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Involvement of proteases in glycosyltransferase
secretion: Alzheimer’s β-secretase-dependent
cleavage and a following processing
by an aminopeptidase
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Alzheimer’s beta-secretase (BACE1) cleaves amyloid precursor protein to produce amyloid beta-peptide, which is a crucial
initiation process of the pathogenesis of Alzheimer’s disease. We previously found that BACE1 also cleaves a membrane-
bound sialyltransferase (ST6Gal I). Here we report that, when the protein A-ST6Gal I fusion protein, or ST6Gal I-derived
peptide, was used as an in vitro substrate for BACE1, it cleaved the substrates between Leu37and Gln38. However, a
soluble form of ST6Gal I secreted from COS cells started from Glu41, which was three amino acids shorter than the in vitro
product. The results suggested that the BACE1 product was truncated by an aminopeptidase(s) before secretion. The
aminopeptidase activity was successfully detected in detergent extracts of Golgi-membrane fraction. Taken together, we
concluded that BACE1 initially cleaved ST6Gal I between Leu37 and Gln38, and the NH2-terminal three amino acids of the
yielded product was further trimmed by the aminopeptidase.
Published in 2004.
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Introduction

Glycosyltransferases catalyze glycan biosynthesis in the Golgi
apparatus or endoplasmic reticulum, and play critical roles for
glycan expression. The majority of glycosyltransferases are
type II membrane proteins, and their structures are character-
ized by a luminal catalytic domain, followed by a transmem-
brane domain and a small cytoplasmic tail. They have a “stem
region,” which is often cleaved by endogenous protease(s) to
generate a soluble form of catalytic domain [1–4]. The solu-
ble form was secreted from the cells. Indeed, soluble forms of
glycosyltransferases are detected in body fluids such as serum,
urine, and milk. Some of the soluble forms in serum are uti-
lized as diagnostic markers, because their levels are correlated
with inflammation or malignant transformation [5–7]. In order
to understand the molecular mechanism underlying the cleav-

To whom correspondence should be addressed: Shinobu Kitazume,
Glyco-chain Functions Laboratory, Frontier Research System, RIKEN,
2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan. Tel.: +81-48-467-
9613; Fax: +81-48-462-4690; E-mail: shinobuk@riken.jp

age and secretion of glycosyltransferases, we need to identify
the endogenous protease(s) that is responsible for the cleavage.
Alzheimer’s β-secretase (beta-site amyloid precursor protein-
cleaving enzyme 1: BACE1) has been recently identified as a
protease that cleaves α2,6-sialyltransferase (ST6Gal I) [8–10].
We discuss the cleavage of ST6Gal I by BACE1 and a following
processing of the cleaved ST6Gal I by an aminopeptidase.

Cleavage of α2,6-sialyltransferase by BACE1 protease

We have studied on the mechanism of glycosyltransferase se-
cretion using α2,6-sialyltransferase (ST6Gal I) as a model. In
2001, we found that ST6Gal I was cleaved by Alzheimer’s β-
secretase (BACE1) (Figure 1). BACE1 was originally identified
as a protease that cleaved amyloid precursor protein (APP) to
initiate the production of beta-amyloid (Aβ) peptide [11–13].
The production and deposition of the neurotoxic Aβ-peptide in
the brain is a hallmark of the pathology of Alzheimer’s disease
[14]. Substrate specificity of BACE1 has been extensively an-
alyzed by a series of studies [15,16]. When an APP-derived
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Figure 1. BACE1 cleaves ST6Gal I as well as APP.

peptide containing Glu-Val-Lys-Met-Asp-Ala-Glu-Phe se-
quence was used as a substrate, BACE1 cleaved the substrate
between methionine and aspartic acid. In newly generated NH2-
terminal portion (P subsite), Glu, Val, Lys, and Met were called
P4, P3, P2, and P1, amino acid, respectively, whereas, in newly
generated COOH-terminal portion (P′ subsite), Asp, Ala, Glu,
and Phe were called P′1, P′2, P′3, and P′4, amino acid, respec-
tively (Figure 2). Amino acid substitution analysis revealed that
P1 position of the cleavage site was the most stringent, prefer-
ring residues in the order of Leu > Phe > Met > Tyr � others
[15]. In general, the substitutions of P subsites (P1–P4) are
more stringent than those of P′ subsites (P′1–P′4). The prefer-
ence for leucine at P1 position accounts for the rapid cleavage
of a mutant APP, Swedish-type mutant (APPsw); i.e., the mu-
tant contains Asn-Leu instead of Lys-Met as P2-P1 sequence,
and it is cleaved 6–7-fold faster than wild-type APP. The early
onset of dementia of the patient with Swedish-type mutation is
attributed to the rapid cleavage of APPsw [14].

We examined in vitro cleavage of an ST6Gal I-derived pep-
tide (DYEALTLQAKEFQMPKSQE: corresponding to amino
acid residue 31–49 of rat ST6Gal I sequence) [9]. BACE1
cleaved the substrate and produced two peptide fragments,
structures of which were identified to be DYEALTL and QAKE-
FQMPKSQE by reversed-phase HPLC, followed by matrix-

Figure 2. BACE1 prefers hydrophobic or bulky amino acid at
P1 position.

assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) (Figure 3). The result indicated
that BACE1 cleaved the peptide substrate between 7th(L37)
and 8th(Q38) amino acid residue. Replacement of the leucine
at P1 position with alanine, as an unfavorable substitution, sig-
nificantly reduced the velocity of cleavage (less than 40% of
wild type), which was consistent with the subsite specificity
described above. We also examined cleavage of protein A-
ST6Gal I fusion protein, which had sialyltransferase activity
and appeared to be correctly folded as a native enzyme. The
fusion protein was cleaved by BACE1, and NH2-terminal se-
quence newly generated was Q38AKEFQMPK- - -, as was the
case of the peptide substrate. The soluble form of ST6Gal I thus
produced in vitro was designated as Q38 form.

Q38 form of ST6Gal I was truncated by aminopeptidase
before secretion

When ST6Gal I was overexpressed together with BACE1 in
COS cells, secretion of the transferase was markedly enhanced
[8,10]. Sequence analysis revealed that the NH2-terminus of
secreted ST6Gal I started from Glu41 (E41FQMPKSQE- - -),
indicating that the secreted form (E41 form) was three amino
acids shorter than Q38 form, which was produced by in vitro
experiment. We therefore speculated that the NH2-terminal
three amino acids, Q38A39K40, of Q38 form were trimmed by
aminopeptidase(s) before secretion. For the detection of the
aminopeptidase activity, Q38 form was prepared as a substrate
and it was incubated with detergent-treated Golgi fraction. E41
form as a product was detected with antibody that specifically
reacted with NH2-terminal E41FQMPK sequence [9] (Figure
4), suggesting that the aminopeptidase was present in the Golgi
fraction. It was noted that incubation of Q38 form with intact
Golgi fraction, without detergent treatment, did not generate
E41 form at all, suggesting that the catalytic domain of the
aminopeptidase faces the luminal side of the Golgi apparatus.
To rule out the possibility that the protease has endopeptidase
activity, the detergent-treated microsomal fraction was incu-
bated with an intact fusion protein, protein A-ST6Gal I. No
production of E41 form was detected. Taken together, we con-
cluded that a membrane-bound form of ST6Gal I is initially
cleaved by BACE1 to produce Q38 form, and then converted to
E41 form by a Golgi-luminal aminopeptidase before secretion.

The aminopeptidase was further characterized by the
use of several inhibitors [9]. Bestatin, EDTA, and 1,10-
pheananthroline significantly inhibited the activity, suggesting
that the protease is bestatin-sensitive metalloaminopeptidase.
Alanine substitution experiment revealed that replacement of
Lys40 with Ala diminished the trimming velocity (44% of wild
type), suggesting that Lys40 is recognized by the aminopep-
tidase. In contrast to the effect on the aminopeptidase activ-
ity, K40A mutation did not affect BACE1-dependent cleav-
age, which was consistent with subsite specificity reported for
BACE1.
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Figure 3. In vitro cleavage of ST6Gal I-derived peptide by BACE1. BACE1 cleaved an ST6Gal I-derived peptide (DYEALTLQAKE-
FQMPKSQE) in vitro. The reaction products are identified to be DYEALTL and QAKEFQMPKSQE by MALDI-TOF MS analysis.

Figure 4. Aminopeptide trimms Q38 form to produce E41 form.
Protein A-ST6Gal I fusion protein is cleaved by BACE1 to
produce Q38 form. The yielded Q38 form is trimmed by an
aminopeptidase in the detergent extracts of the Golgi membrane
fraction. The generated E41 form is detected with antibody that
specifically reacts with EFQMPK sequence at NH2-terminus.

Effect of alanine substitution on ST6Gal I secretion
from COS cells

It was noted that the main portion of ST6Gal I secreted from
COS cells was E41 form, and Q38 form was hardly detected
in the culture medium. A possible explanation for lacking the
secretion of Q38 form is that the amount of aminopeptidase
activity is high enough to digest all of the endogenous Q38
substrate; i.e., Q38 form produced by BACE1 is entirely con-
verted to E41 form before secretion. Alternatively, the trim-

Figure 5. Secretion of alanine mutants from COS cells. Ala-
nine mutants around the cleavage site (Leu37–Glu41) are over-
expressed in COS cells. Note that the secretion of L37A and
K40A mutants is significantly reduced. Significant difference is
indicated with asterisk (p < 0.05).

ming by the aminopeptidase may be prerequisite for the se-
cretion from the cells. To address the issue, we prepared a se-
ries of alanine mutants around the cleavage site (amino acid
residue 37–41), and they were overexpressed in COS cells
[8,10]. The replacement of Leu37 with Ala, unfavorable P1
substitution for BACE1, significantly diminished the secretion
(60% of the control level), suggesting that BACE1-dependent
cleavage is critical for the initiation of ST6Gal I secretion (Fig-
ure 5). Most significant reduction of the secretion was observed
with the replacement of Lys40, unfavorable replacement for
aminopeptidase, (40% of the control level), suggesting that the
aminopeptidase-dependent trimming is required for the effi-
cient secretion of ST6Gal I.
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Figure 6. Possible mechanism of ST6Gal I processing and secretion. BACE1 cleaves ST6Gal I between Leu37 and Gln38 to generate
Q38 form. Q38 form is converted to E41 form by a Golgi-luminal aminopeptidase before secretion.

The secretion machinery for ST6Gal I appears to comprise
at least two steps: one is BACE1-dependent cleavage to gen-
erate Q38 form and the other is trimming of the N-terminal
QAK sequence of Q38 form by the aminopeptidase (Figure 6).
It is tempting to hypothesize that these two steps are tightly
associated, e.g., forming a functional complex in a particular
compartment in the Golgi apparatus. To support the hypothesis,
we need to purify and characterize the aminopeptidase in the
future.

Concluding remarks

We have analyzed whether BACE1cleaved other glycosyltrans-
ferases as well, and found that only a few transferases could be
BACE1 substrates, although majority of them were secreted
from cells upon overexpression. The result suggests that some
other proteases are responsible for the processing of the latter
transferases. Identfication of the proteases will be required for
further understanding of the processing of glycosyltransferases.

Acknowledgments

We would like to thank Drs. Norihiro Kotani, Kazuhiro
Nakagawa, Yuriko Tachida, Ritsuko Oka, Kazuko Ogawa,
Glyco-chain Functions Laboratory, for experimental supports
and valuable discussion. Kazuko Hashimoto is also to be ac-
knowledged for her secretarial assistance.

This work was partly supp orted by Frontier Research Sys-
tem Fund (Y.H.), Strategic Research Fund (Y.H.), and Industrial
Collaboration Fund (Y.H.) from RIKEN Institute. The study
was also supported by Leading Project Fund and Grants-in
Aid for Scientific Research, Nos. 15040224 (S.K.), 15025273
(S.K.), 15770090 (S.K.), 15631009 (Y.H.), and 15025273

(Y.H.) from the Ministry of Education, Science, Sports, and
Culture of Japan).

References

1 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).

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

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

4 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).

5 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).

6 Lammers G, Jamieson JC, The role of a cathepsin D-like activity
in the release of Gal beta1-4GlcNAc alpha2-6-sialyltransferase
from rat liver Golgi membranes during the acute-phase response,
Biochem J 256, 623–31 (1988).

7 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).

8 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



Involvement of proteases in glycosyltransferase secretion 29

Golgi-resident sialyltransferas, Proc Natl Acad Sci USA 98,
13554–9 (2001).

9 Kitazume S, Tachida Y, Oka R, Kotani N, Ogawa K, Suzuki M,
Dohmae N, Takio K, Saido TC, Hashimoto Y, Characterization of
alpha2,6-sialyltransferase cleavage by Alzheimer’s beta-secretase
(BACE1), J Biol Chem 278, 14865–71 (2003).

10 Kitazume S, Saido TC, Hashimoto Y, Alzheimer’s beta-secretase
cleaves a glycosyltransferase as a physiological substrate, Glyco-
conjugate J 20, 59–62 (2004).

11 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 and Citron M,
Beta-secretase cleavage of Alzheimer’s amyloid precursor protein
by the transmembrane aspartic protease BACE, Science 286, 735–
41 (1999).

12 Sinha S, Anderson JP, Barbour R, Basi GS, CaccavelloR, 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).

13 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).

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

15 Turner III RT, Koelsch G, Hong L, Castanheira P, Ghosh
A, Tang J, Subsite specificity of memapsin 2 (beta-secretase):
Imprication for inhibitor design, Biochemistry 40, 10001–6
(2001).

16 Grueninger-Leitch F, Schlatter D, Kueng E, Nelboeck P, Doebeli
H, Substrate and inhibitor profile of BACE (-secretase) and com-
parison with other mammalian aspartic proteases, J Biol Chem
277, 4687–93 (2002).

Received 2 April 2004; accepted 19 May 2004


