional implications is expected to lead to important new insights concerning its 

structure and function, and possible roles as a candidate molecule for the experimental 

treatment of adiponectin-deficiency states.  

In this thesis, expression constructs for human adiponectin were stably transfected into 

CHO-S cells, and resulting monoclonal lines selected to optimize production of 

recombinant protein in chemically-defined media. Purified recombinant-human 

adiponectin was present in three main oligomeric forms, corresponding to trimeric, 

hexameric and high-molecular-weight (HMW) isoforms or complexes. Analysis by 

electron microscopy revealed that recombinant-human adiponectin formed bouquet-

like HMW structures, consistent with its physiological assembly. Functional assays in 

skeletal muscle showed the recombinant adiponectin to be bioactive, and therefore 

appropriate for more detailed analysis of structure-activity relationships.  

Several sialyl- and O-linked glycosyl-modifications were identified in recombinant 

human adiponectin by an approach based on two-dimensional gel electrophoresis (2-

DGE) combined with targeted endo-proteolytic digestion and liquid-chromatography-

mass spectrometry (LC-MS). Three sets of O-linked carbohydrate chains (HexNAc-Hex) 

and up to five sialic acid (Sia) residues were thus identified in enzyme-digested 

peptides derived from the NH2-terminal region: these were similar to the O-linked 

HexNAc-Hex-Sia chains that are typically present in mucin-like glycoproteins. These O-

linked modification sites were localized to three adjacent NH2-terminal Thr residues 

(designated as Thr20, Thr21 and Thr22 when numbered as for human pro-adiponectin), 

which correspond to residues two to four of the mature protein. Hereinafter, the 
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primary structure of adiponectin has been numbered as for pro-adiponectin to make 

this work consistent with the majority of publications in the field. Mutation of any one 

of these three threonine residues by replacement with an alanine residue by site-

directed mutagenesis, or alternatively replacement of all three threonine residues thus, 

demonstrated the loss of pI isoforms as shown by 2DGE: this effect was greatest when 

all three residues were replaced in the triple-mutant form. Functional analysis clearly 

showed that these structural modifications are required for full activity. 

The structural pattern of the threonine O-glycosylation in the NH2-terminal region was 

further characterized by quantitative protein-level analysis of the distinctive 

glycosylation patterns of the peptide adiponectin-(19-39) isolated from different site-

directed mutant forms. These studies provide robust evidence for a dominant role of 

the third residue, Thr22, in determining the degree and extent of NH2-terminal 

glycosylation of all three of these residues.  

The structural role of NH2-terminal glycosylation was further investigated in wild-type 

(WT) and triple-mutant adiponectin (Thr20-22Ala) in vitro by quantitative comparisons 

between the different oligomeric forms. Quantitative analysis of WT-adiponectin 

showed that differences in the NH2-terminal glycosylation pattern did not cause 

significant differences between the different multimeric species, consistent with the 

view that these threonine modifications do not play direct roles in multimerization or 

secretion of adiponectin. However, analysis of the triple mutant showed that this 

modification caused increased susceptibility to chemical reduction or heat-denaturation, 

resulting in loss of stability and truncation of the amino-terminal residues in most 

triple-mutant molecules. Thus the NH2-terminal glycosylation plays a major role in 

protecting the integrity of the NH2-terminal region of the hormone by maintaining its 

structural integrity. Interestingly, although structural differences were not apparent 

between the wild-type (WT) and triple mutant proteins by electron microscopy, the 

AMPK activation assay in C2C12 skeletal myotubes showed that triple-mutant 
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adiponectin was not bioactive compared with the WT-protein. Therefore, the NH2-

terminal glycosylation pattern plays a critical role in this key function of adiponectin. 

In WT-adiponectin, quantitative analysis of residues within the collagenous domain of 

monomers isolated from individual multimeric states showed similar patterns of 

modification of hydroxylation of lysyl and prolyl residues. WT-adiponectin trimers 

exhibit significantly higher levels of lysyl and prolyl modification on residues furthest 

removed from the globular domain. By contrast, the reverse pattern is present in 

monomers isolated from HMW complexes: that is, higher levels of modification are 

present on residues closest to the globular domain. Furthermore, the pattern in 

hexamers is intermediate between those of the trimeric and HMW forms. These 

findings are consistent with the existence of different patterns of hydroxylation of lysyl 

and prolyl residues that could stabilize the different oligomeric forms, consistent with 

their distinct structural and functional properties. 

During these studies of the posttranslational modification of lysyl residues (by 

glycosylation and hydroxylation), a previously-unknown modification in human 

adiponectin was observed and mapped (by manual interpretation of LC-MS/MS data), 

to a conserved lysyl residue in the variable region. In addition, the molecular 

mechanism for 2D-spot laddering within one pI isoform was investigated: the distinct 

subspots in the vertical-laddering pattern were found to reflect the successive step-wise 

addition of two-hexose moieties to the four conserved lysyl residues in the collagenous 

domain. 

The data presented in this thesis represent a comprehensive analysis of the detailed 

structural variation caused by numerous posttranslational modifications in recombinant 

human adiponectin, and provide a strong platform for further analysis of the 

relationship between function and different post-translational modifications (PTMs) of 

the adiponectin molecule. Adiponectin is thus revealed to comprise a highly-

heterogeneous group of related molecules that are distinguished from each other by 



v 
 

their patterns of posttranslational modification, and by linked functional properties. 

These studies are expected to provide significant insights into the functional roles 

played by defects in adiponectin synthesis that occur in adiponectin deficiency states 

such as type-2 diabetes and the metabolic syndrome. They also provide a well-

grounded approach to the structure-activity relationships in the different isoforms of 

human adiponectin. 
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CHAPTER 1: Introduction 

1.1 Introductory summary 

Adiponectin is a protein hormone that is produced in white adipose tissue and secreted 

into the circulation as trimeric, hexameric and high-molecular weight (HMW) complex 

forms. Defects in the structure and function of adiponectin have been linked to the 

pathogenesis of obesity and related syndromes, such as Type 2 diabetes (T2DM).   

1.2 Obesity, insulin resistance and T2DM 

Obesity is generally indicated by a body mass index (BMI) value exceeding 30 kg/m2 (it 

is calculated as the ratio of body-weight to height2). Obesity can be considered as a 

medical condition wherein such excessive body fat may have adverse effects on health, 

and contribute to the onset and progression of numerous complicating or associated 

conditions. A survey by the New Zealand government revealed that during last two 

decades, the obesity rates in New Zealand adults (aged 15 years and over) has been 

increased from 9% to 27.7% in males and 11% to 27.8% in females, especially in Maori 

and Pacific Island ethnic groups, which currently stand at 44.7% and 57.9% respectively, 

much higher than the 27.8% average proportion of obese people amongst all New 

Zealanders (www.health.govt.nz/publication/2008-09-new-zealand-adult-nutrition-

survey-data-tables). As rates of obesity have dramatically increased worldwide, the 

World Health Organization describes the prevalence of obesity as an epidemic 

(www.health.govt.nz/our-work/diseases-and-conditions/obesity). Obesity is 

accompanied by many diseases, such as insulin resistance, T2DM, cardiovascular 

disorders, obstructive sleep apnoea, cancer, osteoarthritis and asthma. 

Insulin is an endogenous hormone that circulates to its target tissues (including liver, 

muscle, fat and brain tissues). Amongst other actions, it elicits the lowering of blood 

glucose and thereby ensures the maintenance of blood glucose at physiological levels. 

In some conditions, target cells become resistant to the effects of insulin, and thus 

become unable to respond adequately to normal levels of insulin; as a result a greater 

http://www.health.govt.nz/publication/2008-09-new-zealand-adult-nutrition-survey
http://www.health.govt.nz/publication/2008-09-new-zealand-adult-nutrition-survey
http://www.health.govt.nz/our-work/diseases-and-conditions/obesity
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amount of insulin is required in order to exert its effect on such cells: this state is 

described as insulin resistance. Under normal post-prandial conditions, insulin 

suppresses release of glucose from the liver into the blood.  

Diabetes is characterized clinically by elevated blood glucose concentrations and 

comprises two main types (National Diabetes Data Group, National Institutes of Health, 

1995). Type 1 diabetes mellitus (T1DM), which was previously designated as insulin-

dependent diabetes, is characterized by severely deficient insulin levels in the blood 

caused by destruction of the insulin producing-islet cells in the pancreas, and daily 

insulin supplement is required for its treatment; T1DM accounts for less than 10% of all 

cases of diabetes mellitus and frequently begins in childhood or adolescence, although 

there is also a peak of incidence in adulthood. By contrast, T2DM mellitus (T2DM) is 

characterized by insulin resistance and relative insulin deficiency; it is distinguished 

from type 1 diabetes, in that it is not dependent on insulin treatment for patient survival 

(hence its previous designation of ‘non-insulin-dependent’) and its onset is usually in 

adulthood; however, in recent decades, increasing numbers of people are developing 

T2DM in adolescence or even childhood.  

A third type, called gestational diabetes (or gestational diabetes mellitus, GDM), is 

observed only in pregnant women, mainly in the late second and third trimesters, and 

its pathogenesis is considered to be similar to that of T2DM, exacerbated by the 

physiological changes of pregnancy.  Finally, there is the heterogeneous group of 

disorders known collectively as secondary diabetes, where diabetes mellitus occurs as a 

response to an underlying, primary pathogenetic defect. Although less than 2% of all 

cases of diabetes in Western countries fall into this category, it is important to recognize 

patients in this group, as in certain cases (e.g. haemochromatosis) diabetes can be cured 

by treatment of the underlying causative disease (National Diabetes Data Group, 

National Institutes of Health, 1995).      
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1.2.1 Links between adiponectin, obesity and the risks of diabetes and of 

cardiovascular disease: clinical data 

There is increasing evidence that circulating levels of adiponectin are frequently 

correlated in an inverse manner with obesity-linked metabolic disorders in patients, 

including insulin resistance, T2DM and cardiovascular diseases. It is thought that such 

adiponectin-deficiency states may contribute to pathogenesis in some of these situations. 

Adiponectin was first linked to obesity through the discovery of its decreased mRNA 

levels in obese mice and humans (Hu et al., 1996). Accordingly, the circulating levels of 

adiponectin in obese human subjects were reported to be significantly lower than that 

of non-obese groups, showing a strong negative correlation between BMI and plasma 

adiponectin concentrations both in men and women; this relationship appeared 

somewhat paradoxical, since adiponectin is specifically produced in adipose tissue and 

it might be imagined that the increased adipose tissue mass in obesity could give rise to 

increased, rather than decreased adiponectin levels (Arita et al., 1999). Adiponectin was 

later found to be negatively associated with obesity-induced insulin resistance and 

T2DM (Berg et al., 2001; Fruebis et al., 2001; Yamauchi et al., 2001). A study in 

gestational diabetes revealed that individuals with low adiponectin levels in early 

pregnancy had a higher risk of later development of this condition as compared to 

women with higher adiponectin levels, therefore suggesting that the low adiponectin 

levels may be a predictor of insulin resistance (Williams et al., 2004). On the other hand, 

several studies have shown that higher levels of circulating adiponectin were associated 

with decreased risk of developing T2DM (Daimon et al., 2003; Lindsay et al., 2003; 

Spranger et al., 2003). Furthermore, it was found that the HMW complex, rather than 

total adiponectin concentrations, correlates better with insulin sensitivity and glucose 

tolerance. T2DM patients who were treated with thiazolidinedione (TZD) medicines 

have been reported to have increased total adiponectin levels, primarily due to an 

increase in the HMW isoform, which correlated with increased insulin sensitivity 

(Pajvani et al., 2004; Fisher et al., 2005).  
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The adiponectin gene is located on human chromosome 3q27, where a susceptibility 

locus for early-onset of type 2 diabetes (< 45 years of age) has been reported  (Vionnet et 

al., 2000). In addition, a quantitative trait locus has been demonstrated to be strongly 

linked to BMI, waist circumference and hip circumference, weight, insulin and ratio of 

insulin to glucose, all of which are fundamental to abdominal obesity-metabolic 

syndrome (Kissebah et al., 2000). Analysis of point mutations such as G85R and G90S in 

the human adiponectin gene, revealed decreased adiponectin levels, and the deficiency 

of HMW-complex species in the blood of subjects with diabetes (Waki et al., 2003).   

Several investigators have reported on relationships between adiponectin and 

cardiovascular risk factors. Plasma adiponectin levels were positively correlated with 

HDL (high density lipoprotein) in patients with T2DM (Hotta et al., 2000). Analysis of 

the Health Professionals Follow-up Study showed that subjects with higher adiponectin 

levels experienced a significantly reduced risk of myocardial infarction, even after 

accounting for LDL (low density lipoprotein) and HDL levels, BMI, history of diabetes 

and hypertension at baseline (Pischon et al., 2004).  

An increasing number of epidemiological studies have shown that plasma adiponectin 

levels are negatively correlated with obesity-associated cancers of the endometrium 

(Petridou et al., 2003), postmenopausal breast (Mantzoros et al., 2004; Dalamaga et al., 

2011), leukaemia (Petridou et al., 2006), colon (Wei et al., 2005), stomach (Ishikawa et al., 

2005) and prostate (Goktas et al., 2005). Interest has focused on the molecular 

mechanisms underlying the observation that adiponectin in vitro can inhibit cell 

proliferation and induce apoptosis in several cancer cell-lines, which were 

demonstrated to express adiponectin receptors. These clinical data suggest that 

adiponectin could have potential as an anticancer drug and as a diagnostic and 

prognostic  biomarker in cancer treatment (Dalamaga et al., 2012). 
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1.2.2 Effects of recombinant adiponectin treatment in animal models 

Adiponectin has exhibited anti-diabetic, anti-atherogenic and anti-inflammatory effects 

in animal models. Correlational analysis points to its potential to act in a similar manner 

in humans, but no preparations of adiponectin suitable for clinical use are available at 

the time of writing. In the following section, examples have been included to illustrate 

some of adiponectin’s pharmacological effects in selected animal models.  

Recombinant adiponectin has been used to treat different animal models of disease 

since 2001. Mouse adiponectin produced in mammalian 293-T cells was injected into 

three diabetic mouse models (ob/ob obese-diabetic, nonobese-diabetic and TZD treated-

diabetic). Results showed that adiponectin transiently abolished hyperglycaemia in all 

three models. The mechanism of this effect on glucose was further investigated in 

isolated hepatocytes, where it was found that adiponectin increased the ability of sub-

physiological levels of insulin to suppress glucose production (Berg et al., 2001). 

Yamauchi et al reported that adiponectin could reverse insulin resistance in a high-fat 

induced mouse model (PPARγ+/-) either with lipoatrophy or with obesity using 

recombinant proteins produced in bacterial cells (Yamauchi et al., 2001).  

Our group has studied the effects of adiponectin in mouse models of fatty liver disease 

induced either by alcohol-containing food or the obese state (ob/ob obese mice, non-

alcoholic) per se; the circulating levels of adiponectin were observed to be significantly 

decreased. Administration of recombinant adiponectin (made by expression in 

mammalian HEK293 cells) to these mice resulted in dramatic alleviation of 

hepatomegaly and fatty liver disease, and significantly attenuated the inflammation and 

elevated levels of serum alanine aminotransferase, indicative of improved 

hepatocellular function (Xu et al., 2003). 

Mice with dyslipidaemia induced by ritonavir (a HIV protease inhibitor), exhibited 

decreased adiponectin with elevated plasma levels of triglyceride, free fatty acids, and 

cholesterol. HEK293-derived mouse adiponectin was used to treat these mice, leading 
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to significant amelioration of ritonavir-induced elevations of triglyceride and free fatty 

acids. The mechanism underlying this effect is partly due to adiponectin’s ability to 

decrease ritonavir-induced synthesis of fatty acids and triglyceride, and to increase fatty 

acid oxidation in the liver tissue (Xu et al., 2004). 

1.3 Adiponectin: structure and function 

1.3.1 Adiponectin: primary structure 

Adiponectin is the commonly-used name for the hormone, but it has also been referred 

to in the literature as Acrp30, AdipoQ, apM1 and GBP28. All of these synonyms were 

originally designated according to its origin and biochemical or genetic properties when 

it was discovered by four independent research groups (Table 1.1).  

Table 1.1 Adiponectin nomenclature as applied in the literature 

Synonym Note 

Acrp30 (Scherer et al., 1995): 
adipocyte complement-related 
protein of 30 kDa 
 

Acrp30 refers to the cDNA which was cloned using 
the differential display technique from a cDNA 
library of the differentiated mouse adipocytes.  

AdipoQ (Hu et al., 1996) AdipoQ, the cDNA which was isolated from 
differentiated mouse adipocyte cells using an 
mRNA differential-display technique; its mRNA 
expression levels in fat tissue were found 
significantly decreased in obese mice and humans. 

apM1 (Maeda et al., 1996):  
adipose most-abundant gene 
transcript 1  
Adiponectin (Arita et al., 1999):  
apM1 encoded protein   
 

apM1, the cDNA isolated from a 3’-directed human 
adipose tissue cDNA library by large-scale random 
sequencing. 

GBP28 (Nakano et al., 1996): 
gelatin-binding protein of 28 kDa 
 

GBP28, the protein purified from human plasma 
with a gelatin-affinity column; its amino-acid 
sequence was found to be identical to the predicted 
amino acid sequence of apM1 cDNA. 
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So far, adiponectin homologues have been cloned from eleven animal species, ten from 

mammals and one from the chicken. The protein sequence data and O-glycosylation site 

prediction (for mucin type) of adiponectin are available by using a stand-alone software 

package NetOGlyc 3.1 (www.cbs.dtu.dk/services/NetOGlyc) (Julenius et al., 2005). 

Structurally speaking, adiponectin shares significant homology with the complement 

factor C1q (all three chains), collagen X and collagen VIII (Scherer et al., 1995; Hu et al., 

1996; Maeda et al., 1996; Nakano et al., 1996). Of the eleven available species of 

adiponectin, the primary peptide sequence varies in length from 194 to 292 amino acids, 

comprising four sections: an amino (NH2)-terminal signal peptide; the variable region 

bearing species-specific characteristics; the collagenous domain, followed by; a carboxyl 

(COOH)-terminal globular domain (Figure 1.1). The peptide alignment analysis 

revealed a high degree of conservation (~80%) and identity between different animal 

species (Wang et al., 2002).  

 

Figure 1.1 Schematic structure of adiponectin and the reported PTMs as at the time this thesis 
work was initiated. Top: Domain structure of human adiponectin precursor as indicated. Bottom: 
The peptide sequence of the variable region (residues 19-41) and collagenous domain (42-107) in 
human adiponectin. The G-X-Y repeats in the collagenous domain are indicated: the 2nd (X) or 
3rd (Y) position of residue (both shown in grey), represent any residue. The modified residues are 
labelled: the potentially disulphide-bonded cysteinyl residue (C36) in higher-than-trimer 
multimers is shown; the hydroxylated prolyl residues (P44, P47, P53, P71, P76, P86, P95 and P104) 
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and the hydroxylated and glycosylated lysyl residues (K65, K68, K77 and K101), solid circles 
here represent galactose (yellow) and glucose (blue) respectively, which were directly identified 
in bovine serum adiponectin (Wang et al., 2004). Novel modifications on a cluster of three NH2-
terminal threonyl residues (T20, T21 and T22) and one lysyl residue (K33) were discovered in 
this work and will be described in this thesis document. Note that in this thesis the numbering of 
mature adiponectin is as for pro-adiponectin, to be consistent with the bulk of the literature.   

Human adiponectin is synthesized as a 244-amino acid precursor in adipocytes (Figure 

1.1). The signal peptide (1-18), with its hydrophobic property as determined from its 

amino-acid composition, suggests that adiponectin is a secretory protein (Maeda et al., 

1996); it is subject to cleavage during secretion from adipose tissue, therefore the mature 

adiponectin consists of 226-amino acid residues (19-244), with the E19 as its first residue 

at the NH2-terminus (Figure 1.1). The NH2-terminal variable region is a short peptide 

(19-41), which shows species-specific divergence; it contains one conserved lysyl 

residue, K33, and one conserved cysteinyl, C36, residue, which is able to form an inter-

chain disulphide bond when adiponectin assembles into high-order multimers. The 

collagenous domain (42-107) contains 22 repeated G-X-Y triplets, and acts as the 

structural basis for the triple-helical structure of the trimer through association of three 

individual monomers (Nakano et al., 1996). The globular domain (108-244) itself has 

been reported to be bioactive, showing anti-diabetic and anti-atherogenic effects on 

mice (Fruebis et al., 2001; Yamauchi et al., 2003b); however, the physiological relevance 

of these observations remains uncertain. X-ray crystallographic analysis of the globular 

domain from a trimeric adiponectin revealed an unexpected homology to the TNF 

(tumor necrosis factor) family even though they lack the homology in primary structure: 

both exhibit a conserved, ten-β-strand ‘jellyroll’-folded, bell-shaped trimeric structure 

(Shapiro and Scherer, 1998). Four conserved lysyl residues in the adiponectin 

collagenous domain were found to be hydroxylated and subsequently glycosylated in a 

previous study from our group (Wang et al., 2002); they were convincingly 

demonstrated to play a crucial role in adiponectin multimerization and secretion 

(Richards et al., 2006; Wang et al., 2006). A recent report identified a novel glycosylation 

at the NH2-terminus of human adiponectin; the structural and functional 
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characterization of this modification suggested that it is not required for adiponectin 

multimerization or secretion but determines its half-life in circulation (Richards et al., 

2010). All of these PTMs have been further characterized and will be described in this 

thesis (Chapters Three to Five).   

1.3.2 Adiponectin multimerization 

Adiponectin, like its homologues C1q and collagen X, forms low-molecular-weight 

(LMW) trimers, medium-molecular-weight (MMW) hexamers, and the high-molecular- 

weight (HMW) oligomeric complexes. Scherer and co-workers demonstrated by 

electrophoresis that adiponectin exists predominantly as trimeric, hexameric and HMW 

complex forms in 3T3-L1 adipocyte culture medium (Scherer et al., 1995), 

corresponding to three adiponectin bands with sizes of 67 kDa, 136 kDa and over 250 

kDa respectively, under non-reducing and non-heat-denaturing condition (Waki et al., 

2003). Under the electron microscope, mammalian cell-expressed adiponectin has been 

visualized as three complex structures: the trimer, a ball-and-stalk-like structure, 

bearing a smaller sphere at the opposite end of the stalk (possibly indicating the loosely-

assembled non-helical variable region); hexamers, comprising two trimers arranged in 

parallel and (presumably) linked at the far end of the stalk through disulphide bonding, 

with two heads and two stalks distinguishable; and the asymmetric bouquet-like 

architecture of the HMW  complex (Tsao et al., 2003; Radjainia et al., 2008).  

The exact disulphide-bonding pattern in adiponectin remains to be elucidated. Pajvani 

and colleagues stated their belief that the hydrophobic interaction between globular 

domains of monomers is sufficient to initialize trimerization of adiponectin. An intra-

trimeric disulphide bond is said to be formed between two monomers; this covalent 

bond is not essential for trimer formation, but may contribute to molecular stability 

(Pajvani et al., 2003). Tsao and co-workers demonstrated that disulphide bond 

formation is only required for hexamer and HMW complex assembly, because 

reduction with DTT or point-mutation of the disulphide bond-forming cysteine residue 

results in the trimer as the final product (Tsao et al., 2003). By this schema, the free 
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cysteine from the third monomer bonds with free cysteine of another trimer to form the 

hexamer. Both trimer and hexamer may be building blocks for HMW formation.  

On the other hand, a compositional analysis of multimers confirmed that the HMW 

form consists of some hexamers by using purified HMW material from human  serum 

(Hada et al., 2007). Whereas Maeda and co-workers analyzed the cDNA of human 

adiponectin and predicted that adiponectin multimeric species are likely to be formed 

through the collagen-like domains (Maeda et al., 1996), Nakano et al reported that there 

is no disulphide bond between monomers in a trimer and also no disulphide bond 

between trimers, because the interaction between trimers could be disrupted by heat 

and acidic acid pH only – that is, without chemical reduction (Nakano et al., 1996). 

Waki et al demonstrated that the formation of the disulphide bond through an NH2-

terminal cysteine (C39 in mouse) was required for the assembly of multimers larger 

than a trimer. A mutant adiponectin lacking the NH2-terminal cysteine residue could 

not form multimers larger than a trimer, and abrogated the effect of adiponectin on 

AMPK activation in hepatocytes (Waki et al., 2003). Cell-free translation of type-X 

collagen generated collagen trimer formation, indicating the self-assembly of three 

monomers into the trimeric form without requirement of disulphide bond formation. 

This trimer was stable under reducing conditions but dissociated into monomers due to 

increased temperature (Chan et al., 1995). This observation indicates that the 

physicochemical interactions between monomers within trimers are heat-sensitive 

(thermodynamically), while the hexamer and the HMW forms (larger than trimer) are 

reduced into trimers by breaking disulphide bonds (being not as sensitive to heat, the 

dimer remains in heat-treated adiponectin samples). 

Monomeric adiponectin has not been reported to exist in physiological conditions so far, 

but a truncated form (16 kDa) of adiponectin was observed in immuno-precipitated 

adiponectin protein from human plasma, and confirmed to be the globular domain. The 

proteolytically-cleaved globular fragment from recombinant mouse adiponectin 

homologue exhibited an in vivo pharmaceutical effects in high-fat fed mice: namely,  
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decreasing the elevated levels of plasma free fatty acids at least in part by stimulating 

lipid oxidation in skeletal muscle, and then by causing body-weight loss without 

modifying food intake (Fruebis et al., 2001). The molecular structure that elicits these 

effects lies within the globular part of the adiponectin molecule, which most likely 

stimulates increased muscle lipid oxidation by activation of AMP-activated protein 

kinase (AMPK) and subsequent inhibition of the activity of acetyl CoA carboxylase 

(Tomas et al., 2002). The lipid-lowering property of globular adiponectin was further 

confirmed by Yamauchi et al in transgenic mice that over-express globular adiponectin 

(gAd-Tg). In that study, gAd-Tg mice were crossed with ob/ob mice to yield gAd-Tg-ob/ob 

offspring, which showed amelioration of insulin resistance and the diabetic state 

through increased fatty acid oxidation in skeletal muscle and elevated expression levels 

of molecules involved in fatty acid oxidation (Yamauchi et al., 2003). Moreover, the in 

vivo anti-atherosclerotic actions of globular adiponectin have been demonstrated in 

apolipoprotein E deficient (ApoE-/-) mice, which when crossed with gAd-Tg mice, 

generate gAd-Tg-ApoE-/- animals that display decreased levels of the macrophage class 

A scavenger receptor and tumor necrosis factor α (Yamauchi et al., 2003).   

An enzyme cleaving adiponectin in vitro, called leucocyte elastase, has been identified 

by Waki et al in culture media from the PMA-stimulated monocyte cell lines, THP1 and 

U937. The cleavage occurred at several sites across the collagenous domain and 

produced 25-, 20-, and 18-kDa truncated adiponectin products containing the globular 

domain (Waki et al., 2005). Whether the cleavage of adiponectin by leukocyte elastase 

occurs in vivo or not, has yet to be determined. Our previous study showed that the 

preponderance of serum adiponectin (bovine) is the full-length form, suggesting the 

possibility of local cleavage of adiponectin by certain protease released from the target 

tissues for globular fragment to exert its specific function when required (Wang et al., 

2004).  

Sexual dimorphism is exhibited in differential total adiponectin levels in human or 

mouse serum. Arita and colleagues quantitated adiponectin in human plasma using 
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their in-house ELISA (enzyme-linked immunosorbent assay) system, and found that 

adiponectin in men was present in significantly lower levels than in women in both 

non-obese and obese subjects (Arita et al., 1999). This finding was confirmed in mice by 

the observation that the total adiponectin level in females is ~2.5 fold higher than that of 

males, and perhaps more interestingly, the levels of HMW adiponectin were higher in 

female than male littermates. In both males and females, HMW levels were selectively 

decreased in response to a metabolic challenge with insulin (2 hrs) or glucose (4 hrs); 

the HMW concentration was restored when glucose levels returned to normal (Yang et 

al., 2001; Pajvani et al., 2003). A probable mechanism of sexual dimorphism in 

circulating adiponectin was revealed by Xu and co-workers (Xu et al., 2005), who 

showed that testosterone selectively inhibits the secretion of HMW adiponectin from 

adipocytes, and that this response might be responsible for the lowered HMW 

adiponectin in blood. The effect of testosterone on the abundance of HMW complexes 

in adiponectin composition was clearly demonstrated in mice, either by removal of 

testicular testosterone through castration or administration of testosterone to castrated 

animals (Xu et al., 2005). Adiponectin secretion monitored by pulse-chase labelling 

experiments in rat adipocytes revealed that the HMW form in newly-synthesized 

adiponectin was secreted much more slowly than trimeric and hexameric forms; at the 

15-hr point after chasing, there was ~30% less HMW adiponectin in the cells of the 

testosterone-treated adipocytes than untreated adipocytes, indicating that testosterone 

selectively impeded the secretion of HMW adiponectin but not that of the other two 

forms. The inhibitory effects of testosterone on secretion of HMW adiponectin were 

largely restored by the transcription inhibitor actinomycin D, consistent with the action 

of a transcriptional event in this process. The selective inhibition of HMW adiponectin 

by testosterone might contribute to the sexual dimorphism of adiponectin in terms of its 

ability to modify oligomeric complex distribution. All of this evidence suggests that the 

three oligomeric complexes of adiponectin might be released from adipocytes via 

distinct secretory pathways, which makes it possible for testosterone to selectively 

impede the secretion of HMW adiponectin from adipocytes (Xu et al., 2005). 
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Once secreted into the circulatory system, the trimer, hexamer and HMW forms do not 

inter-convert; this was confirmed by injecting fluorescent dye-labelled adiponectin into 

mice and collecting blood samples over a 2-h period (chromatographically-isolated 

multimer samples were further separated on SDS-PAGE and analyzed by quantitative 

fluorescence Western blotting) (Halberg et al., 2009). 

The precise composition of plasma adiponectin has been analyzed by native PAGE and 

SDS-PAGE using selectively purified multimer species from human plasma (Hada et al., 

2007); four gel bands were confirmed as adiponectin by amino-terminal peptide 

sequencing, corresponding to trimeric, hexameric and HMW-complex adiponectin. A 

trimer-albumin complex was also identified, and in addition, a disulphide bond 

between them. Functional assays of each of the multimers in activation of AMPK in 

differentiated C2C12 skeletal muscle cells suggested that the HMW is the most potent 

species of adiponectin, probably due to its highest binding capacity to C2C12 membrane 

fractions.  

1.3.3 Adiponectin receptors 

Two adiponectin receptors, termed AdipoR1 and AdipoR2, were identified by 

screening a skeletal muscle library using globular adiponectin as ‘bait’. Their structures 

are predicted to contain seven-transmembrane domains with an intracellular (not 

extracellular) NH2-terminus, and are therefore distinct from typical G-protein coupled 

receptors; these structures are conserved from yeast to humans (Yamauchi et al., 2003a). 

The abundance of the two receptors was analyzed by Northern blotting in different 

tissues in mouse and human, and revealed that AdipoR1 mRNA was expressed 

ubiquitously and abundantly in skeletal muscle, while AdipoR2 expression was more 

abundant in liver (Yamauchi et al., 2003a). Binding assays of adiponectin to its receptors 

were performed using full-length or globular-domain forms of adiponectin. The results 

suggested that AdipoR1 apparently acts as the high-affinity receptor for globular 

adiponectin and an intermediate-affinity receptor for full-length adiponectin in skeletal 

muscle. AdipoR2 seems to have an intermediate affinity for both forms of adiponectin 
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in the liver (Yamauchi et al., 2003a; Takeuchi et al., 2007). AdipoR2 expression was more 

apparent in tissues from mouse than human (Civitarese et al., 2004). 

The physiological roles of AdipoR1 and AdipoR2 have been investigated in vivo using 

adiponectin receptor knock-out mice, AdipoR1-/- and AdipoR2-/- (Bjursell et al., 2007). 

The results indicate that AdipoR1 and AdipoR2 might exert opposite effects on energy 

metabolism. Compared with WT mice, AdipoR1-/- mice were obese and glucose-

intolerant with accompanying decreases in physical activity and energy expenditure, 

whereas the AdipoR2-/- mice became lean, resistant to diet-induced obesity, and had  

increased physical activity and energy expenditure, improved glucose tolerance, and 

decreased plasma cholesterol levels.  

Adiponectin has the ability to cross the blood brain barrier, and both adiponectin 

receptors are expressed in the hypothalamus (Kadowaki et al., 2008). The mechanism 

for adiponectin transport into the central nervous system is still unclear, but active 

transporters do not appear to be involved and there may be intrathecal production of 

adiponectin (Pan and Kastin, 2007). A recent study demonstrated that adiponectin and 

AdipoR1 regulate PGC-1α and mitochondria via Ca 2+ and AMPK /SIRT1 (Iwabu et al., 

2010). 

A third potential receptor, T-cadherin, binds only to hexameric and HMW complex 

adiponectin, not trimeric or globular adiponectin. T-cadherin is expressed in vascular 

endothelial and smooth muscle cells and exists as a glycosylphosphatidylinositol (GPI)-

anchored extracellular protein (Hug et al., 2004). T-cadherin was found to be 

abundantly expressed in injured vascular endothelial and smooth muscle cells in 

atherosclerotic regions (Takeuchi et al., 2007). A transgenic mouse model demonstrated 

that T-cadherin deficiency limits mammary tumour vascularization and reduces 

tumour growth (Hebbard et al., 2008). A rat model induced for liver fibrosis 

demonstrated that both adiponectin and T-cadherin were significantly increased during 

the induction process, while AdipoR2 expression decreased and for AdipoR1, there was 
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no marked change. The increased adiponectin is reflected in elevated levels of total 

adiponectin and the HMW form, but not hexameric and trimeric forms: these data 

imply that the crosstalk between adiponectin and T-cadherin may play an important 

role during the development of liver fibrosis (Asada et al., 2007).  

1.3.4 Roles of adiponectin  

Adiponectin is the most abundant adipokine in the circulation, and has been 

demonstrated to have anti-diabetic, anti-atherogenic as well as some other increasingly-

identified effects, as shown in Figure 1.2.  

The anti-diabetic effects of adiponectin are mainly achieved by enhancing the insulin 

sensitivity of classical insulin-target tissues. In the liver, adiponectin inhibits expression 

of the enzymes required for gluconeogenesis thereby suppressing hepatic glucose 

production and tending to lower blood glucose; HMW adiponectin has been reported to 

be the most potent form with respect to this insulin-sensitizing effect (Berg et al., 2001; 

Wang et al., 2002; Richards et al., 2006; Wang et al., 2006). In skeletal muscle, 

adiponectin enhances insulin sensitivity by increasing fatty-acid utilisation and glucose 

uptake (Fruebis et al., 2001). The insulin-sensitizing effect of adiponectin is reportedly 

mediated through activation of AMP-kinase (Tomas et al., 2002; Yamauchi et al., 2002), 

followed by PPAR-α (Fruebis et al., 2001; Yamauchi et al., 2003b) to increase the 

expression of enzymes responsible for lipid and glucose utilization. The two 

adiponectin receptors, AdipoR1 and AdipoR2 have been shown to mediate 

adiponectin’s insulin-sensitizing effect in skeletal muscle and liver, respectively 

(Yamauchi et al., 2003a; Kadowaki and Yamauchi, 2005).  

The protective role of adiponectin against cardiovascular diseases is illustrated in 

Figure 1.2. Atherosclerosis, a pathological process whereby the arterial wall thickens as 

a result of the accumulation of fatty materials such as cholesterol, leads to or causes 

arteriosclerotic vascular disease. In the endothelium, all oligomeric forms of adiponectin 

increase nitric oxide production, and decrease high-glucose–induced oxidative stress 
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(Chen et al., 2003; Ouedraogo et al., 2006; Cheng et al., 2007); however, only HMW 

adiponectin prevented the endothelial cells from apoptosis (Ouchi et al., 2004). 

Circulating adiponectin is reportedly decreased in patients with coronary artery disease. 

In vitro, adiponectin exhibited an inhibitory effect on the expression of endothelial 

adhesion molecules through the modulation of the cross talk between cAMP-PKA and 

NF-κB signalling pathways (Ouchi et al., 1999; Ouchi et al., 2000). Adiponectin also 

inhibited monocyte adhesion to endothelial cells and prevented the transformation of 

macrophages to foam cells by inhibiting lipid accumulation in human monocyte-

derived macrophages (Ouchi et al., 2001). In adiponectin-deficient mice, mechanical 

injury of arteries caused severe neointimal thickening and increased proliferation of 

vascular smooth muscle cells. Adiponectin, in vitro, suppressed the actions of several 

growth factors that can induce the proliferation of smooth muscle cells; different 

oligomers had different effects so this response can be  described as oligomer-specific 

(Arita et al., 2002; Matsuda et al., 2002; Wang et al., 2005). For example, platelet-derived 

growth factor (BB) binds to the HMW and hexameric complexes, but not to trimeric 

adiponectin; by contrast, basic fibroblast growth factor preferentially interacts with the 

HMW isoform, whereas heparin-binding epidermal growth factor (EGF)-like growth 

factor (HB-EGF) binds to all three forms with comparable affinities. The three different 

adiponectin oligomers appear to act as decoys for these atherogenic growth factors to 

decrease their bioavailability and thus to preclude their binding to the respective 

membrane receptors, leading to the attenuation of smooth muscle proliferation and new 

intima formation. 

Tsao et al reported that only the hexameric or HMW forms could stimulate the NF-κB 

pathway whereas the trimer did not (Tsao et al., 2002). Incubation of the trimer with 

isolated rat skeletal muscle (m. extensor digitorum longus) stimulated phosphorylation of 

the Thr172 residue of the AMPK enzyme thereby activating it, while the hexamer and 

HMW failed to do so (Tsao et al., 2003).   
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Figure 1.2 Adiponectin has multiple functions (adapted from Wang Y. et al, 2008). Abbreviation: 

NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis.  

1.4 Adiponectin: biosynthesis and secretion 

Adiponectin is an abundant circulating cytokine that was initially thought to be 

secreted exclusively from adipose tissue. However, low-level expression was 

subsequently detected in other cells and tissues, including  preadipocytes in bone 

marrow, osteoblasts, cultured cardiac myocytes, portal endothelial cells, placental tissue 

and pituitary cells (Yokota et al., 2002; Berner et al., 2004; Caminos et al., 2005; Kaser et 

al., 2005; Pineiro et al., 2005; Rodriguez-Pacheco et al., 2007). The biosynthesis and 

secretion of adiponectin in adipocytes is a complex process which is regulated at the 

transcriptional, posttranslational and chaperone levels.  

1.4.1 Transcriptional regulation  

Adiponectin is encoded by a single-copy gene which was mapped to chromosome 16 in 

the mouse (Das et al., 2001) and chromosome 3 (3q27) in the human (Takahashi et al., 

2000). It consists of three exons separated by two introns, and its structure is conserved 

between mouse and human (Das et al., 2001). The promoter in the mouse gene is 

located upstream and contains multiple transcription-factor-binding sites, such as three 
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E-boxes, one PPRE (PPAR-responsive element), one CCAAT box, several C/EBPα 

enhancers and a putative SRE (sterol-regulatory element), which suggests that its 

transcription is subject to elaborate regulation by various upstream transcription factors 

(Liu and Liu, 2010), as shown below.     

 

Figure 1.3 Schematic structure of the adiponectin promoter (adapted from Liu, M. et al. 2010). 

1.4.1.1 Regulation by PPARγ  

The nuclear receptor PPARγ (peroxisome-proliferator-activated receptor gamma) is one 

of the transcription factors that up-regulates adiponectin expression by directly binding 

to the PPRE (PPARγ response element) of the gene promoter of adiponectin (Liu and 

Liu, 2010). PPARγ has been shown to be expressed mainly in adipose tissue. Adipose 

tissue-specific deletion of the PPARγ gene lowers plasma adiponectin level in mice (He 

et al., 2003). A loss-of-function PPARγ variant (Pro12Ala) with disrupted transcriptional 

activity  (Deeb et al., 1998) was associated  with  lowered circulating levels of 

adiponectin in the Japanese population (Yamamoto et al., 2002). Thiazolidinediones 

(TZDs), a class of PPARγ agonists used as anti-diabetic drugs, bind to and activate 
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PPARγ, resulting in increased secretion of adiponectin to improve insulin-sensitivity 

(Riera-Guardia and Rothenbacher, 2008). The anti-diabetic drug, rosiglitazone and 

MRL24, a synthetic compound (Merck) currently undergoing evaluation, are strong and 

weak PPARγ agonists respectively; both of them inhibit obesity-linked phosphorylation 

of PPARγ at serine 273 via cyclin-dependent kinase 5 (Choi et al., 2010). 

1.4.1.2 Regulation by FoxO1 

FoxO1 belongs to the forkhead box O transcription factor family (FoxO) and plays an 

important role in metabolic homeostasis. FoxO1 up-regulates adiponectin expression 

through complex formation with C/EBPα leading to activation of adiponectin 

transcription. SIRT 1 regulates this process by activating FoxO1 and enhancing FoxO1 

and C/EBPα interaction (Qiao and Shao, 2006).  

1.4.1.3 Regulation by C/EBPα  

CCAAT/enhancer-binding protein alpha (C/EBPα) works as a homo- or hetero-dimer 

to interact with the CCAAT-box motif to recruit co-activators such as CBP to regulate 

transcription. Over-expression or decreased expression of C/EBPα affects adiponectin 

mRNA expression positively or negatively in human adipocytes (Qiao et al., 2005). No 

difference was shown for C/EBPα expression levels in adipose tissues of a mouse 

model between animals with insulin resistance and healthy normal individuals 

although adiponectin expression was decreased at the levels of both mRNA and protein, 

suggesting that the C/EBPα appears not to be the major factor in the regulation of 

adiponectin gene expression (Seo et al., 2004). The adiponectin gene promoter was 

shown to contain two C/EBPα enhancer sites, binding of which by C/EBPα stimulated 

adiponectin expression in response to high glucose exposure in 3T3-L1 adipocytes (Park 

et al., 2004). 

1.4.1.4 Regulation by SREBPs 

Sterol regulatory element binding proteins (SREBPs) comprise a cluster of transcription 

factors, which bind to sterol regulatory element (SRE) responsive element to activate the 

transcription of genes involved in lipid metabolism (Liu and Liu, 2010). In vitro analysis 
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of the mouse adiponectin gene identified a putative binding site (at -431 to -423) for 

SREBPs within its promoter region in 3T3-L1 adipocytes (Kita et al., 2005). Adiponectin 

expression in 3T3-L1 adipocytes was up-regulated at both the mRNA level and the 

protein level by adenoviral overexpression of SREBP-1c (Seo et al., 2004). However, 

whether the regulation by SREBP-1c in adipocytes is physiologically relevant in vivo is 

still uncertain. SREBP-1c also promoted adiponectin transcription by association with 

E47 and subsequent binding to E-boxes within the adiponectin promoter (Doran et al., 

2008). In liver, increased SREBP-1c has been associated with insulin resistance and fatty 

liver in diabetic mice and overexpression of SREBP-1c in hepatocytes led to steatosis. 

Furthermore, reducing the ER-stress-induced proteolytic cleavage that yields activated 

SREBP-1c improves steatosis and insulin sensitivity of ob/ob mice. The discrepancies in 

adiponectin’s regulatory roles in liver and adipocytes need to be studied further (Liu 

and Liu, 2010). 

1.4.1.5 Regulation by TNF-α  

Tumour necrosis factor alpha (TNF-α) is a pro-inflammatory cytokine which down-

regulates adiponectin transcription through suppressing its transcriptional activators, 

including PPARγ, SREBP and C/EBPα. This suppressive effect may be mediated by 

JNK (c-Jun N-terminal kinase), which mediates phosphorylation of PPARγ and 

decreases its capacity to bind with DNA. The TNF-α induced JNK activation is elicited 

by PKC (protein kinase C). Suppression by TNF-α of adiponectin also occurs via 

inhibition of Sp-1 activity or by enhancing IGFBP-3 (Insulin-like growth factor-binding 

protein 3) expression: both result in decreased adiponectin transcription (Liu and Liu, 

2010).  

1.4.2 Modulation of adiponectin function by posttranslational modifications 

Our previous comparison of adiponectin’s primary amino acid sequence across 

different animal species revealed that it is strongly conserved, sharing some 80% 

sequence identity between mammalian forms (Wang et al., 2002). Many different 

residues in adiponectin are subject to PTM. There is robust evidence that these 
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modifications have significant roles in the multimerization and secretion of adiponectin 

from adipose tissue, its stability in the circulation and are crucial for adiponectin to 

undertake its multiple functions. Investigation of the structure-activity relationship in 

adiponectin would warrant elucidating the molecular basis of specific chemical 

modifications responsible for eliciting a specific biological effect in the organism. The 

information derived from these analyses could provide a guide to modify the biological 

effect of a molecule by manipulating its structural modification, which could have 

potential utility in the development of a new therapeutic drug based on aspects of the 

adiponectin structure. 

1.4.2.1 Disulphide bond formation 

The role of disulphide bond formation in the adiponectin oligomerization process has 

been well studied both in vitro and in vivo using biochemical and mutagenesis methods 

(Pajvani et al., 2003; Tsao et al., 2003; Waki et al., 2003). These studies identified a 

conserved cysteine residue in the variable region of adiponectin (mouse Cys39, which 

corresponds to human Cys36), through which disulphide bond formation may facilitate 

the assembly of oligomers larger than trimers; that is, the hexameric and HMW 

complexes of adiponectin.    

In addition to its widely-accepted pivotal role in the assembly of oligomeric complexes 

larger than trimers, a recent study found that this cysteine residue is also responsible for 

covalent bond formation with the ER chaperone ERp44, which plays a major role in the 

assembly of the higher order forms of adiponectin (Wang et al., 2007; Banga et al., 2008). 

An in vitro assay for assembly of adiponectin trimers into its HMW oligomeric form 

(octadecamers) was performed. Adiponectin trimers, formed from dissociation of the 

HMW protein purified from bovine serum, partially and spontaneously re-assembled 

into the HMW oligomeric form in the presence of the oxidizing agent hydrogen 

peroxide, reflecting oxidation of the cysteine residues to form disulphide bonds; on the 

other hand, an adiponectin mutant lacking the disulphide bond was observed to form 

stable HMW oligomers in vitro. These observations were interpreted to support a 
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requirement for disulphide-bond formation  during the oligomerization process itself 

rather than for oligomer stabilization (Briggs et al., 2009). These findings are based on in 

vitro experiments, and their in vivo relevance remains unclear. Additionally, a recent 

study by mutagenesis of a highly-conserved tryptophan residue (W42) in mouse 

adiponectin, which is adjacent to the potentially disulphide-bonding cysteine (C39), 

suggested a regulatory role in oxidation of cysteine to prevent adiponectin from being 

held in the oxidized trimeric or hexameric states concomitantly, leading to a reduction 

of HMW formation (Radjainia et al., 2012).  

1.4.2.2 Lysyl hydroxylation and glycosylation 

In our previous work, the lysyl hydroxylation and subsequent glycosylation by 

attachment of two hexose residues was identified on four conserved residues within the 

collagenous domain of adiponectin proteins isolated from differentiated 3T3-L1 mouse 

adipocytes or bovine plasma (Wang et al., 2002; Wang et al., 2004). These lysyl 

modifications were also discovered on a conserved lysyl residue in the variable region 

of bovine adiponectin (K28), and the composition of the two hexose moieties was 

determined using nuclear magnetic resonance spectroscopy to be the glucosylgalactosyl 

group linked to an hydroxylated lysyl residue (Glu-Gal-hyK), (Wang et al., 2004). 

Richards et al analyzed recombinant human adiponectin, and further confirmed 

modifications on four corresponding collagenous-domain lysyl residues (K65, K68, K77 

and K101) (Richards et al., 2006) and the variable region as an hydroxylated lysyl 

residue (K33) without glycosylation (Richards et al., 2010). Chickens, naturally 

hyperglycaemic animals in relation to mammals, exhibit a unique profile of oligomer 

distribution where predominantly only the HMW oligomeric form exists in adiponectin, 

not the three oligomeric forms as in mammals (Hendricks et al., 2009). There are five 

hydroxylated and glycosylated lysyl residues in chicken adiponectin, all located in the 

collagenous domain; three of these are conserved, corresponding to K68, K77 and K101 

of their human counterpart; the other two are not conserved, and are equivalent to K83 

and K104 of the human homologue (Hendricks et al., 2009).  
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The biological significance of the lysyl hydroxylation and glycosylation on the 

adiponectin molecule primarily lies in its necessary effect on the formation and 

stabilization of HMW adiponectin, which in turn mediates the insulin-sensitizing 

activities (Wang et al., 2008). Mutagenesis of lysyl residues by replacement with 

arginine residues specifically disrupted intracellular assembly and secretion of the 

HMW adiponectin in recombinant protein expression (Wang et al., 2006; Richards et al., 

2006). In vivo expression of adiponectin mutants in adiponectin-knockout mice 

produced impaired oligomeric distribution with the HMW form undetectable in 

circulating adiponectin compared with the WT form in controls, even although similar 

mRNA expression levels were observed (Wang et al., 2006). The carbohydrate content 

determination in chromatographic column-purified adiponectin oligomers 

demonstrated that HMW adiponectin was glycosylated at significantly higher levels 

than that of trimer and hexamer forms of adiponectin from recombinant protein or 

human plasma (Wang et al., 2006; Peake et al., 2007). In contrast, significantly lower 

glycosylation levels in HMW adiponectin were observed in T2DM patients compared to 

healthy individuals (Wang et al., 2006). Chemically destroying carbohydrate by 

metaperiodate treatment of affinity-purified plasma adiponectin  increased the 

susceptibility of adiponectin to proteinase K digestion, suggesting a stabilizing 

influence of glycosylation on adiponectin conformation (Peake et al., 2007).  

1.4.2.3 Prolyl hydroxylation 

To date, the hydroxylation of multiple prolyl residues within the adiponectin 

collagenous domain has been reported and illustrated in Figure 1.1 (Wang et al., 2002, 

2004; Richards et al., 2006, 2010; Hendricks et al., 2009). Sequence alignment analysis for 

the collagenous domain (see Appendix VI) demonstrates that whereas the P71 and P86 

residues are less well conserved, the remainder of the hydroxylated lysyl residues are 

fully conserved (P44, P47, P53, P91 and P95) or at least conserved in mammals (P76 and 

P104). Although the biological significance of prolyl hydroxylation for triple helix 

formation in collagen is well known (Engel and Bächinger, 2005), the functional role of 
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this modification in adiponectin has not been thoroughly investigated . Combined 

inhibition of prolyl and lysyl hydroxylation by treatment with 2, 2’-dipyridyl reportedly 

abolished the formation of higher-order oligomeric forms of adiponectin (hexamer and 

HMW) rather than trimers in CHO cells expressing human adiponectin, implying a 

crucial role for lysine and/or proline hydroxylation in adiponectin oligomerization 

(Richards et al., 2006). To date, the analysis of the separate effects of prolyl 

hydroxylation on adiponectin oligomerization has not yet been reported. 

1.4.2.4 Sialylation 

Sialic acid was first reported to be present as disialic acid (diSia) on adiponectin derived 

from murine or bovine plasma by Sato et al, who employed biochemical approaches and 

an antibody specific for the Neu5Ac alpha2-8Neu5Ac alpha2  3Gal moiety. 

Sialic acid (Sia) is the common name for N-acetylneuraminic acid (Neu5Ac), which is a 

9-carbon acidic sugar. Sialic acid in human adiponectin was recently confirmed to link 

to the typical O-linked glycan N-acetylhexosamine-hexose (HexNAc-Hex) situated on 

the threonyl residues within the adiponectin variable region (Richards et al., 2010). 

Structural effects of sialyl-modification on adiponectin activity were determined in 

adiponectin preparations that were modified either by enzymatic digestion to remove 

sialic acid (desialylation) or the underlying O-glycans, or produced by recombinant 

means in sialylation-deficiency cells (Lec2). Both preparations showed comparable 

oligomeric composition with the WT-adiponectin on non-reducing and non-heat-

denaturing SDS-PAGE gels, suggesting that the sialylation is not required for 

adiponectin oligomerization or secretion (Richards et al., 2010). Acute administration of 

desialylated adiponectin to rats or adiponectin-/- mice demonstrated an accelerated 

plasma clearance compared with WT-adiponectin: this observation is consistent with an 

accelerated uptake of desialylated adiponectin by primary rat hepatocytes, pointing to a 

role for sialylation in determining the half-life of circulating adiponectin, perhaps 

through an hepatic asialoglycoprotein receptor (Richards et al., 2010). Activity 
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assessment of desialylated adiponectin indicated that it stimulated GLUT4 translocation 

in differentiated L6 cells and activated AMPK activity in mouse liver to levels 

comparable with WT-adiponectin. When chronically administered to adiponectin-/- 

mice, desialylated adiponectin was sustained at lower levels resulting in failure to 

improve glucose tolerance and insulin responsiveness in high-fat-fed male mice, 

indicating that the reduced sialic acid in adiponectin caused reduced bioavailability, 

and therefore attenuated adiponectin in its metabolic functionality.     

1.4.2.5 N-linked glycosylation  

Treatment of adiponectin preparations with endo H produced no measurable decrease 

in mass: this finding was interpreted as inconsistent with N-linked glycosylation 

(Scherer et al, 1995). On the other hand, Zielinska et al reported an N-linked 

glycosylation site at N53 of mouse adiponectin, based on their application of an in-

house filter-aided-sample-preparation (FASP)-based method combined with high-

resolution mass spectrometry (Zielinska et al., 2010). Tanaka et al also reported the 

existence of N-linked glycosylation in mouse adiponectin (derived either from serum or 

3T3-L1 adipocytes) based on the observation of a lower-migrating band which 

diminished after treatment with PNGase (an N-glycosidase) or tunicamycin (an 

inhibitor of N-linked glycosylation); or the disappearance of the lower band from N53I, 

but not from N233I, both of which have mutations in potential N-linked anchor sites 

(Tanaka et al., 2011). N-linked glycosylation require either NXT or NXS consensus 

sequences, of which there are two in mouse adiponectin: NGT (53-55) and NDS (233-

235). However, N233 proved not to be an N-linked glycosylation site upon experimental 

probing. The role of N-linked glycosylation in adiponectin is not determined yet and 

will require further investigated in the future (Tanaka et al., 2011).  

1.4.2.6 Succination 

Protein succination is the process by which certain cysteine residues in some proteins 

react with a fumarate moiety (which may be derived from the citric-acid cycle) to 

produce one or more succinated cysteine residues. This irreversible, non-enzymatic 
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modification on the thiol group of proteins is a sugar-derived chemical modification 

associated with age-related diseases, such as diabetes and its complications (Nagai et al., 

2007).  

Adiponectin succination was identified on a cysteine residue (Cys39) of mouse 

adiponectin in 3T3-L1 adipocytes cultured in high-glucose (30 mM) or from adipose 

tissues of diabetic mice (db/db) (Frizzell et al., 2009). Importantly, the succination was 

detected only on the adiponectin monomeric form within adipocytes or adipose tissue 

itself, not its multimeric and secretory forms in culture medium or plasma. This 

suggested that disulphide bond-dependent adiponectin multimerization and secretion 

were inhibited inside the cells at the monomeric adiponectin level, due to succination 

on this cysteine residue, resulting in unavailability of free thiol groups to form high- 

order oligomers. The extent of succination is increased in states of high glucose or 

diabetes due to accumulation of citric-acid cycle intermediates, and may therefore 

contribute to the decrease in plasma adiponectin in diabetes (Frizzell et al., 2009).  

1.4.3 Regulation by molecular chaperones 

Once released from adipose tissue, adiponectin in its multimeric forms are not 

interchangeable, implying that the multimeric complex distribution is controlled 

primarily at the level of secretion from adipocytes (Pajvani et al., 2003). Several 

endoplasmic reticulum (ER) chaperones, such as ERp44, Ero1-Lα and DsbA-L have 

recently been reported to regulate the secretion of adiponectin multimers at the 

posttranslational level. All of these chaperones have been shown to ensure correct 

formation of the tertiary and quaternary structure of adiponectin when stimulated by 

PPARγ. 

ERp44 (ER protein of 44 kDa) is able to retain adiponectin in the cells by thiol-mediated 

retention in which the ERp44 binds to adiponectin through disulphide bond formation, 

possibly to retain adiponectin in the cell to enable increased PTM modification and 

multimerization prior to secretion. Conversely, Ero1-Lα (ER oxidoreductase 1-Lα) can 
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release adiponectin bound by ERp44 through regenerating the disulphide bond via an 

oxygen-mediated process and transferring this bond to ERp44. Both processes were 

induced during adipogenesis (Qiang et al., 2007; Wang et al., 2007). Transient 

transfection studies in HEK-293T cells revealed that over-expression of ERp44 resulted 

in the decreased secretion of adiponectin, while co-expression of ERp44 with Ero1-Lα 

enabled the decreased adiponectin to be partially recovered. Observations in healthy or 

diabetic ob/ob mice demonstrated a close correlation in levels of ERp44, Ero1-Lα and 

secreted adiponectin, especially those of the HMW form (Wang et al., 2007). Enhancing 

Ero1-Lα expression (by PPARγ activation or SIRT1 suppression) can stimulate the 

secretion of HMW complexes in differentiated 3T3-L1 adipocytes, while suppressing 

Ero1-Lα by siRNA interference can reduce adiponectin secretion during 3T3-L1 

differentiation. Expressing Ero1-Lα in the Ero1-Lα-deficient 3T3-L1 cells could either 

stimulate the secretion of adiponectin after they were differentiated into adipocytes, or 

compromise the suppression of activated SIRT1 on adiponectin secretion (Qiang, et al, 

2007).  

DsbA-L (disulphide bond A oxidoreductase-like protein) was isolated and identified 

from a yeast two-hybrid cDNA library using adiponectin as “bait”. DsbA-L is a 25-kDa 

adiponectin-interacting protein expressed mainly in adipose tissue, and was also 

detected in liver, kidney, pancreas and heart (Liu et al., 2008). Like ERp44, DsbA-L 

binds to adiponectin through disulphide bond formation to facilitate adiponectin 

multimerization. The cellular levels of DsbA-L are significantly reduced in adipose 

tissues of obese mice and human subjects. In 3T3-L1 adipocytes, DsbA-L expression is 

stimulated by the insulin sensitizer and inhibited by pro-inflammatory cytokines; over-

expression of DsbA-L promotes adiponectin multimerization, while suppressing DsbA-

L expression selectively reduces adiponectin expression levels (Wang et al., 2011). 

1.5 Project overview 

The primary goal in this PhD project was to establish a human adiponectin expression 

system in the CHO cell line, and to characterize the relationship between structure and 
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activity in the resulting recombinant protein. To this end, we chose the CHO-S cell line, 

a clinically-accepted and mature host system for therapeutic glycoprotein production 

(see section 3.1). Four monoclonal lines were isolated from transiently-transfected 

adherent CHO-S cells, and adapted to suspension-culture conditions in chemically-

defined growth medium; subsequently, production yield was optimized without 

compromising the quality of the recombinant protein, in particular its posttranslational 

modifications on several amino acid residues of interest (four lysyl residues and nine 

prolyl residues in adiponectin collagenous domain; and three threonyl residues near the 

NH2-terminus). The purified protein was structurally characterized by protein gel 

electrophoresis and by electron microscopy, demonstrating that it was properly folded 

and assembled into its native multimeric forms. Furthermore, ex vivo functional 

assessment demonstrated that the recombinant adiponectin was bioactive in isolated 

stripped rat skeletal muscle (Chapter 3) and in cultured mouse skeletal muscle cells 

(Chapter 4).  

Here, it is noteworthy that, during mass spectrometric characterization of this 

recombinant human adiponectin, a glycosylation modification was for the first time 

confirmed and mapped to a hydroxylated lysyl residue, using de novo peptide 

sequencing methods. Also, by combination of 2-DGE and LC-MS/MS techniques, up to 

five sialic acids were determined in our recombinant protein, in good agreement with 

the number of isoforms within the pI ‘train’ observed in adiponectin on the 2-DGE gels. 

This confirmed our hypothesis that sialylation contributes to the heterogeneous patterns 

observed in adiponectin by 2-DGE. 

This finding initiated another goal of my project: to investigate the molecular 

mechanisms of sialyl modification of recombinant adiponectin. Based on preliminary 

MS data, we investigated the potential modification sites on the three threonyl residues 

adjacent to the NH2-terminus: threonyl residues can act as anchors for typical O-linked 

glycan chains that can terminate with sialic acid residues. Four mutants lacking each 

one of the individual threonyl residues or all three were made by using site-directed 
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mutagenesis. The mutated plasmids were stably introduced into CHO-S suspension 

cells using the methods mentioned above to produce and purify these mutant proteins 

for analysis.  Structural characterization by 1D- and 2D-SDS-PAGE revealed a clear 

pattern for these mutants, showing the effects of different glycosylation patterns on 

their structures; and one of the three residues (Thr22) was determined to have key 

effects. To quantitate effects on glycosylation, a mass spectrometry-based method for 

measuring relative abundance for each of the differentially-glycosylated peptides was 

applied. The results revealed a cooperative pattern for O-glycosylation on these three 

threonyl residues, which confirmed our hypothesis that the one key residue regulates 

the overall glycosylation pattern of the NH2-terminus. Significantly, NH2-terminal 

truncation and subsequent cyclization of the following Gln (Q23) residue was 

extensively (95%) seen in triple-mutant proteins and to a lesser extent in mutants that 

lacked only Thr22. This finding suggests that the O-glycosylation/sialylation plays a 

protective role to prevent the NH2-terminus of adiponectin from degradation. To our 

knowledge, this effect has not previously been reported for adiponectin (Chapter 4).   

Following this, an in vitro protein stability-assay was performed on triple-mutant 

adiponectin using two reducing agents, DTT or 2-ME, combined with heating (99 oC, 10 

min, and pH 6.8) for denaturation. On SDS-PAGE gels, triple mutants exhibited altered 

distribution of multimers (decreased HMW with increased tetrameric and dimeric 

forms) despite the absence of DTT; heating caused an NH2-terminally-truncated 

adiponectin variant to appear, as mentioned above. All these observations further 

confirmed the protection that glycosylation provides to adiponectin. Perhaps more 

interestingly, triple mutant adiponectin failed to activate Thr172 phosphorylation of 

AMPK in differentiated mouse skeletal muscle cells whereas WT-adiponectin was 

successful (Chapter 4).  

Although deletion of the NH2-terminal glycosylation caused changes in adiponectin 

multimeric composition, there was no significant difference in quantitation of NH2-

terminal glycosylation between the three adiponectin multimeric forms as isolated by 
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SDS-PAGE, which is in agreement with a prior study that employed methods based on 

enzyme digestion. In addition, triple mutants showed no apparent differences to WT-

adiponectin by electron microscopy (Chapter 5).  

Our previous study on the four conserved lysyl residues demonstrated that the 

hydroxylation and glycosylation on these residues are critical for HMW adiponectin 

formation and secretion. There are no available reports of studies of prolyl 

hydroxylation in adiponectin:  therefore I used the same quantitative approaches to 

analyze the modification profiles in each of the multimers. The results revealed a 

similar pattern both for lysyl and prolyl modifications: that is, residues close to the 

globular domain are more heavily modified in HMW oligomeric adiponectin, while the 

residues in the central area of the collagenous domain more removed from the globular 

domain were more heavily modified than in the HMW form, which could point to 

distinct multimerization pathways. All these findings are based on recombinant 

adiponectin studies, which have provided useful information on the molecular 

mechanisms involved in these PTMs in adiponectin. 

In Chapter 6, experimental results are systematically reviewed and discussed for their 

overall significance, and suggestions provided on possible directions for future work.  
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CHAPTER 2: Methods and Materials 

2.1 CHO-S cell culture 

The CHO-S cell line (Invitrogen, 11619-012) was chosen as the mammalian cell host to 

stably express recombinant human adiponectin throughout the project. All culture 

media and supplements were purchased from Invitrogen. 

CHO-S cells are a clonal isolate, derived from the parent Chinese Hamster Ovary (CHO) 

K1 cells. They can grow in serum-supplemented medium as an adherent culture; also 

they can be adapted to suspension cultivation in optimized serum-free Chemically-

Defined CHO Medium (CD CHO). In this project, the stable monoclonal cultures 

expressing wild-type (WT) or mutant adiponectin species were developed from CHO-S 

cells and maintained as suspension cultures with Geneticin (G-418 Sulfate, 300 µg/mL) 

present in the medium, to maintain the purity of expression clones. 

2.1.1 Suspension culture 

The culture medium comprised CD CHO medium supplemented with GLUTAMAXTM I 

(2 mM, a substitute for L-glutamine, which promotes optimal cell performance) and HT 

solution (10 mM sodium hypoxanthine; 1.6 mM thymidine); bottles of prepared 

medium were wrapped with tin-foil to protect them from light and stored at 4 oC.  

To initiate a culture, one vial of frozen CHO-S cells (1.5 x 107 cells) was directly thawed 

in a 37 oC waterbath, suspended by gentle pipetting and transferred to a T75 flask 

containing 30 mL pre-warmed CD-CHO culture medium (5 x 105 cells per mL), and 

then incubated on an orbital shaker (rotating at 120 rpm) at 37 oC in a humidified 

atmosphere of air:CO2 (95:5 vol/vol). When the culture reached a density of about 2 x 

106 viable cells per mL, cells were expanded by diluting to a density of 2 x 105 cells/mL 

in fresh medium and maintained for two or more passages until cell viability was 

greater than 90%, before use. 
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2.1.2 Adherent culture 

Dulbecco’s Modified Eagle’s Medium (DMEM with 25 mM glucose) supplemented with 

0.1 mM MEM Non-Essential Amino Acids (NEAA) and 10% fetal bovine serum (FBS) 

was prepared and then warmed to 37 oC for use.  

To start monolayer culturing in T75 culture flasks at a density of 2 x 103 cells/cm2, 1.5 x 

105 live cells were pelleted (600 g, 10 min), gently resuspended in 15-mL culture 

medium and transferred to culture flasks. The cells were grown at 37 oC in 5% CO2:95% 

air with humidity and, once confluent, subcultured at dilution rates of 1:2 to 1:8. 

2.1.3 Cell-growth monitoring 

Cell density and cell viability were determined at certain time point(s) as per cell 

growth parameters using a haemocytometer. Briefly, cells in suspension were mixed 

with the same volume of Trypan Blue Solution (Invitrogen), and then carefully added to 

the chambers of the haemocytometer (about 10 µL per chamber, two chambers per 

haemocytometer). Under the microscope, all cells within the counting area from two 

chambers were counted for the number of total cells; the blue-stained cells gave the 

number of dead cells. The calculations followed the formulas below: 

Cell density = 2 x (The number of total cells – The number of dead cells) x 103 cells/mL 

                            The number of total cells – The number of dead cells 

 

2.1.4 Cryostock preparation from suspension cultures 

The Freezing Medium is prepared in a culture media mix (Fresh:Conditioned = 1:1) by 

adding dimethyl sulphoxide (DMSO) to 7.5% (v/v) final concentration, and pre-chilled 

on ice for use. When cells growing in the early-passage stage reached the density of ~2 x 

106 cells/mL with more than 95% of cell viability, they were harvested by centrifugation 

at 100 x g for 10 min, and then gently resuspended in freezing medium to 1 x 107 cells 

Cell viability =    

 

 

x 100% 
The number of total cells 
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per mL. This suspension was dispensed into the cryovials (1.5 mL per aliquot), 

transferred to a Cryo Container (Nalgene® Mr. Frosty 1 °C/min) and frozen at -80 oC 

overnight; the next day the cryovials were moved to liquid nitrogen for long-term 

storage.          

2.2 Generation of a CHO-S cell line stably expressing WT-adiponectin 

Stable expression of adiponectin by CHO-S cells was achieved by direct integration of 

the transfected adiponectin plasmid into their genome, using methods described in this 

section.  

2.2.1 Adiponectin plasmid preparation 

A previously created FLAG-tagged full-length human adiponectin plasmid (pcDNA3.1-

hAd-F, see Figure 3.1B) was amplified in DH5α transformants and then isolated to 

obtain purified plasmid for use in transfection. 

2.2.1.1 Bacterial transformant growth and storage 

The frozen DH5α transformants bearing the pcDNA3.1-hAd-F plasmid were streaked 

onto an Amp+-agar plate with a sterile wire loop. Then the plate was sealed with  

Table 2.1 Culture medium and items for bacterial DH5α cell growth: 

Consumables Composition 

LB medium Bacto-peptone (1% w/v), Bacto-yeast extract (0.5% w/v) and NaCl (171 

mM), pH 7.0 

Ampicillin 50 mg/mL stock solution, 0.2 µm sterile-filtered, -20 oC stored 

frozen; working solution: 100 μg/mL 

LB-agar 2% agar in LB medium (solid gel), autoclaved prior to use. 

Amp+-agar plate 10 cm-diameter Petri dish containing solid LB-agar, poured from 20 

mL of LB-agar solution (when cooled to ~50 oC, Ampicillin added 

to the dose of 100 µg/mL)  

2x Freezing Mix  Glycerol (40% v/v, sterile) dissolved in LB medium for use. 
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Para-film, placed up-side down and incubated at 37 oC overnight for colony formation. 

On day-2, single colonies of cells were picked with a sterile wire loop, inoculated into 3 

mL of Amp+-LB medium (Ampicillin: 100 μg/mL) respectively and grown on an orbital 

shaker (rotating at 225 rpm) in the 37 oC room overnight. 

To retain some DH5α tranformants for long-term storage, when bacterial cultures were 

grown to the density of an OD600 value between 0.6 to 0.8, 0.5 mL of the culture was 

mixed well with 0.5 mL of 2x Freezing Mix, incubated on ice for 30 min, and then 

transferred to -80 oC freezer storage for future use. 

2.2.1.2 Isolation of plasmid DNA from bacterial culture 

One mL of overnight culture was collected in a sterile tube and stored at 4 oC for later 

use. The rest of the cells were used for plasmid isolation using the High Pure Plasmid 

Isolation kit (Roche): 

Table 2.2 Content of High Pure Plasmid Isolation Kits (Roche): 

Solution & Reagent Composition 

Suspension Buffer  

RNase A 

50 mM Tris-HCl and 10 mM EDTA, pH 8.0; RNase A was added 

to 100 µg/mL before use  

Lysis Buffer 200 mM NaOH and 1% SDS 

Binding Buffer 4 M guanidine hydrochloride and 0.5 M potassium acetate, pH 

4.2; ice-chilled 

Wash Buffer I N/A 

Wash Buffer II 20 mM NaCl, 2 mM Tris-HCl, pH 7.5; ethanol was added to 80% 

before use 

Elution Buffer 10 mM Tris-HCl, pH 8.5  

 

For each plasmid preparation, the cells were pelleted by centrifugation (6,000 x g, for 30 

sec) and resuspended well in RNase A/Suspension Buffer (250 µL). The cells were lysed 

at RT for 5 min by adding an equal volume of alkaline Lysis Buffer (250 µL), then mixed 
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with Binding Buffer (350 µL) and incubated on ice for 5 min. To remove precipitate and 

cell debris, the lysate was centrifuged at 13,000 x g, 4 oC for 10 min, and the supernatant 

transferred to Filter Tubes for another extra-high speed spin for 1 min. The DNA-bound 

filter was thoroughly washed with Wash Buffer II (700 µL) and then one more extra 

high-speed spin was carried out to remove the residual wash buffer. The plasmid DNA 

was eluted off the filter by Elution Buffer (100 µL). All plasmid preparations were 

checked on agarose gels following restriction enzyme digestion (section 2.2.1.5); the 

culture (1 mL, stored at 4 oC) corresponding to the ideal plasmid preparation would be 

grown to large volumes for medium-scale-up preparation of plasmid DNA using the 

PureLink™ HiPure Plasmid DNA Purification Kit (Invitrogen). 

2.2.1.3 DNA quantitation 

The absorbance of DNA samples was determined on a NanoDrop® ND-1000 UV-Vis 

Spectrophotometer (Thermo Fisher) for concentration (absorbance at 260 nm) and 

purity (absorbance ratio 260:280), using the protocol from the User’s Manual (V3.7). The 

measurement limit for double-strand DNA sample is between 1 ng/µL and 3700 ng/µL. 

2.2.1.4 DNA sample concentration 

In some cases, the DNA sample needed to be concentrated by precipitation and 

subsequently dissolved in a small volume of liquid. To this end, a DNA sample was 

mixed with a 0.1 sample volume of sodium acetate (3 M, pH 5.2) and 2 sample volumes 

of absolute ethanol, incubated in a -20 oC freezer for more than 30 min, and DNA then 

pelleted by centrifugation for 30 min at 13,000 x g and 4oC. The pellet was carefully 

washed with 70% ethanol (200 µL), air-dried and dissolved in Milli-Q water for use. 

2.2.1.5 Adiponectin plasmid confirmation 

4 µg of plasmid DNA was digested (37 oC, 60 min) with EcoR I and BamH I restriction 

enzymes (Roche), and subsequently electrophoresed (100 V, 60 min) in a 1% agarose gel 

which was prepared in TBE buffer containing SYBR Safe™ DNA Gel Stain (a safer DNA 

dye than ethidium bromide, Invitrogen). DNA bands were photographed using a Gel 
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Doc™ XR Imaging System (Bio-Rad). Adiponectin DNA sequences were confirmed on a 

3130XL Genetic Analyzer (Applied Biosystems).  

2.2.2 Transfection of adiponectin plasmid into adherent CHO-S cells 

FuGENE™ 6 Transfection Reagent kits (Roche) were used according to the 

manufacturer’s instructions. 5 x 105 CHO-S cells per well were seeded in 6-well plates, 

and grown for about 20 hrs to reach 80-90% of confluence before use. For each well of 

cells, 3 µL Transfection Reagent was diluted to 100 µL with Opti-MEM I Medium 

(Invitrogen); the diluted Transfection Reagent was mixed with 1 µg plasmid DNA in a 

drop-wise manner, incubated for 15 min and the complex directly added to the cells for 

48 h transfection at 37 oC in the cell culture incubator. 

2.2.3 Geneticin selection for stable clones expressing adiponectin 

After the 48-h transfection incubation, the cells were transferred to 10-cm culture dishes 

in a series of low-seeding densities. One day later, the cells were exposed to high-dose 

Geneticin (1200 µg/mL) selection medium, which was replaced with fresh medium 

when it was necessary, until most of single colonies reached approximately 1-mm in 

diameter. The colonies were individually trypsinized and transferred to a 24-well plate 

in low-dose Geneticin (300 µg/mL) maintenance medium for growth expansion.  

2.2.4 Direct-adaptation to suspension cultivation 

The clones expressing high levels of adiponectin were selected from Day-2 conditioned 

DMEM, which was collected from the confluent clone cultures; they were named F19, 

F20, F22 and F24 (F for FuGENE 6 Reagent-transfected). Four clonal cultures were 

grown to sufficient numbers of cells (3 x 105 cells/mL as initial density for suspension 

culture) and directly adapted back to suspension culture conditions in CD CHO culture 

medium (Geneticin: 300 µg/mL) for several passages until the cell viability reached to 

more than 90%. These clones were prepared and stored in liquid nitrogen as cryostock 

for long-term storage (section 2.1.4).  
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2.2.5 Optimization of adiponectin expression in suspension cultures 

After re-adaptation of adherent culture clones into suspension culture under serum-free 

conditions, some clones (F22 and F24) were found to have significantly reduced 

adiponectin expression in CD CHO medium and some clones (F19 and F20) were able 

to produce recombinant adiponectin but only at low expression levels. Therefore, to 

improve their expression we implemented protocols to optimize yields. Optimization 

trials to improve adiponectin expression were performed in suspension cultures of the 

F20 clone, in 30 mL-culturing volume using T75 cell culture flasks with a filter (0.2 µm)-

cap (Greiner). 

2.2.5.1 Glucose supplementation 

The F20 clone cells were diluted to 3 x 105 cells per mL in fresh CD-CHO culture 

medium, and grown in T75 flasks on an orbital shaker in a 5% CO2/37 oC humidified 

incubator for three days. Concentration of glucose in fresh CD CHO medium is 26 mM, 

on day-3, the glucose in the cells was measured and the concentration restored to 26 

mM by adding glucose (Invitrogen) to the cells, which were then grown for five more 

days. Cell growth (density and viability) was monitored and media collected at days-0, 

-1, -2, -3, -4 and -5 of glucose treatment for analysis of adiponectin expression and 

glucose consumption. Glucose was quantified using the QuantiChromTM Glucose Assay 

Kit (BioAssay Systems). 

2.2.5.3 Sodium butyrate induction 

F20 clone cells were diluted to a density of 2 x 105 cells per mL in 30 mL of CD-CHO 

culture medium and grown. After two days, cells were treated with sodium butyrate 

(NaBu; Sigma) at 1, 2 and 5 mM respectively. Cell growth was monitored at 24, 48, 72, 

and 96 hrs after addition of NaBu. For adiponectin expression, conditioned media was 

collected and subjected to SDS-PAGE on 12% Bis-Tris gels (Invitrogen) and adiponectin 

detected by Western blotting analysis; 20 ng of purified adiponectin was used as 

positive and quantitation control. 
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2.2.5.3 N-Acetylcysteine protection 

Suspension cells (F20) were seeded at 2 x 105 cells per mL in 30 mL and grown for two 

days. On day-2, NaBu (1 mM) combined with a various doses of N-Acetylcysteine 

(NAC;0, 1, 5 and 8 mM; Sigma) were added to the cells separately and incubated in 

suspension culture conditions for a further four days. Cell density and cell viability data 

were recorded, and the culture medium collected from Day-1, 2, 3 and 4 cells for later 

analysis. 

2.3 Large-scale production of adiponectin in suspension cells 

Large-scale adiponectin production was performed in 200 mL in T625 flasks (Nunc). 

The cells used for this production were healthy and between passages 4-9. For protein 

production, suspension cultures were diluted to 2 x 105 cells per mL in 200 mL with 

freshly-prepared growth medium, and then transferred to T625 flasks and grown for 

two days. Protein expression thereafter was induced by adding NaBu to 1 mM and 

NAC to 5 mM. Culture medium was harvested after four or five day’s incubation, at 

which time the measured cell viability should be above 80% for protein quality.  

2.3.1 Batch immunoadsorption using ANTI-FLAG M2 gel 

FLAG-tagged adiponectin in culture medium was bound to antibody-based ANTI-

FLAG® M2 gel beads (Sigma) and purified by competitive elution with FLAG peptide 

solution. 

1000 mL of suspension culture was harvested, spun at 13,000 x g and 4 oC for 15 min, 

and the supernatant further clarified by filtration through a 0.2 µm-membrane then split 

into 2 x 500 mL aliquots in 2000 mL-glass conical flasks for the next step. The M2 bead 

volume required for binding was calculated according to the estimated amount of 

adiponectin in the medium and the manufacturer’s instruction that each mL of M2 

beads can bind up to 200 µg of FLAG fusion protein. Prior to adding to medium, the 

bead slurry was packed in a chromatography column (Pierce) for washing with acidic 

glycine (100 mM, pH 3.5) then neutralized by Tris-Buffered-Saline (TBS, 150 mM NaCl, 
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50 mM Tris-HCl, pH 7.4); the packed beads were resuspended in medium and 

aliquotted into two, each aliquot being added to the medium in each flask. The 

immunoadsorption of FLAG fusion adiponectin was performed either for 2 h at RT or 

overnight in the cold room at 4 oC, with gentle rotation on an orbital shaker. After 

absorption, the beads were collected into 50 mL tubes and following centrifugation at 

1000 x g, 8 °C for 5 min, the gel pellets were resuspended in TBS and packed into 

columns. Following 20 washes with bead volume (mL) of TBS, the bound FLAG-tagged 

adiponectin was eluted using FLAG peptide solution (150 µg/mL), at the rate of bead 

volume (mL)/elution for 6 eluates in total. All the eluates were concentrated (see below) 

to a small volume, quantified, and stored frozen (-80 oC) in small aliquots for later use. 

The beads packed in the column were washed with TBS (10 bead volumes), equilibrated 

in Storage Buffer (10 bead volumes, 50% Glycerol in TBS Buffer containing 0.02% 

Sodium azide) and stored frozen in Storage Buffer for next use.  

2.3.2 Concentration of adiponectin protein samples 

The diluted adiponectin samples (the eluates from above) were concentrated down to a 

small volume using Vivaspin® Centrifugal Concentrators (8 oC) with PES MWCO 5000 

Membrane (Vivascience), and then washed with PBS (2 x 1 mL) by centrifugation until 

they reached the required concentration (monitored by NanoDrop, see below). This 

concentrated protein was removed from the concentrator and stored frozen (-80 oC) 

until later use. For convenience, the purified adiponectin was generally concentrated to 

~2 µg/µL, and stored in different-sized aliquots; one aliquot would be evaluated for 

quantitation and then further quantitated by BCA assay for protein quantitation. 

2.4 Protein quantitation 

2.4.1 Bicinchoninic Acid (BCA) Assay 

Protein samples were quantitated in 96-well plate format using the BCA assay kit 

(Sigma) as below: 
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Table 2.3 Composition of reagents in the BCA protein assay kit: 

Reagents Composition 

BSA Standard Prior to use, BSA stock solution (2 mg/mL) was diluted into a 
series of concentrations to cover the determination range of the 
sample. The linear concentration range is 200-1,000 µg/mL 

Reagent A Bicinchoninic acid, sodium carbonate, sodium tartrate, sodium 
bicarbonate in 0.1 N NaOH, pH 11.25 

Reagent B 4% (w/v) copper (II) sulphate pentahydrate 

 

BCA reagent was prepared by mixing well Reagent A with Reagent B at the ratio of 50:1. 

For each assay point, 25 µL of sample was incubated (30 min, 37 oC) with 200 µL of BCA 

reagent to develop colour; the absorbance was measured at 562 nm on a SpectraMax® 

Microplate Reader (Molecular Devices) and the protein concentration was automatically 

calculated through SoftMax Pro software by plotting the A562 value against a BSA 

standard curve.  

2.4.2 Rapid estimation of protein concentration in small volume of sample 

The NanoDrop® ND-1000 UV-Vis Spectrophotometer (Thermo Fisher) was used to 

measure 1-1.5 µL of sample within the range of 1-3700 ng/mL following the 

manufacturer’s protocol. 

2.4.3 Adiponectin quantitation using an ELISA kit 

The sandwich ELISA-based, Human Adiponectin ELISA Kit (LINCO) was used by 

following the manufacturer’s instructions, to measure the total amount of oligomeric 

adiponectin complexes in serum or culture supernatant from recombinant CHO-S cells. 

The relative specificity of the kit for the different molecular weight isoforms has not yet 

been reported, so the final figure is likely to be a linear combination of signals generated 

by the different oligomeric forms. The assay sensitivity is between 0.78 ng to 100 ng per 

mL. All steps in this assay were performed at room temperature.   
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Table 2.4 Composition of solutions and reagents in LINCO adiponectin ELISA kit: 

Solutions and Items Composition & Application 

ELISA plate  In 96-well format, coated with mouse anti-human 
adiponectin antibodies. The required number of wells was 
assembled into rack for use. 

Adiponectin Standard Recombinant human adiponectin (100 ng, lyophilized) was 
reconstituted in Milli-Q water to 0.5 mL as stock solution (200 
ng/mL) at first use. A series of dilutions were prepared as 
working standards. The rest of stock solution was aliquotted 
and stored frozen (-20 oC) for next use. 

Wash Buffer (10 x) 1 x: TBS (50 mM) containing Tween-20  

Assay Buffer (10 x) 1 x: PBS (50 mM) containing sodium azide (0.08%, w/v) and 
BSA (1%, w/v), pH 7.5 

Assay Buffer A PBS (50 mM) containing EDTA (25 mM), sodium azide 
(0.08%, w/v) and BSA (1%, w/v) 

Detection Antibody Biotinylated mouse anti-human adiponectin antibody. 

Enzyme Solution Streptavidin-HRP conjugate in buffer 

TMD Substrate 3, 3’, 5, 5’-tetramethylbenzidine (TMD) in buffer  

Stop Solution HCl (300 mM)  

Quality Controls 1 
Quality Controls 2  

Diluted human serum (lyophilized) at two different 
concentrations of adiponectin (as indicated by manufacturer). 
Reconstituted in H2O to 0.5 mL at first use. 

 

Adiponectin standards were prepared in duplicate from the concentrated stock by serial 

dilutions with Assay Buffer (typically for 200, 100, 50, 25, 12.5, 6.25, 3.125 and 1.56 

ng/mL). For adiponectin samples, in most cases it was necessary to dilute in Assay 

Buffer in duplicate before assay. The required numbers of wells were assembled onto 

the plate, and rinsed with Wash Buffer (300 µL) three times for use. Note that the inter- 

assay variation was not calculated for this aspect of the study, as there was no more 

than two plates of samples were assayed in this part of the project. For binding to the 

well which was coated with anti-adiponectin antibody, each of the samples or 

standards or Assay Buffer A without adiponectin (as Blank), was added (20 µL, in 
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duplicate) to the well which contained Assay Buffer A (60 µL) and Detection Antibody 

(20 µL), and incubated for 2 hrs with gentle rotation (400 rpm). After incubation, the 

binding mixture was removed from the well, followed by three washes with Wash 

Buffer (300 µL per wash). The bound adiponectin-antibody complex on the surface of 

the wells was labelled by incubating with Enzyme Solution (100 µL) for 30 min with 

agitation, and the activity of bound enzyme measured by reacting with TMD Substrate 

(100 µL) in the dark for 5-10 min. The reaction was stopped by adding HCl (100 µL), 

when a blue colour appeared in wells of adiponectin standards with intensity 

proportional to increasing concentrations of adiponectin. The absorbance of the colour 

was measured at 450 nm on a SpectraMax® Microplate Reader and the adiponectin 

concentration was automatically calculated using SoftMax Pro software by plotting the 

A450 value against the adiponectin standard curve and concentration. 

2.5 Electrophoretic characterization of adiponectin 

2.5.1 One-dimensional SDS-PAGE 

One-dimensional (1-D) SDS-PAGE was performed on NuPAGE Novex gels (Invitrogen) 

in MES running buffer, using a XCell SureLock™ Mini-Cell Electrophoresis System 

(Invitrogen) following the manufacturer’s instructions.  

For complete reduction and denaturation, the protein sample was mixed with reduction 

sample buffer which contained 2-mercaptoethanol (2-ME; 5% v/v, freshly added), 

heated at 99 oC with agitation (300 rpm) for 10 min on a Thermomixer® Heat Block 

Shaker (Eppendorf), and then chilled on ice for 2 min. The prepared samples were 

loaded onto the gel and electrophoresis performed at 160V for a specified period of time. 

Non-reducing/non-heat-denaturing conditions were used to reveal an adiponectin 

multimeric pattern; samples were mixed with sample buffer without any chemical 

reductant and left on the bench for 10 min before loading onto the gel. To minimize 

over-heating of the gel during electrophoresis, a magnetic stirring bar on the bottom of 

tank and low-temperature running buffer were used.   
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Table 2.5 Solutions, reagents and items used for SDS-PAGE:  

Solution  Composition 

Protein Sample Buffer  50 mM Tris-HCl, 1% (w/v) SDS, 10% (v/v) glycerol, 
trace amount of Bromophenol blue, pH 6.8; prepared as 
3x-stock solution 

Protein standard (pre-stained)  Protein bands (blue) with size: 3, 6, 14, 17 (pink), 28, 38, 
49, 62, 98 (orange) and 188 kDa; used in MES buffer 
system; Invitrogen (SeeBlue® Plus2) 

Bis-Tris gel  
 

The gel system is based upon a Bis-Tris-HCl buffered 
(pH 6.4) polyacrylamide gel, no SDS in the gel; 4-12% 
or 12% gel routinely used; Invitrogen NuPAGE 

MES Running Buffer  
 

50 mM Tris-HCl, 0.1% SDS, 50 mM MES, and 1 mM 
EDTA, pH 7.2; Invitrogen NuPAGE stock solution (20 
x) 

 

To test in vitro stability of the purified proteins (T20-22A- or WT- adiponectin), 3 µg of 

each was treated for 10 min in sample buffer above under four conditions: simultaneous 

heat-denaturation (99 oC) and 2-ME-reduction (5% v/v); 2-ME-reduction at RT; heat-

denaturation; non-reduced/non-heat-denatured. All treated samples were analyzed by 

SDS-PAGE (4-12% Bis-Tris) and visualized by CBB staining.  

A further assay of susceptibility to dithiothreitol (DTT) was performed on batches of 

purified adiponectin samples produced from clones at passage numbers 5, 6 and 7. Two 

µg of protein from each sample were treated with DTT (50 mM, 10 min, RT) followed by 

alkylation (Iodoacetamide; IAM, 250 mM, 10 min, RT, in the dark). Identical aliquots 

were incubated with sample buffer alone for 10 min as mock-treated controls. 

Following treatment, the samples were analyzed using a 12% SDS-PAGE gel and 

visualized by CBB staining.  

2.5.2 Two-dimensional electrophoresis 

Most of the equipment and 2-DGE consumables listed below were from GE Healthcare:  
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Table 2.6 Equipment, solutions and consumables used for 2-DGE: 

Solutions and equipment Composition/usage 

Sample Solution Urea (8 M), CHAPS (2%, w/v), DTT (65 mM), 
Pharmalyte 3-10 (1%, v/v) and Bromophenol 
blue (trace) 

Equilibration Buffer Urea (6 M), SDS (1%, w/v) and glycerol (30%, 
v/v) in Tris-HCl buffer solution (100 mM, pH 
6.8).  

Buffer I   65 mM DTT in Equilibration Buffer 

Buffer II  240 mM IAM in Equilibration Buffer 

Immobiline® DryStrip IPG gel  18-cm, pH 4-7 in Linear; for 1st dimension of 
isoelectric focusing 

ExcelGel® XL SDS 12-14 gradient gel  245 x180 x 0.5 mm; for 2nd dimension of SDS-
PAGE 

ExcelGel® SDS buffer strips for 2nd-D SDS-PAGE 

Ondina 15 Oil  Shell, Australia 

Protean® IEF Cell Tray  Bio-Rad; for rehydration of dry IPG gel in 
sample solution 

Immobiline® DryStrip Kit for running the 1st dimension of isoelectric 
focusing; including tray, electrode bars and 
wicks and gel aligner 

Multiphor II Electrophoresis Unit Flat-bed style; for 1st dimension of isoelectric 
focusing or 2nd dimension of SDS-PAGE  

MultiTemp III Bath Circulator Refrigerated to 15 oC or 20 oC as required 

Electrophoresis Power Supply EPS 3500   Programmed as required 

 

 2.5.2.1 Sample preparation 

Adiponectin samples were mixed with the components of the sample solution, made up 

to 360 µL with Milli-Q water and incubated at room temperature with gentle agitation 

for one-hour protein solubilization. One 18-cm Immobiline® DryStrip gel (pH 4-7, linear 

gradient) was rehydrated (20 oC) in 360 µL of adiponectin sample solution from above 

in the Protean® IEF Cell Unit at active constant 50 V overnight.  
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2.5.2.2 First-dimensional isoelectric focusing 

After rehydration, the gel strip was rinsed with Milli-Q water, gently blotted to remove 

excess water and transferred to the strip aligner which was located in the Immobiline® 

Strip Tray on the cooling plate of the Multiphor II Electrophoresis Unit. Electrode wicks 

and bars were positioned at each end of the gel strip, which was then covered with 

Ondina Oil (Shell) and connected to the power supply. Electrophoresis was performed 

in GRADIENT running mode at 20 oC for 22 hours using the following programme: 

Table 2.7 Programme for running 18-cm IPG gel on Multiphor II System: 

Step Voltage (V) Current (mA) Time(h) Power (W) 

1 500 1 0.01 5 

2 500 1 5.00 5 

3 3500 1 5.00 5 

4 3500 1 12.00 5 

 

2.5.2.3 Second-dimensional SDS-PAGE  

Prior to second-dimensional SDS-PAGE, the equilibration buffer was mixed with DTT 

or iodoacetamide (IAM) to 15 mL of volume to produce Buffer I and Buffer II solutions 

for use. 

After isoelectric focusing, gel strips were equilibrated in Buffer I and then Buffer II at 

RT with gentle agitation for 15 min respectively. During gel equilibration, anode and 

cathode buffer strips were placed respectively at the top and bottom of the ExcelGel 

which had been placed on the cooling plate surface. The equilibrated gel strip was 

rinsed with Milli-Q water, carefully blotted on damp filter paper and positioned face 

down onto the SDS gel, parallel with the anode strip with a 1-mm gap between them. 

The pre-stained molecular weight marker (Invitrogen, LC-5925) was loaded onto the 

wick placed at one end of the gel strip. Then electrodes were connected to the power 

supply and SDS-PAGE was performed in STEP-running mode following the 

programme below: 
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Table 2.8 Electrophoresis condition for ExcelGel XL SDS gel on Multiphor II Flatbed System: 

Step Voltage (V) Current (mA) Time(h) Power (W) 

1 1000 20 45 20 

2 1000 40 5 40 

3 1000 40 165 40 

 

Following 2nd dimensional electrophoresis, the protein sample was analyzed as 

described below. 

2.6 Adiponectin visualization 

Visualization of adiponectin proteins separated by SDS-PAGE or 2-DGE was performed 

either by antibody-based immuno-staining or by colorimetric staining; direct imaging of 

purified adiponectin protein was achieved by electron microscopy, as described below 

(see Section 2.6.5.).  

2.6.1 Immunoblotting 

Different classes of adiponectin oligomers were detected by immunoblotting using 

rabbit anti-human adiponectin (Sigma) and mouse anti-rabbit anti-body conjugated 

with HRP (Abacus ALS) respectively. 

After SDS-PAGE, the proteins on the gel were transferred onto nitrocellulose 

membranes using a Mini Trans-Blot® Electrophoretic Transfer Tank (Bio-Rad), then 

incubated with blocking solution for one hour, immuno-stained with the primary 

antibodies as described for specific experiments, then stained with HRP-conjugated 

secondary antibodies. Protein bands were visualized using an ECL Plus detection kit 

(GE Healthcare) and photographed using a LAS-4000 Imaging System (Fuji). 

Densitometry analysis was performed on the immuno-stained bands using Multi-

Gauge v2.0 software (Fuji) according to the manufacturer’s instructions.  
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Table 2.9 Solutions and reagents for protein immunoblotting: 

Buffer & Reagent Composition 

Transfer buffer  25 mM Tris, 200 mM glycine and 20% (v/v) methanol, pH8.5 

TBS-T 50 mM Tris-HCl, 150 mM NaCl and 0.1% (v/v) Tween-20, 
pH7.4 

Blocking solution 10% (w/v) skim milk powder in TBS-T 

Primary antibody 
solution 

primary antibody, diluted in TBS-T containing 3% (w/v) BSA 

Secondary antibody 
solution 

secondary antibody, diluted in TBS-T containing 1% (w/v) 
BSA 

ECL Plus Western 
Blotting Detection 
Reagents 

Solution A: Substrate solution containing Tris buffer 
Solution B: Stock acridan solution in dioxane and ethanol 

 

2.6.2 Coomassie Brilliant Blue (CBB) staining 

SimplyBlue™ SafeStain (Invitrogen) was used to stain proteins on 1-D or 2-D SDS gels. 

After electrophoresis, the gel was washed with Milli-Q water three times with agitation, 

5 min per wash, and then stained in SafeStain solution for up to three hours. Destaining 

was performed in Milli-Q water for two hours with two water changes until the 

background was clear.  

2.6.3 Silver staining 

The following solutions were freshly prepared, 200 mL for mini slab gel and 500 mL for 

ExcelGel XL SDS gel. The staining was carried out at room temperature as follows:  

30 min fixation, 30 min sensitization, 3 x 5 min washes with Milli Q water, 20 min silver 

staining, 2 x 1 min rinses with Milli Q water, 3~5 min developing, 10 min stopping and 

20 min preserving. 
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Table 2.10 Solutions and reagents for silver staining (freshly prepared before use):  

Solution  Composition 

Fixing solution 40% (v/v) ethanol, 10% (v/v) acetic acid 

Sensitizing Solution 
30% (v/v) ethanol, 0.2% (w/v) sodium thiosulphate,  
6.8% (w/v) sodium acetate, 0.125% (v/v) glutaraldehyde 

Silver reaction 
Solution 

0.25% (w/v) silver nitrate, 0.04% (v/v) formaldehyde 

Developing Solution 2.5% (w/v) sodium carbonate, 0.02% (v/v) formaldehyde 

Stopping Solution  
1.5% (w/v) EDTA-Na2-
H2O 

Preserving Solution 10% (v/v) glycerol 

 

2.6.4 SYPRO Ruby protein gel stain 

SYPRO® Ruby gel stain (Invitrogen) was used to stain adiponectin-rich serum protein 

samples; the stained protein is compatible with subsequent mass spectrometric analysis. 

The detection limit is 0.25-1 ng. 

After 2-DGE, the gel was fixed for 30 min with gentle agitation (50 rpm) in a solution 

containing 50% (v/v) methanol and 7% (v/v) acetic acid, followed by a repeat fixation 

in fresh solution. After performing three washes in Milli-Q water for 10 minutes each, 

the gel was incubated in SYPRO Ruby gel-staining solution overnight; the reaction was 

terminated with several changes of Milli-Q water washing for 30 min each change. The 

stained proteins were visualized using a laser at 473-nm wave-length on the FLA-2000 

Fluorescent Image Analyzer (Fuji). The gel samples were excised from the gel on the 

transilluminator at 300-nm wave-length. 

2.6.5 Electron microscopy 

Six μL of adiponectin-containing solutions (10 μg/mL final) were adsorbed onto 

continuous or holey carbon films (QUANTIFOIL® 2/2 grids; Jena, Germany) for 1 min. 

Sample solutions were blotted with Whatman No.1 filter paper (GE Healthcare) 
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and stained with uranyl acetate solution (20 μL, 1% w/v) for 1 min followed by final 

blotting. Low-dose electron microscopy was performed using a Tecnai-12 electron 

microscope (FEI; USA) and images were recorded at 52,000 x magnification using an 

UltraScan 2k x 2k CCD camera (Gatan; USA). 

2.7 Site-directed mutagenesis of residues near the NH2-terminus of adiponectin 

The threonine residues at positions 20, 21 and 22 were mutated to alanine (Ala) either 

singly or triply using the QuikChange® Site-Directed Mutagenesis Kit (Stratagene).   

Table 2.11 Bacterial culture consumables for site-directed mutagenesis:  

Items Composition 

NZY+ NZ amine (1% w/v), yeast extract (0.5% w/v) and NaCl (85.6 mM), 
pH7.5; sterile MgCl2, MgSO4 were added to final 12.5 mM, and glucose 
to 20 mM before use 

LB medium Bacto-peptone (1% w/v), Bacto-yeast extract (0.5% w/v) and NaCl (171 
mM), pH7.0 

Amp+-plate Freshly prepared agar plate-containing ampicillin (100 µg/mL)  

LB-agar 2% agar in LB medium, autoclaved prior to use 

Ampicillin 50 mg/mL stock, sterile; working concentration: 100 µg/mL 

 

Firstly, four pairs of mutagenic oligonucleotide primers were designed, aiming to 

replace single or triple Thr residues with Ala within the Thr20-22 area by a single base 

change in the corresponding codon(s) of the DNA template: e.g., the ACC or ACG or 

ACT triplet coding for the Thr residue was changed to the Ala-residue codon of GCC or 

GCG or GCT as shown in the cDNA sequence of adiponectin (Figure 3.1A) and the 

primers are shown (Table 2.12 below). The mutated plasmids were denoted as T20A, 

T21A, T22A and T20-22A mutant adiponectin. The actual primers were synthesized 

(cartridge-purified grade) by Invitrogen.  

Secondly, to synthesize the mutant strand, the reaction mix (25 µL of final volume) was 

prepared in a PCR tube (thin-walled) by adding the following items in order: Milli-Q 
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water; reaction buffer (10x concentrate, 2.5 µL); purified human adiponectin plasmid 

(100 ng); mutagenic primers (forward and reverse, 100 ng each); QuikSolution (0.5 µL); 

dNTP (1 µL) and Multi enzyme blend featuring PfuTurbo® DNA polymerase (1 µL, 2.5 

U/µL). Each mutagenesis reaction was conducted according to individual thermal 

cycling programmes as described in Table 2.12 below. A Control reaction was carried 

out in parallel using control template DNA (50 ng) and control primers (100 ng for each 

primer) provided to monitor the efficiency of mutagenesis.  

Thirdly, following the thermal cycling amplification of each mutant plasmid, the non-

mutated parental plasmid DNA was removed from the reaction solution by adding 

endonuclease Dpn I (1 µL, 10 U/µL) to digest for one hour in 37 oC waterbath.  

Lastly, 1 µL Dpn I-treated DNA was transferred to 50 µL super-competent cells (XL1-

Blue), mixed by tipping the tube gently and then left on ice for 30 min. The DNA-cell 

mix was heat-shocked for 45 sec in a 42 oC waterbath and immediately chilled on ice for 

2 min. After mixing with 0.5 mL NZY+, the transformed cells were incubated at 37 oC 

with agitation (225 rpm) for 1 hour, followed by inoculation of these cells on an Amp+-

agar plate and incubation at 37 oC overnight for colony growth. The bacterial culture 

consumable preparation was as described in section 2.2.1.1. 

Next day, the colonies were picked from the Amp+-agar plate and inoculated in 2 mL 

Amp+-LB medium for DNA amplification during overnight growth. The mini-

preparation of plasmid was conducted as described in section 2.2.1.2.  

All mutations were confirmed twice by DNA sequencing using the T7 promoter primer 

(Appendix I-V) and the protein sequence was also confirmed by mass spectrometric 

sequencing. 

The four mutation plasmids were stably transfected into CHO-S cells respectively using 

the same protocol as WT-adiponectin expression cell line establishment (section 2.2.2 

and 2.2.3). 
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Table 2.12 Thr-Ala mutagenic primers and thermal cycling programme for mutagenesis. The 
replaced nucleotide base is in red and bolded  

Mutations Mutant Strand Synthesis 

T20A  Forward:  5’- catgaccaggaagccacgactcaaggg - 3’ 
 Reverse:  5’- cgggcccttgagtcgtggcttcctggtcatg - 3’ 

95 oC, 30 sec  18 x (95 oC, 30 sec  52 oC, 1 min  68 oC, 7 min 30 sec)    
 68 oC, 7 min 30 sec  4 oC, hold  

T21A  Forward:   5’- gaccaggaaaccgcgactcaagggcccggag - 3’ 
 Reverse: 5’- ctccgggcccttgagtcgcggtttcctggtc - 3’ 

95 oC, 30 sec  16x (95 oC, 30 sec  64 oC, 1 min  68 oC, 7 min 30 sec)  
 68 oC,7 min 30 sec  4 oC, hold 

T22A  Forward: 5’- ccaggaaaccacggctcaagggcccgg - 3’ 
 Reverse: 5’- ccgggcccttgagccgtggtttcctgg - 3’ 

95 oC, 2 min  18x (95 oC, 30 sec  55 oC, 1 min  72 oC, 7 min)  
 72 oC, 3 min  4 oC, hold 

T20-22A Forward: 5’- cccggtcatgaccaggaagccgcggctcaagggcccggagtcc - 3’ 
Reverse: 5’- ggactccgggcccttgagccgcggcttcctggtcatgaccggg - 3’ 

95 oC, 30 sec  16x (95 oC, 30 sec  60 oC, 1 min  68 oC, 7 min 30 sec)  
 68 oC, 7 min 30 sec  4 oC, hold 

 

2.8 Mass spectrometry of adiponectin digests  

2.8.1 Introduction 

Mass spectrometry (MS) is an analytical technique used to reveal the identity and the 

chemical structures of a molecule (analyte) by measuring the mass-to-charge ratio (m/z). 

Since its application to the analysis of amino acids and peptides over fifty years ago, MS 

has become popular widely used methodology for protein characterization and peptide 

sequencing. A mass spectrometer is made up of three essential components: an ion 

source, the mass analyzer and a detector based on a specific working principle; for 

example in protein analysis, small analytes (typically endo-proteolytic digests) are 
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converted to ions by the ion source, followed by ion separation on a mass analyzer in 

electric/magnetic fields according to their mass and charge. The separated ions are 

determined on a detector and their signals are recorded as spectra for analysis against 

databases. The QSTAR® XL System (Applied Biosystems) is a quadrupole/time-of-

flight mass spectrometer. This instrument generates ions via electrospray ionization 

(ESI) and is capable of performing liquid chromatography coupled with tandem mass 

spectrometry (LC-MS/MS).  

ESI is the soft ionization technique most widely used in proteomics studies, by which a 

proton [H+] is gently added to an analyte without breaking any covalent bonds; 

therefore it enables analysis of posttranslational modifications (PTM) on proteins. The 

ESI technique is a powerful tool due to the formation of multiply-charged analyte ions 

which lower the m/z values to a readily-measured range by different mass analyzers 

(Fenn et al., 1989), such as quadrupoles which have an upper limit of 2,000-10,000 m/z. 

By this technique, a fine spray of charged droplets is formed when the analyte solution 

is forced through a narrow needle (1-mm in diameter) and emitted at the tip (nozzle) 

area where a strong electric field is applied (normally ±3-5 kV). The droplets are 

desolvated and vaporized as gas phase ions when a countercurrent flow of drying gas is 

employed as part of the vacuum interface.  

The QSTAR® XL consists of two hybrid mass-analyzers in tandem; one is a quadrupole 

mass analyzer (Q) and the other is the time-of-flight mass analyzer (TOF), which 

enables the obtaining of structural information from a protein analyte by peptide 

sequencing. The quadrupole analyzer selects a precursor ion of interest from the ESI-

ionized analyte by mass-based filtering, and transfers it to a collision well for collision-

induced dissociation (CID), where the precursor is fragmented into a series of product 

ions using inert gas (Hayes et al, 1990; Mcluckey, 1992). Subsequently, the product ions 

are separated on the TOF analyzer according to their different m/z values, i.e. once the 

product ions are electrically pulsed into a field-free region, the time they take to reach 

the detector is dependent on their differential masses and charge states (Cotter, 1994). 
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TOF mass analysis is one of the most accurate methods for mass determination of 

biomolecules. The detector determines signal as spectra on a recorder (Busch et al, 1988; 

de Hoffmann, 1996; McLuckey et al, 1995). In contrast with a single mass analyzer, 

tandem mass spectrometry can provide more structural information by peptide 

sequencing (Shevchenko et al. 1996; Mann and Wilm 1994).  

The High-performance liquid chromatography (HPLC) column is connected to the 

QSTAR for separation and concentration of protein samples before being introduced 

into the ion source and mass spectrometer; the HPLC system is capable of operating at 

very low flow rates and can inject sub-microlitre volumes of sample without loss. 

2.8.2 LC-MS/MS analysis of recombinant human adiponectin  

2.8.2.1 Sample preparation for MS 

Protein samples were enzymatically digested into smaller peptides before being subject 

to LC-MS/MS.  

Table 2.13 Solutions and reagents for sample preparation prior to MS analysis: 

Consumables Composition 

NH4HCO3 Buffer Ammonium bicarbonate, BDH; 50 mM NH4HCO3, pH 7.8  

Acetonitrile 100% (v/v), Merck 

Wash Buffer 50% (v/v) Acetonitrile in 50 mM NH4HCO3 Buffer, pH 7.8 

Trypsin Solution Sequencing-grade, Promega; 12.5 ng/µL in 50 mM NH4HCO3 
Buffer, made from a 1 µg/µL stock prepared in 50 mM acetic 
acid solution  

Chymotrypsin Solution Sequencing-grade, Roche; 12.5 ng/µL in 50 mM NH4HCO3 
Buffer, made from a 1 µg/µL stock prepared in 50 mM 
NH4HCO3 Buffer  

Endoproteinase AspN Sequencing-grade, Roche; 12.5 ng/µL, prepared in 50 mM 
NH4HCO3 Buffer 

DTT Solution Dithiothreitol, Bio-Rad; 10 mM DTT in 50 mM NH4HCO3 

IAM Solution Iodoacetamide, GE Healthcare; 50 mM IAM in 50 mM 
NH4HCO3 
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Gel samples containing adiponectin were excised and placed in a low-protein-binding 

micro-tube (Axygen). Following a wash with 50 mM NH4HCO3 buffer, the gel was cut 

into small pieces (1 x 1 mm). The CBB dye bound to protein was removed, firstly by 

washing the gel pieces with Wash Buffer for 10 min, then shrinking with 100% 

acetonitrile and dehydrating to complete dryness in a heat block at 40 °C. This washing 

procedure could be repeated several times until the dye was completely removed. DTT 

reduction and subsequent IAM alkylation of sample was then carried out as follows: the 

clean gel pieces were rehydrated in 10 mM DTT solution and incubated at 56 °C for 30 

min. The supernatant was removed and the gel pieces were incubated with 50 mM IAM 

solution at room temperature in the dark for another 1 h. Following this reaction, the 

gel pieces were dehydrated with 100% acetonitrile, dried in a heat block, then 

rehydrated and covered with 12.5 ng/µL trypsin solution and incubated either at 37 oC 

overnight, or for 30 minutes in a chilled microwave using 50W of power at a maximum 

temperature of 40 °C. For those samples requiring double digestion, following the 

trypsin incubation, chymotrypsin stock solution was added to the sample, to a final 

concentration of 12.5 ng/µL, and then digested for another 4 hrs at 37 °C. For those 

requiring AspN digestion, the samples were incubated instead, with 12.5 ng/µL AspN 

at 37 °C for 4 hours. Supernatants were harvested for later analysis by mass 

spectrometry. 

To investigate whether the observed NH2-terminal truncation in T20-22A adiponectin 

was experimentally introduced by heating, optimized trials were conducted as below:  

1) To exclude any potential factors from the SDS-PAGE and gel-staining steps, a 

solution of purified T20-22A protein was directly treated with DTT and then IAM and 

trypsin before LC-MS/MS analysis. 

2) The DTT treatment step was shortened to 10 min and performed in a chilled 

microwave oven at a maximum temperature of 40 °C. 

3) Trypsin and subsequent chymotrypsin digestion were also shortened to 30 min in the 

chilled microwave oven as described above. Digestion with Endoproteinase AspN was 
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also performed to confirm that the truncation was not due to an unintended cleavage by 

the trypsin or chymotrypsin that was typically used in the protocol. 

2.8.2.2 LC-MS/MS analysis 

For LC-MS/MS analysis, samples were injected onto a C18 trap cartridge for final 

desalting prior to chromatographic separation on a capillary-scale Zorbax C18-

Stablebond column. Column eluates were ionized in the electrospray source of a 

QSTAR-XL quadrupole/time-of-flight mass spectrometer. 

Table 2.14 Equipment and reagents for LC-MS/MS: 

Equipments and reagents Details 

QSTAR® XL quadrupole/time-of-flight 
LC/MS/MS System 

Applied Biosystems 

C18 trap cartridge 0.3 mm x 5 mm; LC Packings 

Zorbax C18-Stablebond column 0.3 mm x 100 mm; Agilent 

Mascot v2.0 Software Matrix Science 
Buffer A 0.1% formic acid in Milli-Q water, reagent for 

liquid chromatography (LC); formic acid, 
Scharlau 

Buffer B 0.1% formic acid in acetonitrile; reagent for LC 

  

A TOF-MS scan from 300-1600 m/z was performed, followed by three rounds of MS/MS 

on the three most intense multiply-charged precursors in each cycle. Resulting data 

were searched against an in-house database containing the FLAG-tagged sequences of 

mature WT or mutant human adiponectin using a local installation of Mascot v2.0. 

MS/MS spectra that were not matched by this software were manually interpreted to 

provide structures of adiponectin glycopeptides. In some cases these could be validated 

by manually creating custom O-linked modification entries in the Mascot.mod file (for 

example HexNAc-Hex-Sia (NeuAc) (T), monoisotopic mass 757.275252), and then re-

searching the data through Mascot, allowing such custom entries as variable 

modifications. Glycopeptide structures were elucidated based on accurate intact 

molecular weight information, automated or manual interpretation of MS/MS data 
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(where possible) and retention time relative to other confidently identified 

glycopeptides. 

2.8.3 Structural elucidation of glycopeptides by manual interpretation of MS/MS data 

The simplest MS/MS datasets for peptides derived from the NH2-terminus of 

adiponectin were those from the triple mutant (T20-22A) adiponectin proteins which 

had been sequentially treated with both trypsin and chymotrypsin. A peptide was 

observed having an MS/MS spectrum consistent with a peptide representing the 

protein NH2-terminus up to Trp39, including a hydroxylation of Lys33, but with an 

overall molecular weight 324.2 Da larger than expected for the polypeptide backbone. 

Given what is known about the hydroxylation and subsequent glycosylation of 

collagenous domain lysines of human adiponectin with two hexose residues, and the 

fact that such a modification would not survive collision-induced dissociation in the 

mass spectrometer to be observed in the MS/MS spectrum, it is reasonable to assign 

this spectrum to the NH2-terminus of adiponectin with the above modification to Lys33. 

The manual interpretation of a number of MS/MS spectra from WT or single-mutant 

preparations (which had failed to be matched to human adiponectin by Mascot 

software) focused on those containing distinctive oxonium ions from n-

acetylhexosamine (m/z 204, 186, 168, 144, 138 and 126) which also turned out to be 

derived exclusively from peptides containing the NH2-terminus of the protein. 

Knowledge of the presence of the above modification to Lys33, simplified the 

assignment of any observed additional increments of mass that were consistent with 

known glycan masses, to the three threonyl residues at positions 20-22, as these were 

the only positions likely to have HexNAc moieties attached in an O-linked fashion. 

Some of the above MS/MS spectra also contained fragment ions corresponding to 

HexNAc-Hex, HexNAc-Hex-NeuAc, sialic acid and sialic acid minus water, further 

simplifying the assignment of glycopeptide structures to the observed peptide 

molecular weights. For those species with only low-intensity MS/MS data, or none at 

all, reasonable glycopeptide structures were proposed based both on the intact 



57 
 

molecular weight matching the theoretical molecular weight to within ~0.02% or less, 

and the chromatographic retention time being similar to those glycopeptide structures 

having clear identifications from high quality MS/MS data. 

2.8.4 Quantitative analysis of PTMs in adiponectin proteins 

Proteins from excised gel samples were analyzed by LC-MS/MS; mass spectra of 

interest were identified and chromatograms extracted; and ion-peak intensity signals 

quantified using Analyst QS 2.0 software (Applied Biosystems). Extracted Ion 

Chromatograms (XICs) were constructed for isotopic clusters (~2m/z units wide) in the 

TOF-MS data sets corresponding to particular populations of peptides with different 

modification states, and the resulting peaks integrated.  

2.9 Beta-oxidation assay in isolated rat soleus muscle strips 

Beta-oxidation was measured as described (Danaher, R. et al. 2007). Standard rat-chow-

fed (8604 Teklad Rodent Diet; Harlan) male Wistar rats, weighing 200–250 g, were 

housed under a constant 12:12-h light:dark cycle. Rats were anaesthetized, killed and 

soleus muscles isolated, bisected longitudinally into equal parts, and strips pre-

incubated for 20 min in base buffer (modified KHB containing sodium pyruvate, 2 mM; 

sodium palmitate, 0.5 mM; fatty acid-free BSA, 4% (w/v); pH 7.4, pre-gassed with 

carbogen and warmed to 30 oC). Thereafter all muscle strips were transferred into the 

pulse buffer (base buffer containing 2 µCi sodium [9, 10-3H] palmitate; GE Healthcare), 

and incubated for 40 min to pre-label endogenous lipid pools. Next, strips were washed 

for 20-30 min in base buffer and then transferred into experimental (chase) buffer-

containing: base buffer (control, n=8); 2 mM AICAR (5-Aminoimidazole-4-carboxamide 

riboside; positive control, n=10); or 2.5 µg/mL WT recombinant human adiponectin 

(n=10). After 60-min incubations, strips were removed, weighed and snap frozen. One 

mL aliquots of incubation media were removed and their 3H2O content determined.  
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2.10 AMPK phosphorylation assay in C2C12 myocytes 

C2C12 cells were maintained in sub-confluent culture in DMEM supplemented with FBS 

10% (v/v). To initiate differentiation, cells were seeded in 6-well dishes at 1 x 105 

cells/well, grown to ~70-80% confluence (typically ~1 day) in a humidified atmosphere 

at 37 oC, then transferred to DMEM-containing horse serum (2% v/v). On Day 8, the 

differentiated cells were transferred to serum-free DMEM alone and subjected to 

overnight serum-starvation before assay. WT or T20-22A mutant adiponectin 

preparations were diluted in DMEM, to 25 μg/mL, and then added to cells and 

incubated at 37 oC for 5 min. Thereafter, medium was removed and cells snap-frozen in 

liquid N2. To analyze the phosphorylated AMPK in basal (control) and adiponectin-

treated samples, cells were lysed in buffer comprising (in mM): Tris-HCl, 20; NaCl, 50; 

NaF, 50; sodium tetraphosphate (Na6P4O13), 5; sucrose, 250; Triton X-100, 1% (v/v); pH 

7.4 to which one protease inhibitor cocktail tablet (Roche); DTT, 1 mM; and PMSF, 0.5 

mM  were added just before use; this was then sonicated (Soniclean) on iced-water for 

~3-5 x 15 sec periods until clear, then clarified by centrifugation (13,000 g, 10 min). Total 

protein concentrations were quantified by BCA. Equivalent amounts of each sample 

were then resolved by SDS-PAGE, and the pAMPK (Thr172-phosphorylated AMPK) 

and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) proteins were detected by 

immunoblotting.  Densitometry analysis of these two proteins was performed using the 

MultiGauge v2.2 software (Fuji). Note that GAPDH, rather than total AMPK, was used 

as the loading control here to normalize pAMPK levels in each of the samples, the aim 

being to show both the pAMPK bands and the loading control bands in the same gel 

(due to their similar protein size) and on same blot to enable more direct comparison 

between samples loaded, and the minimization of potential variation introduced from 

manipulation between separate blots. No effect from adiponectin treatment on GAPDH 

expression levels has been reported in the literature so far. One prior report has noted 

the use of GAPDH to normalize protein levels for assessment of adiponectin levels 

(Kandasamy et al., 2012).   
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2.11 Statistical methods 

Grouped data were contrasted using the unpaired t-test and p-values of < 0.05 were 

considered to be significant. Unpaired Student’s t-tests were used to analyze between-

group contrasts from the β-oxidation and AMPK assays that were defined a priori.  
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CHAPTER 3: Production and Characterization of Adiponectin Expressed 

in CHO-S Cells 

3.1 Introduction 

The word ‘adiponectin’ as used in here refers to the mature protein, which lacks the 

signal peptide and which comprises a complex mixture of oligomeric forms derived 

from variably-modified monomers. Amino acid residues are numbered as they occur in 

the precursor protein, for consistency with most published work on the adiponectin 

structure. Accordingly, the NH2-terminal residue of mature human adiponectin is 

designated Glu19 (E19), the second Thr20 (T20), the third Thr21 (T21), and so on. 

The structure-activity relationship study of adiponectin performed in this thesis 

required a long-term and reliable supply of the recombinant protein that was required 

to exhibit the properly folded and assembled oligomeric forms and to behave as 

expected in functional assays. To this end, a stable mammalian cell line was generated 

in CHO-S cells, which was able to express adiponectin under suspension culture 

conditions in serum-free medium. The purified protein has been structurally and 

functionally characterized to explore the possibility of developing the recombinant 

adiponectin into a potential therapeutic protein. This is the ultimate objective of the 

work of which this project forms a key part. 

The first recombinant protein (human tissue plasminogen activator) aimed for clinical 

use was approved in 1986 by the US Food and Drug Administration (FDA). It was 

produced in Chinese Hamster Ovary (CHO) cells (Wurm, 2004). During the past two 

decades, nearly 70% of recombinant therapeutic proteins, especially glycosylated 

therapeutic proteins, have been made in CHO cells (Jayapal et al., 2007),  because more 

than half of proteins in the human body are glycosylated (Brooks, 2009). This priority of 

choice lies in the fact that CHO cells are able to undertake complex posttranslational 

modifications (PTMs), such as glycosylation, which is compatible with humans and the 

modified proteins are functionally bioactive (Parekh, 1991; Jenkins et al., 1996; Jayapal 
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et al., 2007); for large-scale manufacturing, there are mature cell cultivation strategies, 

GMP-certified manufacturing standards and clearly defined safety guidelines to follow 

for industrial applications of the CHO cell line (Omasa et al., 2010).  

As noted above, the CHO-S cell line was chosen as the mammalian expression system to 

produce recombinant adiponectin for study in this project. This cell line is a clonal 

isolate from CHO-K1 cells, can be grown in suspension culture in chemically-defined 

(CD) CHO medium and provides ease of downstream purification of expressed product, 

reduced viral contamination and greater lot-to-lot consistency (Gorfien et al., 1998). In 

recent times, CHO-S cells have been used for stable or transient expression of several 

recombinant proteins for biological function and pharmacokinetic characterization 

(Atkins et al., 2005; Cheng et al., 2011; Li et al., 2011; Zhang et al., 2011; Jonebring et al., 

2012; Xie et al., 2012) 

Here, generation of a stable cell line was achieved by direct integration of a human 

adiponectin plasmid into the genome of the CHO-S cell. This plasmid was previously 

created in pcDNA3.1(+) vector (Invitrogen), and designated as pcDNA-hAd-F (Xu et al., 

2005),  in which the inserted DNA sequence encodes the full-length human adiponectin 

(hAd-F) and a short FLAG peptide as a tag for protein purification: Figure 3.1 

demonstrates the plasmid used for adiponectin expression.  

In our previous study of endogenous adiponectin isolated from the secretome of 

cultured 3T3-L1 adipocytes, the four conserved lysyl residues within the collagenous 

domain were each found to be subject to posttranslational modification by 

hydroxylation and subsequent addition of a di-hexose moiety (Glu-Gal-OH). The 

functional role of these posttranslational modifications was demonstrated by studies of 

recombinant adiponectin produced from HEK 293 cells, which showed that the 

modified protein elicited significant insulin-sensitizing effects in isolated rat 

hepatocytes (Wang et al, 2002; Wang et al 2006). By contrast, this activity was not 

present in recombinant protein produced from bacteria, which cannot form these 
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posttranslational modifications, or in mutant adiponectin in which the four lysyl 

residues had been replaced by arginine residues (Wang et al., 2002). These studies also 

supported the view that that HMW adiponectin is the active form responsible for 

enhancing insulin sensitivity in hepatocytes. The hydroxylation and glycosylation of the 

four lysyl residues in the collagenous domain followed by their glycosylation proved to 

be necessary for HMW oligomer formation (Wang et al., 2006).  
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Figure 3.1 The adiponectin plasmid used for stable expression in CHO-S cells. A, Nucleotide 
sequence of the gene insert (bold; 765 bp) comprising human adiponectin (black; GenBank 
NM_004797) followed by a short fragment (green) encoding the FLAG peptide. Upstream 
BamH1 (G↓GATCC) and downstream EcoR1 (G↓AATTC) are the adiponectin cloning sites 
highlighted in yellow with the cleavage points indicated by arrows, respectively. The T7 
priming site (grey) for DNA sequencing is also indicated in an upstream segment from 
pcDNA3.1 vector. B, pcDNA3.1(+) vector map (Invitrogen), shows the cytomegalovirus (CMV) 
promoter for gene expression, followed by the T7 site and multiple cloning site, where BamH I 
and EcoR I sites are included; Neomycin: the neomycin resistance gene for selection of stable cell 
lines using neomycin; Ampicillin: the Ampicillin resistance gene as the selection markers for 
cloning in bacteria. 
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Following digestion with BamH I and EcoR I, the adiponectin gene fragment (765 bp) 

was inserted into the pcDNA3.1 (+) vector (5.4 kbp) to produce the expression plasmid 

pcDNA3.1-hAd-F (Figure 3.1). The ampicillin resistance gene (ampR) and neomycin 

resistance gene (neoR) in the vector ensures plasmid purity by ampicillin selection when 

amplifying in bacterial cells, and purity of the expression clone with neomycin (neoR) in 

mammalian cells.   

 

Figure 3.2 Amino acid sequence of recombinant FLAG-fusion human adiponectin 
synthesized in CHO-S cells. Resides 1-18 (M-Q): signal peptide which is cleaved in secreted 
adiponectin. FLAG tag peptide (245-252 residues). The underlined-residues (19-244) represent 
the mature adiponectin, including three parts: NH2-terminal variable region (19-41), the 
collagenous domain (42-107) and the globular domain (108-244). 

Structural characterization, such as PTM analyses of a protein requires a high quality of 

recombinant proteins produced in homogeneous host cells to minimize the variation 

which might be caused by genetic heterogeneity. To this end, single-cell clone isolation 

was performed in transfected adherently cultured CHO-S cells by exposing them to 

high dose neomycin (G418) challenge. The single colony was expanded and directly 

adapted to suspension-culturing conditions in serum-free CD CHO medium for later 

protein production and characterization. 

Low levels of expression of recombinant proteins have always been the drawback of 

mammalian expression systems, such as with CHO cells. The use of sodium butyrate 

(NaBu), which is widely used as a gene-expression inducer in CHO cells, has been well 
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documented (Danna et al., 1980; Palermo et al., 1991; Oster et al., 1993; Arts et al., 1995; 

Gebert and Gray, 1995; Lamotte et al., 1999; Hendrick et al., 2001; Mimura et al., 2001; 

Winge and Pryme, 2002; Kim et al., 2004; Sung et al., 2004; Oh et al., 2005; Sung and Lee, 

2005; McMurray-Beaulieu et al., 2009; Sung-Hun et al., 2009; Goulart et al., 2010; 

Skretting et al., 2010; Chen et al., 2011; Hong et al., 2011; Seong Lee and and Lee, 2012). 

NaBu is the sodium salt of a short chain fatty acid (butyric acid), that is produced by 

anaerobic bacteria fermentation of dietary fibre in the human colon (Cummings et al., 

1987). It exhibits regulatory effects on gene expression by inhibition of histone 

deacetylase (HDAC) activity, resulting in histone hyperacetylation (Davie, 2003). The 

acetylation of the histone tail probably acts by enhancing the accessibility of a given 

gene to transcription factors, whereas, upon deacetylation, the highly charged tails 

would be tightly associated with the DNA backbone, causing accessibility limitation of 

the gene to transcription factors (Berni Canani et al., 2012). NaBu was reported to 

enhance transcription of recombinant genes driven by vectors containing the CMV 

promoter (Cockett et al., 1990; Laubach et al., 1996; Chang et al., 1999); therefore it was 

expected to increase adiponectin expression in stable CHO-S transfectants. 

Although the rapid and potent enhancing effect of NaBu on recombinant protein 

production was seen in CHO cells, cell death caused by NaBu-induced apoptosis has 

also been reported to occur in CHO cells. A previous study reported that glycoproteins 

produced in CHO cells can be subject to extracellular degradation by an endogenous 

sialidase which is released into the culture supernatant from the cytosol due to cell 

membrane damage (Gramer et al., 1995). An analysis of sialylated protein (Epo-Fc) 

claimed that its sialic acid content remained constant but decreased cell viability to 

below 80% (Trummer et al., 2006b; Trummer et al., 2006a); thus, maintaining high cell 

viability is crucial for adiponectin production in NaBu-induced CHO-S cells.  

N-Acetylcysteine (NAC), a two-thiol antioxidant, was discovered to be able to inhibit 

NaBu-induced cell apoptosis (Chang et al., 1999) and improve cell longevity, therefore 

maintaining the glycosylation pattern of recombinant protein in NaBu-treated CHO 
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cells (Oh et al., 2005). To this end, NAC was simultaneously added to the NaBu-treated 

cells, and adiponectin was purified from healthy cells (typically with over 90% of cell 

viability) throughout this project.  

During maintenance of stable clone cells, L-glutamine was replaced by GlutaMAX™-I 

(Invitrogen) in culture media, based on observation that L-glutamine spontaneously 

breaks down once in solution, subsequently generating ammonia which is toxic to the 

cells and can affect protein glycosylation. GlutaMAX™-I is a glutamine di-peptide, 

which has demonstrably-improved stability and reduction of spontaneous ammonia 

generation.  

3.2 Results 

3.2.1 Stable adiponectin clones were developed in suspension-cultured CHO-S cells  

Adiponectin plasmid was freshly prepared from frozen stocks of E. coli transformants 

as described in section 2.2.1. Prior to transfection into the cells, plasmid structure was 

confirmed using digestion with BamH I and EcoR I, two restriction enzymes previously 

chosen for adiponectin cloning. Figure 3.3 shows that two DNA bands (right lane) were 

released from the BamH I/EcoR I-digested plasmid sample; the lower band is close to 

800 bp (DNA marker, left lane) in size, and may represent the adiponectin gene insert 

(765 bp) as described in Figure 3.1A; the top band is consistent with the pcDNA3.1(+) 

vector according to the un-digested plasmid (middle lane) in size. This gel image 

indicates the purified DNA sample is the adiponectin plasmid, which would be 

introduced into CHO-S cells for adiponectin expression.  
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Figure 3.3 Restriction analysis confirmed the presence of the adiponectin gene in the purified 
plasmid. By BamH I /EcoR I digestion, a 765 bp fragment of adiponectin cDNA including the 
FLAG tag was released from the pchAd-F vector. Left lane: DNA marker; Middle lane: Un-cut 
adiponectin plasmid as control; Right lane: Restriction enzyme-digested adiponectin plasmid. 
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Figure 3.4 Screening for high adiponectin expression clones by immunoblotting. A, day-2 
conditioned DMEM media (20 µL) from seven adherent clones were analyzed for adiponectin 
content by SDS-PAGE and subsequent immunoblotting. B, after re-adaptation of four selected 
adherent clones to suspension culture, the same amount of CD CHO culture supernatants 
collected at the indicated times were analyzed for adiponectin levels by the same method as in 
A. hAd: 20 ng of purified human adiponectin, used to estimate adiponectin expression levels in 
the cells; C: CD-CHO medium as control. A confirmation for the highest expression clone was 
performed by dot-blotting analysis of day-5 culture media (5 µL each) collected from each of the 
four suspension cultures indicated above. 



70 
 

As shown in Figure 3.4A, four adherent clonal cultures (F19, 20, 22 and 24) 

demonstrated higher levels of adiponectin expression compared with the other clones. 

After re-adaptation of these four clones to suspension culture in serum-free CD-CHO 

medium, two clones (F19 and F20) retained their ability to produce adiponectin, 

whereas the other two (F22 and F24) had completely lost this property. Dot blotting 

data revealed that F20 was the highest-expressing clone for adiponectin in the CHO-S 

cell suspensions (Figure 3.4B – day 5).  

3.2.2 Optimization of adiponectin production in CHO-S cells 

After re-adaptation of adherent culture clones into suspension culture under serum-free 

conditions, all clones were found to have significantly reduced adiponectin expression 

in CD CHO medium. To improve their production ability, optimization of adiponectin 

expression in suspension CHO-S cells was performed on the F20 clone as described here. 

3.2.1.1 Glucose supplementation 

Glucose was supplemented to Day-3-growing F20 cells, and their glucose consumption 

monitored for five days (Figure 3.5A, Day-0 to Day-5). Glucose concentrations were 26 

mM in fresh CD CHO medium but had fallen to 17 mM after three day’s growth, so 

glucose was added to growing cells (the glucose-added group, designated as ‘G-added’) to 

restore the concentration to 26 mM during Day-3. Subsequent monitoring revealed that, 

in Figure 3.5A, glucose levels in the control group (‘control’, no added glucose) kept 

decreasing, from 17 mM (Day-0) to 7.6 mM (Day-2), until it was undetectable at Day-3, 

corresponding to the glucose concentrations in the control group on Days-3, -5 and -6, 

respectively. These findings imply that, under normal culture conditions without 

addition of supplementary glucose, 70% of the glucose had been consumed [(26–7.6)/26 

≈ 70%] during the five days of cell growth, so the maximal number of days of culture 

was set at six. In the G-added group, the glucose in Day-3 treated-cells remained at level 

of more than 18 mM. In line with this observation, in Figure 3.5C, cell viability in control 

cells underwent a sharp reduction on Day-3 (Day-6, no G-added) from a high level (98%) 

to extremely low (< 10%) on Day-5 (Day-8, no G-added). In contrast, with supplemental 
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glucose, cell death was delayed till one day later than that of the control group (Figure 

3.5C), but cell growth was sustained at a lower cell density (Figure 3.5B). The 

explanation for this finding might be that the lower pH, caused by accumulation of 

higher lactate concentrations in the medium of the G-added group, inhibited cell growth 

during the five-day monitoring period. Adiponectin levels in culture media were 

detected by immuno-blotting, showing there was no difference in hormone production 

between control and glucose-added groups over the glucose feeding period (Figure 3.5D).  

 

Figure 3.5 Glucose supplementation prolonged cell viability of suspension-cultured stably-
transfected CHO-S cells. F20-clone cells were diluted to 3 x 105 cells per mL and grown in 
suspension for three days prior to glucose addition. Glucose was added to one flask of cells (G- 
added group) to 26 mM whereas nothing was added to the control group. The cells continued 
to grow for five days to investigate the effects of glucose supplementation on cell growth and 
adiponectin expression. The graphs presented here are from single readings of the typical 
pattern observed during two replicate experiments: A, glucose consumption; B, cell density; C, 

 A B 

C D 
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viability; and D, adiponectin expression detected in the culture media. C: control; G: glucose-
added. 

 

3.2.1.2 Sodium butyrate induction in the presence of NAC 

Effects of test concentrations of NaBu (1, 2 or 5 mM) were studied in day-2 suspension-

cultured F20 cells. Figure 3.6 demonstrates that NaBu potently enhanced adiponectin 

expression in a dose-dependent manner. 1 mM was chosen as the most effective dose, 

exhibiting the same effect as 2 or 5 mM of NaBu to induce at least two-fold increase of 

expressed adiponectin in stably-transfected cells (as estimated by densitometry). 

Consistent with the known effect of NaBu to induce apoptosis, the highest dose of 

NaBu studied (5 mM) caused severe cell death at days-3 and -4, so samples from 5 mM 

NaBu-containing two-day treatments were not included in the Western blotting 

analysis. 

 

Figure 3.6 NaBu significantly enhanced adiponectin expression in stably-transfected CHO-S 

cells. The diluted F20 suspension cells (3 x 105 cells/mL) were grown for two days followed by 

addition of NaBu at three different doses (1, 2 and 5 mM) and incubation for another four days. 

The culture supernatants from each treatment were collected for detection of expressed 

adiponectin by Western blotting: hAd, 20 ng of purified WT-adiponectin, as was used to 

estimate the levels of adiponectin expressed in culture supernatants. 

It should be mentioned that the enhanced adiponectin expression in 2 mM or 1 mM 

NaBu-treated cells was compromised by declining cell viabilities; this toxic effect of 

NaBu is a severe drawback to practical applications of long-term cell culture processes, 

such as continuous perfusion culture. N-Acetylcysteine (NAC) was demonstrated to be 
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able to reduce the NaBu-induced cell apoptosis, leading to the lengthening of the 

culture period, thus improving protein production and glycosylation performance (Oh 

et al., 2005).  

Figure 3.7 illustrates the dose-dependent anti-apoptotic effect of NAC on NaBu-induced 

cell death in F20 cells. Without the presence of NAC (control group), cell death started 

to appear following one day’s exposure to NaBu (1 mM), and 20% of cells were 

observed to be dead in two-day-treated cells (Figure 3.7B), implying only two day’s 

NaBu-induction was feasible since the quality of adiponectin is dependent on the 

healthy state of F20 cells (> 80% of cell viability); in contrast, with addition of NAC to 

NaBu-treated cells, any dose of 1, or 5 or 8 mM could accordingly recover cell viability 

to a better level, but only 8 mM NAC most efficiently prolonged the NaBu-induction for 

another two days without losing high cell viability (> 90%) in day-4 treated cells, thus 

significantly increasing adiponectin productivity under suspension culture conditions 

(Figure 3.7C). 8 mM NAC also improved cell growth (Figure 3.7A) but did not show any 

direct effects on adiponectin expression. Adiponectin concentration in F20 culture was 

measured, typically from 500~900 µg/L. 
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Figure 3.7 NAC effect on cell growth and adiponectin expression of NaBu-treated CHO-S 
cells. F20 stable cells were grown for two days followed by 1-mM NaBu induction for enhanced 
adiponectin expression, and was as described to Figure 3.6. NAC was simultaneously added to 
the cells with NaBu at three different doses, as shown above with four days’ incubation. 12 µL 
culture supernatant samples were subject to Western blotting according to the standard method. 
The graphs present are exemplars from single readings of observations that were replicated 
thrice. 
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3.2.3 Recombinant human adiponectin multimerizes and stimulates β-oxidation in 

skeletal muscle 

Here, recombinant human adiponectin was characterized by comparison with 

endogenous adiponectin present in human serum as shown in Figure 3.8. Both 

recombinant and serum adiponectin displayed multimeric complexes. Prominent 

recombinant oligomers had apparent molecular weights consistent with trimeric and 

hexameric states, in line with previous reports. Recombinant high-molecular-weight 

(HMW) adiponectin displayed two prominent bands of MW ≥ 260 kDa (left panel), in 

lesser amounts than trimeric and hexameric species, consistent with protein present in 

human serum (middle panel). Lower amounts of additional oligomers were also apparent 

in serum- or recombinant-adiponectin, as reported, reflecting the innate complexity of 

the hormone and also, perhaps, some variation introduced by its recombinant 

production. In the right panel, all the recombinant oligomers yielded a single apparent 

monomeric band following their reduction and heat-denaturation, confirming that the 

purity of the preparation was sufficient to support informative high-resolution 

molecular characterization of monomeric adiponectin. 

 

Figure 3.8 Characterization of human adiponectin produced in stable CHO-S cells. 4 µg of 
purified protein was prepared either for investigation of its oligomeric state under non-
reducing and non-heat-denaturing condition (A, left panel) or reduced and heat-denatured to 
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check its purification efficiency (A, right panel), then subjected to SDS-PAGE analysis on a 12% 
gel, followed by CBB staining. Adiponectin from 1 µL of human serum, as a comparable 
standard, was analyzed under the same conditions as the sample in left panel, and visualized by 
adiponectin immunoblotting (A, middle panel). 

 

Figure 3.9 shows the functional characterization of the recombinant human adiponectin 

by measuring its effects on β-oxidation in an ex vivo-incubated stripped rat soleus 

muscle preparation. Briefly, isolated rat soleus muscle strips were incubated for 60 min 

in Krebs-Henseleit buffer (KHB, Control), 2.5 mg/L recombinant adiponectin-KHB 

(Adiponectin), or AICAR-KHB as positive control. Purified adiponectin significantly 

stimulated palmitate oxidation, by ~30%, compared with basal values. 

 

 

Figure 3.9 Recombinant adiponectin stimulates β-oxidation in skeletal muscle. β-oxidation 
assay of the purified protein on isolated rat soleus muscle strips was conducted to determine 
endogenous palmitate consumption over a 60 min period as described in Chapter 2, control (n = 
8), positive control AICAR (n = 10), adiponectin (n = 10). The resulting data were statistically 
analyzed by Student’s unpaired t-test and presented as bar graphs, showing the mean ± SEM (*, 
P < 0.05, **, P < 0.01). In addition, data analysis using one-way ANOVA followed by Tukey’s 
post hoc test, also demonstrated the same result as above t-test. 
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3.2.4 Glycosylation occurs on a known hydroxylated lysyl residue in the variable 

region of human adiponectin 

The single conserved lysyl residue in the variable region of adiponectin was previously 

found to be subject to hydroxylation and glycosylation in protein purified from bovine 

serum (Wang et al., 2004). Hydroxylation of the corresponding residue in human 

adiponectin (Lys33) was confirmed in a commercially-available recombinant protein 

(which might be produced in HEK 293 cells according to the information obtained from 

provider website (BioVendor, Czech Republic)) (Richards et al., 2010). However, the 

subsequent glycosylation by two hexoses (Hex-Hex) of this residue has not been reported 

in the human protein. One difficulty here is that the known O-linked glycosylation within 

the three adjacent threonyl residues (Thr20-Thr22) is contained within the same proteolytic 

peptide, making it difficult to localize the hexose moieties unambiguously to the threonyl 

or lysyl residues by mass spectrometry. This situation was not encountered in the analysis 

of bovine adiponectin due to the absence of alternative candidate residues for O-

glycosylation on the peptide investigated (Wang et al., 2004).  

Here, manual interpretation was carried out on tandem (MS/MS) spectra from the 

relevant NH2-terminal glycopeptides of human adiponectin to determine which 

residues are glycosylated. Purified Thr20-22Ala adiponectin, a mutant lacking the three 

anchor sites for O-glycans through replacement of all three threonyl with alanyl 

residues (Table 2.12), demonstrated a complete lack of threonyl-glycosylation at the 

NH2-terminus, and in addition, this mutant was more susceptible to NH2-terminal 

degradation, resulting in the observation of truncated peptides in the digest of this form 

(Table 4.2). MS/MS spectra from the truncated forms lacking four or more residues 

from the NH2-terminus enabled the determination of Lys33 as a glycosylation site.  

Figure 3.10A demonstrates the most-likely structure for WT-adiponectin-(19-39) as 

determined through manual interpretation of the relevant MS/MS spectrum. A series of 

ions in the high mass region was observed representing the precursor (Figure 3.10A, 

Prec.), which showed sequential losses of mass matching those of various known glycan 
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species. The observation of y4 and y5 fragment ions without any modification weighs 

against the possibility of O-glycosylation at residue Thr 37, consistent with the 

observation that Thr37 is less likely to be glycosylated due to the adjacent residue, 

Cys36, which may well hamper O-glycosylation as per a statistical analysis of 992 

sequences containing O-glycosylated Thr/Ser residues (Christlet and Veluraja, 2001). 

The observation of fragment ions y8, y10 and y11 with the addition of one or two hexoses 

leaves Lys33 as the most plausible anchor site for di-hexose attachment. Furthermore, in 

the MS/MS spectrum of the truncated NH2-terminal peptide derived from the Thr20-

22Ala mutant (Figure 3.10B), the presence of multiple y ions (y8, y10, y11 and y12) 

carrying one or two hexose moieties, while neither y1-y3 nor b2-b8 ions carried any 

hexose moieties, is also consistent with the proposed glycosylation structure, and 

strongly supports the localization of the di-hexose glycan to Lys33. The existence of a 

glycosylated hydroxylysyl moiety at residue 33 in both WT and Thr20-22Ala 

adiponectin reflects an innate property of this modification. In addition to the above 

glycosylation, the presence of a b2 fragment ion (171.082+) localized the addition of one 

oxygen atom to the prolyl residue at position 25 in Thr20-22Ala adiponectin. This 

modification has not been confirmed to be present in WT-adiponectin here.   
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Figure 3.10 Peptide sequencing by mass spectrometry identified the glycosylation of a 
hydroxylated lysyl residue in the variable region of human adiponectin. Purified recombinant 
adiponectin, of either wild-type (WT) or NH2-terminal triply-mutated variant (T20-22A), was 
digested with trypsin and then chymotrypsin prior to LC-MS/MS analysis. Manual 
interpretation of the resulting MS/MS spectra generated the proposed NH2-terminal 
glycopeptide structures shown here. A, MS/MS spectrum of a peptide of m/z 1060.53+ from the 
WT sample digest, corresponding to residues 19-39 with the peptide being modified with one 
HexNAc-Hex-NeuAc glycan on one of the three Thr residues (T20-22), and a di-hexose chain 
(Hex-Hex) on the hydroxylated lysyl residue (hyK33). B, MS/MS spectrum of a peptide of m/z 
990.72+ observed in the T20-22A digest, corresponding to residues 24-39 with the peptide also 
modified with a di-hexose chain on the same hydroxylated lysyl residue. hyP, hydroxyproline; 
hyK, hydroxylysine; C [Cam], carbamidomethylated cysteine; Prec., precursor. The region 
above m/z 400 was enlarged in both panels as indicated. 
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3.2.5 Up to five sialyl modifications contribute to structural heterogeneity in 

adiponectin monomers 

The MS/MS spectrum for the NH2-terminal peptide of WT-adiponectin shown in 

Figure 3.10A also demonstrated oxonium ions with m/z values of 204, 292, 366 and 657, 

corresponding to the carbohydrate species of N-acetylhexosamine (HexNAc), sialic acid 

(Sia), N-acetylhexosamine with one hexose (HexNAc-Hex), and HexNAc-Hex-Sia 

respectively. This pattern reveals that sialic acid is present as a terminal carbohydrate 

group bound to the O-linked glycan, HexNAc-Hex, forming a HexNAc-Hex-Sia chain 

(by sialoglycosylation).  

The diversity of mouse adiponectin monomers was first identified by 2-DGE of proteins 

secreted by 3T3-L1 adipocytes: eight isoforms were identified according to their 

individual pI and mass values, of which six were identified as glycoproteins (Wang et 

al., 2002). Similar 2-DGE patterns occur in bovine and human plasma (Wang et al., 2004; 

Wang et al., 2006; Richards et al., 2006). Figure 3.11A shows the representative 

monomeric pattern of recombinant human adiponectin, visualized by CBB-stained 2-

DGE. Eight isoforms are evident: the upper six (No. 3-8) are distributed in a ‘spot-train’, 

whose individual pI values ranged from pH 5.3 to 4.7 and whose masses gradually 

increased concomitant with their pI values. Of these, No. 4-7 stained more heavily, 

consistent with their being of higher abundance. Each is seen to comprise a ‘ladder’ of 

two to three vertically-distributed isoforms separated by ~two-hexose masses (324 Da = 

360 – 2x18; Figure 3.11A). For example, spot No. 4 comprises a ladder of three discrete 

proteins, as do No. 5-8. Spots No.1 and No.2 also demonstrated laddering. The 

mechanism responsible for this “laddering” will be described in section 3.2.6. 

To further investigate the role of sialylation in the formation of the pI-variants, we 

analyzed five monomeric WT spots with distinct pI values (No.4, 5, 6, 7 and 8) by LC-

MS/MS (Figure 3.11B). Spectra representing a tryptic NH2-terminal peptide (19-55) 

from the retention time window were de-convoluted, giving rise to the listed average 

molecular weights shown in Figure 3.11B and Table 3.1.  
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Figure 3.11 Sialylation is attributable to monomeric heterogeneity of recombinant human 
adiponectin. A, 40 µg of purified recombinant human adiponectin was resolved by 2-DGE and 
visualized by CBB staining (Bottom panel); endogenous adiponectin in human serum was 
demonstrated as a reference as shown by immunoblotting (Top panel). The values of pI were 
estimated based on a linear pH 4-7 gradient from an 18 cm-long IPG gel strip. B, Molecular 
weight profile of adiponectin NH2-terminal tryptic peptides derived from five 2-DGE gel spots 
(within the train of pI isoforms No. 4 to No. 8), analyzed for the retention time window by LC-
MS/MS. Proposed glycopeptides structures based on intact molecular weights and MS/MS 
data from some of the observed species are included in Table 3.1 below. Diamonds, shown here 
in red, represent individual sialic acid moieties. Abbreviation: amu, atomic mass unit.  

 



84 
 

 



85 
 

The peptide sequence ETTTQGPGVLLPLPKGACTGWMAGIPGHPGHNGAPGR (19-55) 

with carbamidomethyl cysteine, four hydroxylated proline residues and an 

hydroxylated lysine carrying two hexose residues has an average molecular weight of 

4095.49 Da. The table shows the incremental additions of various combinations of 

glycan residues to this base structure, which match the observed molecular weight 

patterns to within ± 0.02%. Partial deamidation of asparagine or glutamine residues 

within this sequence (especially those with a glycine on the COOH-terminal side) could 

account for some of the remaining slight differences (<1 Da) between the theoretical and 

observed average molecular weights. 

In each spot, mass spectra labelled with molecular weights represent the corresponding 

NH2-terminal tryptic peptide of adiponectin, containing various combinations of glycan 

groups, and proposed glycopeptide structures are as shown in Table 3.1. Sialic acid 

residues (red diamonds) have been added to each spectrum according to the total number 

that are included in each particular mass. The number of sialic acid residues increased 

in accordance with the increasingly acidic pI value of each successive spot. A maximum 

of one, two, three, four and five sialic acids were observed in spots No. 4, 5, 6, 7 and 8 

respectively, consistent with the changes in sialyl-modifications being the main process 

driving the pI-variant pattern. Note however that the number of sialic acid residues in a 

particular spot is unlikely to be the sole determinant of the pI value, since deamidation 

of Asn or Gln residues (Orth et al., 2009) and the loss of the basic Lys residues at the 

COOH-terminus of the FLAG-tag (Asp-Tyr-Lys-Asp-Asp- Asp-Asp-Lys) were also 

identified in this analysis (data not shown), these being modifications that can also 

contribute to pI shifts. 
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Table 3.1 Proposed amino-terminal glycopeptide structures for the observed molecular 

weight patterns recorded from tryptic digests of five 2-DGE gel spots of recombinant human 

adiponectin. 

Observed 
Mass 

Theoretical    
Mass Δ (Da) 

Proposed Structures 

HexNAc Hex NeuAc Acetyl 

4752.83 4752.08 -0.75 1 1 1 
 

4955.74 4955.27 -0.47 2 1 1 
 

5043.79 5043.33 -0.45 1 1 2 
 

5118.27 5117.41 -0.86 2 2 1 
 

5158.87 5158.46 -0.41 3 1 1 
 

5321.13 5320.60 -0.52 3 2 1 
 

5409.13 5408.67 -0.46 2 2 2 
 

5612.33 5611.86 -0.47 3 2 2 
 

5774.53 5774.00 -0.53 3 3 2 
 

5903.65 5903.11 -0.53 3 2 3 
 

6065.76 6065.25 -0.51 3 3 3 
 

6194.93 6194.37 -0.56 3 2 4 
 

6356.92 6356.51 -0.41 3 3 4 
 

6398.83 6398.51 -0.32 3 3 4 1 

6647.64 6647.76  0.12 3 3 5 
 

 

3.2.6 2D-subspot formation is determined by differential glycosylation of four 

hydroxylysyl residues  

Adiponectin isoform No. 4 was chosen as an exemplar of the vertical patterning 

generally present in well-resolved recombinant material (Figure 3.11A, lower panel). The 

three distinct subcomponents from this isoform (Top, Middle and Bottom) were excised 

individually and doubly digested for analysis by LC-MS/MS. Table 3.2 shows the 

glycopeptides identified from two regions of adiponectin: NH2-terminal variable 

segment (Thr19-Trp39) and the collagenous domain (Asp59-Arg112).  
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All three sub-components contained human adiponectin-(19-39) modified on a single 

Thr residue in the 20-22-region by a HexNAc-Hex group with or without a single 

terminating Sia residue; and in addition by two Hex residues attached to the 

hydroxylysyl (hyK) residue at position-33. These modified NH2-terminal peptides 

exhibited similar distribution ratios between the three sub-components, indicating that 

the vertical laddering is not caused by differences in glycosylation of the 20-22-region. 

Of more importance is the observation that the relative proportions of three 

glycosylated hyK residues (hyK65, 68 and 77) changed from sub-spot to sub-spot in the 

collagenous sequence KGEKGDPGLIGPK (Table 3.2). Conversely, Bottom contained 

more of the peptide hyKGEPGEGAYVYR with two hexose moieties (Hex) at the hyK101 

position than either of the other two sub-components. These differences follow a 

general pattern whereby Bottom contained fewer total Hex than Middle, which in turn 

contained less than Top: this was quantitatively expressed as a “hexose coefficient”, the 

summation of which generated relative ratios Top: Middle: Bottom of 3.16: 1.87: 1.00. 

Thus total Hex in the collagenous domain was approximately doubled between Bottom 

and Middle, and tripled between Bottom and Top. Given that Bottom had the largest 

signal for the peptide hyKGEPGEGAYVYR with two Hex residues, and Top the largest 

for hyKGEhyKGDPGLIGPhyK with six Hex, we conclude that Bottom comprises mainly 

WT-adiponectin with two Hex within the collagenous domain, Middle a total of four, 

and Top six Hex residues. Notably, these forms could comprise a mixture of species 

with the above numbers of hexoses on different residues. 
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Table 3.2 Mechanism of observed 2-DGE laddering within the main subcomponents of 

monomeric isoform No.4 as determined by mass spectrometry. The relative percentages of 

total signal corresponding to the component peptides were quantified based on their 

chromatographic peak areas. Hexose Coefficients were derived by multiplying the peptide 

proportion by the number of hexoses observed in each glycopeptide. Abbreviation: C*, 

carbamidomethyl cysteine; Hex, hexose; hyK, hydroxy-lysine; hyP, hydroxy-proline. The values 

have been presented accurate to three significant figures. 
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3.3 Summary 

Recombinant human adiponectin was expressed in suspension-cultured stable 

monoclonal CHO-S cells for the first time. CBB-stained SDS-PAGE gels were here 

applied to show that this recombinant material assembled properly into three main 

oligomeric forms including a HMW complex (Figure 3.8), The functional assays of this 

material showed that it stimulated endogenous lipid utilization in isolated rat skeletal 
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muscle strips to ~30% higher than its basal level (Figure 3.9); therefore this bioactive 

material could be used to study the structure and activity relationship of 

posttranslational modifications occurring in the adiponectin monomers. This 

information could be useful in guiding the development of this potentially therapeutic 

glycoprotein.    

With the advantage of analyzing purified protein preparations, rather than the mixtures 

of proteins described in the published literature to date, the relevance of specific 

structural variations to alterations in function was more accurately characterized. In 

characterization of the five 2-DGE-isolated pI variants in the upper spot-train of 

adiponectin monomers (Figure 3.11A), our analysis determined the sialic acid content to 

be one, two, three, four and five across spots No. 4-8 (Figure 3.11B; Table 3.1) These 

findings support our previous conclusion that glycosylation of adiponectin contributes 

at least in part to the formation of individual monomeric spots identified by 2-DGE 

(Wang et al., 2002). Furthermore, these current thesis studies have shown that 

progressive sialylation underlies the formation of the observed pI spot-trains, which 

comprise a set of increasingly sialylated molecules with progression towards the acidic 

end of the isoelectric gradient gel strip.  

With the appropriate amount of sample loaded, combined with the enhanced resolving 

power of the large-format gels employed, differential glycosylation on the four 

conserved lysyl residues of the collagenous domain was for the first time visualized 

here. These studies resolved three main vertically-aligned components within most of 

these spots, which had previously been regarded as monomeric. Mass spectrometry-

based analysis of one monomeric isoform (No. 4) indicated that sequential two-hexose 

additions caused the evident laddering, there being a difference of six hexose moieties 

between the top and bottom components of the vertical ladder. The analysis also 

provided robust evidence that these two-hexose moieties were attached to hydroxy-

lysyl residues.  
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CHAPTER 4: Characterization of Amino-Terminal Sialoglycosylation in 

Human Adiponectin 

4.1 Introduction  

This aspect of the investigation was initiated following the observation of O-linked 

glycosylation and sialylation in an NH2-terminal peptide digest derived from the 

purified WT recombinant human adiponectin protein (Figure 3.10A), as described in 

Chapter Three. 2-DGE analysis of this protein revealed a typical pI train comprising six 

monomeric isoforms, Nos. 3-8 (Figure 3.11A), whose behaviour was consistent with the 

sequential addition of acidic groups such as sialic acid moieties to form this pI train. 

Mass spectrometry confirmed our hypothesis by showing the addition of up to five 

sialic acid groups underpins the formation of the pI isoforms comprising spots No. 4 to 

No. 8 (but excluding No. 3) (Figure 3.11B). Sialic acid has previously been reported to 

occur in naturally-occurring adiponectin protein purified from bovine and murine sera 

(Sato et al., 2001). These findings raised interesting questions concerning the location 

and physiological roles played by sialylation of the circulating hormone, and also of 

how this glycosylation might occur.  

As discussed previously, site-directed mutagenesis is a powerful tool by which to 

explore the structure-function relationship of proteins. Here, we employed this 

methodology to identify a maximum of three HexNAc moieties within the NH2-

terminal peptide, adiponectin-(19-39) which was produced by double-digestion and LC 

from the 1-DGE band (Table 4.1).  
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Table 4.1 Observed monoisotopic masses of 18 different NH2-terminal peptides, 
ETTTQGPGVLLPLPK*GAC*TGW, each of which corresponds to an observed variant of human 
adiponectin (19-39), along with their probable glycan compositions. *Component masses 
include contributions from the di-hexose-hydroxylysyl 33 and carbamylation of cysteine 36 
present in all of these peptides. HexNAc, Hex and Sia residues are present on one or more of the 
T residues. Residues with PTMs are underlined. 

Observed Theoretical ∆Da HexNAc Hex Sia 

2522.222 2522.206 0.016 0 0 0 

2725.316 2725.285 0.031 1 0 0 

2887.360 2887.338 0.022 1 1 0 

2928.387 2928.364 0.022 2 0 0 

3090.453 3090.417 0.036 2 1 0 

3131.464 3131.444 0.020 3 0 0 

3178.461 3178.433 0.028 1 1 1 

3293.512 3293.497 0.016 3 1 0 

3381.551 3381.513 0.039 2 1 1 

3469.553 3469.529 0.024 1 1 1 

3543.580 3543.565 0.015 2 2 1 

3584.624 3584.592 0.032 3 1 1 

3746.665 3746.645 0.020 3 2 1 

3834.706 3834.661 0.045 2 2 2 

4037.778 4037.740 0.038 3 2 2 

4199.810 4199.793 0.017 3 3 2 

4328.868 4328.836 0.032 3 2 3 

4490.914 4490.888 0.026 3 3 3 

 

Within the NH2-terminal ETTTQGPGVLLPLPKGACTGW (19-39) peptide of 

adiponectin, Thr37 has been demonstrated not to be glycosylated by studies reported in 

Chapter Three; therefore there are three potential O-linked glycosylation sites at 

residues Thr20, Thr21, Thr22 (Figure 3.10A). Thr22 was predicted to be an O-linked 

glycosylation site based on application of the NetOGlyc Version 3.1 server (Julenius et 

al., 2005). All three of the consecutive Thr residues, Thr20-22 were considered to be 
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potential anchor sites, and thus four mutant adiponectin plasmids were generated by 

substitution of Thr with Ala (T/A) either individually or all three (section 2.7), and 

transfected into CHO-S cells as described in the WT (section 2.2) for stable production 

of the mutant proteins.      

Proteomics was the major tool utilized in these studies to evaluate the effect of mutation 

on glycosylation of a particular Thr residue. To maximize the power of this analytical 

method, 2-DGE was optimized to separate proteins first within the pH 4-7 range on an 

18-cm long IPG strip, and then on large-format second dimensional SDS-PAGE gels; 

mass spectrometry-based comparison was then used to analyze the four mutant 

proteins for their potential divergence in glycosylation of the NH2-terminal peptide (19-

39). Different signal intensities were observed for glycoisoforms of adiponectin-(19-39), 

which displayed varying glycosylation levels due to mutation of the three Thr residues. 

Because various glycopeptide structures may exhibit different molar responses by MS, 

thus impeding their absolute quantitation, a comparison of the relative proportions of 

peak areas from extracted ion chromatograms (EIC) was performed to reveal 

differences in distribution of glycoisoforms among the different mutant proteins.  

4.2 Results 

4.2.1 Effects of glycosylation of the three adjacent threonine residues on protein 

structure as probed by site-directed mutagenesis 

To extend our analysis of potentially-glycosylated residues in adiponectin-(19-39), four 

variant constructs were made by site-directed mutagenesis (Table 2.12) and stably 

expressed in monoclonal CHO-S cell lines: these were designated T20A, T21A, T22A 

and T20-22A (triple mutant).   
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Figure 4.1 The NH2-terminal Thr22 residue is the crucial site for sialoglycosylation in human 
adiponectin. A, Purified WT-adiponectin and its four NH2-terminal structural variants (2 μg per 
sample) were subject to reducing and heat-denaturing SDS-PAGE and visualized by CBB 
staining. B, To compare the four variants with WT by 2-DGE, a 10 μg sample of each was 
resolved on a 2-DGE gel under conditions described in section 2.5.2, followed by silver staining. 
The Black arrow B. to the left of spots on T22A and T20-22A indicates a newly-formed spot to be 
discussed later. 
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Figure 4.1A shows a representative 1-DGE study of WT-adiponectin compared with the 

four mutant proteins. T20-22A adiponectin migrated considerably faster than WT, due 

to its lower mass caused by the lack of glycosylation. Of the three single-mutant 

proteins, T22A behaved most like the triple mutant, whereas T20A migrated closest to 

WT and T21A was intermediate: thus, mutations on different Thr residues exhibited 

distinct effects on glycosylation and the resulting physical properties of the mutant 

proteins. Thr22 is thus the main residue modified by glycosylation in adiponectin, 

whereas Thr20 is the least modified. A similar pattern was reflected in the band 

thickness, the thinnest being T22A which also showed the closest similarity to T20-22A, 

reflecting the least micro-heterogeneity among the three single-mutant proteins. This 

observation is supported by the 2-DGE study showing that T22A expressed the lowest 

number of pI variants (Figure 4.1B). The vertical laddering pattern within each spot is 

found to be due to variable levels of glycosylation of hydroxylysyl residues as 

previously discussed (Table 3.2).  

4.2.2 Thr22 is a key glycosylation site which stabilizes the amino-terminus of 

adiponectin 

To further elucidate the structural effects of glycosylation, we performed a MS-based 

comparison of the four mutant adiponectin molecules. Table 4.2 shows the data 

representing the glycosylation patterns of the four mutants of adiponectin-(19-39). In 

the MS/MS analysis of T20-22A-derived adiponectin-(19-39) glycopeptides, there was 

no detectable signal consistent with the presence of HexNAc: therefore, substitution of 

the three Thr residues prevented this modification. Most of the observed signals for 

T20-22A peptides represented species that were truncated by loss of the NH2-terminal 

EAAA segment and the following Gln23 residue (Q23) cyclized to a pyroglutamate 

residue (pyroQ; pyroGlu; pE) forming the new NH2-terminal residue of the modified 

structure. Less intense signals from peptides lacking the first five residues, EAAAQ 

were also detected. This NH2-terminal cyclization was determined by the parent 

molecules having observed molecular weights 18 Da less than expected, combined with 
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MS/MS fragment-ion series showing no other plausible site where this mass difference 

could have been generated. This NH2-terminal truncation/pyroGlu formation was 

sought in the WT and three single-mutant forms, but was observed in addition only in 

T22A-derived peptides (at ~8% mol/mol; Table 4.2), indicating that glycosylation at this 

residue might well protect the NH2-terminus from degradation following secretion. 

This appears to be a novel mechanism as we were unable to find any prior publications 

that noted such an effect in any other protein. 

The mechanism for degradation of the NH2-terminus observed in T20-22A adiponectin 

is uncertain, but most likely caused by proteolytic cleavage occurring either within or 

outside cells. The following observations are interpreted as consistent with this idea:  

1) T20-22A-CHO culture supernatant (i.e., extra-cellular) probably contains lower levels 

of protease inhibitors than would be present in the plasma; therefore, when 

recombinant T20-22A protein is secreted into this medium, it could have heightened 

susceptibility to degradation by aminopeptidases, due to diminished protection from 

the bulk of negatively-charged sugar chains at its NH2-terminus.  

2) Aminopeptidases may be responsible for the cleavage of amino acids from the NH2-

termini of polypeptides. They are widely distributed throughout the animal and plant 

kingdoms, being present in the cytoplasm, subcellular organelles and membranes, and 

in the plasma. Glutamic acid is the first amino acid of the human adiponectin molecule, 

and could function as the proteolytic target of glutamyl aminopeptidase activity; 

however, whether this peptidase is expressed in CHO cells is unknown at present, and 

requires further investigation.  

3) NH2-terminal degradation could also be caused by non-specific chemical degradation 

(hydrolysis), which usually occurs under the following conditions: a) WT and T20-22A 

demonstrated distinct patterns of degradation under the same protocols, as shown in 

Figure 4.1B (one more basic spot appearing in T20-22A sample on 2-DGE gel) and 

Figure 4.3 (one truncated protein band was observed from the purified T20-22A on 
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SDS-PAGE gel); b) generally, the chemical degradation of polypeptides occurs when 

they are heated for at least 24 hours under an acidic environment (for example, 6M HCl), 

resulting in a hydrolyzate containing amino acids. 

Table 4.2 Mass spectrometry-based quantification of the modification pattern observed in 
the four NH2-terminal mutants of human adiponectin 

 

Note: *, modifications in addition to the hydroxyK33 with 2Hex, and carbamidomethyl cysteine 
C36. Abbreviation: hyP, hydroxyprolyl residue; T/A, substitution of T with A at a single residue; 
pyroQ, pyroglutamate. 

4.2.3 Between-threonine interactions modulate O-linked glycosylation of amino-

terminus of adiponectin 

In the data from the single-mutant proteins (Table 4.2), where two Thr residues are 

available to act as possible O-linked glycosylation sites, T22A was glycosylated at 
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markedly lower levels (2.6% mol/mol) than T20A and T21A (98.6% and 95.4%, 

respectively). Thus Thr22 is crucial for this glycosylation process. In T21A, glycosylation 

occurred mainly on one Thr residue (93.7%, almost certainly Thr22), whereas in T20A, 

this modification occurred mainly on two Thr residues (63.2%), consistent with 

mutation at Thr20 having little effect on glycosylation of Thr21 and Thr22. Up to four 

sialic acid residues appeared in T20A-derived adiponectin-(19-39) glycopeptides, 

indicating that Thr21 and Thr22 may carry O-linked glycosylation-linked diSia and that 

the five Sia observed in the WT (Figure 4.1B) could be derived from two groups of 

HexNAc-Hex-Sia-Sia and one HexNAc-Hex-Sia. These findings are consistent with a 

prior report that diSia exists in adiponectin (Sato et al., 2001), although it should be 

stressed that a single sialic acid residue per Thr is the most abundant form of 

modification in the WT (Figure 4.2B).  

 

Figure 4.2 NH2-terminal glycosylation of adiponectin showed no direct effect on its 
multimerization. Representative electron micrographs of recombinant human WT (left panel) 
and T20-22A (right panel) were obtained as described in section 2.6.5.  

To further characterize the glycosylation of the consecutive Thr residues, we performed 

2-DGE-based analysis of the WT and mutant monomers (Figure 4.1B). In WT protein, 

five isoforms Nos. 3-7 were evident along with a further, less abundant isoform, 

designated No. 8: these correspond to sequential sialylation with between one and five 
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Sia moieties (Figure 3.11B). By contrast, the T20-22A-mutant protein demonstrated the 

non-sialoglycosylated isoform No. 3, along with a second, more basic newly-appearing 

isoform (indicated by black arrow on the left) that may represent a variant of isoform 

No. 3, NH2-terminally truncated by loss of EAAA (Figure 4.1B and Table 4.2). It is 

noteworthy that loss of the Glu-residue-containing EAAA tetra-peptide necessarily 

produces an isoform more basic than No. 3.  

In the singly-mutated proteins, the upper spot-train had fewer components: five in 

T20A, four in T21A, and two in T22A. There was an additional basic isoform in T22A, 

which was probably equivalent to the NH2-terminally truncated isoform of T20-22A 

(Figure 4.1B and Table 4.2). T20A isoforms Nos. 4-7 probably represent differently 

sialoglycosylated species, containing progressively from one to four sialic acid residues. 

The O-glycan, HexNAc-Hex capped by a single Sia is the main chain attached to Thr21 

and Thr22, whereas smaller proportions are terminated by diSia in isoforms Nos. 6-7. It 

is also noted that, since the addition of a Sia transforms an isoform into its immediately 

more acidic neighbor, each spot may well comprise a mixture of glycoisoforms with the 

same number of Sia residues: for example, spot No. 5 may comprise an O-glycosylated 

isoform with two single Sia or one diSia (Table 4.2). T21A contains four glycoisoforms, 

the non-Sia-containing No. 3 and three containing Sia, Nos. 4-6 (Figure 4.1B). When 

Thr21 is absent, prior incorporation of a HexNAc moiety at Thr22 almost ceased to 

stimulate addition of HexNAc to Thr20. Therefore nearly 94% of glycosylation with 

mono- or diSia acid occurred at Thr22, generating glycoisoforms Nos. 4-5, whereas only 

a small proportion contained three Sia, forming isoform No. 6. The most obvious 

changes were present in T22A, where replacement of Thr22 almost completely blocked 

glycosylation (Table 4.2): therein, the non-sialoglycosylated isoform No.3 was dominant 

with a smaller amount of the mono-Sia isoform No.4 and no multiple-Sia variants.  

Figure 4.2 shows representative electron micrographs of recombinant human WT (left 

panel) and T20-22A (right panel) adiponectin illustrating HMW complexes, which 

present as large structures with ‘bouquet-like’ forms containing ball-like globular heads 
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connected via stalk-like collagenous domains that converge to a common distal 

structure. Smaller oligomeric forms are also apparent. These structures are similar to 

those previously reported for mouse adiponectin (Radjainia et al., 2008) and show that 

both the WT and mutant human adiponectin secreted from stably-transfected CHO-S 

cells form properly-assembled oligomeric complexes. It is thus demonstrated that 

mutation of the three Thr residues does not prevent the multimerization of human 

adiponectin into higher molecular-weight isoforms. 

4.2.4 Threonine glycosylation stabilizes adiponectin oligomers 

WT and T20-22A adiponectin showed important differences in multimer distribution 

and stability, as revealed by divergence in their resistance to denaturation. Shown are 

multimer profiles resolved by 1-DGE (Figure 4.3, A and B).  

Untreated WT-adiponectin displayed the expected pattern, dominated by trimeric, 

hexameric and HMW species whereas T20-22A showed relatively less HMW, with 

increases in forms corresponding to tetramers, dimers and monomers (Figure 4.3A, lane 

4, each panel). These patterns were similar in three preparations of adiponectin derived 

from successive passages (Figure 4.3B; compare lanes 1-3 with 4-6). Reduction with 2-

ME coupled with heat-denaturation of WT and T20-22A adiponectin converted all 

multimeric species into monomers, as expected (Figure 4.3A, lane 1, each panel), 

whereas heat-denaturation without reduction converted higher multimers to dimers 

and monomers (Figure 4.3A, lane 3, each panel). Following 2-ME reduction, the WT was 

converted mainly into trimers as expected whereas by contrast, T20-22A showed 

markedly increased amounts of monomer (Figure 4.3A, lane 2, each panel). This 

observation was confirmed by using a second reductant, DTT (Figure 4.3B), suggesting 

the substantial loss of stability in the trimers after release from the hexamer and HMW 

complexes. 
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Interestingly, a band migrating faster than the monomer of heat-denatured T20-22A 

protein was resolved just beneath the monomer band (right panel, lane 3, Figure 4.3A), 

reminiscent of the NH2-terminal truncation described in Table 4.2.   
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Figure 4.3 Purified triple-mutant adiponectin displays altered multimer composition and 
increased susceptibility to reductant in vitro. A, The purified WT or T20-22A samples were 
incubated for 10 min in sample buffer under four conditions: 2-ME (5% v/v)-reduction plus 
heat-denaturation (lanes 1 in both panels); 2-ME (5% v/v)-reduction without heating (lanes 2); 
heat-denaturation (lanes 3); non-reduction and non-heat-denaturation (lanes 4). All treated 
samples were resolved by SDS-PAGE on 4-12% gradient gels and visualized by CBB staining. B, 
A further assay of susceptibility to the reductant DTT was performed on the multiple batches of 
WT or T20-22A adiponectin, which were produced and purified in parallel from CHO-S 
cultures (with passage number of 5, 6 and 7). Two µg of protein from each batch was treated for 
10 min with 50 mM DTT in sample buffer without heating, followed by 10 min alkylation with 
250 mM IAM in the dark (lanes 7-12). Identical aliquots of protein were incubated for 20 min 
with sample buffer only as non-treated samples (lanes 1-6). The samples were analyzed on 12% 
SDS-PAGE gels and visualized by CBB staining. 
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4.2.5 Deletion of NH2-terminal glycosylation impairs adiponectin-mediated 

activation of AMPK in C2C12 myotubes 

We tested whether T20-22A adiponectin could elicit normal activation of AMP-

activated protein kinase (AMPK) in C2C12 myotubes. WT-adiponectin stimulated 

phosphorylation of AMPK α (Thr172), whereas the mutant did not (Figure 4.4).   

 

Figure 4.4 Disruption of NH2-terminal sialoglycosylation of human adiponectin disabled its 
ability to stimulate AMPK activity in vitro. Day 8-differentiated C2C12 myotubes were serum-
depleted overnight in DMEM and changed to fresh DMEM (control) with WT or T20-22A 
adiponectin in the medium (25 μg/mL in DMEM for both). Following 5-min incubation at 37 oC, 
the cells were snap-frozen with liquid nitrogen and lysed as described in section 2.8.2. Fifty µg 
of cell lysate was analyzed by SDS-PAGE, followed by immunoblotting to detect 
phosphorylated AMPK (pAMPK) and GAPDH (sample loading control) on the same blot. 
Quantitative analysis was performed by densitometry using MultiGauge v2.2 Software (Fuji) 
and presented as a bar graph (t-test vs. control, n=3/group *, P < 0.05). The immunoblotting 
image is representative of three independent repeats. 

The single mutant, T22A adiponectin would be a valuable candidate for assessment of 

its ability to activate AMPK phosphorylation as was done here; unfortunately, its 

production yield was extremely low (similar to that of T20-22A adiponectin); also 

limitation of available facilities made me concentrate on functional analysis of T20-22A 
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adiponectin, which was preferred due to its complete lack of NH2-terminal 

sialoglycosylation compared with WT-adiponectin. To improve the production of four 

mutant adiponectin proteins and test their functionality in various assay systems would 

be one direction for future work.  

WT and T20-22A adiponectin proteins were also tested in the HepG2 human liver cell 

line; the results suggested that neither WT nor T20-22A adiponectin could stimulate 

AMPK activity using the current protocols (data not shown). The possible explanation 

is that: 1) the protocol might need to be optimized, although it showed good activity of 

WT-adiponectin in C2C12 skeletal muscle cells; 2) an unexpected discrepancy might 

have occurred between recombinant protein and endogenous protein due to the use of a 

slightly different production system, as described in our recent manuscript on 

recombinant mouse adiponectin (Wang et al., 2006).      

4.3 Summary 

The O-linked glycosylation sites of the NH2-terminal glycopeptide of adiponectin have 

been mapped by site-directed mutagenesis to three adjacent threonyl residues, Thr22, 

Thr21 and Thr20, near the NH2-terminus of mature adiponectin. The findings indicate 

that glycosylation of Thr22 is by far the most important from a functional standpoint 

and that it is required to stabilize the amino-terminus, which can otherwise become 

susceptible to truncation. When either all three threonine residues were absent (as in the 

T20-22A mutant protein), or Thr22 alone was missing (as in the T22A mutant protein), 

adiponectin becomes prone to NH2-terminal truncation: 95% of the hormone was 

truncated in the T20-22A mutant and 8%in the T22A mutant (Table 4.2). This truncation 

was confirmed by analysis of a band whose molecular weight was lower than that of 

the monomer, when both were released from the T20-22A protein by heat denaturation 

(Figures 4.3A). Thus, glycosylation at Thr22 and the other two Thr residues would seem 

to protect the NH2-terminus from degradation following secretion. This appears to be a 

novel mechanism as it has not, to the author’s knowledge, been described previously in 

any other protein.  
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Quantitative analysis of glycosylation demonstrated that the sialic acid content of the 

four mutant proteins closely matched the pattern of distribution of their monomers 

when analyzed by 2-DGE (Table 4.2; Figure 4.1B). Glycosylation on Thr22 appears to 

determine the glycosylation of Thr21 and Thr20, more especially Thr21, suggesting that 

the nature of the glycosylation of Thr22 is likely to be a key event that modulates the 

process of glycosylation of the other two Thr residues. This observation points to the 

possible existence of a regulatory mechanism that controls the glycosylation of these 

three NH2-terminal residues.  

Quantitation of the NH2-terminal glycosylation in WT-adiponectin multimers 

demonstrated that this glycosylation seemed not to be related to the process of 

multimerization (Figure 5.1). This observation is consistent with the equivalent 

appearance of HMW adiponectin formed by both WT and T20-22A proteins, as shown 

by electron microscopy (Figure 4.2). However, the lack of this glycosylation in T20-22A 

adiponectin was accompanied by altered multimer composition and significantly 

decreased stability to heat-denaturation and/or chemical reduction (Figure 4.3). 

Furthermore, T20-22A adiponectin could not stimulate the phosphorylation of AMPK in 

differentiated C2C12 skeletal muscle cells (Figure 4.4), supporting the direct relevance of 

O-linked glycosylation at the adiponectin NH2-terminus not only to stability, but also to 

its hormonal functionality.   
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CHAPTER 5: Detailed Structural Analysis of Human Adiponectin  

5.1 Introduction 

The many beneficial biological effects of adiponectin are attributed, at least in part, to 

different functions elicited by its structurally divergent oligomeric forms, such as are 

present in the circulation. The last decade has seen the identification of numbers of 

posttranslational modifications on this molecule and much effort has been expended in 

exploring the biological relevance of these modifications. Lysyl hydroxylation and 

glycosylation on four conserved residues in the collagenous domain has been shown by 

ourselves and others to play an obligatory role in multimerization, secretion and 

stability of adiponectin in vivo and in vitro (Wang et al., 2002, 2004 and 2006; Richards et 

al., 2006; Peake et al., 2007).  

O-linked threonyl glycosylation/sialylation near the NH2-terminus has been reported 

to determine the half-life of adiponectin in the blood, whereas it may not be involved in 

the multimerization process (Richards et al., 2010). In Chapter 4, I have described the 

protective contribution made by NH2-terminal O-linked glycosylation to adiponectin 

stabilization, through quantitative analysis of mass spectrometry data from NH2-

terminal structural variants, showing that the deletion of this modification alters the 

hormone’s multimeric composition and impairs its ability to stimulate AMPK activation. 

We have also characterized molecular interactions that modulate the O-linked 

glycosylation state of these residues.  

Work described in Chapter 3 has demonstrated that recombinant adiponectin generated 

from CHO-S cells assembles into the expected oligomeric forms, as shown by SDS-

PAGE and electron micrography, and exhibits appropriate functional activity in ex vivo 

rat skeletal muscle preparations. Additionally, the specific structural role of prolyl 

hydroxylation in adiponectin has previously been uncertain, due to the unavailability of 

an inhibitor specific for prolyl hydroxylation. Combined inhibition of prolyl and lysyl 

hydroxylation by 2,2-dipyridyl abolished higher-order multimer formation in 
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recombinant human adiponectin, implicating roles for lysine and/or proline 

hydroxylation in multimerization (Richards et al., 2006). All these observations 

supported further investigation of the relationship between posttranslational 

modification and multimerization in recombinant human adiponectin.  

5.2 Results 

5.2.1 NH2-terminal sialoglycosylation in three major multimeric forms show similar 

profiles in recombinant human adiponectin 

O-linked glycosylation of threonyl residues near the NH2-terminus has been described 

in Chapter 4, where its beneficial effects on protein stability have been demonstrated. 

Lack of this glycosylation in mutant adiponectin proteins altered the multimeric 

distribution as assessed by SDS-PAGE, showing decreased HMW and correspondingly 

increased tetrameric and dimeric forms, these latter being minor in preparations of the 

WT molecule. To define the relationship between sialoglycosylation and 

multimerization, the sialoglycosylation profile was quantitatively characterized in the 

three main multimeric forms after they had been individually separated and their 

purity verified.   
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Figure 5.1 Similar sialoglycosylation profiles are observed in the three oligomeric forms of 
recombinant human adiponectin. Purified human adiponectin samples (10 µg) from three 
consecutive batches were resolved by using non-reducing/non-heat-denaturing SDS-PAGE and 
visualized by CBB staining. The gel bands corresponding to trimeric, hexameric and HMW 
complex species were isolated and sequentially digested first with trypsin and then with 
chymotrypsin to release the NH2-terminal peptide ETTTQGPGVLLPLPK*GACTGW (19-39, K* 
represents hydroxylated and glycosylated K33). Sialoglycosylation profiles of this species were 
determined by LC-MS/MS. The relative proportions of NH2-terminal MS signals from the 
extracted ion chromatograms of eighteen differentially sialoglycosylated peptides and one non-
sialoglycosylated peptide were quantified in each multimeric form using Analyst QS (for 
detailed description, see Materials and Method section). Data were derived from three 
independently produced adiponectin samples. The bar graphs are mean ± SEM. Statistical tests 
have not been reported, due to uncertainties created by possible differences in effects on 
ionization of different proportions of other PTMs in peptides containing the modifications of 
interest,  
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 LC-MS/MS was performed on multimeric adiponectin samples isolated from gel bands 

and analysis focused on one enzymatically-produced NH2-terminal peptide (19-39), 

from which eighteen distinct post-translationally modified versions were collected with 

extreme care, in order to recover all the modification forms in each case (Figure 5.1). For 

each, quantitation was made according to the method described above. Data plots 

indicated that none of them showed apparent differences in their distribution between 

the three multimers, consistent with the view that NH2-terminal glycosylation may not 

be involved in adiponectin multimerization.  

Among these modified peptides, three with the highest proportions were observed in 

all three multimers: these correspond to the most frequently-detected peptides modified 

with one, two or three sialic acid residues (HexNAc-Hex-Sia, 3HexNAc-2Hex-2Sia and 

3HexNAc-3Hex-3Sia). These observations are consistent with the three heavily-stained 

spots (Nos. 4–6) of human adiponectin (Fig 3.11A). DiSia-containing structures were 

present in two peptides (3HexNAc-2Hex-3Sia or 3HexNAc-3Hex-4Sia), consistent with 

a prior report that diSia exists in adiponectin (Sato et al., 2001), although it should be 

stressed that a single sialic acid residue per Thr residue is the most abundant form of O-

linked Thr modification in adiponectin.  

5.2.2 Four lysyl modifications within the collagenous domain may be differently 

distributed amongst the three main oligomeric forms  

We have confirmed that the Hex-Hex-hydroxyl modification is present on Lys33 as well 

as residues 65, 68, 77 and 101 in our recombinant WT-human adiponectin. To 

investigate further the role of lysyl modifications on the structure and function of 

adiponectin and particularly their functional impacts on the collagenous domain, I 

measured the proportion of peptides with modified lysyl residues relative to total 

peptides derived from the corresponding region of the collagenous domain. Lys33 was 

not included in this quantitative analysis which was restricted to the collagenous 

domain only. The modification of the lysyl residues (designated as m-K) here indicates 



112 
 

the sum of a series of sequential additions of a hydroxyl group, followed by the 

addition of one or two hexose moieties.  

Figure 5.2 shows the measured frequencies of modification of each of the four lysyl 

residues within the collagenous domain in the three main WT multimers. Lys 77 was 

the most modified of these residues in all three oligomeric forms. The proportions of 

modification of Lys residues at positions 65, 68 and 77 were apparently highest in the 

trimer, lower in the hexamer and lowest in the HMW isoform in each case, whereas this 

pattern was reversed in Lys101.  

 

 

Figure 5.2 Four modified lysyl residues (m.K) in the collagenous domain of adiponectin 
exhibit a characteristic distribution profile in the three main adiponectin multimers. 
Recombinant human adiponectin (4 µg per sample) was separated into oligomeric species by 
SDS PAGE under non-reducing/non-heat-denaturing conditions, followed by CBB staining; the 
gel bands corresponding to the trimeric, hexameric and HMW complex forms were trypsin-
digested and subjected to LC-MS/MS analysis. Peak areas for extracted ion chromatograms of 
relevant peptides were integrated. The proportion of modification (hydroxylation and 
glycosylation) on the four conserved lysyl residues (65, 68, 77 and 101) was calculated based on 
the proportions of signal for each peptide relative to the total signal of relevant collagenous-
domain peptides within each multimeric form. Due to uncertainties created by possible 
differences in effects on ionization of different proportions of other PTMs in peptides containing 
the modifications of interest, statistical tests have not been reported. 
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These observations indicate that the four lysyl residues in the collagenous domain may 

play different roles in multimer assembly. Inspection of the modification profiles of the 

four individual lysyl residues revealed that their frequencies of modification may be 

related to their linear distances from the globular domain. K77 lies in the middle of the 

collagenous domain (at position 36 in the 66-residue sequence) whereas K101 is located 

6 residues from the identified starting point of the globular head; both have apparently 

characteristic frequencies of modification, as will be discussed below. This result is 

consistent with our previous finding that the closer the mutated lysyl residue is to the 

globular head, the stronger its inhibitory effect on HMW formation in recombinant 

mouse adiponectin (Wang et al., 2006).  

5.2.3 Oligomer-specific frequency of proline hydroxylation at specific residues in the 

collagenous domain  

The proportion of hydroxyproline at specific proline residues has been determined in 

each of the main oligomeric forms of adiponectin by the methods described previously. 

Seven proline residues that are subject to modification by hydroxylation have been 

identified in the recombinant human protein in these studies (at residues 44, 47, 53, 71, 

76, 86 and 95). Hydroxylation was, however, not all-or-none at any position. 

Quantitation of the proportion of modification of each of these residues has been 

performed in representative samples from each of the three oligomeric states and 

results are shown in Figure 5.3 below. 
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Figure 5.3 Relative proportions of hydroxylation of specific proline residues may vary 
between trimeric and HMW complex forms of human adiponectin. Oligomeric species of 
human adiponectin were prepared from each of three consecutive preparations and separated 
on a non-reducing/non-heat-denaturing SDS-PAGE gel. Bands corresponding to trimers, 
hexamers and HMW forms were excised, trypsin-digested and subjected to LC-MS/MS analysis. 
Peak areas for extracted ion chromatograms were quantified for peptides covering the 
collagenous domain, and the relative contribution of those containing hydroxylated proline 
(HyP) residues was calculated. Due to uncertainties created by possible differences in effects on 
ionization of different proportions of other PTMs in peptides containing the modifications of 
interest, statistical tests have not been reported.  

 

Seven prolyl residues varied considerably in their frequency of hydroxylation. They fell 

into two groups, the left panel presents values for the first five residues, whose overall 

hydroxylation frequency was low (<2% in each case). The right panel presents the 

values at Pro86 and Pro95, which was 10-15-fold higher, indicating that these two could 

play significant roles in oligomer formation or stability.  

Significant Apparent differences in prolyl modification patterns were identified 

between trimeric and HMW complexes. Proline modification levels were significantly 

higher in trimeric than HMW adiponectin, except at Pro95, which is the closest residue 

to the globular region (residues 108 to 244, Figure 3.2). We hypothesize here that prolyl 
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hydroxylation at this position could contribute to stabilizing the HMW forms of 

adiponectin. This type of pattern is reminiscent of a similar pattern observed on K101 

residue in lysyl modification study (Figure 5.2). Interestingly, this kind of difference 

between trimer and HMW was not observed in the first three residues (Pros44, 47 and 

53), which are relatively distant from the globular domain. The hydroxylation on these 

three proline residues is not oligomer-specific (data not shown). These observations 

might suggest a correlation between the level of modification on lysyl residues and the 

linear distance of each residue to the globular head.  

It is worth noting that sequence analysis of the collagenous domain (Figure 5.4) shows 

four completely conserved residues P44, P47, P53 and P95 (for all 11 known species) 

and one highly conserved hyP76 (10 out of 11) consistent with important functional 

roles. Hydroxylation of P86 was observed in my recombinant protein, although it is 

only conserved in another primate species (chimpanzee), but not in the other nine 

species. In contrast, the adjacent P91 residue is conserved in all 11 species. In our 

previous studies in two species (mouse and cow), this residue was hydroxylated (Wang 

et al., 2002, 2004). P71 is also restricted mainly to primate species, and is not found in 

murine or bovine species (5 of 11).  

 
 

Figure 5.4 Peptide sequence alignment for collagenous domain of 11 adiponectin molecules.  

Hydroxylation occurs in some Pro residues in collagen-associated Gly-Xaa-Pro triplets, 

which structurally facilitate a sharp twisting during helix formation (Engel and 
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Bächinger, 2005). In human adiponectin, there are nine Gly-Xaa-Pro triplets containing 

proline at positions 44, 47, 53, 62, 71, 86, 95, and 104 in the collagenous domain and at 

position 25 in the variable region (Figure 5.4; Figure 1.1); most of these are completely 

conserved (at positions 44, 47, 53, 95 and 104) or highly conserved (25 and 62); only two 

(at positions 71 and 86) are less well conserved. All of these residues are reportedly 

hydroxylated except those at 25 and 62. Additionally, Pro76 (Gly-Pro-Lys) and Pro91 

(Gly-Pro-Arg) are also hydroxylated, highly conserved, but not positioned in the typical 

triplet Gly-Xaa-Pro, but in Gly-Pro-Yaa instead (Figure 5.4) (Wang et al., 2002, 2004; 

Richards et al., 2006, 2010).  

In the human collagen triplet Gly-Xaa-Yaa, two factors can stabilize the triple helical 

structure; that is, either hyPro in the Y position or hyPro in the X position where the 

residue in the Y position is not a Pro. Proline and hydroxyproline are both implicated in 

the stabilization of the collagen triple helix (Bann et al, 2000). In human adiponectin, 

there are a total of ten proline residues in the collagenous domain (at positions 44, 47, 53, 

62, 71, 76, 86, 91, 95 and 104), with eight in the Y position of Gly-Xaa-Yaa triplets and 

two (76 and 91) in the X position (Figure 5.4).  

In summary, nine proline residues have been reported as being hydroxylated in other 

species of adiponectin (Wang, 2002, 2004; Richards, 2006, 2009), the exception being Pro 

62; seven hyPro residues (44, 47, 53, 71, 76, 86 and 95) have been identified in the 

recombinant human adiponectin produced from CHO-S cells and quantified in this 

study (Figure 5.3; Figure 5.4). 

5.2.4 Molecular interactions promoting protein stabilization in the collagenous 

domain of adiponectin 

Adiponectin belongs to the soluble collagen superfamily, sharing structural homology 

with collagen VIII, X, and complement factor C1q (Maeda et al. 1996). The collagenous 

domain of adiponectin is composed of 22 repeating Gly-Xaa-Yaa triplets, which 

facilitate the formation of the triple helical structure between three adiponectin chains 
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during the assembly of trimers. The stabilization effect of Gly-Xaa-Yaa triplets on 

collagen molecules is well documented (Shoulders and Raines, 2009), but whether the 

same effect is exerted in adiponectin has not been fully elucidated. Thus, analysis of 

Gly-Xaa-Yaa triplets of adiponectin was carried out here. 

Table 5.1 Frequency of occurrence of various amino acids in the Xaa and Yaa positions of 
Gly-Xaa-Yaa triplets between human adiponectin compared with collagen X. Residues X and 
Y are abbreviations for Xaa and Yaa here.  

Amino 
Acid 

Collagen X Adiponectin 
X Y Total X% Y% X Y Total X% Y% 

Gly 1 5 6 17 83 0 1 1 0 100 
Pro 52 71 123 42 58 2 8 10 20 80 
Ala 9 14 23 39 61 2 0 2 100 0 
Arg 1 12 13 8 92 3 1 4 75 25 
Glu 15 1 16 94 6 5 1 6 83 17 
Lys 7 14 21 33 67 0 4 4 0 100 
Ser 6 5 11 55 45 0 0 0 0 0 
Asp 4 2 6 67 33 2 2 4 50 50 
Gln 5 7 12 42 58 0 1 1 0 100 
Val 5 2 7 71 29 1 0 1 100 0 
Leu 17 0 17 100 0 1 0 1 100 0 
Thr 3 5 8 38 62 1 1 2 50 50 
Phe 4 0 4 100 0 1 0 1 100 0 
Asn 2 4 6 33 67 0 1 1 0 100 
Ile 10 2 12 83 17 2 2 4 50 50 

Met 2 3 5 40 60 0 0 0 0 0 
His 3 1 4 75 25 2 0 2 100 0 
Tyr 3 1 4 75 25 0 0 0 0 0 

SUM 149 149    22 22    
 

Table 5.1 shows the position of each amino acid residue occurring in a Gly-Xaa-Yaa 

triplet in adiponectin, compared with the equivalent distribution of amino acids in 

human collagen X (149 Gly-Xaa-Yaa repeats), a representative example having high 

sequence similarity with adiponectin. The patterns of residues in Gly-Xaa-Yaa triplets in 

adiponectin, according to the order of frequency, are as follows: Pro, 10 (80% Y-
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positioned); Glu, 6 (83% X-positioned); Lys, 4 (100% Y-positioned); Arg, 4 (75% X-

positioned); and Asp or Ile (both equally-positioned). By contrast, the patterns for 

collagen X are: Pro, 123 (~equally-positioned); Lys, 21 (67% Y-positioned); Ala, 23 (61% 

Y-positioned); Glu, 16 (94% X-positioned); and Leu, 17 (100% X-positioned). Evidently, 

Pro residues appear in the highest frequency, both in collagen X (41.3%, calculated as 

123/2x149) and adiponectin (22.3%; 10/2x22), but the latter shows 80% of the Y-

positioned preference, suggesting the importance of Pro occurrence in stabilization of 

triplets and different requirements due to the divergence in structures between different 

oligomers. It is noteworthy that all four of the Lys residues in the adiponectin 

collagenous domain are modified by glucosyl α(1-2)galactosyl-hydroxyl chains (Wang 

et al., 2002 and 2004), which are necessary for the multimerization of adiponectin into 

the higher molecular weight isoforms (Wang et al., 2006); in line with this observation, 

Bos et al have reported that Lys residues in collagen X are extensively 

hydroxylated/glycosylated, exclusively as glucosyl-galactosyl chains (Bos et al., 1999), 

indicating a fundamental role for this posttranslational modification in multimerization 

and/or stabilization of collagen-like proteins. To explore the residues contributing to 

stabilization of triple-helical structures, a comparison between the collagens I-IV 

(Bhattacharjee and Bansal, 2005), collagen X and adiponectin has been shown in Figure 

5.2.  

All proteins in Table 5.2 favoured Glu, Leu and Phe residues at the X position and Lys 

residues at Y position, although the overall pattern of adiponectin largely differs from 

those derived from collagens I–IV, and more closely relates to collagen X in sharing four 

more favoured residues (two Y-positioned, Asn and Gly; plus two X-positioned, Val 

and His), which suggests that these residues in adiponectin by analogy with collagen 

might serve for the stabilization of the collagenous domain through interactions 

between side-chain functional groups. 
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Table 5.2 Preference of various amino acids for the X or Y position in G-X-Y triplets, in 
adiponectin compared with some other members of the collagen family. Abbreviation: eq, 
equal preference for both X and Y positions; X and Y, preference (over 60%) for the X position or 
Y position; X and Y, strong preference (over 80%) for X position or Y position. 

Amino 
Acid 

Collagens Adiponectin  
I α1 I α2 II α1 III α1 IV α1 X α1 

Ala eq eq eq eq Eq Y X 
Arg Y Y Y Y Y Y X 
Asn eq eq eq Y X Y Y 
Asp eq eq eq Y X X eq 
Gln Y Y Y eq Eq eq Y 
Glu X X X X X X X 
Ile eq eq X X X X eq 

Leu X X X X X X X 
Lys Y Y Y Y Y Y Y 
Phe X X X X X X X 
Pro eq eq eq eq Y eq Y 
Thr Y Y Y eq X Y eq 
Val eq Y eq eq Eq X X 
His --- --- --- --- --- X X 
Gly --- --- --- --- --- Y Y 
Met Y Y Y X Y Y --- 
Ser eq eq Y X X eq --- 
Tyr --- --- --- --- --- X --- 

 

5.3 Discussion 

This thesis reports studies by which the PTMs of individual residues of adiponectin 

have been quantitated for the first time. This was done using currently-available semi-

quantitative methods.  

I would make the following observations:  

1) The method of quantitation employed, as shown in Figure 5.3, was based on the 

measurement of peptide peak area, which is at least semi-quantitatively proportional to 

the abundance of a particular peptide upon analysis by mass spectrometry. Relative 

abundance (%) of a target peptide is typically calculated as the ratio of a single peptide 
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peak area to the summed peptide peak area from the region under study. It is a fast and 

economic semi-quantitation method that has been widely used in proteomics of late.  

Shown in Figure 5.1 are nineteen differently-modified forms that were derived from one 

peptide sequence (E19-W39), wherein the ratio (%) of peak area between each 

individual to the sum of the nineteen forms represents the proportion of the population 

in each of the nineteen different modification states, assuming identical mass 

spectrometry responsiveness. This assumption may not be strictly true, but responses 

are likely to be consistent enough that general trends will be apparent for comparative 

purposes across say, multimeric states.  

The same strategy was employed for the study shown in Figure 5.2 and Figure 5.3, 

where a cluster of peptides containing one target residue (e.g. Pro 95 or Lys 101) was 

quantified in relative terms from the summed peptides covering the whole range of the 

collagenous domain, to reflect the relative modification state of this residue in each 

peptide preparation.  

The following points are worth emphasizing: 

1) The pattern displayed in Figure 5.1 is in good agreement with other observations. 

For example, the three most abundant sialoglycosylated peptides in the region 

(E19-W39), which contain respectively one, two or three sialic acid moieties, were 

visualized as the three most heavily-stained adiponectin pI isoforms (that is, # 4-

6) on analysis by 2-DGE gel (Figure 3.11A, bottom panel; Figure 4.1B, WT-

adiponectin).  

2) The pattern of modification of the four Lys residues in the collagenous domain 

(Figure 5.3) is consistent with our previous study (Wang et al., 2006). 

3) Absolute quantitation of each modified residue (Thr, Lys and Pro) could be 

performed using isotope-labelled internal standards; however this would require 

their de novo synthesis by chemical means and would be prohibitively  costly (we 

have tentatively costed such a programme at > $50,000), to obtain nineteen heavy 
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isotope-labelled peptide standards to enable generation absolute, rather than 

relative values. Furthermore, although methods for the organic synthesis of some 

of the PTM-modified residues that would be required for the synthesis (for 

example, Glu-Gal-O-Lys) are currently under development in our group 

(Herbert et al., 2012), they have yet to be achieved.  

4) Therefore, when performing such a semi-quantitative analysis of PTMs in 

adiponectin for the first time, it is more practical to use the peak-area based 

relative abundance calculation method to guide the determination of which 

residues may be more promising to investigate further to ascertain the functional 

effects of modifications of adiponectin structure and activity. All the information 

shown in Figure 5.2 and 5.3 will be useful for guiding the chemical synthesis of 

adiponectin bearing the proper PTMs.  

5) We have also determined that statistical analysis by Bayesian mixed-effects 

modeling is the preferred method for analysis of the frequency of different PTMs 

in adiponectin, which acts mathematically as a close system. Such analysis is 

currently being performed by a collaborator, Dr Andrew Dowsey of the 

University of Manchester, and is preferable to the ANOVA-based methods we 

have applied so far. For this reason, I have not included the results of my 

preliminary statistical analyses in this thesis document.  

2) A second question that arises is that of digestion efficiency. This is a complex matter 

to resolve due to the confounding effect of the different oligomeric forms themselves, as 

well as the potential impacts of different PTMs. We have treated all samples in the same 

way and, to a first approximation, expect that they would behave very similarly during 

digestion. However, the populations of modified peptides generated from each 

oligomeric form were found to differ somewhat – since each oligomeric form has its 

own PTM profile. Therefore, any apparent differences in “digestion yield” may have 

been confounded with the differing peptide populations generated from each 

oligomeric form. A further issue to be considered is that the total amount of protein for 
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each oligomeric form was present in the gel lane at very different levels, and would also 

need to be accounted for in any comparison. By making comparisons of the relative 

proportions of the peptides rather than absolute amounts, the variations in total amount 

of protein being analyzed in each band, and potentially any differences in overall 

digestion efficiency, were minimized. Probably the best that could be done here would 

be to measure the incidence of missed tryptic cleavages in the three different sample 

types, to see if there was any clear pattern that might suggest variation in digestion 

efficiency. 

5.4 Summary  

In this chapter, putative oligomer-specific patterns of posttranslational modification of 

adiponectin were systematically investigated in recombinant human adiponectin using 

mass spectrometry-based methods. These modifications were: O-linked glycosylation 

and sialylation of threonyl residues near the NH2-terminus (NH2-terminal 

sialoglycosylation); hydroxylation and glycosylation of lysyl residues; and prolyl 4-

hydroxylation. 

Analysis of NH2-terminal sialoglycosylation (Figure 5.1) revealed that there were three 

forms of modification that were most frequent. These represented molecules containing 

one, two or three sialic acid groups on the NH2-terminal Thr residues. Their pattern was 

similar to the three multimeric forms studied indicating that sialylation may not play a 

significant role in physiological adiponectin multimerization.   

Two separate analyses of lysyl or prolyl residue modifications within the collagenous 

domain (Figures 5.2 and 5.3) revealed an apparently general pattern that was followed 

by all three multimers, namely that individual residues exhibit modification intensities 

that seem to vary according to their distance from the globular head domain. The 

residue nearest to the globular domain showed significantly greater modification 

intensity in HMW than that observed in the trimer; by contrast, the other residues were 

modified more heavily in the trimer than HMW. These findings could be interpreted as 
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consistent with two posttranslational modification pathways, one for trimers and the 

other for HMW forms.  

Additionally, the pattern of distribution of amino acids in Gly-Xaa-Yaa triplets in the 

collagenous domain of adiponectin were compared with those in several other collagen 

family members (I-VI and X). It was found that Glu, Leu and Phe residues favoured the 

Xaa position and Lys the Yaa position in all proteins compared (Table 5.2); Pro is the 

most frequently-occurring residue and shows a strong tendency to adopt the Yaa-

position. Lys residues are also frequent and are completely Y-positioned (Table 5.1). 

These residues may stabilize the adiponectin triple helical structure through intra- or 

inter- molecular interactions between side chain functional groups.   
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CHAPTER 6: Discussion  

Summary 

Adiponectin is a glycoprotein hormone whose deficiency has been implicated in the 

causation of numerous diseases, including the metabolic syndrome, type-2 diabetes and 

certain classes of cancer known to have metabolic antecedents. The overall aim of the 

work undertaken in this thesis was to undertake a detailed analysis of structure-activity 

relationships (SAR) in the human adiponectin molecule, with the objective of improving 

understanding of the molecular basis of defects in adiponectin’s structure and function.  

The specific focus was to ascertain the structural and functional roles of three classes of 

posttranslational modification known to exist in adiponectin. As we and others have 

shown, these posttranslational modifications are of importance because preliminary 

work has shown that they play several roles in the hormone’s structure and function, 

and that they may be altered in diseases such as the metabolic syndrome and type-2 

diabetes. A further goal was to assess the structural basis of adiponectin function, to 

provide a platform for ascertaining whether it might be feasible to produce the human 

hormone by recombinant means as a possible therapeutic molecule for treatment of 

adiponectin deficiency states, such as the metabolic syndrome and type-2 diabetes.  

In this thesis, preparations of recombinant WT human adiponectin and four site-

directed mutants were produced from CHO-S cells grown in suspension culture. 

Structure-activity relationship analysis was performed to investigate the functions of 

three classes of PTMs: O-linked glycosylation/sialylation of three adjacent threonyl 

residues at the NH2-terminus; hydroxylation and glycosylation of lysyl residues in the 

collagenous domain; and prolyl hydroxylation in the collagenous domain.  

6.1 Highly-purified recombinant adiponectin suitable for analysis of SAR 

This work was undertaken to determine the feasibility of producing recombinant 

human adiponectin in the CHO-S cell line. Structural and functional assessment of my 

highly purified protein preparations showed that human adiponectin expressed with 
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NaBu-induction in the suspension culture conditions employed, assembled correctly 

into multimeric states characteristic of the physiological protein. (Figure 3.8 and Figure 

4.2), Furthermore, preparations of WT-adiponectin exerted biological activities 

characteristic of the physiological protein in appropriate bioassays, for example those 

based on ex vivo rat skeletal-muscle organ cultures and C2C12 myotubes (Figure 3.9 and 

Figure 4.4).  

6.2 Quantitation of PTMs in the different adiponectin oligomers helps to understand 

their SAR 

Adiponectin has numerous physiological roles. This multiple functionality is brought 

about in large part by specific activities of its different oligomeric forms. Several PTMs 

that occur in adiponectin have been identified and characterized, as discussed 

previously in this thesis. Here, quantitative methods have been employed to probe the 

functional properties of the different classes of PTMs. We employed a mass 

spectrometry-based quantification strategy to analyze patterns of distribution of three 

classes of PTMs of importance in adiponectin multimerization and stability. By 

comparing the signal intensities of the same peptide bearing differential modification 

states, we generated estimates of the relative abundance of PTMs in the three main 

classes of oligomers, trimers, hexamers, and HMW complexes.  

Relative abundances were determined by measuring peak areas from Extracted Ion 

Chromatograms (Ong and Mann, 2005). The rationale behind using this strategy is that, 

firstly, the availability of highly-purified protein preparations made it possible to 

analyze the modifications of interest by LC-MS/MS; secondly, the use of non-

reducing/non-heat-denaturing SDS-PAGE offered an opportunity to effect a complete 

separation of adiponectin into its trimeric, hexameric and HMW complexes, which 

when followed by immediate mass spectrometric analysis, greatly simplified the 

sample preparation step and minimized the variation that would otherwise ensue 

during multiple steps of sample processing; then lastly, the peak area is proportional to 

the amount of target peptide digest separated in the chromatographic system (the larger 
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the peak area of a peptide containing a target modified residue, the greater the amount 

of this peptide). The ratio of individual peak area to total area summed from a series of 

the relevant peptides will thus reflect the relative abundance of the modified residue, 

which is therefore indicative of the proportion of modification at this particular residue. 

Following this strategy, the modification profiles were established for the threonyl, 

lysyl and prolyl residues of our recombinant protein.  

In the quantitation studies, an oligomer-specific modification pattern, adopted by both 

lysyl and prolyl residues, was revealed for the first time (Figures 5.2 and 5.3). Several 

central lysyl (K65, K68, and K77) and prolyl (P71, P76 and P86) residues in the 

collagenous domain of adiponectin, showed obviously higher levels of modifications in 

the trimer rather than in the HMW form; conversely, two residues (K101 and P95) 

adjacent to the globular head showed significantly higher levels of modification in the 

HMW form, but not in the trimer.  

These findings indicate that more stabilization (rigidity) is likely to be present in the 

boundary between the collagenous and globular domains in HMW adiponectin. 

Considering the ball-stalk structure of the adiponectin trimer (the basic unit in the 

HMW form), the modification on these two residues would generate a collar-like region, 

conferring stiffness to hold the trimeric head in its proper position.  

Additionally, three prolyl residues (P44, P47 and P53) located near the opposite end of 

the collagenous domain, exhibit similar levels of hydroxylation in all three multimers, 

suggesting a non-oligomer-specific basal effect on stabilization of the triple-helical 

structure in adiponectin. It is worth noting that residues P44, P47, P53, P95 and K101, 

located at the two ends of the stalk-like collagenous domain, are completely conserved 

across all known adiponectin species as shown in Figure 5.4.  

To date, the role of hydroxylated prolyl residues in adiponectin has been poorly 

understood, whereas the effect of prolyl hydroxylation on conformational stability of 

the collagen triple-helix has been extensively documented and recently reviewed 
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(Shoulders and Raines, 2009). Investigation of the pattern of residues adjacent to 

hydroxyprolyl residues, specifically within the Gly-Xaa-Pro triplets of collagen, act to 

facilitate a sharp twisting primarily through stereo-electronic effects during triple helix 

formation (Bella et al., 1994; Engel and Bächinger, 2005).  

The collagenous domain of adiponectin is structurally similar to that of collagen, 

containing 22 Gly-Xaa-Yaa triplets; of seven identified hydroxyprolyl residues (namely 

residues 44, 47, 53, 71, 76, 86 and 95), six are located at the Yaa position of Gly-Xaa-Yaa 

triplets (the exception is Pro76), and by analogy with collagen, the hydroxylation on 

these residues is likely to mediate monomer-monomer interactions, and ultimately 

stabilize the triple-helix structure in adiponectin. 

Interestingly, as shown in Figure 5.2, the lower proportions of hydroxylated and 

glycosylated K65, K68 and K77 residues are present in the HMW rather than in the 

trimeric and hexameric species of my recombinant human adiponectin. This finding 

indicates that monomers both with and without PTMs on these residues are present in 

the HMW form of human adiponectin.  

In Chapter 3 (section 3.2.6), mass spectrometry data were collected from three isolated 

subspots of isoform No. 4. The observed ladder pattern was shown to be associated 

with differences in glycosylation on four hydroxylysyl residues (K65, 68, 77 and 101) in 

the collagenous domain; the increase in the apparent MW of subspots within one 2D 

spot (without change in pI) is apparently caused by an increase in the total number of 

hexoses, with each ‘rung’ of the ladder produced by the addition of two hexoses. The 

hydroxylation of various proline residues did not seem to correlate with the sub-spot 

position; the addition of two hexose residues gives a 324 Da increase in molecular 

weight, and this relatively subtle difference was distinctly demonstrated by 2-DGE with 

sufficient separation to allow isolation of the individual rungs by 2-DGE sufficient for 

effective analysis by LC-MS/MS. Glycosylation analysis of subspots also helped us to 

gain a better understanding of the heterogeneity of adiponectin. 
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Taken together, mass spectrometry-based quantitation of PTMs in adiponectin revealed 

some previously unknown patterns, showing the distinctive contribution of individual 

residues towards the multimerization of adiponectin; these different effects are linked 

to residue position in adiponectin molecules. These patterns need to be validated 

through further structure-activity relationship analysis, which would enable a better 

understanding of the structural basis of the diverse functionality of adiponectin.  

6.3 The role of sialylation in determining the half-life of circulating glycoproteins 

This thesis has generated robust new molecular evidence for O-linked glycosylation 

and sialylation of three Thr residues near the NH2-terminus of adiponectin. Proteomic 

analysis of highly-purified protein preparations indicated that O-glycan-linked 

HexNAc-Hex structures terminating with a mono-Sia residue are the most common 

forms existing on each of the aforementioned three Thr residues (Thr22, Thr21 and 

Thr20); these structures are reflected by the three heavily-stained isoforms observed on 

2-DGE gels (for example, spots Nos. 4-6, Figures 3.11A and 4.1B) and three of the most 

abundant sialoglycosylated NH2-terminal peptides in each of the three adiponectin 

oligomers (Figure 5.1).  

LC-MS/MS analysis of sialic acid content in a train of pI isoforms supported the 

hypothesis that the sequential addition of sialic acid residues to adiponectin is pivotal 

for pI-isoform formation, being largely responsible for the micro-heterogeneity of 

adiponectin revealed by 2DGE-based analysis (Figure 3.11). The five sialic acid residues 

observed in the most acidic isoform are consistent with a di-Sia modification on one of 

the NH2-terminal Thr residues (Figure 3.11 and Table 3.1; Table 4.2).  

Some evidence for sialylation was previously produced from adiponectin proteins 

purified from bovine and mouse sera, and was consistent with the presence of disialic 

acid moieties (Neu5Acα2  8Neu5Acα2  3Gal), and evidence for linkage of α2,8-linked 

disialic acid to O-linked glycans in bovine samples was discussed at that time (Sato et 

al., 2001). 
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Sialic acid, a strongly acidic nine-carbon sugar, contains a carboxylate group at the C1-

position, thereby conferring a negative charge under physiological conditions. It is a 

derivative of neuraminic acid (Neu), with an amino acetyl group connected to the C5-

position, so is also known as N-acetylneuraminic acid (Neu5Ac) (Traving and Schauer, 

1998) (Figure 6.1).  

 

  
Figure 6.1 Chemical structure of sialic acid; molecular formula, C11H19NO9; molecular weight, 
309.27 Da; acid dissociation constant (Ka), 2.2. 
 

Sialic acid exists as the terminal residue of sugar chains in mucins and cell-membrane 

glycoproteins, and is also found in certain serum proteins (Traving and Schauer, 1998). 

It is commonly linked to galactose (Gal) and N-acetylgalactosamine (GalNAc), forming 

the sialoglycosylation modification group GalNAc-Gal-Sia. In sialoglycosylated 

adiponectin, this sugar chain is most likely to be the common form GalNAc-Gal-Sia, 

consistent with the report by Sato et al of the Neu5Acα2  8Neu5Acα2  3Gal moiety in 

bovine and mouse adiponectin (Sato et al., 2001). Richards and colleagues digested 

CHO cell-expressed human adiponectin first with sialidase and then endo-α-N-

acetylgalactosaminidase (a GalNAc-specific O-glycosidase), showing the step-wise 

increased mobility of treated adiponectin compared with untreated samples by SDS-

PAGE and Western blotting (Richards et al., 2010). In general, this form of glycosylation 

of Thr is more common that of Ser (Perlman et al., 2003).  

Sialic acid, due to its size and negative charge, which can both attract and repel cells 

and other molecules, especially when it is in the terminally-exposed position in sugar 

chains, has mainly acted as a protection shield to prevent glycoproteins from 

degradation (Traving and Schauer, 1998). An early study by Morell et al has 

2 

3 
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demonstrated that following the removal of sialic acid residues, proteins containing the 

exposed galactose residues were recognized by the liver and removed from the 

circulation (Morell et al., 1968). A subsequent study determined the role of sialic acid in 

the survival of nine circulating glycoproteins in rats, by injection with the desialylated 

samples respectively; they found that almost all of the desialylated proteins (except 

transferrin) were rapidly cleared from blood through the liver, by the observed uptake 

of desialylated proteins, while the fully sialylated proteins instead inhibited this process 

(Morell et al., 1971). Recently, Richards and colleagues tested the behaviour of 

desialylated adiponectin in rats and in adiponectin-knockout mice and found 

accelerated clearance of sialidase-treated adiponectin compared with untreated control 

protein; hepatic-uptake assays of desialylated adiponectin also showed accelerated rates 

in isolated primary rat hepatocytes, suggesting a role for the hepatic asialoglycoprotein 

receptor in adiponectin clearance (Richards et al., 2010).  

Due to the effect of sialylation in increasing-half-life of glycoproteins, some therapeutic 

candidates have been engineered to lengthen their half-life in the circulation by 

additional sialylation. For example, darbepoetin-α, which is used for the treatment of 

anaemia in clinical practice, is an EPO (erythropoietin) variant created with two 

additional glycosylation sites in addition to its three naturally-occurring glycosylation 

sites, which is therefore heavily sialylated, and has a greater negative charge resulting 

in 3-fold longer serum half-life as compared with WT-EPO (Egrie and Browne, 2001). 

Furthermore, FSH 1208, a long-acting recombinant variant of follicle-stimulating 

hormone (FSH), was created by introducing a short peptide sequence containing 

additional glycosylation sites to the NH2-terminus of FSH, which was later N-

glycosylated and sialylated in CHO cells. The increased molecular mass from glycans 

and negative charge from sialic acids decreased the renal clearance, subsequently 

resulting in a 3- to 4-fold increased half-life in circulation (Perlman et al., 2003). IgA 

nephropathy, characterized by the deposition of the IgA antibody in the glomerulus 

(the network like-capillaries perform the first step of filtering blood), has been linked to 
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aberrantly-glycosylated IgA in which the reduced Gal and/or Sia residues and 

increased exposure of GalNAc was present in the sera and tonsils of patients with IgA 

nephropathy (Hiki et al., 1999; Suzuki et al., 2008; Inoue et al., 2012). Interestingly, Inoue 

et al reported that adiponectin expression was decreased in the glomeruli of patients 

with IgA nephropathy, therefore suggesting that the local suppression of adiponectin 

by aberrantly-glycosylated IgA could be involved in the regulation of glomerular 

inflammation and sclerosis in IgA nephropathy (Inoue et al., 2012).  

6.4 NH2-terminal sialoglycosylation protects adiponectin from degradation 

In Chapter 4, NH2-terminally-truncated adiponectin has been demonstrated for first 

time to occur in an adiponectin mutant (T20-22A) due to its NH2-terminal 

sialoglycosylation being genetically deleted. Without this protection, almost all of the 

molecule (95%) was degraded from the NH2-terminus by loss of the first four residues, 

ETTT, and the majority (74%) of the newly-exposed NH2-terminal amino acid Q23 was 

cyclized, producing a pyroglutamate residue (pyroQ, or pE). Cyclization at E19 was 

also observed (Table 4.2). The chemical reaction that leads to pyroQ formation is shown 

in Figure 6.2 below.  

 

Figure 6.2 Formation of pyroglutamate from NH2-terminal glutamine or glutamate.  

The T20-22A mutant also exhibits an altered apparent overall distribution of 

adiponectin multimers, with decreased stability to heating or DTT/2-ME reduction on 

SDS-PAGE gels, consistent with the hypothesis that the Thr sialoglycosylation 

contributes to the stabilization of the collagen-like triple helices in the adiponectin 

oligomers. AMPK activation assays in C2C12 skeletal myotubes demonstrate that T20-
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22A adiponectin has lost the ability to stimulate phosphorylation of AMPKα (at Thr172) 

due to the absence of sialoglycosylation, which also caused the altered oligomeric 

composition observed by SDS-PAGE (Figure 4.3A; Figure 4.4). This finding differs from 

the observation that desialylated mouse adiponectin activated AMPK phosphorylation 

(Thr172) in liver from adiponectin-deficient mice, which may represent a between-

tissue or inter-species difference (Richards et al., 2010). Thus, the altered O-linked 

glycosylation of T20-22A is reflected in impaired stimulation of AMPK. It is worth 

noting that the adiponectin proteins of mouse and human showed obvious differences 

in sialic acid content and clearance rate in the circulation of rats or mice (Richards et al., 

2010); this might be another factor leading to the differences between their reports and 

the current observations.  

The molecular mechanisms underlying the NH2-terminal truncation/pyroQ formation 

are under investigation. Whether T20-22A is more prone to degradation by peptidase 

than WT due to the absence of the bulk of negatively-charged sialic acid residues (up to 

five), needs to be elucidated. Coincidentally, ELISA assays always measure a markedly-

lower level of triple mutant (less than 50 µg per liter) than that of WT (500~900 µg per 

liter) in culture media. It is noted that the production of either WT- or T20-22A 

adiponectin followed the method described in section 3.1 (introduction). NH2-terminal 

truncation and pyroQ formation (cyclization) has been identified in amyloid-beta (A-

beta) isolated from the brains of patients with Alzheimer’s disease. These modifications 

were mapped to the third and eleventh Glu residue of the NH2-terminus, and found to 

render the modified A-beta degradation-resistant, more hydrophobic and prone to 

aggregation (He and Barrow, 1999). These observations raise the question of whether 

the low levels of triple-mutant adiponectin produced could be associated with its 

precipitation following the NH2-terminal truncation, a possibility that requires further 

investigation.  

The NH2-terminal modifications observed here could possibly have been introduced by 

experimental conditions, such as heating or enzyme digestion. In Figure 4.3A (right 
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panel), both Lanes 1 and 3 of the T20-22A samples demonstrated heat-denaturation; 

heating of WT-adiponectin samples (both Lanes 1 and 3, left panel) did not cause 

truncation, implying that the truncation seems not to be directly derived from the 

heating alone. To further probe this phenomenon, an optimization protocol was 

developed for sample preparation for mass spectrometry as described in Chapter 2 

(section 2.8.2.1), with the aim of minimizing the adverse effects of time and heat on 

preparations (less than 40 oC, considering 37 oC as physiological temperature). The LC-

MS/MS results following the optimization trial showed that both pyroQ from Q23 and 

pyroQ from E19 were observed in trypsin-, chymotrypsin- or doubly-digested T20-22A 

samples, indicating that truncation is possibly happening before the mass spectrometry 

step, and perhaps at the stage of protein production. Lastly, the effects of enzyme 

digestions by trypsin, chymotrypsin and AspN were compared to confirm that the 

truncation was not due to an unintended cleavage by trypsin or chymotrypsin, which 

were typically used in these protocols. Looking at the triple mutant-data, for trypsin, 

AspN and also chymotrypsin digests, a lot of NH2-terminally truncated adiponectin 

was seen, where the EAAA sequence has disappeared and the remaining peptide has a 

pyroQ as the first residue. Since this occurs in all digests, truncation seems not to have 

occurred during the enzyme digestion but before it.  

6.5 Understanding NH2-terminal sialoglycosylation of human adiponectin at the 

molecular level 

LC-MS/MS analysis of 2-DGE-isolated monomeric adiponectin isoforms revealed five 

sialic acid residues existent in adiponectin, corresponding to its five pI-variant spots, 

Nos. 4-9 observed on 2-DGE gels, which suggests that sequential sialylation of 

adiponectin contributes to its monomeric structural heterogeneity (Figure 3.11, Figure 

4.1 and Table 3.1). The sialylation sites have been mapped to the three consecutive 

Thr20-22 residues (adjacent to the NH2-terminus of human adiponectin) by using 

enzymatic tools coupled with site-mutagenesis strategies, followed by quantitative LC-

MS/MS analysis (Figure 4.1 and Table 4.2). Further analysis indicates that Thr22 is most 
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likely to be the initial site to start O-linked glycosylation in the Thr20-22 region, 

followed by Thr21and Thr20 in sequential order (Figure 4.1). These Thr residues were 

differentially modified first by O-linked glycan chain(s) (HexNAc-Hex) then terminated 

with mono- sialic acid(s), thereby producing three of the most abundant adiponectin 

isoforms, bearing one, two or three sets of HexNAc-Hex-Sia chains respectively (Figure 

4.2). These isoforms primarily correspond to the heavily stained 2-DGE gel spots Nos. 4-

6 (Figures 3.11A and 4.1). Spots No. 7-8 were shown to contain respectively four and 

five sialic acids within the Thr20-22 area (Figure 4.1). Figure 3.11B also showed the 

detection of four or five sialic acids on the NH2-terminal peptide, implying that one or 

two di-sialic acid moieties might exist in adiponectin. These new insights concerning 

the behaviour of adiponectin monomers go a long way to explaining their complex 

behavior as revealed by 2-DGE gels, defining the molecular events which have 

underpinned its NH2-terminal sialoglycosylation; thereby greatly improving our 

understanding of the adiponectin structure-activity-relationship.  

These findings could contribute to the development of adiponectin as a therapeutic 

molecule. For example, monitoring of the heterogeneity of protein-based therapeutic 

agents confirms product quality and consistency in order to sustain the biological 

activity of interest (Jenkins et al., 1996) and its therapeutic utility.  

O-linked glycosylation of the three consecutive Thr residues in 20-22adiponectin was 

characterized by 2-DGE and LC-MS/MS. The observations from the four variant 

adiponectin molecules indicate that mutation of Thr22 seriously impaired 

sialoglycosylation, whereas Thr20 or Thr21 mutations were far less significant in regard 

to the poor sialoglycosylation seen in T22A; a likely explanation is that failure of the 

first GalNAc attachment to Thr22 hampered the subsequent incorporation of GalNAc 

into Thr21 and Thr20, leading to low overall sialoglycosylation. Substitution of the 

second Thr residue, as in T21A, disrupted the cooperative attachment, rendering the 

second GalNAc incorporation almost impossible; therefore a single sialoglycan moiety 

was inserted at the NH2-terminus, probably on Thr22. As the last anchoring residue in 
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this segment, the absence of Thr20 seems not to have a significant effect on the 

modifications on Thr21 and Thr22. This finding is consistent with another study, on O-

linked glycosylation of the peptide PTTTPLK (a component of mucin 2), which found 

that within three consecutive Thr residues, the third acted as the initial glycosylation 

site for the attachment of a GalNAc structure, and that the prior incorporation of 

GalNAc at this position greatly enhanced the addition of GalNAc to the other Thr 

residues, the order being first the second Thr (as intermediate product) followed by first 

Thr (Iida et al., 2000).  

6.6 Future work 

The multiple beneficial effects of adiponectin have been demonstrably attributed to its 

PTMs and the roles they play in the oligomerization and functionality of adiponectin, 

especially the HMW complex form. Studies in this thesis have established a 

recombinant system to produce human adiponectin, whose functionality has been 

demonstrated in rodent skeletal muscle cells or tissues. LC-MS/MS-based quantitative 

analysis has uncovered several key residues that contribute to the NH2-terminal O-

linked Thr-glycosylation, and Lys- and Pro- modifications within the collagenous 

domain of this recombinant protein. All these findings will enable us to carry out the 

following studies in future. 

Production efficiency of recombinant adiponectin. The methods of production 

employed in this thesis for wild-type adiponectin were adequate for the purposes of the 

studies performed. However, as discussed previously, these methods were sub-optimal 

for production of mutant adiponectin molecules. Therefore, the question arises as to 

how to improve production efficiency. Lowering the culture temperature during the 

recombinant protein expression phase is arguably the first consideration for improving 

recombinant protein production yield (Kaufmann et al., 1999; Fogolı ́n et al., 2004; Yoon 

et al., 2006; Kumar et al., 2008). After the end of these thesis studies, I undertook 

preliminary experiments to test this idea, and found that reduction to 32oC in 

suspension CHO-S clone cells increased the yields of triple mutant adiponectin protein 
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by on average about ~4-fold. This would therefore seem to be a profitable avenue to 

follow in future studies.  

To elucidate the oligomeric state-dependent PTM patterns in adiponectin from other 

sources. Studies in Chapter 5 revealed a general modification pattern followed by both 

lysyl and prolyl residues in recombinant adiponectin. This may be a good start to 

further determine the distinct contribution of each individual residue to oligomer-

assembly, secretion or stability of the circulating hormone in other animal species and 

humans. The mammalian cell-produced mouse adiponectin in our laboratory has been 

shown to be beneficial for enhancing hepatic insulin-sensitivity by inhibition of hepatic 

glucose production. Genetic deletion of modifications on four lysyl residues within the 

collagenous domain has abolished this effect by impairing the formation and secretion 

of HMW adiponectin both in vitro and in vivo. Thus, this recombinant protein would be 

a good candidate for further study using the methods established in this thesis. These 

findings together could possibly provide useful information for designing synthetic 

adiponectin fragments to which could be added the modified groups at specific 

residues for proper formation of oligomeric adiponectin. A synthetic adiponectin 

project now forms part of our collaboration with another group.  

The systematic characterization of PTMs in endogenous adiponectin, for example 

material purified from human plasma, has long been a goal for those who wish to 

obtain substantial and valuable information for authentic structure-function studies in 

future. However, to date it has proven impossible to produce highly-pure human 

adiponectin sufficient for these studies from that source, because of the large number of 

serum proteins it is bound to. It remains an important objective of future work to 

undertake high-resolution studies of the PTMs in physiological human adiponectin, 

and to determine their variation in adiponectin-related disease states such as the 

metabolic syndrome.  

To identify and characterize the enzymatic systems that catalyze the posttranslational 

modification of adiponectin, and determine how these enzymes are impaired in 
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T2DM and the metabolic syndrome via study in adipocytes, nonclinical animal 

models and obese patients. Recently, by using biochemistry and molecular biology 

techniques, our laboratory has identified a lysyl hydroxylase (in white adipose tissue) 

as the enzyme that may well mediate the PTM of lysyl residues, and demonstrated that 

the inhibition of this enzyme by dipyridyl prevents the rosiglitazone-stimulated release 

of adiponectin, especially the HMW form (unpublished data). These findings suggest 

that the functionally-defective hydroxylation of the lysyl and prolyl residues (studied in 

this thesis) may impair the biosynthetic processes by which adiponectin is assembled 

into proper oligomeric forms and secreted as functionally-active hormone into the 

bloodstream, thereby causing T2DM and the metabolic syndrome.  

To confirm this hypothesis, the activity and regulation of these enzyme systems could 

be measured in adipocytes or adipose tissues from three model systems with respect to 

adiponectin PTMs of the lysyl and prolyl residues: 1) the validated adipocytes for 

studying the production and regulation of adiponectin; 2) two characterized 

T2DM/metabolic syndrome animal models, e.g., high-adiponectin ob/ob mice and low-

adiponectin human amylin-transgenic mice; 3) the well-characterized obese/metabolic 

syndrome patients before and after bariatric surgery (many of whom also had T2DM at 

presentation). All of these results would facilitate the development of new assays for 

application in adipocytes and adipose tissue extracts with synthetic adiponectin 

fragment substrates; following incubation the PTMs which are derived would be 

determined by protein mass spectrometry by using the methods established in this 

thesis. 

How might nutritional, metabolic or pharmacological interventions modify the post-

translational modifications of adiponectin? In order to address this question, it would 

be necessary to employ high-resolution methods similar to those developed in this 

thesis programme. Such interventions have previously been shown to have effects on 

levels of total adiponectin and also on the HMW (Kratz et al., 2008; Swarbrick and 

Havel, 2008; Fujitaka et al., 2011). Examples of other interventions that have had similar 
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effects include low calorie diets (Sofer et al., 2012), increased exercise (Blüher et al., 

2007). However, it is by no means clear that any of these interventions have sustained 

effects, not that the alterations in adiponectin levels are responsible for any of their 

observed metabolic effects. 

In order to undertake correlational studies of the effects of interventions in humans, it 

will be necessary to develop methods of extracting human adiponectin from plasma 

that is sufficient in quantity and quality for analysis of its PTMs. At present, as 

discussed in this thesis, such extraction methods are unavailable, and such studies are 

therefore precluded at the present time. Moreover, it will not be possible to undertake 

correlations between disease states or pharmacological interventions and specific PTMs 

until these difficulties are overcome. A cellular model of disease states, for example 

insulin resistance in 3T3-L1 adipocytes, might be used to study such relationships and 

could prove to be a useful extension of the current studies.  

How might these thesis studies be extended? As described in Chapter 5 (Figure 5.2 

and Figure 5.3), the higher relative abundance of PTM of lysyl residue 101 or prolyl 

residue 95 in the HMW adiponectin complex, suggested that they could play important 

roles in HMW assembly, or in other functions. These findings could be further 

investigated by site-directed mutagenesis of either one or both of these residues, and 

followed by characterization the oligomeric composition pattern in comparison with 

WT, using the methods employed in this thesis. If the mutagenic effect does occur on 

HMW formation and/or secretion, as judged by immunoblotting, stable monoclonal 

transfectants could be isolated for recombinant protein purification. The purified 

protein could then be subjected to functional assessment for AMPK activation in C2C12 

myotubes (using the protocols that I have established and which have been described in 

Chapter 2).    
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Appendix I DNA sequence for pcDNA3.1-hAd-F (template for mutagenesis) 
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Appendix II DNA sequence for pcDNA3.1-hAd (T20A)-F (T7 primer) 
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Appendix III DNA sequence for pcDNA3.1-hAd (T21A)-F (T7 primer) 
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Appendix IV DNA sequence for pcDNA3.1-hAd (T22A)-F (T7 primer) 
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Appendix V DNA sequence for pcDNA3.1-hAd (T20-22A)-F (T7 primer) 
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Appendix VI The mass spectrum (top panel) and integrated XICs (the extracted ion 
chromatograms, in solid blue; lower three panels of each set), representing the 
differential levels of modification at the NH2-terminus (ETT-TGW) of adiponectin, used 
for quantitation of sialoglycosylation in four mutants (see Table 4.2). The four most 
abundant modification forms are displayed below:  

 

 
 

 
 

 
 

 

1. NH2-terminus: 2HexNAc, 2Hex, 2Sia 
 

T22A: 2HexNAc, 2Hex, 2Sia 

 

T20A: 2HexNAc, 2Hex, 2Sia 

 

T21A: 2HexNAc, 2Hex, 2Sia 
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2. NH2-terminus: 1HexNAc, 1Hex, 1Sia 

 

T22A: 1HexNAc, 1Hex, 1Sia 

 

T21A: 1HexNAc, 1Hex, 1Sia 

 

T20A: 1HexNAc, 1Hex, 1Sia 
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3. NH2-terminus: No Thr-Modification 

 

T20A: No Thr-Modification 

 

 

T22A: No Thr-Modification 

 

 

T21A: No Thr-Modification 
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Note: The signal intensities shown in these chromatograms were normalized by the 
total absolute amount of protein (which varied markedly across oligomeric forms of 
adiponectin) when displayed in this thesis (e.g. Figures 5.1, 5.2 and 5.3; Tables 3.2 and 
4.2).

T20-22A: NH2-terminal Truncation 

 

 

 

T22A: NH2-terminal Truncation 

 

 

 

4. NH2-Terminal Truncation 
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Appendix VII The mass spectrum and integrated XICs, representing a collagenous 
domain fragment (DGT-GPR) containing the moieties 3hyK, 6Hex and one hyP, used 
for PTM analysis of three vertical sub-spots present in pI isoform#4 of adiponectin 
(Table 3.2)  

 

 

 
 

 

 

 

Top: 3hyK, 6Hex, 1hyP 

 

 

 

Bottom: 3hyK, 6Hex, 1hyP 

 

 

 

Middle: 3hyK, 6Hex, 1hyP 

 

 

 

                  3hyK, 6Hex, 1hyP 
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Appendix VIII The mass spectrum and integrated XICs, representing threonyl 
sialylation with three sialic acid moieties at NH2-terminus (ETT-TGW; 4491 Da) of 
adiponectin, used for quantitation of sialoglycosylation in adiponectin multimers 
(Figure 5.1)  

 

 

 

 

HMW: 3HexNAc, 3Hex, 3Sia 

 

 

 

Trimer: 3HexNAc, 3Hex, 3Sia 

 

 

 

Hexamer: 3HexNAc, 3Hex, 3Sia 

 

 

 

NH2-terminus: 3HexNAc, 3Hex, 3Sia 
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Appendix VIIII The mass spectrum and integrated XICs, corresponding to K101 
hydroxylation and subsequent glycosylation by two hexoses within a peptide (KGE-
VYR), used as one case for lysyl modification quantitation in adiponectin multimers 
(see Figure 5.2)  

 

 

 

 

 

 

 

K101(KGE-VYR): hyK, 2Hex 

 

 

 

HMW-K101: hyK, 2Hex 

 

 

 

Trimer-K101: hyK, 2Hex 

 

 

 

Hexamer-K101: hyK, 2Hex 
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Appendix X The mass spectrum and integrated XICs, corresponding to hydroxylated 
P95 within a peptide (PGI-QGR), used as one case for prolyl hydroxylation quantitation 
in adiponectin multimers (see Figure 5.3)  

 

 

 

 

 

 

 

P95 (PGI-QGR): hyP 

 

 

 

Trimer-Pro95: hyP 

 

 

 

Hexamer-Pro95: hyP 

 

 

 

HMW-Pro95: hyP 
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Appendix XI Human adiponectin ELISA standard curve (4-Parameter) created by using 
a representative LINCO kit 
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