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Comparative analysis of binding of intact glucose-grown Fibrobacter succinogenes strain S85 cells and
adhesion-defective mutants AD1 and AD4 to crystalline and acid-swollen (amorphous) cellulose showed that
strain S85 bound efficiently to both forms of cellulose while mutant Ad1 bound to acid-swollen cellulose, but
not to crystalline cellulose, and mutant Ad4 did not bind to either. One- and two-dimensional electrophoresis
(2-DE) of outer membrane cellulose binding proteins and of outer membranes, respectively, of strain S85 and
adhesion-defective mutant strains in conjunction with mass spectrometry analysis of tryptic peptides was used
to identify proteins with roles in adhesion to and digestion of cellulose. Examination of the binding to cellulose
of detergent-solubilized outer membrane proteins from S85 and mutant strains revealed six proteins in S85
that bound to crystalline cellulose that were absent from the mutants and five proteins in Ad1 that bound to
acid-swollen cellulose that were absent from Ad4. Twenty-five proteins from the outer membrane fraction of
cellulose-grown F. succinogenes were identified by 2-DE, and 16 of these were up-regulated by growth on
cellulose compared to results with growth on glucose. A protein identified as a Cl-stimulated cellobiosidase was
repressed in S85 cells growing on glucose and further repressed in the mutants, while a cellulose-binding
protein identified as pilin was unchanged in S85 grown on glucose but was not produced by the mutants. The
candidate differential cellulose binding proteins of S85 and the mutants and the proteins induced by growth
of S85 on cellulose provide the basis for dissecting essential components of the cellulase system of F.

succinogenes.

Fibrobacter succinogenes S85 is a rod-shaped, gram-negative,
strictly anaerobic ruminal bacterium that is one of the major
cellulolytic bacteria within the rumen (2, 24). Because of the
ability of this bacterium to efficiently adhere to and degrade
plant cell walls, it has been extensively studied to elucidate the
mechanism involved in adhesion and digestion of plant cell
walls. As a result, five endoglucanases (31, 33-35), one cello-
biosidase (17), one cellodextrinase (15), four xylanases (21,
52), two acetyl xylan esterases (22), and two cellulose-binding
proteins (11) have been purified or cloned and purified and the
catalytic properties of the enzymes determined. Although
those studies have provided valuable information about many
of the cellulases and hemicellulases of F. succinogenes, the
mechanism of binding of cells to cellulose and hydrolysis of
cellulose has not been solved.

Similar to the case with other anaerobic cellulolytic bacteria,
adhesion of F. succinogenes cells to cellulose appears to be a
prerequisite for rapid and efficient cellulose hydrolysis by this
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organism (30). This claim is supported by the observation that
carboxymethylcellulose, which blocks adhesion to cellulose,
also blocked cellulose degradation (25). Gong and Forsberg
(12) isolated nonadherent mutants of F. succinogenes S85 that
either did not degrade crystalline cellulose or degraded cellu-
lose more slowly than S85. Treatment of S85 cells with pro-
teolytic enzymes markedly reduced their adhesion ability,
showing that some protease-sensitive proteins on the cell sur-
face were involved in the adhesion. However, without suitable
separation methodologies and with a lack of techniques to
identify noncatalytic proteins, it was challenging to pursue the
research at that time.

Gong and Forsberg (13) developed a sodium chloride
washing technique to cleanly separate outer membranes
(OMs) of F. succinogenes free from other cellular fractions.
Since adhesion to cellulose and cellulose hydrolysis involve
an intimate association of the OM surface with cellulose, we
have analyzed the OM proteins from F. succinogenes S85
grown on cellulose and on glucose and from the two non-
adherent mutants, Ad1 and Ad4, grown on glucose in order
to identify proteins with potential roles in adhesion to cel-
lulose and in cellulose hydrolysis. The application of mass
spectroscopy analysis of trypsin digests of the separated
proteins in conjunction with access to the genome sequence
of F. succinogenes S85 has provided the opportunity to iden-
tify these novel proteins. Therefore, the goal of this study
was to identify OM proteins that have potential roles in
initial attachment of cells to cellulose and that are either
absent from nonadherent mutants or are induced in the
wild-type strain S85 by growth on cellulose.

(Research presented here is described in the Ph.D. theses of
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MATERIALS AND METHODS

Bacterial strains and culture conditions. Fibrobacter succinogenes S85 and
mutants Adl and Ad4, which do not adhere to Avicel crystalline cellulose (12),
were grown in chemically defined medium (CDM) (43) including either 0.5%
(wt/vol) glucose, 0.2% (wt/vol) acid-swollen cellulose (ASC), or 0.3% (wt/vol)
Avicel cellulose PH105 as the carbohydrate source for growth. For the isolation
of OM proteins, the bacteria were cultured in 4 liters of CDM containing either
glucose or Avicel cellulose for 12 or 36 h, respectively, with periodic shaking.

ASC was prepared as described by Wood (51). Briefly, 5 g of Avicel cellulose
PH105 was mixed with 10 ml of H;PO, (85% [wt/vol]) and stored in ice for 1 h
with occasional stirring. The mixture was poured into 4 liters ice-cold distilled
water and left in ice for 30 min. The swollen cellulose was washed five times with
1.5 liters ice-cold distilled H,O, followed by 1 liter of 1% (wt/vol) NaHCO;
solution. The swollen cellulose was washed with ice-cold distilled water until the
pH was neutral. A portion of the swollen cellulose was lyophilized to determine
the concentration.

Growth was monitored by the determination of total cellular proteins in the
culture. Samples of culture were heated at 100°C for 10 min in 0.5 M sodium
hydroxide to solubilize cellular proteins. The residual cellulose particles were
removed by centrifugation and the protein concentration in the supernatant
determined by the method of Bradford (3) with bovine serum albumin (fraction
V) dissolved in 0.5 M sodium hydroxide as the standard.

Carbohydrate determination. Cellulose sedimented from the culture by cen-
trifugation at 10,000 X g for 10 min was solubilized in 67% (wt/vol) sulfuric acid
as described by Updegraff (49) and quantified using the phenol sulfuric acid
method (6) for soluble carbohydrates. Glucose was used as the standard. Soluble
sugars remaining in solution after centrifugation were assayed by the same
procedure.

Assay of bacterial adhesion to cellulose. Bacterial adhesion to cellulose was
measured by the turbidity-based method as described by Gong and Forsberg
(12). Briefly, a cell suspension (2 ml) grown in CDM containing 0.5% (wt/vol)
glucose until the optical density at 675 nm reached 2.0 was thoroughly mixed by
inversion with an equal volume of CDM containing 20% (wt/vol) Avicel cellulose
PH105. The mixture was left stationary at room temperature for 60 min to allow
cellulose to settle. The optical density of the supernate was measured at 675 nm.
The calculation of percent adhesion was performed according to the equation %
adhesion = [1 — (ODys of cellulose supernate X 1.8)/2] X 100, where ODgys5 is
the optical density at 675 nm.

A factor of 1.8 was used instead of 2 to correct for the volume of cellulose in
the suspension (12).

Isolation of OM. The OM was prepared as described previously (13) from
4-liter volumes of culture. Briefly, the cells were sedimented at 9,000 X g for 15
min. The cells were resuspended in 300 ml of 50 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (PIPES) buffer (pH 6.7) including 0.5 M NaCl, and the
suspension was incubated at 4°C for 5 min with shaking at 150 rpm, followed by
centrifugation (23,000 X g, 20 min). The washing step to collect OMs as well as
periplasmic fractions was repeated three times. The supernatant containing OMs
and periplasmic proteins was subjected to ultracentrifugation (Beckman) at
100,000 X g for 1 h to sediment OMs. The sedimented OMs were resuspended
in PIPES buffer, pH 6.7, and membrane protein quantified as described by
Bradford (3). In the case of cultures grown on cellulose, residual cellulose was
removed by centrifugation at 500 X g for 5 min before cells were harvested. All
centrifugations were performed at 4°C.

2-DE. OM proteins were precipitated from a 1.5-ml suspension (1 mg
protein - ml~") by addition of a 10-fold volume of acetone precooled to —20°C.
The precipitated proteins were washed once with the same volume of precooled
acetone. The proteins were air-dried for 15 min and stored at —20°C prior to use.

The acetone-precipitated OM proteins (approximately 1.5 mg) were solubi-
lized in 300 pl of isoelectric focusing (IEF) solution (7 M urea, 2 M thiourea, 2%
[wt/vol] amidosulfobetaine 14 [4], 2 mM tributyl phosphine [TBP] [14], 2%
[vol/vol] Biolyte 3-10 [Bio-Rad]) and incubated at room temperature for 1 h. The
traces of insoluble materials were removed by centrifugation using an airfuge
(100,000 X g, 20 min; Beckman). The 300 wl of solubilized OM proteins were
applied to 17-cm immobilized pH gradient (IPG) strips with a range from pI 3 to
10. The strips were rehydrated at 50 V at 20°C for 12 h in a Protean IEF cell
(Bio-Rad), and then IEF was performed by using the following steps: (i) condi-
tioning step to remove salt ions and charged contaminants at 250 V for 20 min;
(ii) rapid voltage ramping step at 10,000 V for 3 h; and (iii) final focusing step at
10,000 V for 6 h. The current did not exceed 50 pA/strip. The isoelectric focused
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strips were equilibrated in 15 ml of 50 mM Tris buffer (pH 8.8) containing 6 M
urea, 2% (wt/vol) sodium dodecyl sulfate, 30% (vol/vol) glycerol, 5 mM TBP, and
a trace of bromophenol blue for 30 min. The reduced IPG strips were subjected
to alkylation for 20 min in 15 ml of the same buffer, except the TBP was replaced
by 135 mM iodoacetamide. The equilibration steps were performed at room
temperature with gentle shaking. The second dimension of electrophoresis was
then performed by using a PROTEAN XL electrophoresis unit (Bio-Rad) ac-
cording to the manufacturer’s instruction manual. Briefly, the equilibrated IPG
strips were loaded on 4% stacking gels and 12% separating gels with the Preci-
sion Plus broad-range protein standard (Bio-Rad) and covered with low-melting-
point agarose gel. Electrophoresis was conducted at 50 V for 16 h, and the gels
were stained with colloidal Coomassie blue G-250 (37). The 2-DE gels were
digitalized and analyzed using a GS-800 calibrated densitometer and PDQuest
(version 7.2.0) software (Bio-Rad).

MALDI-TOF mass spectrometry and identification of proteins. Protein spots
of interest were manually excised from the gels, sliced into 1-byl-mm pieces, and
washed three times, 5 min each, with shaking in milliQ water. The gel pieces were
destained with a solution containing 50 mM NH,HCO; in 50% (vol/vol) aceto-
nitrile by mixing on a vortex apparatus until the gel pieces were transparent. The
gel pieces were dehydrated with 100 pl of 100% acetonitrile for 5 min with
occasional mixing, followed by reduction with 100 pl of 10 mM dithiothreitol in
100 mM NH,HCOj5 at 50°C for 30 min. The gel pieces were dehydrated with 100
wl of 100% acetonitrile again and alkylated with 100 pl of 55 mM iodoacetamide
in 100 mM NH,HCO; for 60 min at 22°C in the dark. The gel particles were
washed with 200 wl of 100 mM NH,HCO; for 15 min with occasional mixing on
a vortex apparatus, dehydrated with 100% acetonitrile, and dried using a Speed-
vac for 20 min. The gel pieces were rehydrated in ~20 ml of trypsin solution (20
pg - ml™'; Sigma) in 36 mM NH,HCO5-8.1% acetonitrile (volivol) for 1 h at
22°C, followed by removal of the excess of trypsin solution. The rehydrated gel
pieces were covered with 50 pl of 50 mM NH,HCO; and incubated at 37°C for
16 to 18 h. The peptide extraction was performed in three sequential extractions,
the first with 50 pl milliQ water and the following two with 5% (vol/vol) tri-
fluoroacetic acid in 50% (vol/vol) acetonitrile. The supernatants from each extrac-
tion were pooled in a 0.65-ml siliconized tube. The combined supernatant were
concentrated to 10 to ~15 ul using the Speed Vac and desalted using a C18
ZipTip (Millipore) pipette tip as described in the instruction manual. The de-
salted peptides were submitted to the Biological Mass Spectrometry Facility of
the University of Guelph for matrix-assisted laser desorption ionization—time-
of-flight (MALDI-TOF) mass spectrometry. Peptide spectra were acquired using
a Bruker Reflex III MALDI-TOF spectrometer in reflectron detection mode
with external calibration. Peptide mass profiles were analyzed by using the
MS-FIT ProteinProspector program (UCSF Mass Spectrometry [prospector.ucsf
.edu/]) against the open reading frame (ORF) FASTA file of the S85 genome.

Samples for tandem mass spectrometry to obtain peptide masses and internal
amino acid sequences were submitted to the Advanced Protein Technology
Centre of the Hospital for Sick Children in Toronto (www.sickkids.on.ca/APTC).
Peptide fragments were identified by reference to the F. succinogenes genome.

Binding of solubilized OM proteins to cellulose. OM proteins were solubilized
in PIPES buffer, pH 6.7, containing 0.2% (wt/vol) amidosulfobetaine 14 at 22°C
for 2 h. Any insoluble material was removed by centrifugation at 100,000 X g for
20 min. The solubilized OM proteins (approximately 0.2 mg) of S85 grown on
either cellulose or glucose and Ad1 and Ad4 grown on glucose were mixed with
either 40 mg of autoclaved Avicel cellulose PH 105 or 1% (wt/vol) of ASC for 30
min at 22°C in 1 ml of 20 mM Tris-HCI, pH 7.5, with end-over-end rotation at 8
rpm. Following centrifugation at 5,000 X g for 2 min, the sedimented cellulose
was subjected to two sequential washes, first with 1 ml of 20 mM Tris-HCI, pH
7.5, and second with 20 mM Tris-HCI, pH 7.5, containing 1 M NaCl. The proteins
bound to cellulose were eluted with 50 pl of the sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) sample buffer at 100°C for 5 min.
The eluates were separated on an 8-to-20%-linear-gradient SDS-PAGE, fol-
lowed by staining with colloidal Coomassie blue (37). Protein bands were excised
and subjected to in-gel trypsin digestion and MALDI-TOF mass spectrometry
for identification as described previously.

Cloning, overexpression, and purification of chloride-stimulated cellobiosi-
dase (CICBase) (Cell0A). The gene coding for the CICBase protein was cloned
into the expression vector pQE-80L (QIAGEN) and the recombinant fusion
protein, and rcCICBase was over-expressed in Escherichia coli Rosetta
Gami(DE3) and purified as described by Qi et al. (40).

Purification of the 180-kDa CBP. The 180-kDa cellulose-binding protein
(CBP) was purified from nonsedimentable extracellular culture fluid of strain
S85 cells grown on glucose as the carbohydrate source after concentration using
a PM-10 membrane. The medium components were exchanged to 20 mM tri-
ethanolamine (TEA) buffer (pH 7.0) by concentration and dilution four times
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FIG. 1. Growth of F. succinogenes S85 and its adhesion-defective mutants, Adl and Ad4. on different forms of cellulose. (A) ASC, 0.2%
(wt/vol). (B) Avicel cellulose, 0.3% (wt/vol). Symbols: @, protein content; B, amount of residual cellulose; A, soluble carbohydrates.

with the buffer, and the sample was applied to a DEAE Sepharose column
equilibrated in the same buffer and bound proteins eluted with 20 mM TEA
buffer containing a 0 to 1 M NaCl gradient. Fractions containing the 180-kDa
protein were then applied to a phenyl Sepharose column in 20 mM TEA buffer
with an (NH,),SO, gradient from 1 to 0 M. Fractions containing the CBP were
further purified by chromatofocusing. The chromatofocusing step employed a
Polybuffer exchanger 94 (Amersham Pharmacia Biotech) in a column (1 by 20
cm) equilibrated with 25 mM piperazine-HCI buffer (pH 5.5) containing 1 mM
of EDTA. A 10-fold dilution of Polybuffer (pH 4.0) (Amersham Pharmacia
Biotech) served as the eluent. The presence of protein with a molecular mass of
180 kDa was ascertained by SDS-PAGE analysis.

Protein estimation. The protein concentration was determined as described by
Bradford (3) using bovine serum albumin (Sigma) as the standard, except for
solutions containing urea, where the bincinchoninic acid method was used (45).

Production and purification of antibodies. rcCICBase purified from inclusion
bodies by using an immobilized metal affinity column under denaturing condi-
tions was further purified to homogeneity by using 10% SDS-PAGE, nonfixing
KClI staining (36), and gel elution at 5 mA for 16 h using an electroeluter
(Bio-Rad) as described in the instruction manual. The purified rcCICBase, which
was more than 98% pure as determined by SDS-PAGE with colloidal Coomassie
blue staining, was used for production of antibodies.

A rabbit was immunized with rcCICBase by intramuscular injections of 0.5 ml
of a mixture of protein (2 mg/ml) and Freund’s incomplete adjuvant (50:50) at
each of two sites. A second set of injections was performed at 4 weeks, and the
rabbit was bled at 7 weeks by saline perfusion. The blood was incubated without
agitation for 2 h at 37°C and left at 4°C overnight, followed by centrifugation at
10,000 X g for 10 min at 4°C. The serum was removed, supplemented with 0.02%
sodium azide, and stored at —80°C. The antiserum was purified to obtain the
monospecific anti-rcCICBase antibody as described previously (18).

The polyclonal antiserum against the native CICBase (18) was also used in this
study.

Western immunoblots. Western immunoblotting was performed as previously
described (18) except that monospecific anti-rcCICBase antibodies (1:150 dilu-
tion) were used as the primary antibody and goat anti-rabbit immunoglobulin G
alkaline phosphatase-conjugated antibodies (1:30,000 dilution; Sigma-Aldrich
Canada) were used as the secondary antibody. Detection was performed as

described by McGavin et al. (35). The Quantity One 1-D analysis software
(version 4.4.1; Bio-Rad) was used for quantification.

Nucleotide seq bers. The nucleotide sequences of the
identified genes have been deposited in the GenBank database under accession
numbers EU055570 to EU055603.

€ acc

RESULTS

Growth on glucose, ASC, and Avicel cellulose. Strain S85
and its adhesion-defective mutants, Adl and Ad4, exhibited
similar growth rates on glucose (0.34 h™"). Strain S85 grew on
both acid-swollen and Avicel cellulose, with growth rates of
0.20 and 0.11 h™ ", respectively, and there were corresponding
decreases in the concentration of cellulose with no accumula-
tion of soluble sugars (Fig. 1). Mutant Ad1 grew on ASC at a
rate of 0.02 h™*, and soluble sugar accumulated during growth
until 36 h, after which the concentration began declining; how-
ever, the bacterium did not grow on crystalline cellulose. Mu-
tant Ad4 did not grow on either acid-swollen or Avicel cellu-
lose, and there was no accumulation of soluble sugar (Fig. 1).

Adhesion to different forms of cellulose. The binding of cells
to cellulose was assessed to determine whether there was a
relationship between growth on cellulose and adhesion of cells
to cellulose. Late-exponential-phase glucose-grown S85 cells
bound efficiently to both ASC and Avicel cellulose, with K,
values of 0.05 and 2.0%, respectively (Fig. 2A and B). Adl
grown on glucose bound to ASC with a K; of 0.08% but did not
bind to Avicel cellulose. Ad4 did not bind to either acid-
swollen or Avicel cellulose (Fig. 2).
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FIG. 2. Binding of S85, Ad1, and Ad4 cells to different concentra-
tions of ASC (A) and to Avicel cellulose PH105 (B). Adhesion was
determined by the turbidity adhesion assay (n = 2).

Identification of CBPs in OMs. To determine whether the
difference in binding to cellulose between S85 and the mutants
was due to different CBPs, OM from strain S85 and OM from
mutant strains were solubilized in detergent and the profiles of
proteins bound to either acid-swollen or Avicel crystalline cel-
lulose were compared by using one-dimensional gradient (8 to
20%) SDS-PAGE. As shown in Fig. 3, the overall binding
capacity of solubilized OM proteins for ASC was much higher
than that for Avicel crystalline cellulose.

In all, 13 CBPs were identified. Comparing the CBP profile
of S85 OM with those for Adl and Ad4, the cellulose binding
proteins CBP-1, CBP-2, and CBP-5 were shown to be present
in both S85 and the mutant strains. CBP-1 (Fig. 3 and 4; Table
1) possessed an N-terminal catalytic domain belonging to gly-
coside hydrolase (GH) family 9 and showed about 35 to 37%
similarity to N-terminal catalytic domains of endoglucanases of
Bacillus sp. KSM-522, Bacillus licheniformis, and Clostridium
cellulovorans (29, 44, 48). It also contained a fibronectin type
III module (23) immediately after the catalytic domain. CBP-2
was identified as the 180-kDa cellulose-binding protein de-
scribed by Gong et al. (11). The identity of the 180-kDa protein
from N-terminal and internal amino acid sequence analysis is
presented in Fig. SA. CBP-2 was annotated as the Fibro-slime
domain protein, named after a domain in the middle of the
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FIG. 3. Comparative analysis of solubilized OM proteins binding to
either acid-swollen (left panel) or Avicel (right panel) cellulose. Pro-
teins bound to cellulose were eluted with SDS sample buffer and
separated by SDS-PAGE. Proteins excised from the SDS-PAGE gels
and analyzed by MALDI-TOF mass spectrometry are indicated by
arrowheads and numbers.

protein, residues 556 to 649. The Fibro-slime domain is present
in nine other putative proteins from F. succinogenes, and at
least one putative protein in Fibrobacter intestinalis (41), and
several hypothetical proteins from the slime mold Dictyoste-

CBP-1

CBP-2
CBP-3
CBP-4
CBP-5
CBP-6
CBP-7
CBP-8
CBP-9

CBP-10
CBP-11
CBP-12
CBP-13

I Signal peptide Tetratricopeptide repeat (TPR)
Fibronectin type Il domain OTransmembrane domain
Fibro-slime domain | Parallel B Helix repeat (PBH1)
ATPase associated with various cellular activities

FIG. 4. Domain structures of cellulose-binding proteins from Fig. 3.
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TABLE 1. Identification of CBPs located in OM fraction of F. succinogenes S85

Band lr:lil,f Protein name or description No. (I;:)t,,c hed COZ;,; f ge Mw_t/Mw_e¢  pl_t/pl_t_c° Feature
1 809 GH family 9 5/10 (50) 7.0 233.0/250 4.97/9.63  Present in all strains
2 2502  Fibro-slime domain protein 46.04 169.4/180.0  5.00/10.17  Present in all strains
3 2398 TPR domain protein 7/9 (77) 12.0 146.7/150 8.5/10.00  Only present in S85 grown on cellulose
4 382  Cellulose-binding protein, CelF 5/16 (31) 8.0 118.0/120 7.81/9.8 Absent from Ad4
5 718 Membrane protein 6/18 (33) 11.0 92.4/92 9.01/10.01  Present in all strains
6 1516 AAA family protein 7/18 (38) 11.0 89.5/90 6.43/6.77 Present only in S85 grown on cellulose
7 2397 TPR domain protein 10/26 (38) 25.0 83.8/80 5.5/51 Absent from Ad4
8 2396  OmpA protein 7/10 (70) 19.0 53.0/55 4.86/10.15  Present only in S85 grown on cellulose
9 2012 GH family 18 7/16 (43) 34.0 37.5/37 4.4/8.05  Absent from Ad4
10 1231  Hypothetical protein 5/11 (45) 18.0 31.5/27 7.60/5.35 Present only in S85 grown on cellulose
11 2007  Cellulose binding protein 8/21 (38) 32.0 29.2/27 6.46/8.26  Absent from Ad4
12 2567 Type IV pilin protein 62.0¢ 17.5/18 5.43/4.23 Absent from mutants
13 794  Conserved hypothetical protein 4/8 (50) 33.0 16.1/17 7.64/5.72 Absent from mutants

“ F. succinogenes gene number.
® No. of peptides matched/total (%).

¢ Mw_t and Mw_e indicate theoretical and experimental molecular masses, respectively.

@ Coverage by tandem mass spectrometry.

¢pl_t and pI_t_c indicate theoretical isoelectric points of the proteins and their C-terminal 60 amino acids, respectively.

lium discoideum (7) as well as some proteobacteria. Interest-
ingly, these proteins had no similarity in regions other than the
Fibro-slime domain. CBP-5 lacked similarity to proteins from
other organisms.

A
M%KKTMKNRIKSFKLWVLSCAMLiAGVQSASASLTGCEGTVYLKLPDSWTAAYSAAGGQF
VAPSKSTTYTGWYEISSTKIGSTNGATEFF I SKALNDYGROGGITRT T IGANVOFDOQGK G
FSCACFGTKTNELWIQPDF SDPTKPLVOGEPPDVKYFYVF LPDDX IWXSSCPITIVENGKE
REMNIDENCGWYYRRYVNESLPTEVIIRRDDDTELKYAIGMOGEXGYNNGCAAIPILLECG
MFDNFKSCATFAGSLZFVADERKQAAALPSDFAGWYVDRPDIAGNCSYNLAATIIYDTCASL
HPAFSCWEQGGEEGCCOAMT GVAAQGVDKTVALAATIDACIGVISCGLVEST LDKATKKPKLST
XGKKCFILDAYFNQLENYTAGVNEMTICFDMPFSRAKDGEWEFNSDODYVSPCMK IEVPGGF
YPAEATDALKLEERKAGQTPVPAARTKRYAQGPAYYGAALRAID?AT-MPVIDVYCKGP G
WKKGHDCEGIFGDGTVTEAQIRSDLDLTNGD LI IGWDDVNNAPDSWPIFACGSETLATST
TTTKSTRWESKEGVASGNGCGRNQHF CFESHANF REKPGLEFNFRSDDZ IWVE IDNXLAVLE
LGGTHLAAPGYVDLDTFMPNAKTDSTYCIDIFFCDRRETTMSNVRIKTAMT TEQRTGIEYE
GFONLEQWKLTGDNEFELCFTQSGAGNCAADVGAASTKLCGEQIXAACHTIAYCFTRNDP
TGSAPGSIIV3EEDFAANPVQLEGIIDVINP GKPVVNEKFKLMESLSQCTYYLRIKICTET
ATMSWIIKG3VGLTSRNAVVEADGKTSAEIPEFV SSAMASDKATTADGM. IRLLVAPVVDPC
AGNAACTTPLKINPSVGDEYSLVSTNTKAVE VEMKZGVLTQFDP SRTRKICAGEIDTIYV
TVPFEEFLVSDVEKVTIVNVEQSSLKAELSFFVPKIVEFVISETSLEIQPCMTKDLEKMKLEM
VDFYILALDOQNNNPCLTCNFDLGRCSQTSAS KIVICADNTISVADGRATVIIYSZLTYE
REETRGVAALHLT GPAPTIMSALYPNLIFSEPPVPMPKFADIFDVHGZTPTTEMNVEAPY
FEMQTEYLDGIADSIVIVYAREFHKDSLPGKATIFWEEDAKDSVLFEXDEVAACAYCCHME
ANSACSLCAPKITLGCKKLSKEVETCOVCKIKSWATYMSRCTVVTQDYSCTIYDRIAPVI
1GARARKTEASSETVELT QFSEP QRS TDAAARGDKMLSE F INNSKATGEYEHIPLLTGT
SFPEGSTKENLTLLY3QKNSSGVFPOSGDYIHFRHLMITDQSDYMTY>GAC TIRPALDAS
TEKWNVATGYDFPLGSGREPSPWALI SGQVNSYAVRLIPDAFKGSIPXTPEZEAANLCVVLEVE T
YDAAKDDLDFRED IRAGQCEFERY CEIPHCOWYVEKSDMCNLIZSEDQFVNALKENVIFDYE
TRFFTNT.GCSFVASQKGRTYCDDDERKMENNREKYYFGRAGHNCVENRENT FTVWNMKSKONR
LVG3CAY ITKLNSYVOLDTI'GKFNKIEKSEMWGVRINAKT IGSF2 SLLP

B)
MNPEKENKAFALIAATVAMALSVPSEAQLINNGDMEY GDGGWY LWNNZ DGZAVARSG LAVOGL
GVDGEEQGEARVVVKELPNPWWGLOLOPPKFLADSGFYKLSFKAK GNMP INSVVQGGPPDYR
QEESASFDLTDKWQTYEMIFLADQKGY GLNNITFQIGLKKGWIQLDDVEVEKMDEMSDP S
WYNNADARIDSLRKVOF VKANPGEKVHVELLRHSFPFGTALALYDTKDSTENWYRNAAK
<YFWHGVSENQFKWPEYEPKI ;K . K RDEMKEYTDFTAQNHWK | .R GHALMWSHOGYGFDKE
YSHNKCRCEEMAEKLKARIYRD LKEEYKGKITEYDVWNEPIHESWIFNKCGWGILDSAFIWA
HKADPSAFLYINDYNVVAAGETDRYYGLIKCMLERKVPVMGIGVQCHF GLRPVVPSLIKE
KLDKLASLGLP IKVTEFDVGDWOAGMNDTEEVQAEKFETF LRTAF SHPAVNGIVFWGFWD
NRHWVKNGGMIASDGREKPAAKRVYDLWHKVWT TDLYATADENGEAKFRGEF KGYYQVNAG
DKKFQITVEK

FIG. 5. Amino acid sequence of CBP-2 (180-kDa CBP) (A) or
CICBase (Cel10A) (B). Peptides determined by MALDI-TOF mass spec-
trometry are in bold lettering, and peptides sequenced by tandem mass
spectrometry or nanoelectrospray mass spectrometry are underlined. Pep-
tides determined by Edman degradation are in bold and italic lettering.
The Fibro-slime domain of the 180-kDa CBP is doubly underlined.

Comparing the CBP profile of S85 grown on cellulose with
that of S85 grown on glucose, four proteins, CBP-3, -6, -8, and
-10, were shown to be present only in F. succinogenes S85
grown on cellulose. CBP-3 (FSU2398) was a tetratricopeptide
repeat (TPR) domain protein containing 11 repeats. CBP-6
contained an N-terminal domain of unknown function and two
ATPase (AAA) family domains at the C terminus (38). CBP-8
had multiple domains, including four parallel B-helix repeats
(19) and a C-terminal OmpA-like domain. CBP-10 was a pro-
tein of unknown function.

CBP-4, CBP-7, CBP-9, CBP-10, and CBP-11 were present in
the OMs of Adl and S85 but absent from Ad4 (Fig. 3 and 4;
Table 1). CBP-4 was annotated to be the cellulose-binding
protein CelF (previously named EG2), which was previously
characterized (32, 33). CBP-7 coded by FSU2397 was anno-
tated as a TPR domain protein with nine consecutive TPRs
(27). CBP-9 was annotated as a GH belonging to family 18.
CBP-11 was the same protein as protein 11 on the two-dimen-
sional gel (Fig. 6), with high similarity to carbohydrate binding
module (CBM) 30.

CBP-12 and CBP-13 appeared to be present only in F. suc-
cinogenes S85. CBP-12 was identified as a type IV pilin protein
with a mass of 23 kDa (Fig. 3 and 4; Table 1), with a very short
leader peptide (MKKQG) and a glycine residue at the signal
cleavage site, followed by a methylated and hydrophobic N-
terminal phenylalanine residue (N-Met-Phe) and by about 24
highly conserved hydrophobic residues. The C-terminal region
did not show substantial similarity to pilin proteins from other
bacteria. A BLAST search of the pilin protein FSU2567
against the S85 genome indicated that a homologous gene
(FSU02593) exists in the genome with 42% identity, 57% sim-
ilarity, and 10% gaps. CBP-13 was annotated as a conserved
hypothetical protein. These two proteins may be important for
binding to crystalline cellulose.

Major OM proteins with potential roles in cellulose diges-
tion identified by 2-DE. Nineteen proteins were identified in
OM from glucose-grown S85 (Fig. 6B). Seventeen and four-
teen of them were also identified from AD1 and AD4, respec-
tively (Fig. 6C and D). The most distinct proteins absent from
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FIG. 6. 2-DE of OM proteins from F. succinogenes S85 grown on Avicel cellulose PH105 (A) or glucose (B) and its adhesion-defective mutant
strains, Ad1l (C) and Ad4 (D). The proteins identified are indicated by circles and the numbers recorded in Table 2.

mutants Adl and Ad4 corresponded to proteins 2, 19, and 23.
Protein 2 was identified as an OM efflux protein which was
known to form trimeric channels that allow export of a variety
of substrates in gram-negative bacteria (20). Homologs of this
protein were found in several CFB groups and green sulfur
bacteria. Protein 19 was identified as a type IV pilin, which was
also identified as CBP-12. Protein 23 was annotated as an
endo-1,4-B-xylanase with a mass of 65 kDa (FSU0257), but we
have shown that FSUO0257 is the previously characterized
CICBase (see below) (Fig. 5) (17).

OMs of S85 grown on cellulose subjected to 2-DE con-
tained a greater number of detectable proteins than glucose-
grown cells, especially in the 25- to 75-kDa and pI-4-to-7
range, compared to OM of S85 grown on glucose. Of OM
proteins identified, 15 were shown to be up-regulated by
growth of S85 on cellulose, including CICBase (Table 2; Fig.
6A and B).

Proteins 1, 6, 10, and 20 were annotated as putative lipopro-
teins, since the genes possess a typical signal sequence of lipopro-
teins (50). BLAST searches showed that protein 1 (FSU0864)
contains a putative tyrosine phosphatase domain (8) at the N
terminus. Protein 6 (FSU2096) contains two copies of a con-

served repeat (residues 270 to 484 and 511 to 697) that was
present in as many as 60 putative proteins (with sequence iden-
tities ranging from 20% to 49%) in the genome of F. succinogenes
and was also found from other bacteria from the green sulfur
bacteria group, Chlorobium limicola (NZ_AAHJ00000000) and
Prosthecochloris aestuarii (NZ_AAIJ00000000), as well as the
Cytophaga-Flavobacterium-Bacteroides group, such as Bacteroides
fragilis (26). This set of proteins was known as one of the three
“Fibrobacter succinogenes major paralogous domains” (M. Mor-
rison et al., unpublished), but none of them have been character-
ized so far. BLAST searches of proteins 10 and 20 revealed no
homologous proteins in other organisms.

Proteins 5 and 15 were identified as the same OmpA protein
(FSU2078). Protein 5 is the N-terminal 336 amino acids of the
700-amino-acid protein and is presumed to be a proteolytic
degradation product. FSU2078 is composed of an N-terminal
unknown domain, with eight thrombospondin type 3 repeats
(28) and an OmpA-like domain (9) at the C terminus. Four
other putative proteins (FSU0180, FSU1003, FSU0255, and
FSU3077) in F. succinogenes have high sequence similarity and
the same domain organization as this protein.

Protein 11 was identified as a CBP with high similarity
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TABLE 2. List of OM proteins of S85 identified by 2-DE and MALDI-TOF mass spectrometry”

Presence of protein in”:

Protein FSU no. Protein name Mw_t Mw_e plI_t pl_e Matched (%) % Cov. PS.Ol:t a Slgna.lP a
no. S85G ADI G AD4 G S85C - - - - prediction® prediction
1 864  Lipoprotein N N N Y 463 50-60 46 4.6 5/15 (33) 12.0 OM Y
2 700  Outer membrane efflux protein Y 523 50 53 51 6/26 (23) 17.0 OM Y

precursor
3 222 GGDEF domain protein N N N Y 498 50 59 6.0 5/20 (25) 14.0 Cp N
4 2401  Hypothetical protein N N N Y 282 30 46 5.0 8/28 (28) 45.0 oM Y
5 2078  OmpA family protein Y Y Y Y 721 34 47 47 10/22 (45) 28.0 OM Y
6 2096  Lipoprotein, Y Y Y Y 725 34 45 47 9/30 (30) 21.0 OM Y
7 2388  Transcriptional regulator, LysR Y Y Y Y 342 3 76 170 5/31 (16) 24.0 CP N

family
8 474  Hypothetical protein N N N Y 306 32 52 60 10/57 (17) 50.0 IM Y
9 2016  P3 domain protein N N N Y 310 30 71 72 7/29 (24) 27.0 M Y
10 2450  Lipoprotein, putative Y Y Y Y 260 25 52 55 6/43 (13) 29.0 oM Y
11 2007  Cellulose-binding protein Y Y Y Y 292 25 65 60 10/46 (21) 51.0 M Y
12 230  Hypothetical protein Y Y Y Y 430 43 46 4.6 13/38 (34) 45.0 Cp Y
13 2404  Hypothetical protein Y Y Y Y 46.1 42 47 47 10/35 (28) 27.0 OM Y
14 1029  Hypothetical protein Y Y Y Y 422 43 48 5.0 20/42 (47) 76.0 oM Y
15 2078  OmpA family protein Y Y Y Y 72.1 74 47 47 11/24 (45) 26.0 OM Y
16 2009  Hypothetical protein Y Y N Y 764 74 50 52 5/21 (23) 16.0 OM Y
17 2010  Hypothetical protein Y Y N Y 755 74 55 55 7/12 (58) 23.0 OM Y
18 2285  conserved hypothetical protein Y Y Y Y 771 70 57 5.7 15/53 (28) 41.0 Cp N
19 2567  Type IV pilin Y N N Y 175 23 54 50 9/24 (37) 85.0 oM Y
20 609  Lipoprotein, putative Y Y Y Y 182 22 49 50 8/26 (30) 49.0 OM Y
21 2807  Hypothetical protein Y Y Y Y 364 3 71 73 5/9 (55) 27.0 oM Y
22 2581  Hypothetical protein Y Y Y Y 27.1 40 59 6.0 4/24 (16) 22.0 oM Y
23 257  Endo-1,4-B-xylanase z (CICBase; Y N N Y 698 65 90 65 9/16 (56) 20.0 OM Y

Cell0A)
24 3156  Conserved hypothetical protein Y Y 39.6 37 52 50 5/25 (20) 24.0 CP N
25 1783  Hypothetical protein N Y N Y 179 20 79 80 6/22 (27) 55.0 OM Y

“ Abbreviations: G, OM samples prepared from Glucose-grown cells; C, OM samples prepared from cellulose-grown cells; Y, present in the sample; N, not detected
in the sample; IM, inner membrane; CP, cytoplasm; FSU, Fibrobacter succinogenes (see footnote a of Table 1); Mw_t and Mw_e, theoretical and experimental molecular
masses, respectively; p_t and pl_e, theoretical and experimental isoelectric points of the protein, respectively; Y/N, the signal peptide is present/absent; Cov., coverage.

 Underling indicates that the protein was induced in the presence of cellulose.
¢ No. of peptides matched/total (%).

@ Predicted by SignalP, TatP, and LipoP programs at http://www.cbs.dtu.dk/services/.

(49%) to the N-terminal CBM family 30 of endoglucanase F
(Cel51A/FSU0382) of S85.

Six of 15 proteins (proteins 4, 8, 9, 16, 17, and 18) shown to
be induced by growth on cellulose were annotated as unknown-
function proteins. Proteins 4, 8, 9, and 17 had no homology to
proteins from other organisms, although protein 9 (FSU2016)
exhibited significant similarity to the P3 protein, which was
previously sequenced by Malburg et al. (32). Protein 16 showed
weak similarity to a hypothetical protein (YP_677889.1), from
Cytophaga hutchinsonii, while protein 18 showed high similarity
to hypothetical proteins from delta/epsilon subdivisions of pro-
teobacteria, such as NP_860592.1 in Helicobacter hepaticus
(47).

Identification of the CICBase. The native CICBase was pu-
rified from the extracellular culture fluid of F. succinogenes S85
grown on cellulose as described by Huang et al. (17), subjected
to in-gel trypsin digestion and both MALDI-TOF mass spec-
trometry and tandem mass spectrometry to obtain peptide
masses and internal amino acid sequences, and identified as
Cel10A (FSU0257) by reference to the F. succinogenes genome
(www.tigr.org) (Fig. 5B). BLAST searches using the Pfam
search server showed that the CICBase had a modular struc-
ture composed of an N-terminal domain which was distantly
related to family 4 CBM (amino acid residues 27 to ~174)
and GHI10 family C-terminal catalytic domains (207 to
~508).

Regulation of the CICBase in F. succinogenes S85. Western
blotting documented that the CICBase was localized in the OM
as well as both the extracellular culture fluid and the periplasm
of F. succinogenes S85 grown on cellulose (Fig. 7). When grown
on glucose, this enzyme was mainly located in periplasmic

fractions and less in other fractions (Fig. 7). The monospecific
anti-rcCICBase antibody did not exhibit cross-reactivity with
other proteins in any cell fraction, as described previously for
antibodies against the glycosylated enzyme isolated from S85

Grown Grown
@ on cellulose on glucose
2]
S D N
@)
o X O
LT TR 5K
kDa
181.
116.5
82.2— —
64.2—
48.8—
B
37.1—
25.9—

FIG. 7. Immunoblot analysis of a fractionated culture of F. succinogenes
S85 grown on either cellulose or glucose using monospecific antirecombinant
CICBase antibody. Abbreviations: NS, nonsedimentable extracellular culture
fluid; ExOM, extracellular outer membrane; OM, outer membrane; PP,
periplasmic fraction. ExXOM and PP were prepared as previously described
(13). The arrowhead indicates a proteolytic degradation product.
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(18), with the exception of a 39-kDa proteolytic product of
CICBase (Fig. 7).

DISCUSSION

In a previous study, Huang and Forsberg (16) observed that
F. succinogenes initiated growth on microcrystalline cellulose
without a lag whether inoculated from a glucose, cellobiose, or
cellulose culture. Not unexpectedly, Gong and Forsberg (12)
demonstrated that S85 cells grown on glucose adhered tightly
to crystalline cellulose when washed and mixed with that sub-
strate in the absence or presence of a metabolic inhibitor,
indicating that cellulose-binding proteins were present in glu-
cose-grown cells and the cells were primed for growth on
cellulose. In contrast to S85 cells that bound to both Avicel
cellulose and ASC, neither Ad1 or Ad4 bound to Avicel cel-
lulose, although Adl bound to ASC with a relatively higher
binding constant (K,) than the S85 strain and Ad4 did not. In
this study we have examined the proteins in OMs from mutants
Ad1 and Ad4 isolated by Gong and Forsberg (12) that were
unable to bind to crystalline cellulose. Considering that ASC
has generally been described as having more surface area than
crystalline cellulose (46), the higher affinity of the bacterium to
ASC may be due, at least in part, to the increased surface area.
However, this explanation does not account for the lack of
binding of proteins from Adl and Ad4 to crystalline cellulose
and the differential binding of Ad1 and Ad4 to ASC as shown
in Fig. 3. These observations provided the opportunity to iden-
tify CBPs that specifically bind to Avicel cellulose or ASC.

The proteins CBP-12 and CBP-13 from strain S85 OM that
bound to crystalline cellulose were absent from Adl and Ad4.
Interestingly, CBP-12, which was annotated as a type IV pilin
protein, was also found to be missing from Ad1 and Ad4 by the
2-DE analysis (Fig. 6). Pili have been reported to be involved
in adhesion of gram-negative bacteria (39). Recently a cellu-
lose adhesion-defective mutant (D5), derived from the gram-
positive bacterium Ruminococcus albus, was shown to lack a
type IV pilin (termed the GP25). The authors concluded that
the type IV pili mediated adhesion of R. albus strain 20 to
cellulose (42). Therefore, a role of pili in binding of S85 to
cellulose is plausible.

Five proteins, including CBP-4, -7, -9, -10 and -11, of Adl
OM bound to ASC, whereas they were absent from Ad4, which
suggests that they may have specific roles in binding of cells to
ASC. CBP-4, which was annotated as CelF (formerly EG2),
exhibits a higher activity against ASC than crystalline cellulose
(32). In this study, CelF was shown to have a greater affinity for
ASC than for crystalline cellulose (Fig. 3), which is consistent
with an earlier study by McGavin and Forsberg (34). There-
fore, it seems reasonable that CelF may be one of the compo-
nents involved in adhesion of F. succinogenes S85 to amor-
phous ASC. CBP-7 was identified as a protein containing nine
consecutive TPR repeats at the C terminus. The TPR is a
34-amino-acid repeated motif (10) that frequently forms tan-
dem arrays (27). Individual TPRs adopt a helix-turn-helix con-
formation, and tandem TPRs fold into concertina-like helical
arrays, forming a continuous peptide-binding groove (5). TPRs
have been discovered in various organisms ranging from bac-
teria to the human, but the role of the repeat in bacteria has
not been resolved (27). It may be noted that 10 hypothetical
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proteins containing TPR motifs are present in the S85 genome.
CBP-9 was annotated as a GH belonging to family 18, in which
chitinases, chitodextrinase, and endo-B-N-acetylglucosamini-
dase are mainly categorized (http://afmb.cnrs-mrs.fr/CAZY/),
but this protein did not contain a known CBM. CBP-11 was
also identified from the 2-DE of the OM proteins (Spot 11 in
Table 2), which was up-regulated by growth on cellulose and
was absent from Ad4. It contained a CBM belonging to family
30. To the present, only four proteins including the CBM of
CelF of S85 (32) were categorized in this CBM family (afmb
.cnrs-mrs.fr/CAZY). Arai et al. (1) suggested that the family 30
CBM of C. thermocellum is very important for mediating the
binding of the enzyme Cell to various substrates, including
Avicel and amorphous cellulose, and for the correct tertiary
structure of the intact protein. In addition, recently the crystal
structure of CBM30 was determined by Horiguchi et al. (not
published, but the information of the structure is available with
the identifier IWMX in the Protein Data Bank [http:/www
.resb.org]), showing a galactose-binding domain-like fold com-
posed of eight B-strands.

Previous studies identified four CBPs from the OM fraction
of glucose-grown S85 (11) with the molecular masses of 120,
180, 220, and 240 kDa, respectively. The 120-kDa CBP was
identified as endoglucanase F, which corresponded to CBP-4
in the present study. The 180-kDa CBP was characterized and
thought to have an important role in adhesion. The N-terminal
and internal amino acid sequences of the 180-kDa CBP were
determined to be encoded by gene FSU2502 by a combination
of Edman degradation and mass spectrometry (Fig. 5A) in
conjunction with a BLAST search of the genome of F. succi-
nogenes. FSU 2502 is an ORF of 4,650 bp that encodes a
protein of 1,549 amino acids, which corresponds to CBP-2. The
molecular mass of CBP-1 seems to correspond to the 220- or
240-kDa CBP in Gong et al.’s study (11). This protein pos-
sessed an N-terminal catalytic domain belonging to GH family
9; thus, it appeared to be partially involved both in adhesion to
cellulose and in the degradation of cellulose.

CBP-1, CBP-2, and CBP-5 were found to exist in both the
S85 and mutant strains and to be induced by growth of S85 on
cellulose. Therefore, the inability of adhesion-defective mu-
tants Ad4 and Ad1 to adhere to and degrade cellulose suggests
that these proteins have limited roles in adhesion of S85 to
cellulose and degradation of cellulose. In the case of CBP-2,
anti-CBP-2 antibodies blocked binding of S85 to cellulose;
however, the antibodies were specific for glycosylation (11).
Therefore, it is possible that the CBM is buried in the OM and
is unavailable for binding to cellulose unless the membrane is
dissociated by detergent. The lack of involvement of binding of
CBP-1 and CBP-5 may also be explained by their location in
the OM.

To gain further insight into the role of OM proteins in the
mechanism of cellulose digestion by F. succinogenes strain S85
and the mutant, OM proteins were separated by 2-DE and
identified. The most distinct changes in predominant proteins
were the absence from both mutant strains Adl and Ad4 of a
type IV pilin protein (protein 19; CBP-12) and the Cl-stimu-
lated cellobiosidase (protein 23; Table 2).

The Cl-stimulated cellobiosidase was previously character-
ized by Huang et al. (17). When up-regulated, a greater pro-
portion of the enzyme was associated with the OM, although it
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was mainly periplasmic in glucose-grown cells. Since it has a
family 4 CBM and has been shown to bind to cellulose (17), it
may have a role in adhesion of cells to cellulose; however, it
was not among the OM CBPs (Fig. 3). This may be due to its
primary location in the periplasm even when S85 is grown on
cellulose.

Proteins that were up-regulated in the OM of cellulose-grown
S85 cells and down-regulated or absent from glucose-grown cells
are candidates for major roles in cellulose digestion. Twenty-five
proteins were detected in OMs of cellulose-grown S85, while 19
proteins were found in glucose-grown cells. The genes coding for
16 OM proteins that appeared to be induced by growth of S85
on cellulose were identified in this study, but the roles of the
encoded proteins in adhesion to and/or degradation of cellu-
lose remain to be elucidated.

In this proteomic study, 14 proteins were identified as un-
known function proteins. This finding is not surprising, since
the functions of approximately 50% of ORFs of the S85 ge-
nome are unknown and are annotated as hypothetical (or
conserved hypothetical) proteins. Nine of the unknown func-
tion proteins identified in this study may be unique to S85; in
addition, considering that six of those hypothetical proteins
were shown to be up-regulated by growth on cellulose, they
would appear to be new families of proteins involved in adhe-
sion to cellulose and degradation of cellulose. Learning the
functional roles of these proteins in addition to the putative
CBPs will substantially further our knowledge of the unique
mechanism of cellulose digestion by F. succinogenes.
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