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Abstract

Cellulases are a complex group of enzymes that are fundamental for the
degradation of amorphous and crystalline cellulose in lignocellulosic mate-
rial. Unfortunately, cellulases have a low catalytic efficiency on their sub-
strates when compared to similar enzymes such as amylases, which has led
to a strong interest in improving their activities. Thermobifida fusca secretes
six cellulose degrading enzymes: two exo- and three endocellulases and an
endo/exocellulase Cel9A (formerly called E4). Cel9A shows unique proper-
ties because of its endo- and exocellulase characteristics, strong activity
on crystalline cellulose, and good synergistic properties. Therefore, it is an
excellent target for mutagenesis techniques to improve crystalline cellulose
degradation. In this article, we describe research conducted toimprove Cel9A
catalytic efficiency using a rational design and computer modeling. A com-
puter model of Cel9A was created using the program CHARMM plusits PDB
structure and a cellohexose molecule attached to the catalytic site as a start-
ing model. Initially molecular graphics and energy minimization were used
to extend the cellulose chain to 18 glucose residues spanning the catalytic
domain and cellulose-binding domain (CBD). The interaction between this
cellulose chain and conserved CBD residues was determined in the model,
and mutations likely to improve the binding properties of the CBD were
selected. Site-directed mutations were carried out using the pET vector
pET26b, Escherichia coli DH5-0., and the QuickChange mutagenesis method.
E. coli BL21-DE3 was used for protein production and expression. The puri-
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fied proteins were assayed for enzymatic activity on filter paper, swollen
cellulose, bacterial microcrystalline cellulose, and carboxymethylcellulose
(CMC). Mutation of the conserved residue F476 to Y476 gave a 40% improved
activity in assays with soluble and amorphous cellulose such as CMC and
swollen cellulose.

Index Entries: Thermonospora fusca; Cel9A; cellulases; protein engineer-
ing; computer modeling.

Introduction

Cellulose is the most widespread biologic material on Earth. It has
been realistically estimated that 3.3 x 10" tons of CO,/yr is fixed on the
world’s surface and that approx 6.6% of this (e.g., 22,000 million t/yr will
be cellulose (almost4 t per person per year) (1). Pure cellulose can be hydro-
lyzed by chemical or enzymatic methods to soluble sugars, which in turn
may be used as the raw material for many different bioprocesses. There-
fore, cellulose from both agriculture and forestry sources has the potential
to become a major source of feedstock for the production of chemicals,
single cell protein, and biofuels such as ethanol (1).

However, cellulose is a complex biopolymer and invariably occurs in
nature in close association with lignin, and to a lesser degree with hemicel-
lulose, starch, proteins, and salts. The ability of lignocellulose to withstand
degradative forces is witnessed by the longevity of trees and by the expen-
sive energy-consuming pretreatment processes required to open up this
complex structure to bioconversion. The high cost of converting cellulose
into an easily metabolized raw material for industrial bioprocesses makes
the use of cellulosic materials unattractive when compared with other
sources of fermentable sugars such as corn starch or sugarcane. Therefore,
important technological developments have to be achieved before eco-
nomic use may be made of this plentiful compound (2).

The enzymesresponsible for cellulose degradation are acomplex group
of cellulases consisting of at least three classes: endo-1,4-B-glucanase (EC
3.2.1.4), also called endocellulases; exo-1,4-B-glucanase (EC 3.2.1.91), also
called exocellulases; and -1,4-glucosidase (EC 3.2.1.21) or cellobiase (2-5).
More than 200 different cellulase genes have been sequenced, and all cellu-
lases and similar enzymes such as xylanases have been classified within 11
families that are sometimes referred to as cellulase families, with 7 of those
families considered to contain true cellulases (6-9). Structural studies show
that the majority of cellulases are multidomain proteins and their structure
resembles a tadpole (7) consisting of a catalytically competent core structure
linked to a carbohydrate-binding domain (CBD) also known as a cellulose-
binding domain (CBD) via a flexible, often highly glycosylated linker region
(6). Even though all of these structures share a similar acid /base catalytic
mechanism involving two or more aspartate or glutamate residues, the struc-
tures of the cellulases from each family may be totally different.

Many microorganisms, particularly fungi and thermophilic bacteria,
possess cellulolytic enzymes of different kinds (10-21). Because of their
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strong cellulose-degrading enzymes, extensive research has been per-
formed on the cellulases of the following microorganisms: Trichoderma reesei
(11,17,18), Clostridium thermocellum (8,22), Thermomonospora fusca (2,4,5,19—
21), Cellulomonas fimi (23),and Humicola insolens (9,12,14). T. reesei cellulases
are particularly well known, degrade cellulose in a cooperative manner,
and consist of cellobiohydrolases (CBH-I and CBH-II) releasing cellobiose
from the reducing end and nonreducing end, respectively, of the cellulose
chain and two endoglucanases (EG-I and EG-III) cleaving internal gluco-
sidicbonds (11).T. reesei’s cellulolytic mixture, coming from selected strains
inindustrial fermentation processes, has the strongest cellulose-degrading
activity of allknown microorganisms. However, the hydrolysis of cellulose
using these microbial enzymes—or for that matter any other hydrolysis
procedure—is a long and inefficient process.

The actinomyecete T. fusca, a thermophilic, filamentous soil bacterium,
produces six structurally and functionally distinct cellulases: two exocel-
lulases—Cel48A (ex-E6), which attacks the cellulose chain from the reduc-
ing end, and Cel6B (ex-E3), which attacks from the nonreducing end; three
endocellulases—Cel5A (ex-E5), Cel6A (ex-E2), and Cel9B (ex-E1); and an
endo/exo cellulase—Cel9A or ex-E4 (2,4,5). All are moderately heat stable
and have a broad pH optimum centered at 6.5.

The enzyme Cel9A, the subject of this article, is a unique cellulase
because it has characteristics of both an exocellulase and an endocellulase
(20,21). It is endocellulase-like in that it can hydrolyze and reduce the vis-
cosity of carboxymethylcellulose (CMC), and it is exocellulase-like in that
it produces mostly soluble oligosaccharides (87%) from insoluble cellulose
(20,21). Cel9A is also of interest because it possesses very high activity on
bacterial microcrystalline cellulose (BMCC) and an unusual synergistic
activity in cellulase mixtures. It is unique in that it shows synergism with
endocellulases and both types of exocellulases (20,21). It also retains more
than 70% of its activity from pH 4.7 to 10.1.

Structurally, Cel9A consists of a catalytic domain (CD) and an adja-
cent CBD (CBM or CBD) (family Illc), a linker, and another CBM (family II)
(see Fig.1). Cel9A CD is homologous to celD from C. thermocellum while the
adjacent CBM is homologous to one in a scaffoldin from the same microor-
ganism. Cel9A-68 (also E4-68) is generated by limited proteolysis and con-
tains the CD and the adjacent CBM. Constructs containing the CD alone
(Cel9A-51), and the CD plus the fibronectin linker and family II CBM
(Cel9A-74), were also produced. The activities of all these enzymes were
measured on BMCC, filter paper, swollen cellulose, and CMC. Removal of
theinternal CBD decreased activity substantially on every substrate. Cel9A-
74 did bind to BMCC but had almost no hydrolytic activity, while Cel9A-
68 retained 32% of the activity on BMCC even though it did not bind.
Cel9A-68 maintains most of the activity toward all soluble substrates, sug-
gesting that the family IIlc CBD is important for processivity while the
second CBD is important for insoluble substrate binding (20,21). This arti-
cle focuses on Cel9A-68 in general and the adjacent CBM in particular.
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Fig. 1. Cel9A (E4) domain structure.

The crystal structure of Cel9A-68 has been determined by X-ray
diffraction at 1.9 A (20). The structure reveals a CD from family 9 with an
(o/at)s barrel fold directly linked to a CBD with an antiparallel B-sandwich
fold. A model of the active-site configuration suggests that a water mol-
ecule is bound to Asp55 and Asp58, which are believed to function as the
catalytic base, while Glu424 appears to be the catalytic acid. The observed
cleavage product clearly shows the o configuration of the anomeric car-
bon, a fact expected from family 9 cellulases that cleave cellulose with
inversion. Next to the active center there are six glucosyl-binding sites
numbered for the nonreducing end, —4 to +2. Cel9A seems to processively
cleave cellotetraose molecules from the nonreducing end of the cellulose
chain until either they are completely hydrolyzed or it dissociates. The
active-site cleftis blocked by aloop at the nonreducing end, and after each
cleavage, the cellotetraose unit is expected to dissociate while the frag-
ment that is bound to the catalytic site +1 and +2 and the family IIlc CBM
is fed into the active site in a processive manner (20,21).

To make biomass conversion more efficient, it will be necessary to
either improve the catalytic activity of the enzymes (mainly cellulases)
already known, discover new cellulases or cellulose-modifying proteins,
increase the amount of protein secreted, modify the process, or combine
these approaches. Cellulases show relatively low catalytic activity when
compared with other hydrolases, and the low activities have called into
question whether the genes encoding for the enzymes are under selection
pressure to increase their catalytic efficiency (24). Cellulase performance
may be enhanced by the use of random mutagenesis techniques such as
directed evolution (25-29) or rational protein design (6,24,30). A major
difficulty in making predictions for site-directed mutations for rational
design in macromolecules is the lack of understanding of the forces that
operate within proteins and between the protein and its substrate. Molec-
ular mechanics calculations allow the theoretical positioning of substrate
molecules into active sites through computer modeling and examination of
the range of structural fluctuations that is possible for a protein-substrate
complex (31,32). Hence, computational studies usually facilitate the analy-
sis of known protein structures as well as the design of proteins with novel
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functional properties, reducing the cumbersome task of creating and study-
ing countless mutants. Therefore, a good alternative for rational design is
the use of computer modeling to determine individual changes followed
by construction of the desired molecule by site-directed mutagenesis
(6,24,30). For our purposes, we concentrated on understanding the rela-
tionships among the structure of Cel9A-68, its catalytic activity, and par-
ticularly the interaction between the family IIlc CBM and cellulose. A
molecular mechanics software and visualization programs (31) were used
in combination with site-directed mutagenesis techniques.

Materials and Methods

Computer Modeling

All of the calculations were done using the CHARMM molecular
mechanics program and the CHARMM?22 parameter set for protein atoms
(33). All atoms from the glucose residues in the cellulose chain (initially a
cellohexose) were modeled using parameters specifically developed for car-
bohydrates (34). In all calculations, the lengths of chemical bonds to hydro-
gen atoms were kept fixed using the constraint algorithm SHAKE (35).

A computer model of Cel9A-68 was created using the PDB file from the
crystal structure published by Sakon et al. (20). The protein structure plus
the cellohexose molecule directly bound to the catalytic site were used as the
starting point for all calculations. In the initial phase, molecular graphics
visualization programs such as QUANTA and energy minimization calcu-
lations were used to place 12 additional glucose residues to extend the cel-
lulose chain to 18 glucose residues spanning the CD and CBD. A number of
possible conformations were evaluated using different starting positions
and energy minimization-driven conformational refinement. The interac-
tions between the cellulose chain and the conserved CBM residues (F476,
D513,Y520,Q561, D513) (36) were determined in the model. Computational
studies were conducted to determine the mutations most likely to create
improved activity and were selected for site-directed mutagenesis.

Mutagenesis Procedure, Hosts, and Plasmids

The cloning and expression of recombinant proteins in Escherichia
coli was done using the pET System developed by Novagen. The target
gene from Cel9A-68 was ligated into pET26b to create plasmid pJE2 and
transformed into E. coli DH5-o for mutagenesis. Plasmid pJE2 was con-
structed by ligating four DNA fragments: (1) a 4.3-kb Sphl-Apal fragment
from the pet vector, (2) a 1.15-kb Apal-NotI fragment from pE] containing
the E2 signal peptide (5), (3) a 1.0-kb NotI-Accl polymerase chain reaction
(PCR) fragment containing the mature Cel9A N-terminus plus a part of
the gene obtained from pE]2 (pD568) (20), (4) a 0.7-kb Accl-Sphl fragment
containing the remaining part of Cel9A plus the C-terminus from pSZ46
(or pD687) (21).
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Plasmid pJE2 was used to construct the mutant plasmids (F476Y)
using the QuickChange method for site-directed mutation. The forward
and reverse primers were designed using the program DNAStar-Primer
Select. The primers containing a silent mutation for threonine that created
aunique restriction site for Xmal and Smal, plus the desired codon change
(underlined) for Tyr (TAC) instead of Phe (TTC), were as follows:
Jel476tyr: TCA ACACCCCGGGCACCACGTACACCGAGATC (for-
ward); Je2476tyrrev: GATCTCGGTGTACGTGGTGCCCGGGGTGTTGA
(reverse). The resulting PCR fragment was cloned into pET26b to pro-
duce pJE9. All coding regions in the new plasmids were sequenced by the
Cornell Biotechnology Facility and only the desired mutations were
found. All plasmids were transformed into E. coli BL21-DE3 for protein
production and expression, and the modified enzymes were purified and
characterized.

Protein Purification

Protein expression and production was scaled up to 2-L fermentors
and a combination of hydrophobic interaction chromatography and ion-
exchange chromatography proved very effective for purifying the enzymes
(20,21).

Enzyme Assays

The purified proteins were assayed for enzyme activity on filter paper,
swollen cellulose, BMCC, and CMC following the procedures stated by
Irwin et al (5).

Results

Computer Modeling

Figures 2—4 indicate the CHARMM predictions for the structure and
position of the cellulose chain (green) with respect to Cel9A (white and red)
and the sequential manner in which the model was predicted by the pro-
gram (one glucose residue at a time), starting from the original structure
with 6 glucose residues (20) to 8 (see Fig. 2) to 12 (Fig. 3) and 16 (Fig. 4) with
the CBD conserved residues in blue. Figure 5 shows the coordinates for the
catalytic residues (yellow and red); the substrate (green); and the CBM
conserved residues D513, R563, Y520, Q561, and F476 (36) (blue). As pre-
dicted in previous articles, based on the planar structure of the Cel9A-68
CBM, the cellodextrin chain is directly linked to the catalytic region through
the CBD.

An important part of the present study was determining whether the
residues suggested by Sakon et al. (20) (N470, CEL9A78, K480, R557, E559,
Q561, and R563) and Bayer et al. (36) (D513, R563, Y520, Q561, and F476)
interact with the cellulose substrate. The computational results indicate
that all of these amino acids are well aligned and interact with the cellulose
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Fig. 2. CHARM progressive prediction for interaction between Cel9A and a cellu-
lose chain with eight glucose residues.

Fig. 3. CHARM progressive prediction for interaction between Cel9A and a cellu-
lose chain with 12 glucose residues.
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Fig. 4. CHARM progressive prediction for interaction between Cel9A and a cellu-
lose chain with 16 glucose residues.

Catalytic Site

Cellubise Chain
Q561
R563
P46
D53

Fig. 5. CHARM predicted interaction between a 16 glucose cellulose chain and the
CBM conserved residues.
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Table 1
Cel9A-68 F476Y Activity*
Substrate CMC (%) Swollen cellulose (%) Filter Paper (%) BMCC (%)
Cel9A-68 F476Y 139 138 101 100

“With Cel9A-68 wild-type activity as 100%.

chain, with most of them forming hydrogen bonds or other interactions,
i.e., a salt bridge and a planar interaction with the aromatic residue Y520
that are anchoring the surface of the CBM to the surface of the substrate.

The novel, conserved aromatic residue F476, which is characteristic of
subfamily IIlc CBMs, was particularly interesting in the sense that it did not
form a hydrogen bond with the cellodextrin chain, and as a consequence its
interaction with the substrate seems to be weak. Therefore, computational
studies were conducted on this residue, and the results indicated that
mutation of F476 to Y created a hydrogen bond between the CBM and the
cellulose chain. This was likely toimprove binding, and thus it was selected
for site-directed mutagenesis.

Mutagenesis

The enzyme from the F476Y mutant was purified and assayed on CMC,
BMCC, filter paper, and swollen cellulose; the results are given in Table 1 as
percentages of Cel9A-68 wild-type activity. An improvement in enzyme
activity close to40% was observed in soluble and amorphous cellulose (CMC
and swollen cellulose), and no change or very small in crystalline cellulose
(filter paper and BMCC). It has been found that the family ITlc CBM is im-
portant for processivity (21). Processivity, as measured by the ratio of soluble
reducing sugar ends to insoluble sugar ends, was found to be almost iden-
tical for the two enzymes: 3.1 for the wild type and 3.0 for the mutant.

Discussion

The combination of computational studies and site-directed mutagen-
esis was found to be an effective way to reduce the number of mutants to be
tested. The enzyme activity assays of Cel9A-68 F476Y indicate an improve-
ment of 40% in activity on CMC and swollen cellulose and no modification
in activity on crystalline substrates (filter paper and BMCC). This result
seems to confirm the computer model prediction that a new hydrogen bond
would be the result of mutating the phenylalanine residue F476 to a tyro-
sine. This novel hydrogen bond in F476Y improved activity on soluble and
amorphous cellulose probably owing to better binding properties that are
important for placing the cellulose chain in the CBD for the mentioned
substrates. The fact that no improvement was found for crystalline cellulose
indicates a different kind of interaction between the CBD and crystalline
cellulose, on one hand, and amorphous and soluble cellulose, on the other.
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Fig. 6. Interaction between CBM residues R563, F476, and D513 with cellulose chain.

A possible explanation might be found in previous suggestions that Cel9A’s
CBD from family Illc seems to bind transiently to only a single cellulose
chain (36), a factor that favors the interaction between the CBM and soluble
and amorphous cellulose rather than crystalline cellulose.

Computer calculations indicate that the residues D513 and Y520 inter-
act directly with the cellulose chain, a fact that is contrary to previous obser-
vations (36). This result should be confirmed by future mutagenesis studies.

Because of the particular location at the end of the CBM (see Fig. 6) of
residues D513 (orange), R563 (blue), and F476 (green), they seem to play an
importantrolein theinitial binding of the cellulose chain. By improving the
binding properties of F476Y, the cellulose chain most likely binds faster to
Cel9A, and as a result, there is an increase in the activity of the mutated
enzyme. Future experiments will include other changes in these residues to
prove or disprove the previous hypothesis.
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