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ABSTRACT. In contrast to the5-linked GIcNAc, theo-linked GICNAc has not been commonly found in
glycoconjugates. We have recently revealed the presence of an unusug-gatimtosidase (End6-

Galsngg in Clostridium perfringengapable of releasing GlcNAd—4Gal from glycans expressed in the
gastric mucous cell-type mucin [Ashida, H., Anderson, K., Nakayama, J., Maskos, K., Chou, C.-W., Cole,
R. B., Li, S.-C., and Li, Y.-T. (2001). Biol. Chem. 27628226-28232]. To characterize EngGalsnca

we have cloned its gengngGC from the genomic DNA library prepared fro@ perfringensATCC10543.

The gene encodes 420 amino acid residues including a 17-residue signal peptide at the N-terminus. Using
pUC18, we were able to prepare 25 mg of the fully active and pure recombinantEGad@:c,from 1

L of Escherichia coliDH5a culture, which was 170 times higher than that produced by the original
clostridial strain. End@-Galsnca Shares a low but significant sequence similarity with two other endo-
p-galactosidases (321% amino acid identity). It also shows some similarity with bacterial 1,351,4-
glucan 4-glucanohydrolases of the glycoside hydrolase family 16. Br@akncaWwas found to contain

the EXDX(X)E sequence (Glu-168 to Glu-173), that has been identified as the catalytic motif of families
16 and 7 retaining glycoside hydrolases. We have used site-directed mutagenesis to show that Glu-168
and Glu-173 were essential for the Enflésakncaactivity. By NMR spectroscopy, End®-Galgncawas

found to act as a retaining enzyme.

In contrast to theg-linked GIcNAc, thea-linked GIcNAc northern blot analyses, the biological significance of this
has not been commonly found in glycoconjugates. In higher disaccharide epitope remains to be elucidated.
animals, except in heparin and heparan sulfategtlieked We have recently revealed the presence of an unusual
GlcNAc has been found only at the nonreducing end of GIcNAcal—4Gal-releasing endB-galactosidase (Endé-
O-glycans. The terminat-GIcNAc linked to the C4 position  Galgngy! in Clostridium perfringen®ATCC10543 (0). This
of a Gal residue has been mainly detecte®iglycans from enzyme specifically releases the disaccharide GlaiiAe
the gastric and duodenal mucii~«3). By using the 4Gal fromO-glycans expressed in the gastric gland mucous
monoclonal antibody recognizing GlcNa&—4Gal @), this cell-type mucin. This enzyme has been shown to hydrolyze
disaccharide epitope has been found to be expressed in theéhe endgs-galactosyl linkage not only in the GlcNAd—
gastric gland mucous cells, Brunner’s gland of the duodenum, 4Gaj31—4GIcNAc sequence but also in GlcNAE—
and accessory gland of the pancreaticobiliary tr&ct6]. 4Ga31—3GalNAal—Ser/Thr. Endg3-Galsncais distinct
Using the same antibody, this epitope has been also showrfrom the hitherto known endg-galactosidases because of
to occur in several tumor tissues, such as gastric adenocarits strict specificity for releasing the disaccharide GlchiAe-
cinoma @), pancreatic ductal carcinoma)( mucinous 4Gal. To characterize Eng®-Galsnca We have carried out
bronchioalveolar cell carcinoma of the lung),(and the the molecular cloning of this unusual endoglycosidase. This
adenoma malignum of the uterine cervi®).(The human paper describes the cloning, characterization, and overex-
gene encodingl,4-N-acetylglucosaminyltransferase respon- pression of the gene encoding Enéi@alknca the mutational
sible for the biosynthesis of GlcNAd—4Gal-epitope has  analyses of the putative catalytic amino acid residues, and
been cloned from the human stomach cDNA libra®y. ( the stereochemical specificity of this enzyme.
Although the occurrence of this epitope in mammalian tissues
has been well documented by immunohistochemical and EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions. C. perfringens
T This work was supported by NIH Grant NS 09626. ATCC10543 used for the enzyme purification and the
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Table 1: Sequences of Four Tryptic Peptides and an N-Terminal
Peptide of End@-Galsnca

peptide sequenée
tryptic peptidé
T-5 EXAIDYMR
T-7 FLYIEENNDKVSYGDITL
T-9 SSAIMSFDKSXIHNFSG
T-16 NNETGEYLNIENQTGYIEHG
N-terminaPb KDFPANPIEKAGYKLDF

aThe number following T indicates the peak number of the tryptic
peptide separated by HPLEDetermined previouslylQ). ¢ X means
the unidentified amino acid residue.

genomic DNA extraction was cultured in Todéewitt
medium under anaerobic conditions0). Escherichia coli
XL-Blue MRF' and SOLR (both from Stratagene) were
cultured in Luria-Bertani (LB) medium supplemented with
0.2% maltose and 10 mM MgSOE. coli DH5a was
cultured in LB medium with or without 10@g/mL ampi-
cillin.

Amino Acid Sequencing of Tryptic Peptidé@fie native
Endof-Galsnca(601g) purified from the culture supernatant
of C. perfringensas described previously Q) was denatured
at 100°C for 5 min in 60uL of 100 mM Tris-HCI, pH 8.5,
containing 0.02% SDS. The denatured EffdGalsncawas
subsequently incubated with Q.§ of trypsin (Roche) at 30
°C for 16 h. The reaction mixture was applied onto a reverse-
phase column (Hi-Pore, 4.6 250 mm, Bio-Rad) using a
Waters 600E HPLC system. Elution was initially carried out
with 20% acetonitrile in water containing 0.1% trifluoroacetic
acid at a flow rate of 1.0 mL/min for 10 min, and then with
a linear gradient of 2650% acetonitrile for 30 min. The
effluent was monitored by the absorbance at 214 nm, an
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predigestedcarl/CIAP-treated vector (Stratagene), and in
vitro packaged using the Gigapack Gold Il packaging extract
(Stratagene) to construct a genomic DNA library.

The phage plaques containing the genomic DNA library
that appeared on a lawn &. coli XL-Blue MRF were
transferred to Hybond-fN membranes (Amersham Pharma-
cia). After fixing the DNA, the membranes were hybridized
with the ECL-labeled probe A at 4Z for 16 h in the ECL
Gold hybridization buffer (Amersham Pharmacia). The
membranes were washed twicelw@ M urea and 0.4% SDS
in 0.5x SSC for 20 min at 42C, and then washed twice
with 2x SSC for 5 min at 25C. The washed membranes
were soaked into the ECL substrate solution and exposed to
X-ray films. One positive cloned phage was selected and in
vivo excised using ExAssist helper phage &doli SOLR
according to the instruction manual (Stratagene). The
phagemid pBluescript SK{) containing a 5.5-kbgEcaRl
fragment was obtained. The flanking regions of probe A as
well as the probe itself were sequenced. The cloned phagemid
was found to contain the full-length open reading frame of
the gene gngQ encoding Endg-Galsnca

Construction of the Expression Plasmitb amplify the
DNA fragment encoding the mature EnfleGalsnca We
designed a pair of primers, F2 '{BGAATTCGAAG-
GATTTTCCAGCAAATCCAATTG-3) and R2 (5AACT-
GCAGTCCCTCTTTTGATTCATATATAGGTC-3), that
contained EcaRIl and Pst restriction sites, respectively
(underlined sequences). PCR was performed with the ge-
nomic DNA as a template for 25 cycles usifju DNA
polymerase (Stratagene). Each cycle consisted of denaturation
at 94°C for 40 s, annealing at 5Z for 1 min, and extension

gat 72°C for 3 min. The 1.4-kbp fragment produced was

peptide fractions were manually collected and evaporatedréated withEccRI and Pst, and then inserted into the
to dryness. Four peptides were subjected to sequence analysi€Crresponding sites of pUC18 (Sigma) to generate pUC18/

by the Core Facility of Louisiana State University, Healt

Sciences Center, New Orleans, LA. The sequences of thed

h 9ngC Then,E. coli DH5a was transformed with pUC18/

ngC and the transformant was selected from an LB/

four tryptic peptides together with the previously determined @MPpicillin plate. The sequence ghgCwas confirmed by

17-residue N-terminal sequencH)] are shown in Table 1.
Degenerate PCRPCR with degenerate oligonucleotides
was used for the amplification of a DNA fragment encoding
Endof-Galsnga A sense primer F1 (FAARGAYTTYC-
CIGCIAAYCCNAT-3') and an antisense primer R1'{5
ACYTTRTCRTTRTTYTCYTC-3) were designed using the

DNA sequencing and used for producing the recombinant
Endoﬂ'Gak—,nGa

Site-Directed Mutagenesis of the Amino Acid Residues in
the Putatve Active Site.To prepare plasmids encoding one
of the following mutant enzymes, E168Q, D170N, and
E173Q, the mutagenic PCR were carried out by combining

N-terminal and the tryptic peptide T-7 sequences (see Tablethe universal reverse primer RM1'{phosphorylated-TC-

1), respectively. PCR was performed for 30 cycles using the
genomic DNA prepared fror€. perfringensas a template
and Tag DNA polymerase (Gibco BRL). Each cycle con-
sisted of denaturation at € for 40 s, annealing at 5CC

for 40 s, and extension at 7Z for 2 min. A 850-bp PCR

CTGTTTGTTTTGAATTGAACCAATC-3) and one of the
mutagenic forward primers, FM1'(€AAATTGATATATT-
AGAAACTTTCTTTAGT-3),FM2(5-GAAATTAATATATT-
AGAAACTTTCTTTAGT-3'), and FM3 (5-GAAATTGAT-
ATATTACAAACTTTCTTTAGT-3') (mutagenetic codons

product generated was subsequently cloned into the pGEM-Tare underlined). PCR was performed with pU@I&/Cas
Easy vector (Promega) and sequenced with an ABI Prism @ template for 20 cycles usirfgfu DNA polymerase. Each

3100 DNA sequencer using Big Dye Version 1 (Applied
Biosystems) at the Center for Gene Therapy, Tulane Uni-
versity Health Sciences Center. This 850-bp DNA fragment

cycle consisted of denaturation at 92 for 40 s, annealing
at 52°C for 1 min, and extension at 7Z for 8 min. Each
reaction mixture was treated wifbpnl in order to digest

was designated as probe A and used for screening thethe template DNA. Then, the PCR product was self-ligated

genomic DNA library prepared fror@. perfringens

Cloning of the Gene Encoding EngieGalghga The
genomic DNA fromC. perfringens(80 ug) was digested
with 200 units ofEccoRI and fractionated by 0.9% agarose

and amplified inE. coli DH5c.. Each construct with correct
DNA sequence was selected and used for further study.

Purification of the Recombinant EngtGalgnga E. coli
DH5a carrying pUC18§ngC was culturedn 1 L of LB

gel electorophoresis. The DNA fragments between 4 and 9 medium containing 10@g/mL ampicillin at 30°C for 20 h

kbp were extracted from the gel, ligated into theAP I

with shaking. The cells were harvested by centrifugation
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(1200@, 15 min) and resuspended in 100 mL of 20 mM
sodium acetate buffer, pH 6.0. The cells were lysed by using

a French press and centrifuged (276080 min) to remove 1
cell debris. The crude cell extract was further purified by
affinity chromatography using Sephacryl S-200 HR as
described previously1(Q).

Enzyme AssayThe Endop-Galsnca activity was deter-
mined using porcine gastric mucin (PGM) as the substrate
as previously described (). Enzyme assay was also carried
out using 2.5 mM GIcNAa1l—4Ga31—~4GIcNAgS1—6-
(GlcNAcao1—4Gapp1—3)GalNAc-ol (hexasaccharide-alditol)
prepared from PGM as the substrate according to the method 121
described previously1Q).
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101
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AAGTTCACACAAGAAAATTTATAAAGTTTTGATATTTATAATTTTTTTATAAATATATTT
TATAGGTCAAACTTTTAAATTGGAGGGGTATTTTTGAATAGAAAAGGTGTATTAAGATTC
ATGTTTGTCTTTATGTTACTATTGCTGCTACCGTTTACTATTTCAAAAGCARAGGATTTT

M F VF ML L L L L P F T I 8 K A KD F
N-terminal
CCAGCAAATCCAATTGAAAAAGCTGGATATAAATTAGACTTTTCTGATGAATTTAATGGT
P A NP I E K A G Y R L D F 8 DEF N G
peptide
CCTACATTAGATAGAGAAAAATGGACTGATTATTATTTACCACATTGGTGCAAGGATCCT
P T L D REIKWTUDY YL P HWCZ KD P

GAAAGTGCTAAGGCTAATTATCGTTTTGAARATGGATCACTTGTTGAATATATAACTGAA

1 E 8 AR ANZYRUVFEUNGSUL VYV E Y TITE

GATCAGAAACCATGGTGCCCAGAGCATGATGGAACTGTTAGATCATCTGCCATAATGTCT

D Q K P WCUPEUHUDGTV VR S S A I M 8§
peptide T-9
TTTGATAAAAGTTGGATACATAATTTTAGTGGAACAACTGATAACCATGAAAGARATGAG

F D R 8§ W I H N F 8 6 T T™ D N H E R N E

TGGAGAGGTTATACAACTAAATATGGATACTTTGAAATTCGTGCTAAGCTATCTAACACA
W R G Y T T K Y G Y F E I RAZKUL S N T

GGTGGTGGAGGTCATCAAGCTTGGTGGATGGTTGGTATGCAGGATGATACTAATGATTGG
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Determination of the Stereochemical Course of the Hy-
drolysis of Hexasaccharide-alditol by En@lba&algnea Using
NMR SpectroscopyHexasaccharide-alditol (1.5 mg; 1.3
umol) dissolved in 60QuL of 5 mM sodium phosphate
buffer, pH 6.0, was repeatedly exchanged witfODwith
intermediate lyophilization, and then dissolved in a0
of D,O (2.2 mM). NMR spectroscopy was carried out by
using a 500 MHz Bruker DRX 500 spectrometer, at°5
in a 5 mmtube. A Bruker 5 mm TXI probe was used for all
experiments. After recording thigl NMR spectrum of the
substrate hexasaccharide-alditoly¢(0.24 unit) of the pure
recombinant End@-Galsncadissolved in 5L of D,O was
added, and the NMR tube was then placed back into the s
magnet and the reaction was monitored as a function of time.
The spectrum was recorded every 2.5 min over 325 min.
The HOD signal was suppressed with a low-power pulse of
2.0 s during the relaxation delay. Spectra were acquired with
16K data points over a spectral width of 3255 Hz with 32
scans. One-bond proton carbon coupling constatdts)(
were measured from thid-detected'H-3C heteronuclear
single quantum coherence spectra acquired without decou- 4°*
pling during acquisition.

Other MethodsSDS-PAGE was performed in a 10%
polyacrylamide gel containing 0.1% SDS, and proteins were FiGure 1: Nucleotide and deduced amino acid sequences of Endo-
stained with Coomassie brilliant blue R. The protein con- i‘?ﬁfvrbenaiggiend@dlgtee(i gcfﬂg%;%i\?v fﬁg‘ﬁ,ﬁﬂffoﬁéf’ggﬁﬁfﬁ‘éz and
centration 'Was deFermlner using the BCA protein assay the amino acid ?esidues are numbered beginning with t?]e first i\/let.
reagent (Pierce) with bovine serum albumin as a standard.the peptide sequences obtained from the native enzyme shown in

Table 1 are underlined; the putative Shitrigalgarno sequence is

double-underlined; the asterisk denotes the translation termination
codon.

TTCAATTCAAAACAAACAGGAGAAATTGATATATTAGAAACTTTCTTTAGTAAAARARAGAT 540

F N 8 K ¢ T™ 6 E I DI L ETFVF S KK KD

ACATGGAGAATCGCTGCATATGGATGGAATGATCCAAACTTCCAAACATCTTGGACTATT 600

T W R I A A Y 6 WNDUPNTF QT S W T I

TCAGAAGATAAAGTTCCATCAGGAGATCCAACTTCTGAATATCATATTTATGCAATGGAA 660

200 8s E D K V P S8 G D P T S E Y HI Y A ME

TGGACTCCTACTGCTTTGAAATTCTATTATGATAATGAATTATTTAAGGTTATATATGGT
W T P T A L K F Y Y DN EL F K V I ¥ @G

720
221

TCACCAGACTATGAAATGGGGACAATTTTAAATATATACACAGATGCAGGTTCAGGTGCT
§ P DY EM G T IULDNTITYTTODATG S G A

780
241

CATAATGATGTTTGGCCTAAGGAATGGGCAARTTGATTATATGAGAGTTTGGAAACCAGTA 840

H N DV WP KEWATIDTYM®RVYWTEKTPV
peptide T-5

GATGGATATAAAGAGAGTGAAAGTTTAAATAATTACTTAATAAGAAATAGACAAACAGGA

D G Y K E S E §8 L NNTYUL I RNIZRIGQT G

261

900
281

AAATTCCTTTATATTGAAGAAAATAATGATAAAGTGTCTTATGGGGACATAACTTTAAAA

1 K F L Y I E E N N D KRV 8 Y 6 D I T L K
peptide T-7

AATGAAAAAAATGCAAAATGGAGTARAGAATATAGAGATGGATACACTTTATTAAAGAAT

N E KN A KW S K EYRUDGYTTUL L KN

960

=3

1020
321

AATGAAACAGGAGAATATTTAAATATAGAAAATCAAACTGGATATATAGAACATGGTAAG

N E T G E Y L N I E N @ T 6 Y I E H G K
peptide 1-16
GTTCCAARAACTTGGTGGAGCGCTCAATGGAGTGAAGTACCAGTAGATGGATATACAAGG

v P KT W W S A @ WS E V P VD G Y T R

1080
341

1140
361

TTTGTTAACAGATGGAAGCCTAATATGTCAATACATACAGAAAGTTATGAAGGCGTTTTA 1200

331 F V N R W K P NM 8 I HTE S Y E G V L

CAGTATGGAAATGTTCCAAATACTTATTGGACAAGTCAATGGCAACTTATTCCTGTAGAR
Q Y G N VP NT Y WT S8 Q W QUL I P V E

1260

TARAAATAAAATTTTAAAAGTGTTTTATTAAAAAATTAAGTTTGACCTATATATGAATCA
*

AAAGAGGGAGTTTTATTTTAAGTAAAGCTCTCTCTTTTTGTTATTTTATAATCTCTTTAT

1320

1380

RESULTS

Cloning of the Gene Encoding En@geGalsnca Table 1
shows the amino acid sequences of 4 tryptic peptides andconsists of a 1260-bp open reading frame that encodes 420
the previously reported 17-residue N-terminal sequence ofamino acid residues. A putative ShinBalgarno sequence,
the native End@-Galsnga (10). The deduced amino acid AGAAAAGG (nucleotides —21 to —14), was detected
sequence of the 850-bp PCR product (probe A) generatedupstream from the initiation codon. The N-terminal sequence
from the genomic DNA with the degenerate primers F1 and of the purified native enzyme is found between Lys-18 and
R1, respectively designed from the peptide sequences of theéPhe-34. By hydropathy analysis (data not shown), the 17
N-terminal peptide and tryptic peptide T-7, was found to residues of the N-terminal region (Met-1 to Ala-17) were
contain tryptic peptides T-5 and T-9. Thus, this DNA found to be highly hydrophobic, which could be the signal
fragment was a part of the gene encoding EffdBaknca sequence required for secretion of the enzyme to the culture
When the ECL-labeled probe A was used to screerd Z#eP medium. All four internal tryptic peptide sequences shown
I genomic DNA library prepared frore. perfringensabout in Table 1 were also found in the deduced amino acid
30 positive plaques out of 12 000 recombinant phages weresequence (Figure 1). Based on the DNA sequence, the mature
detected. One positive cloned phage was selected and in vivgorotein consists of 403 amino acids with a calculated
excised to generate the phagemid pBEGA31 that containedmolecular mass of 47 410 Da, which is very close to the
a 5.5-kbpEcaRI fragment. The entire open reading frame molecular mass of the purified native enzyme, 46 kDa,
of the Endog-Galsncagene designated agpgCwas found determined by SDSPAGE.
in this fragment. The nucleotide and the deduced amino acid Expression of End@-Galgncain E. coli. More than 97%
sequences ajngCare shown in Figure 1. The gengngQ of the total enzyme activity expressed by pUGHRJCin
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FiGure 2: Expression of EndB-Galgnga in E. coli. (A) SDS—
PAGE of the recombinant End®-Galsnca Lanes 1 and 6,
molecular mass markers; lane 2, cell extractyg@pof E. coli DH5a
(pUC18); lane 3, cell extract (20g) of E. coli DH50. (pUC18/
gngQ); lane 4, the recombinant EngbGalsnga (2.5 #g) purified

by Sephacryl S-200 HR affinity chromatography; lane 5, purified
native EndoS-Galsnga (1.5 ug). (B) TLC analysis showing the
hydrolysis of PGM and hexasaccharide-alditol (Hex-ol) by the
native and the recombinant EnfeGalsnca Lane 1, PGM; lane 2,
PGM + purified native enzyme (5.8 ng); lane 3, PGMpurified
recombinant enzyme (5.8 ng); lane 4, PGiMcell extract (8uQ)

of E. coliDH5a (pUC18); lane 5, Hex-ol; lane 6, Hex-&l purified
native enzyme (5.8 ng); lane 7, Hex-ol purified recombinant
enzyme (5.8 ng); lane 8, Hex-dt cell extract (8ug) of E. coli
DH50 (pUC18); lane 9, authentic GlcNAd—4Gal; lane 10,
purified native enzyme (5.8 ng); lane 11, purified recombinant
enzyme (5.8 ng); lane 12, cell extract &) of E. coli DH5a
(pUC18). Incubation was carried out at 3Z for 15 h according

to the assay conditions described in the text.

Table 2: Purification of the Recombinant Enflésalkncafrom a
1-L Culture ofE. coli DH5a. Carrying pUC18§ngC

yield purification

protein total act. spact.

step (mg)  (units) (units/mg) (%) (x-fold)
cell extract 490 1690 3.45 100 1
Sephacryl S-200 25.1 1210 48.2 71.6 14.0
HR

E. coli DH50 was detected in the intracellular fraction. The
mock transfectant carrying pUC18 withayrigCshowed no
Endof-Gakncaactivity (Figure 2B, lanes 4 and 8), indicating
that the observed enzyme activity was in fact due to the
expression of the clonedngC gene. The enzyme was
expressed at a level of 35 mg/L of culture, which was 170
times higher than that produced by the original clostridial
strain. Isopropy}s-p-galactopyranoside did not have any
effect on the level of expression of the enzyme. As in the
case of the native enzyme, we were able to purify the
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In addition, the native and recombinant enzymes showed the
same electrophoretic mobility (Figure 2A, lanes 4 and 5).

Under control of thdac promoter, puC1&ngC should
express the recombinant enzymezincoli DH5a. as a fusion
protein containing the seven amino acid residues, MT-
MITNS, from the N-terminus oB-galactosidase-peptide.
The N-terminal amino acid sequence of the recombinant
Endo#-Galsngawas found to be MITNSKDFPANPI, con-
firming that the enzyme expressedHkn coli was a fusion
protein carrying five amino acid residues, MITNS (without
Met and Thr), from the N-terminal part of thfegalactosidase
o-peptide. This may be due to the occurrence of an atypical
initiation at the second AUG codon, or due to the processing
of the two amino acids, Met and Thr, after translation. As
in the case of the native enzyme (Figure 2B, lanes 2 and 6),
the recombinant enzyme released the disaccharide Glc-
NAcal—4Gal from PGM (Figure 2B, lane 3), and also
hydrolyzed hexasaccharide-alditol to produce Glchie-
4Gal and GIcNAB1—6(GlcNAc1—4Gal1—3)GalNAc-

ol (Figure 2B, lane 7). The optimum pH and the stability of
the recombinant enzyme were found to be identical to those
of native enzyme (data not shown).

Comparison of End@-Galgnga with Other Related En-
zymesSearching the databases of FASTAYand BLAST
(12) revealed that Endg-Galksncashares a low but significant
similarity with endog-galactosidase frorflavobacterium
keratolyticus (13) and endg3-galactosidase C fronC.
perfringensATCC10873 (4) (16% and 21% amino acid
identity, respectively). While the molecular size of Englo-
Galsneais similar to that ofFlavobacteriumendog-galac-
tosidase (420 vs 422 amino acids), erfigalactosidase C
is much larger in size (845 amino acids). Figure 3A shows
the multiple alignment of End@-Galsnca With these two
endog-galactosidases using the Clustal W prograls).(
Two-thirds of the sequence from the N-terminus of Endo-
B-Galnca Shares several conserved regions with these two
endog-galactosidases: Leu-32 to Thr-49, Tyr-128 to Met-
150, Glu-168 to Glu-173, Thr-211 to Asp-231, and lle-271
to Lys-278 (boxed in Figure 3A). One-third of the sequence
from the C-terminus, on the other hand, shares no significant
similarity with any other known proteins. EngbGalsnca
also shares some similarity-{8% amino acid identity) with
bacterial endg-glucanases of the glycoside hydrolase family
16 (16, 17), such as 1,3-1,4-glucan 4-glucanohydrolase (EC
3.2.1.73), 1,33-glucan 3-glucanohydrolase (EC 3.2.1.39),
and 1,3(1,3;1,4p-glucan 3(4)-glucanohydrolase (EC 3.2.1.6).
These endg@-glucanases were found to possess a common
motif, EXDX(X)E (18), and the two Glu residues in this
motif have been shown to be the active site catalytic residues
of 1,3-1,4$-glucan 4-glucanohydrolase froBacillus (18—
20). This motif was also found in the fungal cellulases (EC
3.2.1.4) and cellobiohydrolases (EC 3.2.1.91) of the glycoside
hydrolase family 7, formerly called cellulase family €1(

recombinant enzyme by one-step affinity chromatography 22). Interestingly, as shown in Figure 3B, the EXDX(X)E

using a Sephacryl S-200 HR column (Figure 2A, lane 4).

motif was found to be conserved in EnfleGalcaas well

As shown in Table 2, 25 mg of the pure recombinant enzyme as in C. perfringensendof-galactosidase C an#. kera-

was obtained with a recovery of 70% from a 1-L culture of
E. coli. The specific activity of the recombinant enzyme was
48.2 units/mg, which is identical to that of the native enzyme
(47.9 units/mg) 10). These results indicate that the recom-
binant enzyme produced . coliis in a fully active form.

tolyticus endof-galactosidase.

Effect of Site-Directed Mutagenesis on the Amino Acid
Residues in the Putag Catalytic Site.The amino acid
residues that are involved in the catalytic reaction of endo-
[-galactosidases have not yet been identified. To determine
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MFVFMLLLLLPFTISKAKDF PANPIEKAGYK
TKYSEIEIWGTGNNYDESKDEYVEPQSKYNE,
TATKNPIPEVSKAKASTKLLNATTVATTDYE

LDFSDEFNGPT - LDRERKWT]
LVWSDEFNGEK - IDENKWT]
LIWSDEFNSSGGFDSTRWY

A Endo-p-Galg,g, 1
EndoB-GalC 360
Endo-p-Gal (Fk) 27

Endo-p-Galg,g, 50
Endo-B-GalC 409
Endo-B-Gal (FK) 77

DYYLPHWCKDPESAKANYRFENGSLVEY ITEDQK PWCPEHDGTVRSSAIM
IIDGMVNHGAIYNRGAVSIKKDGNNSYLATINTKNFNSTEELIKAVGVDNY
VAWN----KYMTSLPAYASQDGSNLVLRMDNA

Endo-B-Galg,g, 100
Endo-f3-GalC 459
Endo-B-Gal (Fk) 111

SFDKSWIHNFSGTTDNHERNEWRGY TTKYGYFEIRARLSNTGGGGHQRWW]
LGQSINKQKVIWSSGRIESK - -NKYSFQFGRMAVRARVND - SQGTWPATW]
V-~ -VAGDPVAYHAGGVKSM - ~GKF SMT[YGKVEVRAKF TQ-GRGSWPATHW|

Endo-B-Galg,q, 150
Endo-3-GalC 506
Endo-B-Gal (Fk) 155

EIDILE
EIDVLE

TDSME

TFFSKKDTWRIAAYGWNDPNFQTSWT
Y LGQDPWGAWTTNHFGILGKNKASNG
[VNNESVMYHT ITHNGSVINANGGSTA

QDETGHD)

GMQDDTNDWFNSKQTH
P-~EPATAYGGWPSC

Endo-B-Galg,q, 200
Endo--GalC 548
Endo-B-Gal (Fk) 203

ISEDKVPSGDH
IRNSNYEAW- -|
SKSATYN----|

TSEYHIYAMEWTPTALKFYYD)
ISQDFHVFEVEWDPEF TKWY T D)
TTDYNLYTMIWSPNDIRFYVN]

IN-ELFKVIYGSPD
GKEVFQSTQGRDDG-RDG
NSLQYTYARVSGGGTQQW

Endo-f-Galg,g, 244
Endo-$-GalC 595
Endo-B-Gal (Fk) 249

---YEMGTILNIYTDAGSG AHNDVWPKEWA|
MHTRPMFPILETQVGDGWVGDVDYNKONTKONSDY 1
PFDVPFYLILNQAGGAGWPG - - -~ AITNADLPF SM

TDYMRVWK]
TDWIRVYQ)
[VDYVRVYK]

PVDGYK
PNQAN
LPLFSN

Endo-B-Galg,;, 285
Endo-B-GalC 645
Endo-B-Gal (Fk) 295

ESESLNNYLIRNRQTGKFLYIEENNDKVSYGDITLKNEKNAKWSKEYRDG
VKFDDLRSLDKKENKGYEVTPY SHTNNLIKLSDGDLNEENKDNFYYGGQP
GDFESGVIYPWTTWGGGSSVVSTDARTGTKCIRETGGETSIEQYLTGLTP

Endo-B-Galg,s, 335
Endo-B-GalC 695
Endo-B-Gal (Fk) 345

YTLIKNNETGEYINIENQTGY IEHGKVPKTWWSAQWSEVPVDGYTRFVNR
RLENNRIAVGENGGRESITIYNVINVKDIHLTTYYQTIEDKITWNRSAGAY
NTTYRFGGYAKVSAAGQSVSIGVKNYGGTAVDATIGTTSYSNNSVIFTTG

WKPNMSTHTESYEGVLQYGNVPNTYWTSQWQLIPVE end
EGYSIRSSLISGNIDFKLFTSDDGEIWNEVRNVKIV continued
ANNTTATVYFYKPLSGTVYGDDFYLEKL end

Endo-p-Galg,g, 385
Endo-B-GalC 745
Endo-B-Gal (Fk) 395

B Endo-B-galactoesidase
C. perfringens (Endo-B-Galg,,) NSKQTGEIDILETFFSKKDTWRIAAY
C. perfringens (Endo-B-Gal C) DETGHDEIDVLEY LGODPWGAWTTNH
F. kelatolyticus GWPSCGEIDSMEHVNNESVMYHTTHN
1,3-1,4-B-Glucan 4-glucanohydrolase
Bacillus macreans HGTQOWDEIDI-EFLGKDTTRKVQFNYY
Bacillus licheniformis DGTPWDEIDI-EFLGKDTTKVQFNYY
Bacillus amyloliquefaciens EGTPWDEIDI-EFLGKDTTKVQFNYY
Clostridium thermocellum DNNPWDEIDI-EFLGKDTTRVQFNWY
1,4-B-Glucan 4-glucanohydrolase (Cellulase)
Trichoderma reesei QGFCCNEMDILEGNSRANALTPHSCT
Fusarium oxysporum QGVCCNELDIWEANSRATHIAPHPCS

Ficure 3: Sequence alignment of EnglsGalsncaWith two endo-
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Ficure 4: Effect of site-directed mutagenesis on the putative
catalytic amino acid residues of EnfleGalnca (A) SDS-PAGE

of the mutant enzymes. Lane 1, molecular mass markers; lane 2,
recombinant wild type (3.=xg); lane 3, E168Q (3.xg); lane 4,
D170N (3.5uQ); lane 5, E173Q (3.59). (B) TLC analysis showing
the hydrolysis of PGM by the wild type and the mutants of Endo-
B-Galnca Lane 1, PGM,; lane 2, PGM wild type (7 ng of enzyme,
10-min incubation); lane 3, PGM wild type (700 ng of enzyme,
100-min incubation); lane 4, PGM E168Q (700 ng of enzyme,
100-min incubation); lane 5, PGMt D170N (700 ng of enzyme,
100-min incubation); lane 6, PGM E173Q (700 ng of enzyme,
100-min incubation); lane 7, authentic GIcN&t—4Gal.

Table 3: Specific Activity gmol min~* mg™) of Each of the
Wild-Type and the Three Mutants of EngleGalksnca Expressedn
E. coli DH5a toward the Hydrolysis of PGM and
Hexasaccharide-alditol

p-galactosidases and other related enzymes. (A) Alignment of three
endog-galactosidases using the Clastal W progrds).(Endos-
Galnea (accession number AB059351); Enflesal C, endgs-
galactosidase C froi8. perfringengAB038772); Endg3-Gal (Fk),
endog-galactosidase frorR. keratolyticusSAF083896). The identi-

cal amino acids are in boldface letters. The highly conserved regions

are boxed. The gaps inserted into the sequence are indicated by

dashed lines. (B) Alignment of the putative active sites of endo-
p-galactosidases with other related enzymes. The EXDX(X)E motif
is boxed. Accession numbers are as follows: 1,3ftglucan
4-glucanohydrolases froBacillus macrean$X55959),B. licheni-
formis (X57279),B. amyloliquefaciengM15674), andC. thermo-
cellum (X58392); 1,48-glucan 4-glucanohydrolases (cellulases)
from Trichoderma reese(M15665) andFusarium oxysporum
(L29378).

whether the EIDILE sequence (Glu-168 to Glu-173) of Endo-
p-Galsnga could be a catalytic motif, we constructed three
specific mutants each containing a single amino acid
substitution, E168Q, D170N, and E173Q, by site-directed
mutagenesis. The mutant proteins were expressed ¢oli
DH5a. As these three mutant proteins were also retained
by the Sephacryl S-200 HR column, we were able to isolate
them in homogeneous form from the cell extract by this
affinity column (Figure 4A). Based on the yield of the

PGM hexasaccharide-alditol
wild type 48.2 36.2
E168Q 0.004 0.003
D170N 0.08 0.06
E173Q 0 0

to 700 ng and prolonging the incubation time to 100 min
(Figure 4B, lanes 36), the wild-type enzyme liberated
almost all GIcNA@1—4Gal from PGM (Figure 4B, lane
3), while the mutant D170N showed only a low level of
hydrolysis (Figure 4B, lane 5). The mutants E168Q and
E173Q, on the other hand, did not show any detectable
activity under this condition (Figure 4B, lanes 4 and 6,
respectively). Only after extending the incubation to 10 h
did the mutant E168Q show a trace of activity, whereas
E173Q did not show any detectable activity under this
condition. These results suggest that Glu-168 and Glu-173
are essential for the enzyme activity and that the side chains
of these two Glu residues are involved in the catalytic activity
of Endof3-Gaknca The replacement of Asp-170 with Asn
also severely attenuated the enzyme activity (Table 3),
suggesting that this acidic amino acid residue is also

protein, the expression levels of these three mutant proteinsimportant for the End@-Galsnca activity.

were found to be comparable to that of the wild type.
However, as shown in Table 3, the enzyme activities toward
the hydrolysis of PGM and hexasaccharide-alditol were
drastically reduced by the point mutation. Under the standard
assay condition (7 ng of enzyme, 10-min incubation), only
the wild-type enzyme released GIcN&At—4Gal from PGM
(Figure 4B, lane 2). By increasing the enzyme concentration

Catalytic Mechanism of End8-Galgnca Monitored by
NMR SpectroscopyThe glycoside hydrolases have been
divided into retaining and inverting enzymes. Each enzyme
in these two classes exhibits a unique stereochemical course
of reaction resulting in the release of the glycon with either
retention or inversion of the original anomeric configuration
at the cleavage site. To determine the catalytic mechanism
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FicUre 5: H NMR spectra of the anomeric proton region showing the stereochemical course of hydrolysis of hexasaccharide-alditol by
Endof-Galnga (A) Structural representation of the overall reaction. (B) The spectra acquired during the first 22.5 min after the addition
of the enzyme, showing the disappearance of |, Il, and IIl, and the appeararich'gf Bnd III'. (C) The spectra acquired between 30 and
105.5 min showing the conversion ofAlto II'a. due to the mutarotation. See the text for the detailed explanation of the chemical shifts.
The small resonances at5.32, 5.15, and 4.43 ppm (marked x) originate from the minor contaminants present in the substrate.

of Endof-Galknca We have used NMR spectroscopy to mutarotation started immediately after the liberation of the
monitor the hydrolysis of hexasaccharide-alditol. Figure 5 disaccharide since at 7.5 min a smallgldignal of a-Gal
presents the time course of the hydrolysis of hexasaccharide{Figure 5B, Ila) of the disaccharide was visible at 5.282
alditol showing the appearance of the resonance signals forppm Glun = 3.7 Hz; 3y = 170 Hz). The mutarotation
the anomeric protons (H1s) of the released products, theprocess lasted for150 min until the final equilibrium values
disaccharide GlcNA@1—4Gal and the tetrasaccharide-alditol of 70% -Gal and 30%o.-Gal were reached, as determined
GIcNAcS1—6(GIcNAc1—4Ga31—3)GalNAc-ol, as well by integration of the two H1 signals. During the reaction,
as the disappearance of several key anomeric protons of théhe Hlyq signal of thea-GIcNAc at 4.841 ppm (Figure 5B,
substrate. We have assigned all¥Heand3C chemical shifts 1) and the Hlx signal of the3-GIcNAc at 4.549 ppm (Figure

of the hexasaccharide-alditol, and our assignments were5B, ) disappeared and shifted to 4.863 ppfa.g = 3.2
consonant with that reported by Ishihara et 4). After the ~ Hz; *Jcw = 171 Hz) (Figure 5B,") and 4.520 ppm3Qyy =
enzymatic reaction and the mutarotation have been com-8.5 Hz;"Jcw = 161 Hz) (Figure 5B, Ill), respectively. After
pleted, we have also assigned all fiveand*C chemical the removal of GIcNAa1—4Gal, the chemical shift of the
shifts of the two anomers of the disaccharide and the @-GICNAC in the tetrasaccharide produced (Figure 5B) IV
tetrasaccharide-alditol produced in the reaction mixture. The Was found to be identical to that in the substrate (Figure 5B,
assignments for the two forms of the disaccharide were in V). These results clearly indicate that the mechanism of
full agreement with our previously reported resulté)( The Endof-Gaksnca involves stereochemical retention of the
“0 min” spectrum of hexasaccharide-alditol before adding @nomeric configuration of the product.

the enzyme is shown at the bottom (Figure 5B,C). TheH1

resonance of one of the twbGal (Figure 5A, V) is seen at DISCUSSION

4.494 ppm P¥Vpn = 7.7 Hz; ey = 161 Hz) and the other
B-Gal (Figure 5A, 1) at 4.498 ppnPdun = 7.8 Hz; ey =
161 Hz). The H]x doublet of 5-GIcNAc (Figure 5A, III)
appears at 4.549 ppriliy = 8.2 Hz;%Jcy = 161 Hz), and
the Hlq signals of the twax-GIcNAc residues (Figure 5A,
I and IV) are observed at 4.841 and 4.844 ppgda{ = 3.4

Four distinct types of microbial endg-galactosidases have
so far been reported: the polylactosaminoglycan-cleaving
endop-galactosidase (EC 3.2.1.102) frdEnfreundi(23, 24),

F. keratolyticus(13, 25), andBacteroides fragilig26); the
blood group A and B trisaccharide-releasing eyfidgalac-
tosidase (EC 3.2.1.103) froBtreptococcus pneumoniézy);

Hz; ey = 171 Hz), respectively. All subsequent spectra the Gabll—3Gal-releasing endg-galactosidase C fror@.
show the time course of the reaction. In the spectrum at 7.5perfringensATCC10873 (4); and the GlcNAal—4Gal-

min shown in Figure 5B, the Hlresonance gf-Gal (Figure
5B, 1I'B) of the released disaccharide (GlcN&c—~4Gal)
appeared at 4.619 ppmn = 7.8 Hz; \Jcy = 161 Hz).

releasing end@-galactosidase, End®-Galgnca from C.
perfringensATCC10543 (L0). Among these, only the genes
of F. keratolyticusendog-galactosidasel@) and C. per-

This is consistent with the product retaining the original fringensendog-galactosidase Cl4) have been previously
anomeric configuration found in the substrate. This signal cloned.

continuously increased for about 37.5 min, and then became For detailed molecular characterization of EfiGaknca
slightly lower as mutarotation took place (Figure 5C). The we have cloned thgngC gene that encodes this enzyme.
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Although the codon usage 6f perfringenss quite different tively. In the first step of the enzyme reaction, Glu-168
from that ofE. coli (28), mainly due to the high AT content may attack the glycosidic bond to form a covalent intermedi-
(67% ingngQ), we have successfully overexpresgpajC ate with the glycon part of the substrate. Glu-173 acts as a
in E. coli. Using the plasmid pUC18, the recombinant general acid (proton donor) during this reaction. In the se-
enzyme was overproduced kh coli at a level of 35 mg/L cond step, the intermediate is hydrolyzed, and the glycon
of culture. The yield of the pure native enzyme from the departs from the enzyme. Glu-173 acts as a general base
culture supernatant &. perfringensATCC10543 was only ~ (proton acceptor) during the second reaction. The Asp res-
0.1 mg/L despite the availability of a simple purification idue between the two Glu residues in the catalytic motif is
procedure using Sephacryl S-200 HR affinity chromatogra- also conserved in the glycoside hydrolases of families 16
phy (10). We were able to obtain 25 mg of the pure and and 7. The substitution of Asp-170 with Asn resulted in a
fully active recombinant enzyme from a 1-L culture Bf great loss of the EndB-Galsnga activity (Figure 4B and
coli carrying puUC184ngC(Table 2). The availability of the  Table 3). A similar result has been reported for the mutant
recombinant End@-Galsnca Should facilitate the study of  D136N of B. licheniformis1,3-1,44-glucan 4-glucanohy-
the structure and function of glycoconjugates containing the drolase 18). This Asp residue has been postulated to be
GlcNAcal—4Gal-epitope. involved in maintaining the appropriat&pof the side chains
Although Endog-Galsnca Shares only 1621% identity of these two Glu residues during cataly<i8)( The carboxyl
with the two other end@-galactosidases, several conserved group of Asp-170 of End@-Galknca might have a similar
regions have been observed (Figure 3A). Notably, the role. Further study of the three-dimensional structure of this
sequence motif of EXDX(X)E was found to be conserved unique endoglycosidase by X-ray crystallography is in
in Endof-Galnga as well as in the two other engi- progress.
galactosidases (Figure 3B). This motif has been shown to
be the active site of the glycoside hydrolases of families 16 REFERENCES
and 7 (8, 21). Site-directed mutagenesis revealed that Glu-
168 and Glu-173 residues in this motif were essential for
the Endop-Galsnca activity (Figure 4B and Table 3). In
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