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CelB (BH0603) from Bacillus halodurans is a modular glycoside hydrolase with a family 5 catalytic module,
an immunoglobulin-like module, and module PfamB of unknown function. The recombinant PfamB module
bound to Avicel and was essential for CelB hydrolytic function. We propose that module PfamB be designated

a new carbohydrate-binding module.

Some cellulases have a modular architecture composed of
catalytic modules appended to auxiliary modules; for example,
carbohydrate-binding modules (CBMs) provide the targeting
function that delivers catalytic modules to substrates (2, 3).
Forty-five CBM families are defined in the CAZy database
(http://afmb.cnrs-mrs.fr/CAZY/). Encoded at locus BHO0603
(GenBank accession no. BA000004) in the genome of the
alkaliphilic bacterium Bacillus halodurans (7) is a putative
modular endo-B-1,4-glucanase (CelB) composed of a glycoside
hydrolase family 5 (GHFS5) catalytic module, an immunoglob-
ulin (Ig)-like module, and module PfamB of unknown function
(Fig. 1). We aimed to ascertain the function of module PfamB,
whose alignment (8) with select PfamB-type modules is pre-
sented in Fig. 2.

A PCR-based deletion method was used to construct six-
histidine-tagged recombinant CelB derivatives (Fig. 1). B.
halodurans genomic DNA was used as the PCR template (5).
The primers used for PCR amplification of the portions of ce/B
encoding CelB amino acids 26 to 574 (rGHF5-Ig-PfamB), 26
to 456 (rGHF5-Ig), 26 to 345 (rGHFS), 346 to 574 (rlg-
PfamB), 346 to 456 (rlIg), and 457 to 574 (rPfamB) were as
follows: forward, CelBF (5'-GGATCCGTTAGTTCTGCTCA
TGAGGATGTG-3'; rGHF5-Ig-PfamB), CmF (5'-CCGCCAT
GGGCGCTCATGAGGATGTGA-3'; rtGHF5-Ig and rGHFS),
DufXF (5'-TTGGATCCTGGCATACGTACGAATGG-3'; rlg-
PfamB), XF (5'-TGGGATCCTATCGTACGCCTGTATTGC-
3’; rPfamB), and DufF (5'-AGCATTTCAATCCCATGGGCTA
CGAATGGT-3'; rIg); reverse, CelBR (5'-GTCGACATTCGGG
TAACACCATAGAAAGC-3'; rtGHF5-Ig-PfamB), DufR (5'-A
TACAGGCGTCTCGAGCGTATTCACCCGAA-3'; rGHF5-Ig
and rlIg), CmR (5'-TCATACCACTCGAGCGTATGACGAT-3';
rGHFS), DufXR (5'-GTCGACTTCGGGTAACACCATAGAA
AGC-3’; rIg-PfamB), and XR (5'-GTCGACGGGTAACACCA
TAGAAAGCGCTT-3'; rPfamB). Primers incorporated BamHI
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or Ncol restriction sites (underlined boldface nucleotides) at the
5" end and Sall or Xhol restriction sites at the 3" end. Thermal
cycling conditions were 1 cycle of initial denaturation at 98°C for
5 min; 26 cycles of denaturation, annealing, and extension at 94°C
for 30's, 50°C for 30 s, and 72°C for 2 min, respectively; and 1 final
extension cycle of 7 min at 72°C.

PCR amplicons were inserted into the pET-28a vector (No-
vagen) to generate desired vector-insert cassettes for recombi-
nant-protein production after transformation into Escherichia
coli BL21(DE3) (6). Luria-Bertani (LB) broth was inoculated
with E. coli transformants and incubated in shake flasks to an
optical density at 600 nm of ~0.6. Isopropyl-B-p-thiogalacto-
pyranoside was added to a concentration of 1 mM, and the
culture was incubated for a further 12 h at 20°C. Cells were
collected by centrifugation (4,200 X g, 10 min), and the pellet
was resuspended in 7 ml lysis buffer (50 mM NaH,PO,, 0.3 M
NaCl, 10 mM imidazole, pH 8.0). Cells were disrupted by
sonication and centrifuged, and the supernatant was collected.
Recombinant polypeptides were purified from soluble protein
extracts with Ni-nitrilotriacetic acid spin columns (QIAGEN)
according to the manufacturer’s instructions. All purified pro-
teins showed single bands in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) analysis (4 and data
not shown). Protein concentration was determined with the
Bradford reagent with bovine serum albumin (BSA) as the
standard.

Binding of CelB derivatives to Avicel was determined qual-
itatively and visualized by Coomassie blue staining following
SDS-PAGE. Purified protein (30 wg) was mixed with 10 mg of
Avicel in a final volume of 200 wl of 5 mM Tris-HCl buffer, pH
8.9. Tubes were incubated on ice at 4°C for 1 h with regular
gentle mixing before being centrifuged (12,000 X g, 2 min), and
the supernatant, containing unbound protein, was carefully
removed. The cellulose pellet was then washed in 200 pl of
phosphate-buffered saline before being resuspended in 50 .l of
SDS-PAGE buffer and boiled for 10 min to dissociate any
bound protein. Controls with (i) protein but no Avicel and (ii)
BSA with Avicel were included to ensure (i) that no precipi-
tation occurred during the assay period and (ii) the efficiency
of the washing step. Bound and unbound protein fractions
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FIG. 1. Modular organization of CelB and its truncated derivatives.

CelB consists of a signal peptide (SP), a GHF5 module, an Ig-like
module, and a PfamB module.

were analyzed by 12.5% (rGHFS5-Ig-PfamB) and 18% (rlg-
PfamB, rlg, and rPfamB) SDS-PAGE (4). Analysis of protein
binding to soluble substrates was by affinity electrophoresis (9).
Native-polyacrylamide gels, without and with binding substrate
at a concentration of 0.25% (wt/vol) added prior to polymer-
ization, were prepared separately and run in parallel at 4°C.
BSA was used as a noninteracting negative control.

Figure 3 shows the profile of CelB derivative binding to
Avicel. rGHF5-Ig-PfamB and rIg-PfamB were detected only in
the bound fraction, unlike rPfamB, which was detected in both
the wash and bound fractions. Since an equal amount of pro-
tein was used for binding assays and an equal volume of sample
was loaded per gel well, it is unlikely that rPfamB in the wash
fraction was due to release of loosely bound protein from
overloaded Avicel. rPfamB may have bound the Avicel loosely
and a part of the bound protein was dislodged from the Avicel
by washing. Thus, rIg-PfamB bound relatively tightly to Avicel
compared to rPfamB. Considering that rlg failed to bind Avi-
cel, the above observation may be attributed to the separation
of the Ig-like module from rIg-PfamB. Binding of rGHF5-Ig-
PfamB to soluble substrates such as carboxymethyl cellulose

Bh 457 ¥YRTPVLQSTQGHVSMESIPASFNGHSLATMEAVYY AGPODWTSFKEFGYAFSPSYD
Ba 468 ---PTVENTDGSTWHFAIPTHFNGDSLATMEAVYANGEYAGPQDWTSFKEFGEAFSPNYA
Pl 460 ¥YNTPELSSTTGTTSSFAIPTAFNGDOLATMEAVY TSFKEFETTFSPAYS
UB 469 —---PTVENTDGSIWHFAIPTHFNGDSLATMEAVYANGEYAGPQDWTSFEKEFGEAFSPNYA

oy, dakhyg whhg dkkEkkEh gk REkgphRkkEkE ke *

Bh 517 ANEMELTEAFFREVRDGEVRLTFHFWEGETVNYTIIKNGNQVTGIAR
Ba 525 TGEIIISEAFFNAVRDDDIHLTFHFWEGETVEYTLRENGNYVQG--~
Pl 520 EGRIKLOQAFFNEVNDTTVTLEFQFWSGEIVNYTIRKSGSTVTGTAS
UB 525 TGEIIITEAFFNAVRDDDIHLTFHYWSGETVEYTLRENGNYVQG=--=
FIG. 2. Alignment of amino acid sequences of Pfam-B modules
from B. halodurans CelB (Bh), B. agaradhaerens cellulase (Ba), P.
lautus putative CelB (Pl), and a cellulase of an uncultured bacterium
(UB). The conserved amino acid residues are indicated by an asterisk
below the alignment. The numbers at the start and end of the respec-
tive sequence lines refer to amino acid residues in the parent proteins
(B. halodurans [accession no. BA000004], B. lautus [accession no.
A28172), B. agaradhaerens [accession no. AJ537597], and an uncul-
tured bacterium [accession no. AJ537596]).
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FIG. 3. Binding of CelB derivatives to Avicel as assessed by SDS-
PAGE. The sizes (in kilodaltons) of molecular mass standards are
indicated to the left of each gel. Lanes: M1, molecular mass marker; 1,
untreated r 4, untreated rlg-PfamB; 5; unbound rlg-PfamB; 6, bound
rlg-PfamB; 7, untreated rlg; 8, unbound rlg; 9, bound rlg; 10, un-
treated rlg-PfamB; 11, unbound rlg-PfamB; 12, bound rlg-PfamB.

(CMC) and barley B-glucan (affinity electrophoresis data not
shown) was too weak to reliably make inferences.

Hydrolytic activity of CelB derivatives was determined as
follows. Recombinant protein samples (30 pg protein) were
incubated with 1% (wt/vol) Avicel (Merck), CMC (low viscos-
ity; Sigma), hydroxyethyl cellulose (Fluka), barley B-glucan
(Sigma), birchwood xylan (Sigma), and laminarin (Nacalai
Tesque, Kyoto, Japan) as substrates in a total volume of 1 ml
of 50 mM Britton-Robinson’s buffer (50 mM phosphoric acid,
50 mM boric acid, 50 mM acetic acid, pH 8.9). Liberated
reducing sugars were assayed by the Somogyi-Nelson method
(10). Specific activities of CelB derivatives on a range of sub-
strates are shown in Table 1. It is generally accepted that a
catalytic module and a CBM in the same polypeptide can
function independently. Thus, artificial separation of the CBM
from the catalytic module is not usually expected to affect the
enzyme activity of the catalytic module toward soluble sub-
strates (1). However, deletion of CelB C-terminal modules
PfamB and Ig, both of which were devoid of any catalytic
activity, led to significant changes in hydrolytic activity against
all of the test substrates (Table 1). This phenomenon could not
be attributed solely to the lack of physical binding because
rGHF5-Ig-PfamB showed no binding affinity for soluble test
substrates at all. It is probable that, along with the removal of
module PfamB, interdomain interactions contributing crucially
to the active-site structure of CelB were lost or disrupted.

TABLE 1. Activities of rtGHF5-Ig-PfamB, rGHF5-Ig,
and rGHF5 toward various polysaccharides

Sp act (relative activity)®

Substrate
rGHFS5-Ig-PfamB rGHF5-Ig rGHF5
B-Glucan 1,294.5 (100) 52.3(4.0) 5.0(0.2)
Hydroxyethyl cellulose 515.1(39.1) 10.1 (0.8) 1.5 (0.1)
CMC 130.9 (10.1) 19.6 (1.5)  2.0(0.2)
Avicel 0.012 (0.001) ND” (—°) ND (—)
Laminarin ND (—) ND (—) ND (—)
Birchwood xylan ND (—) ND (—) ND (—)

“ Specific-activity assays were performed at 40°C in Britton-Robinson’s buffer
(pH 8.9), and the values shown are micromoles of glucose or xylose generated
per minute per milligram of protein. Relative activities are expressed as percent-
ages of the specific activity of GHF5-Ig-PfamB toward barley B-glucan.

® ND, no activity detected.

¢ —, not determined.
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Module PfamB, which binds to Avicel, forms a significant part
of the CelB polypeptide, without which the core enzyme has
very limited overall action on cellulosic substrates. We propose
that module PfamB be classified as a CBM.
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