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Endo-P-iV-acetylglucosaminidase D (Endo D) produced by Streptococcus pneumoniae
cleaves the di-iV-acetylchitobiose structure in asparagine-linked oligosaccharides. The
enzyme generally acts on complex type oligosaccharides after removal of external sug-
ars by neuraminidase, fJ-galactosidase, and p-iV-acetylglucosaminidase. We cloned the
gene encoding the enzyme and expressed it as a periplasm enzyme in Escherichia colL
The first 37 amino acids in the predicted sequence are removed in the mature enzyme,
yielding a protein with a molecular mass of 178 kDa. The substrate specificity of the
recombinant enzyme is indistinguishable from the enzyme produced by S. pneumoniae.
Endo-f)-iV-acetylglucosaminidase A (Endo A) from Arthrobacter protophormiae, the mole-
cular mass of which is 72 kDa, had 32% sequence identity to Endo D, starting from the
N-terminal sides of both enzymes, although Endo A hydrolyzes high-mannose—type oli-
gosaccharides and does not hydrolyze complex type ones. Endo D is not related to endo-
p-N-acetylglucosaminidases H, F,, F2, or F8, which share common structural motifs.
Therefore, there are two distinct groups of endo-P-iV-acetylglucosaminidases acting on
asparagine-linked oligosaccharides. The C-terminal region of Endo D shows homology
to fJ-galactosidase and p-N-acetylglucosaminidase from S. pneumoniae and has an
LPXTG motif typical of surface-associated proteins of Gram-positive bacteria. It is possi-
ble that Endo D is located on the surface of the bacterium and, together with other gly-
cosidases, is involved in virulence.

Key words: asparagine-linked oligosaccharides, endo^-AT-acetylglucosaminidase,
endoglycosidase, Streptococcus pneumoniae, virulence.

Asparagine-linked oligosaccharides are classified into com-
plex type, which have external sialyl-galactosyl-AT-acetyl-
glucosamine chains, high mannose type, which have ex-
posed larger clusters of mannosyl residues, and hybrid type
(1). The di-iV-acetylchitobiose structure in asparagine-link-
ed oligosaccharides is cleaved by endo-(5-iV-acetylgluco-
saminidases [EC 3.2.1.96], a group of enzymes with differ-
ent specificity for other portions of the substrates (2, 3).
Endo-fJ-AT-acetylglucosaminidase D (Endo D), which is pro-
duced by Streptococcus pneumoniae, has a strict specificity
for the mannosyl core structure, and generally acts on com-
plex type oligosaccharides after the removal of external
sugars by neuraminidase, (i-galactosidase and p-iV-acetyl-
glucosaminidase (4-6). Endo D was the first endoglycosi-
dase found to act on glycoprotein-bound oligosaccharides
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(7), and played important roles in elucidating the process-
ing pathway for the biosynthesis of oligosaccharides (2, 8),
and clarifying the function of carbohydrates in IgG (9). This
enzyme is still of general interest because of its ability to
remove various complex type oligosaccharide structures
from intact glycoproteins in the absence of detergents in
collaboration with neuraminidase, p-galactosidase and (3-
AT-acetylglucosaminidase (20). Although JV-glycanase is
effective for removing most asparagine-linked oligosaccha-
rides, it often requires substrate denaturation for efficient
action (11, 12). Here, we describe the molecular cloning of
Endo D and compare the predicted structure with those of
other glycosidases.

MATERIALS AND METHODS

Materials—DEAE-Sephadex A-25, concanavalin A (Con
A)-Sepharose and HiTrap™ were purchased from Amer-
sham Pharmacia Biotech AB (Uppsala, Sweden). PVDF
membrane, Centriplus, and Centricon were purchased from
Millipore (Bedford, MA, USA). Polyethylene glycol 20,000
was from Wako (Tokyo). Complex type glycopeptides from
bovine thyroglobulin were prepared as described (13); then
those that bound to Con A-Sepharose and were eluted with
0.1 M methyl mannoside were pooled and used. Exoglycosi-
dase digestion of the glycopeptides was performed as de-
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K R E D K 0 » 1846

Fig. 1. DNA sequence of the Endo D gene and its predicted protein sequence. Solid lines indicate peptides identified in purified Endo
D after in-gel trypsin digestion. The double solid line indicates the N-terminal sequence of recombinant Endo Dl The 3'- and 5'-untranslated
regions were also cloned by PCR and a portion of each respective sequence is shown.
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scribed previously (4). Ovalbumin glycopeptddes (Man)6-
(GlcNAc)jAsn and (Man^CGlcNAcJjAsn (6) were gifts from
Seikagaku Kogyo (Tokyo).

Purification of Endo D—Endo D was purified as de-
scribed previously (10). The major active fractions were
pooled, concentrated by dialysis against polyethylene glycol
20,000, dialyzed further against 10 mM Tris-HCl buffer, pH
7.0, containing 0.15 M NaCl, and concentrated by Cen-
triplus and Centricon (Millipore).

SDS Polyacrylamide Gel Electrophoresis and Determina-
tion of Partial Amino Acid Sequences—Proteins were sepa-
rated by SDS-PAGE in 7% gels (14). Protein bands lightly
stained by Coomassie Brilliant Blue were excised and
digested in the gel with trypsin essentially as described by
Rosenfeld et al. (15). The resulting peptides were separated
on a reverse phase column (Monitor C18,1 x 150 mm) with
a linear gradient of acetonitrile, 0.1% trifluoroacetic acid at
a flow rate of 50 uJ/min using a MAGIC2002 (Michrom Bio-
Resources, Auburn, USA). Amino acid sequence analysis of
the resulting peptides was carried out using a 494A protein
sequencer (Applied Biosystems, Foster City, USA). For the
N-terminal amino acid sequence, purified recombinant en-
zyme was subjected to SDS-PAGE, and transferred to a
PVDF membrane. The 180 kDa band was cut out, and its
amino acid sequence was analyzed with a 494A protein
sequencer.

Molecular Cloning of the Endo D Gene—A gene in S.
pneumoniae (sp234 gene) was found to show homology to
endo-p-N-acetylglucosaminidase. To amplify the sequence,
PCR was performed after denaturation at 94°C for 5 min
with 30 cycles of 94'C for 40 s, 55'C or 60'C for 40 s, and
72°C for 2 min using genomic DNA from S. pneumoniae as
a template. The gene was amplified in 5 fragments with the
following primers: figures in the parentheses after Endo D
indicate nucleotide numbers of the Endo D gene in Fig. 1;
introduced restriction enzyme sites are also shown. Frag-
ment I, 5'-ATCTTTGGTACCCTCGAGATGAAGAATCCAT-
TTTTTGA-3' (Kpnl-Xhol-Endo Dl-20) and 5'-GATGGT-
TTACCTTAGCAGCA-3' (Endo D1060-1041); Fragment H,
5'-AAAGATTTGCTGAAGCTTTG-3' (Endo D860-879) and
5'-TCACCTGGATCCTGGCCAGTCGGGTCTCCTTG-3'
(BamHI-Endo D1472-1453); Fragment HI, 5'-CTTGGTG-
AATTCGCCCCAGATACCATTACAAG-3'(EcoRI-Endo
D1375-1394) and 5'-ATATCCGGATCCCCACTCAACTGA-
GCTGAAGA-3' (BamHI-Endo D2540-2521); Fragment IV,
5'-CCCTAAGACTGAAGGTGGAG-3' (Endo D2448-2467)
and 5'-TATCAGGAATTCCTGCTGGCTTGTCTTCTTTC-3'
CEJcoRI-Endo D4090--i070); Fragment V, 5'-GTAGATGAAT-
TCCCAGAAGAGCTTACAACAGC-3' (EcoRI-Endo D4018-
4037) and 5'-CACAAGGCGGCCGCTTCGAAAATCTTTAT-
CTTCTCTTTTC-3' (BstBl-Notl-Endo D4939-^920). Final-
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Fig. 2. Cloning of the Endo D gene. Fragments I to V were pro-
duced as described in "MATERIALS AND METHODS," and di-
gested with the appropriate restriction enzymes. The products (I to
V) were ligated utilizing newly formed restriction sites shown in the
figure.

ly, the DNA fragments generated by restriction enzyme di-
gestion were assembled (Fig. 2).

Production of Recombinant Endo D—The coding se-
quence of the enzyme was ligated into the expression vector
pBAD/gin (Invitrogen, Carlsbad, CA, USA), producing a
protein with a myc epitope and (His)6 tag at the C-terminus
that can be secreted into the periplasm. The recombinant
gene was transformed into Escherichia coli TOP10, which
were then cultured at 37°C in 1 liter of LB medium con-
taining 50 (jLgAnl of ampicillin to an OD^ of 0.5. Protein
expression was induced by adding 0.002% arabinose to the
culture medium. After 4 h, the cells were collected by cen-
trifugation at 3,000 xg for 10 min at 4*C, and suspended in
20 mM Tris-HCl buffer, pH 8.0, containing 2.5 mM EDTA
and 20% sucrose, and incubated on ice for 10 min. After
centrifugation for 1 min at 4°C, the cell pellets were resus-
pended in 20 mM Tris-HCl buffer, pH 8.0, containing 2.5
mM EDTA, incubated on ice for 10 min, and centrifuged for
10 min at 4'C. The supernatant was dialyzed against 20
mM phosphate buffer, pH 7.5, containing 0.15 M NaCl, and
applied to a HiTrap chelating column. The recombinant en-
zyme was eluted with 100 mM imidazole according to the
manufacturer's instructions. The eluted enzyme was fur-
ther purified by gel filtration on a Sephadex G-200 column
as described previously (4).

Determination of Enzyme Activities—The glycopeptides
were iV-acetylated with ["C]acetic anhydride (7.20 mCi/
mmol, NEN life Science Products, Boston, MA, USA) as
described previously (4). Enzyme assay and calculation of
the enzyme unit were performed as described (4), except
that the substrate and the product were separated by Con
A-Sepharose affinity chromatography (10).

Other Methods—The amount of protein was determined
using a BCA protein assay kit (Pierce, Rockford, EL, USA).

RESULTS

Molecular Cloning of Endo D—Two different methods
were used to clone Endo D. First, the S. pneumoniae ge-
nome in the TIGR (The Institute for Genomic Research)
database was searched for homology to known endc-B-N-
acetylglucosaminidases, i.e. those from Arthrobacter proto-
phormiae (Endo A, Re£ 16), Streptomyces plicatus (Endo H,
Re£ 17), and Flavobacterium meningosepticum (Endo F,,
Ref 18; Endo F2, Ref 19; Endo F3, Ref 19). Only Endo A

A B

200-

66 -

Fig. 3. SDS-PAGE of Endo D. The recombinant enzyme produced
by E. coli (A) and the enzyme produced by S. pneumoniae (B) were
analyzed in 7% gels. Protein bands were detected by staining with
Coomassie Brilliant Blue. Arrowheads indicate the positions where
standard proteins migrated; their molecular masses are shown in
kDa.
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showed a homologous 5,110 nucleotide sequence (sp234
gene) with 66% sequence identity at the nucleotide level
(35% identity at the protein level). This result was surpris-
ing, since Endo A hydrolyzes high-mannose type oligosac-
charides but not complex type oligosaccharides (16). The
second approach was to determine the protein structure of
Endo D, which was reported to have a molecular mass 150
kDa (10). In our hands, purified Endo D electrophoresed as
three closely related bands with molecular masses around
180 kDa (Fig. 3). The difference can be explained by the
improved electrophoretical techniques employed in the
present study. The central band was subjected to in-gel
trypsin digestion, and the sequences of the resulting pep-
tides were determined after separation by HPLC. All the
identified peptides had sequences identical or closely re-
lated to that of the predicted protein related to Endo A (Fig.
1). Thus, it is highly likely that the sp234 gene encodes
Endo D. To test this possibility, we cloned the sp234 gene.
The cloned DNA showed 98.5% identity to the previously
reported DNA sequence of the gene; the minor sequence
difference might be due to subspecies differences or to
errors in the sequence reported previously. All peptide se-
quences found in the purified Endo D protein completely
matched portions of the predicted Endo D protein (Fig. 1).
The whole Endo A protein, with a molecular mass of about
72 kDa, showed 32% identity to a large segment of the
finally determined Endo D protein (Fig. 4).

Expression and Substrate Specificity of Recombinant
Endo D—To express the enzyme, the DNA was placed into
the expression vector pBAD/gin. The expressed protein
with a histidine tag was purified using a HiTrap chelatdng
column, and minor impurities were removed by gel filtra-
tion. Only a single band was detected in the molecular
mass region around 180 kDa (Fig. 3). The three bands in
the preparation from S. pneumoniae might have been pro-
duced by proteolysis during secretion, as discussed later. N-
terminal sequence analysis of the 180 kDa recombinant
protein revealed that the N-terminal 37 amino acids are
removed from the mature protein, probably during secre-
tion (Fig. 1). We inferred that the N-terminal peptide serves
as a signal sequence since sequences around the putative
cleavage site agree with those of a signal peptide (20). The
calculated molecular mass of the processed mature protein

TABLE I. Substrate specificity of recombinant Endo D.

Substrates* Relative
activities

(Man)5(GlcNAc)jAsn 100
(Man)8(GlcNAc)jAsn <0.01
Complex type glycopeptides from thyroglobulin <0.01
Complex type glycopeptides from thyroglobulin 98.8

after digestion with neurnminidase,
ft-galactoaidase, and fl-iV-acetylglucosaniinidase

•Used after uC-iV-acetylation.

B: 272 SOERSKOKBkS
D: 405 KHDYTIATppWI
A. 273 RO—

PKVYGQ 156

ISNSIA 284

PTVY8G 157

YFPEKfiKlNEL
LVADR|toaN
WFPAKSTWTSV

PVf*HaLKVOia:LDDPDEp]lFFtl— LKKO 507
Ej 642

503

H^EDQlrftlLSLEITffc
KHAOE^AVVOFKJfl

YDP0P-S6IOLVIEKOSMVH

ENVRhYEVY^HLANG
KDADFtetiEKDGDS

PYP^RA-DFAVSOTVAAPQESfflO-Fp>IR—S

B. 360 HOFFAI
D: 525 WKWFV
A. 389 (gA0FSAEj3KjTVSE

B: 508 GDHE*T&V
0: 643 LSDWTMJEFI
A. 604 SIN<4lPWTL

B 628 KEEAfTfL&VFfflS-ETFA
D 759 SAOQ|jaB.KNf)AVGKNG
A' 615 KOHDVRLHIEALS-ETFVP

VEI^EO-GOPNiaiEft-pHlVYEEEQTYSfik-LVAK-NSEEEWj— 734
878
645

B: 735 IR-Etfl-VTITE-EAII-niTNLALQKKAlTASGOC-ASS-EGpGhAVOGNV^DNfcK-
D: 879 *NTKIfPLYYKDADGEIIW.AKEVRG4o»VTDITLDKPITA0H>RLNVVTlH>43TP

B: 842 VVMNTKAT-SEHSIGTRTVCKIVORSnpTRWRSSGTltf] 878
0. 999 LKSEVGaDLASAPLDLTNaSGLLYYRyaLPGKEISNVy^VSVPKDDRRIKSVSLETaPKKTSYAEaEDLDLRGaVLRVOYEGGTEDELIRLTHAOVSVSGFDTHHKGEONLTLOYLGOPV 1118

Fig. 4. Comparison of the protein sequences of endo-fWV-acetylgiucosaminidases. B, enzyme from Bacillus halodurans; D, Endo D;
A, Endo A. Identical amino acids are boxed.

Endo D

0-GlcNAc -
-KTVAAVQEDL
--CHJRdDI

Endo D -fflRLRS-TE-Ql
^ -Ga l EffllFTAINPDGSKEBd

^-GlcNAc GKEVKTLVNSOVAflBVT

Endo D — -£h-SEE-0-—S
jS-Gal

£-GlcNAc

0
— SQTN--KAQ

PODPIJPVVT

1601
2186
1261

1646
2233
1311

Fig. 5. Comparison of the C-termi-
nal sequences of Endo D, p-galac-
tosidase (p-Gal), and p-jV-acetyl-
giucosaminidase (p-GlcNAc). All
three enzymes were produced in S.
pneumoniae. Identical amino acids are
indicated by closed boxes. The LPXTG
motif is underlined.
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was 178 kDa, in good agreement with the observed molecu-
lar mass of the native enzyme, which is 180 kDa.

The purified recombinant enzyme protein hydrolyzed
(Man)6(GlcNAc)2Asn-[14C]acetyl with specific activity of 12
units/mg protein-min, a rate similar to that of the native
enzyme (20). The enzyme did not hydrolyze (Man)6(Glc-
NAc)2Asn-[14C]acetyl (Table I). Furthermore, complex type
glycopeptides from thyroglobulin were hydrolyzed only
after treatment with neuraminidase, (3-galactosidase and
P-Af-acetylglucosaminidase (Table I). This substrate speci-
ficity is identical to that of Endo D (4). No enzymatic activ-
ity was found in the culture medium or in untransfected E.
coli. From these results, the cloned protein was concluded
to be Endo D.

DISCUSSION

We cloned Endo D, and the identity of the cloned enzyme
was confirmed by both its enzyme specificity and protein
structure. The GenBank/EMBL/DDBJ database contains
two S. pneumoniae genes under the name of endo-p-A^-ace-
tylglucosaminidase. One gene encodes a protein comprising
658 amino acids and hydrolyzes the bacterial cell wall (21),
while the other encodes a (3-AT-acetylglucosaminidase of
1,311 amino acids (22). The latter enzyme is an exoglycosi-
dase and is eluted in a position different from that of Endo
D on DEAE-Sephadex chromatography (4). We concluded
that a mistake was made during the assembly of the data-
base.

A search of the database with the Endo D protein se-
quence revealed the strongest homology to endo-f)-iV-acetyl-
glucosaminidase from Bacillus halodurans (GenBank ac-
cession number, AP001509). The molecular mass of the en-
zyme is about 99 kDa, and the whole protein shows 32% se-
quence identity to the corresponding portion of Endo D
(Fig. 4). As mentioned above, Endo D and Endo A also
share extensive homology (Fig. 4). Homology starts from
the N-terminal sides of the three enzymes and they share
many identical amino acids (Fig. 4). It is noteworthy that
the molecular mass of Endo D is much larger than those of
Endo A or the Bacillus enzyme. Endo D recognizes subtle
differences in ot-mannosyl residues in the core structure of
asparagine-unked oligosaccharides; Endo D requires an ex-
posed C-2 hydroxyl group in the a-mannosyl residue linked
by 1-3 linkage to the inner (J-mannosyl residue (5, 6, 23).
The large molecular size of the enzyme might play a role in
the precise recognition of the key a-mannosyl residue.
Since Endo D is the first cloned endo-p-iV-acetylgluco-
saminidase with the above-mentioned specificity, we are
currently analyzing the structural basis of its enzyme ac-
tion.

Endo D shows no significant homology to Endo H, Endo
F,, Endo F2, or Endo F3, although conserved amino acids
have been found among the latter four endoglycosidases
and chitinase (29). Endo H and Endo F! act on high-man-
nose type oligosaccharides and Endo F2 and F3 on certain
complex type oligosaccharides (18, 19, 24). Therefore, there
are at least two protein groups among endo-p-iV-acetylglu-
cosaminidases acting on asparagine-linked oligosaccha-
rides, one group including Endo H and Endo F, and the
other consisting of Endo D, Endo A, and the Bacillus en-
zyme. Both groups include enzymes with different sub-
strate specificities.

We also noticed that the 37 amino acid N-terminal se-
quence in the precursor protein of Endo D shows 59.4% se-
quence identity to the N-terminal region of neuraminidase
from S. pneumoniae (25). Both enzymes are extracellular,
and the high degree of sequence similarity is consistent
with the view that the N-terminal region in the Endo D
precursor serves as a signal sequence. About 150 amino
acid residues at the C-terminal end of Endo D also share
about 30% sequence identity with p-galactosidase (26) and
P-N-acetylglucosaminidase (22) from S. pneumoniae (Fig.
5). This region may serve as an anchor to associate Endo D
with the surface of the bacterial cell. An LPXTG motif,
which is typical of cell surface-associated proteins in Gram-
positive bacteria, is present in the homologous region of the
three enzymes (Fig. 5). This motif is also present in the cor-
responding position of neuraminidase from S. pneumoniae
(25). fi-Galactosidase from S. pneumoniae is proven to be a
cell-surface associated enzyme and is considered to be a vir-
ulence factor (26). Neuraminidase, (J-galactosidase, $-N-
acetylglucosaminidase and Endo D are all secreted into the
culture medium of S. pneumoniae (4, 27, 28). However, pro-
longed culture is required for secretion. These enzymes
may be cell surface-associated enzymes and contribute to
pathogenesis of the bacteria by removing complex type oli-
gosaccharides through their concerted actions. As an exam-
ple, IgG becomes inefficient in complement-mediated cell
lysis after removal of the oligosaccharides by exoglycosi-
dases and Endo D (9).
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