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Water-soluble chitosan derivatives as a BACE1 inhibitor

Jae-Young Je and Se-Kwon Kim*

Department of Chemistry, Pukyong National University, Busan 608-737, Republic of Korea

Received 20 June 2005; revised 11 July 2005; accepted 12 July 2005

Available online 9 August 2005
Abstract—BACE1 (the b-site APP-cleaving enzyme) inhibitory activities of water-soluble chitosan derivatives substituted with ami-
noethyl, dimethylaminoethyl and diethylaminoethyl groups were investigated. AE-chitosan (90%) prepared from 90% deacetylated
chitosan showed the strongest BACE1 inhibitory activity than those of other derivatives. The inhibitory pattern was found to be
non-competitive by Dixon plot, and the value of the inhibition constant (Ki) was 85 lg/mL.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The most common cause of dementia in older people,
Alzheimer�s disease (AD), claims over 20,000 lives each
year, a number that is expected to explode in the next
few decades as our population ages. AD is a progressive
neurodegenerative disorder pathologically characterized
by the presence of senile plaques composed of an amy-
loid Ab-peptide (Ab). Production of Ab, a protein essen-
tial for the development of AD, begins with cleavage of
amyloid precursor protein (APP). On the basis of the
amyloid hypothesis, which states that the neurodegener-
ative process comprises a series of events triggered by
abnormal processing of APP,1 b- and c-secretases that
mediate the amyloidogenic processing of APP are
thought to be prime drug targets in the treatment of
AD. The b-secretase generates the N-terminus of Ab
peptides by cleaving APP at Met670/Asp671, while c-se-
cretase cleaves the C-terminus of the peptides by prote-
olysis either at Val711 or Ala713, with the resultant Ab
peptide being either 40 or 42 amino acid residues in
length.2 The Ab42 peptide is the most abundant one,
and plays critical roles in the induction of AD.3

Beta-secretase is an aspartic protease and is also known as
BACE1 (the b-site APP-cleaving enzyme). This enzyme
cleaves an easily accessible site at the luminal side of b-
APP, and its activity is the rate-limiting step inAb peptide
production in vivo.4 BACE1 activity is present in amajor-
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ity of cells and tissues of the body.5Themaximal activity is
found in neural tissues and cell lines.6,7 BACE1 is widely
expressed in various tissues and cell lines, but could be
present at higher levels in neurons of the brain.

BACE1 is a major target for the screening of inhibitors
since it occupies an initial step in the pathological cas-
cade of AD. Thus, inhibition of BACE1 acting in vivo
may reduce the production of Ab peptides and conse-
quently slow or halt the progression of AD.

Chitin is a naturally abundant mucopolysaccharide and
is distributed in the shell of crustaceans, in the cuticle of
insects, and also in the cell wall of some fungi and
microorganisms. It consists of 2-acetamido-2-deoxy-(1–
4)-b-DD-glucopyranose residues (N-acetyl-DD-glucosamine
units) that have intra- and inter-molecular hydrogen
bonds and is a water-insoluble material resembling cel-
lulose in its solubility. Chitosan is an N-deacetylated
derivative of chitin and consists of 2-amino-2-deoxy-
(1–4)-b-DD-glucopyranose residues (DD-glucosamine units),
and is derived from chitin by deacetylation in the pres-
ence of alkali, and is rendered water-soluble by forming
salts with various acids on the amino group of the DD-glu-
cosamine unit. Chitosans have been developed as new
physiologically bioactive materials since they possess
various biological activities, such as antibacterial activi-
ty,8–11 hypocholesterolemic activity,12 antitumor activi-
ty,13 immuno-stimulating effects14 antioxidant
activity15, and antihypertensive activity.16 However,
poor solubility of chitosan is probably the major limit-
ing factor in its utilization. Therefore, chemical modifi-
cation has been attempted to improve water solubility
and bioactivities of chitosan.
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In the present study, BACE1 inhibitory activities of
water-soluble chitosan derivatives were investigated. In
addition, the inhibition pattern was determined using
Dixon plots.
2. Results and discussion

Chitin was prepared from crab shells, and chitosans
with a different degree of deacetylation were prepared
successfully according to our previous method, and the
degree of deacetylation designated as 90% and 50%.17

To improve the solubility and bioactivity, the amino
functionality was successfully grafted onto chitosan to
form water-soluble aminoethyl-chitosan (AE-chitosan),
dimethylaminoethyl-chitosan (DMAE-chitosan), and
diethylaminoethyl-chitosan (DEAE-chitosan). Chitosan
derivatives were designated as AE-chitosan (90%),
DMAE-chitosan (90%), and DEAE-chitosan (90%) pre-
pared from 90% deacetylated chitosan, and AE-chitosan
(50%), DMAE-chitosan (50%), and DEAE-chitosan
(50%) prepared from 50% deacetylated chitosan
(Scheme 1).

Chitosan was aminoalkylated, and the hydroxyl group
was successfully replaced by an aminoalkyl group, while
the polymeric structure was maintained. Characteriza-
tion of water-soluble chitosan derivatives is shown in
Table 1. The degree of substitution (DS) of DEAE-
chitosan was obtained from the elemental analysis and
the peak ratios between anomeric protons and methyl
protons of the DEAE groups were determined using
the 1H NMR method.18 Chitosan derivatives were char-
AE-chitosan : R=(CH2)2NH2 ; R1=H, COCH3

DMAE-chitosan : R=(CH2)2N(CH3)2 ; R1=H, COCH3

DEAE-chitosan : R=(CH2)2N(CH2CH3)2 ; R1=H, COCH3
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Scheme 1. Structure of chitosan derivatives.
acterized by FT-IR and 1H NMR. In the IR spectra of
the substituted DEAE group, the adsorptions at
2965 cm�1 due to C–H stretching and at 1000–
1150 cm�1due to C–O–C stretching were stronger, sup-
porting the occurrence of substitution (Fig. 1). It was
estimated that the C-6 hydroxyl group was possibly re-
placed by a DEAE group in accordance with the result
of Katsura et al.18 The 1H NMR spectra of DEAE-
chitosan in D2O showed peaks at 1.30 ppm for the meth-
yl, at 3.28 ppm for methylene protons of the DEAE
group, and between 1.5 and 1.6 ppm for methyl protons
of the protonated DEAE groups (Fig. 2C). In the same
manner, a peak was observed between 2.9 and 3.0 ppm
for methyl and methylene protons of the DMAE group
(Fig. 2B), and a peak at 2.9 ppm for methylene protons
of the AE group was also observed (Fig. 2A). AE-chito-
san (50%), DMAE-chitosan (50%), and DEAE-chitosan
(50%) were characterized in the same manner.

BACE1 (b-secretase) is a key enzyme that is involved in
the production of amyloid b-peptides found in extracel-
lular amyloid plaques of AD. This and other genetic and
pathological evidence has led to therapeutic approaches
that have focused on the inhibition of BACE1. The
BACE1 inhibitory activities of chitosan derivatives are
shown in Figures 3 and 4. Among chitosan derivatives
that were prepared from 90% deacetylated chitosan,
AE-chitosan exhibited inhibitory activity higher than
those of DMAE-chitosan and DEAE-chitosan. Chito-
san derivatives derived from 50% deacetylated chitosan
also exhibited the same inhibitory pattern in the order
of AE-chitosan > DMAE-chitosan > DEAE-chitosan.
In comparison with AE-chitosan (90%) and AE-chito-
san (50%), AE-chitosan (90%) showed inhibitory activi-
ty stronger than that of AE-chitosan (50%), and
AE-chitosan (90% and 50%) revealed inhibitory activity
higher than those of other derivatives. However,
DMAE-chitosan and DEAE-chitosan (90%) exhibited
little higher or similar inhibitory activity than those of
DMAE-chitosan and DEAE-chitosan (50%). These re-
sults have suggested that free amino group at the C-2
and C-6 positions plays an important role in BACE1
inhibitory activity; however, free amino group at
C-2 is a minor factor according to the above results.
In recent studies, peptidic inhibitors are targeted as
b-secretase inhibitors. Shuto et al.19 elucidated that a
synthesized octapeptide (Glu-Val-Leu-Pns-Asp-Ala-
Glu-Phe) showed the highest activity (IC50 value =
0.41 lM) among the tested peptidic inhibitors. In spite
of the highest inhibition efficiency, they reported that
this octapeptide is needed to reduce the size of molecular
weight to overcome metabolic instability. Non-peptidic
inhibitors extracted from green tea exhibited an IC50

value of 1.6–4.5 lM.20 Park et al.21 isolated from the
culture broth of Phellinus linteus and identified it as
hispidin with an IC50 value of 4.9 lM. The BACE1
inhibitory activity in the present study was less than
those of peptidic inhibitors and non-peptidic inhibitors.
Also, further studies on cell culture system are needed.
However, it is very meaningful in that this is the first re-
port on chitosan derivatives. In addition, AE-chitosan
(90%) was non-competitive with a substrate in the
Dixon plots, and inhibition constant (Ki) was 85



Table 1. Characterization of chitosan derivatives by chemical modification

Derivatives Elemental analysis (wt%) Degree of substitution Color of resultant Solubility

C N H

AE-chitosan (50%) 46.08 15.66 8.29 0.92 Yellow Easily soluble

DMAE-chitosan (50%) 44.00 8.991 7.541 0.69 White Easily soluble

DEAE-chitosan (50%) 42.52 9.437 10.05 0.63 White Easily soluble

AE-chitosan (90%) 49.82 13.74 6.888 0.88 Yellow Easily soluble

DMAE-chitosan (90%) 47.49 8.894 7.482 0.75 White Easily soluble

DEAE-chitosan (90%) 45.79 9.726 9.710 0.67 White Easily soluble
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Figure 1. FT-IR spectra of chitosan derivatives prepared from 90%

deacetylated chitosan. (–), AE-chitosan; (� � �), DMAE-chitosan; (- -),

and DEAE-chitosan.
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lg/mL (Fig. 5). Thus, it strongly suggests that AE-chito-
san (90%) might bind to either another regulatory site or
to the subsite of b-secretase. The immune response is
very active in AD and may contribute to the disease
rather than helping. The brain�s immune cells respond
to the plaques and tangles, and attempt to clean up this
debris. This is a natural response; however, plaques and
tangles are very difficult to dissolve.22 In the process of
trying to digest the material within plaques and tangles,
microglia also release pro-inflammatory proteins and
free radicals, which cause secondary damage.23 The
chitosan derivatives prepared in this study, inhibited
not only BACE1 but also suppressed reactive oxygen
species (data not published). These derivatives are
expected to be used in the prevention and might be use-
ful for the development of novel non-peptidic inhibitors.
Figure 2. 1H NMR spectra of water-soluble chitosan derivatives

prepared from 90% deacetylated chitosan. (A) AE-chitosan, (B)

DMAE-chitosan, and (C) DEAE-chitosan
3. Conclusion

In the present study, water-soluble chitosan derivatives
were prepared by chemical modification, and their
BACE1 inhibitory activities were evaluated. The results
showed that AE-chitosan (90%) prepared from 90%
deacetylated chitosan exhibited the highest BACE1
inhibitory activity. In addition, the BACE1 inhibition
pattern of AE-chitosan was found to be non-competi-
tive, and the inhibition constant (Ki) was 85 lg/mL. This
result suggested that the amino group plays an impor-
tant role in BACE1 inhibitory activity.
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Figure 5. Determination of inhibition pattern of AE-chitosan (90%)

on BACE1 using Dixon plots. Substrate concentration was (-d-),

375 nM; (-s-), 563 nM; and (-.-), 750 nM.
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Figure 4. Concentration-dependent inhibition of BACE1 by chitosan

derivatives prepared from 50% deacetylated chitosan. (-d-), AE-

chitosan; (-s-), DMAE-chitosan; and (-.-), DEAE-chitosan.
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Figure 3. Concentration-dependent inhibition of BACE1 by chitosan

derivatives prepared from 90% deacetylated chitosan. (-d-), AE-

chitosan; (-s-), DMAE-chitosan; and (-.-), DEAE-chitosan.
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4. Experimental

4.1. Materials

Chitin prepared from crab shells was donated by Kitto
Life (Seoul, Korea). For the preparation of chitosan
derivatives, 2-chloroethylamino hydrochloride was pur-
chased from Fluka, while 2-(dimethylamino)ethylchlo-
ride hydrochloride and 2-(diethylamino)ethylchloride
hydrochloride were obtained from Sigma Chemical
(St. Louis, MO). BACE1 (recombinant human BACE1)
assay kit was purchased from Pan Vera, USA. All
other reagents were of the highest grade available
commercially.
4.2. Preparation of chitosans with a different degree of
deacetylation

Partially acetylated chitosans were prepared from
crab chitin by N-deacetylation with 40% (w/w) sodi-
um hydroxide solution at 100 �C for various times.17

The average molecular weights of the chitosan were
1.4 · 105 to 3.1 · 105, as determined by viscosime-
try.22 After the reaction, chitosan samples were
washed thoroughly with distilled water and freeze-
dried.

4.3. Synthesis of water-soluble chitosan derivatives

Water-soluble chitosan derivatives were synthesized, as
shown in Scheme 1. Chitosan was aminoalkylated using
the method of Clifford and Naoyuki.24 Aqueous 3.0 M
(15 mL) aminoalkyl hydrochloride was added to chito-
san (0.30 g) with stirring at 65 �C. NaOH of 3.0 M
(15 mL) was added to the reaction mixture dropwise
and continuously stirred for 18 h. Subsequently, the
reaction mixture was acidified with HCl and dialyzed
against water for 2 day. The product was freeze-dried
to give the aminoderivatized chitosan.

4.4. Instrumental analyses

Synthesized derivatives were fully characterized by FT-
IR, 1H NMR, and elemental analysis. 1H NMR mea-
surements were performed on a JEOL JNM ECP-400
NMR spectrometer under a static magnetic field of
400 MHz and chemical shift values are given in d
(ppm). IR spectra were obtained on a Perkin Elmer
Spectrum GX spectrometer and elemental analysis of
chitin derivatives to measure the degree of substitution
was performed on Elementar Vario EL elemental
analyzer.
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4.5. BACE1 inhibitory assay

The assay was carried out according to the supplied
manual with modifications. Briefly, the mixture of
10 lL of assay buffer (50 mM sodium acetate, pH 4.5),
10 lL BACE1 (1.0 U/mL), 10 lL of the substrate
(750 nM Rh-EVNLDAEFK-Quencher in 50 mM
ammonium bicarbonate), and 10 lL of sample dissolved
in the assay buffer was incubated for 60 min at room
temperature. The mixture was allowed for excitation at
530 nm and the emitted light at 590 nm was collected.
The inhibition ratio was obtained by the following equa-
tion: Inhibition (%) = [1 � {(S � S0)/(C � C0)} · 100,
where C is the fluorescence of a control (enzyme, assay
buffer, and substrate) after 60 min of incubation, C0 is
the fluorescence of control at zero time, S is the fluores-
cence of tested samples (enzyme, sample solution, and
substrate) after 60 min of incubation, and S0 is the fluo-
rescence of the tested sample at zero time. All data are
the means of duplicate experiments.

4.6. Dixon plot analysis

Experiments for Dixon plot analysis were performed as
follows: BACE1 substrate divided into three group con-
centrations. The reaction velocity is measured at a fixed
concentration of substrate but at a variety of inhibitor
concentrations. A graph of the 1/V (min/F.U.) against
inhibitor concentration is plotted.
Acknowledgments

This research was supported by a Grant (P-2004-02)
from Marine Bioprocess Research Center of the Marine
Bio 21 Center funded by the Ministry of Maritime
Affairs & Fisheries, Republic of Korea.
References and notes

1. Hardy, J. A.; Higgins, G. A. Science 1992, 256, 184.
2. Dorrel, S. Drug Discovery Today 2000, 5, 316.
3. Zohar, O.; Cavallaro, S.; Agata, V.; Alkon, D. L. Brain

Res. Mol. Brain Res. 2003, 115, 63.
4. Vassar, R.; Bennett, B. D.; Babu-Khan, S.; Kahn, S.;

Mendiaz, E. A.; Denis, P.; Teplow, D. B.; Ross, S.;
Amarante, P.; Loeloff, R.; Luo, Y.; Fisher, S.; Fuller, J.;
Edenson, S.; Lile, J.; Jarosinski, M. A.; Biere, A. L.;
Curran, E.; Burgess, T.; Louis, J. C.; Collins, F.; Treanor,
J.; Rogers, G.; Citron, M. Science 1999, 286, 735.

5. Haass, G.; Schlossmacher, M. G.; Hung, A. Y.; Vigo-
Pelfrey, C.; Mellon, A.; Ostaszewski, B. L.; Lieberburg, I.;
Koo, E. H.; Schenk, D.; Teplow, D. B.; Selkoe, D. J.
Nature 1992, 359, 322.

6. Seubert, P.; Itersdorf, T. O.; Lee, M. G.; Barbour, R.;
Blomquist, C.; Davis, D. L.; Bryant, K.; Fritz, L. C.;
Galasko, D.; Thal, L. J.; Lieberburg, I.; Schenk, D. B.
Nature 1993, 361, 260.

7. Zhao, H.; Paganini, L.; Mucke, L.; Gordon, M.;
Refolo, L.; Garman, M.; Sinhaa, S.; Oltersdorf, T.;
Lieberburg, I.; McConlogue, L. J. Biol. Chem. 1996,
271, 31407.

8. Allan, G. R.; Hadwiger, L. A. Exp. Mycol. 1979, 3, 285.
9. Hirano, S.; Nagao, N. Agric. Biol. Chem. 1989, 53, 3065.
10. Jeon, Y. J.; Kim, S. K. Carbohydr. Polym. 2000, 41, 133.
11. Jeon, Y. J.; Park, P. J.; Kim, S. K. Carbohydr. Polym.

2001, 44, 71.
12. Hirano, S.; Itakura, C.; Seino, H.; Akiyama, Y.; Nonaka,

I.; Kanbara, N.; Kawakami, T. J. Agric. Food Chem. 1990,
38, 1214.

13. Sugano, M.; Yoshida, K.; Hashimoto, H.; Enomoto, K.;
Hirano, S. In Advances in Chitin and Chitosan; Brine, C. J.,
Sanford, P. A., Zikakis, J. P., Eds.; Elsevier Applied
Science: London and New York, 1992, pp 472–478.

14. Jeon, Y. J.; Kim, S. K. J. Chitin Chitosan 2001, 6, 163.
15. Park, P. J.; Je, J. Y.; Kim, S. K. Carbohydr. Polym. 2004,

55, 17.
16. Okuda, H.; Kato, H.; Tsujita, T. J Chitin Chitosan 1997, 2,

49.
17. Je, J. Y.; Park, P. J.; Kim, S. K. Carbohydr. Polym. 2005,

60, 553.
18. Katsura, S.; Isogai, A.; Onabe, F.; Usuda, M. Carbohydr.

Polym. 1992, 18, 283.
19. Shuto, D.; Kasai, S.; Kimura, T.; Liu, P.; Hidaka, K.;

Hamada, T.; Shibakawa, S.; Hayashi, Y.; Hattori, C.;
Szabo, B.; Ishiura, S.; Kiso, Y. Bioorg. Med. Chem. Lett.
2003, 13, 4273.

20. Jeon, S. Y.; Bae, K. H.; Seong, Y. H.; Song, K. S. Bioorg.
Med. Chem. Lett. 2003, 13, 3905.

21. Park, I. H.; Jeon, S. Y.; Lee, H. J.; Kim, S. I.; Song, K. S.
Planta Med. 2004, 70, 143.

22. Qin, L.; Liu, Y.; Cooper, C.; Liu, B.; Wilson, B.; Hong,
J. S. J. Neurochem. 2002, 83, 973.

23. Roberts, G. A. F.; Domszy, J. G. Int. J. Biol. Macromol.
1982, 4, 374.

24. Clifford, H. H.; Naoyuki, H. Y. U.S. Patent 2,970,140,
1961.


	Water-soluble chitosan derivatives as a BACE1 inhibitor
	Introduction
	Results and discussion
	Conclusion
	Experimental
	Materials
	Preparation of chitosans with a different degree of deacetylation
	Synthesis of water-soluble chitosan derivatives
	Instrumental analyses
	BACE1 inhibitory assay
	Dixon plot analysis

	Acknowledgments
	References and notes


