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ABSTRACT 

Human Serum Albumin (HSA) is the most abundant plasma protein that 

transports a variety of drugs and endogenous compounds. HSA is the primary transporter 

for delivering free fatty acid (FF A) to tissues and possesses at least eleven binding sites 

for this ligand. Although most FF As are bound to albumin, a small fraction dissociates 

from the protein and exists in monomeric form within the aqueous phase, referred to as 

the unbound free fatty acid (uFFA). The interaction ofFFA and HSA serves to buffer the 

level of FF A in serum and therefore regulates the rate at which FF A is transported to 

appropriate target cells. Since a close relationship of elevated FF A levels to the incidence 

ofType 2 Diabetes (T2D) have been showu, the HSAIFF A interactions might therefore 

indicate HSA's role in the pathogenesis of diabetes by modulating fatty acid availability. 

Most hydrophobic ligands that bind to HSA such as FF As bind to one or two 

distinct high affinity binding pockets or sites in subdomains IIA and IlIA of HSA. In this 

study, site-directed mutagenesis and a novel protein expression system called Pichia 

pastoris system were used to synthesize recombinant HSA proteins with specific 

mutations on key amino acid residues that are involved in FF A binding on these domains. 

Binding affinities of recombinant HSA and mutant proteins for long chain F As (palmitate 

and oleate) were determined by using a fluorescent probe composed of Acrylodan

Derivatized Intestinal Fatty Acid Binding protein (ADIF AB) FFA quantification method. 

The modified FF A binding affinity induced by mutations in FA binding sites of HSA 

may provide the rationale background for further studies associated with cellular 

HSAIFF A interactions and HSA polymorphism. 
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Human Serum Albumin 

CHAPTER! 
INTRODUCTION 

Background 

HSA is a principal component of blood and is the most abundant protein of the 

plasma (3.5 - 5.0 g/dl) [1]. It is also a prevalent protein in the extracellular fluids, e.g., 

cerebrospinal fluid. It is synthesized in the liver and has a half-life of 19 days. Its plasma 

levels are determined by a combination of genetic regulation and dietary factors. The 

primary role of HSA is to transport fatty acids, but its versatile binding capacities and 

high concentration mean that it can assume a number of additional features. The protein 

contributes 80% to the colloidal osmotic blood pressure. A decrease in the osmotic 

pressure causes an increase in albumin synthesis and vice versa [2]. It is also the protein 

chiefly responsible for the maintenance of blood pH [3]. 

HSA is a 66.5-kDa single chain, non-glycosylated polypeptide that organizes to 

fonn a heart shaped protein having approximately 67% helix nut no beta sheet [4-6]. The 

primary sequence of all albumins is characterized by the arrangement of disulphide 

double loops that repeat in a triplet fashion. A total of 17 disulphide bridges, which are 

exclusively intrasubdomain and conserved across species, contributes towards HSA's 

impressive thennostability [1, 3]. The protein is organized into three homologous 

domains (I-ill), and each domain has two subdomains (A and B) that possesses common 

structural elements (Figure 1) [3,4]. The first half of the HSA heart shaped molecule 
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IA 

Figure 1. X-ray crystallographic structure of unliganded HSA 
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contains subdomains IAIB and subdomain IIA, the second half contains subdomain lIB 

and subdomains IIIAIB [5]. Upon examination of the sequence it is speculated that the 

three homologous domains of albumin arose as a result of a gene duplication event [7]. 

HSA is not uniformly charged along its length; at pH 7 the charge is -9, -8, and +2 for 

domains I, II and III respectively [8]. The net negative charge of -15 at neutral pH helps 

to keep HSA extremely soluble in circulation, which also contributes to its stability. 

The amino acid sequence of albumin contains high quantities of cysteine residues 

and charged amino acids and it contains also low quantities of glycine, methionine, and a 

single tryptophan (Trp-214). Out of the 35-cysteinyl residues, 34 form the 17 stabi1izing 

disulfide bridges. However, HSA is a heterogeneous mixture of mercaptalbumin (HMA) 

and nonmercaptalbumin (HNA) [9]. In HMA, the cysteine residue, at position 34, has a 

free SH group [10] that may be involved in the binding of the biological regulator and 

neuramodulator, nitric oxide implicating HSA's role as its reservoir [11, 12] . In RNA, 

the residue is not free but forms a mixed disulfide with cysteine [10] or glutathione or 

undergoes oxidation [13] during circulation in the body. 

HSA is a very remarkable protein for its binding capabilities to numerous 

exogenous and endogenous ligands implying that the protein can serve as an almost 

universal transport and depot protein in circulation[l, 14). Apart from transporting FAs, it 

also serves as a transport vehicle for several endogenous compounds such as hemin, 

bilirubin and tryptophan all of which bind with high affinity [1, 3]. Most of the naturally 

occurring ligands are hydrophobic and poorly soluble in aqueous medium and thus 

binding of these ligands to HSA facilitates their transport in blood. By binding to 
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poisonous metabolites such as bilirubin, it functions as a detoxifying agent; this 

detoxification has reached a particular degree of specialization in the Chinese cobra 

whose serum albumin prevents the snake from succumbing to its own venom [15]. 

The protein has long attracted the attention of the pharmaceutical industry 

because of its ability to bind a wide range of drug molecules and alter their 

pharmaceutical properties [16]. Binding of drugs to albumin alters the pattern and volume 

of distribution, lowers rate of clearance and increases the half-life of the drug [17, 18]. 

Most of these compounds bind to one of two principal binding sites commonly referred to 

as drug sites I and II located within specialized cavities in subdomain IIA and IlIA [4-6, 

19]. Site I, mainly binds hydrophobic heterocyclic molecules with centrally located 

negative charge (e.g., warfarin, phenylbutazone); drug site II binds aromatic carboxylic 

acids with a negative charge at one end of the molecule distal from the hydrophobic 

structure (e.g., diazepam, ibuprofen) [1,3,20]. It is well known that a pH-dependent 

conformational change occurs in HSA around physiological pH [1]. This conformational 

change is called neutral to base or N -B transition. At pH 6 almost all the protein is in the 

N conformation, whereas at pH 9, the predominant form is B. This N- transitions affect 

the binding of some ligands especially site I ligands [21, 22]. Although most ligands for 

albumin are hydrophobic anions, heavy metals are also known to bind to the protein [1, 3, 

23,24]. This multiplicity of binding sites on HSA makes it difficult to assess interactions 

whether competitive or cooperative between different ligands bound to the protein even 

though it is key for our understanding of the role ofHSA in viva. 
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Role of HSA in FFA Transport 

HSA is well known for its ability to bind many fatty acids in different chain 

length for delivery to and from tissues according to metabolic demands. HSA can bind up 

to 7 molecules of fatty acids with moderate binding affinities CKcI) ranges from 10.8 to 10· 

6 M"I (Figure 2) (1, 3, 5]. The fatty acids circulate in plasma at a total concentration just 

under 1mM but 0.1 % of them are really free fatty acids, unbound FF A in the sense of 

being free in the plasma. The solubility of an ordinary fatty acid such as monomeric 

palmitate at pH 7.4 is less than O.lnM. Over 99.9% of the total FFAs are transported by 

HSA. Under normal physiological conditions, between 0.1 and 0.2 mol of FA are bound 

to albumin but the molar ratio of F AlHSA can rise to 6: 1 or greater in the peripheral 

vasculature during fasting or extreme exercise [25, 26] or under pathological conditions 

such as diabetes,liver and cardiovascular disease [1, 27]. It can also be affected by other 

factors as glycation and competition with toxic metabolites and drugs. 

The interaction of FA and HSA serves to buffer the level of FF A and therefore 

regulates the rate at which FF A is transported to appropriate target cells. Despite the fact 

that FF A also bind to other blood components, serum levels of FF A are determined 

principally by FF A binding to albumin because the buffering capacity of albumin greatly 

exceeds that of any other blood components. To gauge serum FF A levels, therefore, it is 

important to consider the binding equilibrium between FFA and albumin. Direct 

membrane interactions of FA-albumin complexes have been implicated for the cellular 

uptake ofF As [28-30]. However, it is been generally accepted that a major part of fatty 

acid uptake across blood capillaries is achieved through the spontaneous dissociation of 
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fatty acids from the albumin into the aqueous phase of the intravascular compartment 

followed by fatty acid transfer to the apical surfaces of the endothelial plasma membrane 

by simple diffusion. Therefore, the concentration of HSA in the plasma should play key 

roles, which determine the real free fraction of FF A, unbound FFA. Changes in 

HSNfatty acid binding interaction will modify the fraction of unbound FFA in plasma, 

thereby resulting in changed availability of unbound FF As to cells. It is important to 

understand the specific interactions of fatty acids with certain amino acid on binding sites 

ofHSA. Recent x-ray crystallographic studies have shown that HSA has seven distinct 

fatty acid binding sites located in three major domains [3, 5, 6]. However, the HSA 

structure determined by x-ray crystallography provided the location of each fatty acid 

binding site with great resolution up to 2.5 A but fail to provide information regarding 

which fatty acid binding site is principal fatty acid binding site out of seven possible 

binding sites. Since only one or two fatty acids are usually associated with HSA under 

normal physiological condition, it is important to determine the primary and secondary 

fatty acid binding sites of HSA. 

Relationship between FF A andT2D 

T2D is characterized by insulin resistance in liver and muscle and impaired 

insulin secretion [31]. Studies on the pathophysiology ofT2DM showed that both 

genetic and other acquired factors are involved in the development of insulin resistance 

of certain cells including adipocytes, muscle cells, and pancreatic jk:ells [3, 5, 6, 31, 32] 

Out of many acquired factors, which induce insulin resistance, obesity is the one of the 

major contributing factor to the onset ofT2DM. Over 80% of patients with T2DM in the 
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Figure 2. X-ray crystallographic structure of BSA bound to palmitate 
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U.S. are overweight and these patients exhibited day long elevated FF A level in the 

plasma, which does not respond to insulin secretion after meal [31]. Many studies have 

shown that insulin resistant adipocytes lead to elevated plasma FF A levels due to the 

failure of insulin to adequately suppress lipolysis and chronically elevated FF A 

concentrations cause the stimulation of gluconeogenesis, induction of hepatic/muscle 

insulin resistance, and impairment of insulin secretion by pancreatic J3-cells [31, 33]. 

Insulin is a potent inhibitor of hormone sensitive lipase, thereby restricting the release of 

FF A from adipocytes by inhibiting lipolysis. In T20M patients the ability of insulin to 

lower FF A concentration in plasma is dysfunctional and prolonged exposure to the 

elevated FF A in plasma is believed to be the main cause of insulin resistance of muscle 

and liver cells. Although association between high FF A levels and the incidence of 

T20M is well documented in publications, the mechanism ofFF A effects on onset of 

T20M is not clearly understood. Many studies on the effects of high FFA level mainly 

focused on FF A effects on adipocytes and muscle cells and these studies also indicated 

that the elevated FF A level is an important cause of (3 cell destruction, disabling insulin 

secretion from pancreas after ingesting meal [31, 33-37]. 

Emerging evidence has suggested that long-chain acyl-CoA (LC-CoA) may be involved 

in the lipotoxicty of (3 cell that occur after prolonged exposure ofFFAs [38, 39]. In 

association with malonyl CoA resulting from glycolysis, it 1inks fuel metabolism to the 

secretion of insulin. Cytosolic LC-CoA is the activated intracellular form of FF As,and is 

the precursor for triglycerides, diacylglycerol and phospholipds [40]. Its transport into the 

mitochondria is blocked by carnitine paImitoyl- transferase 1 (CPT I), which is inhibited 
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by a rise in malonyl CoA levels. The formation of malonyl CoA is catalyzed by acetyl

CoA carboxylase. LC-CoA induces a mpid, but slowly reversible K+ ATP channel opening 

[41], which may cause defects in insulin secretion (Figure 3). To elucidate the effects of 

FF A levels on insulin secretion, a study of the effects of unbound FF As on pancreatic 

insulinoma cells in the presence of various concentrations ofHSA can be informative 

since unbound FF As are responsible for the lipotoxic action against pancreatic f3 cells in 

the future. 
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Figure 4. Fatty acid metabolism in pancreatic beta cell 
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Cytosolic long chain acyl CoA (LC-CoA) increase from the metabolism of glucose and 
either exogenous or endogenously generated free fatty acids (FFA). HSL hormone 
sensitive lipase, TG triglyceride, ACS acetyl CoA synthetase, CL citrate lyase, ACC 
acetyl CoA carboxylase, OAA oxaloacetate, CPT-I carnitine palmitoyl transferase-I 

10 



Overview of Researeh 

General Accomplishments 

The work presented in this thesis represents the first results of the direct 

measurements of the FFA concentration for the physiologically relevant long chain fatty 

acids in equilibrium with recombinant HSA and its mutants. Previously, FFA levels of 

long chain FA have not been measured directly in serum, in equilibrium or cellular 

studies. Values have, however been estimated using FA-albumin association constant 

determined in a series of measurements of the distribution of FA between a water

albumin and heptane phase [42]. Recently, the direct FF A measurements has been made 

possible by a method using a fluorescent probe composed of a fatty acid binding protein 

from rat intestine (I-F ABP) derivatized with the fluorescent molecule acrylodan 

(ADlF AB) [43]. Using site-directed mutagenesis and a novel yeast expression system, 

recombinant HSA proteins with specific mutations of key amino acid residues involved 

in fatty acid binding were expressed. This F A-HSA equilibrium studies provides specific 

structural information on their mechanisms of interactions from the FA binding affinities 

and FF A values generated. 

Appropriateness of Using a Protein Expression System 

Although HSA has been the subject of a great many physical and biochemical 

studies for several decades, a clear understanding of the molecular basis of several of its 

specific binding interactions is only now beginning to emerge. Previous studies have used 

various experimental techniques to elucidate the specific structural HSA-ligand 

interactions [1, 3]. These studies, which include chemical modifications of HSA, ligand 

11 



analog studies, etc., have been largely unsuccessful in providing structural and 

mechanistic information because of the limitations of the techniques. Since many ligands 

display non-specific binding and there is evidence of allosteric interactions between 

subdomains IIA, IlIA, IB and lIB [44, 45], many researchers have attempted to 

circumvent this problem by producing proteolytic fragments to study ligand binding [46-

50]. However, these types of studies raise serious concerns about the integrity of the 

fragments produced and the validity of conclusions drawn from binding experiments 

involving these fragments. In addition, due to the difficulty in creating HSA fragments, 

many of these studies were done on a variety of albumin species [51] and thus the 

information generated does not have direct relationship with HSA. 

A protein expression system enables the production of HSA with no chemical or 

enzymatic modification. The protein will not be exposed to any extraneous condition, and 

thus its folded structure will likely be in its native conformation. Large quantities of the 

protein can be produced for a variety of studies and these studies will have direct 

implications to naturally occurring HSA. The in vitro and in vivo properties of 

recombinant HSA from Pichia pastoris have been well studied and there is close 

structural and functional similarity to HSA [52]. With recent developments in molecular 

biology, the techniques of site-directed mutagenesis and recombinant protein expression 

are widely being applied to biological problems [6,20,53-60]. 
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By using site-directed mutagenesis in this novel yeast protein expression system to 

produce recombinant HSA proteins with specific mutations of key amino acid residues, 

which are involved in fatty acid binding, can provide specific structural infonnation on 

the mechanisms of HSAIFF A interactions, i.e., which amino acid residues interact with 

the ligand's functional groups to provide the ligand binding free energy. 

S~UicanceofVVork 

Many different genetic HSA variants have been identified electrophoreticaIIy 

through population genetics survey and routine clinical analysis. According to a 

population genetics survey, the cumulative frequency of albumin variants in most 

populations is only -1 in 3000 and most of these variant HSA carriers are heterozygotes 

and have nearly equal amounts of wild type and mutant albumin in the plasma [61]. 

Therefore, it is very difficult to assess the effects of certain mutation that happened in 

HSA on metabolisms of particular interests. To date less than 70 different naturally 

occurring HSAs have been identified and confirmed by amino acid and DNA sequencing. 

Although several albumin mutations are found in diverse populations, many mutant 

albumin species are specific to certain ethnic groups. Some of HSA variants are 

extremely rare whereas other variants such as albumins Naskapi and Yanomama, are 

polymorphic, having an allele frequency ~1% in certain American tribes [62]. Since 

1971 the Italian Committee for Standardization of Electrophoretic Laboratory Methods 

(CISMEL) has conducted an extensive genetic survey for albumin variants in serum with 

the participation of clinical laboratories throughout the nation [61]. They found 634 

cases of inherited albumin variants in unrelated individuals, which include several 
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homozygote HSA variants. CISMEL also identified about 100 cases of transient albumin 

variant induced by pancreatic disease or penicillin therapy and 4 cases of 

analbuminemias. These fmding indicates the prevalence of mutant forms of albumin to 

certain ethnic groups and thus provides justifications for needs of the HSA polymorphism 

studies in certain ethnic groups such as Native Hawaiian and pacific islanders. However, 

it is very hard to carry out genetic survey on certain population since most HSA variants 

exist as heterozygotes, making it fishing expedition style study. By using recombinant 

HSA protein and its variants, it will make it possible to produce homogeneous albumin 

sample and thereby identify target mutations, which are responsible for pathogenesis of 

certain disease such as T2DM. 

In this study the information obtained by producing HSA mutants containing 

amino acid changes introduced into principal fatty acid binding sites will provide 

. 
valuable data for identifying the specific amino acid responsible for fatty acid binding to 

HSA. Additionally, the binding equilibrium between FA and HSA mutants will elucidate 

this effect of HSA mutations on the FA binding affinities and the alteration of FF A 

fraction. This information could be used to design future in vivo studies on f3 cell 

lipotoxicity arising from these possible effects of HSA mutations in altering the FF A 

concentration, which could establish a physiological relevance to the relationship 

between plasma FFA levels and HSA polymorphism. Consequently, a basis for HSA 

polymorphism study that can examine how identifiable genetic differences among certain 

ethnic groups correspond to health disparities within such populations will be a possible 

establishment 
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CHAPTER 2 
MATERIALS AND METHODS 

Synthesis and Purification of Recombinant HSA and its Various Mutants 

For this study, we synthesized recombinant HSA and the following single and 

double mutants that were chosen based upon earlier studies of steroids and digoxin 

binding to HSA mutant proteins [57], NMR [54, 63] and X-ray crystallography [5]. The 

mutants studied were, R41OAJY411A, W214LIY411 W, R410A, R485L and W214L. 

Specific mutations were introduced into the HSA-coding region in a plasmid vector 

containing the entire HSA coding region as described previously [55]. The experimental 

methods consist of the following steps. 

Cloning of HSA Coding Region 

With human liver cDNA as template, the entire coding region of the HSA gene, 

including the native signal sequence, was amplified by polymerase chain reaction using 

Vent DNA polymerase. The resulting DNA fragment was inserted into the plasmid vector 

pHiL-D2 using standard cloning techniques. pHiL-D2 is a shuttle vector that can be 

manipulated by cloning in Escherichia coli and that can also be used to introduce genes 

into yeast species Pichia pastoris by homologous recombination. Specific mutations were 

introduced into the HSA coding region using site-directed mutagenesis as described 

previously [55]. 

Expression of Recombinant HSA 

Each pHiL-D2 expression plasmid contained a methanol-inducible promoter 

upstream of the HSA coding region. For each expression plasmid, a yeast clone that 
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contained the expression cassette stably integrated into the yeast chromosomal DNA was 

isolated. The native HSA signal sequence, which was left on the HSA coding region, 

directed high-level secretion of mature HSA into the growth medium. 

In the initial step, the cells were thawed on ice and thereafter plated out into 

histidine deficient YPD agar plates (lOg yeast extract, 20g peptone, 20 g of agar and 20g 

of Dextrose (glucose) in lL of dH20) and allowed to grow for 24 hours at 30·C. The 

Pichia pastoris lacks the ability to synthesize histidine but the inserted pHIL-D2 vector 

contains this gene enabling the transformed Pichia pastoris to survive on these plates. 

Using a single colony, an overnight culture of the cells were grown in 250m! of YPD 

medium (2.5g yeast extract, 5g peptone and 5g Dextrose in 250m! dH20) shaking 

vigorously, 200rpm and at 30·C until an OD600 of 1.3-1.5 was achieved. 

A scale-up expression was then carried out using 25m! of the overnight culture to 

inoculate l.5L histidine free minimal dextrose yeast growth medium (BMGY). The 

BMGY medium contained 109 yeast extract, 20g peptone, 100m! 1M potassium 

phosphate buffer pH 6.0, 100m! lOX YNB, 2m! 500x Biotin, 100m! lOX Glycerol 

dissolved in 1.5L dH20. Four 2.5L flasks were used in total and were placed in a shaker at 

30·C, 200rpm for three days. On the third day the cells were spunned down at 5000rpm 

for 10 minutes at room temperature. To induce expression, the supernatant was decanted 

and the cell pellet was resuspended in 1130 of the original culture volume in BMMY 

induction media. This media has all the other constituents as BMGY media but only 

methanol is added instead of glycerol. The culture was placed in 4X 2.5L flasks covered 
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with two layers of sterile cheesecloth and allowed to grow for three days at 30·C with 

shaking. Every day the cells were actively spiked with methanol at 10% the total volume. 

Verification of DNA Sequence ofHSA Clones 

The total genomic DNA from each P. pastoris clone used to produce a particular 

HSA species was isolated using standard techniques. The genomic DNA isolated from 

each clone was used as template to amplify the entire HSA coding region by polymerase 

chain reaction. For each clone, the entire HSA coding region was sequenced using the 

dideoxy chain termination technique, and the translation product corresponding to this 

sequence matched a previously published cDNA of HSA at all amino acid positions 

except for the mutation introduced. 

Purification of Recombinant HSA 

The secreted HSA was isolated from growth medium as follows. The medium 

was brought to 50% saturation with ammonium sulfate at room temperature. The 

temperature was then lowered to 4·C, and the pH was adjusted to 4.4, the isoelectric 

point of HSA. The precipitated protein was collected by centrifugation and resuspended 

in 10X phosphate-buffered saline. Dialysis was carried out for 48 hours at 4·C against 

100 volumes of phosphate-buffered saline (150mM NaCl, 40mM phosphate, pH 7.4). A 

sample of the precipitant before and after dialysis was run on a 10% sodium dodecyl 

sulfate poly-acrylamide gel electrophoresis (SDS-PAGE) for 3 hours using commercial 

HSA as a standard. The sample for SDS-PAGE was prepared by denaturing the protein at 

100·C for 5 minutes in a IX loading dye containing 50JLM dithiothreitol. The bands on 

the gel were visualized by staining with coomassie brilliant Blue (Sigma chemical) for 
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one hour. The solution was loaded onto a column of Cibacron blue immobilized on 

Sepharose 6B (Sigma) [64]. After washing the column with 10 bed volumes of 

phosphate-buffered saline, HSA was eluted with 3M NaC!. The eluent was dialyzed into 

phosphate-buffered saline and passed over a column of Lipidex-1000 (Packard 

instruments) to remove hydrophobic ligands possibly bound to the HSA [65]. The 

resulting protein migrated as a single band on SOS-PAGE. The final protein 

concentration was checked using the Bicinchonic Acid Protein Assay kit (BCA) from 

Sigma based on Lowry method. 

FFA Fluorescence Measurements 

ADIFAB Preparation 

ADIF AB was purchased from Molecular Probes as 200llg of lyophilized powder 

and stored at _20°C. For stability it is best to store ADIF AB at high concentration after 

reconstitution at 4°C [66]. Thus the 200llg of powder was brought up in 130IlI of storage 

buffer consisting of 50mM TRIS, ImM EOTA and 0.05% Sodium Azide at pH 8.0. This 

resulted in a stock of approximately 100llM ADIFAB. This low salt was used only for 

storage for not more than three months. 

Fatty Acid Preparation 

The sodium salts of the fatty acids, palmitate and oleate (Figure 4) were used to prepare 

the aqueous solutions. The stock solutions were prepared at a fatty acid concentration of 

30mM in deionized water plus 4mM NAOH and 25f.tM butylated hydroxytoluene (BHT). 

BHT was dissolved in ethanol at 50mM and the final ethanol concentration in 

FA-sodium salt solution did not exceed 0.05% of ethanol. ADIF AB has been found to 
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react with organic solvents such as ethanol reducing the peak at 432nm and thereby 

giving appearance of bound fatty acid [43] thus was the need ofminirnizing the ethanol 

concentration in the measurements. 500"M dilutions of these stocks were made in water 

plus 4mM NaOH but no additional BHT. Total Fatty acid was determined by WAKO 

NEF A C kit and aliquots stored in -20·C for no longer than 3 months. 

FF A Determination in F AlHSA complexes 

Upon excitation at 386 nm, ADIFAB fluorescence at 432 nm in the absence of 

fatty acid and at 505nm in the presence of fatty acids. Thus the intensity ratio (R) of 

505nm to 432 nm is indicative of the amount of fatty acid present. Measurements of R 

values were done with an SLM 8000C fluorometer using the photon counting mode. 

ADIF AB was used to determine FF A levels in the presence of palmitate or 

oleate/albumin complexes. Wild type, R410AA, W214LIY411W, R410A, R485L and 

W214L recombinant albumin mutant proteins were all treated identically as follows. For 

each complex, FF A levels were determined by measuring the fluorescence as follows. 

First, the value of the ADIF AB ratio is measured without FA present (Ro) and thus the 

fluorescence intensities were measured at 505nm and 432nm in a cuvette with 4"M 

albumin in measuring buffer pH 7.4 containing 20mM HEPES, l40mM NaCl, 5mM KCl 

and ImM Na2HP04 (blank intensities). O.2"M ADIFAB was then added to the cuvette 

and again the intensities at 505nm and 432nm were measured. The Ro value is equal to: 

Ro - 1° Iblank / 1° Iblank - 50S - 50S 432 - 432 
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Palmitate 16:0 

Oleate 18:1 

Figure 4. Molecular structures of palmitate and oleate 
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Thirdly, the appropriate aliquots of FA were added to the cuvette to give total FA 

concentrations of between 0 and 24 IlM. Once again the fluorescence intensities at 

505nm and 432nm were measured and R calculated as: 

R = hos - Iblanksos /432 - Iblank
432 

The same albumin (4J.M) and ADIFAB (0.2IlM) concentrations were used in each 

sample and the total volume of samples was 1.5ml. Just prior to FA addition, the 

concentrated stocks of FA sodium salts were warmed to temperatures above the FA 

melting point (62"C for palmitate and 37"C for oleate). FA was then added in small 

volumes to the sample in the third step described above which was maintained at 37"C 

and immediately mixed by drawing the solution in and out of the pipette. Between each 

FA addition the cuvette was allowed to incubate for 10minutes at 37°C. After the 10 

minutes incubation the 432 nm and 505 nm intensities were determined from the three 

samples all at 37°C. This procedure was repeated for total FA to total albumin ratio (v) 

values between 0 and 6 and in steps of approximately 1.0. ADIFAB itselfhas little effect 

on the FF A concentration in these measurements because of the FA binding capacity of 

albumin and because the concentration of albumin and total FA are much greater than 

that of ADIF AB [67]. 

As consequence, the FFA concentration was determined according to [43] from the 

505nm and 432nm fluorescence by: 

[FFA] = K.!Q(R-Ro}/ (RllUIX -R) (I) 

Where R and Ro are the measured ratios of 505 to 432 nm intensities in the presence and 

or in the absence ofFFA with blank intensities subtracted respectively, ~ is the value 
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when ADIFAB is saturated, Q=IF(432) / Ib(432), and IF(432) and Ib(432 are the ADIFAB 

intensities with zero and saturating concentrations ofFFA respectively. Values ofQ and 

R...x were found to be 19.5 and 11.5 [43] respectively and K.! values of ADIFAB on 

binding oleate and palmitate are 0.28_M and 0.34 _M respectively according to [66]. 

The amount of fatty acid that was bound to ADIF AB probe was next calculated as: 

ADIFAB]bound = [ADIFAB]total Q (R- Ra) /( Rmax-R) + Q (R- Ra) (2) 

Finally, the amount of FA bound to albumin, after each titration was calculated as [68]: 

[FA ]bound =[F A ]total -[FF A H ADIF AB]bound (3) 

Analysis of Data 

All titrations of a particular HSA species with either oleate or palmitate were done 

three times. The number bound [FA ]bound / [HSA ]total fraction were determined at each 

point along the titration. Each of the three data sets for each K.! determination was fit to 

the equation shown below by nonlinear regression (least-squares method) using the 

computer program Prism (Graphpad). 

Number bound= Bmax*X/(K.! + X) (4) 

This binding equation assumes one binding component with binding capacity (Bmax) and 

a dissociation constant (K.!) value. The variable X represents the FF A concentration. A 

curve corresponding to the best fit of the data to this one component equation was then 

generated for the binding of each HSA species to each FA. Since all three of the 

replicates were done identically, averaging the number bound and FF A concentration at 

each point on the titration for all the three data sets created an average data set. 
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CHAPTER 3 
RESULTS 

Purification of Recombinant HSA and its Various Mutants 

After a week of growth and induction, the transformed Pichia pastoris were 

centrifuged and the supernatant was harvested. The HSA protein should be in the 

supernatant because the inserted gene still contained the native signal sequence for 

albumin. This would enable the newly synthesized protein product to be inserted into the 

endoplasmic reticulum and secreted to the external media through the yeast cell's 

secretory pathway. Wild type rHSA and the double mutants; W214LIY411W and 

R41OAlY411A as well as the single mutants; R410A, R485L and W214L were 

successfully synthesized. Figure 5. represents SDS-PAGE colunm showing the HSA 

bands in the right location size of 67 kDA before and after performing affinity 

chromatography. The band shows a concentrated fraction of the protein after elution. 

HSA Binding Affinities to FF As 

It was found that the ADIFAB's fluorescence shifted from 432nm to 50Snm upon 

binding of free fatty acids and increased as the total fatty acid concentration was 

increased in the reaction mixtures. Figure 6 shows the ADIFAB fluorescence spectra 

pattern when oleate was titrated into the measuring buffer containing wild type rHSA and 

ADIFAB. Figure 7 shows the binding isotherms of wild type rHSA, W214LIY41 lW and 

R410AIY41 lA for palmitate. The curves were generated based on one binding 

component Visually, the shapes of the curve for the double mutants are not altered from 

that of the wild type rHSA. However, the corresponding K.! values for their respective 
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curves showed a slight increase in W214LN 411 W than R41 OAN 411A when compared 

to the wild type rHSA (Table I). On the other hand, the single mutants; R410A, W214L 

and R485L showed altered binding isotherm patterns when compared to the wild type 

rHSA with R485L being the most notable (Figure 8). Their corresponding Kd values as 

shown in Table I followed the same pattern with R485L having less binding affinity. 

The K.i values ofrHSA and its mutants for oleate binding followed the same 

pattern as for palmitate. However, oleate showed higher affinities to all the HSA species 

when compared to palmitate binding affinities. Fig 9 shows the binding isotherms of wild 

type rHSA and the double mutants on binding oleate, while Figure 10 depicts the single 

mutants. Table 2 shows their corresponding K.i values. 
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Column 1 2 3 4 

67 kDa ___ --.. 

Figure 5. An 8% SDS - PAGE showing the wild type rHSA protein before and after 
performing affinity column chromatography 
Column I is commercial HSA, column 2 is the dialyzed sample before performing 
affin ity chromatography, column 3 is the wash and column 4 is the eluent. 
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Figure 6. Fluorescent monitored titration of ADIFAB with wild type rHSAJOleate 
mixtures 
ADIFAB concentration ofO.2J.IM in measuring buffer containing 20mM HEPES, 140mM 
NaCI, 5rnM KCI and 1 rnM Na2HP04, pH 7.4 at 37°C and wild type rHSA is 41lM. 
Oleate concentration is labeled adjacent to the corresponding data trace. The final oleate 
concentration was 241lM. 
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Figure 7. Binding isotherms of wild type rHSA, W214L1Y411W and R410AIY411A 
for palmitate 
The FFA concentrations were determined with ADIF AB fluorescence ratios measured at 
pH of 7.4, [ADIFAB] (0.2flM), [HSA] (4.0 flM) and total FA titrated between 0-24j.IM at 
37°C. The curves correspond to the best fit of the data from three experinIents to one 
component binding. 
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Figure 8. Binding isotherms ofR410A, W214L and R485L for palmitate 
The FF A concentrations were determined with ADIF AB fluorescence ratios measured at 
pH of7.4, [ADIFAB] (0.2flM), [HSA] (4.0 flM) and total FA titrated between 0-24~M at 
37°C. The curves correspond to the best fit of the data from three experiments to one 
component binding. 
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Table 1. K.t values for palmitate binding to HSA 

The average K.! values determined by fluorescence spectroscopy are shown for the 

binding of each HSA species with palmitate. Values represent ± 1 standard deviation 

from three experiments to one component binding. 

HSA PALMITATE 

K.t(nM) 

WTLDTYPR 42.67 ± 6.78 

W14L1Y41lW 33.16 ± 3.42 

R410AN41lA 37.94 ± 5.83 

R410A 54.58 ± 16.12 

W214L 66.19 ± 16.78 

R485L 99.43 ± 17.60 
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Figure 9. Binding isotherms of wild type rHSA, W214L1Y411W and R410AIY411A 
for oleate 
The FF A concentrations were determined with ADIF AD fluorescence ratios measured at 
pH of 7.4, [ADIFAD] (0.2J.1M), [HSA] (4.0 J.1M) and total FA titrated between 0-24!JM at 
37°C. The curves correspond to the best fit of the data from three experiments to one 
component binding. 
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Figure 10. Binding isotherms ofR410A, W214L and R485L for oleate 

40 

The FF A concentrations were detennmed with ADIF AB fluorescence ratios measured at 
pH of 7.4, [ADIFAB] (0.2J.!M), [HSA] (4.0 J.!M) and total FA titrated between 0-24J.1M at 
37°C. The curves correspond to the best fit of the data from three experiments to one 
component binding. 
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Table 2. K.! values for oleate binding to HSA 
The average K.J values determined by fluorescence spectroscopy are shown for the 
binding of each HSA species with oleate. Values represent ± I standard deviation from 
three experiments to one component binding. 

HSA OLEATE 

K.!(nM) 

WILDTVPE 32.94 ± 3.99 

W14LN411W 27.94±3.02 

R41OAN411A 32.50±3.03 

R410A 37.90± 2.30 

W214L 40.39 ±3.12 

R485L 62.31 ± 11.58 
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CHAPTER 4 
DISCUSSION AND CONCLUSION 

Since previous studies have showed that the InA subdomain ofHSA is the one of 

the two major ligand binding sites and could load up to two fatty acids [5, 58], we 

hypothesized that this subdomain ofHSA is the principal FA binding site and any 

mutation introduced into the site ofHSA could result in changed FA binding to HSA. For 

instance, X-ray structural studies on FFA binding to HSA clearly showed that arginine at 

position 410, tyrosine 41 I and arginine 485 of subdomain IlIA are in direct contact with 

the carboxylate groups of bound fatty acids. Additionally, recent studies using X-ray 

crystallography and NMR spectroscopy has shown that the fatty acid binding sites 4 and 

5 within domain III represent two of the three high affinity fatty acid binding sites on 

HSA [63]. In the mutagenesis studies, we therefore substituted these amino acids with 

other amino acids of different properties. For example, hydrophobic alanine and leucine 

were used to subsititute for the basic amino acid arginine at position 410, aromatic 

hydrophobic tryptophan was used to substitute for aromatic polar amino acid tyrosine at 

411 and hydrophobic leucine was substituted for basic amino acid arginine at 

485.Tryptophan at position 214 in subdomain IIA was also changed to leucine since it 

has been shown to be the key amino acid involved in various HSAIligand binding 

interactions [3]. 
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The subdomains IlIA and lIA binding sites for fatty acids have asymmetric 

distribution of amino acid residues leading to a hydrophobic surface on one side and a 

basic or positively charged surface on the other. The region is thus primarily an elongated 

sock-shaped pocket wherein the foot region is mainly hydrophobic and the leg is 

primarily hydrophilic [3]. 

HSA mutants with the double mutations namely R410AIY411A and 

W214LN 411 W exhibited slightly increased binding affinities to both oleate and 

palmitate when compared to wild type recombinant HSA. On the other hand, the single 

substitutions R41OA, R485L and W214L decreased the binding affinities with R485L 

most notable. Specifically, these results suggest that the double substitutions involving 

the changes of the polar amino acids arginine and tyrosine at position 410 and 411 with 

alanine and tryptophan respectively, enhanced binding and thus indicating that 

hydrophobicity is the major ligand binding force for the FF A binding to HSA. This 

alteration in binding supports the X-ray crystallographic data that showed that R410A 

and Y 411A are the key amino acids in the binding pocket of subdomain IlIA of HSA. 

Interestingly, the single mutants R410A and W214L showed a decrease in affinity 

implying that replacing arginine and tryptophan with the smaller hydrophobic amino 

acids alanine and leucine was not favorable for fatty acid binding. It is reasonable to 

speculate that R410 is engaged in hydrogen bonding with FF A carboxylic group. 
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Another single mutant, R485L showed significant decrease in binding affinity for 

palmitate and oleate. Substituting R485 with leucine is unfavorable for fatty acid binding 

implying again that arginine at position 410 is involved in hydrogen bonding with FF A 

carboxylic group. 

Our findings on the effects ofHSA's mutation on FF A binding provide a possible 

explanation on the role of HSA in affecting the secretion of insulin from pancreatic 13-

cells by modulating the exposure of these cells to FF As. Therefore, a study of serum 

albumin's effects on FFA stimulated insulin secretion from cultured pancreatic fl-cells 

will validate the fmdings of this work. Since HSA is the only FF A carrier molecule in 

human serum and that many studies have shown the close relationship between elevated 

FFA levels and the incidence ofT2D, HSA may playa role in modulating the effects of 

FFA in the pathogenesis ofT2D. The concentration of the unbound FFAs available to the 

cells will be determined to a large extent by the affinity of FF As to albumin. Since the 

level ofFFAs will determine the degree ofB-celllipotoxicity, any mutations in the fatty 

acid binding sites of HSA could influence the effect by modifying FF A binding affinity. 

Specifically, we may project from these findings that the double mutants might 

potentially bind fatty acids with a much higher affinity and thus depriving fatty acids 

available for pancreatic fl-cells uptake and subsequently leading to decreased lipotoxicity 

as compared to the single mutants with lowered binding affinities. 

In summary, site-directed mutagenesis and the Pichia pastoris system provide a 

valuable tool to generate recombinant HSA and its mutants for protein functional studies. 

HSA ligand binding interactions can be modified by single nucleotide polymorphism and 
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rationale for a possible HSA polymorphism study. Amino acid changes on key FF A 

binding sites of HSA's subdomain llA and IlIA altered palmitate and oleate binding 

affinities. This study might contribute to the understanding of HSA' s mutational effects 

on FF A stimulated insulin secretion from cultured pancreatic j3-cells as well as its role in 

the pathogenesis ofT2D. 
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APPENDIX 
OVERVIEW OF SITE DIRECTED MUTAGENESIS AND 

PROTEIN EXPRESSION SYSTEM 

Summary 

The purpose of this appendix is to provide a visual overview of the technology 

used to produce recombinant HSA mutants described in chapter 2. The information is 

presented in a series of figures, which describes the steps involved that would help 

elucidate the molecular biology and yeast expression system to non- experts in this field. 

Figure 11 shows the plasmid vector used to mutate the HSA coding region and to 

introduce the mutated coding region into the yeast species Pichia pastoris by homologous 

recombination. The functions of each gene in the vector are described in the figure 

legend. Figure 12 illustrates the basic site directed mutagenesis procedures used to 

introduce desirable mutations in the HSA coding region using various restriction 

enzymes and ligases. Figure 13 describes the procedures for introducing the linearized 

expression vector containing mutations into yeast genome by electroporation and 

homologous recombination. Figure 14 shows the method used to select the best yeast 

clones that have integrated the expression cassette in the Pichia pastoris alcohol oxidase 

gene (AOX) and to identify those clones secreting recombinant HSA. 
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Figure 11. pHiL-D2 HSA expression vector 

The promoter and terminator sequences from the Pichia pastoris alcohol oxidase 

gene are labeled as promoter and terminator, respectively. The HSA coding 

region, which was, amplified from liver cDNA using peR and inserted into pHiL

D2 to construct the above vector is labeled as HSA gene. A DNA sequence that 

allows the plasmid to replicate in E. coli autonomously of chromosomal DNA is 

labeled Ori. A gene that confers resistance to the antibiotic ampicilin and allows 

for screening of E. coli cells that have the plasmid is labeled Amp. A gene which 

allows a Pichia pastoris strain unable to synthesize histidine to make histidine 

when the gene is integrated in the yeast chromosomal DNA, is labeled HIS4. 5' 

AOX and 3' AOX refer to regions that are homologous to the 5' and 3' ends of 

the alcohol oxidase gene and provide targets for homologous recombination 

between the expression cassette and the Plchia pastoris alcohol oxidase gene 

(AOX). 
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Figure 12. Site directed mutagenesis ofthe HSA coding region 

The diagram shows how an oligonucleotide containing a single base pair 

mismatch with the wild type HSA coding region is used to introduce a stop codon 

into the HSA coding region. 

40 



i #;6+ ·*·f·!" 

Linearize plasmid 
Introduced into 

• Pichia pastoris 

41 



Figure 13. Introdnction of the HSA expression cassette into Plchia pastoris 

The diagram shows the mechanism of homologous recombination between the 

HSA expression cassette and the alcohol oxidase gene (AOX) of Pichia pastoris. 

The linearized vector DNA with Amp and Ori removed is introduced into 

Pichia pastoris by electroporation. 
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Figure 14. Identification of Pichia pastoris clones expressing HSA 

Many Pichia pastoris clones will have taken up the IllS4 gene without integrating 

the rest of the expression cassette in the Pichia pastoris genome. Those clones in 

which homologous recombination has occurred specifically at the alcohol oxidase 

gene (AOX) are most likely to contain the entire expression cassette. Integrating 

into AOX destroys the AOX gene resulting in a slow growth on methanol 

phenotype as the AOX gene product is needed for metabolism of methanol. 

44 



1. Select oolonies from 
the -HIS plale and patch 
oolony onto a -HIS" ~L Y 
and a -HIS, +MEOH pia e. 
00lonle5 which grow slowly 
on methanol no longer co tain 
the AOX gene indicating homologous 
recombination into the AOX gene. 

2. Select colonies shown In red which 
are unable to grow on methanol plate 

·HIS . • GLYCEIlOl 

and grow for three days in media containing 
glycerol as the cartJon source. 

3. Pellet the cells and remove the media. 

4. To induce eXPIesslon, resuspend pellet 
in media containing methanol as the cartJon 
source to induce the expIession of HSA gene 
incorporated into pichia pastoris genome. 

5 A' Sf two to our days of induction 
collect supernatant and analyze by 
SDS·PAGE. Of 1he colonies expressing 
HSA scale up uSing the clone showing 
he highest expreSSIon level. 

45 

-HIS. ,MEl'HANOL 



LITERATURE CITED 

1. Peters, T., All about albumin: Biochemistry, Genetics, and Medical Applications. 

San Diego: Academic Press Inc. , 1996,. VoL 1.: p. 1-187. 

2. Brown, J., and Shockley, P., Serum Albumin: Structure and Characterisation of 

its Ligand Binding Sites. In: Lipid Protein Interactions. Jost, P .C. and Griffith, 

OH., eds. John Wiley, New York, 1982. VoL 1,: p. 161-245,. 

3. Carter, D.C., and Ho, J. X., Adv. Protein Chern. . 1994.45: p. 152-203. 

4. He, X.M. and D.C. Carter, Atomic structure and chemistry of human serum 

albumin. Nature, 1992.358(6383): p. 209-15. 

5. Curry, S., et aI., Crystal structure of human serum albumin complexedwithfatty 

acid reveals an asymmetric distribution of binding sites. Nat Struct Bioi, 1998. 

5(9): p. 827-35. 

6. Sugio, S., et aI., Crystal structure of human serum albumin at 2.5 A resolution. 

Protein Eng, 1999. 12(6): p. 439-46. 

7. McLachlan, A.D. and J.E. Walker, Evolution of serum albumin. J Mol Bioi, 1977. 

112(4): p. 543-58. 

8. Peters, T., Jr., Serum albumin. Adv Protein Chern, 1985.37: p. 161-245. 

9. J. K. Noel and M. J. Hunter, Bovine mercaptalbumin and non-mercaptalbumin 

monomers. Interconversion and structural differences. J BioI. Chern., 1972.247: 

p.7391-7406. 

46 



10. Sogami, M., et aI., Resolution of human mercapt- and nonmercaptalbumin by 

high-performance liquid chromatography. Int J Pept Protein Res, 1984.24(2): p. 

96-103. 

11. Keaney, J.F., Jr., et aI., NO forms an adduct with serum albumin that has 

endothelium-derived relaxingfactor-like properties. J Clin Invest, 1993; 91(4): p. 

1582-9. 

12. Stamler, J.S., et aI., Nitric oxide circulates in mammalian plasma primarily as an 

S-nitroso adduct of serum albumin. Proc NatI Acad Sci USA, 1992. 89(16): p. 

7674-7. 

13. Wallevik, K., SS-interchanged and oxidized isomers of bovine serum albumin 

separated by isoelectricfocusing. Biochim Biophys Acta, 1976. 420(1): p. 42-56. 

14. Kragh-Hansen. U .• Molecular aspects of ligand binding to serum albumin. 

Phannacol Rev, 1981. 33(1): p. 17-53. 

15. Shao, J., H. Shen, and B. Havsteen, Purification, characterization and binding 

interactions of the Chinese-cobra (Naja naja arra) serum antitoxic protein CSAP. 

Biochem J, 1993.293 (Pt 2): p. 559-66. 

16. Kratochwil, N .A., et aI., Predicting plasma protein binding of drugs: a new 

approach. Biochem Pharmacol, 2002. 64(9): p. 1355-74. 

17. Benet, L.Z. and B.A. Hoener, Changes in plasma protein binding have little 

clinical relevance. Clin Pharmacol Ther, 2002. 71(3): p. 115-21. 

18. Herve, F., et aI., Drug binding in plasma. A summary of recent trends in the study 

of drug and hormone binding. Clin Pharmacokinet, 1994. 26(1): p. 44-58. 

47 



19. Sudlow, G., OJ. Birkett, and D.N. Wade, Further characterization of specific 

drug binding sites on human serum albumin. Mol Pharmacol, 1976. 12(6): p. 

1052-61. 

20. Ghuman, J., et aI., Structural basis of the drug-binding specificity of human serum 

albumin. J Mol Bioi, 2005. 353(1): p. 38-52. 

21. Wilting, J., et aI., The effect of albumin conformation on the binding of warfarin 

to human serum albumin. The dependence of the binding of warfarin to human 

serum albumin on the hydrogen, calcium, and chloride ion concentrations as 

studied by circular dichroism, fluorescence, and equilibrium dialysis. J BioI 

Chern, 1980.255(7): p. 3032-7. 

22. Kasai-Morlta, S., T. Horle, and S. Awazu, Influence of the N-B transition of 

human serum albumin on the structure of the warfarin-binding site. Biochim 

Biophys Acta, 1987.915(2): p. 277-83. 

23. Stewart, A.J., et aI., Interdomain zinc site on human albumin. Proc Nat! Acad Sci 

USA, 2003. 100(7): p. 3701-6. 

24. Gryzunov, V.A., et aI., Binding of fatty acids facilitates oxidation of cysteine-34 

and converts copper-albumin complexes from antioxidants to prooxidants. Arch 

Biochern Biophys, 2003. 413(1): p. 53-66. 

25. Brodersen, R., et aI., Multiple fatty acid binding to albumin in human blood 

plasma. Eur J Biochern, 1990. 189(2): p. 343-9. 

26. Spector, A.A., Structure and lipid binding properties of serum albumin. Methods 

Enzymol, 1986. 128: p. 320-39. 

48 



27. Cistola, D.P. and D.M. Small, Fatty acid distribution in systems modeling the 

normal and diabetic human circulation. A I3C nuclear magnetic resonance study. 

J Clin Invest, 1991. 87(4): p. 1431-41. 

28. Trigatti, B.L. and G.E. Gerber, A direct role for serum albumin in the cellular 

uptake of long-chain fatty acids. Biochem J, 1995.308 (Pt 1): p. 155-9. 

29. Cessac-Guillemet, A.L., et aI., Characterization and distribution of albumin 

binding protein in normal rat kidney. Am J Physiol, 1996.271(1 Pt2): p. FI01-7. 

30. Tiruppathi, C., A. Finnegan, and A.B. Malik, Isolation and characterization of a 

cell surface albumin-binding protein from vascular endothelial cells. Proc Nat! 

Acad Sci USA, 1996. 93(1): p. 250-4. 

31. Bays, H., L. Mandarino, and RA. DeFronzo, Role of the adipocyte. free fatty 

acids, and ectopic fat in pathogenesis of type 2 diabetes mellitus: peroxisomal 

proliferator-activated receptor agonists provide a rationol therapeutic approach 

J Clin Endocrinol Metab, 2004. 89(2): p. 463-78. 

32. Barroso, I., et aI., Candidate Gene Association Study in Type 2 Diabetes Indicates 

a Role for Genes Involved in beta-Cell Function as Well as Insulin Action. PLoS 

Bioi, 2003. 1(1): p. E20. 

33. McPherson, R and P.H. Jones, Editorial Review: The metabolic syndrome and 

type 2 diabetes: role of the adipocyte. Curr Opin Lipidol, 2003. 14(6): p. 549-53. 

34. Pankow. J.S., et aI., Fasting plasma free fatty acids and risk of type 2 diabetes: 

the atherosclerosis risk in communities study. Diabetes Care, 2004. 27(1): p. 77-

82. 

49 



35. Wyne, K.L., Free fatty acids and type 2 diabetes mellitus. Am J Med, 2003. 115 

Suppl 8A: p. 29S-36S. 

36. Mayerson, A.B., et aI., The effects of rosiglitazone on insulin sensitivity, lipolysis, 

and hepatic and skeletal muscle triglyceride content in patients with type 2 

diabetes. Diabetes, 2002. 51(3): p. 797-802. 

37. Berk, P.O., et aI., Regulated membrane transport offreefatty acids in adipocytes: 

role in obesity and nan-insulin dependent diabetes mellitus. Trans Am Clin 

C1imatol Assoc, 1996.108: p. 26-40; discussion 41-3. 

38. Zraika, S., et aI., Effects of free fatty acids on insulin secretion in obesity. Obes 

Rev, 2002. 3(2): p. 103-12. 

39. Yaney, G.C. and B.E. Corkey, Fatty acid metabolism and insulin secretion in 

pancreatic beta cells. Diabetologia, 2003. 46(10): p. 1297-312. 

40. Prentki, M. and B.E. Corkey, Are the beta-cell signaling molecules malonyl-eoA 

and cystolic long-chain acyl-eoA implicated in multiple tissue defects of obesity 

and NIDDM? Diabetes, 1996.45(3): p. 273-83. 

41. Larsson, 0., et aI., Activation of the A TP-sensitive K + channel by long chain acyl

eoA. A role in modulation of pancreatic beta-cell glucose sensitivity. J Bioi 

Chern, 1996.271(18): p. 10623-6. 

42. Spector, A.A., J.E. Fletcher, and J.D. Ashbrook, Analysis of long-chain free fatty 

acid binding to bovine serum albumin by determination of stepwise equilibrium 

constants. Biochemistry, 1971. 10(17): p. 3229-32. 

50 



43. Richieri, G.V., R.T. Ogata, and A.M. Kleinfeld, Ajluorescently labeled intestinal 

fatty acid binding protein. Interactions with fatty acids and its use in monitoring 

free fatty acids. J BioI Chern, 1992.267(33): p. 23495-501. 

44. Hsia, J.C., et aI., Human serum albumin: an allosteric domain modelfor bilirubin 

binding specificity. An enantiomeric spin label study. J BioI Chern, 1982.257(4): 

p.I724-9. 

45. Soltys, B.J. and J.C. Hsia, Fatty acid enhancement of human serum albumin 

binding properties. A spin label study. J BioI Chern, 1977.252(12): p. 4043-8. 

46. Bos, O.J., et aI., Procedure for the isolation of a large peptic fragment of human 

serum albumin. J Chromatogr, 1988.424(1): p. 13-21. 

47. Geisow, M.J. and G.H. Beaven, Largefragments of human serum albumin. 

Biochern J, 1977. 161(3): p. 619-25. 

48. Bos, O.J., et aI., Location and characterization of the warfarin binding site of 

human serum albumin. A comparative study of two large fragments. Biochern 

Pharmacol, 1988. 37(20): p. 3905-9. 

49. Feldhoff, R.C. and T. Peters, Jr., Fragments of bovine serum albumin produced by 

limited proteolysis. Isolation and characterization of peptic fragments. 

Biochemistry, 1975.14(20): p. 4508-14. 

50. McMenamy, R.H., H.M. Dintzis, and F. Watson, Cyanogen bromide fragments of 

human serum albumin. J BioI Chern, 1971. 246(15): p. 4744-50. 

51. King, T.P., Limited pepsin digestion of bovine plasma albumin. Arch Biochern 

Biophys, 1973. 156(2): p. 509-20. 

51 



52. Watanabe, H., et aI., In vitro and in vivo properties of recombinant human serum 

albumin from Pichia pastoris purified by a method of short processing time. 

Pharm Res, 2001. 18(12): p. 1775-81. 

53. Kamp, F., et aI., Rapid flip-flop of oleic acid across the plasma membrane of 

adipocytes. J BioI Chem, 2003. 278(10): p. 7988-95. 

54. Simard, J.R., et aI., Locating high-affinity fatty acid-binding sites on albumin by 

x-ray crystallography and NMR spectroscopy. Proc Nat! Acad Sci USA, 2005. 

102(50): p. 17958-63. 

55. Ha, J.S., et aI., Human serum albumin and its structural variants mediate 

cholesterol efJluxfrom cultured endothelial cells. Biochim Biophys Acta, 2003. 

1640(2-3): p. 119-28. 

56. Liu, R., et aI., The role of electrostatic interactions in human serum albumin 

binding and stabilization by halothane. J BioI Chem, 2002. 277(39): p. 36373-9. 

57. Petersen, C.E., et aI., Mutagenesis studies of thyroxine binding to human serum 

albumin define an important structural characteristic of subdomain 2A. 

Biochemistry, 1997.36(23): p. 7012-7. 

58. Bhattacharya, A.A., T. Grune, and S. Curry, Crystal/ographic analysis reveals 

common modes of binding of medium and long-chain fatty acids to human serum 

albumin. J Mol BioI, 2000. 303(5): p. 721-32. 

59. Eckenhoff, R.G .• et aI .• Inhaled anesthetic binding sites in human serum albumin. 

J BioI Chem, 2000. 275(39): p. 30439-44. 

52 



60. Ha, C.E., et aI.,Identification ofkey amino acid residues involved in specific 

interactions between digoxin and human serum albumin. Journal of Biochemistry, 

Molecular Biology, and Biophysics, 1999. 2: p. 201-207. 

61. Madison, J., et aI., Genetic variants of human serum albumin in Italy: point 

mutants and a carboxyl-terminal variant. Proc Natl Acad Sci USA, 1994. 

91(14): p. 6476-80. 

62. Takahashi, N., et aI., Amino acid substitutions in genetic variants of human serum 

albumin and in sequences infe"edfrom molecular cloning. Proc Nat! Acad Sci U 

SA, 1987.84(13): p. 4413-7. 

63. Simard, J.R., et aI., Location of high and low affinity fatty acid binding sites on 

human serum albumin revealed by NMR drug-competition analysis. J Mol BioI, 

2006.361(2): p. 336-51. 

64. Travis, J., et aI.,Isolation of albumin from whole human plasma andfractionation 

of albumin-depleted plasma. Biochem J, 1976. 157(2): p. 301-6. 

65. Glatz, J.F. and J.H. Veerkamp, Removaloffatty acidsfrom serum albumin by 

Lipidex 1000 chromatography. J Biochem Biophys Methods, 1983.8(1): p. 57-

61. 

66. Richieri, G. V., R. T. Ogata, and A.M. Kleinfeld, The measurement of free fatty 

acid concentration with the fluorescent probe ADIFAB: a practical guide for the 

use of the ADIFAB probe. Mol Cell Biochem. 1999. 192(1-2): p. 87-94. 

53 



67. Ricbieri, G.V., A. Anel, and A.M. Kleinfeld, Interactions of long-chain fatty acids 

and albumin: determination of free fatty acid levels using the fluorescent probe 

ADIFAB. Biochemistry, 1993.32(29): p. 7574-80. 

68. Ricbieri, G.V., RT. Ogata, and A.M. Kleinfeld, Equilibrium constants for the 

binding of fatty acids with fatty acid-binding proteins from adlpocyte, intestine, 

heart, and liver measured with the fluorescent probe ADIFAB. J Bioi Chern, 

1994.269(39): p. 23918-30. 

54 


