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Several proteins of Clostridium thermocellum possess a C-terminal triplicated sequence related to bacterial
cell surface proteins. This sequence was named the SLH domain (for S-layer homology), and it was proposed
that it might serve to anchor proteins to the cell surface (A. Lupas, H. Engelhardt, J. Peters, U. Santarius, S.
Volker, and W. Baumeister, J. Bacteriol. 176:1224-1233, 1994). This hypothesis was investigated by using the
SLH-containing protein ORF1p from C. thermocellum as a model. Subcellular fractionation, immunoblotting,
and electron microscopy of immunocytochemically labeled cells indicated that ORF1p was located on the
surface of C. thermocellum. To detect C. thermocellum components interacting with the SLH domains of ORF1p,
a probe was constructed by grafting these domains on the C terminus of the MalE protein of Escherichia coli.
The SLH domains conferred on the chimeric protein (MalE-ORF1p-C) the ability to bind noncovalently to the
peptidoglycan of C. thermocellum. In addition, '*>*I-labeled MalE-ORF1p-C was shown to bind to SLH-bearing
proteins transferred onto nitrocellulose, and to a 26- to 28-kDa component of the cell envelope. These results
agree with the hypothesis that SLH domains contribute to the binding of exocellular proteins to the cell surface
of bacteria. The gene carrying ORF1 and its product, ORF1p, are renamed olpB and OlpB (for outer layer

protein B), respectively.

Clostridium thermocellum, a gram-positive thermophilic
anaerobic bacterium, produces a highly active cellulase system
whose cellulolytic components form a high-molecular-weight
complex, termed cellulosome (21). Previous studies showed
that these components are organized around a scaffolding pro-
tein, named CipA, which promotes binding of the cellulosome
to cellulose (10, 13, 27, 33, 37). The cellulosome is located in
protuberances present on the cell surface and is subsequently
released into the culture medium. The polypeptide sequences
deduced from the genes encoding cellulosome components
comprise typical signal peptides. This suggests that the com-
ponents are secreted individually and that the cellulosome is
assembled on the cell surface (4). It is therefore of interest to
identify components of the cell envelope of C. thermocellum
and to characterize their properties.

Sequencing of the DNA downstream from cipA revealed
three open reading frames (ORFs), named ORF1, ORF2, and
OREF3 (11). The gene carrying ORF3 is now termed olpA (31).
The polypeptides encoded by these ORFs contain a C-terminal
domain composed of three repeats of about 65 amino acids,
which are similar to segments present in the S-layer proteins of
several bacteria, e.g., Acetogenium kivui (GenBank accession
no. M31069), Bacillus sphaericus (6), Thermus thermophilus
(GenBank accession no. X57333), and Bacillus brevis 47
(MWP, GenBank accession no. M19115), and in the Ompa
protein of Thermotoga maritima (GenBank accession no.
X68276). This similarity led Lupas et al. (24) to term these
segments SLH domains (for S-layer homology). Besides S-
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layer proteins, SLH domains also occur in several extracellular
enzymes acting on carbohydrate polymers, e.g., a xylanase
from C. thermocellum (GenBank accession no. M67438), an
alkaline cellulase from Bacillus sp. strain KSM-635 (GenBank
accession no. M27420), an endoxylanase from Thermoanaer-
obacter saccharolyticum (GenBank accession no. M97882), an
a-amylase-pullulanase from Bacillus sp. strain XAL601 (Gen-
Bank accession no. D28467), and a pullulanase of Thermo-
anaerobacterium thermosulfurigenes EM1 (25). In addition, the
OlpA protein of C. thermocellum carries an N-terminal domain
(cohesin domain) which binds the anchoring determinant
(dockerin domain) common to cellulosomal B-glycanases of C.
thermocellum (10, 32). In several organisms, cell-bound en-
zymes are known to participate in the degradation of insoluble
carbohydrates (16, 20, 22), and indeed, OlpA and the pullula-
nase have been located on the cell surface of C. thermocellum
and T. thermosulfurigenes EM1, respectively (25, 31). These
data suggest that SLH domains might be responsible for the
anchoring of these proteins to the bacterial cell surface.

To test this hypothesis, the location of C. thermocellum
ORFlp, the protein encoded by ORF1 (11), was investigated.
The N-terminal region and the C-terminal SLH domains of
ORFl1p were fused with the Escherichia coli maltose-binding
protein MalE. The resulting fusion proteins, termed MalE-
ORF1p-N and MalE-ORF1p-C, respectively, were purified,
and antibodies specific for each of the two regions of ORF1p
were prepared. These antibodies were used to detect the pres-
ence of ORFlp in C. thermocellum by Western blotting (im-
munoblotting) and to localize it by electron microscopy of
immunochemically labeled cells. In addition, MalE-ORF1p-C
was used as a probe to detect components of the C. thermo-
cellum cell envelope interacting with the SLH domains of
ORFlp.
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant features

Source or reference

Strains
Escherichia coli TG1 [A(lac-pro) thi supE hsdD5/F’ tra-36 proA™ B™ lacl® lacZAM15] 14
Clostridium thermocellum NCIB 10682
Plasmids
pTZ19R 26
pTZ19U 26
pMal-c New England Biolabs
pMal-cRI New England Biolabs
pCT1474 pTZ19U derivative carrying the PCR product encoding the first This study
N-terminal repeat of ORF1p
pCT1475 pMal-c derivative encoding the fusion protein MalE-ORF1p-N This study
pCT1416R pTZ19R derivative carrying the PstI-Clal fragment which contains This study
the 3’ end of ORF1
pCT1472 pCT1416R derivative carrying the fragment encoding the SLH This study
domains of ORF1p
pCT1473 pMal-cRI derivative encoding the fusion protein MalE-ORF1p-C This study

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial strains and plas-
mids used in this study are compiled in Table 1. C. thermocellum NCIB 10682 was
grown anaerobically with gentle stirring at 60°C in complete CM3-3 medium (36)
containing 5 g of cellobiose per liter (Fluka AG, Buchs, Switzerland). E. coli TG1
(14) was used as a cloning host and was grown in LB medium containing
ticarcillin (100 pg/ml; Beecham).

DNA techniques. DNA manipulations were performed by the method of
Ausubel et al. (2). Restriction enzymes were used as recommended by the
suppliers.

Oligonucleotides were synthesized with a Cyclone Plus synthesizer (Milligene/
Millipore Corp.). PCR amplification was performed as described previously (32)
with 20 ng of cloned ORF1 DNA as a template. Single-stranded templates were
sequenced by using the Taquence kit (U.S. Biochemical) and synthetic oligonu-
cleotide primers.

Construction of pCT1475. A 529-bp fragment encoding the first N-terminal
repeat of ORF1p (11), flanked by EcoRI and Xbal sites and carrying an artificial
stop codon, was synthesized by PCR (Fig. 1). The forward primer was 5'-GCG
GAA TTC GCT GAA GCA ACT CCA AGT-3', and the reverse primer was
5'-TAA TCT AGA CTG CCT CTA CAA CTA TAA G-3'. The fragment was
digested and inserted between the EcoRI and Xbal sites of pTZ19U (26) to yield
pCT1474. The amplified sequence was confirmed by DNA sequencing.

The EcoRI-Xbal fragment of pCT1474 was cloned between the EcoRI and
Xbal sites of pMal-c, yielding pCT1475 (Fig. 1). In the protein encoded by
pCT1475, the first N-terminal repeat of ORF1p was fused to the C terminus of
MalE to yield MalE-ORF1p-N.

Construction of pCT1473. The PstI-Clal fragment containing the 3’ region of
ORF1 was inserted between the PstI and the Accl sites of pTZ19R (26), yielding
pCT1416R (Fig. 2). pCT1416R was digested completely with Smal and partially
with Hincll. The Hincll-Smal segment encoding the SLH domains of ORF1p
was cloned at the Smal site of pTZ19U, yielding pCT1472. The Xbal fragment
of pCT1472 was inserted at the Xbal site of pMal-cRI, yielding pCT1473. In the
protein encoded by pCT1473, the C-terminal region of ORFI1p, containing the
SLH domains and the major part of the G/P/T/S-rich linker, was fused to the C
terminus of MalE to yield MalE-ORF1p-C.

Purification of the fusion proteins. All operations were performed at 4°C.
Protein concentrations were determined by using the Bio-Rad protein assay (7)
with bovine serum albumin as a standard.

The fusion protein MalE-ORFIp-N was produced from E. coli
TG1(pCT1475). Cells (200 ml) were grown at 42°C to a optical density at 600 nm
(ODgqp) of 0.4, and isopropyl-B-p-thiogalactoside (IPTG) was added to a final
concentration of 0.3 mM. Cells were further cultivated at 42°C to ODg, = 1.5,
harvested, resuspended in 1/10 of the original volume of buffer 1 (20 mM
Tris-HCI [pH 7.4], 200 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 1 mM
EDTA, 1 mM NaNj3), and disrupted by sonication. Cell debris were removed by
centrifugation (15 min at 38,000 X g), and the supernatant was applied to an
amylose affinity column (5 by 2.5 cm; New England Biolabs). Elution was per-
formed with 10 mM maltose in buffer 1, and the pool of MalE-ORF1p-N was
dialyzed overnight against buffer 2 (50 mM Tris-HCI [pH 7.5]). The dialyzed
sample (3.4 mg of protein in 7.8 ml) was concentrated to 1 mg/ml with an Amicon
ultrafiltration cell (membrane PM 10).

MalE-ORF1p-C and MalE-LacZa, produced from E. coli TG1(pCT1473) and
E. coli TG1(pMal-cRI), respectively, were purified according to the same pro-
tocol. The purification of MalE-ORF1p-C and MalE-LacZa yielded 15.2 and 20
mg of protein per liter of culture, respectively.

Proteins were stored in aliquots at —80°C until used.

Preparation of ORFlp-specific antibodies. Purified MalE-ORF1p-N and
MalE-ORF1p-C were used to immunize rabbits as described previously (23),
except that the final injection was performed 1 week after the third subcutaneous
injection. Anti-MalE antibodies were removed by treating the antisera with an
equal volume of a crude extract [2.6 mg of protein per ml of E. coli
TG1(pMalcRI) cells] that had been induced for 2 h in the presence of 0.3 mM
IPTG. Precipitated proteins were removed by centrifugation. Antibodies were
further purified by immunoadsorption using the respective immunogens purified
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FIG. 1. Construction and structure of pCT1475, encoding the chimeric pro-
tein MalE-ORF1p-N. Numbers refer to the nucleotide sequence published by
Fujino et al. (11). Nucleotides that were changed in the PCR-amplified sequence
are shown in boldface type. The DNA of the vector is indicated by a thin line, and
the directions of the lacZ and malE genes are indicated by arrows. MalE-
ORF1p-N is drawn to scale. MCS, multiple cloning site; Ec, EcoRI; X, Xbal; H,
HindIIl. aa, amino acids.
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FIG. 2. Construction and structure of pCT1473, encoding the chimeric pro-
tein MalE-ORF1p-C. The position and orientation of ORF1 are indicated by a
thick arrow. C. thermocellum DNA lying outside ORF1 is represented by a thin
line. Vectors are indicated by boxes, and the directions of the lacZ and malE
genes are indicated by arrows. The ORF1p polypeptide is drawn to scale and
aligned with ORF1. MCS, multiple cloning site; He, Hincll; P, Pstl; C, Clal; X,
Xbal; H, HindIll; S, Smal; C/A, fusion of the Clal site with the Accl site; S/Hc,
fusion of the Smal site with the Hincll site. aa, amino acids.

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto nitrocellulose (31). The purified antibody fractions, recognizing
the N-terminal reiterated segment or the C-terminal SLH segments of ORF1p,
were termed AS-ORF1p-N and AS-ORF1p-C, respectively.

SDS-PAGE and blotting techniques. Proteins were separated by SDS-PAGE
(17). Separated proteins were transferred onto nitrocellulose as described pre-
viously (2). Blots were probed either with AS-ORF1p-N or AS-ORF1p-C (dilu-
tion, 1/2,000), using the ECL Western blotting analysis system (Amersham), or
with '#*I-labeled MalE-ORF1p-N, MalE-ORF1p-C, and MalE-LacZa (37).

Fractionation of C. thermocellum cultures. Unless otherwise stated, all opera-
tions were performed at 4°C. The fractionation procedure is summarized in Fig.
3. A 500-ml culture of C. thermocellum, grown to ODg,, = 1.3, was centrifuged
for 10 min at 10,800 X g (step 1). Proteins from 50 ml of the culture supernatant
fraction were precipitated by slow addition of 2 volumes of cold acetone (step 2).
The precipitate was solubilized in 3 ml of buffer 2, and insoluble salts, which
crystallized upon standing on ice, were removed by centrifugation. The super-
natant was dialyzed overnight against 1 liter of buffer 2, and the volume of the
dialyzed sample was brought to 5 ml with the same buffer. This sample was called
fraction F.

Cells were washed with 50 ml of 150 mM NaCl and resuspended in 50 ml of
buffer 3 (50 mM Tris-HCI, 150 mM NaCl, 1% SDS, pH 7.5). The suspension was
heated at 100°C in a water bath for 15 min and centrifuged for 10 min at 12,000
X g (step 3). The supernatant constituted fraction F.

The pellet was resuspended with 50 ml of buffer 3, yielding fraction C;. A
25-ml aliquot of C,; was heated at 100°C in a water bath for 15 min and centri-
fuged for 10 min at 12,000 X g (step 4). The supernatant constituted fraction F,.

The pellet was resuspended in 25 ml of buffer 2, constituting fraction C,. A
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FIG. 3. Scheme of the fractionation procedure of C. thermocellum culture. 1,
centrifugation at 10,800 X g for 5 min; 2, acetone precipitation and dialysis of the
solubilized precipitate; 3, suspension in buffer 3, heating at 100°C for 15 min, and
centrifugation at 12,000 X g for 10 min; 4, same as 3; 5, suspension in buffer 2,
sonication, and centrifugation at 40,000 X g for 20 min; 6, suspension in buffer 3,
heating at 100°C for 15 min, and centrifugation at 40,000 X g for 20 min; 7,
suspension in buffer 2.

20-ml aliquot of C, was sonicated and centrifuged for 20 min at 40,000 X g (step
5). The supernatant constituted fraction Fs.

The pellet was resuspended in 20 ml of buffer 3, constituting fraction C;. A
10-ml aliquot of C; was heated at 100°C in a water bath for 15 min and centri-
fuged for 20 min at 40,000 X g (step 6). The supernatant constituted fraction F,.

The pellet was resuspended in 10 ml of buffer 2, constituting fraction C, (step
7).
All fractions were concentrated 10-fold with respect to the original culture
volume.

Interaction of MalE-ORF1p-C with the peptidoglycan of C. thermocellum. The
C, fraction (10 ml), containing the peptidoglycan, was washed five times with 20
mM sodium phosphate buffer (pH 7.5), and the pellet was resuspended in 5 ml
of the same buffer. Purified MalE-ORF1p-C was dialyzed overnight against the
same buffer. A 200-ug aliquot of the protein was mixed with 300 ul of fraction
C,, and the reaction volume was brought to 1 ml with phosphate buffer. The
suspension was incubated at 37°C for 4 h and centrifuged at 40,000 X g for 20
min. The supernatant (1 ml) yielded fraction S (soluble). The pellet was resus-
pended in 1 ml of phosphate buffer, vortexed, and centrifuged at 40,000 X g for
20 min. The supernatant constituted fraction W (wash). The pellet was resus-
pended in 1 ml of phosphate buffer, yielding fraction I (insoluble). A 10-pl
portion of each fraction was analyzed by SDS-PAGE.

Electron microscopy. C. thermocellum cells were harvested during the expo-
nential growth phase. Immunocytochemical labeling of whole cells and immu-
nolabeling of Lowicryl HM20 thin sections were performed as described previ-
ously (31). For conventional electron microscopy, aliquot fractions were fixed in
2.5% glutaraldehyde in 0.1 M Na cacodylate (pH 7.2) for 1 h at room temper-
ature, post-fixed with 1% OsO, in the same buffer for 1 h, dehydrated in an
acetone series, and embedded in Epon.

Analysis of the peptidoglycan of C. thermocellum. Peptidoglycan (fraction C,)
was vacuum dried and hydrolyzed in 200 ul of 6 N HCI—0.2% phenol at 110°C
for 20 h in sealed tubes. Aliquots of the hydrolyzate were analyzed by a Beckman
6300 amino acid analyzer. Glucosamine and diaminopimelate were quantified by
appropriate standards. The same analysis was performed with MalE-ORF1p-C
and fraction I, containing MalE-ORF1p-C bound to the peptidoglycan.

RESULTS

Engineering and purification of fusion proteins. ORF1p is a
multidomain protein (11). The N-terminal part of the polypep-
tide sequence begins with a signal peptide followed by four
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FIG. 4. Coomassie blue-stained 5 to 15% polyacrylamide-SDS gel (2) dis-
playing the culture fractions and the purified chimeric proteins. Samples (10 l)
of fractions F, through F, (corresponding to 0.1 ml of original culture at ODy,
= 1.3) and 0.5 pg of each purified chimeric protein were analyzed. Lanes: Z,
MalE-LacZa; N, MalE-ORF1p-N; C, MalE-ORF1p-C. The positions of ORF1p,
CipA, and the S-layer protein p130 are indicated by arrows. The leftmost lane
shows molecular size standards: myosin (200 kDa), B-galactosidase (116 kDa),
phosphorylase b (97 kDa), albumin (66 kDa), ovalbumin (45 kDa), carbonic
anhydrase (31 kDa), trypsin inhibitor (21 kDa), lysozyme (14 kDa). Bands pre-
sumably corresponding to CipA and ORF1p are indicated by arrows.

highly similar repeats of 156 residues each. The central region
is extremely repetitive and contains 73 copies of the hexapep-
tide TPSDEP. The TPSDEP repeats are separated from the
C-terminal SLH domains by a G/P/T/S-rich linker. Figures 1
and 2 show the structure of the plasmids expressing the first
N-terminal repeat and the SLH domains of ORF1p. The first
N-terminal repeat of ORF1p was grafted onto MalE to yield
MalE-ORF1p-N. In the same way, the SLH domains of
ORF1p, flanked by the G/P/T/S-rich linker present in the orig-
inal protein, were fused to MalE to yield MalE-ORF1p-C.
Electrophoresis of purified proteins is shown in Fig. 4 (lanes Z,
N, C). The electrophoretic migration of MalE-ORF1p-N,
MalE-ORF1p-C and MalE-LacZa, corresponding to molecu-
lar masses of 63, 76, and 52 kDa, respectively, was consistent
with the predicted masses of the polypeptides (60,719, 72,105,
and 50,103 Da, respectively).

Fractionation of C. thermocellum cultures. Figure 4 shows
the monitoring of the fractionation. Fraction F,,, correspond-
ing to the culture medium, exhibited a set of bands matching
with those of the cellulosome (19). A prominent 235-kDa band
most likely corresponded to CipA. C. thermocellum cells were
treated with SDS at 100°C in order to prevent extensive pro-
teolysis of ORF1p. The treatment solubilized many proteins
ranging from ca. 340 to 5 kDa (fraction F,). Such a treatment
removed proteins that were noncovalently associated to the
cell surface. Thus, several proteins belonging to the C. thermo-
cellum cell envelope could be identified in fraction F,, such as
the cellulosomal scaffolding protein CipA, the surface layer
protein (130 kDa; unpublished results), and the cell envelope
protein OlpA (31), which could be detected in F, by Western
blotting (data not shown). These proteins were not identified
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in the other fractions. This suggests that proteins present only
in F, were located in the cell envelope. F, also contained a
significant amount of cytoplasmic proteins, which leaked out of
the cells because of the boiling SDS treatment. In contrast to
cell surface proteins, however, further mechanical disruption
of the cells was required to release cytoplasmic proteins en-
tirely (fraction F;).

Electron micrographs showed that most of the cells treated
with hot SDS retained their shape and did not appear to lose
much of their cytoplasmic content (Fig. 5). The cell wall ap-
peared as a thin layer which might consist of peptidoglycan.
However, some cells were damaged, releasing their cytoplasm
into the medium.

No protein was detected after Coomassie blue staining of
material extracted by a second treatment with hot SDS (frac-
tion F,). However, a set of proteins, ranging from 131 to 10
kDa, was released after sonication of SDS-treated cells (frac-
tion F). These proteins came from cells which had resisted the
hot SDS treatment and were presumably representative of the
cytoplasmic fraction of C. thermocellum proteins. Pellet C;
corresponded to envelopes of SDS-washed cells. Washing of
C; with hot SDS (fraction F,) and treatment of C, (material
corresponding to 0.3 ml of original culture) with lysozyme
(data not shown) failed to release any component that could be
detected upon SDS-PAGE followed by Coomassie blue stain-
ing.

The components of fraction C, were analyzed after acid
hydrolysis (Table 2). Major hydrolysis products were glu-
cosamine, alanine, glutamate, and diaminopimelate. The com-
position was in good agreement with the peptidoglycan com-
position of numerous clostridia (34). No muramate was
detected, indicating that it had been fully converted to glu-
cosamine in the course of acid hydrolysis. Likewise, peaks that
could have resulted from the decomposition of glucosamine
were absent, indicating that destruction of the latter was min-
imal. The molar ratio between glucosamine and diaminopime-
late was about 2. Assuming that 50% of the glucosamine orig-
inated from the hydrolysis of muramic acid, this ratio suggests
that peptidoglycan was the predominant component of fraction
C,. However, the presence of minor quantities of secondary
cell wall polymers that would be covalently linked to the pep-
tidoglycan cannot be ruled out. The amount of most non-
peptidoglycan amino acid residues did not exceed 0.05 mol per
mol of glucosamine, i.e., 0.1 mol per mol of original glu-
cosamine. Hence, fraction C, appeared to contain little or no
covalently associated protein.

Identification and distribution of ORF1p in different frac-
tions of C. thermocellum. In order to discriminate between
genuine ORF1p and proteins bearing immunologically related
determinants, two antisera were raised against different re-
gions of the polypeptide. Preadsorbed, affinity-purified anti-
bodies AS-ORF1p-N and AS-ORFl1p-C failed to recognize
MalE-LacZa (Fig. 6A and 6B, lane Z). No band was observed
with preimmune serum or with antibodies saturated with the
corresponding original antigen (MalE-ORF1p-N or MalE-
ORF1p-C; data not shown).

A major band, present exclusively in fraction F,, was re-
vealed by both antibodies suggesting that ORF1p was associ-
ated with the cell envelope (Fig. 6A and 6B). By extrapolation,
it was estimated that the labeled species migrated like a 340-
kDa polypeptide. The predicted mass of ORF1p is 178,219 Da.
However, proteins with a high percentage of proline are known
to display anomalous migration in SDS-PAGE (12). In the case
of ORFlp, proline is the most abundant residue, and the
central domain has a quite atypical, very hydrophilic composi-
tion, which probably affects binding of SDS and electro-
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FIG. 5. Ultrastructural morphology of C. thermocellum cells after treatment with boiling SDS (see Materials and Methods). Bar, 200 nm.

TABLE 2. Components of fraction I (peptidoglycan-bound MalE-
ORF1p-C), fraction C,, and MalE-ORF1p-C liberated
by acid hydrolysis

Amt
Component
P Fraction 1¢ Fraction C,* ol\}g;llECb
Glucosamine® 1.000 1.000 ND“
Diaminopimelate 0.540 0.493 ND
D+ N 1.261 0.081 1.215
E+Q 1.593 0.589 1.035
C 0.005 0.003 ND
T 0.646 0.040 0.597
S 0.707 0.121 0.569
G 1.181 0.122 1.017
A 1.942 0.780 1.182
\'% 0.479 0.049 0.505
M 0.025 ND 0.021
1 0.637 0.050 0.574
L 0.877 0.064 0.825
Y 0.437 ND 0.422
F 0.517 ND 0.462
H 0.162 0.029 0.129
K 0.900 0.061 0.861
R 0.315 ND 0.280
Total® 11.684 1.989 9.694

“ Mol/mol of glucosamine.

® Values normalized relative to an average amount of 1.59 X 10~2 nmol of
MalE-ORF1p-C.

¢ Including muramic acid degraded to glucosamine by acid hydrolysis.

4 ND, not detected.

¢ Excluding glucosamine and diaminopimelate.

phoretic migration. Further deviation from regular electro-
phoretic behavior may be expected if ORF1p is glycosylated, as
are many bacterial cell surface proteins (35). No change in
electrophoretic migration was observed upon heating the sam-
ple in 2% SDS + 10 mM EDTA prior to electrophoresis (data
not shown). Formation of a Ca®"-stabilized, SDS-stable dimer
similar to the trimer observed for the S-layer of Thermus ther-
mophilus (5) is therefore unlikely.

The ORF1p band was accompanied by minor bands of lower
M, which could result either from proteolytic events or from
immunological cross-reaction. Because of the highly repetitive
structure of the TPSDEP-containing segment, proteolytic
cleavage of ORF1p would be expected to generate a more
complex pattern than the three minor bands of 61, 88, and 120
kDa detected by AS-ORF1p-C (Fig. 6B). However, the three
bands might correspond to cross-reacting polypeptides of C.
thermocellum containing SLH domains.

Localization of ORF1p by electron microscopy. ORF1p was
visualized on the surface of whole cells using AS-ORF1p-N as
a probe. No labeling was detected when the antiserum was
omitted (data not shown). The protein was associated with the
outermost layer surrounding the cells (Fig. 7a). This layer
appears similar to the protuberance-forming, ferritin-binding
layer previously described in references 3 and 31. Labeling of
whole cells with AS-ORF1p-C antibodies was much less in-
tense than with AS-ORF1p-N (Fig. 7b). The difference sug-
gests that the N-terminal epitope may be more accessible than
the C terminus of the protein, which may be buried within the
cell envelope. The less intense labeling observed with AS-
ORF1p-C was not due to a lesser efficiency of the antibody
fraction. Indeed, when labeling was performed on thin sec-
tions, the C-terminal epitope was exposed and was labeled at
least as efficiently as the N-terminal epitope (Fig. 7c and 7d).

Interactions of the SLH domains of ORF1p with other cel-
lular components. The interaction of the SLH domains of
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FIG. 6. Autoradiograms from Western blotting carried out on fractions of C. thermocellum (lanes F,, to F,) or on purified chimeric proteins (lanes Z, N, and C).
Electrophoresis was performed as in Fig. 4 prior to blotting. Blots were probed either with AS-ORF1p-N (panel A), AS-ORF1p-C (panel B), '*I-labeled MalE-
ORF1p-C (panel C), or '*I-MalE-LacZa (panel D). Samples (10 1) of fractions F,, through F, (corresponding to 0.1 ml of original culture at ODg, = 1.3) and 0.5
wg of each purified chimeric protein were analyzed. Lanes: Z, MalE-LacZo; N, MalE-ORF1p-N; C, MalE-ORF1p-C. The migration of molecular size markers (in

kilodaltons) is indicated on the left.

MalE-ORF1p-C with C. thermocellum peptidoglycan was
tested by incubating MalE-ORF1p-C with peptidoglycan (frac-
tion C,). Under the conditions of the assay, about 50% of the
protein cosedimented with the peptidoglycan fraction (Fig. 8B,
lane I). Resuspending the pellet in phosphate buffer failed to
release any detectable MalE-ORF1p-C (Fig. 8B, lane W). Un-
der the same conditions, MalE-ORF1p-N and MalE-LacZa
did not cosediment with peptidoglycan (Fig. 8C and 8D, lane
I). In the same way, MalE-ORF1p-C did not precipitate when
incubated without the peptidoglycan fraction (Fig. 8A). As
mentioned above, fraction C, consisted of peptidoglycan de-
void of associated proteins. Treating fraction C, with pro-
teases, such as trypsin or V8 protease, did not affect its ability
to bind MalE-ORF1p-C (data not shown). Thus, these data
suggest that the SLH domains of ORF1p interact directly with
the C. thermocellum peptidoglycan (or whatever secondary cell
wall polymer might be associated with it in fraction C,). The
difference in amino acid content relative to glucosamine be-
tween fraction I (peptidoglycan + MalE-ORF1p-C) and frac-
tion C, (peptidoglycan alone) amounted to 9.7 mol/mol of
glucosamine, corresponding to 1.59 X 1072 mol of MalE-
ORF1p-C bound per mol of glucosamine (Table 2).

Proteins interacting with the SLH domains of ORF1p were
detected by Western blotting of fractions F,, through F,. A set
of polypeptides present mostly in F, was revealed when blots
were probed with '?*I-labeled MalE-ORF1p-C (Fig. 6C) but
not with '*I-labeled MalE-ORF1p-N (data not shown) or
MalE-LacZa (Fig. 6D). The most strongly labeled species,
migrating towards the bottom of the gel (Fig. 6C, F,), was
resolved into a 26- and a 28-kDa band upon shorter exposure.
The proportion of the 26-kDa band relative to the 28-kDa
band increased upon storage at —20°C (data not shown), sug-
gesting that the 26-kDa species may derive from the 28-kDa
species by proteolysis. In addition to the 26- to 28-kDa species

and a minor 38-kDa species, four bands of 340, 120, 88, and 61
kDa, respectively, were detected in F, and, to a lesser extent,
in the culture medium. These bands comigrated with the bands
labeled by the anti-SLH AS-ORF1p-C antibodies. Therefore,
we checked whether SLH domains would promote binding of
MalE-ORF1p-C to proteins known to contain similar domains.
Purified MalE-LacZa, MalE-ORF1p-C, OlpA (31), and MalE-
RDOIpA, a fusion protein carrying the N-terminal domain of
OlpA (32), were transferred onto nitrocellulose. When the blot
was probed with '*I-labeled MalE-ORF1p-C, MalE-
ORF1p-C and OlpA, which contain SLH domains, were la-
beled, whereas MalE-LacZa and MalE-RDOIpA, which are
devoid of such domains, were not (Fig. 9B). Moreover, non-
denaturing electrophoresis indicated the presence of oligo-
meric forms of MalE-ORF1p-C, while MalE appeared mono-
meric (data not shown). These data indicate that MalE-
ORFl1p-C can participate in intermolecular SLH-SLH
interactions. Indeed, the 61-, 88-, and 120-kDa bands revealed
by AS-ORF1p-C and '*I-labeled MalE-ORF1p-C might cor-
respond to polypeptides of C. thermocellum known to possess
SLH domains. Thus, immunoblotting with anti-OlpA revealed
a polypeptide comigrating with the 61-kDa band (data not
shown). The 88- and 120-kDa bands might represent the
polypeptides encoded by ORF2 (11) and the xylanase gene
xynX (GenBank accession no. M67438) of C. thermocellum
(predicted molecular masses of 74,867 and 120,374, respective-

ly).

DISCUSSION

Electron microscopy supported by biochemical investiga-
tions demonstrated the localization of ORF1p on the cell sur-
face of C. thermocellum. ORF1p appeared to be located in the
same protuberance-forming outer layer as OlpA (31). This
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FIG. 7. Whole cells (panels a and b) and thin sections (panels ¢ and d) of C. thermocellum. Cells in panels a and ¢ were labeled with AS-ORF1p-N antibodies. Cells

in panels b and d were labeled with AS-ORF1p-C antibodies. Bar, 200 nm.

layer consists of amorphous, anionic material reacting with
ferritin (3, 31). By analogy with OlpA, we propose to name
olpB (for outer layer protein B) the gene carrying ORF1 and its
product OlpB.

As can be judged from the intensity of the OlpB band after

staining with Coomassie blue (Fig. 4), OlpB is present in the F,
fraction in lower amounts than CipA. Except for the SLH
domains, OlpB shows no structural similarity with proteins
having a known function. Thus, its role remains elusive.
Sequence analysis suggests that SLH domains may serve to
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FIG. 8. Interaction of MalE-ORF1p-C with the peptidoglycan of C. thermo-
cellum. MalE-ORF1p-C was incubated either in the absence (panel A) or in the
presence (panel B) of the peptidoglycan. Any insoluble material was pelleted and
washed as described in Materials and Methods. Panels C and D show similar
experiments performed with MalE-ORF1p-N and MalE-LacZa, respectively.
Lanes: S, soluble fraction; W, sodium phosphate wash; I, insoluble fraction. The
leftmost lane shows molecular size markers (in kilodaltons).

anchor proteins to the cell surface of bacteria. SLH domains
occur in proteins which are (or can be reasonably surmised to
be) located in the cell envelope and which share otherwise
little sequence similarity. Several observations led Lupas et al.
(24) to propose a putative role of SLH domains in binding to
peptidoglycan. Thus, the Ompa protein of T. maritima appears
as a fibrous protein connecting the outer membrane to the cell
body (8), and it was proposed that the N terminus of Ompa
may anchor the protein to the peptidoglycan layer (8, 24).
Treatment with lysozyme facilitates the extraction of the S-
layer protein (P,q) of T. thermophilus with Triton X-100 (9),
suggesting direct or indirect interaction with the peptidogly-
can. In the case of B. sphaericus, the intact S-layer protein was
compared with a proteolytically truncated form missing an
18-kDa fragment which may correspond to the N-terminal
SLH domain. Both proteins were able to form a crystalline
lattice, but the truncated form lost the ability to bind to the
peptidoglycan layer (15). In agreement with these arguments,
our data provide direct evidence that SLH domains enhance
the capability of proteins to bind to peptidoglycan.

It has also been hypothesized that SLH domains could par-
ticipate in homologous interactions. According to secondary
structure predictions, SLH domains should consist of two
a-helices flanking a B-strand. Since a single B-strand would be
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FIG. 9. Interaction of *I-labeled MalE-ORF1p-C with SLH domains of
purified proteins. Proteins were loaded on 10% polyacrylamide-SDS gels and
were either stained with Coomassie blue (panel A) or blotted onto nitrocellulose
filter and probed with '*I-labeled MalE-ORF1p-C (panel B). A 0.5-pg sample
of each purified protein was loaded. The presence or absence of SLH domains in
each protein is indicated by + or —, respectively. Lanes: 1, MalE-LacZa; 2,
MalE-ORF1p-C; 3, MalE-RDOIpA; 4, OlpA. The leftmost lane shows molecular
size markers (in kilodaltons).
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structurally meaningless, it was proposed that the latter may
participate in intermolecular interactions involving SLH do-
mains (24). Indeed, blotting experiments showed that SLH
domains conferred on '**I-labeled MalE-ORF1p-C the capac-
ity to bind to other proteins carrying similar domains.

The affinity of SLH domains for the peptidoglycan supports
the hypothesis that they may serve as a sorting signal for
cell-bound exoproteins. So far, two other determinants are
known to mediate sorting of proteins to the cell surface. One
is the LPXTG motif located towards the C terminus of strep-
tococcal and staphylococcal surface proteins. This motif ap-
pears to attach covalently to the peptidoglycan by means of a
transpeptidylation reaction (28). The other determinant is the
reiterated motif located at the C terminus of the surface pro-
tein A (PspA) of Streptococcus pneumoniae (38). The S. pneu-
moniae determinant binds noncovalently to choline residues
located in the lipoteichoic acid of S. pneumoniae.

It is not quite clear, however, how the binding properties
mentioned above fit with the localization of OlpA (31) and
OlpB within the envelope of C. thermocellum. Immunocyto-
chemical labeling suggested that both components accumulate
in the amorphous outer layer of the cell surface, rather than in
the close vicinity of the peptidoglycan layer. Moreover, it is
doubtful whether SLH domains interact directly with the major
protein of the S-layer of C. thermocellum. A typical S-layer,
with hexagonal symmetry, has been identified in C. thermocel-
lum (reference 29 and unpublished data). Its major component
appears to be a 130-kDa glycoprotein, first described and char-
acterized by Lamed and Bayer (reference 18 and unpublished
data). This protein does not react with AS-ORF1p-C antibod-
ies or with '**I-labeled MalE-ORF1p-C. This suggests that
S-layer assembly in C. thermocellum does not rely on interac-
tions mediated by SLH domains. Cloning and sequencing of
the 130-kDa protein should provide definitive evidence to this
point.

However, attachment to the cell surface is not necessarily a
permanent feature of cell envelope proteins. Some S-layer
proteins are shed off into the culture medium (1, 30). It may be
that OlpA and OlpB bind transiently to the peptidoglycan by
means of their SLH domains, prior to being released and
trapped in the outer layer surrounding the cells, which also
contains cellulosomes (3). It is also conceivable that SLH do-
main-bearing proteins, like OlpA, OlpB, and, most likely, the
protein encoded by ORF2, which has not been studied yet, may
contribute to the formation of a protein network within the
outer surface layer. Such a network could involve homologous
interactions between SLH domains, or between SLH domains
and the 26- to 28-kDa component.
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