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ABSTRACT 

Investigation of Zinc Interactions to human Serum Albumin and Their 

Modulation by Fatty Acids  

Samah Alharthi 
 

Zinc is an essential metal ion for the activity of multiple enzymes and transcription 

factors. Among many other transporting proteins human serum albumin (HSA) is the main 

carrier of Zn(II) in the blood plasma. HSA displays multiple ligand binding sites with 

extraordinary binding capacity for a wide range of ions and molecules including fatty acids. 

Hence, HSA controls the availability and distribution of those molecules throughout the 

body. Previous studies have established that the existence of one zinc site with high affinity 

(MBS-A) that is modulated by the presence of fatty acids. Therefore, the fatty acid 

concentration in the blood influences zinc distribution which may result in a significant 

effect on both normal physiological processes and a range of diseases. Based on the current 

knowledge of HSA's structure and its coordination chemistry with zinc ion, here, we 

attempted to investigate zinc interactions and coordination with HSA and the effect of 

different fatty acids on the protein structure, stability and on Zn(II) binding. By NMR 

titration, we examine the Zn(II) binding to HSA and the spectra show distinct movements of 

some resonances showing a conformational change has occurred as a result of Zn(II) 

binding. Isothermal calorimetry titrations study was performed to evaluate zinc binding 

affinity to HSA in the absence and presence of fatty acids. Free HSA results indicates the 

existence of one high affinity site and multiple low affinity sites. Upon the binding of fatty 

acids to HSA, three distinct behaviors of Zn(II) affinity was observed ranging from no effect 

to moderate to significant depending on the FAs. By the use of circular dichroism, we 

investigate secondary and tertiary structure of HSA in the presence and absence of FAs and 

Zn(II). We found albumin is predominately α-helical and the overall conformation of the 

protein remains unchanged even after interacting with FAs and Zn(II) with some exception. 

The structural stability of HSA was evaluated by obtaining the denaturation temperature in 

the presence and absence of fatty acid and we found the thermal denaturation of HSA 

increases with the increase of amount of fatty acids.   
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1. INTRODUCTION 

 

1.1 Human Serum Albumin 

Human serum albumin (HSA) accounts for over 60% (by mass) of human blood plasma 

proteins. It  is a monomeric, globular, largely α-helical protein containing turns and 

extended loops [1–4] (Figure 1 and Figure 2). It is present in the circulatory system and is 

considered to be the most abundant carrier protein in the human serum [5]. HSA is highly 

soluble in water, and its blood concentrations range from 30 to 50 g/L (~0.53-0.75 mM), 

within a narrow pH range of 7.35-7.45 [6]. HSA is encoded by ALB gene [7]. The initial 

translation product, pre-proalbumin, has a molecular mass of 69.3 kDa and consists of 609 

amino acids (aa), including an N-terminal ER-import signal sequence. Pre-proalbumin is 

produced in the liver and undergoes a post-translational modification in the Golgi 

apparatus. The first 24 amino acids from the N-terminus (1-18 signal peptide and 19-24 pro-

peptide) are cleaved before the mature HSA protein is released into the bloodstream 

[5,8,9]. The mature HSA protein has 585 amino acids and a molecular mass of 66.5 kDa. 

Multiple ligand binding sites have been identified in HSA, in line with its extraordinary 

binding capacity with a wide range of ions and molecules [10–12] (Figure 2). Hence, HSA has 

become a pivotal contender as a molecular cargo and nanovehicle used in biophysical, 

clinical and industrial fields (see Figure 1) [10,13–15]. 

A main function of HSA is the regulation of blood colloid osmotic pressure [16] and metal 

ion homeostasis, including  the transport and storage of transition metals [11,12], HSA also 

plays a crucial role in binding, storing and transporting numerous endogenous molecular 

ligands such as fatty acids, heme, bilirubin, and prostaglandins, and exogenous ligands such 

as pharmacological drugs and various transition metal ions [17,18]. HSA can bind to a 

remarkably wide range of drugs (over 250 registered drugs on the market), [19–23] thus 

restricting their free, active concentrations in blood; this  represents a major challenge in 

drug development. HSA supports the metabolic modification of some ligands, renders 

potential toxins harmless [10,14,24–34], accounts for most of the anti-oxidant capacity of 

human plasma, and displays some enzymatic properties [24,35]. Even HSA degradation 

products can be beneficial [36]. As an example, peptide fragments originating from the 

proteolytic degradation of HSA were recently identified as an endogenous antagonist of the 

CXC chemokine G-protein coupled receptor 4 (CXCR4) [37]. HSA also serves as a biomarker 
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for diagnosis of multiple diseases such as cancer, rheumatoid arthritis, ischemia, post-

menopausal obesity, severe acute graft-versus-host disease, and diseases related to the 

glycemic index. HSA is already been used, with success, for the clinical treatment of several 

human disorders including hypovolemia, shock, burns, surgical blood loss, trauma, 

hemorrhage, cardiopulmonary bypass, acute respiratory distress syndrome, hemodialysis, 

acute liver failure, chronic liver disease, nutrition support, resuscitation, and 

hypoalbuminemia [38].  

Because of its high  abundance, its ability to bind to multiple sites, and its multifunctional 

properties, the investigation  of  HSA’s  interactions with drugs and metal-mediated binding 

interactions can provide critical information about pharmacokinetics, pharmacological 

activities and drug distribution pathways [5]. HSA's capacity to carry and interact with many 

essential transition metal ions has already been used in therapeutics and clinical 

biochemistry for designing metallodrugs based on Au, Pt, and V [12].  

Emerging evidence  is also now revealing the inhibitory, chaperon-like function of HSA 

towards the formation and aggregation of amyloid β fibril  and the mitigated membrane 

damage of alpha synuclein (αS) and human islet amyloid polypeptide (IAPP) in the fatty-acid 

and cholesterol dependent manner [39–42]. This, together with the well-documented 

impact of transition metal ions on the development and progression of neurodegenerative 

diseases [43,44] makes it essential to  understand the functional dynamic coordination 

chemistry of HSA. This, in fact, represents a fundamental quest for contemporary inorganic 

biochemistry. 
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Figure 1: Human serum albumin – the tripping centenarian protein for research 
(A) Number of published articles on human serum albumin (1917- current). The blue line represents the total 
number of articles on HSA indexed by PUBMED, the orange line represents the total number of articles on 
HSA-metal ion binding. (B) Number of HSA structures deposited in PDB divided by the type of ligand. HSA-Free: 
no ligand; HSA-FA (fatty acids): 8 different types with only fatty acid as ligand; HSA-drug: 52 HSA structures in 
complex with different types of drugs (30 HSA structures with drug ligand only; 22 HSA structures with drug 
and FA); HSA-metal: Zn2+ ions in complex with HSA crystallized from pH 9; Others: HSA structures in complex 
with inhibitor, receptor, simple sugars, chemical compounds, or antibody. (C) Schematic drawing HSA 
topology, the secondary structure elements and disulfide bridges (red vertical lines) of HSA. Each helix is 
represented by a rectangular bar, each sub-domain by a different color. From top to bottom: IA, IB, IIA, IIB, IIIA 
and IIIB. Drug binding sites are encircled by black dashed lines, fatty acids binding sides are encircled by red 
dashed lines, while metal binding residues are marked with blue rectangular boxes. Binding sites for natural 
ligands are in Bold. 
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Figure 2: Human serum albumin dynamic structures and binding sites: 
 (A) Crystal structure of defatted human serum albumin (HSA) PDB: 1AO6. (B) Crystal structure of fatted HSA in 
the presence of palmitic acid, and location of major binding sites (Binding sites of 2 drug/versatile ligands, 7 
fatty acid) PDB:1E7H Subdomains are colored-coded and the fatty acids are represented by stick- models 
coloured in red. (C) Crystal structure of human serum albumin with zinc ion occupy the MBS (PDB: 5IJF) with 
the location of 3 metal binding sites. (D) HSA structure color coded according to evolutionary conservation of 
amino acid positions, dark pink being the most conserved amino acids and cyan being the least conserved 
amino acids.   

 
 

1.2 Dynamic Structures of Human Serum Albumin 

The first HSA’s 3D structure, determined by X-ray crystallography, was published in 1992 

(PDB ID: 1UOR) [1]. Since then, approximately 100 static structures of HSA and HSA-with 

bound ligands have been determined, predominantly by single crystal X-ray crystallography, 

and subsequently deposited in the Protein Data Bank (PDB). Matured and active HSA 

contains 17 disulfide bridges shaping the protein fold, and one free cysteine at the 34th 

position (Cys 34) [2]. HSA is a helical, heart-shaped, 66.5 kDa-protein consisting of three 

topologically identical and structurally similar domains: domain I (aa 1-195), domain II (aa 
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196-383), and domain III (aa 384-585). Each domain comprises one antiparallel six-helix 

(sub-domain A) and four-helix (sub-domain B) motifs [2] (Figure 1 panel C, Figure 2).  

According to published crystal-state X-ray high resolution HSA structures augmented by 

numerous biophysical studies, there are two main versatile ligand binding sites with high 

affinity for diverse molecules on HSA that are referred to as ‘Sudlow’s sites’ (I and II). These 

binding sites are located in subdomains IIA and IIIA (Figure 2) [29]. In addition, 9 fatty acid 

(FA) binding sites have been identified, with different affinities for FAs [17], and two of 

which overlap Sudlow’s sites. Moreover, HSA contains four metal- binding sites of different 

structures, metal ion specificities, and binding affinities [12].  

Despite the substantial diversity of high-, medium- and low- affinity ligands, only two well-

defined and distant spatial conformations of HSA  have so far been documented: one for the 

defatted HSA [1,2] and one for fatted HSA [4,45,46]. The 3D structures determined by the X-

ray crystallography for those two conformations are represented in Figure 2. The RMSD 

(root-mean-square deviation) of C atoms, over the entire primary sequence (5-585), 

between the two main conformations of the defatted (PDB: 1AO6) and fatted (PDB: 1E7H) 

HSA structures, was found to be approximately 0.46 Å. Subdomain IA and IIIB display large 

RMSD values suggesting a large conformation change occur [47]. The conformational 

changes of HSA that were observed can be characterized by a twist motion between DI and 

DII with an angle rotation of 24 and a hinge motion between DIII and DII with an angle of 

15. DII was found to be the HSA fragment overlapping the most in both conformations. 

Differences of dynamics between those two structures in the crystal state are shown in 

Figure 3.  

A comparative analysis of the two most distinct HSA conformations indicates that ligand-

metal binding affinities can be modulated by the presence of fatty acids, which might be a 

key factor influencing the distribution and the free concentrations of many HSA ligands. The 

identified drug-specific binding site I overlaps with FA-binding site 7, drug-specific binding 

site II with FA-binding sites 3 and 4, respectively [48]. Additionally, a previous study showed 

that the binding of Zn2+ to its primary binding site (site A) was modulated by the binding of 

FAs at FA-binding site 2. It has been proven that the binding of FAs to HSA serves as an 

allosteric control that impacts the binding of Zn2+ to albumin, and therefore controls the 

availability of free Zn2+ for transport into cells, or use by other proteins [49]. The binding of 

fatty acids to HSA inhibits the binding of zinc, whereas the presence of zinc does not exclude 
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the binding of fatty acids  [49–51]. Given the inherent flexibility of biomacromolecules and 

the importance of dynamics for the proper functioning of the proteins, we can conclude 

that the interactions with ligands influence, or even regulate, the activity of HSA (Figure 3). 

One not yet well understood phenomenon is the potential formation and function of HSA 

quaternary structures. HSA has been shown to aggregate, most likely in dimers, in a 

concentration-dependent manner (above 1 to 2 mM), via weak non-covalent intermolecular 

interactions. Moreover, the protein is able to form higher-order aggregates (oligomeric) in 

alkaline solution. Research is still ongoing to examine potential structural changes induced 

by covalent and non-covalent interactions between HSA molecules, and the resulting effects 

on the protein’s functions and binding sites, under physiological conditions[52,53]. 

Under oxidative stress conditions, HSA can undergo several structural modifications: the 

presence of a reduced cysteine side chain (Cys 34) in monomeric HSA facilitates 

dimerization, by formation of a disulfide bridge between two HSA polypeptides [54]. 

Approximately 5% of HSA , in the  entire amount of blood, is in dimeric form, and is actually 

considered to be a biomarker for oxidative conditions [55,56]. However, we cannot exclude 

the fact that these HSA dimers are an artifact resulting from HSA's extraction from blood, or 

its subsequent lyophilization. In addition, HSA dimers have been confirmed to be effective 

plasma-retaining agents and drug carriers [30,53].  

HSA’s molecular shape can be flexible, under different conditions. During ischemia, HSA can 

attain a conformation called -ischemia modified albumin (IMA) (e.g. Figure 2 and Figure 3). 

The half-life of albumin in serum equals approximately 20 days, so the detection of IMA 

should be possible a few days following ischemia [57,58]. For this reason, IMA can serve as a 

blood-borne biomarker for the detection of cardiac ischemia;  it has recently been approved 

by the Food and Drug Administration for clinical use [59]. 

According to a previously published interpretation, reported by Bar-Or et al [60],  IMA has a 

structural change at the HSA N-terminal end, which consists of amino acid motive H2N-Asp-

Ala-His, and can bind strongly to cobalt (Co), copper (Cu), and nickel (Ni) ions. Damage in 

this region, under ischemic conditions, should result in a reduction of the binding affinity 

towards those transition metal ions. This occurs in the context of elevated endothelial or 

extracellular hypoxia, acidosis, or presence of free oxygen radicals. Transition metals, such 

as cobalt, can be used to measure the titer of IMA by an Albumin Cobalt Binding (ACB) test 
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in order to aid the establishment of a diagnosis, particularly for heart disease [61]. The 

albumin cobalt-binding (ACB) assay is used to indirectly measure IMA. In this assay, the 

albumin in the patient’s serum is  incubated with cobalt, and the unbound ions are detected 

by colorimetric measurement [62]. The ACB test was widely criticized,  because  of the lack 

of a well-established correlation between the degree of N-terminus modification in ischemia 

[63] and the reduced cobalt binding by albumin [64–66].  

The bioinformatics tool Consurf Server [67–70] (cf Figure 2 panel D), allows the analysis of 

the evolutionary conservation of amino acid positions in homologous proteins. Regions 

essential for protein structure and function are usually well-preserved among proteins from 

different species. The analysis of evolutionary conserved regions reveals that the tripeptide 

at the N-terminal (DAH) with the potency to coordinate numerous metal ions present in HSA 

is not preserved among all living species included (Figure 1D). This N-terminal motif was 

never found in the experimental electron density within the X-ray structures, probably due 

to its intrinsic flexibility (see Figure 2 and Figure 3). Usually, the defatted HSA structure 

misses the first 1-5 amino acid residues, but the structures containing the FA miss only the 

first two, some three, N-terminal residues that might further indicate an allosteric effect 

and FA-driven modulation/regulation of the coordination capabilities of the HSA (Figure 2).  

These comparative studies of the primary sequence and spatial structure highlight that 

amino acid sequences, and therefore also parts of 3D structures of serum albumins, which 

are highly conserved. Experiments performed on other serum albumins, such as Bovine 

Serum Albumin (BSA) and Equine Serum Albumin (ESA), thus could potentially reveal useful 

information that may be applied to HSA. For example, in 2016, a study by Handing et al 

reported a structure for ESA crystallized in a complex with an antihistamine drug of interest 

[71]. The study showed that the binding pockets for the drug in ESA were structurally 

conserved in HSA, making it likely that the binding of the drug to HSA would be similar. 

Differences among species, as well as detailed information on binding are therefore 

important and chemically interesting. This, however, does not negate the need for exact 

and careful studies done with HSA, as protein dynamics, under physiologically relevant 

conditions, rather that static studies in the crystal state.  
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Figure 3: Ligands affect HSA’s dynamics: 
(A) The 3D crystal structures of HAS with colored C𝛼 B-factors; left panel HSA-free (PDB ID: 1AO6) and right 
panel HSA-FA (PDB ID: 1E7H). (B) The plot depicting the differences along the HSA sequence for the HSA-free 
and HSA-FA together with the location of domains. (C) The approximation of the protein conformational 
dynamics done by the Gaussian Network Model algorithm [72] revealing the differences in molecular motions 
between the two structurally the most distant Human Serum Albumin crystal structures. The domain names 
and FA binding sites are marked as in (A).  

 

1.3 Fatty Acids in Plasma and Their Transport by Albumin 

Fatty acids are important substrates that play major roles throughout the body in energy 

metabolism and membrane phospholipids synthesis. After dietary intake, short- to- medium 

fatty acid chains are absorbed into the blood [73]. However, the free non-esterified long- 

chain fatty acids (mainly C16 and C18) are stored in the body’s adipose tissues in form of 

triacylglycerol (TAG), which serves as a major metabolic fuel. A controlled process called 
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‘lipolysis’ helps to breakdown TAG and release FAs into the blood. Due to their low solubility 

in water, FAs in blood plasma bind to HSA as the main fatty acid binding protein and carrier 

and transported to other tissues to be used [74,75]. The exact mechanism by which HSA 

facilitates the uptake of FAs to tissues are unknown. Under normal physiological conditions 

fatty acids are considered to be the primary physiological ligands of HSA; most  FAs in the 

blood plasma  are bound  to HSA (0.1-2.0 molar equivalents) and their binding affinities (KD) 

to HSA that is chain length dependent is range from 1.5 to 35 nM for the strongest sites 

[31]. It is thought that only under elevated FAs conditions (such as during intense exercise, 

fasting or pathological conditions such as diabetes), more than 2 molar equivalents (up to 6 

mol. equiv) of FAs are bound to HSA [76]. High levels of FAs in blood plasma can be 

associated with a variety diseases, including cancer, diabetes, and obesity [76]. Studies have 

shown that pregnancy can cause an increase in plasma fatty acid level. In early stages of 

pregnancy, maternal fat is deposited; later on, it is broken down by lipolytic hormones, 

leading to an increase of FA level in blood plasma. As a consequence, a peripheral insulin 

resistance is developed, and the body shifts from a carbohydrate oxidation to a fat oxidation 

mode, thus maximizing access to glucose for development of the fetus [77]. 

HSA and FAs interactions have long been studied by multiple techniques and latterly found 

that a maximum of nine long chain FAs equivalents can be bound at different binding sites 

(i.e., FA1–FA9), having different affinities [78,79] and arranged asymmetrically throughout 

HSA. (Figure 2 and 3). Seven binding sites have been found to be common to FAs with chain 

length of C10 – C18 and have been classified into three main classes: high affinity binding 

sites (FA2, FA4, FA5), medium affinity binding sites (FA1, FA3), and low affinity binding sites 

(FA6, FA7) [63]. Two additional sites (FA8, FA9) serve as supplementary binding sites and 

only show occupancy under certain conditions. The locations and affinities of such sites are 

acquired by techniques such as x-ray crystallography, site-directed mutagenesis, and 13C 

NMR spectroscopy [80]. 
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Fatty acid binding sites: 

FA1 (heme pocket) 

FA1 partially overlaps with the heme binding site, and the D-shaped cavity located in the 

interior of subdomain IB is surrounded by a four-helix cluster. When either ligands are 

bound, the binding site is closed by Tyr 138 and Tyr 161. The binding of all FAs in FA1 is in 

the same orientation: hydrogen of the carboxylic group is bonded to Arg 117 and water 

molecule, which at the same time is coordinated by both Tyr 161 hydroxyl group (in the side 

chain) and Leu182 carbonyl oxygen atom. In the case of saturated long- chain FAs their tail 

curls around the interior of the surface cavity, so that the tip of the hydrophobic tail is 

constantly approaching His146 at the end of the cavity [78]. FAs and heme-Fe(III) binding 

induce a substantial conformational rearrangement of the subdomain IB [81]. The methyl 

group at the end of FAs tail is bound to FA1 around the back wall, and therefore leaves 

plenty of room for drugs or drug-like molecules (indomethacin and triiodobenzoic acid), to 

co-bind [4,82].  

 

FA2 

The location of FA2 is found to be between the subdomains IA and IIA, and is considered to 

be the most enclosed binding site. It is a high affinity binding site, and can be instantly 

populated at 1 molar equivalent [49,80]. Multiple studies reported evidence indicating that 

the binding of FAs to FA2 site stabilizes the B-conformation of HSA; it also suggests that this 

site is responsible for the ligand-induced conformational transition. Indeed, the formation of 

a pocket that can accommodate FA requires the rotation in domain I (relative to domain II), 

and this rearrangement can be stabilized by the binding of FA to FA2 [15,83,84]. FAs anchor 

their head groups in the subdomain IIA by forming a hydrogen bond with side chains of 

Tyr150, Arg257, and Ser287, while the methylene tail extends linearly in the hydrophobic 

cavity between subdomain IA and IIA  [78].  

 

FA3- FA4 

FAs bind in FA3 via hydrogen bond interactions between the hydrogen present in FA head 

groups, Ser342 and Arg348 (IIB subdomain), and Arg485 (IIIA subdomain). FA4, on the other 

hand, exhibits similar binding patterns found when  the carboxylate head groups of FAs 

interact via hydrogen binding to the amino acid residues found on the exterior of the 
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subdomain IIIA (Arg410, Tyr411, and Ser489), and where the tail extends further through a 

narrow hydrophobic cavity in the subdomain IIIA [78,82,85]. Studies show that  Sudlow’s 

site II consists of two regions: the apolar region,  filled with FA a methylene tail that bounds 

to FA3,  and a polar region occupied by a FA carboxylate group bound to FA4. To this day, no 

drug has been observed to enter the FA4 narrow, long hydrophobic tunnel that holds FA’s 

methylene tail. In addition, it has been shown that FAs present at FA3 do not show any 

interactions with the polar region centered on Tyr411 [78,82,85].    

 

FA5 

FA5 is located in the subdomain IIIB and can form a hydrophobic channel. FAs are bound to 

FA5 in an extended conformation; the FA carboxylate head group interacts with Tyr401 and 

Lys525 residues, and the methylene tail extends through the tunnel [78]. FA4 and FA5 are 

categorized as high-affinity sites for FAs, and they are found to be the most enclosed 

binding sites of FA on HSA. Such an environment provides proper conditions for FA’s 

methylene tail binding in an almost linear conformation, whereas the carboxyl group can 

form specific salt-bridge interactions with basic side- chain on amino acids [79].  

 

FA6 

FA6 is located at the interface between the subdomains IIA and IIB, and can be filled with 

medium and long fatty acids. Its binding properties are different from those observed for 

FA1-FA5, mainly due to the absence of amino acid side-chain cluster that helps to stabilize 

the FA carboxylate via electrostatic interactions. However, Arg209, Lys351, and Ser480 side- 

chains recognize the FA carboxylate. The methylene tail’s middle section is strongly 

anchored by salt-bridges from Arg209 to both Asp324 and Glu354. FA6 is a rather open site 

to which FAs bind with a low affinity [78,79]. 

 

FA7 (Sudlow’s site I)  

FA7, or Sudlow’s site I, forms a hydrophobic cavity located in the subdomain IIA. This site  

preferably  binds to bulky heterocyclic anions, with warfarin being the prototypical ligand 

[28,31,45,48,82,85–89]. [28,31,45,48,82,85–89]. Compared to its analogous cavity in the 

subdomain IIIA (i.e., FA3–FA4 or Sudlow’s site II),  FA7 is considered to be smaller [82,85]. 

The Arg257 residue provides stabilization to FA carboxylates by polar interaction(s). Lys199, 
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Arg218, Arg222, and His242 show no direct involvement in FA binding. However, such 

residues appear to involved in providing stabilization to other ligands at the site, e.g. metal 

ions. FAs bind to this site by their tail being co-planar with aromatic drugs that are already 

bound; therefore, FA7 is considered  to have a low- affinity binding site [78,79].FA7 is 

considered a versatile binding site; HSA can covalently bind to different ligands, due to the 

presence of the nucleophilic side-chain Lys199. Molecular dynamic (MD) simulation studies 

of FA7 revealed that the ionization state of the Lys199 and Lys195 residues influenced the 

structure and dynamics of the FA7 site [90].   

 

FA8 

The gap between subdomains IA–IB–IIA and subdomains IIB–IIIA–IIIB hosts FA8. Only short-

chain FAs, such as capric acid, can bind at this site, due to volume restrictions. On one end, 

the hydrophobic cavity is formed by capric acid’s methylene tail that is bound at FA6, and on 

the other end, polar amino acids (i.e., Lys195, Lys199, Arg218, Asp451, and Ser454) 

contribute to the formation of an open ring to provide stability to the FA carboxylate [78].  

 

FA9 

FA9 is located at the upper of the gap between subdomains IA–IB–IIA and subdomains IIB-

IIIA-IIIB, producing an open binding environment. The stability of the ligand depends on the 

formation of a salt-bridge between Glu187 of domain I and Lys432 of domain III [4]. 

Additionally, FA9 is formed upon a FA-induced conformational transition, thus providing an 

additional binding site in FA-saturated HSA [78,82]. FA9 and FA8 are recognized as 

supplementary binding sites, due to the fact that FA8 shows a ligand occupancy only in the 

presence of short-chain FAs and FA9, at  a saturating FA concentration [78]. 

 

As mentioned previously, FAs are HSA’s primary ligands under physiological conditions. 

Additionally, it has been shown that the binding of FA can change the polarity, and increase 

the volume, of drug-binding site 1. Thus, FAs have the ability to modulate the affinity of HSA 

to other ligands, e.g. Zn(II), Co(II) and drugs, at all physiological levels, not just under 

extreme conditions [49]. It has been proven, in BSA, that there is a complete inhibition of 

Zn(II)’s coordination to site A by five equivalents of myristate, and site B was also affected 

severely. Even though Zn(II) and Co(II) binding preferences are not clear, the presence of 
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myristate has been shown to reduce the BSA’s binding affinity  to Co(II) [91] at all 

physiological levels, not just under extreme conditions [49,50]. 

Short, medium, and long chain fatty acids are natural compounds present in human tissues 

and play role in cell metabolism. The current study includes six fatty acids that have been 

examined (Table 1). First, palmitic acid (PA), (C16:0) that considered to be a long chain fatty 

acid (LCFA). LCFAs under normal conditions are the predominant FAs in the blood. They 

require fatty acid binding proteins such as albumin for their cellular uptake, intracellular 

transport, regulatory functions and metabolism. Therefore, it found to be totally bound to 

albumin in the circulating blood [92]. PA is the most physiologically common saturated fatty 

acid ligands in the human body known to bind HSA in vivo. It represents 20–30% of total 

fatty acids (FA) in membrane phospholipids (PL), and adipose triacylglycerols (TAG) [93]. 

Second, four saturated medium-chain fatty acids (MCFA) has been selected; lauric acid 

(C12:0), capric acid (C10:0), caprylic acid (C8:0), and caproic acid (C6:0). MCFAs are medium 

chain fatty acids that are present in smaller quantities in contrast to LCFAs and they are 

readily oxidized not stored in human body and used as an energy source in various tissues 

[94]. They play an important role in the intracellular signaling and cell metabolism 

regulation [94,95]. MCFAs are used as drugs to treat patients with malnutrition and FA 

metabolic disorders since they do not require energy for absorption, use or storage [96]. 

Lastly, MCFAs have been used as dietary supplements in weight-loss programs due to their 

rapid oxidation more than LCFAs and have less opportunity for deposition into adipose 

tissue [97].  

Finally, α-lipoic acid (ALA) is derived from caprylic acid with a disulfide bond connecting two 

sulfur atoms located at C6 and C8. ALA under physiological conditions exist as a cofactor for 

many enzymes such as in enzymes involved in pyruvate decarboxylation process specifically 

in pyruvate dehydrogenase complex (PDC) [98]. ALA is one of the most powerful biological 

antioxidants that found naturally in our diet. It has the ability to protect biological systems 

against oxidative damage done by reactive oxygen species (ROS). Under oxidative stress, 

ALA function to quench a variety of ROS species and regenerate other antioxidants. Data 

published by others and summarized in this review [99] show that ALA used heavily in organ 

transplant as antioxidant drug to mitigate damages caused by ROS during transplantation.  
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Fatty Acid 
common 

name 

Fatty Acid 
Systematic 

name 
 

Chemical 
formula 

Lipid  
number 

Molecular 
weight of 

FAs 
(g/mol) 

Structure 

N-caproic 
acid 

Hexanoic acid C6H12O2 C6:0 116.16 

 

Caprylic 
acid 

octatonic acid C8H16O2 C8:0 144.21 

 

L- α-lipoic 
acid 

lipoic acid C8H14O2S2 
 

C8:0 206.32 

 

Capric 
acid 

Decanoic acid C10H20O2 C10:0 172.27 

 

Lauric acid Dodecanoic 
acid 

C12H24O2 C12:0 200.32 

 

 

Palmitic 
acid 

Hexadecanoic 
acid 

C16H32O2 C16:0 256.43 
 

 

 

Table 1: List of fatty acids selected for the current project. 
The table shows the common and systematic name of the fatty acids selected for this 
experiment along with the chemical formula and molecular weight. 

 

1.4 Zinc Ions and Serum Albumin 

Zinc ion is considered as an essential micronutrient for multiple aspects of human 

metabolism [100]. It is recognized as the second most abundant d-block metal ion within 

the human body [101]. Zinc is required for various physiological processes in both 

prokaryotes and eukaryotes and needed for the cell’s development and function. Therefore, 

zinc statue can affect the organism immune system, growth and development and cardiac 

health. It plays vital catalytic and structural role in different proteins such as zinc finger 

domains, and  it is a component of catalytic centers in some enzymes [12]. In addition, zinc 

ion has been identified as signaling agent in recent study [102]. Zinc acts as an activator or 

inhibitor of biochemical processes by affecting the concentration and activities of the 

following hormones: insulin [103], glucagon [104], and leptin [105,106]. The free zinc ion, 
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Zn(II) considered to be toxic to cells at high concentrations [107]. Therefore, cellular Zn(II) 

homeostasis is mostly tightly controlled [108].  

HSA is considered to be the main carrier of Zn(II) in plasma (whole blood concentration 19 

µM [109]), with 75- 90% of Zn(II) in blood bound to HSA [31,51,110]. Stewart et al. 

estimated that ~2% of circulating albumin molecules carried a zinc ion, and that the 

modulation of their mutual affinity might have significant consequences [49]. Albumin 

transports the newly-absorbed Zn(II) to the liver [111], and facilitates its uptake by 

endothelial cells [112] and erythrocytes [113].  

Despite the important role of HSA in zinc transport, the structure and location of the zinc 

binding site in albumin has only recently been identified [114]. The first X-ray 

crystallography data of Zn(II)- HSA binding at the atomic level  was published in 2016 (PDB: 

5IJF) [3]. The crystal structure of the defatted HAS-Zn(II) complex, at pH 9 (Figure 2C), 

showed only one strong binding site (MBS-A), and up to nine secondary binding sites with a 

low metal affinity. Unfortunately, the resolution of the structure (refined at 2.65 Å) did not 

allow to pinpoint their exact location. Even isothermal titration calorimetry (ITC) showed 

only two Zn(II) binding sites in the wild type HSA (MBS, and one of the secondary sites) 

[3,11].  

According to an  X-ray analysis-based model published in 2018, MBS-A is defined as a five-

coordinate site having 1.98 Å average Zn–O/N distances and a sixth 2.48 Å weak O/N bond, 

made by coordination to residues at domain I (His67 and Asn99) and domain II (His247 and 

Asp249), as already suggested for Cd(II) binding and a water ligand (Figure 4) [11,115]. Such 

residues are found to be conserved across all mammalian serum albumins, and no 

functional HSA variants having mutations in these residues have been found to this day. The 

MBS-A coordinates Zn(II) either in a trigonal bi-pyramid or in a distorted octahedron (when 

taking into account  the backbone carbonyl oxygen of His247  [51]). 

 

Metal Binding Site A (MBS-A) 

MBS-A is a multi-ligand binding site known to be the most important metal binding site on 

albumin. It is referred to as multi Metal binding site A, because it binds to variety of metals, 

selectively binds to Zn(II) and Cd(II) and has a low affinity for Ni(II) and Cu(II) [11]. Crystal 

structure data that collected at pH 9.0 (Figure 2C) represent HSA with a bound Zn ion 

confirming the location of site A which is located at the domain I/II interface and residues 
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from both domains are involved in interactions with the ligands. The data show tetrahedral 

coordination geometry for Zn binding involving the His67, His247, Asp 249, and water 

molecule. However, at pH 7 studies suggest that Asn 99 also contribute to this coordination 

but because of differences in pH that known to result in conformational changes to HSA and 

could explain the difference in coordinating atoms observed in the crystal structure and in 

spectroscopic data (Figure 4A). A comparison of the HSA sequence, across multiple 

mammalian species, shows the presence of the MBS-A site for all species (Figure 2D). MBS-

A’s location overlaps with the FA2 binding site, and consequently, one ligand binding 

controls allosterically another ligand coordination.   

Next to MBS-A, other zinc binding sites were suggested [116,117] and subsequently 

validated  by X-ray determination of their structure [3]. Secondary binding sites coordinate 

Zn(II) ions by three protein residues, whereas tertiary sites bind Zn(II) by one or two side 

chains. There are two secondary (II and III) and six tertiary (IV-IX) zinc binding sites. In site II, 

Zn(II) is coordinated by the His9 residue and by two carboxylates located at Asp13, and 

Asp255 sites. Between IB and IIA domains, site III is formed by the coordination of His157 

and His288, with carboxylate from Glu153. Each of six tertiary Zn2+ binding sites bind metal 

ion only with two residues ((IV–IX), four are formed by a single histidine (e.g. His3) and a 

single carboxylate (Glu or Asp); one is formed by an aspartate residue and a main-chain 

oxygen (site V) one is located on a crystallographic contact (site VI). The tertiary binding 

sites have low binding affinities and are not likely to impact the transport of Zn(II), in vivo.  

There was a lot of uncertainty about site B and whether Zn(II) ions are bound there 

[11,118]. The X-ray structure showed weak anomalous electron density near His9/Asp13 in 

the HSA structure at low zinc concentration and This site appears to be an attractive 

candidate for site B [3]. Also, X-ray structure of ESA structure (PDB: 5IIU) support this data. 

The coordination sphere of Zn(II) consists of one nitrogen atom from His and two oxygen 

atoms from Asp, in broad agreement with previous 113Cd(II) NMR data [119]. Secondary site 

II that is consist of His9/Asp13/Asp255 has been shown to be conserved in both HSA and 

BSA. 

 

1.5 Zinc and Fatty Acids Crosstalk and Its Implications  

Fatty acids are the primary ligands for HSA which is the main FAs transporter in the plasma. 

FA2 is a high FA binding site that can instantly be occupied by FA at FA:HSA ratio of 1:1, 
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overlaps with MBS-A that has high affinity for zinc. Therefore, the binding of both ligands is 

not independent from one another, on the contrary, it is found to be linked. The binding of 

Zn(II) to site A is modulated by the binding of FAs at FA-binding site 2 due to the fact that 

both sites lie at interface between domain I and domain II of HSA and require interactions 

with residues from both domains (His67 and Asn99 from domain I and His246 and Asp249 

from domain II). Zn(II) is only capable of binding to site A on albumin in the absence of FAs. 

Once the level of FFAs is elevated such as during intense exercise, fasting or pathological 

conditions as diabetes, it will disrupt zinc binding and as a result zinc will be released from 

the site. 

Recently, ITC experiment was preformed to investigate allosteric modulation of zinc binding 

in the presence and absence of FAs for BSA and HSA [3,50]. In the absence of FAs, zinc is 

able to bind to HSA and the data was fitted to “two sequential sites” model. The KD values 

are found to be 1.7±0.3 μM for site A and 65 ± 21 μM for site B on HSA [3]. In the presence 

of FAs, (myristate-C14), the study showed that the binding of FAs to the FA2 site has a 

definite effect on zinc binding. As we increased the FA:HSA molar ratio, the availability of 

site A progressively diminished. These studies proved that the binding of FAs (FAs with ten 

or more carbon atoms) to the FA2 side led to zinc release, but not vice versa [101]. This 

mechanism is described by the ‘spring-lock’ model, in which the coordination from domain I 

(His67 and Asn99) and domain II (His247 and Asp249) is disengaged, causing the release of 

Zn(II) from site A (Figure 4B) [11,51]. whilst, they are no apparent overlapping shown 

between both sites, the movement of the domains I in respect to domain II is required in 

order to form FA binding pocket which can lead to site A destruction by the movement of 

His67 by 7.5 Å. Hence, the level of FAs in the circulatory system drive zinc speciation but not 

vice versa. The study also reported that the zinc binding inhibition in site A only occur in the 

case of FAs with chain-length of less than ten [50]. When examining the effect of FA 

(octanoate-C8) on zinc binding, the result shows no conformational change and it has been 

suggested such FAs are short therefore are not able to induce the allosteric switch that is 

required for this crosstalk.     

The reported studies have been done with the use of myristic acid (C14:0) which is not 

commonly found in high quantities in blood plasma under normal conditions [120] except 
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under certain conditions of diseases and clinical treatments [4]. Therefore, in order to be as 

close as possible to normal physiological conditions, here we extended our analysis and 

generate HSA complexes with six different FAs that are possibly found in the plasma and 

examine the effect of these FAs on HSA structure and zinc binding.  

The fatty acid and zinc crosstalk have significant consequences and operate under normal 

physiology where FAs present in 0-2 mol. Equiv. Due to the fact that 70 – 90% of zinc found 

in plasma is bound to HSA, even the smallest changes that could affect zinc binding to HSA 

may result in serious consequences. Elevated level of FAs in plasma decrease HSA’s capacity 

for zinc binding, therefore, affect zinc speciation in plasma (Figure 4B). Increase in free Zn(II) 

concentration in blood result in three major consequences,  (a) redistribution of Zn(II) to 

other proteins, (b) interactions of Zn(II) with transporter proteins facilitating their export 

from plasma [49], and (c) binding of zinc to cell-surface receptors and modulation of cell’s 

function [121,122]. Many studies have been done on finding correlations between diseases 

that are characterized by elevated FAs such as diabetes [123,124] and cardiovascular 

disease [3,125] and low plasma zinc concentrations. A comprehensive review paper on the 

effect of such physiological crosstalk suggesting that albumin is at the center of a causal 

relationship that links these independent observations, and that the FA-modulated zinc 

speciation leads to increased zinc export from plasma into cells.  
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Figure 4: Structure of zinc (II) bound to HSA: 
(A) The structure (PDB 5IJF) reveals the zinc site coordination to HSA. The yellow circles represent the 
coordinating amino acids found at pH 9.0 and the red circle represents the coordaining amino acid that also 
involve in the coordination at pH 7.4. (B) illustration of the impact of conditions characterized by high plasma 
level of fatty acids on Zn binding and the implication of the increase in Zn plasma.  
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2. OVERVIEW OF THESIS RESEARCH 

Human serum albumin serves as the main carrier of multiple endogenous ligands including 

fatty acids and zinc. Therefore, it controls their availability and distribution throughout the 

body. Previous studies have established that the binding of such ligands is found to be not 

independent from one another but they are allosterically linked. Thus, HSA mediates the 

most important physiological crosstalk between fatty acids and zinc ion. Here, we have 

focused on the interactions and coordination of zinc ion with HSA and the effect of different 

FAs on the protein structure and stability and also on zinc binding. The aim of this study is to 

examine the albumin-mediated impact of free fatty acid concentration on zinc distribution 

which may result in a significant effect on both normal physiological processes and a range 

of disease states, including cardiovascular disease and diabetes. Also, the possibility to 

detect other binding sites that are independent from FAs binding. To do so, I will meet the 

objectives outlined below. 

 

1- Defatted HSA: 

 Detection of possible Zn(II) binding sites. By monitoring HSA using NMR titrations 

with high resolution 2D spectra displaying methyl groups of HSA with natural 

abundance isotopes and track the movements of those methyl groups that are 

present on HSA. Also, by using Isothermal Titration Calorimetry (ITC) I will titrate 

zinc chloride into the free HSA and determine the binding affinity by measuring  KD.   

2- Fatted HSA: 

 Examine the impact of selected FA on HSA secondary and tertiary structure and 

thermal stability. I will incubate free human serum albumin with different fatty 

acids (6 in total) with different FA:HSA ratios. Then by using CD I will measure the 

changes in HSA secondary and tertiary structure upon the binding of different 

ratios of FA:HSA. Also, I will measure the thermal stability of FA:HSA by measuring 

the denaturation temperature and obtaining Tm. 

 

 Examine the impact of selected FA on Zn(II) binding. I will incubate free human 

serum albumin with different fatty acids (6 in total) with different FA:HSA ratios. 

Then by using Isothermal Titration Calorimetry (ITC) I will titrate zinc chloride into 

the fatted HSA and determine the binding affinity by measuring  KD. 
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3. MATERIAL AND METHODS  

 

 

3.1 Protein preparation  

De-fatted Human Serum Albumin (HSA) lyophilized powder was purchased from Sigma-

Aldrich (product no. A3782-1G; >99% pure base on gel electrophoresis). Less than 0.02% 

fatty acids are present, globulin free and has been tested negative for HIV I, HIV II, HCV, and 

HBsAg. The reported molecular weight is 66,437 Da after-protein purification using a cold 

alcohol fractionation process derived from the traditional Chon method with heat shock 

method. The albumin was isolated from blood serum of human and defatted excluding any 

heterogeneity of the biomaterial and confirmed by SDS gel (section 3.2). HSA at pH 7.4 was 

chosen because we want to be as close to physiological conditions as possible and defatted 

to minimize the modulation of FAs to Zn binding, as mentioned previously the presence of 

FAs will affect the binding of Zn(II). HSA was dissolved in 50mM Tris and 140mM sodium 

chloride (NaCl) at pH 7.4 to obtain the required concentration for each experiment. Tris 

buffer with a pKa of 8.1 is an effective suitable buffer for studies with ranging pH between 

7.1 – 9.1 and commonly used in most biological processes due to the reason that Tris is 

inexpensive, soluble in water and has a high buffer capacity. The physiological ionic strength 

is between 100 – 200 mM NaCl, here 140mM ionic strength was used to maintain protein 

stability and prevent hydrophobic interactions that could lead to protein aggregation. The 

exact HSA concentration was determined by UV absorbance using Nanodrp one 

spectrophotometer using molar extinction coefficient of 35,700 M-1cm-1 at 280 nm. The 

protein is then dialyzed overnight at 4 °C against respective buffer in order to remove 

impurities.  

 

3.2 Fatty acid/HSA Complexes Preparation 

Fatty acids were dissolved in %50 ethanol and heat up to 70 °C to obtain clear stock 

solutions with a concentration of 10mM prior to each experiment. Solutions were diluted by 

Tris-NaCl buffer to obtain 1mM concentration and warmed up to about 50 °C in order to 

facilitate fatty acid dispersion. Afterwards, the solutions were allowed to evaporate at room 

temperature and slightly cool down, and degassed for 20 minutes to eliminate as much of 

alcohol before the addition to HSA. HSA-FA complexes were prepared by the addition of the 
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appropriate volumes of FAs stock to constant protein volume to obtain the desired FA:HSA 

molar ratios of 1:1, 2:1, 4:1 and 8:1. The mix incubated at 500 rmp shaker for 2 hours in 

30 °C to enable fatty acids binding to HSA. Monitoring by 1D spectra we confirm the 

presence of alcohol in the FAs was less than 1% by comparing to 5% alcohol sample that we 

supposedly started with but due to our processing of the sample, most of the alcohol was 

evaporated.   

SDS gel was done on 10 samples; HSA Apo, HSA incubated with zinc, HSA with FA:HSA ratio 

of 1:1, 2:1, 4:1 and 8:1 before incubation and after 2 hours incubation in order to check if 

any of the processes done affected the albumin itself or cause dimerization and reduce the 

available active HSA to bind to either Zn(II) or FAs (Figure 5). As shown in the gel about 98% 

of HSA protein were free monomers and almost 1-2% was dimerized. Therefore, the overall 

processes we done did not affect the protein availability and activity with the exception of 

the N-terminal truncation (encountered in previous reports) which has no effect on our 

measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: SDS page gel 
Gel was run with HSA Apo (lane 2), HSA Apo with Zn (lane 3), FA:HSA ratio of 1:1, 2:1, 4:1 and 8:1 before 
incubation (lane 4, 5, 6, and 7 respectively) and after incubation (lane 8, 9, 10, and 11). Lane 1 is the molecular 
weight marker.    

1 2 3 4 5 6 7 8 9 10 11
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HSA:FA Before 

incubation
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incubation

180 kDa
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3.3 Isothermal Titration Calorimetry (ITC). 

Sample preparation: 90uM of HSA from 0.7mM stock was obtained for the measurements. 

ZnCl2 was prepared by dissolving the measured amount of ZnCl2 using the buffer after 

dialysis (reaction buffer) to obtain 2.7mM concentration.  

Calorimetric experiments were performed using a Microcal PEAQ ITC (Malvern) at 25 °C. 

Samples were degassed for 15 minutes before being loaded into ITC.  2.7mM of ZnCl2 in the 

injection syringe was titrated into 90 µM of HSA (fatted and defatted) in the cell and 

continuously stirred at 750 rpm to ensure rapid mixing. The parameters for all experiments 

were set to one injection of 0.4 µl over 0.8 s followed by 54 injections of 0.7 µl over 1 s with 

interval of 150 s between injections. An identical blank titration was performed to account 

for heat of dilution consist of reaction buffer in the cell titrated by ZnCl2 which then 

subtracted from the main experiments. The data were processed and fitted using Microcal 

PEAQ-ITC analysis software provided with the instrument. 

 

3.4 Circular Dichroism (CD) Spectroscopy and Thermal Unfolding: 

Circular Dichroism (CD) measurements were obtained to determine HSA secondary and 

tertiary structural changes upon the binding of Zn(II) in the presence and absence of fatty 

acids. The measurements were carried out using J-1500 Circular Dichroism 

Spectrophotometer equipped with a thermoelectrically controlled cell holder under a 

constant nitrogen flow. The secondary structure of fatted (FA:HSA molar ratios of 1:1, 2:1, 

4:1 and 8:1) and defatted HSA was measured with far-UV (190-260 nm) and 0.1-mm of 

cuvette path length. Tertiary structure was measured with near-UV (260-360 nm) and 10-

mm of cuvette path length. HSA concentration was kept fixed at 0.35 mg/ml giving 5uM. For 

further examination of the FAs modulation of Zn2+ binding to HSA, 1:10 HSA:Zn molar ratio 

was added to FA-HSA complexes (FA:HSA molar ratios of 1:1 and 4:1) and secondary and 

tertiary spectra were recorded. For each CD spectrum an average of 3 scans of the same 

sample was collected at 37 °C with a step resolution of 0.1 nm, a scan speed of 100 nm per 

minute and a bandwidth of 1 nm. The data were processed by Spectra Manager Analysis 

software provided from JASCO as follows: the spectrum of each sample was corrected to 

bassline, smoothed with Savitsky-Golay filter and converted to molar ellipticity.  
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To investigate the effects of FAs on HSA thermal stability, the thermal unfolding curve of 

HSA in presence and absence of FAs, was measured by recording far-UV CD spectra at each 

wavelength (range 190-230) as a function of temperature between 20 and 90°C in steps of 

1°C with an equilibration time of 1 min at each temperature. The denaturation temperature 

was attained by monitoring 222 and 208 nm wavelengths on 3D graph and obtaining Tm 

with ±1 °C deviation.  

3.5 Nuclear Magnetic Resonance (NMR) 

Sample preparation: The NMR buffer used is 50mM Tris and 140mM sodium chloride (NaCl) 

in 99% deuterium oxide at pH 7.4. HSA was dissolved in the NMR buffer to obtain a 

concentration of 2mM.  

 

Zn titration: The titration of Zn2+ was performed using stock solution of 40mM Zinc Chloride 

(ZnCl2) dissolved in the NMR buffer. Aliquots of the stock solution were added to 2mM HSA 

solution to obtain [ZnCl2]/[HSA] ratios of 0.1, 0.2, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 2.5, 3, 3.5, 

4, 6, 8, 10 and 16. 

 

NMR data acquisition and processing: 1H-13C methyl SOFAST-TROSY experiment was 

recorded. NMR data were acquired at Bruker 950 MHs spectrometer, 310 K and pH of 7.4 

equipped with a 10 mm broadband probe. Samples with a minimum volume of 500 ul were 

centered within the coils, spun at 20 Hz and maintained at 37 °C. Spectra taken in the 

presence and absence of specific ratio of Zn(II). NMR data were processed and interpreted 

with topspin version 4.0.5.  
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4. RESULTS 

4.1 Isothermal Titration Calorimetry (ITC) Measurements. 

ITC is a powerful physical technique in quantitative studies of biochemical thermodynamics. 

ITC is used to detect the thermodynamic parameters such as binding constants (KD), 

reaction stoichiometry (n), enthalpy (∆H) and entropy (ΔS) by directly measuring heat 

changes (released or absorbed) during biomolecular interactions. It is a label-free method 

used to report the binding affinity between biomolecular interacting with one another. The 

binding affinity (strength of interactions between molecules) can be easily measured by 

determining the equilibrium dissociation constant (KD) as well as the binding stoichiometry 

and the binding thermodynamics. Here, we used ITC to examine the binding of zinc to HSA 

at physiological pH (pH 7.4) and ionic strength 50mM Tris, 140mM NaCl in the presence and 

absence of FAs. MicroCal ITC analyzing software was used to evaluate and fit the 

experimental data and found to fit well with “Two set of sites” fitting model in the absence 

and presence of FAs. This fit has been chosen because previous studies reported the 

existence of more than one zinc site on HSA with different KD values, therefore, “Two set of 

sites” fitting model must be used. One set of sites fitting module was excluded because it 

works only under the assumption of the presence of any number of sites if all the sites have 

the same KD which is not the case here. The calorimetric data are shown in Figure 6 and 7 

illustrate the binding of zinc to HSA is an exothermic process after the deduction of the heat 

dilution of zinc in tris buffer.  

 

4.1.1 ITC Measurements of Zinc Binding in the Absence of FAs 

ITC was used to examine zinc ion binding properties to HSA in the absence of FAs. “Two set 

of sites” fitting model was used to fit the acquired data (Figure 6) under the assumption of 

existence of two non-identical sites for binding. The results obtained indicates the existence 

of one binding site with high affinity (KD1 = 5.43 ± 0.5 µM) and up to 7 secondary sites with 

low affinity (KD2=80 ± 5 µM).  
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Figure 6: Measurement of Zn(II) binding affinity to HSA. 
Isothermal titrations calorimetry data for Zn(II) binding to HSA. 90µM of protein was titrated with 0.7 µL 
injections of a 2.7 mM ZnCl2 solution for 54 injections over 1 s with interval of 150 s between injections at 25 
°C. 

 

4.1.2 ITC Measurements of Zinc Binding in the Presence of FAs 

After the incubation of six FAs with HSA, ITC was used to titrate ZnCl2 to each of ratio of 

each FAs. The results obtained were fitted with “two set of sites” fitting model as shown in 

Figure 7 and the KD values reported in Table 2. The results obtained have been classified into 

three groups depending on their KD values and curve fitting. Titrations of Zn(II) in the 

presence of increasing amount of caproic and caprylic acid (molar ratio of FA:HSA increases 

from 1, 2, 4, and 8) shown in Figure 7A and B. The results obtained show indistinguishable 

effect on the affinity of Zn(II) to HSA comparing to Zn(II) titration on the absence of FAs. The 

KD values (Table 2) of caproic and caprylic acid indicate a slight decrease in Zn(II) affinity to 

HSA upon binding of such FAs. Figure 7C shows Zn(II) titration in the presence of α-lipoic 

acid, the figure along with KD values reported show as the molar ratio of FA:HSA increases 

(to ensure that FA2 is fully populated), Zn(II) affinity to bind HSA increases from those in the 

absence of FAs which suggest that lipoic acid in fact enhance the binding of Zn(II). However, 

in case of capric, lauric, and palmitic acid (Figure 7D, E, and F) a dramatic decrease in Zn(II) 

affinity was observed as the molar ratio increases. FA:HSA molar ratio of 1:1 and 2:1 show 

minor decrease in Zn(II) affinity to HSA from those in the absence of FAs, however, as the 

molar ratio reaches 4:1 and 8:1, as the sites begin to populate, a dramatic change in the 

 

Figure 6: Measurement of Zn(II) 
binding affinity to HSA. 
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binding affinity observed. 8:1 molar ratio as shown in Figure 7D, E, and F display almost no 

binding.  

 

Compound KD1 KD2 

HSA Apo 5.4 ± 0.5 µM 80 ± 5 µM 

HSA-caproic acid 

(C6:0) 

1:1 8.5 ± 0.5 µM 1:1 113 ± 15 µM 

1:2 10 ± 1.6 µM 1:2 116 ± 11 µM 

1:4 15 ± 1.7µM 1:4 96 ± 6 µM 

1:8 9 ± 0.9 µM 1:8 107 ± 8 µM 

HSA-caprylic acid 

(C8:0) 

1:1 12 ± 0.7 µM 1:1 90 ± 6 µM 

1:2 9 ± 3 µM 1:2 106 ± 39 µM 

1:4 12 ± 1.4 µM 1:4 98 ± 9 µM 

1:8 13 ± 1.5 µM 1:8 95 ± 7 µM 

HSA-α-lipoic acid 

(C8:0) 

1:1 7 ± 2.8 µM 1:1 101 ± 32 µM 

1:2 5 ± 1.2 µM 1:2 105 ± 11 µM 

1:4 5 ± 0.4 µM 1:4 49 ± 3 µM 

1:8 2.2 ± 0.3 µM 1:8 25 ± 2.2 µM 

HSA-capric acid 

(C10:0) 

1:1 15 ± 1.6 µM 1:1 307 ± 66 µM 

1:2 19 ± 5 µM 1:2 309 ± 53 µM 

1:4 1.1 ± 0.5 mM 1:4 16 ± 7.7 mM 

1:8 3.4 ± 1.5 mM 1:8 16 ± 2.8 mM 

HSA-lauric acid 

(C12:0) 

1:1 21 ± 6 µM 1:1 225 ± 153 µM 

1:2 20 ± 1.9 µM 1:2 195 ± 29 µM 

1:4 1 ± 0.5 mM 1:4 17 ± 4.4 mM  

1:8 2.3 ± 0.7 mM 1:8 22.3 ± 4.4 mM 

HSA-palmitic acid 

(C16:0) 

1:1 8 ± 3.5 µM 1:1 318 ± 47 µM 

1:2 10 ± 6 µM 1:2 419 ± 2.6 µM 

1:4 542 ± 129 µM 1:4 16 ± 6.1 mM 

1:8 806 ± 203 µM 1:8 15 ± 2.9 mM 

 
Table 2:List of obtained KD values of ZnCl2 titrations 
List of obtained KD values of ZnCl2 titrations to HSA in the presence of six fatty acids with HSA:FAs ratio of 1:1, 
1:2, 1:4, and 1:8.  
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Figure 7: Measurements of Zn(II) binding affinity to HSA in complex 
with six different FAs at different ratios. ITC data for Zn(II) binding to (A) HSA-caproic acid complex, (B) HSA-
caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) HSA-capric acid complex, (E) HSA-lauric acid 
complex, and (F) HSA-palmitic acid complex. 90µM of protein was titrated with 0.7 µL injections of a 2.7 mM 
ZnCl2 solution for 54 injections over 1 s with interval of 150 s between injections at 25 °C. 

 

Figure 7: Measurements of Zn(II) binding affinity to HSA in complex with six 
different FAs at different ratios. ITC data for Zn(II) binding to (A) HSA-caproic 
acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, 
(D) HSA-capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic 
acid complex. 

(A) 

(D) (C) 

(B) 

(F) (E) 
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4.2 Circular Dichroism (CD) Spectroscopy Measurements and Thermal Unfolding 

CD is a powerful tool for investigating the secondary and tertiary structures of a protein. We 

use CD to monitor the conformational changes of HSA apoprotein and HSA incubated with 

different fatty acids (6 in total) examined at different molar ratios in the presence and 

absence of Zn(II). The changes in secondary and tertiary structure of HSA in the presence 

and absence of FAs were studied by far-UV and near-UV CD region at different molar ratio 

of HSA to FAs. CD results were expressed in terms of molar ellipticity in unit of (deg cm3 

dmol-1) which is CD corrected for concentration. It is calculated by using sample 

concentration (g/L), cell pathlength (cm), and the molecular weight (g/mol).  

 

4.2.1 Far-UV CD Measurements to Determine HSA Secondary Structure 

Far-UV CD spectra are recorded determine the secondary structure of a protein; different 

structural elements have characteristic CD spectra. For example, a negative band around 

222 and 208 nm wavelength indicate α-helix structure and β sheets characterizes by 

displaying negative bands at 218 nm. Here, CD measurement spectra of HSA, HSA-Zn and 

HSA-FA complexes with different molar ratio (HSA:FA ratio of 1:1, 1:2, 1:4 and 1:8) were 

recorded as shown is Figure 8, 9 and 10 in order to monitor conformational changes upon 

the binding of different ligand (Zn, FAs, or both). Under physiological conditions HSA 

contains 67% α-helix, therefore, the spectra should show two negative peaks at 222 and 208 

nm which is and an indicative of α-helical structure characteristic. 

 

4.2.1.1 HSA Secondary Structure in the Presence of Zinc ion 

Figure 8A shows the native HSA spectrum and it displays two peaks around 222 and 208 nm 

wavelength and that an indicative of α-helix structure. Upon the binding of Zn at HSA:Zn 

ratio of 1:1, 1:2, 1:4, and 1:8 we can see the position of the peaks remained constant 

comparing to the native HSA spectrum. Therefore, HSA structure is predominantly α-helix 

and the changes of the spectra to less negative values indicates the changes in α-helix 

contents.  
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Figure 8: Far and near-UV CD spectra of free HSA and HSA-Zn. 
(A) Far-UV CD spectra of free HSA and HSA in complex with different ratios of zinc ion. (B) Near-UV CD spectra 
free HSA and HSA in complex with different ratios of zinc ion. 

 

 

4.2.1.2 HSA Secondary Structure in the Presence of Fatty Acids 

Figure 9 illustrates the effect of FAs binding on HSA structure. All HSA:FAs mixture exhibit 

two negative peaks around 222 and 208 nm wavelength, irrespectively of the HSA:FA ratios 

in the mixture indicating the addition of such FAs to HSA result in no change in the protein 

secondary structure, hence, HSA maintains their helical structure even after interacting. 

However, the decrease of the negative peaks (higher Mol. Ellip values) could indicate loss in 

α-helix structure. Caproic acid (C6), Figure 9A, CD spectra shows as HSA:FA molar ratio 

increases from 1:1, 1:2, 1:4, and 1:8 CD spectra remained constant. All the spectra display 

two peaks around 222 and 208 nm wavelength indicating the helical structure. The 

intensities of the negative peaks deceases as the ratio of FA in the mixture increases without 

changing in position or shape of peak. Similar pattern can be observed in HSA spectra in the 

presence of lauric acids and palmitic acids (Figure 9E and 9F). As shown in Figure 9B, 

HSA:capylic acids (C8:0), the CD spectra also display similar behavior as seen above with 

exception that the intensities of the negative peaks for 1:1 ratio deceases sharply and 

shifted to 220 nm. Also, a slight decrease can be observed in the negative bands of 1:4 ratio. 

However, for 1:2 and 1:8 show similar behavior to native HSA spectrum. Overall, the 

position and shape of peaks maintain their native conformation after their interactions with 

FAs. The CD spectra of HSA in complex with α-lipoic acid, (C8:0), illustrated in Figure 9C. The 

CD spectra of all the ratios exhibit two negative peaks around 222 and 208 nm wavelength, 

characteristic of α-helix structure. The intensity of the negative peaks decreases as the ratio 

of ALA increases in the mixture.  

 

Figure 8: (A) Far-UV CD spectra of free HSA and HSA in complex with different ratios 
of zinc ion. (B) Near-UV CD spectra free HSA and HSA in complex with different ratios 
of zinc ion. 

(A) (B) 
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Figure 9D shows CD spectra of HSA in complex with capric acid. The spectra display similar 

behavior to the native HSA. The position, shape and intensity of the peaks maintain their 

native conformation even after their interactions with FAs. 

 

Figure 9: Far-UV circular dichroism spectra of HSA in complex 
with (A) HSA-caproic acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) HSA-
capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic acid complex. 

 

 

 

(A) 

(F) (E) 

(D) (C) 

(B) 

Figure 9: Far-UV circular dichroism spectra of HSA in complex with (A) HSA-caproic 
acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) 
HSA-capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic acid 
complex. 
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4.2.1.3 HSA Secondary Structure in the Presence of Fatty Acids and Zinc 

Figure 10 illustrates the effect of Zn(II) binding on HSA structure in the presence of FAs. All 

mixtures display two negative peaks around 222 and 208 nm wavelength, irrespectively of 

the HSA:FA:Zn ratios in the mixture. Therefore, the addition of Zn(II) to HSA:FA complexes 

result in no change in the protein secondary structure hence HSA maintains their helical 

structure even after interacting. The intensities of the negative peaks vary from one 

spectrum to another, generally indicating loss of α-helix structure.  

 

 
Figure 10: Far-UV circular dichroism spectra of HSA in complex 
with (A) HSA-caproic acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) HSA-
capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic acid complex (ratio 1:1 and 1:4) in the 
presence and absence of zinc ion. 

 
 

(A) 

(F) (E) 

(D) (C) 

(B) 

Figure 10: Far-UV circular dichroism spectra of HSA in complex with (A) HSA-caproic 
acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) 
HSA-capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic acid 
complex (ratio 1:1 and 1:4) in the presence and absence of zinc ion.  
 



 

 

43 

4.2.2 Near-UV CD Measurements to Determine HSA Tertiary Structure 

Near UV CD spectra (250-350 nm) provide us with information about the chiral environment 

around the aromatic side chains and the asymmetry of disulfide bridges and that can reveal 

any changes of the tertiary structure of the HSA upon binding of FAs or zinc ion. Generally, 

negative peaks around 262 and 269 nm region correspond to the side chains of 

phenylalanine, while signals around 275 and 287 nm correspond to tyrosine’s side chains. 

Peaks between 285 and 305 nm are attributable to tryptophan residues, whereas disulfide 

bonds lead to a broad CD signals throughout the spectrum [126]. HSA contains three 

aromatic residues (18 tyrosines, 21 phenylalanines, and 1 tryptophan) and 17 disulfide 

bonds which contribute to shaping the curve of near-UV CD spectrum of HSA.  

 

4.2.2.1 HSA Tertiary Structure in the Presence of Zinc ion 

The near-UV CD spectra of HSA upon the binding of Zn(II) at different ratios are represented 

in Figure 8B. The tertiary structures of HSA upon the binding of Zn(II) at 1:1 and 1:2 HSA:Zn 

ratios show no alteration in the conformational change of the protein when comparing to 

the native HSA spectrum. However, at higher ratios (1:4 and 1:8) a small change in 

conformation induced. Overall zinc binding has no substantial effect on the tertiary 

structures of HSA.  

 

4.2.2.2 HSA Tertiary Structure in the Presence of Fatty Acids 

The near-UV CD spectra of HSA upon the binding of different FAs at different ratios are 

represented in Figure 11. Binding of caproic, caprylic, capric, and palmitic acids (C6:0, C8:0, 

C10:0, and C16:0, respectively) to HSA show no substantial effect on HSA tertiary structure 

as shown in Figure 11A, B, D, and F. ALA binding to HSA, Figure 11C, display significant 

increase to less negative values of ellipticity in Tyr (275-287 nm), Trp (285 nm), and Phe 

(255-270 nm ) regions as the HSA:ALA ratio increases from (1:1, 1:2, 1:4, and 1:8). Lauric 

acid, (C12:0) CD spectra in complex with HSA exhibits constant tertiary structure similar to 

the native HSA. However, 1:8 molar ratio shows a significant decrease (to negative values) 

of ellipticity in Tyr (275-287 nm), Trp (285 nm), and Phe (255-270 nm) regions.  
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 Figure 11: Near-UV circular dichroism spectra of HSA in complex 
with (A) HSA-caproic acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) HSA-
capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic acid complex. 

 
 

4.2.2.3 HSA Secondary Structure in the Presence of Fatty Acids and Zinc 

Figure 12 illustrates the effect of FAs binding on HSA tertiary structure in the presence of 

zinc ion. All mixtures display similar behavior as outlined in 4.2.2.2 section with the 

exception of ALA spectra which show upon the addition of Zn(II) to 1:1 ratio, it increases 

significantly to less negative values.    

 

(A) 

(F) (E) 

(D) (C) 

(B) 

Figure 11: Near-UV circular dichroism spectra of HSA in complex with (A) HSA-caproic 
acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) 
HSA-capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic acid 
complex. 
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Figure 12: Near-UV circular dichroism spectra of HSA in complex 
with (A) HSA-caproic acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) HSA-
capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic acid complex ratio 1:1 and 1:4) in the 
presence and absence of zinc ion. 

 

4.2.3 CD Thermal Unfolding Measurements to Determine HSA Stability  

In order to determine the effect of different FAs on the stability of HSA, CD signal around 

190-230 nm is used to monitor the thermal melting of a protein. The signal at 208 and 222 

nm was closely monitor because they are interpreted to be coming from the helical content 

in the protein that gets melted with increase in the temperature. The measured CD values 
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Figure 12: Near-UV circular dichroism spectra of HSA in complex with (A) HSA-caproic 
acid complex, (B) HSA-caprylic acid complex, (C) HSA-alpha lipoic acid complex, (D) 
HSA-capric acid complex, (E) HSA-lauric acid complex, and (F) HSA-palmitic acid 
complex ratio 1:1 and 1:4) in the presence and absence of zinc ion. 
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of the 190-230 nm wavelengths were plotted against temperature (20-90 °C) in order to 

obtain the melting curve for each FAs at 1:1 and 1:4 HSA:FA ratio. Table 2 shows the 

denaturation temperature (Tm) at which the protein denatures for HSA alone and in 

complex with zinc ion and with different FAs at 1:1 and 1:4 ratios. The value of the 

denaturation temperature of HSA alone was found to be 55 °C. However, the denaturation 

temperatures of HSA in complex with different FAs increases with the increase of HSA:FA 

ratio independently from the chain-length (C6-C16). 

 

Compound Tm (°C) Compound Tm (°C) 

HSA  

55±1 

HSA:FA(C8SS) 

1:4 

 

72±1 

HSA-Zn  

56±1 

HSA:FA(C10) 

1:1 

 

68±1 

HSA:FA(C6) 

1:1 

 

68±1 

HSA:FA(C10) 

1:4 

 

50±1 

HSA:FA(C6) 

1:4 

 

50±1 

HSA:FA(C12) 

1:1 

 

75±1 

HSA:FA(C8) 

1:1 

 

72±1 

HSA:FA(C12) 

1:4 

 

78±1 

HSA:FA(C8) 

1:4 

 

80±1 

HSA:FA(C16) 

1:1 

 

75±1 

HSA:FA(C8SS) 

1:1 

 

65±1 

HSA:FA(C16) 

1:4 

 

78±1 

 
Table 3:List of melting temperatures  

of HSA and HSA in complex with zinc and six fatty acids at 1:1 and 1:4 HSA:FA ratio. 
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4.3 Nuclear Magnetic Resonance (NMR) Measurements 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool among many biophysics 

methods that have been used to study biomolecules at the atomic level and allow the study 

of structural and dynamic changes of proteins or in our case to obtain useful information on 

protein ligand interactions by accessing the proteins 3D structures and dynamics. Zn(II) 

binding to HSA was monitored by recording a series of methyl SOFAST-TROSY experiments 

upon the addition of increasing amounts of ZnCl2. This recently developed method; allow 

recording of high-quality methyl 1H-13C correlation spectra of a protein with high molecular 

weight in a few seconds acquisition time. Methyl groups used as spectroscopic probes of 

protein structure and dynamic because they are found throughout regions of folded 

protein. Here, we aim to detect possible Zn(II) binding sites of 66.5 kDa unlabeled HSA by 

monitoring the protein using NMR titration with high resolution 2D spectra displaying 

methyl groups of HSA with natural abundance isotopes and track the movements of those 

methyl groups that are present on HSA. HSA contains six amino acids that have methyl 

groups in their side-chains, LIVATM (Leu, Ile, Val, Ala, Thr, and Met). The movements of 

those methyl groups could indicate a conformational change has induced as a result of Zn(II) 

binding at a close by Zn(II) binding site. 

Based on the spectrum obtained (Figure 13A) we can observe a good set of signals that 

indicates HSA is properly folded as we anticipated. Figure 13 (B, C and D) show selected 

signals from overlaying the Free-HSA spectrum with HSA that titrated with different ratios of 

ZnCl2 (1:1, 1:2, 1:4, and 1:8). As shown in the spectra, some signals remain constant and 

experience no movements such as those of methionine (Figure 13B), some broaden (Figure 

12C) and others display minor chemical shifts (Figure 13D).  
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Figure 13: Methyl -TROSY spectra 
Methyl-TROSY spectra of (A) free HSA. (B, C, and D) represent spectra of free-HSA spectrum (red) overlaid with HSA that titrated with different ratios of ZnCl2 (1:1 
(purple), 1:2 (blue), 1:4 (green), and 1:8 (green)). 
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5. DISCUSSION 

 

5.1 Zinc Binding Capacity to HSA  

Zn(II) is an essential metal ion for the activity of multiple enzymes and transcription factors 

that present extra and intracellularly. Among many other transporting proteins, albumin is 

the main Zn(II) carrier (75–80% of plasma Zn(II) is in the bound state to albumin) found in 

the blood plasma. Thus, albumin controls the free Zn(II) concentration that are available to 

the cells through membrane transporters or by other proteins [3]. Albumin itself has been 

the subject of many studies for years, herein, we attempted to investigate the Zn(II) binding 

to human serum albumin by means of isothermal titration calorimetry (ITC) approach to 

measure the strength of interactions between Zn(II) and albumin by determining the 

binding affinity (KD) and investigate the effect of increasing amount of different fatty acids 

on those interactions.  

5.1.1 The Presence of Multiple Zinc Binding sites on HSA 

Based on ITC data, free HSA show clearly the presence of one high affinity site which refer 

to as MBS-A and up to seven secondary low affinity sites (KD1 = 5.43 ± 0.5 µM and KD2=80 ± 5 

µM) throughout HSA with unknown locations. The presence of those secondary sites can 

extend the zinc binding capacity to HSA and this is significant under the conditions where 

Zn(II) concentration is elevated or zinc high affinity site (MBS-A) is severely disrupted by FAs 

binding (section 5.1.2). Thus, those sites can act on and bind to zinc controlling Zn(II) free 

concentration in the blood. Our results are consistent with previously published ITC study 

that demonstrate the presence of two sites with significant affinity (KD1= 1.7 ± 0.3 µM and 

KD2= 65 ± 21 µM) [3]. However, the results of this study were fitted using “two sequential 

sites” under the assumption of N1 and N2 are equal to 1. In our study, three models were 

explored to fit the data (Figure 14) and we found “Two set of sites” model have the best 

goodness-of-fit according to the reported reduced Chi-seq values for apo HSA and HSA-FA 

complex (C6:0). For both apo HSA and HSA-FA complex (C6:0), the Chi-seq values reported 

were the smallest and suggesting this fitting model best fit. Based on that and previous 

studies that reported the detection of the existence of weaker zinc sites on HSA 

[3,11,118,127,128] along with the strong site that have been identified recently and under 

the assumption of the presence of two set of sites with different KD , “Two set of sites” 

fitting model in the absence and presence of FAs has been chosen.  
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Figure 14: Types of fitting models of ITC titrations of free HSA and HSA in complex with caproic acid. 
ITC titrations for free HSA is represented in (A) one set of site (B) two set of sites and (C) two sequential sites. 
HSA in complex with caproic acid is represented in (D) one set of site (E) two set of sites and (F) two sequential 
sites with the reduced Chi-Seq reported in red.  

 

 

5.1.2 Various Effects of Fatty Acids on the Zinc-Binding Capacity of HSA 

Albumin is the main FAs transporter in the plasma and fatty acids considered to be HSA 

primary ligand. FA2 is a high FA binding site that overlaps with MBS-A (Zn high affinity 

binding site). The binding of Zn(II) to site A is modulated by the binding of FAs at FA-binding 

site 2 due to the fact that both sites lie at interface between domain I and domain II of HSA 

and require interactions with residues from both domains (His67 and Asn99 from domain I 

and His246 and Asp249 from domain II). Thus, the binding of FAs and Zn are not 

independent and found to be linked and Zn can only bind to site A on albumin in the 
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absence of FA. Under conditions where the FAs level are elevated the zinc binding will be 

disrupted and Zn(II) is released.  

Here, we address the impact of the addition of increasing amounts of FAs (1:1, 1:2, 1:4, and 

1:8 HSA:FA molar ratio) on Zn(II) binding to albumin by ITC approach. From the results 

obtained three distinct behavior were observed. First, the caproic (C6) and caprylic (C8) 

acids binding to HSA did not significantly impact Zn affinity rather it decreases slightly 

(Figure 15; 8% decrease observed for both set of sites). We suggest that C6 and C8 did not 

induce a conformational change upon binding therefore no substantial effect on Zn(II) 

affinity. This is consistent with what have been proposed in a study reported by Lu at el.  

that suggests FAs with chain length of less than ten carbon are too short to induce a 

conformational change upon binding, therefore they are not able to cause the allosteric 

switch that is required for zinc and fatty acid crosstalk [50].  

Second, alpha lipoic acid binding to HSA on the contrary to the pervious result enhance the 

binding of Zn(II) to HSA. At a low molar ratio (1:1 and 1:2) as shown in Figure 15, the affinity 

remains similar to the free HSA. However, at higher molar ratio 1:4 and 1:8 the affinity 

increased by almost 37% and 60%, respectively for both set of sites. This increase of Zn(II) 

affinity to HSA might be due to ALA antioxidant activity that may play a role. 1D NMR study 

that examine ALA binding to BSA reported evidence of a strong hydrophobic interactions 

and binding of ALA to BSA [129]. Also, the study demonstrates that ALA in fact coat BSA 

providing a protective mechanism. Since there are structural and functional similarity 

between HSA and BSA (75% similarities), we can apply these observations to HSA. We 

suggested two possibilities may occur; first, the redox chemistry and protective mechanism 

increased the amount of healthy (native) HSA that maybe along the way got oxidized (HSA is 

present primarily is in reduced form, some fraction may found to be oxidized), thus 

persevering its major functions and increase Zn(II) binding. Second, binding of ALA induce 

structural rearrangements (also observed in CD measurements) that may expose major sites 

making them more active. Thus, more high-resolution methods such as X-ray and NMR need 

to be used in order to properly and accurately investigating these dynamic interactions 

which may lead to interesting findings.   

The third set of results correspond to capric, lauric, and palmitic acid to address the impact 

of fatty acid chain-length on Zn(II) binding. The results display a markedly different 

behavior: Zn(II) affinity was slightly (~10%) affected by the first two ratios (1:1 and 1:2) 
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(Figure 15) suggesting that FA2 was not fully occupied by FAs, hence, Zn still can bind. 

Shifting to higher ratios a dramatic decrease in Zn(II) affinity was observed (> 80%) 

indicating FA2 was fully populated along with FA sites resulting in a conformational change 

that disrupted site A preventing Zn(II) binding (Figure 4B). This disrupted of site A can be 

accurately explained by the structural alignment of HSA in Zn-bound state with HSA in FA- 

bound to form done by P.C et al indicating FAs binding event requires changes of domain I 

and II interface and that cause a relative movement of His67 by 7.5 Å [101]. 

Based on previous studies and our findings, Zn distribution in blood plasma is heavily 

dependent on FAs level. Under abnormal conditions where FAs level elevated such as 

fasting, exercise, and pathological conditions such as obesity and diabetes, Zn distribution 

throughout the plasma will be severely affected. In fact, even under normal physiological 

level of FAs (where 0.1 - 2 FAs is in bound state to HSA) we can observe a measurable effect. 

This clearly indicates that FA2 is a FA high binding site as reported by Simard et al. and can 

populated insistently at normal physiological FA level [80]. All together this suggests that 

FAs at all concentrations influence Zn distribution in blood plasma.  

Figure 15: Reported KD values of free HSA and HSA-FAs.  
The obtained KD1,2 for HSA-FA complexes compared to free HSA. The straight line indicates KD1 and KD2 is 
indicated with dotted line. 

1:0 1:81:41:21:1

HSA:FA Molar Ratios
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5.2 Human Serum Albumin Secondary and Tertiary Structures. 

Ligand binding to a globular protein has the ability to modify the secondary structure of the 

protein, consequently altering the protein conformation. Under physiological conditions FAs 

is the primary ligands of HSA (0.1-2 FAs molecules bound to each HSA [79]) and considered 

to be the main fatty acid binding protein and carrier. Nine medium- and long-chain non-

esterified fatty acids binding sites that are distributed asymmetrically across triple HSA 

domains with different affinities have that been verified up to date (FA 1-9) [130]. They are 

three major classes of FAs binding sites; high affinity sites (FA 2, 4 and 5), medium affinity 

sites (FA 1 and 3) and Low affinity sites (FA 6 and 7) and two supplementary binding sites 

(FA 8 and 9). According to NMR studies, at 2:1 FA/HSA molar ratio only the high affinity sites 

are occupied. However, above 1:3 HSA-FAs molar ratio the low affinity sites begins to 

populate [130]. Here by the use of CD we examined possible influence of FAs binding to HSA 

secondary and tertiary structures in the presence and absence of zinc ion (Zn(II)). 

 

5.2.1 The Effect of Zinc on HSA Secondary and Tertiary Structure. 

Based on our CD spectra, HSA show no major changes in the secondary and tertiary 

structure upon Zn(II) binding. However, the interactions of Zn(II) to albumin induced a slight 

decrease in the α-helical structure content of HSA at higher Zn concentration. This is 

consistent with a published study that examined HSA interactions with Zn(II) and found that 

the amount of α-helices decreases upon the addition of zinc ion [131]. This indicates Zn 

binding can in fact alter some parts of the albumin, 

 

5.2.2 The Effect of Fatty Acids on HSA Secondary and Tertiary Structure. 

The overall results show HSA secondary structure remain α-helix, however, the amount of 

α-helices decreases. This decrease of α-helical content shows 2 distinct behaviors. First, C6, 

C8, C8SS, C12 and C16 display a decrease in α-helical content with the increase in molar 

ratio which can be explained by a change in geometry of HSA upon fatty acid binding may 

led to α-helical content reduction as suggested by Oleszko et al [132]. This indicates at 1:1 

and 1:2 molar ratio only the high affinity sites were populated and at higher FA 

concentration more reduction observed. Second, HSA structure with capric acid (C10) 

remain constant and show no change in either structure or α-helical contents at all ratios. 
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Base on X-ray crystallography of HSA with capric acid bound displaying the C10 occupying all 

9 FA sites [4], we suggested the oversaturation of HSA with C10 cause a structural 

rearrangement reversing the affect observed in the other FAs.   

X-ray crystallographic studies show that conformation of albumin changes upon binding of 

FAs indicating a conformational change has occurred and this is only in case of FAs chain 

with 10 or more carbon (C10, 12, and 16) [4]. However, less than C10, such as C6 and C8 no 

effect on the structure was observed and that was to the fact these FAs are short and won’t 

be able to induce conformation change. Our results are consistent with what have been 

reported. However, a moderate alteration of tertiary structures has been observed mainly 

at higher FAs (C10, 12, and 16) concentration and this suggests that when HSA is fully 

saturated a conformational change induce. However, at lower FA concentrations not the 

sites are populated thus no change in conformation observed. This confirms that 

conformational changes occur in the protein upon FAs binding. ALA show similar behavior; 

however, the changes were significant. This is can be justified by the formation of HSA-ALA 

complex; upon the binding of ALA to HSA this might somehow cause an alteration in tertiary 

structure which might led to less aromatic residues exposure. Similar behavior observed in 

secondary and tertiary structure when adding Zn to HSA-FA complex indicating the addition 

of Zn did not affect the stability of HSA-FA complex. 

 

5.3 HSA Thermal Stability. 

The data presented herein demonstrate the structural stability of human serum albumin in 

the absence and presence of FAs. The denaturation temperature of HSA alone is 4 °C less 

than the one (59 °C) reported by Kosa et al. [130]. The addition of Zn(II) did not affect the 

thermal stability of the protein. Based on our findings, the thermal denaturation of HSA in 

presence of FAs was increased (by up to 30 °C) with increasing of FA molar ratio where all FA 

binding sites on HSA saturated. Similar findings were found by Anraku et al. and Cordes et 

al. reporting an increase in melting temperature of HSA in the presence of octanoic acid 

(C8:0) [133,134]. Also, it has been proven that lauric acid presence in complex with HSA 

increased the denaturation temperature by a maximum of 30 °C [135]. This increase in 

temperature suggest that FAs regardless of the chain-length increase the thermal stability 

and thus have a stabilizing effect on the structure of monomeric HSA during heating. 
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However, two denaturation temperature values were inconsistent with what we observed 

and confirmed and we suggested this consistency were due to measurements error or 

sample handling. 

 

5.4 Detection of possible Zn(II) Binding Sites on HSA 

Methyl SOFAST-TROSY experiment generally allow us to obtain a high-quality methyl 1H-13C 

correlation spectrum by tracking methyl resonances of large unlabeled proteins in short 

acquisition time. Herein, we take advantage of such experiment to monitor the effect of 

Zn(II) binding to HSA by tracking methyl movements as binding reporters. Human serum 

albumin with a molecular weight of 66.5 kDa contains 207 methyl groups (Figure 16) on six 

amino acids side-chains (Leu-61, Ile-8, Val-39, Ala-63, Thr-30, and Met-6) that was used to 

allow the generation of protein-methyl map (Figure 13A). Up to date, HSA resonance 

assignments are not available therefore the exact localization of those methyl groups in HSA 

3D structure is unknown. However, by tracking the movements of those methyl groups 

upon increasing amount of ZnCl2 could indicate a conformational change has occurred as a 

result of Zn(II) binding at a close by Zn(II) binding site.  

Zn(II) binding to HSA was monitored by recording a series of methyl SOFAST-TROSY 

experiments upon the addition of increasing amount of ZnCl2 to HSA. Overall, small local 

chemical shifts for some residues has been noted indicating a very low dynamic and Zn(II) 

binding has a little or no effect on HSA 3D structure which confirmed by CD measurements 

(section 5.2). Distinct behaviors were observed of the HSA 1H-13C correlations of the overlaid 

spectra of HSA:Zn ratio of 1:0, 1:1, 1:2, 1:4, and 1:8. Some resonances remain in their native 

region such of those of methionine signals which display no movement even with increasing 

amount of Zn(II) and that could suggest methionine is not located a close by a potential 

Zn(II) binding site. Others were unaffected by the addition of Zn(II) , but upon increasing the 

amount of zinc mostly above 4:1 molar ratio the behavior of some signals coming from 

those resonances were moderately affected. For instance, one signal of alanine were closely 

inspected and with the addition of excess of Zn(II) the signal start to show some small 

distinct chemical shift. Selective broadening was observed for some resonances such in case 

of valine which could indicate a strong interaction. Some signals of some resonances were 
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lost mainly at 8:1 ratio indicate an increase in dynamic but the signal stay within their 

native/initial region. For accurate measurements further studies are required by using 

recombinant human albumin (rHSA) with labeled isotopes to specify the exact locations of 

Zn(II) binding. 

 
Figure 16: Structure of HSA in Zn(II) bound state 
HSA structure highlighting 207 methyl groups on six amino acids side chains LIVAMT  
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6. CONCLUSION 

Zinc is an essential metal ion that has a biological significance in human body. It requires for 

many biological processes, hence, zinc distribution and delivery to cells is tightly controlled. 

Serum albumin is the major carrier of Zn(II) throughout the blood plasma but also it serves 

as a transporter of other physiologically important molecules such as fatty acids. Previous 

work has shown that HSA has a strong binding site for Zn(II) [3] that overlap with FA binding 

site 2 [101] establishing an interplay between FAs and Zn(II). Even the physiologically 

relevant level of fatty acids can in fact impact Zn(II) affinity to HSA result in imbalance of zinc 

distribution in blood plasma leading to a modulation of the function of many cell types. 

Here we focus on the investigation of the possibility of detecting other binding sites that are 

independent from this crosstalk and obtain more details on the impact of different fatty 

acids on Zn(II) binding. A more comprehensive investigation on this interplay is encouraged 

to provide us a deep detailed understating of Zn(II) dynamics in the blood plasma and 

insights on the downstream implications.   
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