JOURNAL OF BACTERIOLOGY, June 2006, p. 3849-3861
0021-9193/06/$08.00+0 doi:10.1128/JB.01348-05

Vol. 188, No. 11

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Complete Cellulase System in the Marine Bacterium
Saccharophagus degradans Strain 2-40"

Larry E. Taylor II,' Bernard Henrissat,” Pedro M. Coutinho,” Nathan A. Ekborg,’
Steven W. Hutcheson,® and Ronald M. Weiner!'-**

Department of Marine and Estuarine Environmental Sciences, University of Maryland, College Park, Maryland 20742;

Architecture et Fonction des Macromolécules Biologiques, UMR6908, CNRS and Universités Aix-Marseille I and I,
Case 932, 163 Avenue de Luminy, 13288 Marseille Cedex 9, France®; and Department of Cell Biology and
Molecular Genetics, University of Maryland, College Park, Maryland 207423

Received 1 September 2005/Accepted 1 March 2006

Saccharophagus degradans strain 2-40 is a representative of an emerging group of marine complex polysac-
charide (CP)-degrading bacteria. It is unique in its metabolic versatility, being able to degrade at least 10
distinct CPs from diverse algal, plant and invertebrate sources. The S. degradans genome has been sequenced
to completion, and more than 180 open reading frames have been identified that encode carbohydrases. Over
half of these are likely to act on plant cell wall polymers. In fact, there appears to be a full array of enzymes
that degrade and metabolize plant cell walls. Genomic and proteomic analyses reveal 13 cellulose depoly-
merases complemented by seven accessory enzymes, including two cellodextrinases, three cellobiases, a cello-
dextrin phosphorylase, and a cellobiose phosphorylase. Most of these enzymes exhibit modular architecture,
and some contain novel combinations of catalytic and/or substrate binding modules. This is exemplified by
endoglucanase Cel5A, which has three internal family 6 carbohydrate binding modules (CBM6) and two
catalytic modules from family five of glycosyl hydrolases (GHS) and by Cel6A, a nonreducing-end cellobiohy-
drolase from family GH6 with tandem CBM2s. This is the first report of a complete and functional cellulase

system in a marine bacterium with a sequenced genome.

The plant cell wall is both chemically and structurally com-
plex, containing cellulose, hemicellulose (including xylans, arabi-
nans, and mannans), pectin, and lignin (6, 9, 55). Cellulose
microfibrils are the structural backbone of the plant cell wall,
forming amorphous and crystalline regions. Cellulose degra-
dation requires multiple enzymes acting in concert to accom-
modate this structural heterogeneity (6, 35, 53). Such multien-
zyme cellulase systems contain an array of catalytic modules,
substrate-binding pockets, and/or active sites (55). Complicat-
ing matters further, the cellulose microfibrils are embedded in
a matrix of hemicelluloses (including xylans, arabinans, and
mannans), pectins (galacturonans and galactans), and B-1,3
and B-1,4 glucans. Hemicellulose polymers are often substi-
tuted with arabinose, galactose, and/or xylose residues, yielding
arabinoxylans, galactomannans, and xyloglucans, among others
(32, 35, 53, 55). The complexity and sheer number of different
glycosidic bonds present in noncellulosic cell wall polysaccha-
rides require specific enzyme systems which often rival cellu-
lase systems in enzyme count and complexity. Because of its
heterogeneity and complexity, plant cell wall degradation often
requires a consortia of microorganisms (34, 53). However,
there are also cellulolytic organisms that have enzyme systems
that act on hemicellulose components, e.g., certain members of
the genus Clostridium (1, 59).

The microbial degradation of plant cell walls, particularly
the cellulose and hemicellulose components, is not as well
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characterized in the oceans as it is in terrestrial systems.
Among the cellulolytic organisms chosen for genome sequenc-
ing, there are few marine representatives (http://microbial
genome.org/organisms.shtml). On the other hand, the cellulase
systems of a number of soil and ruminant bacteria have been
the subject of considerable study (4, 37). Very recently, however,
several related marine bacterial genera that can degrade cellulose
have been discovered (2, 14, 20). One species is Saccharophagus
degradans strain 2-407 (formerly “Microbulbifer degradans” strain
2-40). S. degradans is a pleomorphic, gram-negative, aerobic,
motile y-proteobacterium (16) that was isolated from decaying
salt marsh cord grass Spartina alterniflora in the Chesapeake
Bay watershed (2). It has extraordinary metabolic versatility,
demonstrated to degrade at least 10 different complex poly-
saccharides (CP) (17). S. degradans represents a third genus in
the newly emerging Microbulbifer-Teredinibacter-Saccharophagus
group of marine carbohydrate degraders (16). Of the 20 isolates
in this group, only the genome of S. degradans has been
sequenced.

S. degradans can grow using Avicel, filter paper, and plant
matter as the sole carbon and energy sources, wherein growth
is concurrent with visible degradation of the substrates (52).
Not surprisingly, annotations of the S. degradans genome re-
veal approximately 180 open reading frames (ORFs) related to
a wide variety of carbohydrate-active enzymes. Roughly half of
these ORFs appear to be dedicated to metabolizing common
structural polysaccharides, including cellulose, which are found
in green plants and/or algae (43). There are 112 ORFs that
contain catalytic and/or carbohydrate-binding modules (CBM)
with predicted specificity for plant-derived polysaccharides, 20
of which contain a CBM but do not have a predicted catalytic
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TABLE 1. Properties of studied examples from the GH and CBM families occurring within the predicted cellulases, CBM proteins, and
glycanases of uncertain specificity of S. degradans

Anomeric reaction

Module?® Demonstrated function(s) of examples found in the literature - Reference®
conformation

GHI1 B-Glucosidase, B-galactosidase, 3-mannosidase, others r

GH3 B-1,4-Glucosidase, B-1,4-xylosidase, 3-1,3-glucosidase, others r

GHS5 -1,4-Endoglucanase, -1,4-endoxylanase, B-1,4-endomannanase, licheninase, others r

GH6 Nonreducing end cellobiohydrolase, 3-1,4-endoglucanase i

GH9 B-1,4-Endoglucanase, cellobiohydrolase, 3-glucosidase i

GH16 B-1,3-Endoglucanase, 3-1,3(4)-endoglucanase, licheninase, B-agarase, others r

GH26 B-1,4-Endomannanase, 3-1,3-xylanase T

GH28 a-1,4-Galacturonanase (polygalacturonase), exo-polygalacturonase i

GH30 B-1,6-Endoglucanase, glucosylceramidase r

GH43 B-1,4-Xylosidase, a-arabinofuranosidase, a-endoarabinanase, 3-1,4-endoxylanase i

GHY%4 Cellobiose phosphorylase, cellodextrin phosphorylase, chitobiose phosphorylase i

CBM2a Binds crystalline cellulose - 49

CBM6 Binds glycan chains: cellulose, xylan, 3-glucans - 8

CBM10 Binds crystalline substrates: cellulose, mannan -

CBM13 Lectin-like binding of mono- and oligosaccharides, xylan - 38

CBM16 Found in alginases, chitinases, and mannanases; binding unknown -

CBM32 Lectin-like binding of small, soluble oligosaccharides, dp 1-3 -

“ GH, glycosyl hydrolase; CBM, carbohydrate-binding module. Numbers refer to families according to CAZy (http://www.cazy.org).

b1, retaining; i, inverting; —, none.

¢ Data are from the CAZy database (http:/www.cazy.org) unless otherwise indicated.

module. Although the function of these “CBM-only” proteins
is uncertain, it is noteworthy that the genome of S. degradans
contains more of them than any other organism that has been
studied thus far.

Although plant cell walls often require consortia of micro-
organisms to degrade them, S. degradans does this in pure
culture (52). The genomic analyses corroborate this observa-
tion. In addition to complete cellulase and xylanase systems,
the genome contains at least five other multienzyme systems
which appear to be involved in plant wall degradation: arabi-
nanases, mannanases, (3-1,3-glucanases, and pectinases. Each
of these systems contain multiple depolymerases with diverse
catalytic and substrate-binding modules.

Based upon the recently finished genome sequence, we
present here genomic, proteomic, and functional analyses of
the S. degradans cellulase system—the first in a marine pro-
teobacterium. The present study focuses on the architecture of
the catalytic and substrate-binding modules and their contri-
bution to cellulose degradation.

MATERIALS AND METHODS

Genomic analyses. The finished assembly of the genome sequence of S. de-
gradans, obtained in conjunction with the U.S. Department of Energy’s Joint
Genome Institute (JGI) comprises 5.06 Mb in a single, circular chromosome.
Automated annotations by the computational genomics division of the Oak
Ridge National Laboratory (ORNL) are available on the World Wide Web at
http://genome.ornl.gov/microbial/mdeg/.

In an extension of the ORNL annotation, all of the ORFs were analyzed on
the CAZy ModO (Carbohydrase Active enZyme Modular Organization) server
at AFMB-CNRS (11). Catalytic and substrate-binding modules were identified
and named according to the CAZy nomenclature scheme (25). The known
characteristics of the GH and CBM families that are commonly involved in
cellulose metabolism and also occur in the genome of S. degradans are summa-
rized in Table 1.

Identified carbohydrase ORFs were also analyzed for lipoprotein signature
sequences (lipoboxes) by the DOLOP Web server (Database of LipOProteins;
http://www.mrc-Imb.cam.ac.uk/genomes/dolop/) and the Technical University of
Denmark’s CBS LipoP 1.0 server (http://www.cbs.dtu.dk/services/LipoP), which
uses hidden Markov models (30) to identify candidate lipoproteins.

Bacterial growth media and conditions. Escherichia coli strains were grown
according to standard protocols. S. degradans strain 2-40 (ATCC 439617) was
grown at 27°C on half-strength marine agar (18.7 g of Difco Marine Broth
2216/liter amended with 1.5% agar) or in minimal broth medium consisting of
23 g of Instant Ocean Sea salts (Aquarium Systems, Mentor, OH), 1 g of yeast
extract, 50 mM Tris buffer (pH 7.4), and 0.05% (wt/vol) NH,Cl/liter. Minimal
medium was supplemented with 0.2% (wt/vol) Avicel PH-101 (Fluka, Bruchs,
Switzerland), barley B-glucan (medium viscosity; Megazyme, Bray, Ireland), lam-
inarin (from Laminaria digitata; Sigma, St. Louis, MO), or xylan (Birchwood;
Sigma).

Cloning and expression of S. degradans proteins in E. coli. ORF sequences
were used to design primers (Table 2), permitting in-frame cloning into pET
Blue2 (Novagen, Madison, WI). PCRs included the primers (Invitrogen, Fred-
erick, MD) and S. degradans genomic template under standard conditions for
tailed primers and Proof Pro Polymerase (Continental Lab Products, San Diego,
CA). The pETBIlue2 constructs were transformed into E coli DH5a, screened,

TABLE 2. Primers used in this study

Restriction

Primer . Nucleotide sequence”
site
rCel5A-F EcoRV  AGTCTTGATATCCATAACCGCCATGCAAAG
CACT
rCel5A-R Xhol CCGCTCGAGGTTGAACATGCTGGGTGGTTCT
rGly3D-F BamHI CGGGATCCGAAGGCTACTGCGCAAACGAAT
rGly3D-R Ascl AGGCGCGCCAGAACCAGGCCTGTGCCATTTA
rGly5K-F Ascl AGGCGCGCCCGCAATCACACCACAATACCAA
rGly5K-R Clal CCATCGATGACGTTATTAGCGCTGCCATTT
rGlySM-F BamHI CGGGATCCGGCACTGTTAACAAGCGCCAAGT
rGlySM-R Ascl AGGCGCGCCGCCTCGGTTTGCCATGTTTGCCA
rGly9C-F Ascl AGGCGCGCCAAACCGCGCCCATCAAATTAGC
rGly9C-R Clal CCATCGATCTGATTAAATGGCGGTGAAGGCG
rGly43M-F BamHI CGGGATCCGACCGTAGCGCTAGACACAACAA
rGly43M-R  Ascl AGGCGCGCCCCTTCGGCGAACAGTTCACT
TACA
rCbm2A-F EcoRV  AGTCTTGATATCCAGTATGGGGACGTTGTC
GTCT
rCbm2A-R Xhol CCGCTCGAGTGGCACCGTGGTGCTAATAAC
rCbm2B-F Ascl AGGCGCGCCTTTCAGCGCTCTCGCTAGGTTT
rCbm2B-R Clal CCATCGATTACACCAACGCCCACGGAATAA
rCbm2C-F Ascl AGGCGCGCCCTATTTCGCTTGGTGCAATGA

rCbm2C-R Clal CCATCGATCTTATCCTTCCCACCAGCATTC

¢ Underlining delineates the restriction sites introduced to permit in-frame
cloning into the pETBlue2 vector.
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and transformed into the E. coli BL21(DE3)pLysS (Tuners; Novagen). The
production of an appropriate-sized, IPTG (isopropyl-B-p-thiogalacto-
pyranoside)-induced, His-tagged protein was confirmed by Western blotting with
anti-HisTag monoclonal antibody (Novagen).

Production and purification of recombinant proteins. Expression cultures
were induced by treatment with 1 mM IPTG for 4 h at 37°C or for 16 h at 20°C.
Cell pellets were frozen overnight at —20°C, thawed, and lysed in urea buffer (8
M Urea, 100 mM NaH,PO,, 25 mM Tris [pH 8.0]) at 4 ml/g (wet weight). Cell
lysates were column affinity purified on nickel-NTA resin (QIAGEN, Valencia,
CA). Renaturation was done on the column at 4°C by using 25 mM Tris (pH 7.4),
500 mM NaCl, and 20% glycerol, with urea in decreasing concentrations of 6 to
1M in 1 M steps. The samples were eluted in 1 M urea refolding buffer amended
to 250 mM imidazole. Millipore (Billerica, MA) Centricon and/or Microcon
devices were used to concentrate the recombinant protein fractions and ex-
change them into storage buffer (20 mM Tris [pH 7.4], 10 mM NaCl, 10%
glycerol). Aliquots were held at —80°C for later use. Final protein concentrations
ranged from 500 to 2,200 pg/ml. Where needed, samples were adjusted to 500
pg/ml prior to further analyses.

Zymograms. Gels were prepared as miniformat sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) gels (33) with substrate incorpo-
rated directly into the separating gel at final concentrations of 0.1% for HE-
cellulose (medium viscosity; Fluka) and 0.15% for barley B-glucan (medium
viscosity; Megazyme). Each lane contained 5 g of recombinant protein or 15 pg
of filtered supernatant from S. degradans cultures grown in Avicel, barley B-glu-
can, xylan (Birchwood; Sigma), or laminarin (Laminaria digitata; Sigma). Gels
were incubated in 80 ml of refolding buffer (20 mM PIPES [piperazine-N,N'-
bis(2-ethanesulfonic acid)] buffer [pH 6.8], 2.5% Triton X-100, 2 mM dithiothre-
itol, 2.5 mM CaCl,) for 1 h at room temperature and then held overnight in fresh
refolding buffer at 4°C. The gels were transferred to PIPES buffer, incubated 4 h
at 37°C, and stained in 0.25% Congo red.

Nelson-Somogyi reducing-sugar assays. Expressed proteins were assayed by
the Nelson-Somogyi reducing sugar method adapted to 96-well microwell plates
(21). The substrates included Avicel, carboxymethyl cellulose (CMC), phospho-
ric acid swollen cellulose (PASC) prepared as described by Wood (56), and xylan
dissolved at 1% or barley B-glucan and laminarin at 0.5% in 20 mM PIPES (pH
6.8). Barley B-glucan, laminarin, and xylan assays were incubated for 2 h at 37°C;
Avicel, CMC, and PASC assays were incubated for 36 h at 37°C. Assays were
done in triplicate, with protein concentrations measured in triplicate using the
bicinchoninic acid protein assay (50) (BCA Assay; Pierce Biotechnology, Rock-
ford, IL). The enzymatic activity was calculated, with one unit defined as 1 pmol
of reducing sugar released/min and reported as the specific activity in mU/mg of
protein.

Exoglycosidase activity assays: pNP derivatives. Purified proteins were as-
sayed using 5 mM para-nitrophenol (pNP) derivatives of a-L-arabinofuranoside,
a-L-arabinopyranoside, B-L-arabinopyranoside, B-p-cellobioside, o-D-glucopy-
ranoside, B-p-glucopyranoside, a-p-xylopyranoside, and B-p-xylopyranoside in
20 mM PIPES (pH 6.8). The A,,s was compared to a p-nitrophenol standard
curve and is reported as specific activities in mU/mg of protein, with one unit (U)
defined as 1 wmol of pNp/min. All pNp conjugates were obtained from Sigma.

Cellulose binding assays. Aliquots of Cbm2A:His,, Cbm2B:Hiss, and Cbm2C:
His, were adjusted to 500 pg/ml in storage buffer (20 mM Tris [pH 7.4], 10 mM
NaCl, 10% glycerol), and 500-w.g/ml solutions of the control proteins, pepsin (37
kDa), porcine lipase (50 kDa), and ovalbumin (45 kDa) were prepared in the
same buffer. A 20-pl drop of 10% (wt/vol) Avicel in Milli-Q water was added to
75 pl of 500 pg/ml of bovine serum albumin (BSA) in 20 mM PIPES buffer (pH
6.8) and intermittently vortexed for 15 min at 25°C. The Avicel pellet was washed
twice in 400 wl of PIPES, resuspended in 20 pl of the test or control protein
solution, and intermittently vortexed 3 min at 25°C. The pellets were washed four
times for 10 min each time in 2 M urea at 56°C and then analyzed by SDS-PAGE.
Staining with Coomassie blue revealed proteins remaining bound to the washed
Avicel, and specific binding attributed to CBM modules was defined as the
persistence of the test protein under conditions that removed all three negative
control proteins.

MS and proteomic analyses. Supernatants of Avicel-, CMC-, and xylan-grown
cultures were concentrated to ~25-fold in Centricon or Microcon devices (Mil-
lipore). Protein concentrations were determined by the BCA protein assay
(Pierce). Samples were denatured and reduced in 8 M urea—10 mM dithiothre-
itol-100 mM Tris (pH 8.5) for 2 h at 37°C, after which they were alkylated in 50
mM iodoacetate and then exchanged into 50 mM Tris—-1 mM CaCl, (pH 8.5).
The samples were digested overnight at 37°C with proteomics-grade trypsin
(Promega). Digestions were analyzed by reversed-phase high-pressure liquid
chromatography (RPHPLC)-tandem mass spectrometry (MS/MS) at the Uni-
versity of Maryland at College Park College of Life Sciences CORE Mass
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Spectrometry facility using a Waters 2960 HPLC linked to a Finnagin LCQ
tandem mass spectrometer. Alternatively, to identify specific proteins from SDS-
PAGE gels of Avicel-grown supernatants, regions containing 120-, 100-, and
75-kDa proteins were excised from an 8% gel and sent to Stanford University’s
mass spectrometry facility (http://mass-spec.stanford.edu), where they were pro-
cessed similarly and analyzed by using an ESI-Quadrupole-Time-of-Flight (Mi-
cromass Q-Tof) mass spectrometer. All peptide fragment masses were analyzed
by the peptide analysis packages SEQUEST and MASCOT (15, 39) and com-
pared to amino acid sequence translations of all ORFs in the S. degradans draft
genome and to the nonredundant Mass Spectrometry Database (ftp:/ftp.ncbi.nih
.gov/repository/MSDB/msdb.nam). Peptide identity matches were evaluated by
using the accepted thresholds of statistical significance specific to each program.

RESULTS

Overview of the plant wall-degrading enzymes. Since S. de-
gradans degrades plant matter in monoculture, it is expected to
have a broad spectrum of carbohydrases. The CAZy ModO da-
tabase identifies 77 ORF coding for predicted S. degradans plant
wall degradases, including apparent xylanase, arabinoxylanase,
B-mannanase, (-1,3-glucanase, and pectinase systems com-
prised of multiple depolymerases and accessory enzymes for
the removal of substituents and the processing of oligomers to
monomers. We focus here on the 13 cellulose depolymerases
and 7 associated accessory enzymes from six different glycoside
hydrolase (GH) families (Table 3). Most of these enzymes
contain one or more CBM.

In addition to the 77 easily annotated plant-degrading
OREFs, there are another 35 with poorly conserved CBM and/or
GH modules from families commonly involved in plant CP
binding and/or degradation that require further analyses. Nine-
teen contain a CBM but have no identifiable carbohydrase
module; one of these includes a zinc-dependent protease mod-
ule, suggesting a role as an accessory protease. The rest of
these sequences lack any recognizable catalytic modules, and
we have designated them “CBM proteins” and given them the
prefix “Cbm” (Table 4). There are also 16 genes (Table 5) with
GH modules of uncertain function or identity. We termed
these “glycanases of uncertain specificity” and identify them
with the acronym “Gly” pending an authoritative determina-
tion of their substrate. Several of these proteins of uncertain
specificity were subjected to functional analyses.

An unusually high percentage of S. degradans carbohydrases
contain lipobox sequences, which are normally acylated and
anchored to the outer membrane so that the enzymes function
on the cell surface. In fact, DOLOP analysis reveals that of the
112 predicted or potential plant wall carbohydrases, 32
(28.5%) contain consensus lipobox sequences: [LVI][ASTVI]
[GAS][C]. Five of these are cellulases and cellulase accessory
enzymes (Table 3), five are glycanases of unknown specificity
(Table 5), and two are “CBM only” proteins (Table 4). There
are also two genes (GlySL and Man5Q) with lipobox-like se-
quences that carry an atypical amino acid in the second posi-
tion (LQAC); these two were identified as probable lipopro-
teins by LipoP 1.0.

Cellulases and related accessories. Of the 13 predicted S.
degradans cellulases, 12 annotate as B-1,4-endoglucanases and
one as a cellobiohydrolase that acts on the nonreducing ends of
cellulose chains (Table 3). The seven “cellulase accessory en-
zymes” process cellulose oligosaccharides and include two cello-
dextrinases, three cellobiases, a cellodextrin phosphorylase,
and a cellobiose phosphorylase. All of these proteins include
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TABLE 3. Predicted cellulases and accessory enzymes of S. degradans

J. BACTERIOL.

No. of amino

Name®  Sde no.c Predicted function® Module(s)? acids® MM (kDa)# MS"

Cel5A? 3003  Endo-1,4-B-glucanase (EC 3.2.1.4) GHS5/CBM6/CBM6/CBM6/GHS 1,167 1272

CelSB 2490  Endo-1,4-B-glucanase LPB/PSL(47)/CBM6/GH5 566 60.8

Cel5C 0325  Endo-1,4-B-glucanase LPB/PSL(47)/GH5 451 49.1

Cel5SD 2636  Endo-1,4-B-glucanase CBM2/PSL(58)/CBM10/PSL(36)/GHS5 621 65.9

CelSE 2929  Endo-1,4-B-glucanase CBM6/CBM6/GHS 673 72.6

Cel5F 1572 Endo-1,4-B-glucanase GH5 365 42.0

Cel5G 3239  Endo-1,4-B-glucanase GHS5/PSL(21)/CBM6/PSL(32)/Y95 638 67.9

CelSH 3237  Endo-1,4-B-glucanase GHS5/PSL(32)/CBM6/EPR(16) 630 66.9 av
CelsI 3420  Endo-1,4-B-glucanase CBM2/PSL(33)/CBM10/PSL(58)/GHS5 725 772 av
Cel5J 2494 Endo-1,4-B-glucanase GH5/CBM6/CBM6 610 65.2

Cel6A 2272 Cellobiohydrolase (EC 3.2.1.91)¢ CBM2/PSL(43)/CBM2/PSL(85)/GH6 791 81.9

Cel9A 0636  Endo-1,4-B-glucanase GH9 578 62.7

Cel9B 0649  Endo-1,4-B-glucanase GHY/PSL(54)/CBM10/PSL(50)/CBM2 867 89.5 av
Ced3A 2497  Cellodextrinase (EC 3.2.1.74) LPB/GH3/PLP 1,072 116.0 av, cm, xn
Ced3B 0245  Cellodextrinase LPB/GH3 862 92.9 Xn
BgllA 3603  Cellobiase (EC 3.2.1.21) GHI/ 461 52.8

Bgl1B 1394 Cellobiase GH1/ 444 49.8

Bgl3C 2674  Cellobiase LPB/GH3/UNK(511) 866 95.4 av, cm, Xn
Cep9%4A 1318  Cellobiose phosphorylase (EC 2.4.1.20) GH94/ 811 91.7

Cep9%4B 0906  Cellodextrin phosphorylase (EC 2.4.1.49)  GH94' 788 88.7 cm

“ Cel, cellulase; Ced, cellodextrinase; Bgl, B-glucosidase; Cep, cellobiose/cellodextrin phosphorylase.

b cel5A was cloned, expressed as Cel5SA:Hisg, and assayed for activity.

¢ ORF number with the prefix “Sde,” for S. degradans as assigned in 15 June 2005 genome assembly (http://genome.ornl.gov/microbial/mdeg/15jun05/mdeg.html).

4 Predictions of function and module determination by CAZy ModO at AFMB-CNRS. Module abbreviations: CBM, carbohydrate-binding module; GH, glycosyl
hydrolase (numbers refer to families according to CAZy [http://www.cazy.org]); EPR, glutamic acid-proline-rich region; LPB, lipobox signature sequence; PLP,
phospholipase-like domain; PSL, polyserine linker; UNK, unknown function. Numbers in parentheses indicate the length of a region in amino acid residues.

¢ Cel6A is predicted to act on the nonreducing end of cellulose chains.
/No type II secretion signal sequence.

& Molecular mass (MM) and amino acid count calculated by the protParam tool at http://us.expasy.org/tools/protparam.html using DOE/JGI gene model amino acid

sequence translations including any predicted signal peptide.

"' MS, protein identified by MS/MS in concentrated supernatant from cultures grown in Avicel (av), CMC (cm), or xylan (xn).

an N-terminal type II secretion signal sequence except for two
of the cellobiases and both phosphorylases. Two endoglu-
canases, Cel5B and Cel5C, the cellodextrinases Ced3A and
Ced3B, and cellobiase Bgl3C contain lipobox motifs. Eight of
the thirteen cellulose depolymerases contain one or more ex-
tended regions comprised mainly of serine residues (Table 3).
These “polyserine linkers” (PSL) are similar to those in certain
carbohydrases of Cellvibrio japonicus (19, 22) and Clostridium
thermocellum (62), where they are believed to function as flex-
ible spacers or linkers. Such sequences occur in an unusually
high number of S. degradans carbohydrases (26).

The activities of several predicted cellulases were confirmed
by using zymograms. Analysis of Avicel-grown cultures in these
zymograms revealed a number of protein bands with activity
against HE-cellulose and barley B-glucan (Fig. 1), showing that
there are numerous endoglucanases that can be induced to
degrade cellulose. However, the number of predicted endoglu-
canases with molecular masses between 60 and 100 kDa made
specific bands of activity difficult to correlate with genomically
identified enzymes.

To identify individual carbohydrases, culture supernatants
were analyzed by RPHPLC-MS/MS. Three cellulases and four
cellulase accessory enzymes were repeatedly detected in cellu-
lose- and/or xylan-grown culture supernatants (Table 3). The
cellulases were Cel5H, CelSI, and Cel9B, and the accessory
enzymes included the cellodextrinases, Ced3A and Ced3B, as
well as the cellobiase, BgI3C. Also detected was the cellodex-
trin phosphorylase, Cep94B, which lacks a secretion signal
sequence. The detection of Cep94B in CMC-grown culture

supernatants indicated lysis of some of these stationary-phase
cells.

Enzymatic and binding domain analysis. The cellulases of S.
degradans are unlike those of other sequenced cellulolytic bac-
teria and contain a fascinating array of modules. Compared to
other cellulolytic prokaryotes with sequenced genomes, S. de-
gradans has an unusually high number of enzymes from glyco-
side hydrolase family 5 (Table 6). Twelve of the predicted
cellulases annotate as endoglucanases, ten of which have GH5
modules, and the other two have GH9 modules (Table 3).
There is also a GH6 nonreducing end cellobiohydrolase. Un-
like two well-studied bacterial models of cellulose degradation,
Thermobifida fusca and Clostridium thermocellum (29), the ge-
nome of S. degradans does not appear to encode a GH48
reducing-end cellobiohydrolase (Table 6).

Most S. degradans cellulases contain one or more CBM
belonging to families 2, 6, and 10 (Table 3). Sequence analysis
shows that all of the CBM2 modules in the genome are from
subfamily 2a, indicating that they bind crystalline cellulose (7).
Cellobiohydrolase Cel6A contains two such CBM2 modules,
making it the first known GH6 protein with dual CBM2 mod-
ules. Three endoglucanases, Cel5D, Cel5I, and Cel9B, also
have CBM that are predicted to bind crystalline cellulose, each
enzyme containing one CBM2a and one CBM10 (Table 3). Six
other endoglucanases contain one or more CBM6 modules,
and only three lack a CBM entirely (Table 3). The cellodext-
rinases, cellobiases, and phosphorylases lack CBM, in accor-
dance with the soluble nature of their substrates. The substrate
binding-specificities of the CBM are considered important in
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TABLE 4. Selected CBM proteins

No. of

Name? Sde no.c Module(s)? amino acids® MM (kDa)® MS/
Cbm2A? 1182 CBM2/EPR(48)/UNK(191) 371 38.0
Cbm2B? 1183 CBM2/UNK(914) 1,042 112.1 av
Cbm2C? 0182 CBM2/PSL(58)/Y94/PSL(25)/UNK(577) 933 97.5 Xn
Cbm2D-cbm10A 0650 CBM2/PSL(43)/CBM10/PSL(101)/UNK(231) 558 56.3
Cbm2E 0569 CBM2/PSL(18)/PSL(18)/UNK(471) 781 85.0
Cbm2F 2939 CBM2/PSL(33)/PSL(17)/UNK(544) 787 84.8
Cbm6A 0242 LPB/PSL(28)/CBM6/UNK(476) 681 72.5
Cbm6B 0216 CBM6/CBM6/UNK(217) 630 67.2
Cbm6C 3892 CBM6/UNK(216) 550 59.8
Cbm6D 3260 CBM6/UNK(262) 500 54.6
Cbm6E 1445 LPB/UNK(311)/CBM6 473 53.0
Cbm6F 3927 UNK(311)/CBM6 465 50.4
Cbm6G-Cbm16B 0112 UNK(620)/CBM6/CBM16 1,024 111.4
Cbm6H-Cbm32F 2795 UNK(514)CBM6/CBM32 912 97.5
Cbm16A-Cbm32E 3272 CBM16/PTR(16)/CBM32/PTR(22)/UNK(232) 552 585
Cbm32A 0478 CBM32/CBM32/UNK(251)/COG3488 1,028 111.9 xn
Cbm32B 3845 UNK(109)/CBM32/CBM32/CBM32 557 59.5
Cbm32C 1503 ZDP/CBM32/FN3/FN3/CBM32 674 73.6
Cbm32D 3709 CBM32/FCL/UNK(521) 818 88.8

“ Cbm, carbohydrate-binding module.

? ORF was cloned, expressed as a HisTag fusion protein, and assayed for cellulose binding and enzyme activity.

¢ ORF number having the prefix “Sde,” for Saccharophagus degradans as assigned in the 15 June 2005 genome assembly (http:/genome.ornl.gov/microbial/mdeg
/15jun05/mdeg.html).

@ Predictions of function and module determination by CAZy ModO at AFMB-CNRS. Module abbreviations: CBM, carbohydrate-binding module; COG3488,
thiol-oxidoreductase like domain; EPR, glutamic acid-proline-rich region; FCL, similar to fucose-binding lectins in eel serum proteins; FN3, fibronectin type 3 module;
LPB, lipobox signature sequence; PSL, polyserine linker; PTR, proline-threonine repeat; UNK, unknown function; Y94, novel domain identified in this protein and
two xylanases by CAZyme analysis; ZDP, zinc-dependent protease domain.

¢ Molecular mass (MM) and amino acid count calculated by the protParam tool at http://us.expasy.org/tools/protparam.html using DOE/JGI gene model amino acid
sequence translations including any predicted signal peptide.

/ Protein identified by MS/MS in concentrated supernatant from cultures grown in Avicel (av) or xylan (xn).

assessing the binding sites, and thereby the function, of the
cellulases (see Discussion). For example, although the GHS
module of Cel5D is a predicted endoglucanase, the CBM2 and
CBM10 both bind crystalline cellulose. Thus, Cel5D is thought
to bind and act on or near crystalline regions (7).

Cel5A was studied further because of its intriguing features.
In addition to its three CBM6s, Cel5A contains dual GHS

modules, both of which annotate as endoglucanases although
their sequences are dissimilar (37% identity and 54% similarity
in amino acid sequence; 60.9% identical nucleotide sequence).
Cel5A was cloned, expressed as Cel5A:His, (Fig. 2), and as-
sayed for activity. Zymograms indicated that Cel5A:His, was
active on HE-cellulose and barley B-glucan (Fig. 1). Reducing
sugar assays revealed that it had approximately 10- and 20-fold

TABLE 5. Glycanases of uncertain substrate specificity

Name* Sde no.c Predicted function” Module(s)? ) .NO'IOf. e MM (kDa)* MS
amino acids

Gly3D? 0475  B-Glycosidase (EC 3.2.1.-) CBM32/CBM32/CBM32/GH3/CBM32 1,581 173.0 Xn
Gly5K® 2993  Endo-(1,3 or 1,4)-B-glucanase (EC 3.2.1.4/6) GHS5/CBM6/CBM6/CBM13 863 94.6
GlysL 2996  Endo-(1,3 or 1,4)-B-glucanase LQAC/GH5/CBM6 853 93.3
GlysM* 3023  Endo-(1,3 or 1,4)-B-glucanase LPB/EPR(34)/GHS5/FN3/CBM6 869 94.9
GlySR 1121 B-Glycosidase or mannanase (EC 3.2.1.25) GH5 457 50.9
Gly5S 2285 B-Glycosidase GHS5 383 42.8 Xn
Glyoc” 0558  B-Glycosidase LPB/GH9 665 73.2
GlyleH 2878  B-Glycosidase GH16/CBM4 968 107.2
Gly26B 3022 B-Glycosidase GH26/CBM13/CBM13 644 71.6
Gly30A 2992 B-Glycosidase LPB/GH30/CBM6/CBM6/CBM13 982 107.4
Gly30B 2994  B-Glycosidase GH30 481 52.8
Gly43m® 3317  B-Glycosidase LPB/GH43/LGL/LGL 1,174 1272

¢ Poorly conserved modules from GH families which contain plant-wall depolymerases are designated by the generic prefix “Gly” pending identification of substrate
specificity.

® ORF was cloned, expressed as a HisTag fusion protein, and assayed for enzyme activity.

¢ Gene number having the prefix “Sde” for Saccharophagus degradans as assigned in the 15 June 2005 genome assembly (http://genome.ornl.gov/microbial/mdeg
/15jun05/mdeg.html).

@ Predictions of function and module determination by CAZy ModO at AFMB-CNRS. Module abbreviations: CBM, carbohydrate-binding module; EPR, glutamic
acid-proline-rich region; FN3, fibronectin type 3 module; LPB, lipobox signature sequence; LQAC, putative alternate lipobox sequence with atypical second amino acid.

¢ Molecular mass (MM) and amino acid count calculated by the protParam tool at http://us.expasy.org/tools/protparam.html using DOE/JGI gene model amino acid
sequence translations including any predicted signal peptide.

/ Protein identified by MS/MS in concentrated supernatant from cultures grown in Avicel (av) or xylan (xn).
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FIG. 1. Zymograms of Cel5A:His,- and CP-grown stationary-phase 2-40 culture supernatants. (A) SDS-8% PAGE gel stained with Coomassie
blue. Lanes: M, Bio-Rad Precision Plus molecular weight markers (Bio-Rad, Hercules, CA); 1, ~5 pg of Cel5A:Hisg; 2, ~15 wg of laminarin-grown
culture supernatant; 3, ~15 ug of Barley B-glucan-grown culture supernatant; 4, ~15 g of Avicel-grown culture supernatant. (B) SDS-8% PAGE
zymogram containing 0.15% barley B-glucan (medium viscosity; Megazyme, Bray, Ireland). Lanes are as defined in panel A. (C) SDS-8% PAGE
zymogram containing 0.1% HE-cellulose (medium viscosity; Fluka). Lanes are as described in panel A. Note the high-molecular-mass bands (0)
in panel B, lane 2, showing three large 8-1,3-endoglucanases produced in response to laminarin but not in response to cellulose or barley B-glucan.
Also note the appearance of three conserved bands (arrows) in lanes 2 to 4 of panels B and C, suggesting that as many as three B-1,4-

endoglucanases function as common members of laminarin, mixed glucan, and cellulose degradative pathways.

more activity versus barley B-glucan than versus CMC and
PASC, respectively (Table 7). No activity was detected against
Avicel, xylan, or laminarin. The activity of Cel5A:His, against
pNP-B-cellobioside and the absence of activity against pNP-B-
glucopyranoside suggest that the enzyme does not cleave oligo-
cellodextrins of less than three residues and corroborates the
results from reducing-sugar assays. Thus, it is concluded that
Cel5A is a B-1,3(4) endoglucanase with secondary activity on
amorphous cellulose chains.

CBM proteins. Analysis of the proteins that incorporate a
CBM, but not an annotated carbohydrase domain (CBM pro-
teins), reveals that they all have a type II secretion signal, and

most have extended regions of unknown sequence large
enough to accommodate binding and/or catalytic modules.
Many of these CBM proteins contain unusual sequence fea-
tures. In Cbm2C, Cbm2D-Cbm10A, Cbm2E, Cbm2F, and
Cbmo6A, a number of binding modules are separated from the
rest of the protein by PSLs (Table 4). Other proteins with
unusual features include Cbm?2A, with a glutamate-proline re-
peat (EPR), and Cbm2B containing a 914-amino-acid region
that has as yet no homolog in the nonredundant database of
the National Center for Biotechnology Information. Cbm2C
and two predicted xylanases contain a novel module, desig-
nated Y94, which is thus far unique to S. degradans. RPHPLC-

TABLE 6. Distribution of candidate cellulases and accessory cellodextrinases, B-glucosidases, and phosphorylases in the genomes of
completely sequenced cellulolytic bacteria

Distribution (no.)

Family“ Subfamily®

Saccharophagus degradans Cytophaga Thermobifida Clostridium Thermotoga
2-40¢ hutchinsonii¢ fusca“ thermocellum® maritima®

GHS5 16 5 2 7 2
GHo6 Endo 1
GHo6 Exo 1 1
GH8 4 1
GH9 3 7 14
GHI12 2
GH48 1 2
GH74 1 1 1 1
GH1 (B-glucosidases) 2 1 2 2 1
GH3 (B-glucosidases) 5 5 1 1 3
GH94 (phosphorylases) 2 2 1

¢ Predictions of function and module determination by CAZy ModO at AFMB-CNRS.

> GH family 6 includes endoglucanases and exo-acting cellobiohydrolases.

¢ Data obtained by BLAST analysis on the NCBI microbial genomes server (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi).

@ Data from the CAZy database (http://www.cazy.org).
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FIG. 2. Expression of His-tagged recombinant proteins. (A) SDS-8% PAGE gel stained with Coomassie blue. Lanes: M, Bio-Rad Precision
Plus molecular weight markers; 1, Gly43M:His,; 2, Gly3D:His,; 3, GlySM:Hisg; 4, Cel5A:His,. (B) Western blot of SDS-8% PAGE gel prepared
identically to that in panel A probed with anti-His, antibody (Novagen). Lanes are as described in panel A.

MS/MS analyses detected Cbm2C xylan-grown culture super-
natants and Cbm2B in Avicel-grown cultures.

Cbmo6A and Cbmo6E have lipobox motifs. Two other CBM6
proteins include an unusual second binding module; Cbm6G-
Cbm16B and Cbm6H-Cbm32F contain a family 16 and family
32 CBM, respectively. There are four other ORFs with
CBM32s, three of which have multiple copies of the binding
module. Cbm32A was detected by MS/MS in xylan-grown su-
pernatant and contains tandem CBM32s, followed by a 251-
amino-acid unknown region and a thiol oxidoreductase-like
module (Table 4). Cbm32D has an N-terminal CBM32, fol-
lowed by a novel module, designated FCL, which has homol-
ogy to fucose-binding lectins that are found in serum proteins

TABLE 7. Activity assays of cloned enzymes

Activity (mU mg protein) (SD)

Substrate”

Cel5A:His,” Gly5K:Hiss
Barley B-glucan 33.1(15.0) ND
CMC 34 (1.1) ND
PASC 1.9 (1.0) ND
pNP-cellobiose 12.4 (0.5) ND
pNP-a-arabinopyranoside ND 1.1 (0.04)
pNP-a-arabinofuranoside ND 1.1(0.2)
pNP-B-xylopyranoside ND 0.8 (0.03)
pNP-B-glucopyranoside ND 1.0 (0.04)

“ CMC, carboxymethylcellulose; PASC, phosphoric acid swollen cellulose;
pNP, para-nitrophenol. No activity was detected against Avicel, laminarin, xylan,
pNP-B-arabinopyranoside, pNP-a-glucopyranoside, pNP-a-xylopyranoside.

b Activity is expressed in milliunits/mg protein as glucose reducing equivalents,
determined by Nelson-Somogyi reducing sugar assay (20). ND, not detected. The
assays were run in triplicate.

¢ Activity is expressed as milliunits/mg protein as nitrophenol released from
p-NP derivative. ND, not detected. The assays were run in triplicate.

of the Japanese eel, Anguilla japonica. An INTERPRO data-
base search (http://www.ebi.ac.uk/interpro/displaylproEntry?ac
=IPR006585) did not identify any prokaryotic examples of this
module except for S. degradans.

In order to assess whether the cloned CBM proteins were
successfully renatured after expression and purification and to
verify the predicted binding of their CBM2a modules, a novel
cellulose-binding assay was developed in which Avicel was
preincubated with BSA, blocking nonspecific protein binding.
Cbm2A:His,, Cbm2B:His,, and Cbm2C:His, were subjected
to this Avicel-binding assay, examined in zymograms, and
checked for enzyme activity in reducing-sugar assays. All
three of these fusion proteins specifically bound to Avicel (Fig. 3A
and B), and none exhibited enzymatic activity in zymograms or
reducing-sugar assays.

Glycanases of uncertain function. The glycanases for which
precise substrate specificity cannot be predicted by sequence
analyses (glycanases) belong to five different well-character-
ized GH families (Table 5), although many deviate from the
typical consensus sequence. For example, the catalytic modules
of Gly5K, Gly5L, and Gly5M are categorized as possible 3-1,3
or 3-1,4 endoglucanases but are not well enough conserved to
permit more specific prediction of their substrate specificity.
Similarly, Gly5R is distantly related to known -mannanases,
and the sequence of Gly9C is only 25% conserved with known
GHO cellulases.

There are also glycanases with modules from less-well-char-
acterized families, such as Gly26B, Gly30A, and Gly30B. Ap-
proximately half of the glycanases contain one or more CBM
from families 6, 13, or 32, suggesting that these enzymes bind
to glycan chains or oligosaccharides. Although CBM families 6
and 13 are well characterized, relatively little is known about
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FIG. 3. Cbm2-containing proteins specifically bind to Avicel.
(A) SDS-11% PAGE gel. Sample proteins were incubated with BSA-
treated Avicel as described in Materials and Methods. Arrows indicate
test protein bands. Lanes: 1, Cbm2A:Hisg; 2, Com2B:Hisg; 3, pepsin.
Porcine lipase and ovalbumin controls are not shown. (B) SDS-8%
PAGE gel prepared as in panel A. Lanes: 1, rCbm2C; 2, pepsin; 3,
porcine lipase. The ovalbumin control is not shown. For reasons yet to
be determined a number of cloned 2-40 proteins, including Cbm2B
and Cbm2C, consistently run higher in SDS-PAGE than their pre-
dicted molecular masses.

CBM family 32, quadruply represented in Gly3D. Unlike the
cellulases and CBM proteins, none of the glycanases contain
PSLs; however, there are other unusual motifs. Gly5SM con-
tains a 34-amino-acid glutamate-proline repeat (EPR), and
Gly43M carries two modules (designated LGL; Table 5) with
homology (BLASTP; 2e-12, 2e-18) to concanavalin A-like lec-
tins (SCOP: dlepwa).

To determine the function of selected glycanases, Gly3D,
Gly5K, Gly5M, Gly9C, and Gly43M were cloned, expressed,
and assayed for activity. Of these, only Gly5K was active under
assay conditions (Table 7). Western blots of the recombinant
protein preparations showed that the observed molecular mass
of the His-tagged band agreed with the predicted molecular
mass of the target protein (Fig. 2B), and the proteins of inter-
est appeared as a single predominant band, with the exception
of Gly5M, which consistently appeared as a major band of
~120 kDa with three minor bands of lower molecular mass.

J. BACTERIOL.

Although these, and other, minor bands visible in SDS-PAGE
and/or Western blots were probably degradation products of
the target protein, there may have been impurities present as
well; in either event, these minor components appear unlikely
to affect the functional analysis.

Amino acid sequence comparisons showed that the active
sites of Gly5K and GlySL were so similar to each other as to
share common substrate specificity. Accordingly, Gly5K was
the chosen representative for cloning and functional analyses.
Gly3D:His,, Gly5M:His,, Gly9C:His,, and Gly43M:his, were
not active in the zymograms or activity assays, and their sub-
strate specificities remain to be determined. However, Gly3D
was detected by MS/MS in xylan-grown supernatants, implying
a role in plant wall degradation. Gly5K:His, was moderately
active against pNP-conjugated a-L-arabinofuranoside, a-L-arabi-
nopyranoside, B-D-glucopyranoside, and {-Dp-xylopyranoside
(Table 7), suggesting that GlySK may be active against oli-
gomers of arabinoxylan.

DISCUSSION

Enzyme complement and domain analysis. The degradation
of CP requires consortia of enzymes with diverse and comple-
mentary activities. Genomic and functional analyses reveal that
S. degradans has 10 distinct CP-degrading systems (17) and
more carbohydrases and accessory proteins than any marine
bacterium studied thus far. To our knowledge, S. degradans is
the first marine bacterium shown to have complete systems for
metabolizing every major polysaccharide component of the
plant cell wall, including cellulose, common hemicelluloses
(xylans, arabinans, glucans, and B-mannans), and pectin. This
is particularly remarkable in the context of its other complete
systems which metabolize other polysaccharides commonly
found in the marine environment: agar, alginate, and chitin
(17, 28).

It is also noteworthy that the genome of S. degradans con-
tains more predicted cellulases than many other cellulolytic
organisms, including the cellulolytic fungus Trichoderma reesei,
which has seven cellulases (two cellobiohydrolases and five
endoglucanases (18). Examples of cellulase systems from
genomically sequenced bacteria include the soil organisms Cy-
tophaga hutchinsonii, Clostridum thermocellum, and Thermobi-
fida fusca and the marine bacterium Thermotoga maritima
(Table 6). Like Thermobifida fusca and Clostridium thermocel-
lum, S. degradans has a nonreducing end cellobiohydrolase (53,
57). However, unlike these organisms, S. degradans does not
have a GH48 reducing-end cellobiohydrolase. Furthermore, by
sequence analysis, it is uncertain whether S. degradans has any
processive endoglucanases, such as the cellotetraolases Cel9R
and Cel9I of C. thermocellum (60, 61) or Cel48F of C. cellulo-
lyticum (41, 42). BLASTP analysis of the S. degradans genome,
using the GH9 sequences of Ct-Cel9I and Ct-Cel9R, revealed
that Sd-Cel9A and Sd-Cel9B are not strongly conserved with
the C. thermocellum tetraolases (~25% identity, ~38% simi-
larity in amino acid sequence). However, because the genome
contains so many predicted enzymes from well-studied GH
families with sequences that are not conserved with character-
ized examples (Table 5), it remains possible that S. degradans
has processive endoglucanases which have novel sequences. It
is also possible, although less likely, that such activity may
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reside within one or more cellulases with conserved sequence
(Table 3).

Studies of organisms such as 7. fusca and T. reesei have
strongly suggested that the synergistic action of endoglu-
canases and reducing-end and nonreducing-end cellobiohydro-
lases (the so-called endo-exo synergy) is essential for efficient
cellulose utilization (3, 55). This perceived requirement is of-
ten extended to cellulolytic microorganisms in general. How-
ever, accumulating evidence suggests that there may be other
operative mechanisms, as well. For example, the gram-negative
gliding soil bacterium, Cyfophaga hutchinsonii, is regarded as
an efficient cellulolytic bacterium (36) despite the absence of
either a GH6 or GH48 cellobiohydrolase (Table 6). Further-
more, recent studies of Clostridium thermocellum reveal that it
has at least two processive cellotetraolases (60, 61) and that,
during growth on Avicel, cellotetraose is the major oligomer
imported into the cytoplasm, where it is metabolized further
via phosphorolytic cleavage (58). C. thermocellum is reported
to have 23 ORFs that appear to participate in cellulose deg-
radation (59), among which only four are proven or predicted
cellobiohydrolases (59). Thus, it appears that in C. thermocel-
lum the combined activities of the abundant endoglucanases
(including processive cellotetraolases) produce the bulk of as-
similated carbon during cellulose metabolism (58), despite the
presence of reducing-end and nonreducing-end cellobiohydro-
lases. In such a system, the main function of the cellobiohy-
drolases may be to promote the breakdown of particularly
recalcitrant crystalline regions rather than to produce cellobi-
ose as a primary energy source. Interestingly, S. degradans has
an abundance of endoglucanases and only one cellobiohydro-
lase. Taken together, the presence of cellodextrin and cellobi-
ose phosphorylases (Table 6) suggests that S. degradans cellu-
lose metabolism proceeds, at least in part, through the uptake
of endoglucanase-derived oligo-cellodextrins (n > 2) and that
phosphorolytic cleavage is also an operative mechanism.

Most S. degradans cellulase components appear to be freely
secreted, as indicated by type II secretion signals. However,
two cellulases, both of the cellodextrinases, and one cellobiase
have lipobox sequences (Table 3), suggesting that they are
anchored to the cell surface (13, 40, 48). Within the cellulase
system, the lipoprotein enzymes are specific for single glycan
chains and cello-oligomers. Thus, it appears that the extracel-
lular enzymes that process intermediate-length glucan chains
into oligo-cellodextrins and glucose are maintained on the cell
surface, thereby minimizing substrate and enzyme loss through
diffusion (6, 45, 53).

Many carbohydrases of S. degradans have features that are
unique and others that are unusual among prokaryotes. In
addition to well-predicted plant wall carbohydrases, there are
numerous ORFs with binding and/or catalytic modules for
which precise substrate specificity cannot be predicted due to
insufficient relatedness to a well-characterized enzyme. It has
long been noticed that the sequence-based families of glyco-
side hydrolases contain enzymes of various substrate specific-
ities (23), making predictions of substrate specificity difficult
for distantly related members (12, 24).

S. degradans encodes many such genes. Although GHS is
among the best-studied CAZyme families, the genome con-
tains five GHS5 modules for which substrate specificity cannot
be predicted by sequence analysis. Of the two glycanases of
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unknown function with GHS modules that were cloned and
assayed in the present study, GlySM:His, was not active on any
tested substrate, and GlySK:His, was moderately active on
arabinoside, xyloside, and glucoside pNP conjugates, but not
on laminarin, barley B-glucan, xylan, or three forms of cellu-
lose. The findings suggest that the substrates of these GHS
glycanases, much like their sequences, differ from those of
previously characterized GHS cellulases. This is also the likely
case for Gly9C and Gly43M—both of which were inactive in
reducing-sugar and pNp assays. For many of these glycanases,
follow-up studies, testing activities on cellulose and hemicellu-
lose oligosaccharides (many of which are not commercially
available), as well as synergy tests with enzymes with known
reaction characteristics, will help to clarify their role in CP
metabolism. Such studies may advance knowledge of even
well-studied GH families.

Although it is possible that one or more of the expressed
recombinant proteins failed to refold properly, evidence sug-
gests that many of them retained or recovered functionality.
For example, as predicted, the CBM proteins Cbm2A:His,,
Cbm2B:His,, and Cbm2C:His, exhibited specific binding to
Avicel. Furthermore, Cel5A:His, was active against amor-
phous cellulose and barley B-glucan. [It is possible, based upon
their low sequence conservation, that the dual GHS modules of
Cel5A have different reaction specificities. In fact, this was
found, in another carbohydrase system of S. degradans, namely,
the dual GH18 modules of chitinase, ChiB (27).] Including the
detected activities of Gly5K:His,, four of the nine expressed
recombinant proteins functioned as genomically predicted and
a fifth was active against arabinoside and xyloside pNp link-
ages. Therefore, it is probable that Gly3D:His,, GlySM:His,,
Gly9C:Hisg, and Gly43M:His, were expressed in a functional
state and that they act on untested substrates.

S. degradans encodes four distinct modules which might be
novel CBM. These include the fucolectin-like module (FCL) in
Cbm32D (Table 4) and the concanavalin A lectin-like modules
of Gly43M (Table 5). Two other candidate CBM are the con-
served modules designated Y94 and Y95. Y94 modules are
about 130 amino acids in length and are found in Cbm2C,
which was identified by MS in supernatant from S. degradans
grown with xylan as the sole carbon source. Y94 modules also
appear in two predicted xylanases which, together with the
MS/MS data, suggests a possible xylan-binding role. Y95 mod-
ules are about 95 amino acids in length and occur in Cel5SG
(Table 3), as well as in two poorly conserved polysaccharide
lyases.

Alternatively, it is possible that one or more of these un-
known modules are involved in specific attachment of proteins
to the bacterial cell surface as exemplified by the dockerin-
cohesin interaction in C. thermocellum (6). Surface attach-
ments in gram-negative bacteria are not solely mediated by
lipobox sequences (5, 31, 51). Other modules that may be
involved in surface attachment include fibronectin-like (FN3),
found in Cbm32C (Table 4), and the glycanases GlySM and
Gly5R (Table 5). The function of FN3 modules is uncertain
(47), and it remains possible that they participate in protein-
cell surface interactions.

Functional analysis. The general characteristics of the cel-
lulase system of S. degradans can be inferred from the analysis
of its proteome with the CAZy database tools. Annotations
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and analyses of the GH and CBM modules within an ORF
allow prediction of its catalytic and binding activities. Further-
more, analyses of lipoprotein or secretion signal sequences, if
present, suggest where the protein will perform its expected
function. From this, the predicted location of each enzyme rela-
tive to the cell and its likely substrate are presented in Fig. 4. This
model suggests the most probable location and activity of the
well-conserved cellulases, based on functional predictions, and
provides a testable framework for further study of cellulose
metabolism in S. degradans.

Since the roles of the CBM-only proteins remain unclear,
they were not included in Fig. 4 despite the detection of three
of them in Avicel- or xylan-grown culture supernatants (Table
4) and the fact that Cbm2A, Cbm2B, and Cbm2C specifically
bind to Avicel (Fig. 3). Perhaps one or more of the CBM
proteins enhance cellulose degradation through a “disruption”
mechanism similar to that recently shown for the nonhydro-
lytic, chitin-binding protein CBP21 of Serratia marcescens (54).
Interestingly, and like S. marcescens, the S. degradans chitinase
system also contains a CBM33 containing chitin-binding pro-
tein that is believed to assist in the degradation of chitin (28).
To this end, certain CBM proteins of S. degradans may be
bacterial equivalents of plant expansins (10) or the swollenin
protein of T. reesei (44). These proteins also contain CBM
and yet lack catalytic modules, and there is evidence that
swollenins act to disrupt the surface of crystalline cellulose,
thereby increasing the availability of cellulose chains for
enzymatic attack (44).

In our model, crystalline cellulose is attacked by the freely
secreted endoglucanases which bind insoluble cellulose,
namely, Cel5SD, Cel5I, and Cel9B (Fig. 4A). These endoglu-
canases appear to act on amorphous regions within insoluble
cellulose, thereby generating shorter cellulose chains and in-
creasing the availability of nonreducing ends for attack by
cellobiohydrolase Cel6A. Although a reducing-end cellobiohy-
drolase has not been found by sequence analysis, the cellulase
system of S. degradans is quite functional, permitting growth on
Avicel and even filter paper as sole carbon sources (52). There-
fore, it appears that its numerous endoglucanases (some of
which may be processive) act synergistically to compensate for
the absence of a reducing-end cellobiohydrolase. Alternatively,
although less likely, there may be a reducing-end cellobiohy-
drolase that was not identified in the analyses of the recently
closed genome.

Continuing with the cellulose degradation model, there are
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five freely secreted endoglucanases with CBM6s and two which
do not have a CBM. Because of their CBM specificity (or lack
of CBM) these enzymes are expected to act on more accessible
forms of cellulose such as individual chains or extended amor-
phous regions (Fig. 4B). Six of these “secondary” endoglu-
canases are from GH family 5, and the other is a GH9. These
enzymes cleave cellulose (and perhaps other glucans as well,
e.g., 1,3-1,4-B-glucan) to shorter, random-length chains and
cellodextrins. Although it is possible that one or more of the
endoglucanases in this group may generate oligomers that are
acted on by other endoglucanases, no such functional hierar-
chy can be inferred by sequence analysis.

Some of the cellulose chain fragments and cellodextrins gen-
erated by S. degradans enzymes are likely processed at the cell
surface by the lipoproteins: endoglucanases Cel5B and Cel5C,
cellodextrinases Ced3A and Ced3B, and the cellobiase Bgl3C
(Fig. 4C). Cel5B and Cel5C hydrolyze individual cellulose
chains to cellodextrins, which are cleaved to glucose and oligo-
cellodextrins by Ced3A and Ced3B. Cellobiose may be hydro-
lyzed to glucose at the cell surface by Bgl3C and then imported
to the cytoplasm. Alternatively, short cellodextrins and cello-
biose may be imported into the cytoplasm for further metab-
olism by the cellobiases and/or phosphorylases (Fig. 4C).

The presence of the cellobiases and phosphorylases suggests
that, in addition to the surface-bound enzymes, there are also
two distinct cytoplasmic pathways for oligo-cellodextrins me-
tabolism, both of which rely on energy-dependent import of
cellobiose and/or cellodextrins. In the hydrolytic pathway, cel-
lobiose is cleaved to glucose by either of the two cellobiases,
BgllA and BgllB. In the phosphorolytic pathway, cellobiose
and cellodextrins are cleaved into glucose-1-phosphate and
glucose or cellodextrin (n-1) by the cellobiose or cellodextrin
phosphorylase (Fig. 4C). Although it is impossible to predict
the extent to which each pathway contributes to cellulose me-
tabolism, the energy savings afforded by phosphorolytic cleav-
age may be advantageous under certain conditions (46, 58).
The detection of cellobiase BgI3C, cellodextrinase Ced3A, and
the cellodextrin phosphorylase, Cep94B, by MS/MS in cultures
grown in CMC as the sole carbon source suggests that surface-
bound hydrolysis and intracellular phosphorolytic cleavage of
oligo-cellodextrins may occur simultaneously in S. degradans.

Collectively, these data support the notion that S. degradans
synthesizes a full complement of enzymes that degrade algal
and green plant cell wall polymers. It is uniquely the first
marine proteobacterium shown to do so in pure culture (52),

FIG. 4. Representation of cellulose degradation by S. degradans. The diagram shows the predicted cellulases of S. degradans participating in
three distinct phases of cellulose degradation based on their expected location relative to the cell, as well as their enzymatic and substrate-binding
specificities. In panel A, a region of crystalline cellulose located distal from the cell is attacked by the nonreducing-end cellobiohydrolase, Cel6A,
and endoglucanases Cel5D, CelSI, and Cel9B. Panel B shows the secreted cellulases which contain CBM6 modules (or lack a CBM) acting on freely
accessible cellulose chains at an intermediate distance from the cell surface. In panel C, the lipoprotein-anchored components are shown
processing oligo-cellodextrins. The endoglucanases Cel5SB and Cel5C likely bind and degrade single cellulose chains at the cell surface, whereas
the cellodextrinases cleave cellodextrins to generate glucose and (n-1) oligo-cellodextrins. Extracellular cellobiose is cleaved to glucose by Bgl3C.
In addition, within the cell cytoplasm, the cellobiose and cellodextrin phosphorylases are shown bound to their substrates, as are the cytoplasmic
cellobiases Bgl1A and Bgll1B. Internal glucose residues of cellulose chains are represented by open hexagons, while the nonreducing ends are
indicated by diagonal lineed hexagons, with the reducing ends shown as solid filled hexagons. The bacterial inner and outer membranes are
indicated by shaded dashed lines. Enzyme names (i.e., Cel9B) are indicated within catalytic module, while the CBM family type is indicated within
the CBM. Wavy, dashed lines represent PSLs, and solid lines represent non-PSL regions. Lipoprotein anchors are shown embedded in the outer
membrane with the lipid moiety represented by the zigzag line. CelSH, CelSI, Cel9B, Ced3A, Ced3B, Bgl3C, and Cep94B were detected by
RPHPLC-MS/MS in cellulose- and/or xylan-grown culture supernatants.
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having versatile arrays of enzymes with complementary activ-
ities. Until now reports on the degradation of algal and higher
plant cell wall polymers in marine environments have been
descriptive. The discovery and molecular biochemical charac-
terization, beginning with S. degradans, of an emerging group
of cellulolytic marine bacteria promises a more complete un-
derstanding of the marine carbon cycle. Further studies of the
cellulases of S. degradans should reveal additional important
similarities and differences between the cellulase systems of
aerobic marine bacteria and anaerobic soil organisms such as
the clostridia.
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