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Abstract Cellulosomes are efficient cellulose-degrada-
tion systems produced by selected anaerobic bacteria. This
multi-enzyme complex is assembled from a group of cel-
lulases attached to a protein scaffold termed scaffoldin,
mediated by a high-affinity protein—protein interaction
between the enzyme-borne dockerin module and the co-
hesin module of the scaffoldin. The enzymatic complex is
attached as a whole to the cellulosic substrate via a cellu-
lose-binding module (CBM) on the scaffoldin subunit. In
previous works, we have employed a synthetic biology
approach to convert several of the free cellulases of the
aerobic bacterium, Thermobifida fusca, into the celluloso-
mal mode by replacing each of the enzymes’ CBM with a
dockerin. Here we show that although family six enzymes
are not a part of any known cellulosomal system, the two
family six enzymes of the T. fusca system (endoglucanase
Cel6A and exoglucanase Cel6B) can be converted to work
as cellulosomal enzymes. Indeed, the chimaeric dockerin-
containing family six endoglucanase worked well as a
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cellulosomal enzyme, and proved to be more efficient than
the parent enzyme when present in designer cellulosomes.
In stark contrast, the chimaeric family six exoglucanase
was markedly less efficient than the wild-type enzyme
when mixed with other T. fusca cellulases, thus indicating
its incompatibility with the cellulosomal mode of action.
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Degradation of crystalline cellulose - Enzyme synergy -
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Introduction

Cellulosomes are multi-enzymatic complexes produced by
anaerobic bacteria that efficiently degrade plant matter to
simple sugars (Bayer et al. 2004; Doi and Kosugi 2004;
Demain et al. 2005). The different cellulose-degrading
enzymes (cellulases) are assembled on a long backbone
scaffold protein (scaffoldin) via the affinity of their integral
docking module (dockerin) to complementary modules
(cohesins) on the scaffoldin. In addition, the scaffoldin
bears a carbohydrate-binding module (CBM), which binds
the entire enzymatic complex to the cellulosic substrate.
The scaffoldin is also usually attached to the cell wall by an
anchoring protein, and thus the whole cell is attached to its
source of carbon and energy. The efficient synergistic
degradation of plant matter is thus considered to be a
combination of both the targeting of the enzymatic com-
plex to the substrate (targeting effect) and the spatial
proximity of the different cellulases to each other (prox-
imity effect).

Based on the modular nature of the cellulosomal system
and its potential to increase synergism among cellulose-
degrading enzymes, the concept of designer cellulosomes
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was proposed (Bayer et al. 1994). Designer cellulosomes
are composed of dockerin-bearing cellulases (either wild
type or chimaeric), which are assembled onto an artificial
scaffoldin, composed of a CBM and cohesin modules from
different cellulosomal species, complementary to those of
the dockerins. The order and content of such designer
cellulosomes can be predetermined, owing to the high
species specificity of dockerin modules for their target
cohesins (Pages et al. 1997; Mechaly et al. 2000, 2001;
Jindou et al. 2004), and the hydrolytic efficiency produced
by the multienzyme assembly is similar to that of the
parallel mixture of free enzymes.

Fierobe et al. (2001), (2002), (2005) constructed binary
and ternary cellulase-containing designer cellulosomes,
based on cellulases of the bacterium Clostridium cellul-
olyticum. In these studies, the designer cellulosomes
were shown to be more efficient than the free-mode
enzymes, and both targeting and a proximity effects were
demonstrated.

In previous studies, we have shown the successful
conversion of four out of the six cellulases, comprising the
free-cellulase system of the aerobic bacterium, Thermobi-
fida fusca, to the cellulosomal mode (Caspi et al. 20006,
2008). Each of the catalytic modules (exoglucanases Cel6B
and Cel48A, and endoglucanases Cel6A and Cel5A) was
synthetically fused to a dockerin module derived from a
native cellulosomal enzyme, and each chimaera bound
specifically to its target cohesin module and retained a
certain level of cellulose-degrading ability. In addition, we
have shown an efficient assembly of a two-chimaera
designer cellulosome, which degraded crystalline cellulose
substrates more efficiently than the parallel combination of
the original free wild-type enzymes (Caspi et al. 2009).

In this communication we present a series of novel
chimaeric binary and ternary designer cellulosomes, based
on the converted free enzymes of 7. fusca. All of the
chimaeras displayed the basic substrate-targeting effect.
Three of the four converted cellulases were shown to be
efficiently adapted to the cellulosomal mode of activity, in
which synergistic degradation of crystalline cellulosic
substrates could be demonstrated. In contrast, the family
six exoglucanase (Cel6B) was shown to function better as a
free enzyme as opposed to the cellulosomal mode.

Materials and methods

Cloning of wild-type T. fusca enzymes

Wild-type Cel6A, Cel6B, Cel5A and Cel48A, each con-
taining a CBM2, were cloned as described previously

(Ghangas and Wilson 1988; Zhang et al. 1995; Irwin et al.
2000).
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Cloning of the chimaeric proteins

The 6A-c¢ chimaera (Cel6A catalytic module with a
C-terminal C. cellulolyticum Cel5A dockerin) and the -6B
chimaera (Cel6B catalytic module with an N-terminal
Clostridium thermocellum xylanase Xynl0Z dockerin)
were constructed as previously described (Caspi et al.
2006). The -5A chimaera (Cel5A catalytic module with an
N-terminal C. thermocellum xylanase Xynl0Z dockerin),
the f~-5A chimaera (Cel5A catalytic module with an
N-terminal Ruminococcus flavefaciens ScaB dockerin) and
the H-48A chimaera (Cel48A catalytic module with an
N-terminal Bacteroides cellulosolvens ScaA dockerin)
were constructed as previously described (Caspi et al.
2008). DNA encoding the C. thermocellum dockerin
Xynl0Z was amplified from C. thermocellum genomic
DNA, using the primers 5- TTAAGGTACCTGAAAGCA
GTTCCACAGG -3 (Kpnl site in boldface) and 5- TAT
ACTCGAGTCCGGGGAACTCTGTAATAATGC -3 (Xhol
site in boldface). The amplified C. thermocellum dockerin
was ligated to a Kpnl-Xhol linearized pET28a that previ-
ously contained p-6A-c to form p-6A-t.

Scaf-CT, Scaf-CTF and Scaf-BT were cloned as
described previously (Yaron et al. 1995; Fierobe et al.
2005; Caspi et al. 2009). Scaf-TF was produced based on
the Scaf-CTF plasmid, using the primers 5- AATTCCAT
GGCGACAAACACACCGACAAACACACC -3 (Ncol
site in boldface) and 5- GTGGCTCGAGTTAAACAATG
ATAGCGCC -3 (Xhol site in boldface). Primers: 5- TT
AAGGATCCAGCAGTGTTTCTCCAACAACAAGTG
TGC -3 (BamHI site in boldface) and 5- GGCCGG
ATCCTTAACTAGTAATTGGCTTATTAGTTACAG
TAATGC -3 (BamHI site in boldface) were used to amplify
the third cohesin of B. cellulosolvens ScaB. This PCR prod-
uct was ligated into Scaf-CT containing BamHI-linearized
pET9d resulting in the Scaf-CTB construct.

Protein expression and purification

Cel6A, Cel6B, Cel5A and Cel48A were prepared as previ-
ously described (Ghangas and Wilson 1988; Zhang et al.
1995; Irwin et al. 2000). The family 6, 5 and 48 derived
chimaeras (6A-c, 6A-t, -6B, f-5A and b-48A) were expres-
sed in E. coli BL21 (ADE3) pLysS cells, and purified on a Ni
column, as previously described (Caspi et al. 2006, 2008).

Purification of single cohesin scaffoldins (Scaf-C, Scaf-T,
Scaf-F and Scaf-B) and double and triple cohesin scaffoldins
(Scaf-BT, Scaf-CT, Scaf-TF, Scaf-CTF and Scaf-CTB) was
carried out on phosphoric acid swollen cellulose (PASC)
as previously reported (Caspi et al. 20006).

All purified proteins were stored in 50% (vol/vol)
glycerol at —20°C. Purity of all proteins was tested by
SDS-PAGE on 12% acrylamide gels. The concentration of
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each protein was determined by measuring its absorbance
(280 nm) in 6 M guanidine hydrochloride, according to
the estimated values calculated using the ProtParam tool
(www.expasy.org/tools/protparam.html).

Preparation of designer cellulosomes

Molar equivalents of the desired dockerin-bearing enzymes
and chimaeric scaffoldin were combined in TBS, containing
5 mM CaCl, and 0.025% Tween20, and allowed to incubate
at 37°C for 1 h to ensure proper complex formation.

Affinity-based ELISA

The procedure of Barak et al. (2005), Caspi et al. (2006),
was followed. Rabbit anti-Cel6A (diluted 1:20,000 in
blocking buffer) was employed as primary antibody for
detection of the interaction of the 6A-¢ dockerin with its
cohesin counterpart.

Enzyme activity
Enzyme activity was assayed on bacterial microcrystalline
cellulose (BMCC) and Avicel, using a reducing sugar

assay, according to the previously reported procedure

Wild-type Enzymes

(Caspi et al. 2008). Final enzyme concentrations of 1 uM
of each component (combinations of wild-type or chima-
eras, designer cellulosomes or CBM-complexed chima-
eras) were used, and assays were performed in triplicate.
Specific activity was defined as mol reducing sugar per mol
enzyme per minute.

Results
Construction and expression of recombinant proteins

Nineteen different recombinant proteins were designed,
expressed and purified in order to perform this work (see
Fig. 1). Several of these were described in previous studies
by our group, and others were designed specifically for the
current study. The four wild-type T. fusca enzymes, Cel6A,
Cel6B, Cel5A and Cel48A, were cloned and purified as
described previously (Ghangas and Wilson 1988; Zhang
et al. 1995; Irwin et al. 2000). Chimaeric derivatives of the
two exoglucanases and two endoglucanases were designed
to contain divergent dockerins in order to construct the
desired designer cellulosomes required for this study. In all
cases, the dockerins replaced the CBM2 at its normal
position in the native protein. Preparation of dockerin-
containing chimaeras of the 7. fusca endoglucanase Cel5SA

Chimaeric Scaffoldins

Cel5A
46,383 Da

Cel6A
46,980 Da

Cel6B
59,646 Da

Cel48A
103,743 Da

Endoglucanases Exoglucanases

Chimaeric Enzymes

1-5A JF-5A 6A-c 6A-t
44,345 Da 45,100 Da 39,250 Da 39,759 Da
1-6B b-48A
56,221 Da 83,433 Da

D D

Fig. 1 Schematic representation of the recombinant proteins used in
this study. The CBM2s of the respective wild-type 7. fusca enzymes
(Cel5A, Cel6A, Cel6B or Cel48A) were replaced by a dockerin. The
shading of each symbol denotes the source of the module: light gray
(C. cellulolyticum), white (C. thermocellum), dark gray (R. flavefac-
iens), black (B. cellulosolvens), stippled (T. fusca). The corresponding
bacterial source—C. cellulolyticum, C. thermocellum, R. flavefaciens
or B. cellulosolvens—is additionally indicated by the following

Scaf-C Scaf-T Scaf-F Scaf-B
36,248 Da 36,982 Da 35,710 Da 38,572 Da
Scaf-BT Scaf-CT Scaf-TF
53,597 Da 55,073 Da 54,108 Da
Scaf-CTF Scaf-CTB
71,365 Da 73,113 Da
Key to

Cohesins @ Dockerins TP cams )
Catalytic ; :
ihodiies Linkers = His Tag -®

B f, F =R flavefaciens
B b, B =B cellulosolvens

O T =C. thermocellum
O ¢, C=C. cellulolyticum

notations: ¢, t, f, or b for the dockerins and C, T, F or B for the
cohesins, respectively. Chimaeras #-5A, f-5A, 6A-c, 6A-t, t-6B and
b-48A included a His tag, attached distally to the respective dockerin
module of the enzyme. The divergent species of cohesin-bearing
scaffoldin (Scaf) included a C. thermocellum CBM3a, shown
symbolically. The molecular mass is shown for each of the expressed
proteins
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was described earlier (Caspi et al. 2006). #-5A and f-5A
consisted of the catalytic module of Cel5A appended with
the respective dockerins from C. thermocellum xylanase
Xynl0Z and from R. flavefaciens scaffoldin ScaB. The
activities of the latter two chimaeras on crystalline cellulosic
substrates were found to be analogous as reported earlier
(Caspi et al. 2009), and either chimaeric enzymes could thus
be used according to the dockerin specificity requirements of
the chimaric scaffoldin. Chimaera 6A-c comprised the cat-
alytic module of T. fusca endoglucanase Cel6A appended
with a dockerin from the C. cellulolyticum Cel5A, as
described earlier (Caspi et al. 2006). In addition, 6A-f was
designed to provide another option for a 6A-based chimaera,
with an alternative dockerin derived from the C. thermo-
cellum xylanase Xynl0Z. Chimaera #-6B contained the
catalytic module of 7. fusca exoglucanase Cel6B with the
same C. thermocellum dockerin attached to its N-terminus
(Caspi et al. 2006). Chimaera b-48A comprised the catalytic
module of T. fusca exoglucanase Cel48A, appended with a
dockerin from the B. cellulosolvens ScaA scaffoldin (Ding
et al. 2000), as described earlier (Caspi et al. 2006).

Four different species of single cohesin-containing
constructs were also prepared for this study according to
previous reports (Barak et al. 2005; Haimovitz et al. 2008).
The cohesins were each located C-terminally to a
C. thermocellum CBM3a. Scaf-C contained the first cohe-
sin from C. cellulolyticum CipC, Scaf-T the third cohesin
from C. thermocellum CipA, Scaf-F the first cohesin from
R. flavefaciens ScaB, and Scaf-B the third cohesin from
B. cellulosolvens ScaB. In order to prepare higher-order
designer cellulosomes, five additional artificial scaffoldins,
each bearing two or three divergent cohesins, were
prepared for this study: Scaf-BT, Scaf-CT, Scaf-TF,
Scaf-CTF and Scaf-CTB, each containing the C. thermo-
cellum CBM3a for substrate targeting together with the
designated cohesins. The CBM3a served as a substrate-
targeting agent, an affinity tag for isolation on a cellulose
matrix (Morag et al. 1995) and may also improve the
expression, solubility and stability characteristics of the
different fusion proteins (Berdichevsky et al. 1999).

All of the purified recombinant proteins showed a single
major band on SDS-PAGE (not shown), and in each case the
mobility was consistent with their respective molecular
mass. The data for f-5A, -5A, 6A-c, t-6B, b-48A, scaffoldins
C, T, F, B and BT were reported earlier (Caspi et al. 2006,
2008, 2009). Similar levels of purity were found for the other
enzymes and scaffoldins prepared in the present study.

Specificity of the chimaeric enzyme-borne dockerins
The specificity of all chimaeric dockerin-containing

enzymes to their target cohesins was demonstrated in
previous works (Pages et al. 1997; Barak et al. 2005; Caspi
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et al. 2006, 2008, 2009; Haimovitz et al. 2008), except for
the 6A-t chimaera. To test its specificity, the same proce-
dure using affinity-based ELISA was conducted, and the
chimaera was shown to bind selectively to its Scaf-T target,
and not to any of the non-matching cohesins (data not
shown).

Hydrolytic activity of the dockerin-containing enzymes

Combinations of the different chimaeric enzymes were
examined for their activities on two crystalline forms of
cellulose, BMCC (Fig. 2) and Avicel (Fig. 3). Each com-
bination of enzymes was tested in the following configu-
rations: Free, whereby the chimaeric dockerin-bearing
enzymes were applied in the absence of scaffoldin(s); Scaf,
whereby the same enzymes were incorporated into a
designer cellulosome (in which the chimaeras are all
complexed on a single chimaeric scaffoldin); and CBM, in
which each chimaera is attached individually to its
matching cohesin-CBM fusion protein. These samples
were compared to the parallel mixture of wild-type
enzymes (WT).

The combinations of chimaeric enzymes were composed
of at least one endoglucanase and one exoglucanase. All
possible binary combinations were tested, in addition to
two combinations of ternary chimaera mixtures:
5A + 6A 4 6B (two endoglucanases and an exoglucan-
ase) and 6A 4 6B 4 48A (an endoglucanase and two
exoglucanases).

Of the four tested enzymes, the family six exoglucanase
was demonstrated to be the most crucial for synergistic
cellulose degradation. Wild type mixtures containing the
Cel6B cellulase (Figs. 2, 3, panels A, B, E and F) were far
more active on both BMCC and Avicel compared to any
combination that lacked Cel6B (either wild type or con-
verted to the cellulosomal mode).

Interestingly, all combinations that included the chi-
maeric Cel6B exoglucanase (t-6B) were significantly less
efficient in the degradation of both microcrystalline cellu-
lose substrates, compared to the wild-type cellulase mix-
ture (Figs. 2 and 3, panels A, B, E, F). In contrast, pairs of
chimaeric enzymes that did not include the chimaeric
family six exoglucanase (5A + 48A and 6A + 48A)
hydrolyzed crystalline cellulose in a more efficient manner
than the parallel combination of wild-type enzymes
(Figs. 2, 3, panels C, D). A significant targeting effect was
demonstrated by all tested combinations. The relatively
poor cellulose-degrading activity of the free dockerin-
containing chimaeras was significantly improved by adding
the matching cohesin-CBM fusion protein. The latter
served to restore the targeting function to the chimaeric
enzymes, which was lost upon replacement of the CBM2 of
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Fig. 2 Enzymatic activity of designer cellulosomes of different
compositions on BMCC. Each diagram below the bar graph
represents different combinations of the designated enzymes, desig-
nated by symbols represented in Fig. 1. In all diagrams, WT indicates
the mixture of the naturally secreted CBM-bearing enzymes, Free
refers to the mixture of the dockerin-containing cellulase chimaeras
alone, Scaf represents the designer cellulosome complexes (with the

the wild-type enzyme with a dockerin module. All designer
cellulosomes that contained the #-6B exoglucanase exhib-
ited an “anti-proximity effect”, i.e., restoration of the
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indicated chimaeric scaffoldin), and CBM denotes a mixture of single
dockerin-containing enzymes complexed with matching CBM-Coh
fusion proteins to restore the substrate-targeting function while
retaining the free enzyme mode. Specific activity* is defined as mol
reducing sugar per mol enzyme per minute. Error bars denote
standard deviations

targeting function in the individual free chimaeras
(CBM samples) proved more active than the analogous
designer cellulosomes (Scaf samples). In contrast, designer
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Fig. 3 Enzymatic activity of designer cellulosomes of different compositions on Avicel. For details, see legend to Fig. 2

cellulosomes lacking the family six exoglucanase appeared,
in some cases (Figs. 2d, 3c), to exhibit a defined proximity
effect on crystalline cellulose substrates.

To further explore the preference of the family six
exoglucanse for the free mode, a designer cellulosome
sample, composed of three chimaeric enzymes—f-5A, 6A-
¢ and #-6B, assembled on Scaf-CTF—was compared with

@ Springer

wild-type (free) Cel6B added to a binary designer cellu-
losome—6A-c and f-5A, assembled on the same scaffoldin
(Fig. 4). The results revealed that the mixture of wild-type
Cel6B with the binary system was significantly more effi-
cient in degrading BMCC than the ternary designer cellu-
losome, further supporting our contention that the family 6
exoglucanase prefers the free enzyme mode.
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Fig. 4 Incompatibility of Cel6B exoglucanase with the cellulosomal
mode of action. The enzymatic activity of complexed versus free
forms of Cel6A, Cel5A and Cel6B on BMCC was determined. WT
indicates the mixture of the naturally secreted CBM-bearing enzymes,
Free refers to the mixture of the dockerin-containing cellulase
chimaeras alone, Scafx3 represents the designer cellulosome complex
containing the three chimaeric enzymes, and Scafx2 4 Cel6B denotes
the mixture of the wild-type Cel6B cellulase in free form together
with a designer cellulosome containing chimaeras of the other two
enzymes. Specific activity* is expressed as mol reducing sugar per
mol enzyme per minute. Error bars denote standard deviations

Discussion

In nature, cellulosome-producing bacteria incorporate
enzymes into multi-component complexes in a highly
regulated process (Dror et al. 2003a, b, 2005; Bayer et al.
2004; Newcomb et al. 2007). Since the specificities of the
scaffoldin-borne cohesins and enzyme-borne dockerins are
virtually identical (Yaron et al. 1995; Pages et al. 1997),
selective incorporation of a given enzyme in situ is not
determined at the biochemical level of the cohesin-dock-
erin interaction itself, but by a different undetermined
cellular mechanism. Consequently, in order to control the
incorporation in vitro of a given enzyme into an artificial
cellulosome, we have to employ cohesins and dockerins of
divergent specificities. For this purpose, the concept of
designer cellulosomes was originally proposed (Bayer et al.
1994). Designer cellulosomes have since been employed as
a tool to investigate cellulosome structure and function
(Fierobe et al. 2001, 2002, 2005; Mingardon et al. 2007b;
Caspi et al. 2009) and may eventually provide a platform
for industrial application, such as for conversion of ligno-
cellulosic materials to soluble sugars en route to biofuels
(Bayer et al. 2007, 2008a, b; Wilson 2009).

Technically, the production of discrete designer cellu-
losomes involves the development of a set of appropriate
high-affinity cohesin-dockerin pairs that exhibit different
specificities, usually from different cellulosome-producing
bacteria. The cohesin modules are joined together
into a recombinant chimaeric scaffoldin, usually with

characteristic intermodular linker segments and a CBM for
introduction of the substrate-binding function. The com-
plementary dockerin module is attached to a catalytic
module from an appropriate enzyme, and the various
recombinant chimaeric enzymes can then be incorporated
into desired designer cellulosome complexes.

Rigorous analyses of the various modular components
and the chimaeric enzymes, both alone and in complex, are
necessary in order to validate the characteristics of the
resultant designer cellulosomes. The enzymes may origi-
nally be cellulosomal or non-cellulosomal in nature. In the
case of cellulosomal enzymes, the native dockerin module
must be replaced by a divergent dockerin species; in the
case of the free, non-cellulosomal enzymes, a dockerin
must be added—in most instances by replacing a native
CBM.

In previous work (Caspi et al. 2006, 2008, 2009), we
have selected the free enzyme system of the aerobic bac-
terium, 7. fusca (Wilson 2004), in order to provide a
defined platform for conversion of distinctive cellulases
into the cellulosome mode. The employment of an alien
(non-cellulosomal) system for this purpose, allows us to
address whether the cellulosomal mode of action is
reserved for certain types or families of cellulases, or
whether inclusion of enzymes into cellulosomes can be of a
more general nature. In the case of the restricted number
(six) of the native T. fusca cellulases, four are in families of
common occurrence in cellulosomes, i.e., Cel5A, Cel9A,
Cel9B and Cel48. In contrast, two additional enzymes are
from family six, and to date no family six cellulase is
known to be a part of any natural cellulosome; they appear
only in free cellulase systems of both fungi and bacteria.
The fact that T. fusca produces two family six enzymes—
one an endoglucanase (Cel6A) and the other an exoglu-
canase (Cel6B)—enabled us to examine whether either or
both of these non-cellulosomal enzyme types can function
in the cellulosome mode. Moreover, we can determine how
efficiently they perform on different cellulosic substrates
together with other enzymes in designer cellulosomes.

In earlier work (Caspi et al. 2006, 2008), we converted
both of the T. fusca family six enzymes to the cellulosome
mode by removing the resident CBM and replacing it with
a dockerin. The activities of the resultant chimaeric
enzymes were examined individually on various cellulosic
substrates. The data indicated that the chimaeric dockerin-
containing endoglucanase (6A-c) would be appropriate for
inclusion into designer cellulosomes, but implied that the
chimaeric exoglucanase (#-6B) appeared unsuitable for the
cellulosome mode. The latter dockerin-containing enzyme
exhibited significantly reduced activity on crystalline cel-
lulosic substrates, compared to the native form.

In contrast to the family six exoglucanase, the chi-
maeric form of the other T. fusca exoglucanase, the
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family 48 enzyme, displayed heightened activity on such
substrates, indicating its compatibility with the cellulo-
some mode (Caspi et al. 2008). Indeed, a subsequent
study demonstrated synergistic cellulose hydrolysis of the
chimeric dockerin-containing family 48 exoglucanase
when incorporated into a designer cellulosome together
with the T. fusca family five endoglucanase (Caspi et al.
2009).

In the present communication, we have employed the
designer cellulosome system to investigate how the various
T. fusca enzymes act together in the cellulosome mode.
The results demonstrate that the chimaeric 7. fusca endo-
glucanase, 6A-c, acts in concert with the family 48 enzyme
in designer cellulosomes, while displaying enhanced syn-
ergism with a defined proximity effect. On the other hand,
the chimaeric exoglucanase, -6B appears to require a CBM
in the free mode for optimal activity. In a recent work,
Fierobe et al. (Mingardon et al. 2007a) also studied the
combination of a non-cellulosomal family six endoglu-
canase from the fungus, Neocallimastix patriciarum, with
bacterial enzymes of cellulosomal origin. Consistent with
our current study, this report showed that converted family
six endoglucanases can provide efficient, synergistic
hydrolysis of cellulosic substrates as components of
designer cellulosomes. In view of the apparent compati-
bility of the family six endoglucanases with the cellulos-
omal mode, it is somewhat peculiar that cellulosome-
producing bacteria have not acquired these particular
enzymes as part of their enzyme arsenal, as they have
acquired so many other enzymatic components from other
families of glycoside hydrolases.

It is interesting to speculate why the family six exo-
glucanase was incompatible with the cellulosome mode as
opposed to the endoglucanase from the same family. The
answer may lie in their different active-site topographies.
The endoglucanase exhibits a cleft-like active site that can
accommodate any segment along the cellulose chain,
whereas that of the exoglucanase is tunnel-shaped, acces-
sible only to the non-reducing chain end of the substrate.
Moreover, the processive nature of the exoglucanase may
be dependent on the intimate and correct orientation of the
catalytic module with the CBM. Thus, the scaffoldin-borne
CBM may not suffice to facilitate the threading of the
substrate into the tunnel.

The difference in compatibility of the two exoglucan-
ases with the cellulosome mode corresponds nicely with
the natural state, wherein family 48 exoglucanases are
common components of all known cellulosome systems,
whereas family six enzymes have not yet been found in
cellulosome-producing bacteria. The differences between
the two families of exoglucanases may reflect putative
differences in their mechanism of action on cellulose (Teeri
1997).

@ Springer

Finally, the results of this study demonstrate that every
prospective enzyme, destined for incorporation into
designer cellulosomes, must be subjected to systematic
analysis to ensure its compatibility with the cellulosome
mode of action. Only following thorough examination of
its characteristics can an enzyme be verified for use as a
component of designer cellulosomes.
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