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Abstract Although the glycation of Tau that is involved in

paired helical filament formation in Alzheimer’s disease has

been widely studied, little attention has been paid to the role

of D-ribose in the glycation of Tau. Here, we show that Tau is

rapidly glycated in the presence of D-ribose, resulting in

oligomerization and polymerization. Glycated derivatives

appeared after 24 h incubation. Western blotting indicated

the formation of advanced glycation end-products (AGEs)

during initial stages of glycation. Thioflavin T-positive

(ThT-positive) aggregations that appeared from day 4 indi-

cated the globular-like features. Atomic force microscopy

revealed that the surface morphology of ribosylated Tau40

was globular-like. Kinetic studies suggested that D-ribosy-

lated Tau is slowly oligomerized and rapidly polymerized

with ThT-positive features. Moreover, D-ribosylated Tau

aggregates were highly toxic to SHSY5Y cells and resulted

in both apoptosis and necrosis. This work has demonstrated

that D-ribose reacted with Tau protein rapidly, producing

ThT-positive aggregations which had high cytotoxicity.
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Introduction

Tau is a major microtubule-binding protein that is impor-

tant for the assembly and stabilization of microtubules [1],

which are required for axonal transport and morphogenesis

[2, 3]. In a normal neuron, Tau is localized in the axons,

neuronal soma [4–6] and nuclei [7], and its function is

regulated by phosphorylation [8]. The discovery that Tau is

the major protein subunit of paired helical filaments

(PHFs)/neurofibrillary tangles in Alzheimer’s disease (AD)

has markedly stimulated interest in understanding the

structure and function of this protein [9–11]. Furthermore,

PHF-Tau is not only related to hyperphosphorylation

but also to other post-translational modifications such as

glycation [12–14].

Glycated Tau protein has been found in PHFs from the

brain tissues of Alzheimer’s patients [15]. In AD, non-

enzymatically glycated Tau induces neuronal oxidant

stress resulting in cytokine gene expression and release of

amyloid beta-peptide [16]. Kuhla and coworkers have

observed the promotive effects of reactive carbonyl

compounds (RCCs) on Tau aggregation and filament

formation [17]. As an in vitro study shows, glucose-

glycated Tau has been found to promote fibrillization by

shifting the equilibrium toward the fibrillized state, but

does not promote filament nucleation [18]. However, it is

still unclear whether glycation causes Tau to form amy-

loid-like aggregates. Thus, the relationship between

glycation and Tau misfolding is worth studying to clar-

ify the role of glycation in protein aggregation and

cytotoxicity.
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So far, most work has focused on the role of D-glucose

in the glycation of Tau [18–21]. D-Glucose exists in solu-

tion as an intramolecular hemiacetal in which the free

hydroxyl group at C-5 reacts with the aldehydic C-1, ren-

dering the latter asymmetric and producing a stereoisomer.

The six-membered aldopyranose ring is much more stable

than the aldofuranose five-membered ring because the

pentose ring of D-ribose is not planar but occurs in one of a

variety of conformations generally described as ‘‘puck-

ered’’ [22]. The unstable aldofuranose ring is vulnerable to

reaction with an amino group. Therefore, D-glucose is not

as efficient in glycating a protein as reducing furanoses

such as D-ribose.

D-Ribose is a naturally occurring pentose monosaccha-

ride present in all living cells and is an essential component

for energy production in the body. It is used to synthesize

nucleotides, nucleic acids, glycogen, and other important

metabolic products. D-Ribose is also formed in the body

from conversion of D-glucose via the pentose phosphate

pathway. Thus, D-ribose is continually present both intra-

cellularly and extracellularly, and has opportunities to react

with proteins and produce glycated derivatives. For this

reason, glycation of Tau protein with D-ribose needs to be

addressed and investigated.

Glycation of a protein causes fluorescence at 410 nm (or

450 nm) [23–26] that is thought to indicate the formation

of advanced glycation end-products (AGEs). However, few

authors have studied the relationship between the forma-

tion of the fluorescence and Tau protein aggregation, that

is, whether the formation of the fluorescence is positively

related to the polymerization of a protein, especially the

appearance of ThT-positive aggregations during glycation.

Clarification of this problem will be helpful for using

fluorescence to study the structure–function relationship of

a protein during glycation.

It is well known that glycation affects the structure and

function of proteins such as hemoglobin [27] and albumin

[28, 29]. Glycation of hemoglobin results in a marked loss of

its function in transportation of oxygen in the blood and in

releasing carbon dioxide in the lung [30]. In this laboratory,

we have also observed that glycation induced inactivation

and conformational change in D-glyceraldehyde-3-phos-

phate dehydrogenase [31, 32]. Rapid in vitro glycation of

a-synuclein with D-glucose (requiring less than 7 days),

however, did not result in distinct conformational changes

or inactivation of the protein [33]. Furthermore, our

unpublished data showed that extracellular ribose was able

to induce intracellular proteins including tau to be glycated.

We have also found that Tau protein aggregates in the

presence of formaldehyde at low concentrations and forms

amyloid-like deposits [34]. Here, we show that glycation of

Tau protein in the presence of D-ribose generates globular

ThT-positive cytotoxic deposits.

Materials and methods

Expression and purification of Tau40

Human wild type tau40 was expressed in Escherichia coli

BL21 (DE3) using the pRK172-tau40 plasmid (a kind gift

from Dr. Goedert of the University of Cambridge, UK) and

purified as described before [35, 36]. The purified Tau40

protein showed a single band on 12% SDS-PAGE gels with

a purity of over 95%. The identity of the Tau40 protein

band was confirmed by Western blotting using Tau-1

monoclonal antibody (Sigma, USA) (data not shown). The

purified Tau protein was lyophilized and stored at -70�C

before use.

Preparation of D-ribosylated protein

Tau40 (final concentration 0.2 mM) was freshly dissolved

in 20 mM Tris–HCl (pH 7.4), mixed with 1 M D-ribose,

and incubated for different time intervals at 37�C. Tau40 in

the absence of D-ribose and D-ribose alone were used

as controls. All solutions were filtered with 0.22 lm

membranes (Millipore, USA). A Bicinchoninic acid pro-

tein-assay kit (Pierce Biotechnology, USA) was used to

determine protein concentration [37].

NBT colorimetric fructosamine assay

The extent of glycation of individual Tau40 preparations

was assessed using the nitroblue tetrazolium (NBT) assay

as described previously [29, 38]. This method is based on a

color change correlated with the reduction of NBT to

monoformazan by Amadori rearrangement products in

alkaline buffer [39]. Along with 10 ll of the sample or

standard, 200 ll of 0.75 mM NBT (Ameresco, USA) was

added to a 96-well microplate. The kinetics of the reduc-

tion of NBT by fructosamine groups (0.1 M carbonate

buffer, pH 10.35) were measured at 540 nm using an MK3

microplate reader (Thermo, USA) after incubating for

30 min at 37�C. Standard curves were generated by addi-

tion of 10 ll of 1-deoxy-1-morpholino-D-fructose (1-DMF;

Sigma-Aldrich, USA). Fructosamine formation was moni-

tored by comparison with standard curves (R2 [ 0.99).

Measurement of fluorescence

Intrinsic fluorescence of Tau40 (final concentration 2 lM)

was monitored on an F4500 fluorescence spectrophotom-

eter (Hitachi, Japan). The emission spectrum from 290 to

500 nm was recorded by excitation at 280 nm at 25�C. To

assess the fluorescence of AGEs derived from glycated

protein, we scanned the emission spectrum from 350 to

500 nm (kex = 320 nm) as described previously [40].
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Measurement of ThT-binding fluorescence

Tau40 (final concentration 2 lM) and ThT (30 lM; Sigma)

were mixed at 25�C, and fluorescence was subsequently

measured (kex 450 nm; kem 485 nm) as described [34].

Observation of protein aggregation with atomic force

microscopy (AFM)

The conditions for D-ribosylation of Tau were as described

above. All of the solutions used were filtered through a

0.22-lm filter. The glycated protein was diluted to the

desired concentration using Tris–HCl buffer (pH 7.4).

Samples (10 ll) were kept at room temperature for 5 min

to allow the protein to absorb onto the mica. Observation

under an atomic force microscope (Mutiplemode-I; Digital

Instruments, USA) was performed as described previously

[41].

Circular Dichroism (CD) measurements

Far-UV CD measurements were taken with a circular

dichrograph (Jasco J-720; Japan). Samples in 1-mm quartz

cuvettes were maintained at 25�C using a circulating water

bath. Spectra of D-ribose-glycated Tau40 (final concentra-

tion 20 lM) were measured (195–260 nm) with a step size

of 1.0 nm. All measurements were replicated 10 times and

averaged. The background of the corresponding buffers in

the absence of protein and D-ribose was subtracted for all

samples.

Cell culture

SHSY5Y cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM; Invitrogen, USA) containing

10% fetal bovine serum (Hyclone, USA), 100 IU/ml pen-

icillin and 100 lg/ml streptomycin (Sigma) at 37�C in a

humidified 5% CO2 incubator. Cells were grown to

70–80% confluence in 25-mm-diameter dishes and fed

every fourth day. The culture was replaced with serum-free

medium before addition of glycated protein during exper-

iments. Tau protein was incubated with D-ribose and

aliquots were taken at different time intervals to incubate

with cells for 8 h. After that, the medium was changed to

DMEM with 10% fetal bovine serum.

Cell viability test

To determine cell viability, we used the standard 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

(MTT; Sigma) test, with the slight modifications suggested

by Mayo and Stein [42]. SHSY5Y cells were seeded on a

96-well plate at a concentration of 105 cells per well with

or without exposure to glycated Tau40 (3-day incubation)

at various concentrations for 8 h. After 24 or 48 h, MTT

(final concentration 0.5 mg/ml) was added and plates were

incubated at 37�C for 4 h. The reaction was stopped by

replacement of the MTT-containing medium with 150 ll

dimethysulfoxide, and absorbance at 540 nm was mea-

sured on a Multiscan MK3 spectrophotometer (Thermo

Electron Corporation, USA).

Flow cytometric analysis

Cells undergoing apoptosis were detected by using double

staining with Annexin V-FITC/PI (propidium iodide) in the

dark according to the manufacturer’s instructions. Briefly,

cells attached to plastic dishes were harvested using 0.25%

trypsin and washed twice with cold PBS. Cell pellets were

suspended in 19 binding buffer (10 mM HEPES/NaOH,

pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a concentration

of 1 9 106 cells/ml. Cells were then incubated with

AnnexinV-FITC and PI for 15 min (22–25�C) in the dark.

The stained cells were immediately analyzed on a flow

cytometer (FAC Svantage SE, USA). Each measurement

was replicated at least three times.

Data analysis

All values reported are means ± standard errors (SE),

except where otherwise indicated. Data were analyzed by

employing Origin 6.0 statistical software. Differences

between experimental groups were considered to be sig-

nificant if the probability was \0.05 in two-tailed tests.

Kinetic data were analyzed as described by Tsou [43].

Results

Glycation of Tau40 in the presence of D-ribose

During glycation, Tau40 was incubated with D-ribose and

aliquots were taken for 12% SDS-PAGE at different time

intervals (Fig. 1, panels A and B). While only one low

molecular weight protein band was present in the ungly-

cated Tau40 control, two high molecular weight protein

bands appeared in samples containing glycated Tau40,

demonstrating Tau protein aggregation. One of the bands

was smeared in appearance suggesting that Tau monomers

oligomerized to dimers or octamers (oligomers); and the

other smearing of the high molecular weight band indicated

polymerization to decamers (polymers). Our results thus

indicate that Tau began to oligomerize from 1 day after the

start of incubation, and polymerization occurred markedly
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from day 2. The Tau monomer band was retarded in the

presence of D-ribose with increasing incubation time,

suggesting that the apparent molecular mass of the glycated

Tau protein increased with time. However, significant

polymerization and band retardation were not detected for

Tau alone in the absence of D-ribose (panels C and D,

Fig. 1). The difference between the apparent molecular

masses suggested that *51 ribose units bound to one Tau

protein.

In our kinetic studies, the increase in grey density of the

bands of oligomers and polymers underwent a relaxation

and a biphasic process (slow and fast phases). Density of

oligomers and polymers increased from day 1 and 2,

respectively, and more rapidly on further incubation. The

data were analyzed according to Tsou’s method [43]. The

first order rates of the fast phase for oligomers and poly-

mers were five- and three-fold higher than those of the slow

phases, respectively (Table 1). Tau monomers likewise

decreased in slow and fast phases as oligomers and poly-

mers increased. This suggests that glycation with D-ribose

leads to a slow oligomerization of ribosylated Tau protein

after a relaxation time, followed by fast polymerization.

Fructosamine is a common marker for assessing the

degree of glycation of a protein [39]. To clarify the time

course of the formation of fructosamine in the Tau40

molecule, aliquots were assayed by NBT assay at different

incubation times [44]. The absorbance (540 nm) increased

markedly with the length of the incubation time of Tau40

with D-ribose (Fig. 2, panel A). The absorption value

increased rapidly from the start of incubation and then

plateaued. Kinetic studies revealed that absorbance at

540 nm increased in a monophasic time course with a first

order rate constant of 6.7 9 10-6 s-1 under these experi-

mental conditions (Fig. 2, panel B), indicating that the

NBT assay simply shows the increment in the amount of

fructosamine formed in the protein during glycation, but

does not indicate protein aggregation.

To confirm whether AGEs were formed during the

glycation of Tau with D-ribose, a monoclonal antibody

(6D12) was used in Western blotting as shown in Fig. 3

(panel A) [45]. Two spots (one for monomers, the other for

oligomers and polymers) were detected on the membrane

in aliquots from day 3 of the incubation. AGE polymers

increased significantly on day 7 (Fig. 3, panel B). How-

ever, glycation of Tau with D-glucose showed little AGE

formation at this stage under the same conditions (data not

shown). This suggests that glycation of Tau protein in the

presence of D-ribose results in the formation of AGEs

(monomers, oligomers and polymers) at an early stage

(within 7 days) of glycation.

According to Liu and Metzger [26], glycation of a

protein produces a new fluorescence derivative (kex

320 nm; kem 410 nm), and thus fluorescence is commonly

used to monitor the formation of AGEs. To further clarify

the kinetics of the glycation of Tau in the presence of

Fig. 1 D-Ribosylation of Tau40. Tau40 (final concentration 200 lM)

was incubated in the presence of 1 M D-ribose (rib) in 20 mM Tris–

HCl buffer (pH 7.4) at 37�C, and aliquots were taken for 12% SDS-

PAGE at different time intervals (panel A). Tau40 alone was used as a

control (panel C). Grey scanning for Tau in the presence and absence

of D-ribose is shown in panels B and D, respectively

Table 1 The first order rates of changes in grey density, fructos-

amine and fluorescence during the glycaiton of Tau protein in the

presence of D-ribose

Kinetic

measurements

Relaxation

time (h)

First

phase

Second

phase

Grey density

Monomer – 0.81 4.60

Oligomer 24 1.25 7.84

Polymer 48 1.23 4.34

Fructosamine – 6.70 –

Fluorescence at 410 nm 24 1.51 7.53

Fluorescence at 450 nm 24 1.17 9.04

ThT fluorescence 48 1.86 5.52

Rate constants are in 10-6
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D-ribose, changes in fluorescence were measured as

shown in Fig. 4. The fluorescence emission intensity

(410 nm) of Tau40 incubated with D-ribose was much

stronger than that of Tau40 alone as a control (Fig. 4,

panel A). The fluorescence of glycated polymers

(collected from PAGE) was markedly stronger than that

of glycated monomers (data not shown), suggesting that

fluorescence at 410 nm resulted mainly from D-ribosylat-

ed polymers.

To confirm that 410 nm emission is related to protein

aggregation, the data shown in Fig. 4 (panel B) were

analyzed according to Tsou’s method [43]. The kinetic

increment of the emission intensity underwent a relaxation

period (24 h) and followed a biphasic time course (a slow

and a fast phase) (Fig. 4, panel C). First order rate con-

stants obtained from analysis of 410 nm fluorescence

emission increments were similar to those obtained by

SDS-PAGE analysis of the polymerization of D-ribosylated

Tau40 (Fig. 1 and Table 1), indicating that the increase in

the emission at 410 nm is related to the aggregation of

D-ribosylated Tau protein.

Conformational changes of Tau protein

during ribosylation

To investigate the conformational changes of Tau protein

during glycation, we measured the intrinsic fluorescence of

the ribosylated protein by excitation at 280 nm. As shown

in Fig. 5 (panel C), intrinsic fluorescence at 310 nm shows

a slight change with incubation time. However, the change

in fluorescence was not significant compared to that of Tau

in the absence of D-ribose as a control. Changes in intrinsic

fluorescence represent microenvironmental variations at

Tyr residues where solvent molecules collide with the

fluorophore and consume the energy of fluorescence [46].

Notably, a new fluorescent derivative appeared around

450 nm from day 3 of the glycation process (Fig. 5, panel

A). The appearance of fluorescence at 450 nm also repre-

sented the formation of AGEs in Tau polymers. Most

interestingly, an energy transfer between Tyr residues and

ribosylated fluorescent derivatives (around 450 nm) was

observed by excitation at 280 nm. Control Tau in the

absence of D-ribose did not show this energy transfer

(Fig. 5, panel B), suggesting that the spatial localization of

Tyr residues is close to the glycated fluorescent derivative

in Tau polymers.

To detect changes in the secondary structure of Tau40 in

the presence of D-ribose, CD spectra of Tau40 were scan-

ned during glycation. However, the spectrum of ribosylated

Fig. 2 Changes in Tau fructosamine during incubation with D-ribose.

NBT was used to detect the formation of fructosamine at different

time intervals as described (panel A) [44]. Data were analyzed

according to Tsou’s method (panel B) [43]. Conditions for glycation

of Tau with D-ribose were the same as those in Fig. 1

Fig. 3 Western blotting of D-ribosylated Tau. Western blotting was

carried out by using anti-AGEs monoclonal antibodies (panel A).

Samples in lanes were as indicated. Grey densities of the protein

bands are illustrated in panel B. Conditions for glycation of Tau with

D-ribose were the same as those in Fig. 1

D-Ribosylated Tau with high cytotoxicity 2563



Tau40 showed a similar profile to that of the native protein

(Fig. 5, panel D), suggesting that conformational changes

in D-ribosylated Tau40 were not at the level of secondary

structure.

To investigate differences between glycated Tau40 and

native Tau40 we used ThT, a fluorescent dye, to label

protein amyloid-like aggregates [47]. ThT fluorescence

(kex 450 nm; kem 485 nm) increased with incubation time.

Emission intensity increased significantly in the presence

of D-ribosylated Tau40 after 3 days of incubation com-

pared with native Tau40 alone as a control (Fig. 6, panel

A); the longer the incubation period with D-ribose, the

stronger the ThT fluorescence of the glycated protein.

Fig. 4 Detection of AGEs by fluorescence. Fluorescence spectra (kex

320 nm) were measured in 20 mM Tris–HCl buffer (pH 7.4) at 25�C

(panel A). Changes in maximal fluorescent intensity (kem 410 nm)

were monitored (panel B), and analyzed according to Tsou’s method

(panel C) [43]. Conditions for glycation of Tau with D-ribose were the

same as those in Fig. 1

Fig. 5 Changes in intrinsic fluorescence and CD of Tau during

glycation. The intrinsic fluorescence (kex 280 nm) was recorded

during glycation from 1 to 7 days (panel A). Tau40 in the absence of

D-ribose and D-ribose alone were used as controls (panel B). Changes

in the maximal fluorescent intensity (kem 310 nm) were monitored

(panel C). The CD spectra of Tau incubated with D-ribose on the third

day is shown (panel D). Conditions for glycation of Tau with D-ribose

were the same as those in Fig. 1
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The time course of the increment in ThT fluorescence

also underwent a biphasic process after a 48 h relaxation

(Fig. 6, panel B). The first order rate constants of the slow

and fast phases were not significantly different from those

of Tau polymerization (also with a 48-h relaxation)

(Table 1), illustrating that the formation of ThT-positive

Tau aggregations in the presence of D-ribose appears from

48 h and accelerates after 96 h during glycation under our

experimental conditions.

Atomic force microscopy was employed to image

glycated Tau aggregations. Globular aggregations of

D-ribosylated Tau40 were observed from 2 days of incuba-

tion as shown in Fig. 7. The particle size of D-ribose-

glycated Tau40 increased significantly as the incubation

proceeded. Aggregations remained globular during incuba-

tion of Tau protein with D-ribose for 7 days. Ribosylated Tau

polymer fibrils were not observed under the experimental

conditions used here. These results illustrate that D-ribosy-

lated Tau40 generates soluble ThT-positive aggregates.

Toxic effect of D-ribosylated Tau on SHSY5Y cells

Since glycation of Tau40 with D-ribose induced ThT-posi-

tive aggregates, we examined the effect of these aggregates

on the viability of SHSY5Y cells using MTT assays, as

shown in Fig. 8. The number of viable cells decreased

significantly after incubation with D-ribosylated Tau40 at 8,

24 and 48 h, compared with native Tau40 alone as a control.

Furthermore, decreases in cell viability showed a concen-

tration-dependent relationship with D-ribosylated Tau40

(2.5 and 25 lM). This indicates that D-ribosylated Tau40

has a high cytotoxicity to SHSY5Y cells.

In order to further reveal the effect of glycated Tau40 on

cell viability, Annexin V/PI assays were conducted by flow

cytometry (Fig. 9). After incubating SHSY5Y cells with

glycated Tau40 for 8 h, a significant increase in early

apoptosis (LR, 18.47%) and late apoptosis/necrosis (UR,

62.51%) rates were observed (Fig. 9, panel D), while the

LR and UR ratios were lower than 5% (LR) and 4% (UR)

in Tau alone (panel C), D-ribose-treated (panel B) and

untreated cells (panel A) used as controls (Fig. 9). These

results demonstrate that D-ribosylated Tau40 was highly

toxic to cells, inducing apoptosis and necrosis.

Discussion

Intraneuronal aggregation of Tau protein into filamentous

lesions is involved in AD [48]. Posttranslational modifi-

cations, including hyperphosphorylation [49], glycation

[18, 50], glycosylation [51, 52], ubiquitination [53], poly-

amination [54, 55], nitration [56], and proteolysis [57],

have been shown to promote Tau fibrillization. Glycation is

commonly regarded as a cause of disrupted protein func-

tion and produces cytotoxic products such as AGEs,

leading to medical complications [58, 59]. However, most

research groups study glycation of Tau with D-glucose, but

not D-ribose. In this work, we show that D-ribose plays a

role as an important reducing furanose in the glycation of

Tau protein. Our results show that this neuronal protein is

vulnerable to glycation with D-ribose and yields globular

ThT-positive aggregations with high cytotoxicity to

SHSY5Y cells.

D-Ribose glycates Tau with high efficiency

Glycation occurs between the amino groups of a protein,

particularly the epsilon amino group of Lys. Arg, His, and

Trp also contain reactive groups, which may react with

reducing sugars. Such carbohydrate-amino acid reactions,

often termed as ‘‘Maillard’’ or ‘‘non-enzymatic browning’’

reactions, result in linkages that are not hydrolyzed by

digestive enzymes although the amino acids may still be

Fig. 6 ThT-positive aggregation of D-ribosylated Tau. Tau40 was

incubated in the presence or absence of D-ribose and aliquots were

taken at different time intervals. ThT (final concentration 30 lM) was

added to the samples and fluorescence (kex 450 nm; kex 485 nm) was

measured as shown in panel A. These fluorescence measurements

were analyzed according to Tsou’s method (panel B). Conditions for

glycation of Tau with D-ribose were the same as those in Fig. 1
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recovered from the protein by acid hydrolysis [60]. The

results from SDS-PAGE suggest that approximately 51

D-ribose units bind to one molecule of Tau protein. As

Tau40 contains 44 Lys, 12 His and 14 Arg residues, which

can react with D-ribose, our results suggest that most of the

available amino acid residues react with D-ribose.

D-Ribose, an efficient glycator, is a naturally occurring

pentose monosaccharide and an essential component for

energy production in the body. D-Ribose exists in all living

cells and in blood, and is present in the human brain [61].

Furthermore, Tau has an unstable conformation with a

flexible peptidyl chain. Schweers and colleagues showed

that the Tau protein exists in a ‘‘worm-like’’ conformation

[62], having the irregular structure of an unfolded protein

[63]. Thus, most Lys residues are exposed on the exterior

of the Tau molecule because of the hydrophilic nature of

the e-amino group. Thus, the worm-like Tau protein has

more opportunities to react with reducing sugars than

globular-like proteins, explaining why Tau protein is rap-

idly glycated in the presence of D-ribose.

Although Tau40 can be glycated with D-glucose in vitro,

it is still unclear whether D-glucose is the most important

sugar in Tau glycation. It is well known that D-glucose has

a lower reducing potential than D-ribose [15, 64]. Necular

and Kuret [18] have reported that glycated Tau is not able

to promote filament nucleation. Similarly, glycation of

alpha-synuclein with D-glucose and D-fructose does not

induce amyloidosis products [33]. Our recent data also

show that glycation of BSA with D-ribose is much faster

than with D-glucose [65]. This is probably due to the low

glycation efficiency of D-glucose compared with D-ribose.

As mentioned above, the far-UV CD spectra (Fig. 5,

panel D) showed little change in the secondary structure of

Tau protein. Similar results have been observed during

Fig. 7 Atomic force microscopic image of D-ribosylated Tau.

Aliquots of Tau40 incubated with D-ribose were observed by AFM

(panel A–H). Sizes (nm) of the particles of Tau40 incubated with

D-ribose are shown (panel I). Conditions for glycation of Tau with

D-ribose were the same as those in Fig. 1. The scale bar equals

100 nm
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glycation of albumin in that the far-UV CD of the glycated

protein was unchanged compared with albumin alone as a

control [29]. Furthermore, the intrinsic fluorescence of Tau

did not markedly change during the initial incubation with

D-ribose, suggesting there was no distinct conformational

change in the protein molecule. It is interesting, however,

that a new fluorescence around 450 nm appears during

glycation on excitation at 280 nm. According to Matiace-

vich and Buera [23], this most likely represents the

formation of AGEs.

Fluorescence at 410 nm is related to polymerization

of D-ribosylated Tau protein

Fluorescence at 410 nm appeared during the incubation of

Tau protein with D-ribose (Fig. 4). This fluorescence is

thought to be an indicator for AGEs resulting from gly-

cation [23–26]. Here, however, we suggest that this

fluorescence can also act as a probe for AGE-polymeriza-

tion of Tau as (1) formation of the 410 nm fluorescent

derivative follows the appearance of glycated Tau poly-

mers as shown by SDS-PAGE (Fig. 1), (2) the kinetic

increase in the fluorescence is a biphasic process (with a

slow and a fast phase) similar to that of polymerization of

the glycated protein on SDS-PAGE, and the first order rate

constants are not significantly different (Table 1), and (3)

the kinetic increase in the fluorescence is unlike that of the

NBT assay to show the formation of fructosamine but

similar to polymerization during glycation.

With respect to energy transfer between the intrinsic

fluorophore (Tyr residue) and the glycated fluorescent

derivative (Fig. 5, panel A), we detected a new fluorescence

around 450 nm by excitation at 280 nm. The intrinsic

fluorescence of Tyr residues around 310 nm may be

absorbed by the glycated fluorescent derivative to emit

around 450 nm. This evidence suggests that glycated fluo-

rescent derivatives have close in situ associations with Tyr

residues in Tau polymers.

Glycation of Tau protein with D-ribose promotes

ThT-positive aggregation

According to previous reports, it is still unclear whether

glycation with D-glucose can promote Tau protein to form

ThT-positive aggregates [18]. This work, however, has

revealed that D-ribose was able to glycate Tau40 quickly

and to promote aggregation of glycated products into

ThT-positive aggregates (Fig. 6, panel A). In particular,

measurements of first order rate constants showed that

formation of ThT-positive aggregations was rapid from day

5 of glycation, and paralleled glycated Tau protein poly-

merization. Under AFM, ThT-positive aggregates looked

like globules on the mica surface, and fibrils could not be

observed on the mica surface under the experimental

conditions (Fig. 7). That is to say, glycation with D-ribose

induces Tau protein to polymerize and form globular

ThT-positive aggregations.

Advanced glycation end-products are thought to play an

important role in AD by oxidation of Tau [16, 66]. AGE

formation has detrimental effects on the structure and

function of affected proteins [15]. Accumulation of AGEs

has been implicated in normal aging and in the pathogenesis

of diabetes-associated complications and AD. In the case of

D-ribosylated Tau, the highly cytotoxic glycated products

appear to be resulted from the globular aggregations of

AGEs. Anti-AGE monoclonal antibodies recognized both

glycated monomers and glycated polymers; that is, AGEs

could be monomers, oligomers and polymers of glycated

Tau. Cytotoxicity of glycated Tau was marked under the

experimental conditions (Fig. 8), suggesting that ThT-

positive aggregation of Tau protein has high cytotoxicity in

addition to that of glycated Tau monomers.

Transition of D-ribosylated Tau from monomer

to oligomer and polymer

Glycation is a non-enzymatic posttranslational modification

that involves a covalent linkage between a sugar and an

amino group of a protein molecule forming a ketoamine

[67]. Subsequent oxidation, fragmentation and/or cross-

linking of ketoamines leads to the production of AGEs

[68, 69]. Here, we present a brief summary of the glycation

procedure of Tau protein in the presence of D-ribose

(Fig. 10). D-Ribose initially reacts with Tau protein under-

going Schiff’s base reactions between the sugar and the

Fig. 8 Cell viability assays. SHSY5Y cells were incubated with

D-ribosylated Tau for 8 h and cell viability was assayed with MTT at

24 and 48 h, respectively. (The Tau protein was previously glycated

with D-ribose for 3 days.) Tau protein alone and the Tris–HCl buffer

were used as controls. Viability of SHSY5Y cells was also assayed in

the presence of glycated Tau at the concentrations indicated

D-Ribosylated Tau with high cytotoxicity 2567



protein, followed by conversion to ketoamines through

Amadori rearrangement, resulting in a marked increase in

the absorbance at 540 nm of the NBT reagent (a mono-

phasic process). Second, the glycated Tau protein starts to

oligomerize in a relatively slow procedure after a relaxation

period (1–2 days). Finally, the glycated protein polymerizes

further and forms ThT-positive aggregations through a

relatively fast process. In short, the formation of Tau ThT-

positive aggregations (polymerization) is fast, after the

relatively slow oligomerization of D-ribosylated protein.

Fig. 9 D-Ribosylated Tau40

induces SHSY5Y cell apoptosis.

SHSY5Y cells were treated with

D-ribose-glycated Tau for 8 h,

cultured for 24 h (panel D), and

subsequently analyzed by flow

cytometry. Normal cells used as

controls are shown in panel A,

and cells incubated with D-

ribose and Tau alone are shown

in panels B and C
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D-Ribosylated Tau has high cytotoxicity

In this laboratory, we have studied glycated BSA in the

presence of D-ribose and D-glucose. The cytotoxicity of

D-ribosylated BSA is much higher than that of D-glucosy-

lated BSA under the same conditions. We have also

obtained similar results for the glycation of alpha-synuc-

lein, an important protein involved in Parkinson’s disease

(data not shown).

This work showed D-ribosylated Tau40 was able to

inhibit growth of SHSY5Y cells significantly (Fig. 8).

The dose-dependent cytotoxic manner observed revealed

that glycated Tau40 may disturb neural cell metabolism

and viability. Results of the flow cytometric analysis of

Annexin V/PI support this viewpoint and showed that

apoptosis and necrosis of SHSY5Y cells was induced by

D-ribosylated Tau40 (Fig. 9). Nie and colleagues have

reported that globular aggregates of Tau possess cyto-

toxicity [34]. Similarly, soluble ThT-positive aggregates

of glycated Tau induced by D-ribose also have the ability

to promote SHSY5Y cell death. It is known that Tau

protein aggregation in NFTs in AD has cytotoxicity.

D-Ribosylated Tau aggregation may be useful as a

molecular model for simulating protein misfolding in

vitro. In the light of high cytotoxicity, it appears that

glycation may play an important role in Tau pathological

processes.

Advanced glycation end-product-recombinant Tau gen-

erated reactive oxygen intermediates and induced oxidant

stress when introduced into the cytoplasm of SHSY5Y

neuroblastoma cells [66]. Our unpublished data show that

apoptosis induced by D-ribosylated BSA is involved in

oxidative stress [70]. It appears that the oxidative signaling

pathway is at least involved in the cell death induced by the

D-ribosylated Tau protein.

Glycated Tau protein has been found in human brain,

especially in PHFs

It has been reported that glycated Tau40 is found in the

brain of patients with AD [15, 16]. Many research groups

have studied the relationship between glycation of Tau

protein and the formation of PHF-Tau [15, 18, 50] and

have found that Tau is glycated in PHF-Tau. Furthermore,

glycated Tau induces lipid peroxidation in vivo and results

in lesions within cells [71]. This suggests that glycation

plays a role in stabilizing the PHF aggregations that are

related to tangle formation in AD [15, 16, 21]. The

monoclonal antibody against AGEs is commonly used to

detect the glycated tau protein [65]. Previous studies show

the antibody also recognizes both ribosylated and glu-

cosylated products [65]. It is difficult to clarify whether the

bound sugar is D-ribose or D-glucose using the anti-AGEs

antibody. Thus, ribosylation of Tau is worth investigation.

The suggestion that D-ribosylated Tau may exist in brain

is based on these observations: (1) non-enzymatically cat-

alytic ribosylation occurs spontaneously with a relatively

high speed [65]; (2) D-ribose exists in vivo such as cyto-

plasm and CSF [30]; (3) glycated Tau has been found in

PHFs of Alzheimer’s patients [15, 66]; (4) the cytotoxicity

of D-ribosylated protein is much higher than that of

D-glucosylated protein; and (5) the intracellular protein was

ribosylated when D-ribose was added to medium for cell

culture (our unpublished data). This suggests that Tau is

glycated in the presence of D-ribose.

In conclusion, D-ribosylated Tau can generate ThT-

positive aggregates. These aggregates may induce

SHSY5Y cell death by oxidative stress. Since Tau glycated

with D-ribose has a similar character of pathological

aggregation and high cytotoxicity, it could be used as an in

vitro model for research to identify drugs that are valuable

for disease treatment, such as the ‘‘anti-glycation’’ treat-

ment for AD [72].
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