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The prolonged glycation of human serum albumin (HSA) results in significant changes in its structure.
The identity of these structural changes and the influence of carbohydrates on these changes require fur-
ther study. Here, we evaluated structural changes and amyloid formation of HSA upon incubation with
Glc, Fru, or Rib. Fluorescence spectrophotometry, surface tension analysis, and transmission electron
microscopy (TEM) were utilized to evaluate the structures of glycated HSA. The physicochemical proper-
ties including excess free energy, protein adsorption at the air-water interface, critical aggregation con-
centration (CAC), and surface activity indicated an increase in hydrophobicity and partial unfolding of
HSA structure upon glycation. Thus, it appears that AGE products can act as detergents. Incubation of
HSA with these sugars after 20 wks induced significant amyloid nanofibril formation. Together these
results indicate that prolonged glycation of HSA is associated with a transition from helical structure

Transmission electron microscopy

to B-sheet (amyloid formation).

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Glycation is a common spontaneous modification of proteins in
which reducing carbohydrates bind covalently to the free amino
groups and undergo modifications to form a class of heterogeneous
compounds collectively referred to as advanced glycated end prod-
ucts (AGEs).! The presence of AGEs has been associated with aging
in several species and with the severity of some human pathologies
including diabetes and Alzheimer’s disease.??® Glycated proteins
are also used in formulated foods as functional ingredients with
radical scavenging activity to prevent deterioration due to
oxidation.*

Glycation of proteins has significant impact on their physical
and functional properties. These changes in protein properties
could be related to alteration in the conformation of the protein.®
Targets of advanced glycation include structural proteins, such as
collagen, plasma proteins, including albumin, and intracellular
proteins such as hemoglobin.® Glycation of human serum albumin
(HSA) is of special interest. HSA has approximately 58 Lys residues
making it a favorable target for glycation.” HSA is quantitatively
the most important depot and transport protein in blood plasma.
It is a major antioxidant with important roles in maintaining nor-
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mal osmolarity of plasma and interstitial fluids.® Therefore, the
identification of the sites of glycation, structural and functional
changes during glycation of HSA, and AGE formation in the pres-
ence of different carbohydrates have been the subject of many re-
cent in vitro studies.®1°

The in vitro glycation rate is a function of the anomerization of
the carbohydrate. The larger percentage of the open-chain form in
a given carbohydrate leads to a more reactive carbohydrate.'® The
carbonyl groups of aldehydes are more electrophilic than those of
ketone groups. Rib sugars and sugar phosphates undergo tradi-
tional Maillard reactions leading to a diverse set of products.!”
Rib solution has a greater fraction of the highly reactive open-chain
form and can react much faster than Glc and Fru with bovine ser-
um albumin (BSA) in glycation processes.'® We have recently re-
ported studies on the extent of Glc-mediated HSA glycation and
its structural changes.'®-2! Here, we compared the ability of Glc,
Fru, and Rib in glycation of HSA and generation of amyloid struc-
tures. We demonstrate that the prolonged glycation of HSA has a
detergent-like effect on HSA structure and leads to amyloid forma-
tion in a carbohydrate-dependent manner.

2. Results and discussion

The AGE formation was detected using the quantification of the
reacted Lys and Arg side-chains. Figure 1A shows the percentage of
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Figure 1. Percentage of reacted Lys (A) and Arg (B) residues are shown for samples
of glycated HSA incubated with 500 mM Glc (), Fru (M), or Rib (O) for different
times.

reacted Lys residues per mg HSA in each sample after 2, 4, and 20
wks of incubation in the presence of Glc, Fru, or Rib compared to
fresh-native HSA. In fresh-native HSA all of the 58 Lys residues
are free (reacted Lys is 0%). However, with increasing incubation
times the percentage of reacted Lys residues gradually increased
for HSA samples incubated with Glc or Fru. The maximum modifi-
cation of Lys residues for HSA samples incubated with Rib was ob-
served after 2 wks of incubation. The maximum modification of Lys
residues for HSA samples incubated with Glc or Fru (~80%) was ob-
served after 20 wks of incubation. Figure 1B shows the percentage
of reacted Arg per mg HSA in each sample after 2, 4, and 20 wks of
incubation in the presence of Glc, Fru, or Rib. The percentage of re-
acted Arg residues in glycated HSA increased gradually. The maxi-
mum modification of Arg residues in HSA samples incubated with
Rib reached 57%.

Figure 2 shows the absorbance at 530 nm for the Congo red-
incubated samples and fluorescence intensity for the thioflavin T
(ThT), as indicators of amyloid fibril formation.>?? Increases in
the Congo red absorbance at 530 nm, and the ThT fluorescence
intensity after 2 and 4 wks of incubation, indicated formation of
amyloid fibrils. Furthermore, while the ThT fluorescence intensity
of the samples after 20 wks of incubation with Glc or Fru (whole
solution) increased, that of samples incubated with Rib (just super-
natant) decreased, confirming the presence of amorphous aggre-
gates in the Rib supernatant (Fig. 2B). In addition, the binding of
ThT to aggregates was visualized in parallel by fluorescence
microscopy (data not shown). The areas rich in protein fibrous
material were stained with ThT giving a bright green-yellow fluo-
rescence against a non-bright background. No fluorescence was de-
tected for the protein in its native state. In this way, the presence of
amyloid in the glycated samples was confirmed.

To better observe the appearances of amyloid structures and
forms of aggregates, the AGE-HSA samples were analyzed by
TEM. Images of the sample after incubation with Glc after 20
wks of incubation (Fig. 3A-C) revealed three significantly different
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Figure 2. The columns show the absorbance of Congo red at 530 nm (A) and ThT
fluorescence intensity ratios of excitation/emission at 450/490 nm (B) samples
of HSA after 2, 4, and 20 wks of incubation without any carbohydrate r with
500 mM Glc (), Fru (M), or Rib([J).

structural organization: uniformly distributed fine amorphous
aggregates and large branched chains of globular aggregates with
20-30 nm average diameter (Fig. 3A), bundles of unbranched fibril-
lar aggregates with 140 nm average lengths (Fig. 3B), and large
branched chains of globular aggregates with 20-40 nm average
diameter (Fig. 3C). HSA control solution incubated for 20 wks in
the absence of any sugar appeared as a uniformly distributed, fine
amorphous precipitate, and long fibrillar states (Fig. 3D). In the
TEM images of precipitates of Rib sample (Fig. 4A-C), three differ-
ent structures were observed: large branched chains of globular
aggregates with 25-30 nm average diameter (Fig. 4A), fibrous
sheet-like structures (140 nm) that collect in the cylindrical struc-
ture (Fig. 4B), and the long straight amyloid fibrils with 15-20 nm
average diameter (Fig. 4C). The supernatant of samples that were
incubated with Rib after 20 wks (Fig. 4D) revealed only branched
chains of globular aggregates with 30 nm average diameter. TEM
images of prolonged glycation of BSA using different sugars con-
firmed the presence of branched chains of globular aggregates
and bundles of unbranched fibrillar aggregates in solution.
According to the TEM images, it is thought that in the pathway
of fibril formation, after formation of branched chains of globular
aggregates and unbranched fibrillar aggregates, precipitates are
formed. There are also other intermediates in amyloid formation
before completion of the reaction.

To elucidate the mechanisms underlying glycation-induced
amyloid formation, the surface activities of glycated HSA were ana-
lyzed. The stabilization of proteins in sugar medium is related to
the effect of sugar molecules (co-solvent) on the surface tension
of the solvent. Although, the increase in surface tension by co-sol-
vent does not ensure increased stabilization, the binding of ligands
can reduce its effects.?* In the glycation process, the interactions of
carbohydrates with the proteins affect the surface rheology of
globular proteins adsorbed at an air-water interface. This behavior
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A

Figure 3. TEM images indicate samples of AGE-HSA incubated with 500 mM Glc (A-C) or control HSA (D) for 20 wks.

is similar to the effects of detergents on proteins in aqueous solu-
tions, which decreases the surface tension of the protein solution.

Figure 5A shows measurements of surface tension of fresh-na-
tive and control solutions of HSA after 2, 4, and 20 wks of incuba-
tion without any carbohydrate, as a function of protein
concentration. The increasing protein concentration in Figure 5A
is accompanied by with a break point in the surface tension curve.
This point is often termed CAC and corresponds to the concentra-
tion where the micellar aggregates become detectable. This is very
similar to CMC point in detergent solutions.2* This behavior in sur-
face tension change of HSA agreed with those previously reported
by others.?*2> The changes in surface tension of control HSA sam-
ples after 2 and 4 wks of incubation in the absence of any carbohy-
drate were similar to fresh-native HSA, and showed a CAC of
approximately 0.88-0.99 uM. However, after 20 wks of incubation
the CAC value decreased to 0.6 uM (Fig. 5A).

The values of surface tension for glycated HSA (1 mg/mL) incu-
bated with different sugars were measured at 25 °C (Table 1). The
surface tension of 1 mg/mL native HSA was approximately 47 mN/
m, but in the case of control solution after 20 wks of incubation, it
was approximately 40 mN/m. The surface tension of glycated HSA
decreased with longer incubation time in a sugar dependent man-
ner. Figure 5B-D shows the variation of surface tension versus con-
centrations of glycated HSA incubated with different sugars for
different times at 37 °C. Glc, Fru, or Rib had similar effects on the
extent of CAC after 2 wks of incubation (Fig. 5B-D). However, Rib
decreased the extent of CAC after 4 wks of incubation compared
to Fru and Glc. Surface tension of glycated HSA in the presence of
Fru or Rib decreased significantly after 20 wks of incubation.

The HSA molecules in their native (folded) state are water solu-
ble due to the presence of hydrophilic groups at the protein sur-
face. A strong adsorption to the interface arises from the
presence of surface hydrophobic groups due to the interactions
of some ligands, especially surfactants, resulting in protein confor-
mational changes. Similar behavior occurred when HSA was gly-
cated. Figure 5B-D shows the variation of surface tension versus
concentrations of glycated HSA with different carbohydrates after
different times of incubation at 37 °C. These differences in the sur-
face tension curves could be interpreted as changes in geometrical
dimension and molar areas of the protein in the unfolded state and
their hydrophobicity.?5?” The CAC point was shifted to the left
(lower concentrations) for longer incubation times and the effec-
tiveness of the sugar (Table 1 and Fig. 5).

According to Gibbs equations 1 and 2, the excess free energy
(AG) of glycated samples can be deduced and also the extent of
protein adsorption or protein excess at the interface (I") can be cal-
culated from Eq. 3%8: CAC¢ (CAC of glycated HSA), CACy (CAC of
fresh-native HSA), CACc (CAC of control HSA incubated for different
times), and dy/dInc (the slope of the surface tension curve; y is sur-
face tension, and c is the protein concentration).

B CACs
AGC,G = —RT lnm, (1)
B CACG
AGN,G = —RTIHTCN, (2)
_ 1 dy
I'=-gr dinc: 3)
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Figure 4. TEM images indicate the precipitated parts (A-C) and supernatant part (D) of samples of AGE-HSA incubated with 500 mM Rib for 20 wks.
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Figure 5. The curves show the surface tensions of fresh-native HSA (A; @) and control HSA as a function of HSA concentration after 2 (O), 4 (O), and 20 (a) wks of incubation
without any carbohydrate. Panels B, C, and D indicate glycated HSA incubated with 500 mM of Glc, Fru, or Rib for 2 (O), 4 (OJ), and 20 (a) wks, respectively.
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Surface activity characteristics of glycated HSA in the presence of different carbohydrates for different times of incubation

Ayn_c) at 1 mg/mL protein

Weeks of incubation
CAC (UM)

AGn_c (kJ/mol)
AGc_¢ (kJ/mol)

Table 1
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Table 1 shows A’Y(N—G) (V(fresh native HSA)_V(glycated protein)) at 1
§ mg/mL protein, CAC (uM), AGn_¢ (kJ/mol), AGc_¢ (k]J/mol) and
= I" (mol/m?) of glycated HSA with cited sugars after different times
- of incubation at 37 °C. AGy_g and AGc_g are the excess free en-
E ergy (AG) of glycated samples compared to fresh-native HSA
S and control HSA incubated for the same times in the absence of
any carbohydrate. Therefore, the differences between these AGs

3 represent the effects of prolonged incubation on the extent of free

S energy. The impact of incubation times on excess free energy in

S control and glycated samples incubated 2, 4, and 20 wks were

& approximately 0.23, 0.29, and 0.32 k]J/mol, respectively. The im-

§ pact of different carbohydrates on excess free energy in glycated
HSA was similar after 2 wks of incubation. However, Rib had
higher impact after 4 and 20 wks of incubation. The slopes of sur-

§ face tension curves in the premicellar region also indicated that

= the protein excess or protein adsorption at the interface was com-

- parable with previous reports and correlated with conformational

= changes in the molecule.

S Collectively the results of surface activity showed that glycat-
ed HSA forms micelle-like aggregates upon prolonged glycation.

© Glycation of HSA resulted in physicochemical changes including

§ alterations in protein conformation. These changes are similar

2 to interactions between proteins and surfactants in the direction

§ of partial unfolding of the structure?® and in the direction of tran-

= sition from a helical to a B-sheet structure and nanofibrillar amy-
loid formation. Thus, some AGE products can act as detergents

<« inducing amyloid nanofibril structures and decreasing CAC.

g

(=]

5 3. Experimental

Q

e 3.1. Materials

) HSA (>96%, free fatty acid), B-b (+) Glc, methylcellulose grade

& 20, and sodium bicinchoninate (BCA) were purchased from Sig-

3 ma. The Fru, Rib, 9,10-phenanthrenequinone, and sodium azide

S were from Merck (Germany). ThT, Congo red, and 2,4,6-trinitro-
benzene sulfonic acid (TNBSA) were acquired from Fluka. Uranyl
acetate was from PELCO. All other materials were of analytical

é grade. All solutions were prepared with deionized water.

I

E 3.2. Procedures

o

For in vitro formation of AGE-HSA, HSA (10 mg/mL) was incu-
© bated with Glc, Fru, or Rib (500 mM) in 100 mM sodium phos-
§ phate buffer with 0.1 mM sodium azide in capped vials under
S sterile conditions at 37 °C in the dark. After 2, 4, or 20 wks of incu-
= bation, a series of vials were removed and dialyzed against so-
S dium phosphate buffer at 4°C for 48 h. HSA without any
© carbohydrate was incubated and similarly dialyzed for use as

control. Following dialysis, the concentration of protein samples
o was determined by BCA assay. Most samples were clear and
§ brownish yellow after incubation. However, in the samples con-
+ taining Rib two phases were observed after 20 wks of incubation,
¥ a precipitate with brown stained aggregates and a supernatant
3 that was clear and brownish yellow. The supernatant and precip-

itates of Rib samples were used separately for further analysis.

The determination of the level of free Lys residues was carried

out using TNBSA.'® Briefly, 4% NaHCO; and 0.1% (W/V) TNBSA
were added to the protein solution, allowed to react at 37 °C for
1 h, solubilized with 10% SDS, and followed by the addition of
1 M HCI. The absorbance was then measured at 335 nm on a Shi-
o madzu spectrophotometer model UV-3100. The number of free
E Arg residues in the protein was determined using 9,10-phenan-
E threnequinone reagent.? Briefly, samples of proteins were mixed
- with 300 pL of 9,10-phenanthrenequinone reagent (150 uM in
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ethanol) and 50 pL of 2 M NaOH and incubated at 60 °C for 3 h.
Then, 450 pL of HCI (1.2 M) was added and incubated for 1 h. The
fluorescence intensity was measured at excitation wavelengths of
312 nm. Fresh HSA solution was used as a control.

Binding of Congo red to amyloid structures can be detected by
measuring absorbance at 530 nm.? Fluorescence of protein concen-
tration (0.2 mg/mL) in the presence of 10 uM ThT reagent was
measured at excitation/emission wavelength of 450/490 nm for
determination of the fibrillar state of the protein. This preparation
was also used for analysis of aggregation by fluorescence micros-
copy.?? The detection of a bright fluorescence against a dim back-
ground was considered a positive result for the presence of
amyloid. Each time point of these experiments represents the
mean of three independent measurements.

Transmission electron micrographs were recorded on a ZEISS
electron microscope (EM 902 A) operating at 80 kV. The samples
were stained using methylcellulose and uranyl acetate in water.
The samples of Rib—-HSA precipitates were fixed, dehydrated with
ethanol, and embedded in Araldite resin. Thin sections were
stained with methylcellulose containing uranyl acetate.

Surface tension was measured at 25 °C with a Kriiss K100 tensi-
ometer using the Wilhelmy plate method. The surface tension (y)
of the liquid is related to the force (F) on the plate according to
Eq. 4:

F
Y= Lcosd 4)

where L is the wetted length and 0 is the contact angle. For clean
plate surfaces 0 ~ 0.
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