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The gene engFE, coding for endoglucanase E, one of the three major subunits of the Clostridium cellulovorans
cellulosome, has been isolated and sequenced. engE is comprised of an open reading frame (ORF) of 3,090 bp
and encodes a protein of 1,030 amino acids with a molecular weight of 111,796. The amino acid sequence
derived from engE revealed a structure consisting of catalytic and noncatalytic domains. The N-terminal-half
region of EngE consisted of a signal peptide of 31 amino acid residues and three repeated surface layer
homology (SLH) domains, which were highly conserved and homologous to an S-layer protein from the
gram-negative bacterium Caulobacter crescentus. The C-terminal-half region, which is necessary for the enzy-
matic function of EngE and for binding of EngE to the scaffolding protein CbpA, consisted of a catalytic domain
homologous to that of family 5 of the glycosyl hydrolases, a domain of unknown function, and a duplicated
sequence (DS or dockerin) at its C terminus. engFE is located downstream of an ORF, ORF1, that is homologous
to the Bacillus subtilis phosphomethylpyrimidine kinase (pmk) gene. The unique presence of three SLH domains
and a DS suggests that EngE is capable of binding both to CbpA to form a CbpA-EngE cellulosome complex

and to the surface layer of C. cellulovorans.

Clostridium cellulovorans is a gram-negative, mesophilic, an-
aerobic, spore-forming bacterium, which utilizes not only cel-
lulose but also xylan, pectin, and several other carbon sources
(35). C. cellulovorans produces an extracellular cellulolytic
multienzyme complex, which has been called the cellulosome
(17), has a total molecular weight of about one million, and is
capable of hydrolyzing crystalline cellulose.

Cellulolytic bacteria inhabit natural environments in which
cellulose is present primarily in plant cell walls in association
with other polysaccharides (e.g., xylan, mannan, and other
hemicellulose components) (27). We have recently found that
the C. cellulovorans enzyme complex can degrade several com-
ponents of plant cell walls in addition to cellulose, such as
xylan, mannan, lichenan, and pectin (36).

The cellulosome of C. cellulovorans is comprised of three
major subunits, the scaffolding protein CbpA (4, 32, 34), an
exoglucanase ExgS (20), and a third major endoglucanase sub-
unit EngE, previously designated P100 (5, 32), with a molec-
ular mass close to 100 kDa. In addition, the cellulosome con-
tains several enzyme subunits including endoglucanases EngB
(7, 8), EngL, and EngY and a mannanase, ManA (36), each
containing a duplicated sequence (DS or dockerin) consisting
of 22-amino-acid repeats.

Our ultimate goal is to elucidate the relationships between
the structure and function and the regulatory systems of a
variety of enzymes involved in the cellulosome system of C.
cellulovorans. In this study, we report the properties of engE
and EngE. The derived amino acid sequence of EngE has
revealed the presence of three repeated surface layer homol-
ogy (SLH) domains at its N terminus and a duplicated se-
quence (DS) at its C terminus. These SLHs also have some
homology to the hydrophilic domains (HLDs) of the scaffold-
ing protein CbpA (36). The interesting SLH domain structure
of EngE suggests that EngE not only binds to the scaffolding
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protein CbpA through its DS but that it may also bind to the
cell surface through its SLH domains.

MATERIALS AND METHODS

Bacterial strains, cloning vectors, and media. C. cellulovorans (ATCC 35296)
(35) was used as the source of chromosomal DNA and for the preparation of
cellulosomal proteins. Escherichia coli XL1-Blue MRF’ and SOLR strains and
NZAPII pBluescript SK(—) and pBluescript II KS(+) plasmids served as the
cloning hosts and vectors (Stratagene, La Jolla, Calif.), respectively. N plaques
were formed after E. coli cells were transfected with N phages in NZY medium
containing 5 mM isopropyl-B-p-thiogalactopyranoside (IPTG). E. coli was grown
at 37°C in Luria-Bertani (LB) medium supplemented with ampicillin (100 pg/ml)
when required. For agar medium, LB was solidified with 1.5% (wt/vol) agar.

Recombinant DNA techniques. Chromosomal DNA from C. cellulovorans was
isolated as described previously (33). Plasmids from E. coli were purified with a
Qiagen kit (Qiagen Inc.). Agarose gel electrophoresis, transformation of E. coli,
and ligation were done by the methods of Sambrook et al. (29). Chromosomal
DNA was partially digested with EcoRI and electrophoresed on a 0.7% agarose
gel. The fragments in the range of 4 to 10 kb were excised from the gel and
purified with a GeneClean kit (Bio 101 Inc.). The purified fragments were ligated
into the dephosphorylated EcoRI site of NZAPII. The ligation mixture was
packaged in vitro with GigapackIIl Gold (Stratagene). The C. cellulovorans
genomic library in NZAPII was immunoscreened with an anti-EngE antiserum
(diluted 1:500) previously prepared from C. cellulovorans (22) and a second
antibody, alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G
(diluted 1:3,000) (Bio-Rad). Immunodetection was performed with the Western
Detection Kit (Bio-Rad) following the manufacturer’s instructions. Positive im-
munocross-reacting plaques were isolated, and clones were obtained by in vivo
excision and rescued with ExAssist helper phage (Stratagene). Positive clones
were further screened for endoglucanase activity by overlaying the clones with
0.7% soft agar containing 0.3% carboxymethyl cellulose (CMC) (low viscosity;
Sigma). Colonies having carboxymethyl cellulase activity were recognized by the
formation of clear halos on a red background after staining with 0.1% Congo red
and destaining with 1 M NaCl (1).

Nucleotide sequence analysis. The nucleotide sequences of both strands were
determined by the dideoxy chain termination method (30). The original EcoRI
fragment (pYE1) was subcloned with restriction enzymes, and a series of nested
deletion mutants from each fragment was constructed by using an ExoIII-mung
bean nuclease kit (Stratagene). Double-stranded DNA templates were se-
quenced with the Sequenase version 2.0 (U.S. Biochemical Co.). Both strands
were sequenced. Homology searches in GenBank were performed with a BLAST
program.

EngE activity and protein assays. The reaction mixture consisted of 100 .l of
EngE solution, 500 wl of 1% CMC (medium viscosity; Sigma), and 400 pl of 100
mM sodium acetate buffer (pH 5.0). The mixture was incubated at 50°C for 10
min, and then the reducing sugar as p-glucose was measured by the Somogyi-
Nelson method (38). One unit of enzyme activity was defined as the amount of
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FIG. 1. Restriction enzyme map of the pYEI insert and the domain structure of EngE. The transformants harboring the plasmids with appropriate deletions were
transferred to an LB agar plate. After agar with 0.3% CMC was poured over the transformants, production of carboxymethyl cellulase (CMCase) was judged by the
formation of clear halos around the colonies (+, visible halo; —, no halo). The coding sequence and the domain structure of EngE are shown at the top of the figure.
Symbols: m, signal peptide; &, SLH domain; [, catalytic domain; O, unknown domain; I duplicated sequence (DS). a.a., amino acids.

enzyme that liberates 1 pmol of p-glucose per min under the above conditions.
Thin-layer chromatography (TLC) analysis was performed as described previ-
ously (14). Purified EngE was incubated with cellodextrins (cellotriose [3G];
cellotetraose [4G]; cellopentaose [SG]) solutions for 16 h at 37°C. The reaction
products were separated on TLC plates (Merck) with a solvent system containing
1-butanol-ethanol-water (5:5:2.5). For detection of the products, the plate was
sprayed with staining reagent (5% H,SO, in methanol) and baked for 10 min at
100°C.

Protein concentrations were measured by the method of Bradford (3) with a
protein assay kit from Bio-Rad, using bovine serum albumin as a standard.

SDS-PAGE and Western blot analysis. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed on a 7.5% polyacrylamide gel
by the method of Laemmli (16). After electrophoresis, the gel was stained with
Coomassie brilliant blue R. A high-molecular-weight SDS calibration kit (Phar-
macia) was used as the standard.

For Western blot (immunoblot) analysis, the PhastGel system (Pharmacia)
was used. Western blot analysis was performed by using an anti-EngE antiserum
(diluted 1:2,000). The procedure was done as described above. Cellulosomes
from C. cellulovorans were prepared as described previously (22).

Purification of recombinant EngE. E. coli harboring pYE2R in pBluescript 11
KS(+) were cultured to early stationary phase at 37°C with vigorous shaking. The
cells were collected by centrifugation, and the periplasmic fraction was prepared
by the osmotic shock method (21). The two steps of chromatography were
performed with a fast-protein liquid chromatography system (Pharmacia). The
periplasmic fraction was applied to a Q Sepharose Fast Flow column (2.6 by 22
cm; Pharmacia) equilibrated with 50 mM Tris-HCI buffer (pH 7.5). After being
washed with 3 bed volumes of the same buffer, the column was eluted with a
linear gradient of NaCl (0 to 1.0 M) at a flow rate of 60 ml/h. The active fractions
eluted around 0.6 M NaCl were collected and concentrated by saturated ammo-
nium sulfate. After centrifugation, the precipitate obtained was dissolved in a
small volume of 50 mM Tris-HCI buffer (pH 7.5). The concentrated enzyme
solution was applied to a Sephacryl S-200 column (2.6 by 75 cm; Pharmacia)
equilibrated with 50 mM Tris-HCI buffer (pH 7.5). The active fractions were
used as purified enzyme.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper have been submitted to GenBank under accession no.
AF105331.

RESULTS

Cloning and nucleotide sequence of the engE gene. A C.
cellulovorans NZAPII library was immunoscreened with anti-
EngE antibody and further screened for endoglucanase activ-

ity. From approximately 20,000 transformants, 5 positive
clones were isolated and further characterized. All clones con-
tained a common 6.0-kb EcoRI insert. A restriction enzyme
map of the cloned gene is shown in Fig. 1. To determine the
coding region of the enzyme, various subclones were prepared
and tested for the formation of clear halos around the colonies.
These results indicated that the coding region for the engE
gene was on the 4.6-kb EcoRV-EcoRI (pYE2 or pYE2R)
fragment.

Figure 2 shows the complete nucleotide sequence of the
engE structural gene along with its flanking regions and a
partial open reading frame, ORF1, upstream of the engE gene.
The engE gene (nucleotides [nt] 760 to 3849) consists of 3,090
nt encoding a protein of 1,030 amino acids with a predicted
molecular weight of 111,796. The putative initiation codon
ATG was preceded by a spacing of 7 bp by a typical gram-
positive bacterial ribosome-binding sequence, GGAGG, which
was homologous to the consensus Shine-Dalgarno sequence.
Upstream of the coding region, two possible promoter se-
quences, AGGAAA for the —35 region and TATAAT for the
—10 region with a 17-bp spacing between them, were found
and showed high homologies to consensus promoter sequences
for ¢’° or o” factor, TTGACA and TATAAT with a 17-bp
spacing, found in E. coli or Bacillus subtilis (10). A possible
transcription terminator that consisted of a 17-bp palindrome,
corresponding to an mRNA hairpin loop with a AG of —26.3
kcal/mol (ca. —110 kJ/mol), followed by three T’s was found
downstream of the TAA termination codon. This structure is
similar to the rho-independent terminator factor of E. coli
(28). Upstream of the engE gene, an incomplete ORF1 (nt 1 to
508) encoding a peptide with partial homology to the B. subtilis
phosphomethylpyrimidine kinase gene (pmk) was found.

The codon utilization of the engE gene shows a bias for A or
T at the wobble position as shown previously for genes from C.
cellulovorans. The percentages of codons terminating in A or T
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GATATCAAAAAGTGGATATTCATTACTAAAACCAGAGGC TARAACTGCATTAATAACTAAGTTGGTTCCATTAGCAACAGTAATTACTCCAAATT TACCAGAGGCTGAAGAGATATTAAA
K S G Y S LLEKTPERBAEKTA ATLTITIZ XKTLELVZP?PTLATTYVTITTP?PNTIELTPEA ATETETITLEK
AGAAGTAAATTCAAATATAAAGGAAATAAAAACTGTTGAAGAGATGGACAAGGCTGCTAAAGAAATATATAAATTAGGGTGTARAAAATGTATTCCTAAAAGGAGGACATC TAGAAGGAGA
E VNS NTIZEKETITZ KTV VTETEMDTZE KA AA AT RETITYZ EKLGT CE KNTYVTFTLTEKSGS GG GHTLESGHE
AGCTATAGATGTTTTATATGATGGARAAGAGTTGACACATTTTTATTCAAAAAGAATACAAACARAGAATACTCACGGAACAGGATGCACTATATC TTCAGCAATAGC TGC TAACCTAGC
A I DVILYDGE KETLTH HBTFJTYSEKRTIGEQ@TI KNTEHEG TG CTTISSATIAAZNTELA A
TCTTGGATATAGTGTAAAGGATGCAATACAAAAAGCTAAGGAATATATAACTATTGCTATAAAACATTCGTTAGATATAGGAAAAGGGGTAGGACCAACAAATCATTTCTATAATTTATA
L GY SV EKDA ATIGQZ KA AT KTETYTITTIA ATIZ KESTILDTIGE KT GV GPTNTEHTFTYNTELY
TAAGAATGCTGGGATGCTAGATGAAGAATAGACTAGGAT TTTTGC TTTATTTTTAATTTTGGATGC T TAAATGGAAAGAAARATAAAAAAAAATCGGGAAAACATTGARAAAAGTCATCA
K NAGMTLTUDE E *
AAATATAGAAAAATGACATATATATGAGGAAATTTACAGAAATATAGTATATAATTAAAAATGTGTATGTATGTCCTAAAAAGTAAATTTATAAAGGTATATGTATACACARAATAATTT
-35 -10
CTTAAATTTAGGGGAAATATACAAAAAGGAGGATTTATCATGAAGAAGAGARACAGAATAC TATCATTTTTGCTAGT TTTAGCAATGGTATTCTCTTGTGTTGTTAGCAAACCGTTGGTA
SD<enge>M K K R N R I L 8 F L L VL A MV F s C V V § KP L V
AAAGTATCTGCCGCAGAAGCTAACTACACAACAAAAGGCACTACGACACAGATATATC TTAGTGCC T TGCACAAAATACTGATGACTGGGCTTGGATGAGTATGGGAGATACTGC TAGC
KV S ARAREBANTYTTEKTGTTTGQTIZYZLSATFA AOQINTDTDTWAWMSMGTDTAS
TTAGTATATCAAGACGTAACAAATTTCAATGCCATCGACGCTACTAGTGCCTTTGCAAAGGCAAATGGTACTGCAAACTTTGGGTTACAGGT TGTTGATGGAAATC TTGCTGCAGGAGAA
LV ?YQDJVTNTFNA ATIDABATSAFA ATZ KA AZNSGETA ANTFT G GTLG QVVDGNTLHA AHA ZASGE
AAAAGTACATTAARATTCCATATTGGAACAGTTACTATTAAAGCAACTGGATATAATGATGTTGTGGTTAATCT TAACAAGGAT TATTCAGAAGCATATGCAGCAGAAARAGTTTCTTGG
K § T L KF HI G TV TTIZ KA ATGTYNTDTVVYVVNTLELNTEKTDT YSEHA ATYA ARANMETE KT TVSHW
GGAATCACAGGAAACAATACATCAATTTTAC TAAATGATTATTTACCAACAGATGCAGCAGCGARAGCAACGTATC TACAAAAGAT TACTAGTGTARAAGCAGATGT TACATTATCAGAA
6 I TGNNTSTIULLNDTYTLZP®TDARMIATE KA ATTYTIELO QZEXTITSVYVEKHATDTUVTTLSE
TATCAATTTGTTAAACCAGCATCAACTGGGTCAACTTCTGAAAGTGTATACTCATCAGGTGATGCAACAAAGAT TTATGCTAGTGCGTTTGCACAAARTACTGATGACTGGGCTTGGATG
Y  F VKPASTG STSES STV Y S S GDATTE KTIZYA ASA ATFHARAQNTIDTDWATGWHM
AGCATGGGAGATACTGCTGTTTTAACATATCAAACTGCTACARACGTARATGC TATCAATGCAGGTACTGCATTTGCAAGTGCAAATGGAACTGCAAACTTTGGTATC CAAATTGTTGAC
$ M D TAVILTYQTATNTVINA ATINACGTA ATFASA ANTGTANTFGTIOQTIVD
GGARACCTAGCTGCTGCAGAAAAAATGACTTGGGGACTTACTGGAAATAACACACAAATTTTAT TAAATAGTTATTTACCAACGGATGCAACTGCARAAGCTGCATATC TACAAAAAATA
G N L AAAETZKMTWGTILTOGENINTOQTITLULNSZYZLZPTDA AT ATZ KA AR ATYTILQEKTI
ACTTCTGTTACAGCTGATGTTACAGTAACAGATTATCAATCGATTAAACCAGCAACAGCAACTGGGGAAGTTCTTTACACAACACCAGGTGTTGAAACAAAGATTTCTGCTAGTGC TTTT
TS VTADVYVTVTDYSQS5TIZE KTPATA ATGETVTILYTTT?PGEVETTZ KTISA ASAMATF
GCACAAAACACCGATGACTGGGCTTGGATGAGCGTAGGTGATGGTGTTAGTCTTCAATATCAAACTGATACAACT TTAAATGCTATTAGTGCTGC TGGTACATTAGCAAAAGCAAATGCT
A Q NTDDUWA AMWMSVYV DGV S L QY QTDTTTLNA BZTISAARASGTTLA ATE KA ATNRAR
ACAGCAAACTTTGGTATAAATATTGTTGATGGAAATCTTGCTGCTGGAGATGCARACACATTAAAGT TCCATGT TGGAACAGT TACAATTARAGCAACAGG T TATGATGACCTTGTGATT
T ANVPFGINTIVDGNTELAAGCGDA ANTTILIE KTFUEHEYVGTVTTIZ KA ATG?YDDTELTYVTI
AACTTAAATAAAGATTACTCAGAAGCATTTGCAGCAGAAAAAGCTTCTTGGGGACTTACAGGAAACACAAAACAAAT TTTATTAAACTCTTAT TTACCAACAGATGCAACAGCAAAAGTA
N L N KD Y S EAFPFAATETZKA ASUWOGTILTGNTEK I L LNGSTYTZLZPTUDA ATATEKSTYV
AACTATCTTCAAAAGGTTACTAGTGTTACAGC TGATGTAAAAGTAACAGATTATACGTTTATTAAATATGTACCACCAGCACCAGAATTCCCTGCTGATTACACTCACCCAACAGAAATG
N YL Q KV TSVTADV VI KTYTHDJTYT®TTFTIZ KT YVYVT®PPAZPTETFTPADTYTTE HZPTTEHM
AGAGGTCTTTCTGCTATGGATTTAGTAAAAGACATGAAGATTGGTTGGAAC TTAGGARATACTTTAGAATCAGT TGGCGGAGAAACTGGTTGGGGTAATCCTGTAACAACAAAGAARATG
R GL S AMDTILVYVKDME KTITGWNILGNTTILESTYVOGSGETGWOGNTP?PVYVTTTE KT KHM
TTTGATACATTAAAGGCAGCTGGCTTTAATACAGTTCCGTATTCAGTAAGATGGGATGAAAACTATATTGATGCTAATTATACTATTGATCCAGCATATATGGC TCGTGTTGAAACAGTT
FDTOLKA AMAMAMCGTPFNTVUPYS YV RWDENTYTIDA ANTYTTIZDTPA ATYMARYTETYV
GTAAACTATGCACTTGCTAACGATATGTATGCCATTGTTAATATTCACCATAATARATTCCAAGGTCAATTTGATGAAGCACACARAGCTGCCATCATTAACGAAGGTACTATTGTATGG
VN YALANSDMYA ATIV VN NTIEHENTZEKTFOQGQFTDTEA AERTE KA AAZTLITILINESGTTIVHW
ACTCAAATTGCAAACCACTTTAAAGATTATAGTGATAAATTAATATT TGATACAATAAATGAACCAAGACATGAAGAAGACTGGGTTGGTACTTCAGAATACT TTAATGTCTTAAATGAA
T Q I ANHTFXKDZYSDI KTELTITFTDTTINTET?RTEETETDT WV VGTSS5ETYTFTNTVTLNE
TATAACGCAAAAATAGTTCCTGTAATACGTGCAACTGGCGAAAATAATGC TAAGAGAC TTATAATGGTTCCTACTTATTGTGCTTC TTCAGATTATCC TAAGGT TGC TGGTATGGTAGTA
Y NA KI VPV IZRATTGTENSNAEKRTLTIMYTETZYC CASSDZYPIEKTYVACGHMYYV
CCARATGATCCTAATGTTGCAGTATCTATCCACGCTTACATACCATATAATTTAGCAC TTAATATAGCTCCAGGTACACCAACTACCTTTGGTGATGCTGACGCAGCATTTATTGACAAG
P NDPNXNUVAV S IHAYTIEPZYNTLALISNTIAEPTGTTPTTTFGDA ADA AATFTITDK
ACTTTCAGAATGTTAAACAACACATTTGTTAAAAAGGGAATTCCTG TTATTATCGGTGAATTCGCGATTACAGATAAAGATAAC TTACAAGACAGAAT TAACTTTACGAAGTTCTATGTA
T F RMLNINTTFJVZE KTZ KT GEGTI?PJVTITIGETFA aATITDZEKTDISNTILSQ DT RTINTFTZETFYV
TCAACAGCTACTGCTTATGGAATGCCATGTTTGTGGTGGGATAATAATAAT TTTGGTAGCACAGGTGAGAGACTGGGGCTTTTAAATAGAAAAAACCTTACATTCCC TTATCCTGAATTA
S T ATAYGM®PCTLWWDNNNEFGSTGET RTELSGILTLNTZ RTIEKTSNTILTTF¥U®PZYZ?PEL
GTACAAGCTATGAAAGATGGTTTCAACAATCCAAGAGATC TTTCAACCGTTGATCCAAACGTATTATTTAGTGGTACAGCATC TTGTACAGGC TGGAGCACAGCACT TTCATTATCCTAT
VQAMEKSDG GCFNNZP?RDTLSTSTTVDZ PN VTLTFSGTA aAST CTGTWSTA ATLSTELS Y
GGCTTAGATTTTGTAGATACTGAATTTACAAATGATTTTACAATAGC TGTAGAL TACACAAGTGAAAATGTACCTCAATTAGTCC TATATGGAAACTTGACTGGTACAGGTTGGGTTATG
G L DFVDTETFTNTDTFTTIAVDJTYTSENTVTEPQLVZILJYSGEDNTILTGTGUWVHM
GTAAAACCTTCAACAATCAAAACAAGCGCAACTACAAAGACTGCATACTTTACTATAAATGATATGGTAAGTGCATATAAGAAAGCTC TTGCAAACTATGATAGCTATGG TAAGGTATTA
VKPS TTIZEKTSATTTE EKTA ATYTFTTINTUDMTYSAYTZ EKE KA ALANTYDSZYGEKTVHEL
CCAGGAATCCAAGGTATTTTAGTTGGAGATACTGGTGCAGACCTTACAGTAACAAAAGTTTACAAGAATGCACAACCTGTARATCTTCTAGGCGATGTAGACGGTAATGATGTAGTTAAT
P G I Q G IULVGGDTGAD T LITOVTERTVYVYYXRNAGCe©P v N L . KNI
TCACTTGATTTTGAGTTATTAAAGAAGTATG TATTAAACAATGATACAATGATARACAAAGC TAGTGCAGAT TTAAATAAGGATGGAAAAATCAACATAATTGATCTTGCATTCTTAAAA
ESSFYNEIN. D L N K D G K I N I I D L A F L K
AMAGCAATATAAACTGAGATACTTATCAATTACATAATAAAACATGAAGGCCACCTAGAATTTAAAATCTAGGTGGTCTTTT TAAGGATTAACATGAC TTTGTTTCAG

2. Nucleotide and deduced amino acid sequences of engE and ORF1. The putative promoter and Shine-Dalgarno (SD) sequences are underlined. A

palindrome is indicated by arrows facing each other. The stop codons are indicated by asterisks. A duplicated sequence (DS or dockerin) in EngE is shown as white
letters on a black background.

are 86.0 for EngE, 79.3 for EngB (8), 80.2 for EngD (12), 81.5
for EngF (31), and 77.5 for ExgS (20), thus reflecting the low
G+C content of C. cellulovorans DNA (35).

Domain structure of EngE. The N-terminal amino acid se-
quence of EngE exhibited a typical signal peptide and consen-
sus sequence (Val-X-Ala) (37), where the predicted cleavage
site is located between position 31 (Ala) and position 32 (Ala).
Removal of the signal peptide yields a mature protein of 999
amino acids with a molecular weight of 108,335.

Analysis of the deduced amino acid sequence of EngE re-
vealed a multidomain structure with a unique feature, i.e., a
triplicated SLH domain at the N terminus, followed by a family

5 catalytic domain, a domain of unknown function, and a
duplicated sequence (DS or dockerin) (Fig. 1).

The N-terminal half of EngE (residues 32 to 491) contained
three highly conserved repeats of 163, 126, and 163 amino
acids, with more than 63% identity (Fig. 3A). In addition, the
three repeats of EngE showed homology with several SLH
domains and most significantly with the HLDs of CbpA (34)
(Fig. 3B). Furthermore, the repeated region was homologous
to the S-layer protein, RsaA from Caulobacter crescentus (2).
The region (residues 63 to 272) of the three repeats in EngE
showed 16.4% identity and 70.5% similarity with the C-termi-
nal region of RsaA (Fig. 4A), while the region (residues 304 to
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FIG. 3. (A) Alignment of the N-terminal three repeats found in EngE. (B) Alignment of the sequences shown in panel A with similar sequences of HLDs of C.
cellulovorans (C.v) CbpA, C. cellulolyticum (C.c) CipC, Clostridium josui (C.j) CipA, and Clostridium stercorarium (C.s) Avill and EngZ. Amino acid residues identical
or similar to those in the consensus region are shown as white letters on a black background. Similar amino acids are as follows: F, I, V, L, and M; R and K; S and
T; D and E; N and Q; and F, Y, and W. Gaps left to improve alignment are indicated by dashes. The numbers refer to amino acid residues at the start and end of the

respective lines; all sequences are numbered from Met-1 of the peptide.

426) had 21.1% identity and 69.5% similarity with the N-
terminal region of RsaA (Fig. 4B).

The C-terminal half (residues 516 to 839) of EngE showed
similarity to catalytic domains of cellulases which belong to
glycosyl hydrolase family 5 (13). In particular, the region had
high sequence similarity to C. cellulovorans EngD (44.2% iden-
tity) (12) and C. cellulovorans EngB (43.7% identity) (8), Clos-
tridium thermocellum CelE (43.6% identity) (11), Ruminococ-
cus albus EG-I (41.3% identity) (25), Orpinomyces CelB
(41.0% identity) (19), Clostridium longisporum CelA (40.2%
identity) (24), and Clostridium cellulolyticumm CelA (37.0%
identity) (6).

Homology search revealed that a sequence of about 130
amino acids (residues 840 to 970) downstream of the catalytic
domain did not resemble any sequences in the protein data-
bases. The function of this region therefore remains unknown.

A duplicated sequence (DS or dockerin) (residues 978 to
1,030) was also found in the C-terminal region of EngE. The
DSs consisting of 22-amino-acid repeats are well conserved in
cellulosomal subunits from C. cellulovorans and other Clostrid-
ium species.

Purification and characterization of rEngE. Recombinant
EngE (rEngE) was purified from the periplasmic fraction of E.
coli harboring pYE2R by using the Q Sepharose Fast Flow and
Sephacryl S-200 columns. After purification and SDS-PAGE,
rEngE gave a single band, and the molecular weight of the
enzyme was estimated to be around 100,000 (Fig. 5A). This is
in good agreement with the value (108,335), excluding the
putative signal peptide, calculated from the deduced amino
acid sequence. Western blot analysis indicated that rEngE
immunoreacted with the anti-EngE antibody prepared from C.

cellulovorans cellulosomes and that the size of the immunore-
active band of EngE was in good agreement with that of the
cellulosomal EngE protein from C. cellulovorans (Fig. 5B).
Some cross-reaction of the antibody was evident, perhaps due
to the presence of DS in EngE, but the major band was found
at the migration position of EngE. The optimum pH and tem-
perature for activity of the purified rEngE were 5.0 and 50°C,
respectively. As shown in Table 1, purified rEngE hydrolyzed
CMC and lichenan but showed little or no activity with acid-
swollen cellulose (ASC), Avicel, laminarin, and xylan. TLC
analysis revealed that the purified EngE cleaved 3G, 4G, and
5G to form cellobiose (2G) (Table 2) but did not act on
cellobiose (data not shown). rEngE seems to hydrolyze pref-
erentially the B-1,4-cellulosidic linkages situated at position 2
and to have transglycosylation ability.

DISCUSSION

The characterization of EngE has completed the sequence
analysis of the three major subunits of the C. cellulovorans
cellulosome. Since EngE has endoglucanase activity, the three
major subunits include the endoglucanase EngE, the exoglu-
canase ExgS (20), and the scaffolding protein CbpA (34). The
combination of these three subunits was shown previously to
have cellulolytic activity on ASC (4) and to comprise the core
of the C. cellulovorans cellulosome (32).

EngE belongs to the family 5 cellulases, which comprise a
large and growing family of cellulases from various microor-
ganisms (13). It is interesting that EngB (8), EngD (12), EngF
(31), and ManA (36) from C. cellulovorans are also members of
family 5, while EngL and EngY (36) are members of family 9.
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C.v EngE 63 GDTASLVYQDVTNFNAIDATSAFAKANGTANFGLQVVDGNLAAGEKSTLKFHIGTVTIKATGYNDVVVNL
*-*- D EECETERY * . . * “ .o .*- *-- * ... . *..*.*.-**- ..**-
C.c RsaA 748 GTTTVTLANATGTSDVFNLTLSSSAALAAGTVALAGVETVNIAATDINTTAHVDTLTLQATSAKSIVVIG
C.v EngE 133 NKDYSEAYAREKVSWGITGNNTSILLNDYLPTDRAAKATYLQKITSVKADVTLSEYQFVKPASTGSTSES
* - - e s e e e e 4 e s e s e . ..* ----- . -* . .. .*.. . .. . -* ----
C.c RsaA 818 NAGLNLTNTGNTAVTSFDASAVTGTAPAVTFVSANTTVGEVVTIRGGAGADSLTGSATANDTIIGGAGAD
C.v EngE 203 VYSSGDATKIYASAFAQNTDDWAWMSMGDTAVLTYQTATNVNAINAGTAFASANGTANFGIQIVDGNLAA
. ..-* ------ ..;-*. .. ...*. -0*0n . .*.. -.* ~"'** ---*~ *.
C.c RsaA 888 TLVYTGGIDTFTGGTGADIFDINAIGTSTAFVTITDAAVGDKLDLVGISTNGAIADGAFGARVTLGAAAT
C.v EngE 304 LQKITSVTADVTVTDYQSIKPATATGEVLYTTPGVETKISASAFAQNTDDWAWMSVGDGVSLQY
¥ F . *-..*.. ----- e *..- *.'**-* P R ) *.o
C.c RsaA 17 LGKAPDAATTLTLDAYATQTQTGGLSDARALTNTLKLVNSTTAVAIQTYQFFTGVAPSAAGLD
C.v EngE 382 QTDTTLNAISAAGT----LAKANATANFGINIVDGNLAAGDANTLKFH-VGTVTIKATGYDDLYV
.*'* *. . ... .*..* **.**...*' *..'* . . *. **0**~~~
C.c RsaA 97 LVDSTTNTNDLNDAYYSKFAQENRFINFSINLATGAGAGATAFAAAYTGVSYAQTVATAYDKII
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FIG. 4. Alignment of N-terminal (A) and C-terminal (B) regions in the triplicated SLH domain of C. cellulovorans (C.v) EngE with S-layer protein of Caulobacter
crescentus (C.c) RsaA (2). Identical and similar amino acid residues are indicated by asterisks and dots, respectively. Gaps left to improve alignment are indicated by

dashes. The numbers refer to amino acid residues at the start of the respective lines; all sequences are numbered from Met-1 of the peptide.

In this study, we purified and characterized rEngE and com-
pared some properties of EngE with those of EngB, EngD, and
EngF from C. cellulovorans. EngE had the highest activity with
CMC as the substrate, less activity with lichenan (about 60% of

A B

kba M 1 kDa 1 2
212 — 212 —
170 — 170 —
116 — 116 —
76 — 76 —
53 — \ 53 —

FIG. 5. Analysis of the purified EngE by SDS-PAGE (A) and Western blot-
ting (immunoblotting) (B). Lane M, standard markers (myosin [212 kDa], a2-
macroglobulin [170 kDa], B-galactosidase [116 kDa], transferrin [76 kDa], and
glutamic dehydrogenase [53 kDal]); lane 1, purified EngE; lane 2, cellulosomal
proteins from C. cellulovorans.

the activity as shown with CMC), and very little or no activity
with xylan, while both EngB and EngD had much higher ac-
tivity with lichenan than with CMC and xylan (7). Further-
more, the hydrolysis pattern of EngE analyzed by TLC showed
that the main products from cellodextrins (3G to 5G) were
only cellobiose (2G), while EngB, EngD, and EngF produced
glucose (1G), 2G, and 3G, and EngF did not act on 3G (14).
Thus, the properties of EngE differ from those of EngB, EngD,
and EngF in specific activity, substrates degraded, and the
products that are formed, although all the enzymes belong to
family 5.

Electron micrographs have shown that cellulosomes are at-
tached to the cell surface (17). In C. thermocellum, it has been
proposed that the dockerin II present on CipA interacts with a
cell surface protein Olp containing a cohesin II (18) and that

TABLE 1. Activity of EngE with various substrates”

Sp act
Substrate (U/mg gf protein)

CMC 106.6
ASCi s 0.37
Avicel 0.14
Laminarin......ccoeeueerireeenineecneeeeneeeeese sttt eesenenes 0
Lichenan 64.2
Xylan (birch wood).... 22
Xylan (oat spelt) 39

“ The assay was performed with 1.0% (wt/vol) substrate and 1.34 pg of purified
EngE in 1.0 ml of 50 mM sodium acetate buffer (pH 5.0), and the assay was
performed at 50°C for 10 min. The reducing sugar formed was measured by the
method of Somogyi-Nelson with p-glucose as the standard. One unit of polymer
hydrolysis represents 1 wmol of reducing sugar liberated per min per mg of
protein.
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TABLE 2. TLC analysis of hydrolysis products

Product(s) formed with the following substrate:

Enzyme Reference
3G 4G 5G

EngB (2G) 2G, 3G 2G, 3G 14

EngD (1G), 2G) (1G),2G,3G (1G), 2G,3G 14

EngF None (2G), (3G) 2G, 3G, 4G 14

EngE® 2G 2G 2G This study

¢ Products in parentheses showed faint but significant spots on TLC plates.

® The reaction mixture contained 1.34 pg of purified EngE and 3G, 4G, and
5G in 50 mM sodium acetate buffer (pH 5.0). The reaction was performed at
37°C for 16 h.

this interaction binds the cellulosome to the cell surface. The
C. cellulovorans CbpA (equivalent to CipA), on the other
hand, does not contain a dockerin II but contains four con-
served HLDs, which are absent from C. thermocellum CipA.
When the sequences of the HLDs were examined with the
BLAST system, it was found that partial homology existed
between HLDs and surface layer proteins found on other or-
ganisms (Fig. 4). This suggested to us that the HLDs present in
CbpA could play a role in binding the cellulosome to the cell
surface just as the putative dockerin II-cohesin II reaction
holds the cellulosome to the surface of C. thermocellum. This

SURFACE LAYER HOMOLOGY DOMAINS OF EngE 3275

role of HLDs in CbpA has not been proven to this point but is
being actively examined.

It was therefore of great interest when the analysis of the
EngE domain structure revealed the presence of three re-
peated SLH-like domains at its N terminus. Furthermore, the
triplicated SLH domain of EngE showed homology with the
S-layer protein RsaA from C. crescentus (2). The C. crescentus
S-layer is paracrystalline in nature, exhibiting an array of ring-
like subunits (each composed of six copies of RsaA) arranged
on a lattice with p6 symmetry and interlinked at a threefold
rotational axis (2). Although the association between RsaA
and the outer membrane is not completely understood, the
protein appears to be anchored to the outer membrane via
noncovalent interactions with a specific smooth lipopolysac-
charide molecule (2). So far, the only known function of the C.
crescentus S-layer is to protect cells against predation by a
Bdellovibrio-like organism (15). RsaA, as well as the three
repeated regions of EngE, contained no cysteine residues. In
fact, several S-layer proteins have no cysteine residues (9).
Moreover, the N-terminal region of RsaA (residues 1 to 154)
was involved in cell surface anchoring, while the C-terminal
region (residues 784 to 907) possessed a secretion signal (2).

Many microorganisms have been shown to have surface
layer proteins (SLPs) that bind to the peptidoglycan layer (26).
Even a single SLH domain can apparently bind a SLP to the

(Plant Cell Wall Molecules,

= Cellwallsomal

Enzymes Domain

= Cellulose Binding

= Hydrophobic
Domain

= Surface Layer
Homology Domain

FIG. 6. Hypothetical model for attachment of EngE to the CbpA of C. cellulovorans and the cell surface. The drawing is not to scale. Because of its similarity to
the S-layer protein and the presence of a duplicated sequence (DS or dockerin), the three SLH domains of the N terminus of EngE integrate into the lattice of the
S-layer, while the C terminus of EngE is bound to CbpA through its DS. Also, CbpA integrates itself into the lattice of the S-layer through its four SLH domains. CD,

catalytic domain.
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peptidoglycan layer. One function proposed for these SLPs is
that they serve to anchor extracellular enzymes such as pullu-
lanase to the cell surface (23).

Since the N and C termini of the SLH domains of EngE
exhibited homology with both the N- and C-terminal regions of
RsaA, the SLH domains of EngE may also possess similar
functions, i.e., anchoring the enzyme to the cell surface and
also in some targeting function to the cell surface.

By isolating C. cellulovorans peptidoglycan or cell surface
protein fractions and interacting them with the SLH domains
from EngE and CbpA, we should be able to test the hypothesis
that SLH domains are involved in binding cellulosomes and
cellulases to the cell surface (Fig. 6). A positive result would
further strengthen the hypothesis that the cellulosomes are
attached to the cell surface by interaction of the SLH domains
from both CbpA and its constituent enzymes such as EngE.
This hypothesis is currently being investigated.
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