Advances in Biological Chemistry, 2012, 2, 10-19

ABC

http://dx.doi.org/10.4236/abc.2012.21002 Published Online February 2012 (http://www.SciRP.org/journal/abe/)

Glycosylation and secretion of human a-amylases

Shou Takashima?, Junko Amano'?

'Laboratory of Glycobiology, The Noguchi Institute, Tokyo, Japan

*New Industry Creation Hatchery Center, Tohoku University, Sendai, Japan

Email: amano@noguchi.or.jp

Received 9 November 2011; revised 15 December 2011; accepted 22 December 2011

ABSTRACT

Three human a-amylases exist: Amy1 (salivary amy-
lase), Amy2A (pancreatic amylase), and Amy2B (expre-
ssed in various tissues). These amylases share a 97% -
99% amino acid sequence identity, and two potential
N-glycosylation sites (N427 and N476) are commonly
found in the C-terminal region. In general, salivary
amylase is more frequently glycosylated than pancre-
atic amylase, and it is still uncertain why differences
in the glycosylation pattern among human amylase iso-
zymes occur. In this study, we found that there was
no significant change of ratio of glycosylated mole-
cules among isozymes produced by the same cultured
cells, indicating that glycosylation of amylase is in-
fluenced by the type of cell producing the enzyme ra-
ther than being an inherent property of the amylase
isozymes. We analyzed the glycosylation efficiency of
N-glycosylation sites in recombinant Amy2A mutants
produced by HEK293 cells and found that glycosyla-
tion efficiencies of N427 and N476 were 3% - 18%
and 40% - 52%, respectively, indicating that the ma-
jor N-glycosylation site of glycosylated Amy2A pro-
duced by HEK?293 cells is N476. The difference in the
glycosylation efficiency of each /NV-glycosylation site also
seemed to contribute in part to generate different gly-
cosylation patterns of human amylases. We also con-
firmed that the C-terminal region of human amylase
plays a critical role in secretion, although glycosyla-
tion does not play a part in this effect.
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1. INTRODUCTION

There are three types of human a-amylases: Amyl is the
so-called salivary amylase and is mainly secreted in sa-
liva; Amy2A is the so-called pancreatic amylase and is
mainly secreted in pancreatic juice; Amy2B also is a pan-
creatic amylase but it is expressed in various tissues.
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These amylases share a 97% - 99% amino acid sequence
identity and are composed of three domains: the signal
peptide, the catalytic domain and the C-terminal region
(Figure 1). The C-terminal region is not essential for
their catalytic activity, but it has been suggested that it is
indispensable for the correct post-translational folding of
these enzymes that is required for their activity and that
also allows them to be secreted properly [1]. Although
there are two potential N-glycosylation sites (N427 and
N476) in the C-terminal region of these amylases, gly-
cosylation of the amylases seems to occur in a tissue-
specific manner. The N-glycan structures of human amy-
lase from the parotid are complex-type glycans with sev-
eral glycoforms [2]. We studied the structures of N-gly-
cans of human pancreatic amylase and found that they
are different from those of salivary amylase (Oyama et
al., submitted). The N-glycan structures of human amy-
lase from tumors were similar but modified compared to
those of parotid amylase [3,4]. In addition to the struc-
tural variety of N-glycans, there is a difference in the gly-
cosylation pattern of human amylase isozymes [5,6]: bo-
th the N427 and N476 sites in human salivary amylase
can be glycosylated to some extent, whereas those in hu-
man pancreatic amylase are either glycosylated to a le-
sser extent or not glycosylated. In the case of human amy-
lase, glycosylation may not be important since the un-
glycosylated form of amylases is fully secreted and ac-
tive. It is still uncertain, however, why differences in the
glycosylation pattern among human amylase isozymes oc-
cur.

In this study, we evaluated the glycosylation state of
human amylase isozymes and found that the different gly-
cosylation patterns of human amylases were related to
the types of amylase-producing cells rather than the ty-
pes of amylase isozymes. We also found that the glyco-
sylation efficiencies of the N427 and N476 sites were di-
fferent and the N476 site was more efficiently glycosy-
lated than the N427 site. These findings seem to be highly
related to the different glycosylation pattern of human
amylases. In addition, we discuss the importance of the
C-terminal region of human amylase in secretion.
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2. MATERIALS AND METHODS
2.1. Materials

Human saliva was obtained from a healthy male. Human
pancreatic amylase was purchased from Meridian Life
Science, Inc. (Saco, ME). Peptide: N-glycosidase (PNGase)
F was purchased from Takara (Shiga, Japan). Tunicamy-
cin was purchased from Sigma (St. Louis, MO). Z-VAD-
fmk was purchased from BioVision (Mountain View,
CA). 2-Acetamido-1,2-dideoxynojirimycin (2-ADN) was
purchased from Tronto Research Chemicals Inc. (Ontario,
Canada).

2.2. Preparation of De-N-Glycosylated Amylase

For preparation of de-N-glycosylated amylase, the sam-
ple was treated with recombinant PNGase F, which is
free of protease activity, according to the manufacturer’s
instructions. The sample buffer for the SDS-poly-acry-
lamide gel electrophoresis (SDS-PAGE) was added to the
reaction products and boiled. The boiled samples were
subjected to SDS-PAGE.

2.3. Cell Culture

HEK293, COS-7 and CHO cells were obtained from the
RIKEN Bioresource Center (Tsukuba, Japan), and KLM-
1 cells were obtained from the Institute of Development,
Aging, and Cancer, Tohoku University. HEK293 cells
were cultured and maintained in minimum essential me-
dium supplemented with 10% fetal calf serum. COS-7
cells were cultured and maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf
serum. CHO cells were cultured and maintained in mini-
mum essential medium a supplemented with 10% fetal
calf serum. KLM-1 cells were cultured and maintained in
RPMI 1640 medium supplemented with 10% fetal calf
serum. The cultivation was performed at 37°C and under
5% CO, with media change with every 4 - 7 days.

2.4. cDNA Cloning of Human Amylases

Total RNA was extracted from KLM-1 cells by using the
SV total RNA Isolation System (Promega, Madison, WI),
and first-strand cDNA was synthesized using the Im-
Prom-II Reverse Transcription System (Promega) accor-
ding to the manufacturer’s instructions. Total RNA of hu-
man salivary gland was purchased from Clontech (Moun-
tain View, CA), and first-strand cDNA was synthesized
as described above. First-strand cDNA of human pan-
creas was purchased from Clontech (Human multiple ti-
ssue cDNA panel). To obtain the entire coding region of
human amylases, polymerase chain reactions (PCRs) were
performed as follows using PrimeSTAR HS DNA poly-
merase (Takara): 98°C for 5 s; 45 cycles of 98°C for 10 s,
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55°C for 15 s, and 72°C for 150 s; and 72°C for 60 s.
PCR primers used in this study are summarized in Table
1. For the amplification of Amyl cDNA, primers NG5+
and NG6— were used with the above first-strand cDNA
of salivary gland as a template. For the amplification of
Amy2A cDNA, primers NG5+ and NG6— were used with
the above first-strand cDNA of pancreas as a template.
For the amplification of Amy2B cDNA, primers NG5+
and NG6— were used with the above first-strand cDNA
of KLM-1 cell as a template. The PCR products were
cloned into the EcoRV site of the pBluescript II SK(+)
vector. The nucleotide sequences were confirmed by DNA
sequencing.

2.5. Determination of the Expressing Amylase
Genes

To determine the amylase genes expressed in tissues,
PCRs were performed as described above except using pri-
mers Prl1+ and NG4—. The PCR products were digested
with Pstl, BsaAl, and Aor51HI, respectively electropho-
resed on a 2% agarose gel, stained with ethidium bromi-
de, and then visualized under UV light. The expressing
amylase genes were determined by the restriction enzy-
me digestion patterns of the PCR products.

2.6. Construction of Epitope-Tagged Expression
Vectors

The DNA fragment containing HindlIl and BamHI sites
and the FLAG-epitope (DYKDDDDK) tag-encoding se-
quence with the stop codon was synthesized by annealing
the following primers: 5’-AGCTTGACTACAAGGACG
ACGATGACAAGTGAG-3’ and 5’-GATCCTCACTTG
TCATCGTCGTCCTTGTAGTCA-3’. The annealed frag-
ment was cloned into the HindIII-BamHI sites of the pBlue-
script II SK(+) vector. The DNA fragment encoding the
entire coding region of Amy2A was prepared by digest-
ing the above cloned Amy2A cDNA with Xhol and Hin-
dIIlI, and this fragment was cloned into the Xhol-HindIIl
sites of the FLAG-tag containing pBluescript II SK(+)
vector. From this plasmid, the XAol-Xbal fragment, which
contains the FLAG-tagged entire coding region of Amy-
2A, was prepared. This fragment was subcloned into the
Xhol-Xbal sites of the mammalian expression vector pc-
DNA 3.1/Myc-His A (Invitrogen, Carlsbad, CA), yield-
ing pcDNA-Amy2A. The expression vectors of Amy! and
Amy2B were constructed in the same manner, yielding
pcDNA-Amyl and pcDNA-Amy2B, respectively.

2.7. Site-Directed Mutagenesis

To construct expression vectors for each amylase mutant,
site-directed mutagenesis was performed using a KOD-
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Table 1. Primers used in this study.

Name Sequence Purpose

Prl+ ATGTTGGGGTTCGTATTTAT Determination of the expressing amylase genes.

NG4- CGGTAGCTTGACATTACTCG Determination of the expressing amylase genes.

NG5+ GGCTCGAGACAACTTCAAAGCAAAATGAAG Ampliﬁcatioq of the CDNA encoding the entire coding region of amylase
and construction of deletion mutants.

NG6— AAAAGCTTCAATTTAGATTCAGCATGAATT Amplification of the cDNA encoding the entire coding region of amylase.

NG19+ TATGATCAGGGGAGCAACCAAGTGGCT N427Q

NG20- GCTCCCCTGATCATACCAGTTTGTAAA N427Q of Amyl and Amy2B

NG21- GCTCCCCTGATCATACCAATTTGTAAA N427Q of Amy2A

NG22+ TAATGGCCAGTGCACAGGCATTAAAAT N476Q

NG23- GTGCACTGGCCATTAATTTTATCTCCA N476Q

NG76+ TATGATGATGGGAGCAACCAAGTGGCT N427D

NG77- GCTCCCATCATCATACCAGTTTGTAAA N427D

NG78+ GATAATGTGAGCAACCAAGTGGCTTTT G428V

NG79- GTTGCTCACATTATCATACCAGTTTGT G428V

NG84+ TATGATGCTGGGAGCAACCAAGTGGCT N427A

NG85- GCTCCCAGCATCATACCAGTTTGTAAA N427A

NG86+ TAATGGCGCTTGCACAGGCATTAAAAT N476A

NG87- GTGCAAGCGCCATTAATTTTATCTCCA N476A

NG100+ AATGGGGCCAACCAAGTGGCTTTTGGG S429A

NG102— AAGCTTCCAGTTTGTAAAAGGCTGGCC Deletion mutant (1-424)

NG103— AAGCTTATCTCCAGAAATGACATCACA Deletion mutant (1-472)

NG122+ AATTGCGCAGGCATTAAAATTTACGTT T478A

NG123- AATGCCTGCGCAATTGCCATTAATTTT T478A

NGI127- TTGGTTGGCCCCATTATCATACCAATT S429A

NG142—- AAGCTTAATGCCTGTGCAATTGCCATT Deletion mutant (1-481)

NG143— AAGCTTGCCATCATCAGAAACGTAAAT Deletion mutant (1-489)

NG144— AAGCTTACTAATAGAAAAATGAGCTTT Deletion mutant (1-495)

NG149- AAGCTTAATTGCAATAAATGGATCTTC Deletion mutant (1-508)

NG150— AAGCTTTTCAGCATGAATTGCAATAAA Deletion mutant (1-505)

NG233+ GGCAATGCCACAGGCATTAAAATTTAC C477A

NG234— GCCTGTGGCATTGCCATTAATTTTATC C477A

Copyright © 2012 SciRes.
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Plus-Mutagenesis Kit (Toyobo, Osaka, Japan) and muta-
genic primers listed in Table 1.

2.8. Construction of Deletion Mutants

The deletion mutants of the Amy2A C-terminal region were
constructed by PCR with the primer sets listed in Table 1
and the cloned Amy2A cDNA as a template. PCRs and
construction of expression vectors of the deletion mutants
were performed in the same manner as described above.

2.9. Transfection and Preparation of Amylase
Samples

Cells were seeded in the 35-mm tissue culture grade di-
shes 24 h prior to transfection. The expression vectors
(0.8 pg each) were transfected into the cells by means of
FuGENE 6 Transfection Reagent (Roche, Basel, Swit-
zerland). After 15 h transfection, the cells were washed
two times with phosphate-buffered saline and the me-
dium was changed to the same medium but without fetal
calf serum. When necessary, 10 pg/ml of tunicamycin, 0.1
mM of Z-VAD-fmk or 0.5 mM of 2-ADN were added to
the medium. After a further 24 h of cultivation, the cul-
ture medium and cells were collected. The culture me-
dium was centrifuged, and the ANTI-FLAG M2-Agarose
(Sigma) was added to the supernatant to adsorb the se-
creted FLAG-tagged recombinant amylase. After 2 h of
rotation of the tube containing the above supernatant at
4°C, the ANTI-FLAG M2-Agarose was collected by cen-
trifugation, it was washed three times with phosphate-
buffered saline, and the sample buffer for SDS-PAGE was
added to the M2-Agarose and boiled. For preparation of
the cell extract, the lysis buffer containing 10 mM Tris-
HCI (pH 7.8), 150 mM NaCl, 1 mM EDTA-2Na, 1%
Nonidet P-40, 0.1% SDS, and 0.5% sodium cholate was
added to the cells and sonicated. The cell lysate was cen-
trifuged and the supernatant was collected. To the appro-
priate amount of the supernatant, the sample buffer for
SDS-PAGE was added and boiled. The boiled samples
were then subjected to SDS-PAGE.

2.10. Western Blot Analysis

Western blotting was carried out using a standard proto-

col. To detect amylase, the mouse anti-human amylase
monoclonal antibody (G-10:sc-46657, Santa Cruz, Santa
Cruz, CA) was used as a primary antibody (1:5000), and
the rabbit anti-mouse IgG HRP-conjugate (Zymed, San
Francisco, CA) was used as a secondary antibody (1:5000).
The amylase band on the membrane was then visualized
with the ChemiDoc XRS System (Bio-Rad, Hercules, CA)
using the SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo, Waltham, MA). Calculation of the rate
of protein glycosylation was carried out using a quanti-
fication program of the ChemiDoc XRS System. To de-
tect f-actin, the mouse anti-f-actin monoclonal antibody
(AC-15:A1978, Sigma) was used as a primary antibody
(1:3000), and its detection was carried out as described
above.

3. RESULTS

3.1. Difference in the Amount of Glycosylated
Human Amylase Molecules among Various
Cells

Human amylases (Amyl, Amy2A, and Amy2B) com-
monly have two potential N-glycosylation sites (N427 and
N476) in their C-terminal region (Figure 1). In the case
of salivary amylase, three molecular species were obser-
ved: the unglycosylated form and the glycosylated forms
with one N-glycan or two N-glycans (Figure 2). Among
these molecules, a small proportion of molecules were
fully glycosylated at both the N427 and the N476 sites,
about half of the molecules were glycosylated at either of
these sites, and the rest of the molecules that showed the
same position as PNGase F-treated molecule were un-
glycosylated. In the case of pancreatic amylase, two mo-
lecular species were observed: the unglycosylated form
and the glycosylated form with one N-glycan (Figure 2).
Unlike salivary amylase, most of the pancreatic amylase
was not glycosylated. In the salivary gland, the Amy1 gene
was exclusively expressed (Figure 3), indicating that the
main component of salivary amylase was Amyl. In pan-
creas, the Amy2A gene was predominantly expressed and
the Amy2B gene was also expressed slightly (Figure 3),
indicating that the main component of pancreatic amylase
was Amy2A. As Amyl and Amy2A differ in their amino

N-glycosylation consensus sequence NGS NCT

1 Q16

N427  N476
v V-

T T

Signal peptide

Catalytic domain

C-terminal region

Figure 1. Schematic representation of human amylase. The human amylase family consists of
three members, Amyl, Amy2A, and Amy2B. Their amino acid sequences are highly con-
served to each other (97% - 99% identity), and all have two potential N-glycosylation sites

(N427 and N476) in the C-terminal region.
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Figure 2. Glycosylation patterns of pan-
creatic amylase and salivary amylase. Hu-
man pancreatic amylase and saliva were
treated with or without PNGase F and sub-
jected to SDS-PAGE. The gel was blotted
onto a nylon membrane and a Western blot
was performed to detect amylase.

acid sequences at 16 positions (96.9% identity = 495 aa/
511 aa), we examined whether different glycosylation pat-
terns between salivary and pancreatic amylases were caused
by the amino acid sequence discrepancy between Amyl
and Amy2A. As human primary salivary gland cells and
pancreatic cells were not available to us, we introduced ex-
pression vectors containing coding sequences for Amyl,
Amy2A, Amy2B and chimeric enzymes of these amylase
isozymes (Figure 4(a)) into HEK293, COS-7, CHO and
KLM-1 cells and analyzed glycosylation patterns of se-
creted recombinant amylases, which were affinity-puri-
fied from the medium by the ANTI-FLAG M2-Agarose.
The recombinant amylases produced by these cells con-
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sisted of mainly two molecular species, i.e. the unglyco-
sylated form and the glycosylated form with one N-gly-
can (Figure 4(b)); however, a very small amount of the
glycosylated form with two N-glycans was also observed
in HEK293 cells. We performed a two-way analysis of
variance (ANOVA) to evaluate whether the glycosyla-
tion of amylase was affected by differences of the amy-
lase isozymes and the cell types producing them. When
amylases produced by the same cell line were compared,
the glycosylation patterns of these enzymes were barely
affected by differences among the amylase isozymes (Fs 43
=0.413, p > 0.05), and their glycosylation patterns were
similar (Figure 4(c)). The ratio of glycosylated to ungly-
cosylated molecules differed according to the cell types
(F(3’4g) = 49735,p < 005)

3.2. Site-Specificity of Glycosylation

To further investigate the glycosylated form of the amy-
lase containing one N-glycan produced by cultured cells,
we examined which potential N-glycosylation site was
predominantly glycosylated. The N427Q, N476Q and
N427Q/N476Q mutants of Amy2A were produced in or-
der to disrupt each N-glycosylation consensus sequence,
and the resulting glycosylation patterns were analyzed in
HEK?293 cells. As shown in Figure 5(a), the N427Q mu-
tant in the cell extract was more glycosylated than the
wild type Amy2A, but its secretion was impaired. On the
other hand, the N476Q mutant was barely glycosylated,
and it was successfully secreted. The N427Q/N476Q mu-
tant was neither glycosylated nor secreted. These results
indicated N476 was the primary glycosylation site and led

Primer: Pr1+ Aor51H1  Primer: NG4-
(308 - 327) 918 (1054 - 1073)
1ATG —- | -— TAA 1536
Amy1 T T T
| |
| BsaAl Pstl Aor51H1 |
| 565 713 918 |
Amy2A i | 1 1 i
| Pstl |
| 713 |
|
Amy2B : , :
Standard amylases Salivary  pancreas
gland
g _T 8§ _T§ _x § _T § _¢=
2 < 5 2 <5 2 <5 2 <5 =2 <5
Tz 3 Q2 T 3R T 38 T= 3L T= 3%
p S5CB8 <S5 E4S5LE SEA 5L B
1000 =i P . y :
700
200
Amy1 Amy2A Amy2B Amy1 Amy2A
+Amy2B

Figure 3. Determination of the expressing amylase genes. The expressed amy-
lase genes were determined by the restriction enzyme digestion patterns of the

PCR products.
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Figure 4. Glycosylation of amylase produced by cultured cells. (a) Schematic representa-
tion of FLAG-epitope tagged Amyl, Amy2A, Amy2B and their chimeric enzymes. The
C-terminal regions of Amyl and Amy2B have the same amino acid sequence; (b) West-
ern blot analysis of culture supernatants of various cells that were transiently transfected
with amylase expression vectors. As a control, an empty pcDNA vector was used for
transfection. MW, molecular weight marker; (c) Estimation of the ratio of glycosylated
molecules with one and two glycans in Figures 2 and 4(b). Error bars indicate standard

15

error of the mean (n = 3).

us to speculate that the N-glycan on N427 was necessary
for secretion and that it was removed immediately during
the course of or after secretion, similar to reports that N-
glycans in salivary amylase were removed by the action
of endo-f-N-acetylglucosaminidase (ENGase) after se-
cretion [6,7]. We therefore generated another set of mu-
tants, S429A, T478A and S429A/T478A, to examine whe-
ther or not this hypothesis is correct. Both the S429A and
T478A mutations were designed to impair N-glycosyla-
tion at the N427 and N476 sites, respectively, by disrup-
ting the N-glycosylation consensus sequence. As shown
in Figure 5(b), the glycosylation patterns of the T478A and
S429A/T478A mutants were similar to those of the N476Q
and N427Q/ N476Q mutants, respectively, but the S429A
mutant in the cell extract was less glycosylated than the
N427Q mutant. Unlike the N427Q and N427Q/N476Q
mutants, the S429A, T478A and S429A/T478 A mutants
were properly secreted. This tendency was also observed

Copyright © 2012 SciRes.

for Amyl and Amy2B mutants (Figure 5(b)). These re-
sults indicated that the N-glycosylation of N427 site was
not necessary for secretion. We further used tunicamycin
to inhibit N-glycan biosynthesis and analyzed its effect
on secretion of Amy2A mutants, but it did not affect amy-
lase secretion (Figure 6), indicating that N-glycans of amy-
lase were not necessary for secretion.

As secretion of the N427Q mutant was impaired, we
further examined the importance of N427 for secretion.
We generated N427A and N427D mutants and analyzed
their secretion (Figure 5(c)). Similar to the N427Q mu-
tant, secretion of the N427A and N427D mutants was
also impaired. The glycosylation efficiencies of N476 site
of N427Q, N427A, and N427D mutants in the cell ex-
tracts were estimated to be 72%, 70%, and 72%, respec-
tively (Figure 5(d)). On the other hand, the glycosyla-
tion efficiency of N476 site of the S429A mutant was
estimated to be 52% in the cell and 40% after secretion.

OPEN ACCESS
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Figure 5. Glycosylation and secretion of recombinant amylases. The recombinant amylases in culture supernatants and cell extracts
of HEK293 transfectants were detected by Western blot. As a control, an empty pcDNA vector was used for transfection, and a mo-
lecular weight marker, MW, was used as before. (a) Secretion of Amy2A mutants containing the N427Q amino acid substitution was
impaired; (b) Mutants containing the S429A amino acid substitution were properly secreted; (c) Glycosylation and secretion of
Amy2A and its mutants having amino acid substitutions within the N-glycosylation consensus sequences were analyzed by Western
blot; (d) Estimation of the ratio of glycosylated molecules. N476Q(S), T478A(S), S429A(S) and WT(S) are indicated as secreted
molecules and others are intracellular molecules. The potential N-glycosylation sites are shown in the upper panal. Error bars indicate

standard error of the mean (n = 3).

This suggests that N427 is an important residue for pro-
per secretion of human amylases and amino acid substi-
tution around N427 site may cause structural changes of
human amylases during protein folding process and pro-
mote N-glycosylation on the N476 site. The glycosyla-
tion efficiencies of N427 site of the N476Q and T478A
mutants were estimated to be 4% and 18% in the cell and
3% and 12% after secretion, respectively (Figure 5(d)).
We also examined mutants that have an amino acid sub-
stitution within the consensus sequences for N-glycosy-
lation, and found that secretion of mutants such as G428V,
G428V/N476Q, and S429A/C477A was also impaired, al-
though they were properly glycosylated (Figures 5(c) and
5(d)). The G428V mutation promoted N-glycosylation on
the N427 site.

We examined whether N-glycans on Amy2A were re-
moved by endogenous PNGase or ENGase produced by
HEK293 cells as the glycosylation patterns of intracellu-

Copyright © 2012 SciRes.

lar and extracellular Amy2A differed and there were re-
ports that N-glycans in salivary amylase were removed
by the action of ENGase after secretion [6,7]. We used Z-
VAD-fmk as a PNGase inhibitor [8,9] and 2-ADN as an
ENGase inhibitor [10] and analyzed their effects on N-
glycosylation of Amy2A. These inhibitors, however, did
not show any effect on N-glycosylation of Amy2A and
its mutants in HEK293 cells (Figure 7), indicating that
direct removal of N-glycans on Amy2A by endogenous
PNGase or ENGase did not occur in HEK293 cells.

3.3. Analysis of Deletion Mutants of the Amy2A
C-Terminal Region

The mature human amylase consists of the catalytic do-
main and the C-terminal region. It has been shown that
deletion of 65 amino acids of the C-terminal region of rat
pancreatic amylase impaired its secretion by COS-7 cells
[1]. As the amino acid substitution around the N-glycol-
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Figure 7. Removal of N-glycans on
recombinant amylase did not occur
in HEK293 cells. HEK293 cells were
transiently transfected with amylase
expression vectors. After 15 h of
transfection, the culture medium was
changed to the medium with or wi-
thout the inhibitor, and secreted amy-
lase in the medium was analyzed by
Western blot.

sylation consensus sequences located in the C-terminal
region of human amylase also caused impaired secretion
in some cases, we further constructed a series of deletion
mutants of the Amy2A C-terminal region to evaluate its
importance in secretion. As shown in Figure 8, these mu-
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tants were successfully produced in HEK293 cells. Se-
cretion of these deletion mutants, even the mutant that
lacks the last 3 residues of the C-terminal amino acids,
was almost completely depressed. On the other hand, N-
glycosylation of these mutants was promoted.

4. DISCUSSION

The glycosylation patterns of salivary amylase and pan-
creatic amylase are different. In this study, we have shown
that different glycosylation patterns of these amylases
were related to the types of amylase-producing cells ra-
ther than the types of amylase isozymes. In addition, we
have shown that each of the two N-glycosylation sites of
human amylase has a different glycosylation efficiency.
It seemed that the combination of these different glyco-
sylation efficiencies and the glycosylation ability of amy-
lase-producing cells resulted in the heterogeneous N-gly-
cosylation pattern of human amylase. The environment
that the secreted amylase encounters may also contrib-
utes to the different glycosylation pattern of human amy-
lase, as parts of the N-glycans of salivary amylase was
shown to be removed by ENGase in saliva [6,7]. As shown
in Figure 7, N-glycans of recombinant Amy2A produced
by HEK293 cells were not removed by ENGase. These
remaining N-glycans may be related to the small amount
of secreted ENGase in culture medium of HEK293 cells.

Although we have shown some mechanistic aspects of
heterogeneous N-glycosylation of human amylases, it is
still uncertain why salivary amylase is more glycosylated
than pancreatic amylase. There are many glycoproteins
in pancreatic juice, indicating that the glycosylation ma-
chinery of pancreatic cells works well. There may be amy-
lase-specific glycosylation mechanisms in pancreatic cells
and salivary gland cells. The detailed mechanism under-
lying the tissue specific glycosylation of amylase is un-
der investigation.

The glycosylation efficiencies of the N427 and N476
sites of Amy2A produced by HEK293 cells were esti-
mated to be 3% - 18% and 40% - 52%, respectively. These
values were estimated by using N476Q and T478 A mutants
for the N427 site and S429A mutant for the N476 site,
respectively. In this estimation, the effects of structural
changes caused by the amino acid substitution and the
existence of N-glycan at the other site, which might be
observed in the wild type amylase, were not considered,
so the actual glycosylation efficiencies of these sites in
the wild type Amy2A may vary. In fact, the glycosyla-
tion efficiency of each site varied among mutants (Fig-
ure 5(d)). Regardless, the glycosylation efficiency of the
N476 site in the wild type Amy2A seemed to be higher
than that of the N427 site. We could detect glycopeptides
containing N476 site derived from human pancreatic
amylase by mass spectrometry analysis, but we could not
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Figure 8. Secretion and glycosylation of deletion mutants at the Amy2A C-terminal region. Schematic representation of deletion
mutants of the Amy2A C-terminal region is shown in the left panel. Western blot of these deletion mutants produced by HEK293

cells is shown in the right panel.

detect glycopeptides containing N427 site (Oyama et al.,
submitted). The low glycosylation efficiency of the N427
site of Amy2A indicates that this site is a poorer sub-
strate for the oligosaccharyltransferase complex than the
N476 site. This tendency was also observed for Amyl
and Amy2B (Figure 5(b)). In addition, the correspond-
ing possible N-glycosylation site (N410) of rat pancreatic
amylase, whose overall amino acid sequence shows 84.5%
identity with human Amy2A, was not glycosylated [1].
The microenvironment around the N427 site is probably
structurally more unfavorable for the oligosaccharide trans-
fer by the oligosaccharyltransferase complex than the N476
site. We also speculate that folding of amylase occurred
simultaneously during or immediately after the nascent
amylase polypeptide passed through the oligosaccharyl-
transferase complex because amino acid substitution of
the N427 site affected the N-glycosylation on the N476
site.

It should be noted that the ratio of N-glycosylated amy-
lase molecules inside the cell was higher than outside the
cell. As N-glycans of amylase were not removed by en-
dogenous PNGase or ENGase of HEK293 cells (Figure
7), it seemed that significant amount of N-glycosylated
amylase molecules was misfolded and degraded by the
quality control system in the ER, where the N-glycan acts
as a signal for misfolded proteins [11].

We observed that the introduction of the amino acid
substitution around the N-glycosylation sites of Amy2A
impaired its secretion by HEK293 cells in some cases. In
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addition, deletion mutants of the C-terminal region of
Amy?2A, even the mutant that lacks the last 3 residues of
the C-terminal amino acids only, had depressed secretion.
The N-glycosylation of these mutants was promoted, su-
ggesting that the structural changes in the C-terminal re-
gion favorable for N-glycosylation occurred, but their en-
hanced N-glycosylation did not affect secretion. These
results indicate that the C-terminal region of Amy2A it-
self, but not the N-glycans, plays an important role in se-
cretion in HEK293 cells. It seemed that the proper con-
formation of the C-terminal region was necessary for
amylase secretion and that increased N-glycosylation ob-
served in Amy2A mutants was highly related to the un-
favorable structural changes in the C-terminal region for
secretion. As pancreatic enzymes are secreted via secre-
tion granules from the exocrine pancreatic acinar cells,
the secretion mechanisms of Amy2A in pancreatic cells
and HEK293 cells, which are derived from the human
embryonic kidney, may differ. It is, however, possible that
the C-terminal region of Amy2A is also necessary for se-
cretion in pancreatic cells.

Differences in glycosylation and secretion of amylase
are also found when comparing orthologs in rats and hu-
mans. The N410Q mutant of rat pancreatic amylase, whi-
ch corresponds to the N427Q mutant of human Amy2A,
was successfully secreted [1], whereas the N410 of rat pan-
creatic amylase was completely unglycosylated [1]. On
the other hand, the N427Q mutant of human Amy2A was
not secreted, whereas the N427 of human Amy2A was
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slightly glycosylated. These suggest that the microenvi-
ronment around the first possible N-glycosylation site of
amylase is different among animal species.

It should be noted that although both N427Q and
S429A mutants have a disrupted consensus sequence for
N-glycosylation at the N427 site, only the S429A mutant
was secreted. The effect of amino acid substitution and
concomitant structural changes, but not the loss of an N-
glycan at the N427 site, may have caused impaired se-
cretion of Amy2A mutants containing the N427Q amino
acid substitution. Had the N427Q mutant alone been ob-
served, the obvious, yet incorrect, interpretation would
have been that an N-glycan on the N427 site is necessary
for secretion. To analyze the functions of the N-glycans,
amino acid substitution of an asparagine at the N-glycol-
sylation site has been often adopted. Our result suggests
that analysis of only this type of mutant may be insuffi-
cient in order to deduce whether glycosylation is neces-
sary or not.

Serum amylase has been used as a biomarker for acute
pancreatitis [12]. The glycosylation state and/or the struc-
ture of N-glycans of amylase also might be used as a bio-
marker of some diseases, because the structural changes
of amylase N-glycans have been reported in some can-
cers [3]. To efficiently use amylase as a biomarker, we
hope to elucidate the mechanism underlying the tissue
and disease specific glycosylation of amylase.

5. CONCLUSION

Different glycosylation pattern of human amylases was
related to the types of cells producing the enzymes rather
than the types of amylase isozymes and different glyco-
sylation efficiencies of two N-glycosylation sites in hu-
man amylases. The C-terminal region of human amylase,
but not the N-glycans, plays an important role in secre-
tion.
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