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ABSTRACT
The glycation of protein is a non-enzymatic post-translational modification targeting terminal
amines of positively-charged amino acids, and has been linked to the progression of diabetic
complications. Methylglyoxal (MG) is a potent glycating agent elevated in individuals with
prolonged hyperglycemia and in the elderly, with the ability to change both the structure and
function of protein. Due to its abundance and high molar-ratio of lysine and arginine, human
serum albumin (HSA) is highly susceptible to the effects of pathological glycaemia. Glycation of
HSA by MG has resulted in decreased affinity for several drugs and cellular metabolites, possibly
due to the glycation of amino acids responsible for electrostatic interaction and hydrogen bonding
within the ligand binding site. Among the molecules affected is bilirubin, a tetrapyrrolic
metabolic of heme, which binds to circulating HSA in a binding pocket housing the potential
glycation site R218.
Recombinant R218 variants, wtHSA, R218M, R218H, R218A, and R218E, were synthesized
to mimic the effects of glycation at this site, and used to study the how bilirubin binding is
altered. Our results suggest positively-charged and sterically hindering residues at position 218
discourage association. R218 unfavorably influence the binding of bilirubin, but its presence is
required in the event of glycation for proper function. Unglycated R218M and R218E had a Kd
two-folds greater than wtHSA while R218A had a 10-fold increase. Glycation severely depressed
affinity of bilirubin in all non-wtHSA. This suggests multiple site modification per mole of HSA,
and conformational changes resulting from allosterism is responsible the decreased functionality.
Although the absence of R218 is clearly implicated in the function of glycated albumin, further
studies will be needed to determine the exact mechanism of functional impairment.
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CHAPTER 1: Introduction
Background
1.1 Glycation from Hyperglycemia
Glycation is a spontaneous post-translational condensation of a monosaccharide
to an electrophilic macromolecule that occurs ubiquitously in all biological systems, and
is considered to be one of the most relevant forms of molecular damage associated with
chronic diseases.[1] Distinct from glycosylation, this process proceeds without an
enzyme and does not require a signal sequence, although certain substrates are more
likely to react than others. Aminolipids, deoxyribonucleic acids (DNA), and proteins
containing free amine (-NH2) and/or sulfhydryl (-SH) groups are all susceptible to
modifications by reducing carbohydrates, producing a wide variety of fluorescent and
non-fluorescent, sometime cross-linking, adducts collectively termed advanced glycation
endproducts (AGEs).[2] Such alternations not only jeopardize the chemical
characteristics and structural integrity of molecule, but can also diminish their biological
function and generate oxidative stresses resulting in a chronic state of inflammation.[2]
While the pathologies resulting from glycation are limited by the concentration of the
glycating agent, the degree of metabolic dysfunction can be exacerbated by
hyperglycemia, thus contributing to the progression of cardiovascular disease,
atherosclerosis, neuropathy, nephropathy, retinopathy, cognitive decline, and certain
cancers in individuals with poor glycemic control.
The pathophysiology from glycation mainly arise in those with hyperglycemia, a
complication of many metabolic and physiological disorders, acute or/and chronic,
characterized by higher concentrations of carbohydrate both intracellularly and within the
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circulatory system. Elevated blood sugar is known to occur transiently following
myocardial infaractions, during chromium deficiency, shock leading to multiple organ
dysfunction syndrome, from a pheochromocytoma, stress, and various drug usage. More
chronic forms are associated with diabetes mellitus, cystic fibrosis, hemochromatosis,
hypothalamic disease, and kidney disease, with considerable overlapping of these
conditions.[3] Etiologies include postprandial spikes, reduced insulin availability and
utilization, increased efflux of gluconeogenesis and glycogenolysis, decreased glycolysis
resulting from hormonal abnormalities, inflammatory processes, and the destruction of
pancreatic islets.[3]
Although glycation can occur at a basal level in all biological systems, the
problems associated with excessive glycation are usually only an issue in those with
chronic elevation of free sugars rather than hyperglycemic episodes. The process of
glycation is complicated. Several factors, including the type of macromolecule and
carbohydrate involved, pH, hydration, temperature, presence of metal ions or other
organic elements, and the duration of exposure can all contribute to the type and extent of
modification.
1.1.1 History of the Maillard Reaction
Protein glycation is the most widely studied and is considered to be the most
important causes of damage and loss to the human proteome.[4, 5] Lysinyl and argininyl
residues, particularly those with a low pKa, are highly reactive towards the reducing end
of sugars due to their greater nucleophilicity.[6] This can result in the amalgamation of
the sugar moiety onto terminal amine or a sulfhydryl group of an amino acid. The process
was first observed in 1912 by Louis Camille Maillard, a French physician and chemist,
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while attempting to synthesize peptides by heating amino acids with glycerol.[7, 8] His
research detailed several characteristics of the reaction, e.g. the formation of CO2 from
the carboxyl group of the amino acids, the dehydration of sugars resulting in the
formation of a double bond, the development of a brown pigment, the degree of reactivity
of different amino acids and sugar, and the possibility of the reaction occurring
spontaneous at 37 °C instead of at higher temperatures.[7, 8] However due to its
departure from the dogma of mainstream enzymatic biochemistry, Maillard’s work faced
opprobrium and only recently was his research recognized as relevant in the progression
of aging and diabetic pathologies.
Subsequent references to Maillard’s research in the half-century following his
death can be found in food chemistry and nutrition, relating to the browning observed
during ageing [9], and the fortification of consumable products to restore nutrients lost
during the manufacturing process while also increasing appeal and palatability.[7] It was
not until the decade following 1968 that the physiological importance of Maillard’s
reaction was recognized with the discovery of a minor fast-moving hemoglobin (Hb)
component that constituted about 5-7% of normal hemoglobin in healthy patients and 1015% in diabetics.[10] Further characterization led investigators to conclude that the
subset resembled the HbA1c variant which contained a hexose linked to the N-terminus of
the β-chain.[11] Recognition of the discovery’s clinical utility came shortly after as a
standard for measuring glycemic control since glycated hemoglobin is significantly
correlated with the mean fasting glucose, mean daily glucose, and highest daily glucose
values.[12-15]

3

Although the location of the glycation site on hemoglobin is the N-terminus
amine group of the β –chain, the covalent attachments of non-phosphorylated sugars at
other sites within have also been found, indicating that the glycative process is
nonspecific, and suggests that other proteins can be modified in a similar fashion.[16]
Indeed 35 plasma proteins, e.g. human serum albumin (HSA), serotransferrin,
haptoglobin and apolipoproteins, were found to be glycated in vivo. [6] The literature
frequently refers to the Maillard Reaction in protein chemistry as series of sequential and
parallel reactions divided in to three stages, representing the development of distinct
products that diversifies as the reaction proceeds through various means of modification.
These heterogeneous products are termed early, intermediate, and late glycation products
corresponding to the stage of progression leading up to the formation of a long-lasting
irreversible molecule.
1.1.2 Mechanism of Protein Glycation and Methylglyoxal Formation
The initial reaction of glycation starts with the reversible nucleophilic addition of
a reducing sugar to a lysine or arginine residue (Figure 1), where the C-1 aldehyde or C-2
keto-group of the carbohydrate reacts with the free ε-amino, or guanidino residues, to
form an imine (Schiff base). The rapid cyclization of the sugar adduct results in the
formation of an unstable N-substituted glycosylamine.[17] Next, rapid imine-enol-keto
tautomerization occurs to form a stable ketoamine, via an iminium intermediate, also
known as an Amadori product (e.g. 1-amino-1deoxy-D-fructose). Formation of this
molecule is an intermediate stage in the progression towards an AGE. Since the latter
rearrangement occurs more rapidly than the reverse reaction, the products accumulate
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Figure 1 Stepwise Formation of a Ketoamine (Amadori Product), followed by the
Formation of Advance Glycation Endproducts (AGEs)
The initial reaction starts with the nucleophilic attack of a reducing carbohydrate (Dglucose) to a terminal amine, in this case of an amino acid. Rearrangements result in
the formation of a ketoamine or Amadori Product. Further rearrangements and
oxidative cleavage finally yields AGEs, such as carboxymethyl lysine and pentosidine.
5

over time, especially on long-lasting proteins, e.g. collagen[18-20] and lens protein. [18,
21-23] Due to the instability of Amadori products under physiological conditions,
degradation occurs through a complex series of diverging reactions involving dehydrative
and oxidative cleavage, eventually leading to the formation of AGEs, such as
carboxymethyl-lysine (CML) and pentosidine. Two such pathways, the Namiki and the
autoxidative pathway, result in the formation of both an AGE and a secondary metabolite
that is more reactive than the initialing glycating carbohydrate.[24]
Recently attention has been given to a group of reactive dicarbonyl compounds,
particularly the α-oxoaldehyde methylglyoxal (MG), because of their propensity to form
AGEs directly and rapidly without the need for Amadori rearrangement through
oxidation of the Schiff base. The presence of MG is greatly amplified in diabetes, and
also in non-diabetic uremia with a significant loss of renal clearance.[25] The reactivity
of this three-carbon sugar is estimated to be approximately 20,000-folds greater than
glucose,[26] making MG a more relevant glycating agent in vivo, and may attribute to
AGE-mediated physiopathologies.
Although MG are mainly the product of non-enzymatic oxidation of triose
phosphates from glycolysis intracellularly, minor sources including the degradative
pathways listed above [27], the oxidation of hydroxyacetone from fatty acid
metabolism[28-31], and the oxidative deamination of aminoacetone in the catabolism of
threonine, glycine and tyrosin [28, 30, 32].

It has been estimated that the rate of

formation in human red blood cells, was ca. 120 µM/day [33] or 0.1 to 0.4% of the
glycolytic flux under normoglycemia.[34] Plasma MG likely results from its formation
in situ through autoxidation of glucose and other carbohydrates, cellular spill-out, leakage
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from injured cells, dietary sources, and production by intestinal flora [30] which
accumulates to concentrations ranging from the upper nanomolar (50-500nM) [35] to low
micromolar (1.0 to 4.5 µM) concentrations depending on the analytical platform used for
measurement.[30, 34] Nevertheless even at low concentrations MG has the potential to
cause significant irreversible modification to proteins.[36]
Due to the specificity of the initialing reaction, much of the damage associated
with AGE formation involves the loss of protein structure and function cause by the
modification arginine and lysine residues. At low concentrations, modification of only
arginine occurs to produce an imidazolone derivatives Nδ-(5-hydro-5-methyl-4imidazolon-2-yl)ornithine (Methylglyoxal-Derived Hydroimidazolone, MG-H1) and its
structural isomers MG-H2 and MG-H3 (Figure 2) Additionally MG is also known to
form the bulky fluorescence pyrimidine, Nδ-(5-hydroxy-4,6-dimethylpyrimidine-2-yl)-lornithine (argpyrimidine) [37], and Nδ-(4-carboxy-4,6-dimethyl-5,6-dihydroxy-1,4,5,6tetrahydropyrimidine-2-yl)-l-ornithine (tetrahydropyrimidine) [38], as well cross-linking
adducts, such as bis(lysyl)imidazolium cross-links labeled MG-derived lysine dimer
(MOLD), [39] which creates a covalent bridge between positive-charged amino acids
both intra- and intermolecularly.[40] Loss of proteomic function occurs when important
amino acid residues are modified. Since MG, and other reactive carbohydrates, target and
chemically alters both lysine and arginine, the ability to form salt bridges, hydrogen
bonds, and facilitate acid-base catalysis is compromised. This is especially true in the
case of arginines, which has a high-frequency of occurring in sites of protein–protein,
enzyme substrate and protein–nucleotide binding sites.[4] A bioinformatic analysis of
receptor binding domains has also indicated that arginine residues have the highest
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Figure 2 Direct Formation of Advanced Glycation Endproducts (AGEs) by
Methylglyoxal.
Similar the initial reaction by glucose, glycation is initiated by a nucleophilic attack by
MG to the amine or guanidine group of an arginine to yield several different AGEs.
Additionally cross-linking adducts can form resulting in a lysine dimer connect by a
carbohydrate.
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probability of being located in such sites (19.6%).[4, 41] Alterations in the conformation
[42, 43] and topography [44] of proteins have also been documented when modification
occurs at multiples sites, perhaps owning to the disturbance of intramolecular forces.

1.2 Human Serum Albumin
Human serum albumin (HSA) is a 585-amino acid, unglycosylated, heart-shaped
monomeric protein synthesized by hepatocytes but found most abundantly in the
extracellular fluid, i.e. circulatory system, at a concentration of 30-50 mg/dL. It is a
multifunctional protein with roles in maintaining oncotic pressure in the bloodstream,
buffering plasma pH, serving as a major antioxidant reservoir, and providing easteraselike

activity

for

mediating

cholesterol

esters

metabolism

and

prostaglandin

breakdown.[45] (Figure 3) However it most intriguing function is its ability to facilitate
the transport or sequester various endogenous, (i.e. fatty acids (FA) and cellular
metabolites/modulators) and exogenous compounds (i.e. anionic hydrophobic drugs).
Incorporating HSA-binding into the pharmacokinetics of a drug candidate remains a
significant hurdle for the approval of new therapeutic small molecules.
X-ray crystallographic studies show HSA is comprised of 3 homologous domains
(I, II, III), each divided further into two subdomains (IA, IB etc.) comprised of four or six
α-helices each.[46] The polypeptide is held together globally by 17 disulfide bonds, along
with numerous salt bridges, hydrogen bonds and hydrophobic interactions. The nature of
the HSA’s folding creates several heteromorphic hydrophobic areas inaccessible to
solvents, and provides space for ligands to binding. The unique architecture also confers
the protein with a high degree of stability and flexibility, allowing it to adopt different
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Figure 3 Functions of Human Serum Albumin (HSA)
HSA is known as a multipurpose protein. Its functions includes the regulation of oncotic pressure, maintaining plasma pH, antioxidant activities, and the transport and processing of various ligands, including fatty acids, cellular metabolites, hormones and
negatively-charged drugs.
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reversible conformations upon shifts in pH or, to a lesser extent, ligand binding.
Unsurprisingly, the primary sequence consists of an unusually high percentage of
cystienes, and charged amino acids (lysine and arginines) with a low occurrence of
tryptophan, glycine and methionine.[47]
1.2.1 Drug Binding Sites
HSA contains three distinct drug binding sites located in subdomains IB, IIA, and
IIIA, each having different affinities and stereospecificity for a particular molecule.
(Figure 4) The selectivity is governed by the shape, size, composition and polarity of the
binding pocket.[48] Considerable overlap exists between individual binding sites for
different types of ligand, and allosteric interactions or alteration in HSA conformation
are known to occur with the binding of some ligands.
Drug site I, located in the core of subdomain IIA, is a large hydrophobic pocket
preferentially binding bulky heterocyclic anions with a centrally delocalized
electronegative –charge (e.g. warfarin, phenylbutazone).[47-50]

Formed from six

helices, and a loop-helix feature from subdomain IB, the interior consists of mostly
hydrophobic amino acids, with two patches of polar, positively-charged locus at the
entrance and rear.[48, 51] Both hydrophobic and electrostatic interactions appear to be
vital in the binding site’s selectivity, while a high degree of flexibility allows for
accommodations of various drug sizes and conformations. The formation of hydrogen
bonds with Y150, H242, R222 and K199 also appear to have varying importance for
binding different compounds. Additionally this site is also known as FA binding Site 7;
capable of holding both medium and long chain FA, but only under hyperlipidemic
conditions.[47, 52, 53]
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Subdomain IIA
Drug Binding Site I

Subdomain IIIA
Drug Binding Site II

Large negatively-charged
heterocyclic compounds

Small aromatic carboxylic acids

Subdomain IB
Drug Binding Site III
Heme Binding Site

Figure 4 HSA Binding Sites.
Three drug binding sites are located in subdomains IB, IIA and IIIA, each
having different preference in ligands. Figure generated by Pymol using
PDB: 4K2C
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Drug site II is located in subdomain IIIA and has an affinity for aromatic
carboxylic acids with an extended conformation (e.g. ibuprofen, flufenamic acid) and a
distal negative-charge.[47-51] Similar to, although smaller than, drug site I, the binding
pocket is comprised of six helices lined internally by hydrophobic amino acids with
a single polar patch close to one side of the entrance.[48, 51] The sequence spanning this
pocket overlaps two high-affinity FA binding sites (FA site 3 and 4), where the presence
of a FA may displace whatever ligand is initially bound to this site.[53-55]
Recently a third drug binding site has been recognized for its tendency to act as a
secondary binding site to many drugs, in addition to serving as the primary binding site of
doxorubicin, sulphonamide derivatives, and cellular metabolites like heme and biliverdin.
[56-60] The hydrophobic pocket, located in subdomain IB, has been described as an
elongated L-shaped dock-like crevice gated by positively-charged residues R114, R117,
R186 and K190 [48, 61]. This site is alternatively known as the Heme Binding Site, and
similar to the other drug sites described above, this sequence is also another FA binding
site albeit with a lower affinity.[52]
1.2.2 Bilirubin and Bilirubin-HSA complex
Bilirubin is tetrapyrrolic compound derived from the metabolism of heme, of
which 70% is produced from the degradation of hemoglobin in senescent erythrocytes
that are sequestered and degraded by mononuclear phagocytic cells of the spleen, liver,
and bone marrow.[3] Other sources include the breakdown of non-hemoglobin
hemoproteins in the liver e.g. cytochrome P450, and ineffective erythropoiesis.[3]
The conversion of heme to bilirubin proceeds with the hydroxylation of an αmethylene bridge forming α-hydroxy-hemin by heme oxygenase, followed by
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autoxidation to biliverdin. Cytosolic biliverdin reductase then hydrogenates the central
methylene bridge, using NAD(P)H as a cofactor, to yield bilirubin.[62] Once in the
plasma, approximately 99.9% of bilirubin is transported to the liver by binding to the
high-affinity site on HSA, for mono- or di- glucuronidation and exported into the bile
canaliculus for excretion in feces. A small fraction of conjugated bilirubin is recirculated
back into the plasma, where it is sparsely filtered by the glomerulus for excretion in
urine.[3]
In normal healthy adults the total serum bilirubin concentration is <1-1.5
mg/dL.[3] Approximately 5% of circulating bilirubin is conjugated while the remaining
exists as its natural 4Z, 15Z isomer. Although bilirubin is comprised of numerous
electronegative elements, excessive intramolecular hydrogen bonding between the central
carboxylic group and carbonyl and amide groups of the peripheral pyrrole ring causes the
molecule to fold inwards, resulting in the exposure of only non-polar elements to the
solvent.[63] Due to its hydrophobicity, unbounded bilirubin has the tendency to form
colloidal aggregates which are lipophilic and have the potential to diffuse into
extrahepatic tissues causing bilirubin-associated toxicity.[64] Thus effective HSAmediated transport is essential for both sequestration and excretion of this metabolite.
Several studies have attempted to locate the physiologically-relevant, primary
binding site of bilirubin to elucidate the binding mechanism and to explain the increase in
plasma bilirubin concentration observed with the administration of certain drugs.[65]
Using proteolytic fragmentation, circular dichroism (CD), site-directed mutagenesis and
phage- display, many authors have indicated that the high-affinity site for the 4Z, 15Z
bilirubin isomer is in subdomain IIA (drug site I) [66-72], with a dissociation constant
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Biliverdin

4Z, 15Z Bilirubin
Extended Planar

θ = 90 °

θ = 90 °

P-Helicity

M-Helicity

Figure 5 Biliverdin & Conformation of 4Z, 15Z Bilirubin
Bilirubin is formed from the reduction of biliverdin. Unbound bilirubin exists different
conformers, of which excessive hydrogen bonding promotes folding to the M- and Phelicity and contributes to it insolubility in aqueous solutions unless bound to proteins.
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(Kd) of 10-7-10-8 M. Two other low-affinity sites have been located to subdomain IIIA
and IB, corresponding to drug sites II and III respectively, for a fully saturated ratio of 3
moles bilirubin per HSA. Additionally it appears that all three sites are stereospecific for
a particular bilirubin conformer. Two conformers of the P- and M- helicity, referred to as
“ridge tile” structures, are formed in an equimolar mixture where the two dipyrrole
moieties are oriented perpendicular (θ = 90°) to each other [69, 73, 74] (Figure 5) CD and
absorbance spectroscopy have indicated that the ridge tile conformation P-helicity is
preferentially bounded to both the high- and low-affinity sites in HSA.[72, 75, 76]
Although no crystallographic studies of HSA with the 4Z, 15Z isomer exists, the
stereospecificity has been attributed to the ligand’s interaction with the positivelycharged amino acids residues lining the binding pocket.

1.3 Glycated Human Serum Albumin
Due to its systemic circulation and status as being the most abundant protein in
the plasma, HSA is exposed to a multitude of oxidative environments leaving it battered
by many chemical agents. Glycation is considered to be one of the most physiologically
relevant post-translational modifications occurring in vivo with approximately 6-15% of
total HSA glycated in normal health adults.[77, 78] Both transient and chronic
hyperglycemia can increase the percentage to 20-30% [79], and upwards of >90% in
patients with extreme hyperglycemia.[80] Recent efforts have focused on determining the
consequence of such modification on the structure and conformation of HSA to explain
the alterations in protein functionality. Many studies have reported either an increase or a
decrease in albumin’s affinity for numerous ligands, both endogenous and exogenous,
which in a physiological context can imply a corresponding decrease or increase,
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Table 1 Effects of Methylglyoxal on HSA functionality
Studies using various methods have shown altered binding affinities and esterase activity
of MG-modified HSA.
Author (year
published)

Procedure

Effects

Kimzey M.J. et al.
(2010)

Molecular dynamics and
affinity docking

 Warfarin affinity
(Suggested)

Baraka-Vidot J. et al
(2012)

HPLC

 Increased unbounded
Warfarin
 Increased unbounded
ketoprofin

Mera K. et al.
(2010)

Ultrafiltration

 Warfarin affinity
 Ketoprofin affinity

Ahmed et al. (2005)

Ultrafiltration followed by
HPLC

 Ketoprofin affinity
 Esterase acitivity
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respectfully, of the biologically active unbound fraction in a patient’s plasma. (Table 2)
Such changes are theoretically benign for most therapeutic agents, but slight differences
in the plasma concentration of drugs with narrow-therapeutic indexes, e.g. warfarin, and
may result in an insufficient pharmacological response, or produce unacceptable
cytotoxicities. Thus insight into glycation-mediated functional impairment may prove
valuable in preventing adverse drug reactions.
Due to the selective reactivity of carbohydrates for lysinyl and argininyl residues,
it has been proposed that the altered binding affinity results from the modification of
amino acids essential for ligand interactions. Protein fragmentation, followed by reversephase high pressure liquid chromatography (HPLC), liquid chromatography mass
spectroscopy (LC/MS), LC/MS/MS, or matrix-assisted laser desorption/ionization timeof-flight mass spectrometry (MALDI-TOF MS) with or without isotropic/radio labeling,
has successfully been used to identify susceptible amino acid residues. [81-86] A recent
review by Anguizola et al. have found documentation of glucose-mediated modifications
occurring at all 59 lysines in vitro and up to 21 of the 23 arginines [87], however it is
worth noting some of these studies used extrasupraphysiological concentrations of the
glycating agent in their procedure. HSA glycated in vivo is known to occur consistently at
only a few sites. Since the extent of glycation is linear in respects to the concentration of
the modifier and incubation time [79], manipulation of these two factors can generate a
glycated HSA (gHSA) model similar to gHSA founded in vivo. Ahmed and Thornalley
have produced minimally-glycated HSA using a 5-fold excess of MG to reflect the
molecular mass changes of normal and diabetic HSA.[39] Their product resulted in a
transport protein capable of being recognized by cell surface receptors of human
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monocytic THP-1 cells for endocytosis, a response similar to that of HSA glycated in
vivo.[88] The “hotspot” for modification was determined to preside at R410. Other sites
of minor glycation include R114, R186, R218, and R428 which all reside in important
areas for ligand binding. Altogether the minimal glycation resulted in an inhibition of
ketoprofen binding and esterase activity associated with drug site II.[89] If the
modification of a resident amino acid in drug site II (R410) resulted in a decrease binding
affinity and enzymatic activity at drug site II, it is plausible to assume that modification
of amino acids at other sites (R218 in drug site I, and R114 and R186 in drug site III)
may present a similar phenomenon.
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Chapter 2: Overview of Research
2.1 General Overview
The presented work seeks to delineate the role of MG glycation on the binding of
bilirubin to its high-affinity binding site by focusing on the properties of an important
arginine residue. Given the decreased affinity of MG-modified HSA for drug site 1
ligands like warfarin, we hypothesize a similar trend will be seen with the affinity of
bilirubin, with specific implication in the glycation of R218. Thus an increase in the
dissociation constant (Ka) can be seen upon glycation.
Earlier studies have indicated that glucose-modified HSA exhibit a slight decrease
in affinity for bilirubin by about 20% and 50% [43, 90], presumably due to changes
within the binding site that discourages interaction with the cellular metabolite. Many
attempts in locating the glucose-mediated glycation site have singled out K199, a lysine
buried at the rear of drug site I, as a possible location of interest.[91, 92] It has been
suggested that the altered affinity may be the result of a chemical and structural
modification at this site. However unlike glucose, MG is preferential to arginine resides
at physiologically relevant concentrations. Of the documented sites glycated by MG,
R218 lies at the entrance of the same hydrophobic pocket and has been consistently
reported to be a minor component of the total glycation.[81-85, 89] (Table 2) Due to this
arginine’s involvement in hydrogen bonding and salt bridges, it is proposed that the loss
of the guanidino group and the increased steric hindrance, caused by the addition of a
carbohydrate moiety, may act in a similar fashion as lysine glycation in preventing proper
protein-ligand interactions. Indeed several studies have documented a reduced affinity of
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Table 2 Documented Lysine and Arginine Residues Modification in HSA.
Glycation lysine and arginine residues in HSA by various glycating agents have been
documented using different methods of detection. A common glycated residue is R218.
Author (year
published)
Guerin-Dubourg A. et
al. (2010)

Glycating agent

Procedure

Modification sites

30mM Glucose

Incubation (37°/24
hours): C12/C13 labeling,
boronate affinity
chromatography, LCMS/MS

Barnaby O. et al.
(2010)

15 mM Glucose

Barnaby O. et al.
(2011)

24-Fold Excess
Glucose

Incubation (37°/5
weeks): O16/O18 labeling,
peptide fractionation,
MALDI-TOF MS
Incubation (37°/2-5
weeks): O16/O18 labeling,
peptide fractionation,
MALDI-TOF MS

K525, K240, K233,
K51, K136, K137, K73,
K41, K64, K93, K106,
K159, K174, K181,
K195, R218, K262,
K274, K323, K359,
K372, K378, K389,
K402, K413, K432,
K436, K439, K444,
K466, R472, K475,
K500, K519, K573
K159, K212, K323,
K413, K432, K439,
K525, R81, R114, R218

Ahmed N. et al. (2004)

500µM Methylglyoxal

Siberrsen C. et al.
(2013)

100 µM Alkyne-tagged
Methylglyoxal

Kimzey M.J. et al.
(2010)

100 µM Methylglyoxal

Incubation (37°/24
hours): LC-MS/MS,
peptide fractionation
Incubation (37°/24
hours) peptide
fractionation, MS
incubation at(37°/18
hours)
Trypsin digestion/LC–
LC–MS/MS
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Likely
sites:
Nterminus, K4, R10,
K51, K525, K524,
K281, K276, K286,
K41, K93, R98, K419,
R114,
R117, K439,
R428, K64, K73, R81,
R144, R145, K159,
K199, K212, R218,
R257, R336, K378,
K389, K414, K519
R410, R114, R186,
R218, R428
R81,
R145,
R186,
R209, R218, R222,
R257, R348, R410,
R428, R445, R485,
R10, R81, R98, R186,
R109, R218, R222,
R257, R348, R410,
R428, R472, R485

MG-glycated HSA for warfarin, the prototypical ligand for drug site I, to what some
authors attributed to as the loss of non-covalent interactions by R218.[85, 90, 93, 94]
Although the specific role of R218 in bilirubin interaction is currently unknown, a
previous investigation has shown the blocking of 10 arginine residues by a similar
dicarbonyl compound prevents bilirubin binding.[95]
Therefore it is hypothesized that since R218 is in the vicinity of bilirubin binding
site, in vitro glycation, presumably of this site by MG, will decrease HSA’s affinity for
the tetrapyrrolic compound. The investigation into the mechanism of altered binding was
be partaken under two specific aims:
1) Specific Aim 1: To determine the effects MG glycation impose to bilirubin
binding at two concentrations to reflect a) a physiological (1 µM) concentration
where the glycating quantity resembles plasma MG under hyperglycemic
conditions and b) at a supraphysiological (200 µM) concentration at which the
HSA molecule will be modified to a similar extent as a diabetic patient, where
glycation occurs at one or two sites on the protein.
2) Specific Aim 2: To determine the role of R218 in the binding to bilirubin to its
high-affinity binding site under glycating and non-glycating conditions,
recombinant wild-type (wtHSA) and four R218 mutants were synthesized using
the Pichia pastoris Protein Expression Kit. All variants are then glycated and their
resulting Kd was compared to their unglycated counterpart.
The goal of the first aim is to determine whether glycation at the two concentrations
results in a change of the microenvironment within drug site I. This can be monitored by
exploiting the fluorescence characteristics of the sole tryptophan residing at the center of
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the interested binding pocket. Differences in the quantum yield of the indole group upon
glycation can be interpreted as spatial rearrangements, while shifts in peak fluorescence
towards the blue or red spectral ends can signify alterations in the polarity of the
hydrophobic pocket’s internal lining. To determine if these changes results in altered
binding affinity for bilirubin, total binding can be determined by incubating HSA and the
two glycated HSA samples with bilirubin at a bilirubin:HSA ratio of 2, and the number
bound per mole can be calculated using a standardized horseradish peroxidase method.
[65, 96]
The second aim seeks to compare the Kd of the glycated HSA variants to their
unmodified counterparts. Recombinant wtHSA (R218), R218M, R218H, R218A, and
R218E will be synthesized using the Pichia Expression Kit, and the Kd can be determined
by generation of a binding isotherm. The selections of mutations are based on the
differing chemical and structural properties of the amino acid at the 218 position. The
effect of an amphiphilic, a shorter positively-charged, a sterically unhindered, and a
negatively charged amino acid will be examined to derive a molecular basis for reduced
bilirubin affinity. It is hypothesized that since R218 is a potential site for glycation, only
the glycated wtHSA will exhibit a difference in binding affinity compared to the
unglycated, while the glycated R218 variants will show little to no alteration in binding
bilirubin. Both the glycated and unglycated HSA variants will be titrated with increasing
amounts of bilirubin and the unbound concentration after each addition will be measured
using the methods above. If the glycated wtHSA resembles any of the unglycated mutant
variants, especially R218M since glycation would abolish the positive-charge of R218, a
conclusion can be made about the chemical characteristics of the particular arginine.
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Glycation of the other variants may also provide insight into how glycation at other sites
distance from the high-affinity site may affect bilirubin binding and interaction.

2.2 Significance
The ultimate goal of this project is to determine how R218 contributes to the
binding of bilirubin at its primary site in subdomain IIA, and to propose a mechanism
explaining how MG-mediated glycation might affect wtHSA and its variants. Much of
HSA’s activity relies on the availability of a single amino acid, e.g. K199 for binding,
C34 for antioxidant properties, and R410 for esterase activity, such that the removal or
alteration of a specific amino acid is enough to significantly alter, or completely abolish,
function. Since the late 1960s, approximately 70 different single-site polymorphisms
have been identified, with several eliciting either reduced or enhanced function of
varying degree. The expression of two HSA variants FDH-1 and FDH-2, isolated from
unrelated families of Portugal and Japanese descent respectively, results in familial
dysalbuminemic hyperthyroxinenia (FDH), a condition where total serum levels of
thyroxine is elevated while free thyroxine is normal.[97] Investigations into the molecular
basis have attributed this clinical presentation to a missense mutation leading to the
substitution of R218 for the shorter amino acid histidine and proline respectively.
Increased spatiality provided greater accessibility for thyroxine to enter the binding site
and form the appropriate interactions for docking.[97-99]
Glycated albumin exhibits different behaviors than its unmodified form. To the
best of our knowledge, all studies have shown incubation with MG and HSA decreases
its binding capacity for all the ligands investigated, while with glucose-mediated
glycation the affinity for a certain ligands can either be increased or decreased. However
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it seems glycated HSA’s affinity for bilirubin is reduced regardless of the glycating agent.
Physiologically this may equate to elevated unbound, unconjugated serum bilirubin
levels.
Until recently bilirubin was considered to be metabolic toxin due to its propensity
of diffusing into extravascular compartments, impairing mitochondrial function and
inducing apoptosis of certain cells, especially neurons within the central nervous system
(CNS). If the blood-brain barrier is compromised, or underdeveloped i.e. neonates, highly
elevated unbound and unconjugated bilirubin concentrations can lead to the development
of bilirubin-induced neurological damage through membrane perturbances that cause
neuronal excitotoxicity, mitochondrial energy failure, or increased intracellular calcium
cation concentration.[100]
Although highly elevated plasma bilirubin is still considered a significant risk
factor for neurological impairment, current evidence suggests mild elevations may be
beneficial in the prevention of several chronic metabolic disorders such as kidney disease
and is associated with reduced cardiovascular mortality.[101] Plasma bilirubin levels
have also been directly correlated with serum and plasma antioxidant capacity; up to 10%
of the total antioxidant capacity of healthy adults.[102-104] One theory of the molecular
mechanism, although heavily debated, involves a continuous cycle of bilirubin oxidation
by oxidative stressors to biliverdin, and its regeneration by biliverdin reductase.[105,
106] Thus a small about of bilirubin can serve as a potent renewable source of
antioxidants. Unfortunately this reservoir is reliant on circulating bilirubin, which is only
available if bound to albumin, since bilirubin is insoluble in aqueous solutions, glycated
albumin may ameliorate the benefits of mildly elevated plasma bilirubin.[107]
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Not only will this study provide insight into the binding mechanism of bilirubin, it
will also provide information on how glycation affects the binding of other molecules,
particularly hydrophobic drugs where protein-mediated transport are required for their
systematic distribution. This perversion could contribute to the altered pharmacokinetic
and pharmacodynamics observed in diabetics, [108] although it appears to be only a
portion of the total pathology attributed to hyperglycemia. HSA is often used as a protein
model due to its abundance, variety of binding sites, potential enzymatic activity, and
ergonomics. Any alternations in its function can be translated cautiously to the catalytic
site of other proteins with similar amino acid composition or conformation.
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CHAPTER 3: Materials and Methods

3.1 Glycation
Glycated HSA of varying degrees was created by incubating 40 µM of
commercial HSA (Sigma) dissolved in 67 mM phosphate buffer, pH 7.4, with 1 or 200
µM of methylglyoxal (MP Biomedicals, LLC) at 37°C for 48 hours to produce gHSA (1
μM MG) and gHSA (200 μM MG) respectively. The first concentration reflects a
physiological concentration of MG found in diabetic plasma, while the second
concentration represents a 5-fold excess to generate minimally-glycated HSA, as outlined
by Ahmed et al. where glycation occurs at 1 or 2 sites per mol HSA.[83, 89] Similar
procedure was used to prepare a control solution of HSA incubated without the addition
of glycating agent.
Recombinant wtHSA and mutant variants (R218M, R218H and R218E) at a
concentration of 40 µM were glycated to 200 µM of MG using the same method for
generating gHSA (200 μM MG). Due to limited sample availability, R218A at 20 µM
was glycated with 100 µM of MG. Dilutions were made by addition of 67 mM phosphate
buffer, pH 7.4, with 10 mM diethyl-enetriamine penta-acetic acid (DETAPAC).

3.2 Measurement of Tryptophan fluorescence
HSA contains a single tryptophan in the subdomain IIA binding pocket which is
often used as an intrinsic probe to evaluate the structural and conformational integrity of
the site when modified or coupled with ligands. Changes in the microenvironment of
tryptophan can be detected by analyzing differences in the quantum yield or shifts in peak
fluorescence towards the blue or red spectrum compared to the unglycated HSA.
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The tryptophan fluorescence intensity spectrum of glycated (1 µM and 200 µM
MG) and non-glycated commercial HSA were measured with a QM-1 spectrafluorometer
(Photon Technologies Int., Edison, NJ) as described by Petersen et al.[69] Samples were
exited at 295 nm, to avoid contributions from tyrosine fluorescence, with a 2.0 nm
bandpass and the emission intensity was collected through a monochrometer from 320 to
500 nm. For all samples, 800 µL of a 40 µM HSA solution was placed in a dual-path
length quartz cuvette (10 x 2 mm), with the short path length oriented towards the
emission side. A fluid temperature circulator maintained the temperature at 37°C
throughout the measurements. Each sample was measured in triplicates and averaged to
produce the final spectrum. Background fluorescence from the buffer was corrected by
subtracting its emission spectra from the spectra of each sample.

3.3 Synthesis and Purification of Recombinant HSA
The selection of R218 variants was based on the hypothesis that different
chemical and structural functional groups at that location will influence the binding of
bilirubin to its high-affinity binding site. The substitution of arginine for histidine is
intended to represent a structural alteration, since histidine is both shorter and bulkier,
while conserving the chemical characteristics of a positive-charged amino acid. Similarly
a glutamate at position 218 will provide insight into the effects of increased spatiality, but
with an opposing negatively-charged functional group. Methionine and Alanine are both
non-polor amino acids with differences in length. Methionine is of a similar length as
glutamate making the comparison a matter of polarity, while alanine presents a non-polar
moiety with a significantly shorter functional group.
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Due to the potential of R218 in wtHSA for glycation, substitution of this site to an
amino acid incapable of becoming glycated, while having different characteristics can
help elucidate a mechanism to explain the altered binding capacity observed in diabetic
patients.
The techniques used to synthesize and purify recombinant HSA have been
described in previous studies [69, 97-99] using the Pichia pastoris protein Expression Kit
(Invitrogen Corporation, San Diego, CA).
Briefly the entire coding region of the ALB gene, including the native sequence
was amplified from human liver cDNA by polymerase chain reaction (PCR) using vent
DNA polymerase. Primers containing a single base-pair mismatch with the DNA
sequence corresponding to the codon for the desired mutation were used to initiate the
reaction. The resulting amplified DNA was inserted into the plasma vector pHiL-D2
downstream of an inducible alcohol oxidase 1 (AOX1) promoter using standard
techniques. pHiL-D2 is a shuttle vector that can be introduced into Escherichia coli for
cloning. (Figure 6)
After digestion with Not1 the linear sequence was electroporated into Pichia
pastoris strain GS115, and double homologous recombinants were selected for on
histidine-deficient (-HIS) minimal dextrose media plate. Recombinant yeast containing
the appropriate recombinant promoter and sequence are further negatively-selected for by
replica plating on –HIS minimal methanol (MM) and -HIS minimal dextrose (MD) media
plates. Slow growing yeast on –HIS MM media were selected and cultured on Yeast
Peptone Dextrose media. After culturing in Buffered Minimal Glycerol (BMGY) media,
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yeast were transferred to Buffered Minimal Methanol (BMMY) media for large-scale
expression. (Figure 7)
Induction of the AOX1 promoter with spikes of 10% methanol continued the
expression. Secreted HSA was isolated from the growth media by salting out the BMMY
supernatant with ammonium sulfate to 50% saturation at 4°C and the pH was adjusted to
HSA’s isoelectric point of 4.4. The precipitated HSA was collected by centrifugation and
suspended in phosphate buffered saline (PBS). Dialysis was conducted against purified
distilled H2O, followed by PBS, at 4°C using a cellulose membrane tubing (Spectrum
laboratories, Inc., Rancho Dominguez, CA) with a molecular weight cut-off of 12,00014,000 Daltons.
The HSA solution was loaded into a column of Cibracon Blue immobilized on
Sepharose 6B (Sigma-Aldrich, Inc., St. Louis, MO) using a Biologic LP (Bio-Rad Inc.
Hercules, CA) liquid chromatography system. After washing with 2 bed volumes of PBS,
HSA was eluted with 3M sodium chloride. The eluent was further dialyzed against
purified distilled water and PBS. The HSA solution is then concentrated by ultrafiltration
and resuspended in 67 mM phosphate buffer to the desired concentration. (Figure 8)
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Not 1
5’ PAOX1

pBR322

EcoR 1

f1 Origin
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pHIL-D2
EcoR 1
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3’ AOX1 Transcription
Termination
Not 1
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HIS 4

Figure 6 pHIL-D2 Plasmid
ALB gene from human liver cDNA with native signal sequence is inserted into plasmid
vector pHIL-D2 downstream of a strong inducible promoter. Using this template for
PCR, mutant variants are created using DNA primers with 1 primer containing a single
base-pair mismatch. (R218A, R218E, R218H, R218M mutants and wtHSA).
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Figure 7 Recombination Event in P. pastoris Genome
After Not1 digestion of the pHIL-D2 plasmid, the linear sequence is electroporated into
P. pastoris Strain GM115. Double homologous recombination event leads to the
incorporation of the HSA gene into the yeast genome.
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Figure 8 Selection, Expression and Isolation of recombinant HSA
P. pastoris yeast is plated on histidine deficient (-HIS) minimal dextrose (MD) media
plate. Colonies on –HIS MD plates are replica-plated onto –HIS Minimal dextrose (MD)
and –HIS minimal methanol (MM) plates. Colonies unable to grow on –HIS MM are
selected and grown in buffered minimal glycerol media (BMGY) before being transferred
to buffered minimal methanol (BMMY) media for protein expression spiked with
methanol for 4 days. HSA variants are purified by affinity chromatography using
cibacron blue immobilized in Sepharose resin.
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3.4 Measurement of Bound and Unbound Bilirubin
Unbound bilirubin was measured using the peroxidase oxidation method
developed by Jacobsen and Wennberg [109] which is based on the premise that bilirubin,
a reddish-orange pigment, is oxidized to colorless dipyrrolic and pyrrolic compounds,
with first-order kinetics, in the presence of peroxidase (HRP) and hydrogen peroxide
(H2O2), while albumin-bound bilirubin is spared from destruction. Determination of
unbound bilirubin concentrations using this method is based on the following
assumptions: 1) Only unbound bilirubin is available for oxidation. 2) The protein-ligand
complex reaches equilibrium rapidly and the rate of bilirubin-HSA dissociation (Kd) is
much greater than the rate of oxidation, thus any dissociation from albumin is also
rapidly reestablished. 3) HRP follows Michealis-Menton kinetics where the concentration
of bilirubin is below its Km of 8x10-4 M [96], therefore the relationship between bilirubin
concentration and its oxidation rate is linear.
When standardized to a single HRP concentration and excess H2O2, the velocity
of peroxidase activity (V0) can be measured as the initial decrease in absorbance at 460
nm (A460), and is directly proportional to the concentration of unbound bilirubin:
𝑉0 = (

|∆𝐴460 | 1𝑐𝑚
)𝜀
= 𝐾𝑝 [𝑢𝑛𝑏𝑜𝑢𝑛𝑑 𝑏𝑖𝑙𝑖𝑟𝑢𝑏𝑖𝑛][𝑏𝑜𝑢𝑛𝑑 𝑏𝑖𝑙𝑖𝑟𝑢𝑏𝑖𝑛]0
∆𝑡

The concentration of bilirubin is estimated using its extinction coefficient, ε1cm = 48,000
per mol, and the velocity is derived by plotting the absorbance over a duration of time.
The rate constant of unbound bilirubin oxidation (Kp) is determined in a separate reaction
without albumin by plotting the V0 from a series of bilirubin concentrations:
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|∆𝐴460 | 1𝑐𝑚
∆𝑡 ) 𝜀
𝐾𝑝 =
[𝑢𝑛𝑏𝑜𝑢𝑛𝑑 𝑏𝑖𝑙𝑖𝑟𝑢𝑏𝑖𝑛]
(

The bilirubin for this reaction is estimated using ε1cm = 47,500 per mol at 440 nm. Linear
regression through the initial rate data is used to calculate the Kp at the single HRP
concentration. Once this is known, the concentration of bilirubin can be calculated and
the number bound can be generated by subtracting the unbound fraction from total
bilirubin.
To measure the binding capacity of unglycated HSA, gHSA (1 μM MG) and
gHSA (200 μM MG), 30 µM was incubated with 60 µM of bilirubin at 37°C for 20
minutes prior to dispensing 200 µL of the bilirubin:HSA solution into a 96 well-plate. All
bilirubin stock solution was prepared by dissolving bilirubin in 1 mL of 10 mM NaOH,
and diluting to the desired molarity with 67 mM phosphate buffer containing 10 mM
DETAPAC. The oxidation reaction was initiated by addition of freshly diluted H2O2 to a
concentration of 1 µM, and HRP to a concentration of 1 nM. The reduction in absorbance
was recorded by a Model 680 Microplate Reader (Bio-Rad Laboratories, Inc. Hercules,
CA) at a λabsorbance of 450 nm for 10 minutes at 37°C. V0 was calculated using the
accompanying software, M.Wave Professional, and the unbound bilirubin concentration
was determined by extrapolating the rate of oxidation of bilirubin to a linear regression
prepared by plotting the oxidative rate vs. bilirubin concentration.
Binding isotherms of wtHSA, R218 variants, and their glycated counterparts was
generated by titrating the HSA solution with bilirubin and measuring the unbound
bilirubin using the same peroxidase method as described above with a few modifications.
Briefly 2 µL of bilirubin solution and freshly diluted H2O2 was dispensed to a
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concentration of 1 µM into a 1-cm path length semi-micro UV cuvette (12.5 x 45 mm)
containing 800 µL of a 10 µM HSA solution. The oxidation reaction was started upon the
addition of HRP to a concentration of 1 nM. The rate of decreasing absorbance at 460 nm
was monitored for 60 seconds using a UV-1600PC, UV/Vis spectrophotometer (VWR
International, Radnor, PA) at 30°C and values were recorded using the Felix software
(Photon Technologies Inc., Edison, NJ) provided with the instrument. Subsequent
titration measurements were conducted by the addition of 2 µL of bilirubin to the solution
and repeating the reaction until a ratio of 2 was reached. To determine the Kp for a
standard peroxidase concentration, a separate titration under identical conditions without
HSA was conducted to a concentration of 3-4 µM and a linear regression of the oxidative
rates, read at 440 nm, was used to determine the oxidative rate constant. Each titration
was completed in triplicates and all data used to generate linear regressions and binding
isotherms was averaged and imputed into the computer program Prism (Graphpad, La
Jolla, CA). The number bound was determined by subtracting the calculated unbound
bilirubin concentration from the initial concentration estimated at the start of each
reaction and dividing that resulting value by the concentration of HSA. Only data
reflecting a bilirubin:HSA ratio up to 1 was used for calculation, with the exception of
R218A where the unbound fraction measured until the ratio of 1.5 was used. CD studies
have indicated that up until the ratio of 1, bilirubin only occupies the high-affinity
binding site.[110] The increased limit of R218A was due to data indicating binding to a
single site at higher ratios. The Kd for each HSA variant and their glycated counterparts
were determined by fitting the titration curve to a single binding site model with a Bmax of
1.
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CHAPTER 4: Results
4.1 Tryptophan Fluorescence
Fluorescence measurements showed a nonlinear decrease in tryptophan
fluorescence of glycated HSA in proportion to the amount of glycating agent (Figure 9).
Surprisingly gHSA (200 μM MG) only emitted a slightly lower quantum yield than
gHSA (1 μM MG) with a decrease in fluorescence of 9.4% and 16.2% respectively
compared to unglycated HSA. No shifts in peak intensities were observed in the emission
spectra from 320 to 420 nm indicating no change in the polarity of the tryptophan
microenvironment.

4.2 Binding affinity of unglycated and glycated HSA
The binding affinity of two glycated and single unglycated HSA to bililubin was
analyzed using a one-way ANOVA followed by a Dunnet’s Multiple Comparison Test of
the unbound bilirubin at a ratio of 2. The resulting data indicated no significant difference
in the binding affinity of glycated HSA (1 µM MG), (bilirubin:HSA ratio: 1.13±0.12),
compared to unglycated HSA (1.40±0.09), but a significant difference is noted when
glycated HSA (200 µM MG), (0.58±0.12), is compared to the control. Glycated HSA
(200 µM MG) appears to have one-third of the bilirubin binding affinity of unglycated
HSA despite not exhibiting a noted perturbance around the tryptophan where bilirubin is
primarily bound. (Figure 10)
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Figure 9 Tryptophan Fluorescence of Unglycated and Glycated HSA
Unglycated HSA (──), glycated HSA (1µM MG) (▪▪▪) and glycated HSA (200
µM MG) (- - -) 1 mL of unglycated and glycated HSA, with 1 µM and 200 µM
of MG, exited at 295 nm. Emission spectra were collected between 320 and
420 nm. Compared to unglycated HSA, glycated HSA showed a nonlinear
decrease in fluorescence (9.4% and 16.2% respectively) in response to
increasing concentrations of glycating agent.
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Figure 10 Bound Bilirubin: HSA ratio.
60 µM of bilirubin was added to 30 µM of HSA glycated with 1µM and 200
µM of MG, and unglycated HSA. Bounded bilirubin:HSA ratio was
calculated by measuring the rate of oxidation with the addition of 1 nM HRP
and 1.75 nM of hydrogen peroxide. The ratios are as followed: HSA
(1.40±0.09), HSA (1µM MG)(1.13±0.12), HSA (200 µM MG)(0.58±0.12).
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4.3.1 Binding studies of Bilirubin binding to wtHSA and R218 mutant HSA
The binding isotherms of wtHSA and HSA mutants were analyzed under the
purview of a single binding-site model using Graphpad Prism software with a Bmax
constraint of 1. Comparison of each data set was achieved using the extra sum-of-squares
F test against the best-fitted parameter of wtHSA. Compared to the recombinant wtHSA
the Kd values (Table 3) of HSA mutants with hydrophobic and negatively-charged
residues, R218M and R218E, displayed an approximate 2-fold increase in affinity
(p<0.01) for bilirubin, whereas the R218A substitution increased the binding affinity by
about 10-folds (p<0.0001). Replacement of arginine at position 218 with histidine
(R218H), another positively-charged amino acid, did not significantly affect the binding
affinity (p>0.06). (Figure 11-16)

4.3.2 Binding studies of Bilirubin to minimally glycated wild type and R218
mutant HSA
Using the same analysis as described above, the binding isotherms of MGglycated wild type and R218 mutant HSA were compared to the parameters of both
unglycated wtHSA and their unglycated counterparts. Based on the calculated Kd,
glycation of wtHSA produced a negligible effect on the affinity for bilirubin (p>0.05),
while the MG-modification to all mutated HSA appears to have significantly abolished
the advantage acquired by the position 218 site-mutation (p<0.01), including histidine,
which when unglycated did not show much difference from wtHSA. Compared to their
unglycated counterparts, substitutions containing hydrophobic amino acids, methionine
and alanine, appear to have the most dramatic effects when glycated, with a more than
53-fold and 32-fold decrease in binding affinity respectively. Interestingly R218H, which
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had a negligible effect on bilirubin binding, also exhibited a large decrease in affinity by
about 20-folds. A smaller 3.8-fold decrease is seen with R218E. (Figure 11-16) The Kd
for both the glycated and unglycated HSA are displayed in Table 3.
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Figure 11 Binding Isotherm of Glycated and Unglycated wtHSA
Glycated wtHSA (200 µM MG) (- -■- -) and Unglycated wtHSA(─●─). The
bind isotherm is generated by measuring the unbound bilirubin using the
Horseradish Peroxidase Method as 10 µM of HSA is titrated with
unconjugated bilirubin to a ratio of 1, in triplicates.
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Figure 12 Binding Isotherm of Glycated and Unglycated R218M
Glycated R218M (200 µM MG) (- -■- -) and Unglycated R218M (─●─). The
bind isotherm is generated by measuring the unbound bilirubin using the
Horseradish Peroxidase Method as 10 µM of HSA is titrated with
unconjugated bilirubin to a ratio of 1, in triplicates.
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Figure 13 Binding Isotherm of Glycated and Unglycated R218H
Glycated R218H (200 µM MG) (- -■- -) and Unglycated R218H (─●─). The
bind isotherm is generated by measuring the unbound bilirubin using the
Horseradish Peroxidase Method as 10 µM of HSA is titrated with
unconjugated bilirubin to a ratio of 1, in triplicates.
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Figure 14 Binding Isotherm of Glycated and Unglycated R218A
Glycated R218A (200 µM MG) (- -■- -) and Unglycated R218A (─●─). The
bind isotherm is generated by measuring the unbound bilirubin using the
Horseradish Peroxidase Method as 10 µM of HSA is titrated with
unconjugated bilirubin to a ratio of 1, in duplicates.
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Figure 15 Binding Isotherm of Glycated and Unglycated R218E
Glycated R218E (200 µM MG) (- -■- -) and Unglycated R218E (─●─). The
bind isotherm is generated by measuring the unbound bilirubin using the
Horseradish Peroxidase Method as 10 µM of HSA is titrated with
unconjugated bilirubin to a ratio of 1, in triplicates.
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Table 3 Dissociation Constant (Kd) of Unglycated and Glycated HSA isoform
The average Kd values determined by the horseradish peroxidase method are shown for the binding of each HSA to
unconjugated bilirubin. Values represent ± 1 standard deviation from triplicated, with the exception of R218A which was done
in duplicates.
Dissociation Constant, Kd (µM)
Unglycated HSA

wtHSA
0.205 ± 0.0463

HSA glycated with 200 µM MG 0.277 ± 0.035

R218M
R218H
R218A
R218E
0.0958 ± 0.0095 0.1534 ± 0.0105 0.0198 ± 0.0020 0.0936 ± 0.0187
5.234 ± 0.7340
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2.829 ± 0.3662

0.6379 ± 0.0164 0.3613 ± 0.0245

CHAPTER 5: Discussion

The glycation of proteins by MG represents a set of detrimental post-translational
modifications because of its high reactivity and selectivity towards arginines, an amino
acid highly involved in electrostatic interactions, hydrogen bonding, and acid-base
catalysis. Due to its abundance in the circulatory system, unique amino composition, and
protein architecture, HSA is a primary target for glycation. Of the 29 constituting
arginine residues, more than half have been documented, or have been suspected of being
modified by reducing carbohydrates, although the majority is seen only with extraneously
high concentration of the modifying agent. Amongst the five most citied arginine
glycations, R218 lays in a physiologically relevant binding pocket of subdomain IIA
where modification of the residues has been suspected of causing altered binding affinity
towards some ligands.
The original intention of this study was to determine how glycation affects
bilirubin binding with a focus on R218 modification. Our first aim examined the effects
of HSA glycation with two different MG concentrations by monitoring the reduction in
tryptophan fluorescence. Any differences in the fluorescence spectra can be implied as
changes within the microenvironment of the hydrophobic binding pocket. It has been
established that the extent of glycation is correlated to the concentration of the glycating
agent in a dose- and time-dependent manner, where glycation adducts form linearly
before plateauing.[111] The extent to which these two glycation events affect HSA’s
bilirubin affinity was examined. The second portion of our study examined the role of a
suspected modification site by mutating the amino acid with another of different chemical
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and spatial characteristic. The latter is a novel approach to understanding glycation in a
fashion only an in vitro study can produce, and is supposed to provide insight into the
molecular interactions of a susceptible arginine as if modification had occurred.
The tryptophan fluorescence spectra of physiologically glycated HSA by 1 µM
MG did not indicate significant changes within the microenvironment around W214. Its
affinity for bilirubin also does not appear to be significantly affected. Other than a slight
decrease in quantum yield of 9.6%, the overall spectra remained similar to unglycated
HSA, suggesting a physiological concentration of MG may not have sufficiently
compromised the integrity of HSA. Although the concentration of 1 μM is selected based
on plasma reference values found in the literature [34, 35], the actual concentration of
MG released into the serum may be much higher, as >99% of the nascent dicarbonyl
compound is protein bound [112] thus not accounted for when plasma MG is measured.
However when HSA is glycated with 200 µM of MG, a supraphysiological concentration
used to mimic minimally glycated HSA in vivo, our resulting HSA displayed one-third of
the binding affinity of unglycated HSA, despite only yielding a decreased tryptophan
fluorescence intensity of 16.2%. In both cases the absence of any λmax shifts suggests no
chemical modification to the W214 neighborhood. Thus we wonder whether the
decreased quantum yield could instead be the result of an overall conformational change
rather than modification of R218. This is in accordance with previous studies which
report local unfolding around the tryptophan upon glycation.[79, 113-115]
A previous study by Shaklai et al. using glucose-glycated HSA found a 33%
decrease in tryptophan fluorescence, but their emission spectra for glycated HSA is blue
shifted suggesting a less polar environment within the binding pocket.[116] Their
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glycated HSA also displayed a two-fold decrease in bilirubin binding, which is
presumably of a lesser degree than the binding affinity presented in our study.
Interestingly the study was able to confirm the glycation of K525, an important amino
acid in drug site II, and the investigators have attributed their observations to the
modification of this lysine. It is possible that modifications in subdomain IIIA can induce
a regional conformational rearrangement in subdomain IIA, where the primary binding
site for bilirubin is located, or a larger global change that makes association unfavorable.
Molecular dynamics and modeling studies indicate hydroimidazolone (AGE) formation
can cause structural distortions leading to disruption of arginine-directed hydrogen
bonding and the loss of electrostatic interactions.[111] Perhaps a similar mechanism is
responsible for the decreased quantum yield of our MG-glycated HSA, where glycation
at a distant arginine residue can affect the conformation of drug site I.
Ahmed et al. has reported R218 to be only a minor glycation site with MG
modification [83, 89], yet subsequent studies have found significant decreases in binding
affinities for some drug site I ligands, such as warfarin, [85, 93, 94] despite only minor
degrees of modification locally. Contrastingly they have determined R410, located within
drug site II, to be a “hotspot” (Figure 16) for glycation and have attributed alterations in
ligand binding, and decreased catalytic esterase activity, to transformation of this amino
acid to hydroimidazolone.[83] Indeed, the loss of functionality in drug site II resulting
from R410 modification is clearly demonstrated in a separate study by Watanabe et al.
with a R410A mutant that displayed a reduced ketoprofen affinity and esterase
activity.[117] Further studies will be required to determine whether glycation of R410
contributes to the observed decreased functionality of drug site I.
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R114

R410
“Hot spot”

R186

R485

R218

Figure 16 Glycations Sites proposed by Ahmed et al.
R218, the focus of the presented study, is considered a minor glycation along with
R114, R186, and R485. R410 is known to be a hot spot for MG-glycation. Figure
generated by Pymol using PBD: 1AO6
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Given that R218 is minor component of total glycation, a possible rationale for
our observation is the modifications of multiple sites per mole of HSA. Our lower
glycating concentration of 1 µM MG may have resulted in a sample where < 1 mol of
arginine per mole of HSA is modified, thus the degree of modification may not have been
sufficient to effectively show bilirubin binding impairment. This is analogous to studies
using physiological concentrations of glucose, where marked functional impairment was
seen in subdomain IIIA, but not in IIA.[118] However, with the higher concentration of
200 µM, where glycation is expected to occur at 1 or more sites, a significant decrease in
bilirubin affinity was observed, therefore it is plausible that the combined effect of
several arginine glycation may induce a more potent conformational changes not
reflected by tryptophan fluorescence.
The influence of multiple site modification is supported by Nakajou et al’s sitedirected mutagenesis study in which single-residue mutants of K199A, K439A and
K525A had no effect on HSA’s overall conformation, while a triple-mutant displayed
slight conformational changes reflected by a decrease in tryptophan fluorescence.[119]
The triple-mutant also showed similar binding trends as glucose-glycated albumin. Given
the chemical similarities between lysine and arginine, it is entirely plausible the
alternation of the latter will result in a similar outcome. However, in terms of function,
the outcomes of alteration of drug site I and II binding are the opposite. While the overall
affinity of site II ligands are decreased, the affinity of the site I ligand warfarin is usually
increased when HSA is glycated with glucose. With MG-modified HSA, the functional
impact is the opposite where all drug site I ligands have decreased binding affinity.
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Whether the inconsistences are due to the AGE formed by the respective glycating agent
or their specificity for different amino acids, the mechanism is still unclear.
To determine the role of R218 in bilirubin binding, site-directed mutagenesis was
used to substitute this arginine with amino acids containing different functional groups.
Our results indicated that switching arginine to another positively-charged amino acid
conserves the binding affinity for bilirubin. Like HSA’s interactions with thyroxine,
R218 must impose a degree of unfavorability towards bilirubin [98], however the absence
of a significant difference between wtHSA and R218H suggests the hindrance is mostlikely due to repulsion from the positively-charged residues rather than electrostatic
interaction with arginine’s guanidino group. (Figure 17) The increased affinity observed
with R218 variants containing the shorter amino acids methionine and glutamate also
suggests that steric forces contribute to bilirubin association. The slightly larger opening
of the hydrophobic pocket may provide greater accessibility for the molecule, thereby
lowering the entropic barrier required for binding. This implication is eloquently
observed with the R218A mutant, which displayed a dramatically increased binding
affinity ten-fold greater in magnitude than the wild type. Our findings are supported by
the study of Minomo et al. who used phage-display technology to pan for high bilirubin
affinity binding sites from a library of domain II mutants.[120] Their investigation
singled out two R218 mutants containing either leucine or serine, both short amino acids,
which displayed higher bilirubin affinity, thus corroborating the negative effect of steric
hindrance at position 218.
Glycation of the recombinant wtHSA, R218M, R218H, R218A and R218E
variants revealed a surprising trend. Except for wtHSA, all variants exhibited a reduced
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Figure 17 Position 218
A) wtHSA B) R218H. Although substitution of R218 with histidine decreases steric
hindrance at the opening of drug site I, it appears the positive-charge induced by these
two residues exerts an unfavorable interaction with bilirubin. Figures generated by
Pymol using PBD: 1hk1 (A) and 1hk3 (B)
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binding affinity for bilirubin; some severely lower than their unglycated counterparts,
thus diminishing the advantage acquired from the site mutation. The largest difference
was observed in the R218M mutant, followed by R218A which had the highest affinity,
and R218H. R218E displayed a smaller 4-fold decrease. It is interesting to note that the
only variant not affected by glycation is the wtHSA, where R218 is present and was
expected to be glycated to a certain extent. Glycation of this amino acid was anticipated
to be culprit behind the impaired ligand binding, i.e. the basis of this study, but our
expectation was not achieved. Instead, the opposite was observed. Perhaps evolution has
played a role in ensuring the conservation of this amino acid in likeliness of preserving
the integrity of HSA in the event of post-translational oxidation, an inevitable prospect in
situ. Indeed, this arginine is conserved among mammalian serum albumins indicating the
physiological importance of this amino acid to HSA/ligand interaction.[121] It appears
the combined findings from our unglycated and glycated R218 HSA variants experiments
not only validate the theory of “gatekeeping” by Petersen et al., but also substantiate the
role of R218 as an essential component in the binding activity of drug site I.
The increased affinity for bilirubin in the absence of R218, and severally
depressed affinity when the HSA variants are glycated, supports the idea that the
modification at multiple sites, particularly at structurally important sites, is the likely
cause of our functional impairment. Notwithstanding R218’s involvement in ligand
interaction, the arginine is also committed to a salt bridge with D451, located in
subdomain IIIA, and contributes to the close association between subdomains IIA to
IIIA.[121] (Figure 18) Loss of this electrostatic interaction is implicated in the
progression of pH-induced protein unfolding. Salahuddin has proposed the transition
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D451

R218

Figure 18 R218-D451 Salt Bridge
At neutral pH, a salt bridge exists between R218 and D451. Substitution of arginine at
this position may result in the inability to form this electrostatic interaction, and may
possibly be a mechanism for the dysfunction observed with HSA upon glycation. Figure
generated by Pymol using PBD: 1AO6
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from the N  F form (facilitated by increasing acidity) results from a combination of
either the abolishment of this interaction, the loss of the K205-E465 salt bridge, or a
buried carboxyl group of an acidic amino acid. Similar to glycated HSA, the N  F
transition is also accompanied by a decreased fluorescence intensity of W214, suggesting
that native HSA unfolding and isomerization leads to the partial exposure of the buried
tryptophan to the solvent. A separate study using fluorescence spectroscopy with the
hydrophobic ligand 1,8-anilinonaphthalene sulfonate (ANS), time-resolved fluorescence
and anisotropy measurements of W214, has also indicated a loosening of the hydrophobic
site.[122] Breakage of the salt bridge due to D451 protonation thus may be analogous to
the glycation of R218 since these modifications can disrupt the electrostatic forces
responsible for keeping the integrity of the binding pocket. With multi-site glycation, any
additional modifications secondary to R218 may result in functional detriments the
flexibility of albumin cannot accommodate. This could possibly explain why the
unglycated R218 variants did not show any hindrance in binding bilirubin whereas
glycated variants did. Ahalawat et al. had concluded that single site mutations are not
independently isolated, but always linked with other sites. If a single mutation occurs, it
needs to be compensated with another to preserve the functional dynamics.[123] While
the affinity for bilirubin is higher in the absence of R218, it appears the amino acid’s
presence is required in the event if some post-translational modification were to occur at
other essential residues, to maintain the protein’s structural integrity and functionality.
Although our results emphasize the importance of R218 in drug site I, the
modification of distant amino acids could also be crucial to binding bilirubin. A genetic
variant identified from Brazilian Yanomama Indians displayed a decrease in the total
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bilirubin binding capacity as the result of a site mutation at R114 to glycine.[124] While
the substitution is remote from the suspected primary binding site, the change itself, or in
combination with other post-translational modifications in vitro, may have altered a
critical aspect of the protein structure to cause a more global effect. A similar mutation
nearby, E188 to glutamine, in macaque albumin (97% orthologous to HSA) also presents
itself by modestly depressing bilirubin binding, thus suggesting modifications in
subdomain IB can be particularly detrimental to the functionality of drug site I
ligands.[125, 126] Since IB is a secondary site for our ligand, the exact mechanism for
the altered binding is unclear; whether the decreased binding capacity was the due to the
disturbance at a potential binding site, or a conformational change. Perturbations of
certain subdomains from ligand binding have been document to influence the
arrangement of nearby conformational spaces. Previous studies examining the effects of
heme and fatty acids binding to IB on warfarin binding to IIA have established these
subdomains as allosterically coupled.[127-130] The manner in which the amino acids and
helices align locally to accommodate various ligands can have dramatic effect on the
structural flexibility and pocket volume distantly.[131] Curiously both R114 and a nearby
arginine, R186, have been identified by Ahmed et al. to also be minor glycations sites. If
these genetic variants cause altered bilirubin binding, modifications of the same residues
by glycation may elicit a similar effect. Thus, the glycations of these two arginines and
R410, individually or concurrently, may result in a conformational change within IB and
IIIA, respectively that collaterally affects the spatial arrangement of IIA, thereby
restricting proper ligand interaction.
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R186

H146

R114

Figure 19 Implications of Glycation Sites in Subdomain IB
Glycation of R114 or R186 can push down on H146 and cause a conformational
change in subdomain IIA that can affect bilirubin binding. Figure generated by Pymol
using PBD: 1AO6
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Glycation at R114 and R186 could also contribute to an allosteric rearrangement
due to its close proximity to H146, an important component in the N  B transition at
slightly basic pH.[132] (Figure 19) The perturbances caused by glycation in subdomain
IB may induce some type of presence that can influence this histidine, and induce some
type of allosterity. However, given that only long-chain fatty acids produce such changes,
the exact mechanism, if any, is unclear. Further examination of glycation at H146 is
worth investigating.[133]
Our findings suggest the altered bilirubin binding observed in MG-glycated HSA
is the result of a complex process not simply explained by modification of a single
arginine. Although modification of R218 is clearly implicated, a synergistic affect from
multiple glycation sites may present a better explanation for the functional impairment, at
least for drug site 1. Our site-directed mutagenesis study of this arginine provided a
platform to study how different binding environments affect the dissociation constant of
bilirubin, however, a prefect replication of a glycated R218 was not possible due to
modification constraints. There was also no method of ensuring R218 had indeed been
glycated in our recombinant wtHSA, therefore our original intention to use R218 variants
as a model for glycated wtHSA was unsuccessful in this aspect. Instead our study
highlighted the importance of R218 in preserving function in the event of glycation.
Certainly if R218 were to be glycated, an effect similar to what was observed with the
R218 variants could be possible. However, chemically proper site-targeting techniques
will be required to definitively determine the true effect. Furthermore, our study also
emphasizes the role of protein conformation on bilirubin binding. The resemblance of
glycated albumin’s drug site I to the F form of HSA’s, based on decreased tryptophan
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fluorescence, is a possibility as both glycation and protonation have the potential to
disturb electrostatic and hydrogen bonding interactions. Much as histidine is already
implemented in conformational transitions induced by pH, disruption of arginines
interactions could essentially unfold the protein enough to affect function. Further
complexity arises when allosteric interactions are considered.
The degree of dsyalbuminemia is correlated to the concentration of plasma
reducing carbohydrates, thus controlling hyperglycemia can prevent the progression of
clinical sequelae. The reduction in bilirubin binding presented in this study is only a
minor aspect of the total abnormalities seen in ligand binding and is considered one of the
more benign problems hyperglycemic adults are facing, although any loss of bilirubin’s
antioxidant activity is undesirable in an inflammatory states like diabetes mellitus. Renal
failure is often associated with uncontrolled hyperglycemia and imposes a doublewhammy upon the pharmacokinetics of circulating drugs, especially therapies with a
narrow therapeutic range. The altered binding affinities of serum albumin for various
ligands are a difficult hurdle for clinicians to overcome as under- and overdosing are
more probable.
Furthermore, HSA is frequently used as a monomeric protein model because of its
relative stability and multiple functions. It is highly suggestive that the entire human
proteome can be susceptible to the same detriments as a matter and incubation time to
different glycating agents. While the MG concentration in plasma is relatively low in
comparison to other reducing carbohydrates, its presence is much more pronounced
intracellularly and its reactivity is several times greater than glucose. The threat presented
from other, more abundant sugars further amplifies the menace imposed by glycation.
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Therefore, the best method in preventing glycation-related pathologies is to remain within
normoglycemia.
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