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SUMMARY

The chitobiase (Chb) encoding gene (chb) from Serratia marcescens (Sm) has been cloned, sequenced and expressed
in Escherichia coli (Ec). Sequencing has revealed an open reading frame encoding a protein of 885 amino acids (aa). Ec
cells harbouring plasmids containing chb can produce enzymatically active Sm Chb protein which is secreted into the
periplasm. An efficient purification scheme using cation-exchange chromatography is presented. This yields about 3 mg
of >95% pure Sm Chb per litre of Ec culture. The deduced aa sequence is 27-aa longer at the N terminus than that
determined by sequencing of the purified protein, suggesting that a leader sequence is removed during transport of the
enzyme across the cell membrane. Comparison with the other members of the family 20 of glycosyl hydrolases revealed
that Chb has a conserved central region which aligns with almost all members of this family. According to the crystal
structure of Sm Chb, this region comprises the catalytic domain of Chb which has an ao/p barrel fold.

INTRODUCTION

N-Acetylglucosaminidases (Chb) (EC 3.2.1.30) and
N-acetylgalactosaminidases  (hexosaminidases) (EC
3.2.1.52) are glycosyl hydrolytic enzymes widely distrib-
uted in prokaryotes and eukaryotes (Conzelmann and
Sandhoff, 1987). Both enzymes established the family 20
of glycosyl hydrolases classified by Henrissat and Bairoch
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(1993). While N-acetylglucosaminidase digests the B,1-4
glycosidic bonds in N-acetylglucosamine (NAG) oligo-
mers (mainly dimers), hexosaminidase cleaves the same
bond in N-acetylgalactosamine oligomers. The Chb is
required to complete the digestion of chitin to NAG mon-
omers used by bacteria as a nutrient source while recycl-
ing the billions of tons of chitin debris in the marine
environment (ZoBell and Rittenberg, 1937). The hexo-
saminidases are mainly involved in the degradation of
glycolipids and glycoproteins in the human lysosomes
and their deficiency leads to accumulation of Gy, and
causes fatal gangliosidoses (for review, see Sandhoff
et al,, 1994).

In bacteria, the hydrolysis of chitin to disaccharides
and larger oligomeric saccharides usually takes place
extracellularly by the action of chitinases. Chitinolytic
enzymes from many microorganisms have been purified
and characterized (Perrakis et al., 1993). Among the
different chitinolytic model systems Serratia marcescens
(Sm) has an important position. Sm chitinolytic enzymes
(mainly chitinases) were shown to play an important role
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in the biological control of soil plant pathogens
(Oppenheim and Chet, 1992; Chet et al., 1993; Lam and
Gaffrey, 1993). Recently we have published the first struc-
ture of the bacterial chitinolytic enzyme chitinase A
(Perrakis et al., 1994). The crystal structure of Chb from
Sm was also recently solved and the manuscript is under
submission (I.T., A. Perrakis, A.B. Oppenheim, Z. Dauter,
K.S. Wilson and C.E.V., data not shown).

To date only two chb have been cloned and sequenced.
One from the marine bacterium Alteromonas sp. O-7
(Tsujibo et al., 1994) and the other from Vibrio harveyi
(Soto-Gil and Zysking, 1989).

The aim of this work was to clone chb from Sm into
Escherichia coli (Ec), the production of the enzyme in Ec
and its purification in adequate amounts for biochemical
and structural analysis.

EXPERIMENTAL AND DISCUSSION
(a) Cloning and sequencing of the chh from Sm
The initial cloning of chb and identification of Chb

enzymatic activity is described by Kless et al. (1989). Two
clones of 3.7 and 2.8 kb of Sm genomic DNA have been

ctgcagccctgcaagteggtgetgaacgtgctgaaacaagaaaaacagcaccageagt t tgetgageaggaaacggrgeg
ggcaagctgtggcaagaattcgecgataacaataat taagaaqgatgagaagATGAACGCATTCAAACTGAGCGCGCTTGCCCGCTTGACGGCAACGATGGGATTCCTGGGCGG

subcloned into pPEMBL18 and used for sequencing. Each
of these fragments contains a part of the chb. The clones
were named pCB13 and pCBI15, respectively. Further
fragmentation of the gene and subcloning into pUC vec-
tors allowed us fast access to several regions of the chb
using external primers.

Fig. 1 shows the complete sequence of the chb and the
deduced aa sequence of the Chb. Computer translation
of the nt sequence yielded a large ORF of 2655 nt coding
for a 885-aa protein. A ribosome-binding site was found
upstream from the ATG start codon. However, the N
terminus of the purified protein is identical to the aa
sequence starting at aa 28 of the deduced aa sequence.
This finding suggests the presence of a 27-aa leader
sequence, which is cleaved off probably during protein
secretion. The cleavage occured between Ala®” and Asp®®.
In preliminary experiments it was found that, in Ec, the
major part of the enzymatic activity is transported to the
periplasm (Kless et al., 1989).

(b) Comparison of the nt sequence of the ckb with the
other members of family 20 of glycosyl hydrolases

As a first step to identify primary structure similarities
between the Sm Chb and the other members of the family

. . .

ggtgatggattatcagaactgcattatggeggt tcacageggtaacggtcagget tatgacgccaagtge 150

TATGGGGAGCGCCATGGCCGATCAACAGCTGGTGGAT 300

M NA F XKL SA2LARTLTATMGTFLOGGMSGSAMADTO QOQTLUVD 33
CAACTGAGCCAGCTGAAGCTGAACGTGARAATGCTGGATAACCGCGCCOGCGARAACGGCG TGGATTGOGC GGCGCTGGGCGCTGACTGGGCTTC TTGCAACCGGG TG TTGTTCACCCTCAGCAACGACGGCCAGGCGATCGACGGCAAA 450
Q L $ QL KLNVI KMLDNZPRAGENSGVYVYDCAALGA ADWAST CNRVUYVILTFTULSNDGU QATIDGK A3
GACTGGGTCATCTATTTCCACAGCCCGCGGCAGACCT IGCGGGTGGACAACGACCAGTTCAAGATCGCGCATC TGAT CGKGATCTGTACAAGC IGGAGCCGACCGCUAAATICAGCGG TT TCCCGGUCGG TARGGCGGTGGAAATCCCG 600
D WV IYFHS PRI QTILRUVDNDI QTFIE KTIAHLTGHDULYE KU LEZ®PTAI KT FSGTFPAGU KA AVETITFP 133
GTGGTCGCCGAATACTGGCAGCTGTTCAGARACGACTTCCTGCCGCGTTGG TATGCCACCTCCGGCGACGC AAGC CGAARA TGCTGGCGAATACCGACACCGAAAACCTGGATCAGTTTG TGGCGCCGTTCACCGGCGACCAGTGGAAG 750
vV V A E Y W QUL FRNDTFULUPRMW®WYATSGD AZ KU P EKMLANTTDTENILDZGQTFVAUPFTUGDD QWK 183
CGCACCAAGGACGACAARAACATTCTGATGACGCCGGCTTCGCGCTTTGTCAGCAATGCCGATCTGCAGAC G TGUCCGHUCGUTUGLGETSUGLGUCAAGATCG TGCCGACGCCCATUCAUG TGAAGGTCCACGLCACAGGACGCCGACCTG 300
R T K DD KNI L MT®PASREFVSNADULOGCTTIL P AGATILR®RGIE KTV PTPMQVEKEUVHAQDADI 233
CGCAARGGGGTGGCGCTGGA TC TGAGCACGCTGG TCAAGCCGGCGGLGGACGTCGTC AGTCAGCG TT ICGUGC TGCTGGUCG IGCCGG TICAGACCAACGGTTACCCGATCAAGACUCGATATCCAGCCGGGUAAGTTTAAAGGCGCGRTS . 1050
R K GV ALDL S TL UV K?PAADVV S QRFALULGVZPUVQTNSGY®PI KTODTIOQPGEKTFIKG GAM 283
GCGGTATCGGGCGCCTATGAGCTGARARTCGGCAAGAAAGAGGCGCAAGTGATCGGC TTCGATCAGGCUGGGE TG TICTACGUGC TGCACTCCATCC TG TCGTTAG TGC U GAGCGACGGCAGCGGCAAGATCGCCACGCTGGACGCCAGT 1200
AV S G A Y EL K1 G K KZEAGQUVIGTFDGGAGVYV T FYGULESILSLVEPESDTEGSGZ XKTIATILDAS 333
GATGCCCCGCGCTTCCCGTATCGCGGCATTTTCCTCGACG TGGUGCGCAAL T TCCATAAGAAGGAC GGG IGUTGCGTCIUC IGGATCAGATGGCGGUTTACARGC TCAATAAATTUCAC T TCCACCTGAGUGATGACGAAGGCTGGTGC 1350
DA PRTFUPYURGTITFTILUDUVARNTFMHIEKIE KT DA AVILIZRTILILDI QQMAAYIEKILNTEKTFWHFHLSDDETGWR 363
ATCGAGATCCCCGGCTTGCCTGAGTTGACGGAAG TCGGCGLCTAGCGC TG CACGATC TGAGUGAAACCALCTGCC T GUTUCOGCAGTACGGC CALGGUBUCGGAUGTUTACCGCGULCTTCTTCAGCCGTCAGGACTACATCGACATCATC 1500
I1 E I PGLPEULTEVGGQRTCHDILSETTTCLIL®PQQYGQGUPDUVYGGFTFSRQDYTIUDTITI 433
AAKTACGCCCAGGCGCGCCAAATTGAGG TGATCCCGGAGAACGACATGCCAGCGCACGCGAGCGCCGCGGAGGTTTCGATAGAAGCGCGCAATAAAAAGC AGCATGC CGCAGGCAAAGAGAAGGAGGCCAACGAATTCCGACTGGTGGAT 1650
K YA ¢ ARQTIEV I PETITDMTPABARHARAAVY SMEA BARTYZXKEKILUHAAGTE KTET QEANETFRTILWUVD 483
CCGACCGATAACTCCAACACAACCTCCGTGAAGTTC TTTAACCGCCAGAGATACCTGAACACGTGCCTGGATTCCTCCCAACGCTTTGTCAACAAGG TGAACGGCGAGATAGCCCAGATGAATAAAGAAGACGGGCAGCCAATCAAGACC 1800
P TDTSNTT SV QFFNRUQSYLNZPTCLUDSSQQRVFVDZEKUVIGETIA AQMUBHEZE KTEH RGO QZPTIIKT 533
TGGCACTTTGACGGCGATGAAGCGAAAAACATCCGCCTGGACGCCGGCTABACCGACARGACGAAACCGGAACCGGG TAAAGGCATCATTAACCAGAGTAATGAAGACAAACCGTGGGCCAAGTCGCAGGAGTGCCAGACAATGATCAAA 1950
W HPF G GDEH AWAZEKNTIRLGAGTYTDIE KA ATZ KZPEUPGI KTGTII1IDOQSNETDEKU PWAIKSZOQVCQTMMTIK 583
GhGGGCARAGAAGCCGACATAGAGCACCTGACGAGCTAC TACGGCCAGGAAGTCAGC AAGATGGTGAAGGAGCACGG ATAGATAGAATGAAGGCCTGGCAAGACG SCCTARAAAGACGCCAAAAGTTCGAAGGCGTTCGCAACCTCGCGE 2100
E G KV ADMEUHTLU®PSYF G QEV S KLV KW AHGTIUDRMOQAWT OQDTGTULIE KUDAESZSS KA ATFAT SR 633
GTGGGCGTCAACTTCTGGGAAACCCTGTATAGGGGCGGTTACGACAGCGTAAACGACTGGACCARTAAAGAGTATGAAGTAGTGG TCTCCAACCCGGACTACGTCTACATAGACTTCCCTAACGAGGTGAATCCGGACGAACGCGGTTAC 2250
VvV GV NFWDTLYWOGGFDSUWVNDUWANIEKTGT YT EUVVVSNZPDYVYMDTFUPYEUVNTPDTETRGY 683
TACTGGGGCAACCGCTTCAGAGACGAGCGCAAGG TG TTCAACTTCGCGCCAGACAAUATGACGCAGRACGAGGAARL CTC AGTUGACCGUAAUGGUAATCACTTCAATGUAAARAGTGAUAALCUGTGGCAGGGCGCCTAAGGTCTGTCC 2400
Y W G TRVF SDERIEKUVF S FAPDNMEP QNAETSVDRDGNUHTFNAZEKSDIEK®PWPGAYG L S 733
GCTCAGCTGTAGAGCGAAACACAGCGCACCAATCCGCAGAAGGAATAC ATAATC TTCCCGAGCGCGCTTTAGG TGGLUGGAACGY t CCTGGAACCGUGUUGATTUGGAUCARGAC TATCUCACCGLECCGUGAATACAAAGGAGGGGAAACT 2550
A QL WSETO QRTDUPIQMETYMTITFUPRALSUVAEHRSWHRAGMWET QDYURAGHRTEYZXKG GS®GET 783
CACTTTGTCGATACCCAGGCACTGGAGAAAAACTGGCTGCACTTCGCCAAAATCCTGGGCAAACGTGAACAGGCCAAGC TAGACAAAGGC AGCG TCGC TTATCG TCTGCCAG TGCCGGYt ACCCGCGTGGAGGCTGGCAAACTGGAAGCG 2700
HFVDTJ QA ALTETZEKDWTILRTFANILGT RETLAIZEKTILDIEKSGS GV AYU®RTLZPVPGARUVAARAGTE KTLEA 833
AATATCGCGCAGCCGGGATTAGGCATCGAGAATTCCACCGACGGCGGCAAACAGTGGCAGAGC TATGACGACAAGGCCARACCGGOGGTCACCGGTGAAGAGCAGGTGCGATC GG TCAGCACGGACGG TAAACGC TACAGACGCGCCGAG 2850
N I ALPGTLGTIEYSTDU GG GIZ EKQWOQRYDAIZ KA AEKUPAV SGEUVQVRSVSPDGI KIZ RYSRAE 883
AAGGTCTAGgtctggctecggggeccgtggt tctggcggeaggcacat caaaat gaagggagaatgegt tagecececgcgagtgccggcgaggggeggat at tgaagtgaaagcagt acgaggagtcgecatgecgetgecaatggtagta 3000
K v * 885
tttcatgacaagatctacccacggcttgtcaggatttttgacgtgacgcaaggataaaaaacgcccaa 3070

Fig. 1. Nucleotide sequence of the chb and the deduced aa sequence. Genomic DNA of Sm was partially cleaved with Sau3Al and ligated with the
vector AD69 at the unique BamHI site. A 4.5-kb HindIII fragment was isolated and cloned into the pEMBL18 plasmid. Both DNA strands were
sequenced, using a number of subclones and oligo primers. DNA sequencing was carried out using synthetic internal primers. G+ C-rich regions
were sequenced several times. Both strands of the entire chb were sequenced using the Sequenase® kit from US Biochemical (Cleveland, OH, USA)
according to the instructions of the manufacturers (Sanger et al., 1977). Using the Strider 1.2 program the coding region of chb was translated to the
single aa code. The SD is underlined. The stop codon is indicated by an asterisk (*). Lower-case nt indicate sequence areas with serious problems to
resolve the correct ORF. These areas were verified according to the aa primary structure of the protein revealed from the crystal structure. The nt

sequence data reported in this paper has been deposited with GenBank under accession No. L43594.
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20 of glycosyl hydrolases we applied a computational glucosaminidase from V. harveyi (P13670) (Soto-Gil and

search performed at the NCBI using the BLASTP net- Zysking, 1989) and 34% to the N terminus (aa 35-139)
work service (Altschul et al, 1990). The search has of B-N-acetylhexosaminidase (A48228) from V. vulnificus
revealed 16 different entries with identities ranging from (Sommerville and Colwell, 1993). (ii) Domain II of Chb
16 to 54%. Among those, only one Chb appeared, the is missing in eukaryotic hexosaminidases. This domain
other 15 were hexosaminidases. shows a substantial identity (34%) to a protein segment
From the crystal structure of Chb (I.T., A. Perrakis, between aa 212 and 329 of endo-B-N-acetylglucosamini-
A.B. Oppenheim, Z. Dauter, K.S. Wilson and C.E.V., data dase from V. harveyi and 36% to a protein segment
not shown) four distinct structural and functional between aa 212 and 329 of B-N-acetylhexosaminidase
domains were identified. These domains differ in length from V. vulnificus. (iii) Domain III of Chb aligns (67%
and fold. Briefly, domain 1 is 154-aa long (aa 28-181), identity) with only one bacterial endo-B-N-acetylgluco-
domain II is 122-aa long (aa 214-335), domain I1I is the saminidase from V. harveyi (aa 330-816). The structural
major catalytic domain with an o/B barrel fold and is identity of this domain to P-N-acetylhexosaminidase
483-aa long (aa 336-818) and finally domain IV is only from V. vulnificus is about 50% (aa 313-779). The
67-aa long (aa 819-885). Although the structure of each sequence identity between the eukaryotic hexosamini-
individual domain is known, only the function of the dases and domain III of Sm is about 26%. A detailed
major catalytic domain III has been assigned. analysis proposing that eukaryotic hexosaminidases have
In an attempt to elucidate the function of the other essentially an o/f barrel catalytic domain and similar, if
domains of Chb the same computational tool was used not identical, catalytic mechanism is not presented here
as described above. The results can be summarized as (LT., A. Perrakis, A.B. Oppenheim, Z. Dauter, K.S.
follows: (i) Domain I of Chb shows a substantial identity Wilson and C.E.V,, data not shown). (iv) Finally, domain
(51%) to the N terminus (aa 36—-178) of endo-B-N-acetyl- IV of Chb shows a substantial identity (41%) to the C
a
1000
kDa M A B C 1
116 ¢ i
» e ] 800
i c
84 o 1
b= |
N 1600 O
- [
58 © ] 4
s - 400
45 S ]
2
<
200
36.5
26.6 0

0 10 20 30 40
Fraction number

Fig. 2. Production, fractionation and purification of Chb by column chromatography. (a) Chb production and fractionation by 0.1% SDS-10%
PAGE. Lanes: A, total Ec periplasmic fraction of the clone A5441 producing Chb; B, 55-85% saturated (NH,),SO, fraction of the periplasmic
fraction; C, the Chb peak fraction after SP-Sepharose HP column; M, molecular mass markers. (b} Cation-exchange column chromatography of Chb.
The elution profile of the (NH,),SO,-fractionated bacterial periplasmic extract on SP-Sepharose HP (Pharmacia) column at pH 6.4 in buffer B (see
Methods) is presented. Chb eluted between 200 and 250 mM NaCl. Methods: Ec cells producing Chb were resuspended in 5 ml per g cell paste in
buffer A (100 mM Tris-HCl pH 8.0/0.5 mM EDTA/0.5 M sucrose/0.1 mM PMSF/1 mM DTT). 100 ul of 2 mg/ml lysozyme solution was added per
1 ml of suspension and the mixture incubated on ice for 20 min. An equal volume of ice-cold water was added and kept on ice for the next 20 min.
Finally the extract was adjusted to 5 mM MgCl, and centrifuged at 15000 x g for 20 min. The supernatant containing the periplasmic fraction of the
Ec cells was used as the initial fraction for the final purification of Chb. Chb was precipitated between 55-85% saturated (NH,),SO,. The protein
was dissolved in a large volume of buffer B (10 mM Na-phosphate pH 6.4/1 mM EDTA/0.1 mM PMSF/l mM DTT) and the Chb-enriched fraction
was directly applied on a SP-Sepharose HP (Pharmacia), equilibrated in buffer B. Bound protein was eluted with 20 column volumes of a 0-0.5 M
NaCl gradient in buffer B, at a flow rate of 60 ml/h and 10 ml fractions were collected. The Chb activity assay was used to select and combine the
appropriate fractions. The purified enzyme was boiled in the presence of SDS and B-mercaptoethanol and separated by 0.1% SDS-10% PAGE
(Laemmli, 1970). Staining with Coomassie blue revealed a single protein band with an estimated molecular mass of about 98 kDa.
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TABLE I

Purification scheme of Chb from a 10 g batch of overproducing Ec cells

Step Volume Concentration Total amount Spec. activity Total u® Yield (%)
(ml) (mg/mly* (mg) (u/mg)®
Periplasmic fraction 50 8.2 2800 1148 000 100
Ammoninm sulfate
precipitation 55-85% 60 24 5600 806 400 70.2
S-Sepharose HP at pH 6.4 30 0.3 62750 564750 492

* Protein concentration was measured by the method of Bradford (1976) with bovine serum albumin as standard.
® Enzyme activity was measured by mixing 100 pl appropriately diluted Chb fraction with 900 pl of 50 uM PNP-B-N-acetylglucosamine dissolved
in mM Na-phosphate buffer pH 8.0 and the liberation of p-nitrophenol was monitored at 4,95 . One unit (u) of Chb was defined as the amount

of enzyme that liberated 1 pmol of PNP in 1 min at 37°C.

terminus (aa 817-883) of endo-B-N-acetylglucosamini-
dase from V. harveyi.

It is interesting to note that although between Chb
from V. harveyi and Sm a substantial primary structure
similarity exists (55.6% identity), the Chb from marine
bacterium Alteromonas sp. (Tsujibo et al., 1994) does not
seem to have any structural similarity to the other Chb.
The sequence comparisons were obtained using the
CLUSTALW program (Higgins et al., 1992).

(c) Production and purification of Chb in Ec

For preparative purposes a 5 L culture of A5441 clone
containing the entire chb, constitutively expressed, was
grown at 30°C in LB medium supplemented with 50 ug
Ap/ml (Kless et al., 1989). The cells were collected by low
speed centrifugation and stored frozen (—80°C) until use.
Preliminary experiments have shown that the enzyme
was secreted into the periplasm. Therefore an initial puri-
fication step is the preparation of bacterial spheroplasts
and recovering the protein from the periplasmic fraction.
Fig. 2 shows an electrophoretic analysis of the representa-
tive steps of the Chb purification scheme. Table I summa-
rizes the purification procedure for Chb which is
practically one step purification with a very good yield
of a highly active enzyme.

(d) Properties of purified Chb

Optimal enzymatic activity degrading PNP-B-N-
acetylglucosamine was found at pH 6-8, in 50 mM
Na-phosphate buffer. The highest activity was obtained
at 52°C. The K,, for the synthetic substrate was estimated
as 165 pM. As determined using circular dichroic spectro-
scopy, the T,, was 60°C. PNP-B-N-acetylglucosamine was
the best substrate for the enzyme among several tested
oligosaccharides. The substrate specificity of Sm Chb is
essentially identical to that of Chb from Alteromonas sp.
(strain O-7).

(e) Conclusions

(I) The chb from Sm encoding a Chb was sequenced.
The ORF encodes a 885-aa protein.

(2) When expressed in Ec a 27-aa signal sequence is
removed probably during the secretion of the protein to
the periplasmic space.

(3) The recombinant Chb has been purified in adequate
amounts for biochemical and structural studies.

(4) Chb shares a high degree of similarity with only
one bacterial Chb. According to the crystal structure of
the Sm Chb the main catalytic domain of the enzyme is
domain III with «/p barrel fold. This domain is conserved
among the members of family 20 of glycosyl hydrolases.
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