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Purpose: Albumin is an universal transport protein. Plasma pool of free fatty acids arising from triglyceride hydrolysis, critical in energy
metabolism and etiology of metabolic disorders is transported by albumin. According to various studies albumin has from seven to nine binding
sites with diverse affinity to long chain fatty acids. X-ray diffraction crystallography measurements have provided data only for pure human
serum albumin or albumin with fully saturated binding sites. These results have shown that amount of c-helices is higher after fatty acids bind-
ing. Molecular mechanics simulations suggest that binding of fatty acids in two high-affinity sites leads to major conformational changes in
albumin structure. The aim of this research was to investigate albumin secondary structure upon gradually increasing fatty acids to protein
mole ratio. Methods: Fourier transform infrared spectroscopy was applied to study changes of bovine serum albumin (as an analogue of
human serum albumin) a~helical structures after binding palmitic acid in a range of 020 palmitic acid: albumin molar ratios representing
pure protein, partial, full saturation and excess binding sites capacity. Results: Amount of a-helices was increasing along with the amount of
palmitic acid: bovine serum albumin molar ratio and reached maximum value around 2 mol/mol. Conclusions: Our studies confirmed mo-
lecular mechanics simulations and crystallographic studies. Palmitic acid binding in two high-affinity sites leads to major structural changes,
filling another sites only slightly influenced bovine serum albumin secondary structure. The systematic study of fatty acids and albumin
interactions, using an experimental model mimicking metabolic disorders, may results in new tools for personalized nanopharmacotherapy.
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(FFAs) arising from triglyceride hydrolysis, critical in
energy metabolism and etiology of metabolic diseases
is transported by albumin [11]. Factors potentially in-

1. Introduction

Albumin is a major plasma protein component.
The dynamic properties of albumin, revealed with the
use of some molecular approaches [15], enable ful-
fillment of biological functions, such as balancing
plasma pH, delivery of nutrients to cells, maintaining
colloidal osmotic pressure and solubilizing long chain
fatty acids [13]. Plasma main carriers of esterified
fatty acids (FA) are triglyceride-rich lipoproteins
(TRL): chylomicrons, very low density lipoproteins
and their remnants [10]. Plasma pool of free fatty acids

fluencing the fabrication of human and/or bovine al-
bumin-bound drug nanoparticles (ABDns) are widely
discussed [3], [12]. FFAs are known to modify the
unique ligand-delivery property of serum albumin.
The presence of FA in experimental model that mim-
ics metabolic disorders influences drug-albumin inter-
action. Along with glycation, palmitic acid (PAM)
changes overall affinity and binding of drug [1].
According to previous studies based on nuclear
magnetic resonance spectroscopy (NMR) and molecular
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mechanics simulations, albumin molecule has from 7
to 9 binding sites of long fatty acids (i.e., FA1-FA9) with
diverse affinity and binding energy [2], [13]. FAS and
FA4 show highest affinity to FA, while FA2 is a me-
dium-affinity site. Under physiological conditions, FA to
albumin molar ratio is 0.2—2 mol/mol and can increase to
6, for example, after extensive exercise [7], [14].

Structure of proteins can be determined by detec-
tion of X-ray diffraction on protein crystals. As identi-
fied by the X-ray crystallography, in five of HSA
binding sites the carboxyl groups of FA are hold by
hydrogen bonds and electrostatic interactions with
polar amino acid residues present in these sites and FA
acyl chains are placed within a hydrophobic cavities.
These interactions induce conformational changes in
protein molecule [9].

Molecular mechanics simulations indicate that con-
formational changes of albumin after FA binding are
much more significant for high-affinity site FAS than for
other sites [14], [15]. That observation based on compu-
tational data should be evaluated experimentally.

Protein Data Bank (PDB) contains structural data
of pure human serum albumin (HSA) and albumin with
all binding sites saturated by fatty acids [2]. However,
there is lack of information on albumin secondary
structure for intermediate state between 0 and 9 FA to
albumin molar ratio.

The aim of this study was to investigate changes of
albumin secondary structures related with PAM bind-
ing in a range of 0-20 PAM to albumin molar ratios,
with bovine serum albumin (BSA) used as a model of
HSA, due to functional similarity as a non-specific
carrier protein [7]. NMR studies have shown that BSA
has the amount of FA binding sites comparable to that
of HSA [7]. We compared structural changes upon
PAM binding in two commercially available types of
BSA: regular BSA and essentially FA-free bovine se-
rum albumin (BSA FA-free).

During our research we applied Fourier transform
infrared spectroscopy (FT-IR), that enables measure-
ment of absorbance in specific to proteins Amide [
band. Shape of this bands is related with protein sec-
ondary structure. Contribution of a-helices, f-sheets,
and turns in BSA structure can be determined [26].

2. Materials and methods

BSA, BSA FA-free and PAM were purchased from
Sigma-Aldrich (Darmstadt, Germany). Ethanol was
obtained from POCH (Gliwice, Poland). Experimental
procedure of protein solvent preparation, titration with

PAM, spectra registration and data analysis was iden-
tical for BSA and BSA FA-free.

BSA was dissolved in phosphate buffer saline of pH
7.4 to obtain concentration of 20 mg/mL and stirred for
2 hours in 30 °C. PAM was dissolved in ethanol to ob-
tain solution of 15 mg/mL. PAM solution and ethanol
were added to BSA solution to obtain bulk with 0, 0.1,
0.2,0.4, 2, 10 and 20 PAM to BSA molar ratio and con-
stant 10% ethanol concentration. Previous experiments
proved that ethanol concentration below 25% does not
affect albumin structure [6]. Bulk was stirred for 2 hours
in 30 °C to enable PAM binding to BSA. After incuba-
tion, FT-IR spectra were registered.

Spectroscopic research was performed on FTIR
Nicolet 6700 spectrophotometer (Thermo Scientific,
USA) equipped with attenuated total reflection (ATR)
accessory with diamond crystal (Pike Technologies,
USA). Spectrophotometer was purged with nitrogen to
carbon dioxide and water vapour removal. Sample vol-
ume of 30 pl was placed on ATR crystal and left to dry.
In order to remove humidity from the sample, a silicon
tube with o-ring gasket connected to vacuum pump was
applied to ATR accessory. During each spectrum regis-
tration 256 scans were performed over the region of
4000400 cm ', with a 4 cm ' resolution and atmos-
pheric correction, at 30 °C temperature. Liu et al. de-
scribed comparable conditions for spectra registration
[20].

Grams/Al software (Thermo Scientific, USA) was
used for calculations. Spectra were smoothed with
Savitzky—Golay polynomial filter (polynomial order
2, window width 21 points). Components related to
secondary structures were calculated by curve fitting.
Contribution of a-helices, short segment chains con-
necting o-helices and turns [21], [22], [26] can be
determined by fitting of 3 Gaussian curves in Amide I
band. Position of curves was determined by identifi-
cation of minima in second-derivative spectra.

Partial least square (PLS) regression approach was
used for the quantification of PAM added to BSA sam-
ples, based on their FT-IR spectra. To improve the accu-
racy of the method, second differentiated spectra were
used for PLS models. PLS calibrations were carried out
using Matlab R2009b software (MathWorks, USA).

For each molar ratio of PAM to BSA experiment
was repeated from 3 to 5 times, including bulk and
solution preparation, spectra registration and calcula-
tion of secondary structures contribution. Mean values
and standard deviations (SD) were calculated for each
molar ratio.

Structural information about ligand-free HSA and
HSA saturated with PAM were obtained from protein
data bank (PDB code: 4k2c and 1e7h, respectively).
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3. Results

FT-IR spectrum of BSA FA-free dry film is shown
in Fig. 1. Bands present between 2800-3000 cm '
frequencies are related with CH, (methylene) and CH;
(methyl) groups, present in amino acids (Table 1)
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[17]. Bands related with stretching vibrations (marked
as v), asymmetric (v,,) and symmetric (v,) can be dis-
tinguished in this spectral region: v,(CH;), v,(CH,)
and vy(CH3;). Strong CH, band is very characteristic
for fatty acids as they arises from FA long tail and
v.s(CH,)/v,(CH3) absorbance ratio can be used for
FA quantification [4].

types of vibrations: v — stretching, — bending, y — wagging,

Table 1. Assignment of BSA absorbance bands;

as — asymmetric, s — symmetric [17]

Frequency .
[em '] Assignment
3294  |v(N-H): hydrogen-bonded N-H groups
v(N-H): Fermi resonance of hydrogen-bonded
3058
N-H groups
2960  |v,(CHj): methyl groups, side chains of amino acids
2934 v,s(CH,): methylene groups, fatty acids long chains,
amino acids
2872  |v{(CH;): methyl groups, side chains of amino acids
1652 |v(C=0), Amide I: peptide bonds
1537 |6 (N-H), Amide II: peptide bonds
1445 |6(CHs;) and 6(CH,): amino acids
1401  |v{(COO"): hydrogen-bonded COO™ side groups
1248  |v(C-N) and 6 (N-H), Amide III: protein bonds
1168  |y(CH,): amino acids
1117 |»(C-O): carboxyl COOH groups
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Fig. 2. PLS calibration for increasing PAM presence in BSA and BSA FA-free samples (A);
predicted values of PAM/BSA molar ratios estimated by PLS model, R* = 0.99 (B);
spectral changes in 2800-3000 cm™' region related with increasing presence of PAM in albumin samples (C);
increase of v,,(CH,)/v,(CHs) absorbance ratio due to PAM added to BSA (R* = 0.99) and BSA FA-free (R* = 0.99)(D)
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Fig. 3. Changes of a-helices content in BSA and BSA FA-free upon PAM binding,
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To document an increasing amount of PAM in al-
bumin samples, we used 2800-3000 cm ™' area related
with these bands. A PLS model was created based on
the FT-IR spectra of the PAM/BSA and BSA FA-free
mixtures, along with second derivation processing and
three PLS factors (Fig. 2A). The relationship between
predicted values of this PLS model and the PAM/BSA
ratios in another set of samples is shown in Fig. 2B,
with a correlation coefficient R* = 0.99. Figure 2C
shows spectral changes in 2800-3000 cm ™' region re-
lated with increasing presence of PAM, what leads to
an increase of v,(CH,) absorbance around 2930 cm ',
arising from fatty acids long chains. Relation between
absorbance v,(CH,)/v,(CH;) ratio and amount of
PAM added to BSA and BSA FA-free is shown in
Fig. 2D.

Amide I is a band present between 1600—1700 cm
frequencies and is related with stretching vibrations
of C=0 and C-N groups in protein bond. According
to literature contribution of short segment chains con-
necting a-helices [21], [22], a~helices and turns [26]
can be determined by fitting of 3 Gaussian curves
in Amide I band with maxima at 1621, 1654 and
1679 cm', respectively. Amount of each type of sec-
ondary structure is represented by area under one of
Gaussian curves.

Our results have shown the following presence of
o-helices: 66.5 + 3.0% in BSA, 65.6 = 1.9% in BSA
FA-free. For albumin fully saturated with PAM (al-
bumin to PAM molar ratio equal 10 mol/mol) the

N=3,4o0r5

amount of a-helices increased: 71.0+2.8% in BSA,
70.8 + 1.8% in BSA FA-free (Fig. 3).

4. Discussion

Results show linear growth of absorbance ratio as
a result of PAM presence for both BSA and BSA FA-
free (similar slope and interception). Both PLS analy-
sis and calculation of v,(CH,)/v,(CH;) ratio is an
evidence of increasing presence of PAM in albumin
samples (Fig. 2).

NMR and X-ray diffraction crystallographic stud-
ies show that structure of albumin is purely helical,
without any f-sheet element [13]. Nevertheless, in
many FT-IR studies of albumin secondary structure,
one of fitted bands is assigned to S-sheets in Amide I
curve fitting [16], [23], what is inconsistent with
recent knowledge. It has been proposed that this fit-
ted peak arises from short segment chains connecting
o-helices [21], [22].

There is no data on PDB referring to structure of
BSA-PAM complex. Based on structural and func-
tional similarity between HSA and BSA [7], we com-
pared our results obtained for changes in BSA secon-
dary structure due to PAM binding with data available
in PDB referring to HSA and HSA-PAM complex.
According to PDB, an increase of a-helices amount is
observed in HSA after PAM binding (Table 2). Our
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Table 2. Content of a-helices upon FA ligand binding by albumins;
values obtained from PDB (X-ray crystallography) and this study;
*data referring to PAM:BSA molar ratio equal 10.0 (fully saturated binding sites)

a-helix content [%]
Ligand FA length PDB data Our study
HSA | PDB code BSA BSA FA-free

Ligand-free N/A 69 4k2c 66.5+3.0 65.6 1.9
Decanoic acid 10:0 71 le7e

Lauric acid 12:0 71 le7f N/A

Mpyristic acid 14:0 71 le7g

Palmitic acid 16:0 72 1le7h 71.0+£28" 70.8+1.8"
Stearic acid 17:0 72 le7i N/A

results are in accordance with PDB data for HSA:
69% of a-helices in ligand-free HSA and 72% in
HSA-PAM complex. Such structural changes upon
PAM binding occur for other FA molecules as well.

For PAM to BSA molar ratio from 0 to 0.4 mol/mol
rapid increase of o-helices was observed. The maxi-
mum content of o~helices is achieved for 0.4 mol/mol
(74.5 and 74.0% for BSA and BSA FA-free, respec-
tively). In this range, the changes were more significant
for BSA FA-free than BSA. Between 2 and 10 mol/mol
ratio secondary structures showed stability for both
types of albumin. These results indicate that binding of
FA molecules in high-affinity binding sites leads to
structural changes while filling another sites with lower
affinity does not affect protein structure. Our findings
are consistent with molecular mechanics simulations
indicating that conformational changes after FA binding
in high affinity sites are much more remarkable than
binding in low affinity sites [14], [15]. FAS consist of
three a-helices and one turn. Conformational changes in
this area may be related with increased amount of heli-
cal structures presented in PBD.

A decrease in amount of o-helices was observed for
higher PAM concentration, faster for BSA than BSA
FA-free. Fatty acid binding causes displacement be-
tween two domains, opening up the central crevice and
increasing the width of the molecule from 80 to 90 A
[8]. Change in the geometry of the molecule may cause
the reduction in a~helices content. This decrease may be
also explained by micelle effect on protein structure. It
has been documented that protein exposure on micellar
structures lead to protein unfolding [24] and decrease of
o-helices content in albumin [25].

Another step should be to repeat this procedure
with HSA. Results could be used in reagent-free
determination of FFA binded to albumin in lipo-
protein deficient serum (LPDS) — a product of se-
quential flotation and ultracentrifugation of lipo-
proteins.

Plasma pool of FFA is an effect of cooperation
between esterified FA, i.e., triglyceride (TG) depots in
adipose tissue, TG transporters: TG-rich lipoproteins,
chylomicrons postprandially and VLDL in fasting state
and TG hydrolysis by lipoprotein lipase anchored to
vessel wall. If this cooperation fails (leading to meta-
bolic disorders, e.g., dyslipidemia, insulin resistance,
diabetes and obesity), albumin FFA cargo increases.

5. Conclusions

Our study confirmed that albumin structure is sen-
sitive to amount of binded fatty acids particles, but
only during high-affinity binding filling. Relation
between PAM-to-BSA molar ratio and the amount of
secondary structures is not linear. Structure is rela-
tively stable for 2—10 mol/mol ratios. Only if amount
of PAM highly exceeds BSA, binding capacity of
helical structures decreases. No significant differences
between BSA and BSA FA-free were observed. Our
FT-IR spectroscopic results can be confirmed by data
available in PDB.

It is remarkable that for PAM:BSA molar ratios
corresponding to normal, physiological conditions of
FA:albumin (0.4-9.0 mol/mol) the protein showed
maximum content of a~helices and structural stability.
Moreover, recent studies indicate that FA:albumin
complex has higher denaturation resistance than de-
fatted albumin [19].

Cardiovascular diseases are still a significant
cause of death [5]. Beyond cholesterol, TG-rich lipo-
proteins and plasma FFA level are known to be
Coronary Artery Disease risk factors [18]. In meta-
bolic diseases, e.g., dyslipidemia, insulin resistance,
diabetes and obesity, FFA cargo of albumin is huge.
The systematic study of FA and albumin interac-
tions, using an experimental model mimicking meta-
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bolic disorders, may result in new tools for person-
alized nanopharmacotherapy.
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