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Streptomyces reticuli produces a 35-kDa cellulose-binding protein (AbpS) which interacts strongly with
crystalline forms of cellulose (Avicel, bacterial microcrystalline cellulose, and tunicin cellulose); other poly-
saccharides are recognized on weakly (chitin and Valonia cellulose) or not at all (xylan, starch, and agar). The
protein could be purified to homogeneity due to its affinity to Avicel. After we sequenced internal peptides, the
corresponding gene was identified by reverse genetics. In vivo labelling experiments with fluorescein isothio-
cyanate (FITC), FITC-labelled secondary antibodies, or proteinase K treatment revealed that the anchored
AbpS protrudes from the surfaces of the hyphae. When we investigated the hydrophobicity of the deduced
AbpS, one putative transmembrane segment was predicted at the C terminus. By analysis of the secondary
structure, a large centrally located a-helix which has weak homology to the tropomyosin protein family was
found. Physiological studies showed that AbpS is synthesized during the late logarithmic phase, independently
of the carbon source.

Streptomycetes are gram-positive aerobic soil bacteria.
Numbering about 106 to 108 germs per gram of soil, they make
up one of the dominant groups, owing to their optimum ad-
aptation to their natural environment (1). The streptomycetes
exhibit a differentiated growth cycle, starting with the germi-
nation of spores and proceeding to the formation of substrate
mycelia. The cycle closes with the formation of aerial hyphae,
in which spores are present (17). These spores are resistant to
heat, dryness, and cold, and their survival is guaranteed in
periods when no nutrients are available. In addition, strepto-
mycetes are able to produce a wide range of pigments, antibi-
otics, and fungicides to inhibit the growth of competing organ-
isms (4). Biopolymers like chitin, starch, xylan, and cellulose,
which constitute abundant carbon sources for organisms in the
soil, are very efficiently hydrolyzed by streptomycetes, due to
the action of corresponding catabolic enzymes (23). The syn-
thesis of these extracellular proteins is strictly and specifically
regulated. In order to survive, the organisms constantly have to
monitor the external conditions and to adjust their structures,
physiologies, and behaviors accordingly. To this end, bacteria
have devised several different sophisticated signalling systems
to elicit a variety of adaptive responses to their environment.
Proteins with two-component systems make up the major
group of such signal transduction proteins (21). They consist of
a sensor (mostly membrane integrated) and a cytoplasmically
located response regulator, the communication of which is
mediated by de- and phosphorylation. These modules are
widespread among bacteria; they handle a broad range of
signalling tasks (e.g., host detection and invasion, leading to
symbiosis or pathogenesis; metabolic adaptation to changes in
carbon, nitrogen, and phosphate sources; responses to osmo-
larity and stress; and chemotaxis) (for a review, see reference
22). Another signal system was recently discovered in Esche-
richia coli. It regulates the ferric citrate uptake systems, with
the ferric citrate functioning as an inducer. FecR, a protein
located in the periplasm and integrated into the inner mem-

brane, seems to transmit a signal from the outer-membrane-
pore-forming protein FecA to the cytoplasmic transcriptional
activator FecI in the presence of the energy-transmitting Ton
system (for a review, see reference 5). Studying the virulence of
bacteria, several research groups could show that the contact
of bacteria with eukaryotic host cells may trigger the expres-
sion of corresponding bacterial genes. Contact may produce an
additional signal. There are already precedents for this in en-
vironmental bacteriology. In Pseudomonas aeruginosa biofilms,
transcription of algC, a gene required for the synthesis of
alginate, is specifically activated upon attachment to a glass
surface and Teflon (7). A lateral flagellum-encoding gene (laf)
from Vibrio parahaemolyticus is activated only when the strain
is grown on agar (3). Vandevivere and Kirchman (37) demon-
strated surface activation of exopolysaccharide biosynthesis by
a subsurface bacterium. The signal transduction cascade or the
surface proteins necessary for these processes are not yet
known, although some authors posit membrane-bound sensory
proteins (37).

Streptomyces reticuli, the organism used for our studies, is
able to utilize crystalline cellulose (Avicel), due to its produc-
tion of an exoglucanase (Cell or Avicelase) (27). Physiological
studies showed that Avicel, to which S. reticuli strongly adheres
during cultivation (26), is the only known inducing carbon
source (40). A low-molecular-weight inducer, such as the
breakdown products of cellulose (glucose and cellobiose, -tri-
ose, -tetraose, and -pentaose), able to enter mycelia could be
excluded (39). On the molecular level, the regulation of the S.
reticuli cel1 gene is achieved by both transcriptional activation
and repression.

In this article, we identify and characterize a novel surface-
anchored cellulose binding protein (AbpS) from S. reticuli.

MATERIALS AND METHODS

Bacterial strains, plasmids, and cultivation. The wild-type S. reticuli strain
Tü45 described by Wachinger et al. (38) was obtained from H. Zähner, Tü-
bingen, Germany. The E. coli plasmids pUC18 and pUC19 (44) were used as
cloning vectors for DNA sequence analysis. E. coli transformants were grown in
Luria-Bertani medium containing 100 mg of ampicillin ml21. Streptomycetes
were cultivated in pH-stable medium (MM3) supplemented with a carbon source
(1%, wt/vol), as outlined previously (39).
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Isolation of DNA. Genomic DNA from S. reticuli was isolated as described
previously (13). Plasmids were isolated from E. coli with a Qiagen plasmid kit.

General DNA techniques. Restriction enzyme digestions, ligation reactions,
and analyses of DNA with nucleases and polymerases were carried out by
standard procedures (25).

Hybridizations. The NH2 terminus of an internal peptide was used to deduce
and synthesize a 39-mer oligonucleotide (59GARGARGCSGACGCSCTSTTC
GARGARACSCGSGCSAAG39). This oligonucleotide was labelled with digoxi-
genin and hybridized at 50, 55, 60, and 65°C with SalI DNA fragments trans-
ferred from an agarose gel onto a nylon membrane (25). After 20 h, the
membrane was washed twice in 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) (5 min at room temperature) and twice in 0.13 SSC (15 min at
the temperature corresponding to the hybridization conditions). Immunodetec-
tion was performed according to the specifications of the DNA labelling and
detection kit supplied by Boehringer.

Preparation and screening of a subgenomic DNA library. Total DNA (200 mg)
from S. reticuli was cleaved with SalI, and resulting fragments were separated on
an agarose gel. Fragments of about 2.8 to 3.4 kb were eluted and ligated to
SalI-digested pUC18. The ligation mixture was transformed to E. coli XL1 Blue
by the CaCl2 method (25). Ampicillin-resistant transformants were tested for the
presence of the desired insert by colony hybridization with the synthesized
oligonucleotide.

DNA sequencing. A 1,912-bp SmaI fragment containing the complete reading
frame was sequenced by dideoxy chain termination (T7 sequencing kit from
Pharmacia) and digoxigenin-labelled oligonucleotides which corresponded to
those of the lacZ system or were deduced from internal sequences of abp1.

Identification of AbpS. S. reticuli mycelia were disrupted by sonification (41) at
4°C. After the cell debris was removed, the proteins were incubated with Avicel
(15 mg/ml) in 50 mM potassium phosphate buffer, pH 7, for 30 min. Avicel
recovered by centrifugation was washed three times with 50 mM potassium
phosphate buffer containing 1 M NaCl. The mixture was treated with the same
buffer without NaCl and then heated in sodium dodecyl sulfate (SDS) sample
buffer for 5 min at 95°C (25) and subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE). After the gels were stained with Coomassie brilliant blue, the
AbpS was identified by its size or by immunodetection with antibodies (see
below).

Enzyme assays. AbpS bound to Avicel was released by adding 7 M urea,
precipitated with NH4SO4 (90% saturation), and suspended in 50 mM potassium
phosphate buffer, pH 7. Cellulolytic activity was studied with the help of pNPC
(para-nitrophenylcellobioside) (40). Alternatively, the protein was incubated in
SDS sample buffer at 30°C for 10 min. After electrophoretic separation on a 10%
polyacrylamide gel containing 0.1% (wt/vol) SDS (19) and hydroxyethyl cellulose
(HEC) (40), the proteins were renatured by washing the gel twice in 0.1% Triton
X-100 at 30°C and subsequently in 20 mM Tris-HCl, pH 7.5, for 30 min. Cellu-
lolytic activities were tested after incubation at 30°C for 5 h and staining of the
gel in a 0.1% solution of Congo red in water, as described by Schwarz et al. (32).

Determination of amino acid sequences. The protein was blotted onto a
polyvinylidine difluoride membrane (Immobilon P; Millipore), as outlined pre-
viously (27). Cleavage of AbpS and sequencing of the internal peptides by
Edman degradation were done by P. Jungblut, Wita, Berlin, Germany.

Generation of antibodies and immunological studies. Protein (200 mg) was
subjected to preparative SDS-polyacrylamide gels (see above) and, after its
transfer to a polyvinylidine difluoride membrane, eluted in a solution containing
2% SDS, 1% Triton X-100, and 0.1 mM dithiothreitol. After precipitation with
two volumes of acetone, the protein was used for immunization. Antiserum
against AbpS was obtained by immunization of a rabbit with 200 mg of pure AbpS
(Eurogentec).

For Western blot studies, proteins were transferred onto a nylon membrane
and incubated in phosphate-buffered saline (PBS; 150 mM NaCl, 2.6 mM KCl,
1.4 mM KH2PO4, 8.1 mM Na2PO4 [pH 7.0]) containing a 1:105 dilution of the
antiserum. After three washes, the blot was incubated with alkaline phosphatase-
conjugated AffiniPure F(ab9)2 fragment goat anti-rabbit immunoglobulin G
(IgG) (dianova, Hamburg, Germany) diluted 1:15,000. Color development was
performed according to the method of West et al. (42).

Isolation of membranes and associated proteins. Washed S. reticuli mycelia
were disrupted by sonification (see above). After removal of cell debris (10,000 3
g, 20 min), the crude extract was centrifuged at 100,000 3 g for 30 min. The
supernatant was used for analyses of soluble protein. The membrane-containing
pellet was washed twice with 50 mM potassium phosphate buffer (pH 7.0) and
suspended in 1% Tween 20 in 50 mM phosphate buffer (pH 7.0). Insolubilized
particles were removed by an additional centrifugation step (100,000 3 g).

FITC-labelling studies. Washed S. reticuli mycelia were incubated with fluo-
rescein isothiocyanate (FITC) labelling solution (8 mg of FITC in 1 ml of 0.5 M
sodium carbonate buffer supplemented with 0.15 M NaCl [pH 9.5]) and kept for
1 h at room temperature. Unbound FITC was removed by washing the mycelia
with 500 mM glycine in sodium carbonate buffer (pH 9.5). In order to minimize
binding to proteins different from AbpS, the pH was decreased to 5. The mycelia
were washed with 3 liters of sodium carbonate buffer (pH 5) and subsequently
used for the extraction of AbpS.

Studies with proteinase K. Washed mycelia from S. reticuli were incubated
with proteinase K (50 mg ml21) for 3, 5, and 7 h at 30°C. Then the mycelia were
washed several times with at least 1 liter of 50 mM Tris-HCl (pH 7) containing

2 mM Pefabloc (a proteinase inhibitor from Boehringer). After cell disruption,
the proteins were analyzed by immunodetection with different antibodies.

In vivo immunolabelling of AbpS. Washed S. reticuli mycelia were incubated
with PBS with 1% bovine serum albumin for 1 h and subsequently with PBS
containing a 1:1,000 dilution of anti-AbpS antiserum for 4 h at room tempera-
ture. To remove unbound antibodies, the mycelia were washed three times with
PBS and then treated with PBS containing 1% bovine serum albumin and
FITC-labelled AffiniPure F(ab9)2 fragment goat anti-rabbit IgG (1:300) for 4 h at
room temperature. After three washes, the mycelia were analyzed for fluores-
cence labelling under UV light with an Axiovert microscope (Zeiss). For visu-
alization, a charge-coupled-device camera (SenSys; Photometrics) and the soft-
ware IPLab, version 1.7, were used.

Nucleotide sequence accession number. The nucleotide sequence reported in
this article will appear in the DDBJ, EMBL, and GenBank nucleotide sequence
databases under the accession no. Z97071.

RESULTS

Identification and purification of Avicel-binding protein. S.
reticuli was grown with glucose as the sole carbon source.
Proteins of the crude extract prepared from the mycelia were
mixed with insoluble cellulose (Avicel). To inhibit nonspecific
binding, the mixture was washed with 1 M NaCl. Under these
conditions, only one protein with an apparent molecular mass
of 36 kDa was found to adhere specifically to Avicel (Fig. 1). It
was named AbpS (stands for Avicel-binding protein of Strep-
tomyces).

Determination of the amino acid sequence and identifica-
tion of the corresponding gene. Larger quantities of the Avicel-
bound protein were subjected to electrophoresis on prepara-
tive SDS-polyacrylamide gels, as described under Materials
and Methods. After transfer to a nylon membrane, the AbpS
was eluted and concentrated. As the NH2-terminal amino acids
of AbpS could not be determined by Edman degradation,
AbpS was cleaved with the protease LysC and the NH2 termini
of several internal peptides were analyzed. The peptide from
which the longest consecutive stretch of amino acids could be
obtained was used to deduce and synthesize a 39-mer oligo-
nucleotide, which was hybridized with total DNA from S. re-
ticuli cleaved with SalI. At 60°C, only one fragment (3.2 kb)
was found to hybridize (data not shown).

A subgenomic DNA library in E. coli XL1 Blue (containing

FIG. 1. Identification of AbpS. One milligram of total protein prepared from
S. reticuli mycelia was incubated with Avicel. After being washed, the bound
proteins were released from Avicel by heating them in SDS sample buffer and
then subjected to SDS-PAGE (lane AbpS). As controls, 30 mg of the total
protein was loaded onto lane TP and the molecular mass standard was loaded
onto lane M. The gels had been stained with Coomassie brilliant blue.
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FIG. 2. Restriction map and sequence analysis. (A) Restriction map of the 3.2-kb SalI fragment. (B) The nucleotide sequence of the 1,912-bp SmaI fragment and
the deduced amino acid sequence of AbpS are given. The NH2-terminal amino acids of the internal peptides (determined by Edman degradation) are underlined. The
putative Shine-Dalgarno sequence is marked by a broken line. The three direct DNA repeats are aligned and marked by an outlined shaded area. The hydrophobic
segment is marked by an open box.
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2.9- to 3.4-kb SalI fragments of S. reticuli DNA) was estab-
lished in pUC18 and hybridized with the 39-mer oligonucleo-
tide. Four transformants carried the expected constructs. After
analyses of the inserted DNA with restriction enzymes (Fig.
2A), the DNA was subcloned. The sequences of overlapping
fragments were determined from both strands. One complete
reading frame (abpS) (Fig. 2B) has a G1C content of 73%
(77% in the first, 47% in the second, and 96% in the third
position of the codons), which is typical of streptomycetes. A
start codon (ATG) with a putative Shine-Dalgarno sequence
(AGGA), as well as a stop codon (TAA), could be identified.
Downstream of the reading frame, we found three direct re-
peats, each of them consisting of 120 nucleotides, which have
a high degree of homology (Fig. 2B).

The deduced amino acid sequence had a calculated molec-
ular mass of 34.7 kDa, which is in good agreement with the
estimated apparent molecular mass of AbpS (36 kDa). The
NH2-terminal sequences from the sequenced internal peptides
were refound, proving that the cloned fragment contains the
corresponding abpS gene (Fig. 2B). By comparison with se-
quences from the SwissProt and EMBL data banks, a weak
homology to tropomyosin proteins, streptococcal M proteins,
or TolA from E. coli could be ascertained.

When we analyzed the hydrophobicity of the deduced pro-
tein, one putative transmembrane segment of 17 amino acids,
which seems to have an a-helical structure (see below), was
identified at the C-terminal part (Fig. 2B and 3B). An addi-
tional computer-supported analysis predicted that AbpS con-

FIG. 3. Prediction of the hydrophobicity and secondary structure of AbpS.
(A) The predicted secondary structure of AbpS. a-helical structures are indi-
cated with shaded boxes, and b-sheets are indicated with filled boxes. (B) Hy-
drophobicity values were calculated according to the method of Kyte and
Doolittle (18). Transmembrane segments correspond to the values above the
dotted line. The predictions were made with the help of the computer program
PSAAM. aa, amino acid.

FIG. 4. Characterization of AbpS. (A) One milligram of total protein was incubated with 25 mg of bacterial microcrystalline cellulose (lane 1); tunicin cellulose (lane
2); agar-agar (lane 3); xylan (lane 4); starch (lane 5); chitin (lane 6); Avicel with grain diameters of 0.02 mm (lane 7), 0.05 mm (lane 8), and 0.1 mm (lane 9); Valonia
cellulose (lane 10); and a Whatman filter (lane 11) for 30 min at room temperature. Having been washed, the bound proteins were released by heating them in SDS
sample buffer and then subjected to SDS-PAGE. After blotting and immunological detection, the amount of AbpS was determined. (B) Ten milligram of total protein
(10 ml) was used to isolate the membranes and their associated proteins. The membranes were solubilized in 5 ml of phosphate buffer containing 1% Tween 20, and
5 ml (lane 2), 20 ml (lane 3), and 80 ml (lane 4) were transferred to an SDS-polyacrylamide gel. In order to determine the distribution of AbpS (membrane-associated
and soluble forms), 10 ml (lane 1) of soluble proteins was additionally loaded onto the SDS-polyacrylamide gel. After immunological detection, the amount of AbpS
was calculated densitometrically. (C) Thirty micrograms of total protein was incubated for 0, 1, 2, 3, 4, and 5 h at 37°C (left). Additionally, 30 mg of total protein (right)
was incubated for 30 min in buffer (lane A) or for 4 h in the same buffer in the presence of a proteinase inhibitor (2 mM Pefabloc) (lane B), 1 M NaCl (lane C), or
50 mM EDTA (lane D). After SDS-PAGE and blotting, all samples were analyzed with anti-AbpS antibodies.
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sists of dominant a-helical structures, organized in one large,
centrally located unit and three smaller units (Fig. 3A).

Characterization of AbpS. AbpS interacts with several forms
of crystalline cellulose, like b-cellulose of tunicin, microcrys-
talline cellulose from bacteria (Acetobacter spp.), and commer-
cial microcrystalline cellulose (Avicel), regardless of its grain
size (with various diameters between 0.1 and 0.02 mm).
Weaker binding of AbpS to a-chitin from crab shells, What-
man filters, or cellulose from Valonia, a eukaryotic alga, was
observed. In contrast, AbpS did not bind to starch, xylan,
agar-agar (Fig. 4A), soluble forms of cellulose (carboxymethyl
cellulose [CMC] and HEC), or sugars. Neither glucose, cello-
biose, a mixture of cellodextrins (cellobiose, -triose, -tetraose,
and -pentaose), CMC, nor HEC competed in the interaction of
AbpS with Avicel (Table 1). After the release of proteins
bound to various types of crystalline cellulose, in addition to
those bound to the full-length AbpS, low amounts of smaller
proteins also cross-reacting with anti-AbpS antibodies were
detected (Fig. 4A). As demonstrated in Fig. 4C, this process is

due to proteolytic activities of endogenous S. reticuli proteases.
The degradation of AbpS could not be inhibited by 1 M NaCl
or 2 mM Pefabloc, a serine protease inhibitor, but by EDTA,
typical of metalloproteases.

The AbpS-Avicel interaction occurred very rapidly; that is
why the amount of AbpS which bound to Avicel after 1 min
was identical with that bound in the course of 2 h (data not
shown). Nonionic or ionic SDS detergents (1%, wt/vol), salts in
high concentrations (1 M NaCl or 5 M KCl), and the chelating
agent EDTA (50 mM) did not induce a release of Avicel-
associated AbpS (Table 1). In contrast, the interaction of AbpS
with Avicel could be completely inhibited by the addition of 5
M guanidium hydrochloride, 5 M urea, or NH4SO4 (90% sat-
uration). pH values less than 5 entailed a release of the pro-
tein, whereas values of 5 to 10 had no effect (for details see
Table 1).

Anti-AbpS antibodies, added to AbpS before the binding to
Avicel occurred, prohibited the interaction completely, where-
as the supplementation of Avicel-bound AbpS with anti-AbpS
antibodies did not release the protein (data not shown).

No enzymatic activity of AbpS could be detected when HEC,
para-nitrophenylcellobioside, para-nitrophenylglucoside, and
methylum-belliferylcellobioside were used as substrates. These
results are in agreement with the fact that the deduced protein
does not have amino acids identical to those of catalytic do-
mains of cellulases or glycosylhydrolases.

Localization of AbpS. As outlined above, the deduced amino
acid sequence of AbpS contains a putative, C-terminally lo-
cated transmembrane segment. Therefore, the distribution of
AbpS among membrane-associated and cytoplasmic proteins
was investigated. Its relative amounts were determined after
separation of all proteins, followed by immunodetection. Five
to 10% of the total amount of AbpS was found in the mem-
brane fraction (Fig. 4B).

The C-terminally located stretch of 17 hydrophobic amino
acids from AbpS is preceded by 15 randomly distributed lysine
residues (Fig. 2B and 3). The NH2 terminus and lysine residues
are known to interact with FITC. To test whether part of AbpS
is surface exposed, S. reticuli hyphae were treated with FITC
under conditions preventing nonspecific labelling (see Materi-
als and Methods). Total hyphal proteins were gained, and
those which bound to Avicel were separated on SDS-polyacryl-
amide gels. One prominent protein—isolated by its binding to
Avicel and corresponding in size to AbpS—displayed high flu-
orescence (Fig. 5A). Within the total proteins of the mycelial
extract which had not been treated with Avicel (control),
hardly any labelled proteins could be detected. These results
suggest that AbpS can be effectively labelled by FITC in native
S. reticuli hyphae.

To study the location in more detail, native S. reticuli mycelia
were treated with or without (control) proteinase K for various
times (3, 5, and 7 h) and the presence of AbpS was immuno-
logically determined. Contrary to what occurred with the con-
trol, a major portion of AbpS was found to be truncated by
approximately 3 kDa. However, isolated pure AbpS is com-
pletely degraded by proteinase K. The studies indicate that
within native hyphae, only a small AbpS region is accessible to
proteinase K and that the protection of the major portion of
the protein is due to the surrounding envelope structure. This
assumption is supported by the fact that the formerly described
cellobiose-binding protein (CBP) from S. reticuli, which faces
the outer side of the cell membrane and is fixed by a lipid
anchor, is not degraded (28) by proteinase K treatment within
S. reticuli hyphae (Fig. 5B). The S. reticuli a-subunit of the
ATPase (12) (detected by antibodies previously raised against

TABLE 1. Characteristics of the AbpS-Avicel interaction

Supplement or adjustment in pHa % of AbpS bound to Avicel

Control 100

Carbohydrates
1% glucose 100
1% cellobiose 100
1% cellodextrins 100
1% HEC 100
1% CMC 100

Detergents
1% Tween 80 100
1% Triton X-100 100
1% Mega 9 100
1% Aminoxide 100
1% Nonidet P-40 100
1% Tween 20 100
1% dodecylmaltoside 100
0.1% SDS 80

Chaotropic agents or salts
1 M NaCl 100
5 M NaCl 75
4 M urea 20
5 M urea 0
7 M urea 0
4 M Gdn-HCl 35
5 M Gdn-HCl 0
6 M Gdn-HCl 0
90% (NH4)2SO4 0

Other supplements
50 mM EDTA 100
1% mercaptoethanol 100
Distilled water 100

Adjustment to pH:
10 100
7 100
4 0
3 0

a One milligram of total protein was (i) incubated with 20 mg of Avicel in 1 ml
of phosphate buffer containing the indicated supplements or (ii) adjusted to the
indicated pH. After being washed with 3 ml of the supplemented buffers, the
mixtures were subjected to SDS-PAGE and Coomassie brilliant blue staining and
the amounts of bound proteins were denistometrically determined and compared
to that bound by the control (100%). Gdn-HCl, guanidinium hydrochloride.
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the a-subunit of the Streptomyces lividans F1 ATPase [a-SLF1])
was also found to be resistant to proteinase K.

Further investigations showed that anti-AbpS antibodies,
unlike anti-CBP antibodies, cross-reacted with protein within
native hyphae (Fig. 5C). These data clearly demonstrate that
epitopes of AbpS are surface exposed.

Physiological studies. In the presence of the carbon sources
chitin, xylan, CMC, cellobiose, glucose, and Avicel (1% in
minimal medium), S. reticuli produced AbpS in increasing
amounts from the early stationary to the late stationary growth
phase, as shown exemplarily for glucose (Fig. 6).

DISCUSSION

In the course of our studies, we found that S. reticuli syn-
thesizes an up to now unique hyphal protein (AbpS) which
binds tightly to crystalline forms of cellulose (Avicel, bacterial
microcrystalline cellulose, and tunicin cellulose) but not to
other polysaccharides (e.g., starch, agar, and xylan). The fact
that AbpS binds very quickly to Avicel and can be released only
by chaotropic or denaturing agents emphasizes its high specif-
ity.

Cellulose-binding modules have been discovered in several

cellulases from different microorganisms. They are functionally
and structurally separate protein domains (cellulose-binding
domains [CBDs] and are located on the COOH- or NH2-
terminal part of the catalytic domain [for a review, see refer-
ence 10]). On the basis of their primary structures, 13 families
of CBDs were defined (2). The primary structure of the de-
duced AbpS protein sequence shows no significant homology
with that of members of the established families. Crystallo-
graphic analyses of several CBDs from the families I, II, and
III revealed that their binding to cellulose is mediated by
aromatic amino acid residues (tryptophane and tyrosine), ex-
posed on one side of the CBD (15, 16, 36, 43). The distances
between the aromatic amino acid side chains correlate with
those between the repetitive glucose units within the cellulose
molecule. At the NH2 terminus of AbpS, four tyrosines were
found. Whether these aromatic amino acids participate in the
interaction with highly crystalline cellulose remains to be in-
vestigated.

It was shown that CBDs are also present in cellulolytically
inactive proteins, such as CipA from Clostridium thermocellum
(9) and its homolog CbpA from Clostridium cellulovorans (34).
Both organisms produce large cellulolytic complexes (cellulo-
somes), in which several cellulases are tightly bound to the

FIG. 5. Localization of AbpS. (A) S. reticuli mycelia were incubated with FITC, and AbpS was subsequently isolated by its interaction with Avicel and separated
by SDS-PAGE. Lanes M, molecular mass standards; AbpS isolated from 0.1 mg of total protein; lanes 2, AbpS isolated from 1 mg of total protein; lanes TP, 10 mg
of total protein. The gel was analyzed under UV light (right gel) or after Coomassie brilliant blue staining (left gel). (B) Mycelia from S. reticuli grown with glucose
as the sole carbon source were washed and incubated for 3 (lanes 3), 5 (lanes 5), and 7 (lanes 7) h in a proteinase K-containing buffer and for 7 h without proteinase
K (lanes C). After being washed, crude cell extracts were prepared. Aliquots (10 mg) of each sample were subjected to SDS-PAGE. After being blotted, the proteins
were incubated with antibodies raised against AbpS (left blot), CBP (middle blot) (28), or a-SLF1 (right blot) (8). (C) Washed S. reticuli mycelia were incubated with
anti-AbpS antibodies (top section) and anti-CBP antibodies (middle section), or without primary antibodies (bottom section) for 4 h at room temperature. After
unbound antibodies were removed, secondary FITC-labelled anti-rabbit IgG2ab was used to determine the presence of bound primary antibodies on the surfaces of
S. reticuli hyphae, with the help of UV light and an Axiovert microscope.
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scaffolding proteins CipA and CbpA, whose CBDs mediate
contact with cellulose. The affinities of these binding domains
are very high (11), which is also true for AbpS from S. reticuli.

A lectin-like chitin-binding protein (CHB1) is secreted by
Streptomyces olivaceoviridis (31). This CHB1 (18.7 kDa) lacks
any enzymatic and antifungal activities, has a high affinity to
a-chitin, and seems to participate in the targeting of a-chitin-
containing organisms (45). Unlike the secreted CHB1, AbpS
was found to be associated with the surfaces of S. reticuli
hyphae. The results of in vivo FITC-labelling and proteinase K
experiments suggest that AbpS protrudes out of the polyglu-
cane layer, which also occurs with certain proteins anchored to
the cell wall of gram-positive pathogenic bacteria; these in-
clude protein A from Staphylococcus aureus and group A Ig-
binding P and M proteins from several streptococci (6, 14, 33,
35). The function of these surface proteins appears to be either
to conceal the bacterial surface from the host’s defense system

or to promote adhesion of the pathogen to host tissues. These
proteins are exposed on their cell surfaces and anchored to
bacterial cell walls. Anchoring requires a 35-residue sorting
signal, which is situated in the C terminus and consists of an
LPXTG motif, followed by a hydrophobic domain and a tail of
largely positively charged residues (20, 29, 30). This protein-
sorting sequence, as well the NH2-terminal signal sequence, is
not found in the deduced AbpS protein. Therefore, it remains
to be elucidated if the small C-terminally located hydrophobic
segment of AbpS participates in anchoring.

AbpS and M proteins also seem to be similar in their sec-
ondary structures. M molecules are highly a-helical coiled-coil
dimers, the structures of which resemble those of tropomyosin
and other filament-forming proteins belonging to the same
family (24, 33). The deduced AbpS protein also shows weak
homology to tropomyosin molecules and to the above-de-
scribed M proteins. The predicted secondary structure of AbpS
indicates the presence of a large central a-helix. Further stud-
ies, including spectroscopical and microscopical analyses, have
to be performed to determine the structure of AbpS and its
possible dimerization and interaction with other proteins.

Physiological studies showed that AbpS synthesis is indepen-
dent of the carbon source and stimulated during late logarith-
mic growth of S. reticuli. Under these conditions, the depletion
of nutrients is expected. In order to survive, the organism has
to monitor its environment to develop new nutrient sources. In
this context the possible function of AbpS is the mediation of
the contact between the biopolymer and the hyphae. This
assumption is substantiated by the fact that S. reticuli hyphae
grow in tight connection with Avicel in the course of cultivation
(26). This entails an effective hydrolysis of the biopolymer by
secreted cellulases and an enhanced uptake of the breakdown
products. To what extent the induction of the corresponding
genes is dependent on the attachment of the mycelia to the
insoluble substrate has be studied in the future. To this end,
comparative investigations of an abpS-negative mutant of S.

FIG. 6. Temporal course of AbpS synthesis. Minimal medium supplemented
with 1% glucose was inoculated with S. reticuli spores and incubated at 30°C.
After the indicated cultivation periods, aliquots were taken, and the wet weights
of the mycelia, as well as their pHs, were determined. In addition, 30 mg of total
protein prepared from each aliquot was separated by SDS-PAGE. After blotting,
AbpS was detected immunologically, and after the blots were scanned, AbpS’s
quantity was determined densitometrically with the Cybertech program CAM
2.0.

FIG. 5—Continued.
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reticuli are required; however, genetic manipulations of the
strain have proven to be difficult.
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