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The planar and anchoring residues of the family IIla cellulose binding domain (CBD) from the cellulosomal
scaffolding protein of Clostridium cellulovorans were investigated by site-directed mutagenesis and cellulose
binding studies. By fusion with maltose binding protein, the family IIla recombinant wild-type and mutant
CBDs from C. cellulovorans were expressed as soluble forms. Cellulose binding tests of the mutant CBDs
indicated that the planar strip residues played a major role in cellulose binding and that the anchoring

residues played only a minor role.

Clostridium cellulovorans produces a cellulase enzyme com-
plex (cellulosome) containing a variety of cellulolytic subunits
attached to a nonenzymatic scaffolding component termed
CbpA (2). Binding to cellulose is considered to be the initial
process of cellulose degradation by the cellulosome (9, 14).
CbpA contains a family IIla cellulose binding domain (CBD),
and the binding of cellulosome to cellulose is considered to be
mediated mainly by the CbpA-CBD (5).

Previously, we performed site-directed mutagenesis analyses
to determine the structure-function relationship in the CbpA-
CBD (4, 5). In these studies, the recombinant wild-type and the
engineered CbpA-CBDs were expressed as insoluble forms;
therefore, we were required to denature and renature the
recombinant products. These processes were time-consuming,
and after renaturation from the insoluble state, we could not
be certain that the protein was in a completely native config-
uration. Therefore, a soluble expression system for the CbpA-
CBD was preferable for site-directed mutagenesis analysis. In
this study, we expressed CbpA-CBD as a soluble protein by
fusion with the maltose binding protein (MBP), which is
known to help express passenger proteins in soluble forms (7,
12, 19). With the MBP fusion system, we did site-directed
mutagenesis studies on the amino acid residues in the planar
strip (D57, H58, Y68, R116, W122) and the anchoring residues
(N17, Q114), which are considered to have essential roles in
cellulose binding, to test the role of these residues in cellulose
binding.

Soluble expression of CbpA-CBD fused with MBP by Esch-
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erichia coli. The CbpA-CBD gene was amplified by PCR with
the primers CbpA-CBD N (from amino acid number 7 of the
CbpA-CBD sequence) (Fig. 1), which had a PstI site at its 5’
end, and primer CbpA-CBD C (from amino acid number 163)
(Fig. 1), which had an EcoRlI site at its 5" end. The genomic
DNA of C. cellulovorans was prepared as described previously
(15) and used as a template for PCR. The amplified gene was
inserted into the Pstl and EcoRlI sites of the vector pMAL p2x
(New England Biolabs) to generate pMAL-CbpA-CBD. The
CbpA-CBD expressed by this vector was fused with the N-
terminal MBP. Then, E. coli TOP10 (Invitrogen) was trans-
formed with the pMAL-CbpA-CBD. Recombinant strains
were cultivated in Luria-Bertani medium supplemented with
ampicillin (50 wg/ml). After induction by 400 wM IPTG (iso-
propyl-B-D-thiogalactopyranoside), the CbpA-CBD fused with
the MBP (MBP-CbpA-CBD) was expressed as a dominant
protein in the soluble fraction of E. coli cells (data not shown).
This result indicated that the MBP-CbpA-CBD was expressed
successfully as a soluble form.

The expressed MBP-CbpA-CBD was purified by maltose
affinity chromatography. The MBP—-CbpA-CBD in the E. coli
cell extract was bound onto a maltose affinity column and was
then eluted by elution buffer including 10 mM maltose. The
sodium dodecyl sulfate-polyacrylamide gel electrophoresis pat-
tern of the eluted fraction showed a homogenous band at
around 60 kDa, which was in good agreement with the theo-
retical molecular mass of the MBP-CbpA-CBD (43 kDa for
the MBP plus 18 kDa for the CbpA-CBD equals 61 kDa; data
not shown). Therefore, the MBP-CbpA-CBD was considered
to be purified almost to homogeneity by one-step maltose
affinity chromatography. With the E. coli cells from 1 liter of
culture broth, 2.4 mg of the purified MBP-CbpA-CBD was
obtained.

Cellulose binding affinity of MBP-CbpA-CBD. To deter-
mine the effect of the MBP fusion on the cellulose binding
affinity of the CbpA-CBD, we determined the cellulose binding
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FIG. 1. Amino acid sequence alignment of family IIla CBDs. Conserved amino acids are indicated by white letters in black boxes. Asterisks
indicate the amino acids in the planar strip. Circles indicate the anchoring residues. Abbreviations and accession numbers: CbpA-CBD, C.
cellulovorans CbpA-CBD (15), P38058; CipC-CBD, C. cellulolyticumn CipC-CBD (10), PC6006; CipA-CBD, C. thermocellum CipA-CBD (18),
$36859; JosuiCBD, C. josui CipA-CBD (6), T30433.

affinity (dissociation constant [K,]) of the MBP-CbpA-CBDs
by performing cellulose binding isotherm tests established pre-
viously (5). The K;s of the MBP and bovine serum albumin
(BSA) were also determined as negative controls. The purified
MBP-CbpA-CBDs (5 pg to 50 ug) were mixed with 1 ml of 1%
Avicel type PH-101 (FMC Corporation) in PCM buffer (pH 7,
50 mM KH,PO, and 10 mM sodium citrate). Since the cellu-
lose binding affinities of the MBP and BSA were much lower

than that of the MBP-CbpA-CBP, the K s of these proteins
were determined by use of 10% Avicel. To eliminate specific
interactions between the MBP and cellulose, 10 mM of mal-
tose was added to the reaction mixtures for the cellulose bind-
ing assay. After incubation at 37°C for 2 h with shaking, the
Avicel was removed, and the free protein concentration in the
supernatant ([FP]) was measured by the method of Bradford
(1) with a protein assay kit from Bio-Rad. The concentration of

TABLE 1. Dissociation constants of MBP-CbpA-CBD and its mutants

Dissociation constant protein Mean *= SD K,; + SD (mM; n = 3)° Position of replaced residues

MBP-CbpA-CBD
MBP-CbpA-CBD N21A

0.383 + 0.048
1.47 = 0.18%%*

Wild type
Anchoring residue

MBP-CbpA-CBD D60A* 16.2 = 7.3%* Planar strip
MBP-CbpA-CBD H61A* 14.4 = 4.4+ Planar strip
MBP-CbpA-CBD Y71A 19.5 = 5.4%* Planar strip
MBP-CbpA-CBD Q117A 0.765 = 0.033 Anchoring residue
MBP-CbpA-CBD R119A¢ 10.7 = 4.2%** Planar strip
MBP-CbpA-CBD W125A¢ 12.8 £ 2.8%** Planar strip

MBP 108 = 16*

BSA 129 = 16*

Recombinant wild-type CbpA-CBD” 0.6

“The Kps were estimated by using the [PC],,,., of MBP-CBD.
> The K, was determined previously (5).
¥, P <0.05 **, P <0.01; *** P < 0.001 (against the K, of the MBP-CbpA-CBD).
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FIG. 2. Model structure of CbpA-CBD. The structure was modeled with the program Swiss-Model version 3.5 at the Expasy server (11). The
structure of CipA-CBD from C. thermocellum (18) was used as the modeling template. The structure model was visualized with the cartoon mode
of the Protein Explorer software (8). The similarity of amino acid sequences between the CbpA-CBD and the CipA-CBD was 49.7%. The amino
acid residues in the planar strip and the anchoring residues are visualized with the ball-and-stick mode.

the protein bound to the Avicel ([PC]) was calculated by sub-
tracting the [FP] from the total protein concentration. Adsorp-
tion parameters were obtained by use of the equation de-
scribed previously, [PC] = [FP][PC],,./K, + [FP], where K,
and [PC],,,., are the equilibrium dissociation constant and the
maximum amount of protein bound to Avicel, respectively.

The K s of the purified MBP-CbpA-CBD, MBP, and BSA
are shown in Table 1. The K;s were compared to that of the
recombinant CbpA-CBD determined previously (5). The re-
sults showed that the K, of the MBP-CbpA-CBD was at a
similar level to that of the recombinant CbpA-CBD; on the
other hand, the K, of the MBP was much larger than those of
the MBP-CbpA-CBD and the recombinant CbpA-CBD and at
a similar level to that of BSA. These results indicated that the
MBP did not bind specifically to cellulose, and therefore, the
fusion of MBP did not have a large effect on the cellulose
binding affinity of the CbpA-CBD.

The maximum amount of the MBP-CbpA-CBD bound onto
cellulose was 0.12 pmol/g cellulose and 17 times less than that
of the recombinant CbpA-CBD (2.1 pwmol/g Avicel). This value
seemed very reasonable based on the following estimation.
The overall dimension of the CipA-CBD is shown to be 48 by
28 by 23 A (13). Therefore, the cellulose area occupied by the
CbpA-CBD is roughly estimated to be at most a circle with a
diameter of 48 A. The overall dimensions of the MBP are 30 by
40 by 65 A (16). As described above, the MBP was considered
not to bind specifically on cellulose. Therefore, the MBP in the
MBP-CbpA-CBD may move in a circle where the CbpA-CBD

is at the center of the circle. The diameter of this circle should
be at most 178 A (48 A for the CbpA-CBD plus 2 X 65 A for
the MBP). The area of a circle with a diameter of 65 A is 13.8
times less than that of a circle with a diameter of 178 A.
Therefore, the amount of MBP-CbpA-CBD which could bind
to a certain area of cellulose surface was roughly estimated to
be 13.8 times less than that for the recombinant CbpA-CBD
and in good agreement with the experimental results described
above.

Cellulose binding analysis of CBD mutants. So far, four
family IIIa CBDs (17), the CbpA-CBD from C. cellulovorans
(14), the CipA-CBD from C. thermocellum (3), the CipA-CBD
from C. josui (6), and the CipC-CBD from C. cellulolyticum
(10), have been isolated (13). Among them, the crystal struc-
tures of the CipA-CBD from C. thermocellum (18) and the
CipC-CBD (13) have been determined. Both structures have a
planar strip of hydrophobic amino acid residues, which is a
linear arrangement of amino acids on the interacting surface of
the CBD (18), and two adjacent anchoring residues. Tormo et
al. proposed that family IIla CBDs would bind to crystalline
cellulose via the planar strip and the anchoring residues (18),
although there is no direct evidence for the function of the
anchoring residues. They proposed that the planar strip could
bind to six consecutive glucose residues in a cellulose chain
(18). The Y71, H61, and W125 were predicted to stack, re-
spectively, the first, the second, and the sixth glucose residues
by an aromatic stacking interaction with glucose rings. The
fourth glucose residue was predicted to interact with D60 and
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R119 by salt bridges. They also suggested the contribution of
two uncharged polar residues (N21 and Q117, anchoring res-
idues) to cellulose binding (18). These anchoring residues were
parallel to the planar strip and were predicted to interact with
the cellulose chain bound to the planar strip. Our model struc-
ture of the CbpA-CBD (Fig. 2) suggests that CbpA-CBD may
also have the planar strip and the anchoring residues. The six
residues in the planar strip and one of two anchoring residues
(Q117) were conserved in all four family IIIa CBDs (Fig. 1).
Another anchoring residue (N21) was also conserved in three
family I1Ta CBDs out of four CBDs, including the CbpA-CBD.
Based on this information, each one of the 6 amino acids in the
planar strip and the 2 anchoring residues was replaced by
alanine, and the K s of these engineered CBDs were deter-
mined.

By fusion with the MBP, all the engineered CbpA-CBDs
were expressed as soluble proteins by E. coli. All the engi-
neered MBP-CbpA-CBDs were readily purified almost to ho-
mogeneity by one-step chromatography with a maltose affinity
column (data not shown). From the E. coli cells of 1-liter
culture broth, 2.0 to 3.8 mg of the purified proteins was ob-
tained.

The Ks of the engineered MBP-CbpA-CBDs were deter-
mined as described above. Since the cellulose binding affinities
of the D57A, HS8A, Y68A, R116A, and W122A proteins were
much lower than that of the MBP-CbpA-CBP, the K ;s of these
proteins were determined by use of 10% Avicel. The Ks of the
engineered MBP-CbpA-CBDs are shown in Table 1. The ala-
nine replacements of the residues of the planar strip (D60,
Ho61, Y71, R119, or W125) caused a dramatic decrease in
cellulose binding affinity. These results suggested that all pla-
nar strip residues were essential to bind to cellulose. In con-
trast to the substitutions of the residues in the planar strip,
alanine replacements at the anchoring residues (N21 or Q117)
did not have large effects on cellulose affinity, and their Ks
were only 1.5 to 2.5 times less than that of the wild type. The
direct contributions of anchoring residues to cellulose binding
were considered to be limited. However, it is possible that
these anchoring residues have supportive roles in binding cel-
lulose to the planar strip. Although the K s of the engineered
MBP-CbpA-CBDs, the D60A, H61A, Y71A, R119A, and
W125A CBDs, decreased dramatically, their K;s were still 5 to
10 times higher than those of the MBP and BSA. These results
suggested that the engineered MBP-CBDs, in which one of the
amino acid residues in the planar strip was replaced, retained
specific cellulose binding abilities.

In this study, we developed a soluble expression system of
the CbpA-CBD by fusion with the MBP. By this system, the
engineered CbpA-CBDs as well as the recombinant wild-type
CbpA-CBD were expressed as soluble forms. Also, the ex-
pressed proteins were readily purified to homogeneity by one-
step maltose affinity chromatography. Therefore, this system
should help in ready preparations of purified recombinant
wild-type CbpA-CBD and its mutants not only for future pro-
tein engineering studies but also for crystal structure analyses.
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