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Abstract: The aim of this study was attempted to investigate both the glycation kinetics and protein
secondary conformational changes of human serum albumin (HSA) after the reaction with ribose.
The browning and fluorescence determinations as well as Fourier transform infrared (FTIR)
microspectroscopy with a curve-fitting technique were applied. Various concentrations of ribose
were incubated over a 12-week period at 37 0.5 °C under dark conditions. The results clearly
shows that the glycation occurred in HSA-ribose reaction mixtures was markedly increased with the
amount of ribose used and incubation time, leading to marked alterations of protein conformation of
HSA after FTIR determination.

In addition, the browning intensity of reaction solutions were colored from light to deep brown,
as determined by optical observation. The increase in fluorescence intensity from HSA-ribose
mixtures seemed to occur more quickly than browning, suggesting that the fluorescence products
were produced earlier on in the process than compounds causing browning. Moreover, the
predominant a-helical composition of HSA decreased with an increase in ribose concentration and
incubation time, whereas total -structure and random coil composition increased, as determined by
curve-fitted FTIR microspectroscopy analysis. We also found that the peak intensity ratios at
1044 cm*/1542 cm ™ markedly decreased prior to 4 weeks of incubation, then almost plateaued,
implying that the consumption of ribose in the glycation reaction might have been accelerated over
the first 4 weeks of incubation, and gradually decreased. This study first evidences that two unique
IR peaks at 1710 cm* [carbonyl groups of irreversible products produced by the reaction and
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deposition of advanced glycation end products (AGEs)] and 1621 cm* (aggregated HSA molecules)
were clearly observed from the curve-fitted FTIR spectra of HSA-ribose mixtures over the course of
incubation time. This study clearly suggests that FTIR spectroscopic curve-fitting technique may be
easily used to allow determining the marked changes in the secondary conformational structure and
protein aggregation of HSA during ribosylation as well as the production of AGEs.

Keywords: human serum albumin (HSA); ribose; ribosylation; FTIR; curve-fitting; browning;
fluorescence; protein aggregation; AGEs

1. Introduction

Advanced glycation end products (AGESs) have received considerable attention since glycation
can easily occur both outside (exogenously) and inside (endogenously) the body [1]. AGEs can be
exogenously formed during food preparation by heating [2,3], whereas an endogenous glycation
reaction is easily triggered by the interaction between a carbohydrate and a protein without the
involvement of an enzyme. AGEs slowly accumulate in vivo and make cells stiffer, i.e. less pliable
and more prone to damage and premature aging caused by protein dysfunction [4—6]. Nowadays, a
number of studies have confirmed that AGEs are associated with the development or worsening of
many degenerative diseases such as cataracts, diabetes, atherosclerosis, chronic renal failure,
Parkinson’s disease, Alzheimer's disease, and amyotrophic lateral sclerosis [7-9]. The process of
glycation starts with the formation of a Schiff base, followed by Amadori products, and various
intermediate compounds are then produced, followed by the eventual formation of AGEs; this
process is also referred as nonenzymatic glycosylation or the Maillard reaction [4,10,11]. Thus, the
study of AGEs has become one of the most important areas of biochemistry today.

It is well known that all reducing sugars can participate in the glycation reaction in combination
with various amino acids [12,13]. Sugar type is one of the numerous factors affecting the rate of the
Maillard reaction, with pentoses having been found to be more reactive than hexoses. The glycating
ability of reducing sugars was found to increase in the following order: D-glucose < D-mannose <
D-galactose < D-xylose < D-fructose < D-arabinose < D-ribose [14,15]. Among these reducing
sugars, D-ribose is the most reactive in the glycation of proteins and results in a more rapid
production of AGEs than other sugars in vitro and in vivo [16-18].

Recently, the glycation of proteins with ribose (ribosylation) has attracted more attention due to
protein aggregation and fibrillation, and the generation of reactive oxygen species (ROS) [15, 19-21].
However, several controversial results have led to a debate on whether glycation or ribosylation
alters the protein conformational structure [21-24]. For this reason, ribosylation needs to be further
investigated by evaluating the protein secondary conformational structure changes caused by the
reaction.

In the present study, human serum albumin (HSA) was used as a model protein. It has been
extensively used as a model for protein-folding and ligand-binding studies because it is the most
abundant protein constituent of blood plasma in the human body [25,26]. There has also been much
focus on the effects of glycation on the structure of HSA [27,28], which is divided into three
homologous helical domains in which each domain is further subdivided into two subdomains with a
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common helical motif [29]. Nonenzymatic glycation of HSA may affect its protein binding
properties, thus resulting in abnormal biological effects [30], and many studies have indicated
conformational changes of HSA after drug—protein binding [31]. In our previous studies, the effects
of ethanol and/or captopril on the secondary structure of HSA before and after protein binding were
investigated by Fourier transform infrared (FTIR) microspectroscopy [32,33]. Disulfide formation
and secondary conformational changes in a captopril-HSA mixture after UV-B irradiation were also
detected [34]. In this study, we attempt to examine the secondary conformational structure of HSA
molecules after ribosylation using transmission FTIR microspectroscopy. UV absorbance, browning,
and fluorescence development of Maillard reaction products (MRPs) in the HSA-ribose system were
also determined.

2.  Materials and Methods
2.1. Materials

Human serum albumin (HSA), D-ribose, and deuterium oxide (D,O) were purchased from
Sigma-Aldrich Co. LLC. (St. Louis, MO, USA) and used as supplied without further purification. All
the reagents were of analytical grade and were also obtained from Sigma-Aldrich Co. LLC. The
potassium bromide (KBr) crystals for the pellets were obtained from Jasco Parts Center (Jasco Co.,
Tokyo, Japan).

2.2. Invitro glycation of HSA with ribose

The glycation reaction of HSA with ribose was performed using a modification of the
Sadowska—Bartosz method detailed in our previous studies [30-32,35].

HSA (50 mg/mL) was previously dissolved in D,O with 0.03% sodium azide and incubated
with different concentrations of ribose (10-200 mM) for 12 weeks at 37 + 0.5 °C under dark
conditions. At pre-defined intervals, the incubated solution was sampled for the following
investigations.

(@) Measurement of nonenzymatic browning intensity of the samples using a UV/visible
spectrophotometer (Cary 50 Conc., Varian, Australia) at 420 nm [36,37].

(b) Observation of color images of samples using a digital camera.

(c) Since ribose had been reported to be a strong inducer of fluorescence at 370 nm excitation and
440 nm emission [38], thus in this study the fluorescence intensities of HSA and HSA-ribose
mixtures were determined using a fluorescence spectrophotometer (F-4500, Hitachi, Japan) by
setting at 370 nm excitation and 440 nm emission.

(d) Measurement of the secondary conformational structure of HSA by FTIR microspectroscopy
(IRT-5000-16/FTIR-6200, Jasco Co., Tokyo, Japan) using a film method on a calcium fluoride
(CaF,) plate via a transmission technique [39].

2.3. FTIR data acquisition and handling

The software, Spectral Manager for Windows (Jasco Co., Tokyo, Japan) and GRAMS
spectroscopy software suite (Version 7, Thermo Electron Co., MA, USA), were used for data
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acquisition and handling. The basic principle of curve fitting was to reconstruct the original amide |
spectrum, then the baseline was first corrected from 1600-1700 cm*, followed secondary derivative.
The number of bands and positions were taken from their second derivative spectra. Second
derivative spectral analysis was previously applied to locate the position of the overlapping
components in the amide | band and assigned to different secondary structures. Then these peaks
obtained in the secondary derivatives were used for the curve fitting. The protein secondary structure
and the composition of each component in the amide | band of the IR spectra were quantitatively
estimated by a least-squares fitting program iterating the curve-fitting process using a Gaussian
function. In the fitting process, the heights, widths, and positions of all bands were varied
simultaneously. The rationale of any curve fitting procedure was to minimize the differences between
the experimental absorption spectrum and the fitted spectrum. The curve fitting was performed by
stepwise iterative adjustment towards minimum standard errors of the different parameters
determining the shape and position of the absorption peaks. Finally, the proportion of a component
was computed to be the fractional area of the corresponding peak divided by the sum of the areas of
all the peaks [32-34].

2.4. Statistical analysis

All the tests were conducted in triplicate, and mean values with standard deviations were
obtained. The significance of the differences between variables was determined using one-way
analysis of variance (ANOVA).

3. Results and Discussion
3.1. Extent of browning intensity and color appearance

It is well known that the Maillard reaction may result in the formation of final browning
compounds due to an advanced glycation reaction, so the UV absorbance and browning of MRPs
were measured by UV spectroscopy using several reported methods [36,37]. The absorbance values
(As20) at 420 nm were used as an indicator of browning development in the final stage of the
browning reaction. Figure 1-A shows the change in browning intensity of HSA-ribose mixtures
during the 12-week incubation period. It clearly indicates that the browning intensity, measured as
A4 values of the HSA-ribose mixtures, markedly increased with the concentration of ribose and the
incubation time; the higher the concentration of ribose used, the higher the increase in A4y values
(p < 0.05). In comparison, there were no changes for HSA or ribose alone (p > 0.05). The reaction
mixture formed a gel after 6 weeks at the highest concentration of ribose used (50 mM), and further
continuous measurement of UV absorption levels of the gelled samples could no longer be
performed by UV spectroscopy. In addition, a large increase in the browning absorbance at 420 nm
seems to be exponentially enhanced for the higher concentrations of ribose used in the course of
incubation period.

The total color changes of the HSA aqueous solutions after the reaction with or without ribose
were visibly observed, and the results are shown in Figure 1-B. Obviously, the reaction solutions
colored from light to deep brown, suggesting that the Maillard reaction had occurred between the
amino acids of HSA and the reactive reducing moieties of ribose. Compared with other sugars such
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as glucose and fructose, ribose was the most strongly glycative molecule to cause the browning
reaction indicating glycation (data not shown), which is consistent with results from other
studies [14,15]. Moreover, the rate of glycation was also dependent on the type and concentration of
monosaccharide [24,40,41]. The highest glycating capability of ribose might be due to its planar
structure causing the unstable aldofuranose ring to react with the amino groups [24].
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Figure 1. The changes in browning intensity (A) and total color appearance (B) of
HSA-ribose mixtures over the course of 12 weeks of incubation.
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Figure 2. The changes in fluorescence intensity of HSA-ribose mixtures over the course
of 12 weeks of incubation.

3.2. Changes in fluorescence intensity

AGEs are highly heterogeneous compounds classified into two major groups:
fluorescent/crosslinking structures and non-fluorescent/ non-crosslinking structures [42]. We only
investigated the total fluorescence of HSA-ribose mixtures using a fluorescence spectrophotometer in
the present study. The results indicate that the fluorescence of the resulting mixtures increased with
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the length of incubation time, as shown in Figure 2. It is evident that the fluorescence intensity of
HSA-ribose mixtures rapidly increased with the amount of ribose used and incubation time.
Moreover, the increased fluorescence intensity was also dependent on the ribose concentration used;
the higher the concentration of ribose used, the more rapidly the fluorescence was observed. After
incubation for 6-8 weeks, the fluorescence had almost reached a plateau, and over this period, the
increase in the fluorescence intensity of the HSA-ribose mixtures seemed to occur more quickly than
for browning. This might be because the fluorescent products were produced earlier on in the
reaction than the browning compound, which is consistent with the results of Kato et al. [43]. In
addition, the faster rate of fluorescence generation for nonenzymatically glycated HSA was possibly
related to a faster conversion of the Amadori groups, similar to that of the glycation/fructation of
bovine serum albumin or HSA [44,45].

3.3. Secondary structure alterations of HSA after ribosylation

Nonenzymatic glycation leads to the formation of inter- and intramolecular cross-links in
proteins. This reaction not only modifies the conformation of proteins but also induces altered
biological activity [46]. Since albumin has been reported to be highly susceptible to nonenzymatic
glycation [27,47], it is of interest to determine the structural alterations in HSA modified by glycation.
In order to detect the glycation-induced changes in protein conformation, several targets have been
focused on in studies of the products of glycosylation reactions or of changes in either protein or
sugar structure using various methods [48-50]. In the present study, we used transmission FTIR
microspectroscopy with a curve-fitting technique to investigate the secondary conformational
changes of glycated HSA.

Figure 3 shows the representative FTIR spectra of native HSA, ribose, and HSA-ribose (50
mg/mL/50 mM) using a film method on a CaF, plate via a transmission FTIR technique. The FTIR
spectra of all samples in the wave amplitude range between 3800-2200 and 1800-800 cm * were
examined. The characteristic IR absorption bands and their assignments for native HSA are as
follows (in cm™): 3303 (amide A, N-H stretching), 2960 (C-H stretching), 1654 (amide I, C=0O
stretching), 1542 (amide Il, C-N stretching and N-H bending), 1464 (C-H, bending), 1398
(carboxylate) and 1311-1247 cm™* (Amide 111, C-N stretching and N-H bending) [51]. For native
HSA, the bands between 1500 and 1000 cm™ are in the“fingerprint”region. On the other hand, the
FTIR spectrum of ribose shows strong peaks between 1200 and 1000 cm . Both peaks at 1085 and
1042 cm* can be used to distinguish the presence of ribose attached to HSA. The bands at 3369 and
2933 cm *are assigned to the CH and OH vibrational groups of ribose. The bands found in the 1200—
1000 cm* range correspond to C-O and C-C stretching vibrations and the C-OH and C-C-O bending
vibrations of ribose [52]. Once ribose was mixed with HSA at the initial stage, the FTIR spectrum of
the HSA-ribose mixture was only superimposed by the FTIR spectra of HSA and ribose. Two
marked FTIR peaks at 1088 and 1044 cm* were due to ribose, except the FTIR peaks belonging to
HSA.
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Figure 3. Representative FTIR spectra of native HSA, ribose, and HSA-ribose (50
mg/ml/50 mM) determined by a film method on a CaF, plate via transmission FTIR.

Although the specific stretching and bending vibrations of the peptide backbone in amide I, II,
and Il bands may provide information on various types of secondary structure, it is well known that
the amide | band is particularly sensitive to protein secondary structure changes than the
others [51,53]. Figure 4 shows the curve-fitted amide | band of HSA with and without the addition of
ribose at the initial stage; the curve-fitted amide | bands of both HSA samples and their components,
assignments, and compositions are illustrated. The results clearly indicate that the structural
composition of native HSA without adding ribose consists of 56.0% a-helix (1652 cm™), 4.4%
random coil (1638 cm™), and 39.6% B-structure (1677 and 1665 cm™*: B-turn (26.2%);, 1630 and
1620 cm*: B-sheet (13.3%)), which is consistent with the results of other studies [54,55]. The same
procedure of fitting was applied to the FTIR spectrum recorded for native HSA after adding ribose at
an early stage in the process and yielded the following percentages of secondary structures: 56.5%
a-helix (1651 cm™?), 2.6% random coil (1638 cm™?), and 38.9% p-structure (1676 and 1664 cm ™
B-turn (25.7%); 1630 and 1620 cm *: B-sheet (15.2%)). Both samples exhibited a similar structural
composition, suggesting there were no alterations in HSA conformation after the initial addition of
ribose.

However, the structural composition of HSA after its reaction with ribose was markedly
changed by the amount of ribose added and the length of incubation time, at 37 0.5 °C and under
dark conditions, as shown in Figure 5. It is evident that the a-helix composition of HSA decreased
with an increase in ribose concentration and incubation time, whereas the total B-structure and
random coil composition increased.
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conformational composition of the curve-fitted amide | band of HSA over the course of
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of three independent determinations, but these SD values were too low to show the bars.)

This could be attributed to the loss of helical content due to AGE modification leading to an
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increase in B-conformation. This is consistent with the results from glycated albumin that showed
induced conformational transition from its native a-helical structure to a B-sheeted form [50,56,57],
resulting in the formation of protein aggregation and fibrillation [13,27,58,59]. Similar results had
also been reported that the interconversion from a-helix conformation to p-sheet structures via a
random coil state was found in the other studies [60-62], in which drug or pressure might induce

structural alterations in protein conformational transition from a-helix to random coil and to B-sheet
structure.
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3.4. Ribosylation in the glycation process and protein aggregation

As was previously mentioned, all reducing sugars are capable of participating in glycation
reactions, and ribose is more active in the glycation of proteins than other reducing sugars [14-18].
Figure 6 reveals the changes in the ribose consumed in the reaction mixtures during the course of
incubation. The peak at 1044 cm™* was found in the 1200-1000 cm™* range and corresponded to
C-O/C-C stretching vibrations and/or the C-OH/C-C-O bending vibrations of ribose [52]. This peak
can be used as an internal marker to estimate the practical participation of ribose in glycation
reactions between HSA and ribose, as shown in Figure 6. Since the peak intensity of amide Il band at
1542 cm™ did not alter over the course of incubation, the peak intensity of 1044 cm™* was
normalized to the peak at 1542 cm™* to determine the consumption of ribose during the
reaction [63-65]. It is apparent that the peak intensity ratios of 1044 cm /1542 cm ™ were markedly
decreased with an increase in incubation time up to 4 weeks. After that the changes and the process
gradually slowed down. This implies that the glycation process seems to have accelerated over the
initial 4-week incubation period and then gradually decreased.
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Figure 6. The alterations of ribose consumption for the HSA-ribose reaction mixtures
over the course of 12 weeks of incubation.

Nonenzymatic glycation or the Maillard reaction is a process between free amino acid residues
of proteins and carbonyl groups of reducing sugars and finally generates AGEs through the
formation of a Schiff base and Amadori products [66,67]. AGEs are constructed by a class of
irreversible heterogeneous compounds formed by glycation [67] and characterized by a brown color,
an auto-fluorescence, and intra- and intermolecular cross-linkings, as shown in Figures 1 and 2. After
the application of the FTIR curve-fitting technique to the IR spectra of the HSA-ribose mixtures
after glycation, a new curve-fitted FTIR peak at 1710 cm ™! was incidentally found after an increase
in incubation time, as illustrated in Figure 7. This peak at 1710 cm * might be due to the carbonyl
groups of the complex, irreversible heterogeneous compounds in AGEs such as carboxymethyllysine,
pentosidine, pyrraline, carboxyethyllysine and imidanolone [15,68], although we did not attempt to
identify these compounds. Obviously, the curve-fitted FTIR peak area at 1710 cm ™ increased with
incubation time. This clearly shows that the formation of irreversible products and deposition of
AGEs gradually occurred in the HSA-ribose mixtures as the incubation time increased.
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Figure 7. The changes in peak area at 1710 and 1621 cm* from the curve-fitted amide |
band of the HSA-ribose reaction mixtures over the course of 12 weeks of incubation.

FTIR spectroscopy has been used to monitor the aggregation of proteins during various
treatments [69,70]. From the curve-fitted FTIR spectra in Figure 7, we can clearly see that an FTIR
peak area at 1621 cm ™ was enhanced as the incubation time increased. An increased peak area at
1621 cm™ could indicate the formation of intermolecular B-sheets within aggregated protein
molecules [71-73]. As the incubation time increases, the gel formation in the reaction mixtures might
point toward the aggregation of HSA after ribosylation.

4. Conclusion

In summary, we present the first application of transmission FTIR microspectroscopy with a
curve-fitting technique to investigate the secondary conformational changes of HSA after
ribosylation. Moreover, the conformational transition in HSA after ribosylation from its native
a-helical structure to a B-sheeted form was confirmed. In particular, two unique IR peaks at 1710 and
1620 cm™* from the curve-fitted FTIR spectra, the former possibly indicating the gradual formation
of the carbonyl groups of irreversible products of the reaction and the deposition of AGEs in the
reaction mixtures of HSA-ribose, and the latter signifying the formation of intermolecular B-sheets
within aggregated HSA molecules after ribosylation.
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