
Glycoconjugate Journal 20, 59–62, 2004
C© 2004 Kluwer Academic Publishers. Manufactured in The Netherlands.

MINI REVIEW

Alzheimer’s β-secretase cleaves a
glycosyltransferase as a physiological substrate

Shinobu Kitazume, Takaomi C. Saido and Yasuhiro Hashimoto

Glyco-chain Functions Laboratory, Frontier Research System and Laboratory for Proteolytic Neuroscience, Brain Science Institute,
RIKEN, 2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan

Alzheimer’s beta-secretase (BACE1) is a membrane-bound protease that cleaves the amyloid precursor protein (APP) in
the trans-Golgi network, an initial step in the pathogenesis of Alzheimer’s disease. Although BACE1 is distributed among
various tissues including brain, its physiological substrate other than APP have not been identified. We have recently
found that when BACE1 was overexpressed in COS cells together with α2,6-sialyltransferase (ST6Gal I), the secretion of
ST6Gal I markedly increased, suggesting that BACE1 cleaves ST6Gal I as a physiological substrate. Thus BACE1 is the
first identified protease that is responsible for the cleavage and secretion of glycosyltransferases.
Published in 2004.
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Introduction

The expression of glyco-chains of complex carbohydrates is
mainly controlled by the expression pattern of glycosyltrans-
ferases and glycosidases. The glycosyltransferases are local-
ized in specific Golgi cisternae, or endoplasmic reticulum, in
an ordered way to act sequentially on nascent glyco-chains.
The majority of the glycosyltransferases are type II membrane
proteins and some of them have a proteolysis-sensitive “stem
region” that tethers the luminal active domain to a membrane
anchor [1]. The stem region of glycosyltransferases is cleaved
by an endogenous protease, or proteases, and the transferases
are secreted out of the cell. Many glycosyltransferases have
been found as extracellular, soluble forms in body fluids such as
serum, colostrum, and milk [2–6]. It has been well documented
that the proteolytic cleavage and secretion of glycosyltrans-
ferases into body fluids are affected by various pathological con-
ditions such as malignant transformation and inflammation, but
the endogenous protease responsible for the cleavage-secretion
has not been identified [7].
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β-secretase plays a critical role for the pathogenesis of
Alzheimer’s disease

Alzheimer’s disease is a progressive neurodegenerative disor-
der. Production of a pathogenic peptide, amyloid β-peptide
(Aβ), from a transmembrane protein, amyloid precursor protein
(APP), is a crucial process for the pathogenesis of Alzheimer’s
disease [8]. APP is first cleaved by β-secretase to generate a sol-
uble NH2-terminal fragment and a membrane-bound COOH-
terminal fragment. The latter fragment is further cleaved by
γ -secretase, resulting in production of pathogenic Aβ peptide
(Figure 1). Thus β-secretase plays a critical role for initia-
tion of Aβ formation and development of Alzheimer’s disease.
BACE1, beta amyloid converting enzyme 1, has been recently
identified as a membrane-bound aspartic protease [9–11] and is
now considered to carry the major β-secretase activity in vivo
[12,13]. Northern blot analysis reveals that BACE1 mRNA was
expressed in various cultured cell lines in addition to most or-
gans including brain, but its physiological substrates other than
APP have not been identified.

Cleavage of a α2,6-sialyltransferase (ST6Gal I)
by β-secretase (BACE1)

ST6Gal I is a sialyltransferase that transfers sialic acid residue
from CMP-sialic acid to acceptor glyco-chains. Like many
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Figure 1. Generation of a pathogenic peptide (amyloid β-
peptide). Amyloid precursor protein (APP) is initially cleaved by
β-secretase (BACE1), and then further cleaved by γ -secretase
to generate amyloid beta-peptide (Aβ). Deposition of Aβ re-
sults in amyloid plaque formation, which is the initial pathological
change of Alzheimer’s disease.

other glycosyltransferases, soluble forms of ST6Gal I have been
isolated from body fluids (Figure 2). The soluble enzyme in rat
serum increases with acute inflammation [1,2]. We have studied
ST6Gal I as a model protein for understanding molecular mech-
anisms of the cleavage-secretion of Golgi glycosyltransferases.
When rat ST6Gal I is overexpressed in COS cells, the enzyme
is cleaved between Lys40 and Glu41, i.e., fourteen amino acids
distant from the transmembrane region (Figure 3). The cleav-
age significantly decreases when Leu37 or Lys40 is replaced
with alanine (Figure 4), suggesting that a sequence specific
protease is involved in the cleavage. We also prepared a mu-
tant ST6Gal I that lacked whole stem and a part of adjacent
luminal region [14]. The mutant ST6Gal I was hardly cleaved
and, instead, its cell surface expression was significantly en-
hanced. These results suggest that the sequence specific pro-
tease could control the subcellular localization and cellular level

Figure 2. Cleavage and secretion of α2,6-sialyltransferase
(ST6Gal I). ST6Gal I is a sialyltransferase that transfers the sialic
acid residue from CMP-sialic acid to acceptor glycans of glyco-
proteins. ST6Gal I is cleaved by an endogenous protease(s) and
then secreted out of the cell.

Figure 3. Schematic structure of rat ST6Gal I. The amino ter-
minal sequence of solube ST6Gal I that is secreted from COS
cells is identified to be Glu41-Phe42-Gln43-Met44-Pro45—
(EFQMP—). ST6Gal I is cleaved between Lys40 and Glu41 at
the stem region.

Figure 4. Cleavage and secretion of ST6Gal I is sequence
specific. Site-directed mutagenesis around the cleavage site
was performed. Note that the percentage of secretion of mu-
tant ST6Gal I (L37A and K40A) is significantly lower than that
of wild type. Significant difference is indicated with an asterisk
(P < 0.05).

of ST6Gal I. BACE1 is a sequence-specific protease expressed
in the Golgi apparatus of various tissues. We, therefore, exam-
ine to see whether BACE1 is responsible for the cleavage of
ST6Gal I.

First of all, we analyzed the intracellular co-localization of
BACE1 and ST6Gal I. BACE1 is co-localization with ST6Gal
I in the Golgi apparatus, suggesting that BACE1 can act on
the ST6Gal I within the same intracellular compartments [15].
We then analyzed the effect of co-transfection of BACE1 on
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Figure 5. Co-transfection of BACE1 and ST6Gal I cDNA into
COS cells. Transfection of BACE1 together with ST6Gal I
cDNA increases the secretion of ST6Gal I protein (22%) into
culture medium (Med) as compared with control experiment
(7%).

Figure 6. BACE1 cleaves ST6Gal I as well as APP.

secretion of ST6Gal I. When BACE1 is transiently expressed
in COS cells, secretion of ST6Gal I is significantly increased
(22%) as compared with control experiment (7%) (Figure 5).
This result suggests that the BACE1 overexpression induces
cleavage and secretion of ST6Gal I. We also demonstrated that
the purified BACE1-Fc chimera cleaved protein A-ST6Gal I
in vitro, to produce the soluble form, indicating that BACE1
directly cleaves ST6Gal I. To investigate the regulatory role
of BACE1 for cellular sialylation, we prepared stable trans-
formants which overexpressed BACE1. The transformants ex-
hibited lower level of α2,6-sialylation than the control cells,
suggesting that BACE1 cleaves ST6Gal I and controls cellular
levels of α2,6-sialyltaion [15]. Thus we concluded that BACE1
is responsible for the cleavage and secretion of ST6Gal I in vivo
as well as in vitro (Figure 6).

Glyco-chain dependent signaling in BACE1 deficient mice

It has been documented that the interaction of a sia-
lylα2,6galactose residue with a B cell-specific lectin, CD22/
Siglec-2, is important for B cell differentiation and antibody
production [16–18]; mice deficient in ST6Gal I show a reduced
level of serum IgM [19]. Our results herein raise the possibility
that abnormality of BACE1 may cause dysmetabolism of the
α2,6-sialyl residue and abnormal CD22/Siglec-2 signaling.
Indeed, mice deficient in BACE1 appears to exhibit an abnor-
mal level of serum globulin [20], although they grow normally
up to the age of 3–4 months [12,13]. BACE1-deficient mice
may have subtle abnormality in CD22/Siglec-2 signaling that
an abnormality is not manifested under the “specific pathogen
free” conditions. The amount of sialylα2,6galactose residue
and CD22/Siglec-2 dependent signaling needs to be carefully
examined in the BACE1-deficient mouse, with a special
relation to the immune response and antibody production.

Because BACE1 is a crucial protease for Alzheimer’s patho-
genesis, inhibitors of BACE1 are expected to be promising ther-
apeutics for Alzheimer’s disease [21]. The inhibitors, however,
may cause adverse side effects if BACE1 cleaves physiologi-
cally important substrates. Further search for BACE1 substrates
is required for prediction and prevention of the possible side ef-
fects of the inhibitors.

Conclusion remarks

In 1999, BACE1 was identified as β-secretase and turned out
to be a type I membrane protein. Researchers predicted that
the possible substrate of BACE1, if any, would also be a type
I membrane protein like APP. Contrary to the prediction, we
found ST6Gal I, a type II membrane protein, to be a physiolog-
ical substrate of BACE1. The stem region of ST6Gal I may be
flexible enough to be accessed by catalytic site of BACE1. The
majority of glycosyltransferases are type II membrane proteins,
and some of them are actively cleaved at the stem region. These
glycosyltransferases could be BACE1 substrates like ST6Gal I.
We are currently undertaking the screening of other glycosyl-
transferases [1,22] as possible substrates of BACE1.

Acknowledgments

We would like to thank Drs. Keiro Shirotani, Yuriko Tachida,
Ritsuko Oka, Akemi Suzuki and Tamio Yamakawa (RIKEN)
for their help and encouragement throughout the study. Kazuko
Hashimoto is also to be acknowledged for her invaluable sec-
retarial assistance.

This work was partly supported by Leading Project Grant
and Grants-in Aid for Scientific Research, Nos. 13780512
(S.K.), 14030089 (S.K.), 15025273 (S.K.), 15040224 (S.K.),
15770090 (S.K.), and 14016003 (Y.H.), 15016119 (Y.H.) from
the Ministry of Education, Culture, Sports, Science and Tech-
nology of Japan, as well as RIKEN funds for Frontier Research



62 Kitazume, Saido and Hashimoto

System (Y.H.), Intra-RIKEN Collaboration Fund (Y.H) and
Industrial Collaboration Fund (Y.H.).

References

1 Paulson JC, Colley KJ, Glycosyltransferases. Structure, localiza-
tion, and control of cell type-specific glycosylation, J Biol Chem
264, 17615–8 (1989).

2 Kaplan HA, Woloski BM, Hellman M, Jamieson JC, Studies on
the effect of inflammation on rat liver and serum sialyltransferase.
Evidence that inflammation causes release of Gal beta 1 leads to
4GlcNAc alpha 2 leads to 6 sialyltransferase from liver, J Biol
Chem 258, 11505–9 (1983).

3 Weinstein J, Lee EU, McEntee K, Lai PH, Paulson JC, Primary
structure of beta-galactoside alpha 2,6-sialyltransferase. Conver-
sion of membrane-bound enzyme to soluble forms by cleavage
of the NH2-terminal signal anchor, J Biol Chem 262, 17735–43
(1987).

4 Gerber AC, Kozdrowski I, Wyss SR, Berger EG, The charge het-
erogeneity of soluble human galactosyltransferases isolated from
milk, amniotic fluid and malignant ascites, Eur J Biochem 93,
453–60 (1979).

5 Elhammer A, Kornfeld S, Purification and characterization
of UDP-N-acetylgalactosamine: Polypeptide N-acetylgalactosa-
minyltransferase from bovine colostrum and murine lymphoma
BW5147 cells, J Biol Chem 261, 5249–55 (1986).

6 Sarnesto A, Kohlin T, Thurin J, Blaszczyk-Thurin M, Purification
of H gene-encoded beta-galactoside alpha 1,2 fucosyltransferase
from human serum, J Biol Chem 265, 15067–75 (1990).

7 Colley KJ, Glycosyltransferases. Structure, localization, and con-
trol of cell type-specific glycosylation, Glycobiology 7, 1–13
(1997).

8 Selkoe DJ, Alzheimer’s disease: Genes, proteins, and therap, Phys-
iol Rev 81, 741–66 (2001).

9 Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis
P, Teplow DB, Ross S, Amarante P, Loeloff R, Luo Y, Fisher S,
Fuller J, Edenson S, Lile J, Jarosinski MA, Biere AL, Curran E,
Burgess T, Louis JC, Collins F, Treanor J, Rogers G, Citron M,
Beta-secretase cleavage of Alzheimer’s amyloid precursor protein
by the transmembrane aspartic protease BACE, Science 286, 735–
41 (1999).

10 Sinha S, Anderson JP, Barbour R, Basi GS, Caccavello R, Davis D,
Doan M, Dovey HF, Frigon N, Hong J, Jacobson-Croak K, Jewett
N, Keim P, Knops J, Lieberburg I, Power M, Tan H, Tatsuno G,
Tung J, Schenk D, Seubert P, Suomensaari SM, Wang S, Walker D,

Zhao J, MaConlogue L, John V, Purification and cloning of amy-
loid precursor protein beta-secretase from human brain, Nature
402, 537–40 (1999).

11 Yan R, Bienkowski MJ, Shuck ME, Miao H, Tory MC, Pauley
AM, Brashier JR, Stratman NC, MathewsWR, Buhl AE, Carter
DB, Tomasselli AG, Parodi LA, Heinrikson RL, Gurney ME,
Membrane-anchored aspartyl protease with Alzheimer’s disease
beta-secretase activity, Nature 402, 533–7 (1999).

12 Luo Y, Bolon B, Kahn S, Bennett BD, Babu-Khan S,
Denis P, Fan W, Kha H, Zhang J, Gong Y, Martin L, Louis JC,
Yan Q, Richards WG, Citron M, Vassar R, Mice deficient in
BACE1, the Alzheimer’s beta-secretase, have normal phenotype
and abolished beta-amyloid generation, Nat Neurosci 4, 231–2
(2001).

13 Cai H, Wang Y, McCarthy D, Wen H, Borchelt DR, Price DL,
Wong PC, BACE1 is the major beta-secretase for generation of
Abeta peptides by neuron, Nat Neurosci 4, 233–4 (2001).

14 Kitazume-Kawaguchi S, Dohmae N, Takio K, Tsuji S, Colley
KJ, The relationship between ST6Gal I Golgi retention and its
cleavage-secretion, Glycobiology 9, 1397–406 (1999).

15 Kitazume S, Tachida Y, Oka R, Shirotani K, Saido TC, Hashimoto
Y, Alzheimer’s beta-secretase, beta-site amyloid precursor protein-
cleaving enzyme, is responsible for cleavage secretion of a Golgi-
resident sialyltransferase, Proc Natl Acad Sci USA 98, 13554–9
(2001).

16 Doody GM, Justement LB, Delibrias CC, Matthews RJ, Lin J,
Thomas ML, Fearon DT, A role in B cell activation for CD22
and the protein tyrosine phosphatase SHP, Science 269, 242–4
(1995).

17 Theresa L, O’Keefe TL, Gareth T, Williams GT, Davies SL,
Neuberger MS, Hyperresponsive B Cells in CD22-Deficient Mice,
Science 274, 798–801 (1996).

18 Schulte RJ, Campbell MA, Fischer WH, Sefton BM, Tyrosine
phosphorylation of CD22 during B cell activation, Science 258,
1001–4 (1992).

19 Hennet T, Chui D, Paulson JC, Marth JD, Immune regulation by
the ST6Gal sialyltransferase, Proc Natl Acad Sci USA 95, 4504–9
(1998).

20 Supplementary for Nature Neuroscience 4:3, pp. 231–2.
21 Citron M, Beta-secretase as a target for the treatment of

Alzheimer’s disease, J Neurosci Res 70, 373–9 (2002).
22 Basu S, Basu M, Dastgheib S, Hawes JW, Biosynthesis and reg-

ulation of glycosphingolipids. In Comprehensive Natural Prod-
ucts Chemistry, edited by Barton D, Nakanishi K, Meth-Cohen O
(Pergamon Press, New York, 1999), pp. 107–28.


