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Processivity and Enzymatic Mode of a Glycoside Hydrolase Family 5
Endoglucanase from Volvariella volvacea

Fei Zheng, Shaojun Ding

Department of Biological Engineering, Nanjing Forestry University, Nanjing, Jiangsu, China

EG1 is a modular glycoside hydrolase family 5 endoglucanase from Volvariella volvacea consisting of an N-terminal carbohy-
drate-binding module (CBM1) and a catalytic domain (CD). The ratios of soluble to insoluble reducing sugar produced from
filter paper after 8 and 24 h of exposure to EG1 were 6.66 and 8.56, respectively, suggesting that it is a processive endoglucanase.
Three derivatives of EG1 containing a core domain only or additional CBMs were constructed in order to evaluate the contribu-
tion of the CBM to the processivity and enzymatic mode of EG1 under stationary and agitated conditions. All four enzymatic
forms exhibited the same mode of action on both soluble and insoluble cellulosic substrates with cellobiose as a main end prod-
uct. An additional CBM fused at either the N or C terminus reduced specific activity toward soluble and insoluble celluloses un-
der stationary reaction conditions. Deletion of the CBM significantly decreased enzyme processivity. Insertion of an additional
CBM also resulted in a dramatic decrease in processivity in enzyme-substrate reaction mixtures incubated for 0.5 h, but this ef-
fect was reversed when reactions were allowed to proceed for longer periods (24 h). Further significant differences were observed
in the substrate adsorption/desorption patterns of EG1 and enzyme derivatives equipped with an additional CBM under agitated
reaction conditions. An additional family 1 CBM improved EG1 processivity on insoluble cellulose under highly agitated condi-
tions. Our data indicate a strong link between high adsorption levels and low desorption levels in the processivity of EG1 and

possibly other processive endoglucanses.

ellulose is the most abundant biopolymer on Earth and there-

fore represents both a vast carbon source for cellulolytic mi-
croorganisms in the biosphere and a renewable feedstock for in-
dustrial-scale conversion into fuels and other products. Efficient
hydrolysis of cellulose depends on the synergistic action of three
classes of enzymes, namely, cellobiohydrolases (CBHs; EC
3.2.1.91), endoglucanases (EGs; EC 3.2.1.4), and B-glucosidases
(EC 3.2.1.21) (1). Processive CBHs are the major components of
most cellulolytic systems and are responsible for the degradation
of crystalline cellulose (2). Processivity is a feature common to
many cellobiohydrolases and is thought to be a critical strategy for
improving the catalytic efficiency for hydrolysis of crystalline sub-
strates (3). Structure analyses have revealed that CBHs such as
CBHI and CBHII from Trichoderma reesei have enclosed active-
site tunnels for substrate binding and catalysis (4, 5). A single
glucan chain enters the tunnel from one end, and disaccharides
are cleaved off at the catalytic center during its passage.

EGs are typically nonprocessive enzymes that are expressed in
smaller amounts and assist CBHs by randomly attacking internal
sites in the cellulose chain, thereby generating new chain ends.
Unlike CBHs, classical EGs, such as EGI of Fusarium oxysporum,
have a relatively open active-site cleft (6), thereby permitting them
to cleave bonds in the middle of polymer chains. However, some
bacteria and fungi synthesize processive EGs, which cleave cellu-
lose internally and also release soluble oligosaccharides before de-
taching from the polysaccharide (7-9). Processive EGs belong al-
most exclusively to the GH9 family of enzymes associated with
bacterial systems (10). However, processive EGs belonging to the
GHS5 family, produced by the brown rot basidiomycete Gloeophy!-
lum trabeum (11) and the marine bacterium Saccharophagus
degradans 2-40 (12), have also been reported. Since both these
cellulolytic systems lack significant CBH activity, processive EGs
are thought to be functionally equivalent to the EGs and CBHs
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that together comprise other cellulolytic systems, thereby provid-
ing a CBH-independent cellulose-degrading mechanism.

In common with other cellulases, processive EGs have modular
architectures generally comprising catalytic domains (CD) that
are joined, via linker regions, to noncatalytic carbohydrate-bind-
ing modules (CBMs). CBMs have since been shown to be critical
for the processivity of processive GH9 EGs (8, 13—15). For exam-
ple, crystalline cellulose degradation and processivity were abol-
ished by deletion of CBM3c of Thermomonospora fusca (16), the
main function of which is to disrupt the cellulose chains in
the crystalline cellulose substrate and to feed a single chain into the
active site of the CD (8). Processive GH5 EGs from S. degradans
2-40 are also linked via a flexible linker to CBM6, which was ex-
pected to exhibit properties typical of a type B CBM such as
CBM3c. However, processivity associated with GH5 EGs from S.
degradans 2-40 appears to be independent of the CBM, since the
processivity ratio of each enzyme was unaffected by the absence of
CBMS6 (12).

Volvariella volvacea is an atypical white rot basidiomycetous
fungus, the cellulolytic system of which includes CBHs, EGs, and
B-glucosidases (18, 19). One EG isoform, EG1, was previously
characterized and shown to modify cellulose fibers (20). EG1 is a
modular enzyme that contains a family 5 CD and a family 1 CBM.
In this study, we investigated the processivity and mode of action
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of EG1 under stationary and agitated conditions and evaluated the
contribution of the CBM to the processivity, catalytic activity, and
enzymatic mode of the enzyme.

MATERIALS AND METHODS

Bacterial and yeast strains, growth media, and chemicals. Pichia pasto-
ris, strain KM71H, was used for the expression of EG1 and its derivatives.
Escherichia coli DH5a was used for plasmid construction and propaga-
tion. Yeast growth media were prepared according to the Pichia expres-
sion system manual from Invitrogen. All chemicals were of reagent grade
or higher and purchased from Sigma (St. Louis, MO) unless otherwise
indicated. Regenerated amorphous cellulose (RAC) was prepared from
Avicel as described by Zhang et al. (21).

Construction of plasmids. The entire eg] gene in plasmid pBluescript
I KS-EG1 was used as the template for construction. The DNA fragment
encoding the mature EG1 (amino acids 24 to 389; GenBank accession
number AF329732) was amplified using plasmid pBluescript IT KS-EG1
and the primer pair P1 (5'-AAAACTGCAGCCGTCCCAGTATGGGGA
CAAT-3'; Pstl site underlined) and P2 (5'-GCTCTAGAGCCACGAATG
GTTTCAAAGC-3'; Xbal site underlined). The truncated form that com-
prised the CD only was amplified by PCR with the primer pair P3 (5'-AA
AACTGCAGGCGCCGGACCTACGACAA-3'; Pstl site underlined) and
P2 (5'-GCTCTAGAGCCACGAATGGTTTCAAAGC-3'; Xbal site un-
derlined). These two amplified DNA fragments were digested with PstI
and Xbal and ligated into similarly cut pPICZaB to generate the expres-
sion vectors pPICZaB-EG1 and pPICZaB-CD, respectively. pPICZaB-
CBM-CBM-CD was constructed by inserting a fragment consisting of the
CBM and a 25-amino-acid (GPTTTSSAPNPTSSGCPNATKFRFF) linker
upstream of EG1. For this, the fragment encoding the CBM and linker was
amplified by PCR using the primer pair P4 (5'-AAAACTGCAGCCGTC
CCAGTATGGGGACAAT-3"; Pstl site underlined) and P5 (5'-TTTCTG
CAGCGAAGAATCTGAACTTGGTGGCA-3'; Pstl site underlined). The
fragment was then inserted into pPICZaB-EG1 after digestion with Pstl.
pPICZaB-CBM-CD-CBM was constructed by inserting a fragment con-
sisting of the 25-amino-acid linker and CBM downstream of EG1. For
this, the linker and CBM were amplified by PCR using the primer pair P6
(5"-AGCTTTCTAGAAGGCGCCGGACCTACGACAACCA-3'; Xbal site
underlined) and P7 (5'-GAATCTGAACTTGGTGGCAT-3") and the
primer pair P8 (5'-ATGCCACCAAGTTCAGATTCGCCGTCCCAGTAT
GGGGACAAT-3') and P9 (5'-TGTTCTAGAAAAGGCTGGCATTGGT
GGTACCA-3'; Xbal site underlined), respectively. Then the fragment
encoding linker and CBM was amplified by overlapping PCR using the
primer pair P6 and P9 and the linker and CBM fragments as the template.
The fragment was then inserted into pPICZaB-EG1 digested with Xbal.
The scheme adopted for the construction of pPICZaB-CBM-CBM-CD
and pPICZaB-CBM-CD-CBM is shown in Fig. SI in the supplemental
material. Fragments containing EG1, CD, CBM-CBM-CD, and CBM-
CD-CBM in the expression vectors were all under the transcriptional
control of the AOX1 (alcohol oxidase) promoter. All engineered EG1s
were fitted with a 6-histidine tag to facilitate purification using affinity
chromatography.

Enzyme expression and purification. P. pastoris transformants were
grown and harvested as previously described (9). Recombinant EG1, CD,
CBM-CBM-CD, and CBM-CD-CBM, fitted with 6-histidine tags, were
purified by affinity chromatography using nickel-nitrilotriacetic acid (Ni-
NTA) agarose gel (Qiagen) according to the manufacturer’s manual. En-
zyme homogeneity and the molecular weights of purified EG1 and the
three derivatives were estimated using 10% (wt/vol) sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE).

Circular dichroism spectra (CDS). Spectra for EG1 and its derivatives
(0.025 mg/ml) were recorded at 25°C over a range of 190 to 260 nm with
a Chirascan circular dichroism spectrometer (Applied PhotoPhysics) us-
ing a 1-cm-path-length cuvette, a bandwidth of 1 nm, and a scanning
speed of 120 nm min~'. Data were analyzed using CDNN CDS deconvo-
lution software (Applied PhotoPhysics).
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Protein concentration and assay of cellulase activity. Protein was
determined by measuring A,g, values using extinction coefficients calcu-
lated from the predicted amino acid compositions (€EG1 = 101,670 M ™"
em™', eCBM-CBM-CD = 120,620 M~" cm™', eCBM-CD-CBM =
120,620 M~ ' cm 1) Cellulase activity on carboxymethylcellulose (CMC;
Sigma) (low viscosity, 10 mg), regenerated amorphous cellulose (RAC)
(5 mg), and filter paper (FP; Whatman no. 1 strip) (50 mg) was assayed in
reaction mixtures (1.5 ml total volume) containing 100 mM potassium
phosphate buffer (pH 7.5), enzyme, and substrate, incubated at 50°C for
30 and 60 min in an orbital shaking water bath operated at 0 to 400 rpm.
Reducing sugar released was determined by the Somogyi-Nelson method.
All assays were performed in triplicate, and one unit of activity was de-
fined as the amount of enzyme that released 1 pmol of glucose equivalents
from the substrate per min.

Assay of binding and desorption capacities. Assays of the binding
capacity of EG1 and its derivatives to cellulosic substrates were carried out
in low-protein-binding Eppendorf tubes containing different concentra-
tions of recombinant protein and 10 mg of cellulosic substrate in a final
volume of 0.5 ml of 50 mM potassium phosphate buffer (pH 7.5). Reac-
tion mixtures were incubated at 4°C with constant shaking in an inverted-
action shaker (150 inversions per min). After 1 h, cellulosic substrates
were removed by centrifugation (13,000 X g, 4°C), and the level of un-
bound protein remaining in the supernatant was determined by measur-
ing the absorbance at 280 nm. Data were subjected to nonlinear regression
analysis using a standard single-site binding model (GraphPad Prism,
version 2.01).

Adsorption and desorption tests on EG1 and its derivatives involving
FP were carried out under the same conditions as described above except
that reaction mixtures containing a fixed amount of protein (0.685 mg/
ml) were incubated at 4°C in an orbital shaker water bath operated at 100
to 400 rpm. After 1 h, reaction mixtures were diluted with one volume of
50 mM potassium phosphate buffer (pH 7.5) and incubated for a further
60 min as before. For greater accuracy, unbound protein remaining in the
supernatant after the two incubation periods was measured using a bicin-
choninic acid (BCA) protein assay kit (Pierce). Although the BCA assay
also detects solubilized sugar, our experiments confirmed there were no
hydrolysis products present after 60 min at 4°C. All measurements were
performed at least in triplicate, and the bound and desorbed protein levels
were calculated according to the method of Azevedo et al. (22).

Viscosity assay. Reaction mixtures (15 ml total volume) containing
purified enzyme (0.25 pg/ml)—2% low-viscosity CMC-100 mM potas-
sium phosphate buffer (pH 7.5) were incubated at 50°C. Samples were
taken periodically and boiled for 5 min, and viscosity values were deter-
mined based on the time of outflow at 23°C using an Ubbelohde viscom-
eter tube (Fisher Scientific).

Analysis of hydrolysis products by TLC and HPAEC-PAD. Hydroly-
sis of RAC and FP by EG1 and its derivatives was carried out for 24 h under
the same conditions used for the activity assay. Ampicillin (25 pg/ml) and
zeocin (25 pg/ml) were added to reaction mixtures to prevent microbial
contamination. Samples (50 pl) were withdrawn at regular intervals,
heated for 5 min in a boiling water bath to terminate the reaction, and
centrifuged at 11,000 X g for 10 min. Supernatants were analyzed for
monosaccharides, disaccharides, and oligosaccharides by thin-layer chro-
matography (TLC) according to a method described by Zhang et al. (23).
Hydrolysis of cellooligosaccharides (cellotriose, cellotetraose, cellopen-
taose) by EG1 and its derivatives was carried according to a method de-
scribed by Yoda et al. (24). Products were analyzed by TLC after 2 h of
incubation at 50°C. FP hydrolysis products were quantitatively analyzed
at 30°C using a Carbo-Pac PA200 column (3 by 250 mm) fitted to an
ICS-3000 high-performance anion exchange chromatography system
(Dionex) with pulsed amperometric detection (HPAEC-PAD). A dual
mobile-phase system (A, 100 mM NaOH; B, 500 mM sodium acetate) was
applied, and saccharides were eluted using a linear sodium acetate gradi-
ent (B: 0 to 24% in 40 min; 0.3 ml/min), followed by elution with 100 mM
NaOH (15 min; 0.3 ml/min).
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FIG 1 Schematic structures of EG1 and its derivatives.

Processivity. Processivity was determined from the distribution of
reducing sugars between the soluble and insoluble products derived from
FP as described by Irwin et al. (25). Enzyme reactions were performed
under the standard conditions, and soluble and insoluble fractions were
separated by centrifugation. Levels of reducing sugar in the supernatant
fractions and in the remaining FP strips (after the latter had been washed
three times with reaction buffer and resuspended in the initial volume of
buffer) were determined by the Somogyi-Nelson method. The effect of
different agitation speeds on processivity was determined by incubating
reaction mixtures for 1 h on an orbital shaker water bath operated at 0 to
400 rpm.

RESULTS

Construction and production of EG1 and its derivatives. Sche-
matic representations of EG1 and its derivatives are shown in Fig.
1. All the engineered forms of EG1 were successfully expressed in
P. pastoris and purified by affinity chromatography using Ni-trap
columns. SDS-PAGE revealed that all purified enzymes migrated
as single dominant bands with molecular masses of 48 kDa, 55
kDa, 60 kDa, and 45 kDa, corresponding to EG1, CBM-CBM-CD,
CBM-CD-CBM, and CD, respectively (Fig. 2). These were higher
than the predicted values (42.5 kDa, 49.2 kDa, 49.2 kDa, and 35.7
kDa for EG1, CBM-CBM-CD, CBM-CD-CBM, and CD, respec-
tively), due perhaps to glycosylation.

Circular dichroism spectra (CDS) were determined to elimi-
nate the possibility that improper folding of CBM-CD-CBM and
CD-CBM-CBM was responsible for the observed decreases in en-
zyme activity on CMC. Two clear minima at 210 and 222 nm were
evident in all the spectra (see Fig. S2A and B in the supplemental
material), in accordance with GH5 EG1 having both a-helix and
B-sheet features. CBM-CBM-CD and CBM-CD-CBM spectra
demonstrated relatively high and low contents of anti-parallel
B-sheet and a-helix structures, respectively. Overall, CDS con-
firmed that the recombinant proteins exhibited marked secondary
structure and were properly folded.

Activity and binding affinity of EG1 and its derivatives. Both
CBM-CBM-CD and CBM-CD-CBM displayed markedly lower

kDa

130
95
72

55
43

34

FIG 2 SDS-PAGE of EG1 and its derivatives. Lanes: M, protein markers; 1,
EG1; 2, CBM-CBM-CD; 3, CBM-CD-CBM; 4, CD.
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TABLE 1 Specific activity of EG1, CBM-CBM-CD, and CBM-CD-CBM
on different substrates

Specific activity (IU/pumol)

Enzyme CMC RAC FP
EG1 1470.0 531.3 7.1
CBM-CBM-CD 1127.8 169.6 3.6
CBM-CD-CBM 1016.4 124.0 2.7

specific activities than native EG1 tested using the insoluble sub-
strates RAC (31.9% and 23.3%, respectively) and FP (50.7% and
38%, respectively) (Table 1). Specific activities recorded with the
soluble substrate CMC were also lower (85.5% and 77.1% lower
than the values for EG1) (Table 1). However, evaluation of the
binding capacities of the three enzyme forms for Avicel, RAC, and
FP revealed similar binding patterns in each case (Fig. 3).

Enzymatic action mode of EG1 and its derivatives. EG1 and
its derivatives rapidly decreased the viscosity of CMC, indicating
an endoaction hydrolytic mode (Fig. 4). TLC of the hydrolysis
products released from insoluble celluloses and soluble cello-oli-
gosaccharides revealed that all the enzyme forms displayed the
same enzymatic mode of action on insoluble celluloses. After 24 h,
cellobiose (G2) was the main product released from RAC, to-
gether with smaller quantities of cellotriose (G3) and cellotetraose
(G4) (Fig. 5). None of the enzyme forms hydrolyzed cellotriose,
whereas cellotetraose and cellopentaose were degraded into a mix-
ture of cellobiose and cellotriose (Fig. 6). Quantitative analysis
(using HPAEC-PAD) of the soluble hydrolysis products generated
from FP following treatment with EG1 and its derivatives revealed
asimilar pattern (see Fig. S3 in the supplemental material). G2 was
again the dominant product, and G3 and G4 were minor products
(Table 2). G2, G3, and G4 mol percent values at 24 h ranged
between 67.2 and 77.8%, 17.3 and 25.0%, and 4.3 and 7.8%, re-
spectively. G2 levels generated from the hydrolysis of FP by EG1,
CBM-CBM-CD, CBM-CD-CBM, and CD after 24 h were 6.61-,
10.41-, 5.30-, and 4.07-fold higher, respectively, than the levels
recorded after 0.5 h.

Processivity of EG1 and its derivatives. EG1 gave the highest
soluble/insoluble product ratios under both stationary and agi-
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FIG 3 Binding isotherms of EG1 and its derivatives for different cellulosic
substrates. Reaction mixtures containing different concentrations of recombi-
nant protein (EG1, 1.5 to 13.8 wmol/liter; CBM-CBM-CD, 2.4 to 12.2 pmol/
liter; CBM-CD-CBM, 1.5 to 7.1 wmol/liter) and 10 mg cellulosic substrate in a
final volume of 0.5 ml of 50 mM potassium phosphate buffer (pH 7.5) were
incubated at 4°C with constant agitation in an inversion-action shaker (150
inversions per min). Symbols: ¢, EG1; [0, CBM-CBM-CD; A, CBM-CD-
CBM. Bold lines, RAC; broken lines, FP; dotted lines, Avicel PH-101 (Fluka).
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FIG 4 Viscosity of CMC solutions hydrolyzed by EG1 and its derivatives.
Symbols: &, EG1; [0, CBM-CBM-CD; A, CBM-CD-CBM; O, CD.

tated conditions. After 0.5 h of incubation, the ratio of soluble to
insoluble products reached 3.56 in reaction mixtures containing
EG1 and FP, increasing to 8.56 after 24 h (Fig. 7A). Corresponding
values for CD, which lacked the family 1 CBM, were 2.42 and 6.40,
respectively. Significantly lower processivity was observed during
short-term (0.5 h) incubations in the case of enzyme derivatives
with additional CBMs (0.79 and 0.83 for CBM-CBM-CD and
CBM-CD-CBM, respectively). However, the ratios of soluble/in-
soluble products for both enzyme forms then increased markedly
and reached values similar to EG1 after 24 h (Fig. 7A). The soluble/
insoluble product ratios in reaction mixtures containing CD and
FP ranged from 3.05 to 4.58 when agitation speeds were increased
from 0 to 400 rpm, indicating that mechanical agitation had a
moderate effect on CD processivity. Similarly, a 1.83-fold increase
in processivity (4.34 versus 8.0) was observed for EG1 when the
agitation level was increased from 0 to 100 rpm, but the soluble/
insoluble product ratio decreased slightly at agitation speeds in
excess of 200 rpm. In contrast, 4.09- and 3.99-fold increases in the
soluble/insoluble product ratio were recorded for CBM-CBM-CD
and CBM-CD-CBM, respectively, when the agitation level was
increased from 0 to 300 rpm (Fig. 7B). Total levels of reducing
sugar (soluble sugar plus reducing end groups generated in par-
tially hydrolyzed, insoluble cellulose) in incubation mixtures con-

2 3 45

M 1 2 3 4 5 6

FIG 5 Thin-layer chromatography (TLC) of hydrolysis products from RAC
hydrolyzed by EG1 (A), CD (B), CBM-CBM-CD (C), and CBM-CD-CBM
(D). Lanes: M, glucose unit markers [glucose (G1), cellobiose (G2), cellotriose
(G3), cellotetraose (G4), and cellopentaose (G5)]; 1 to 6, products after incu-
bation for 0.5, 1, 1.5, 2, 6, and 24 h, respectively.
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6 7 8 91011 12

FIG 6 TLC of hydrolysis products from cello-oligosaccharides hydrolyzed by
EG1 and its derivatives. Products released from oligoglucosides G3 to G5 by
EG1 (lanes 1 to 3), CD (lanes 4 to 6), CBM-CBM-CD (lanes 7 to 9), and
CBM-CD-CBM (lanes 10 to 12). Lane M: glucose unit markers [glucose (G1),
cellobiose (G2), cellotriose (G3), cellotetraose (G4), and cellopentaose (G5)].

taining filter paper under stationary and agitation conditions are
shown in Fig. 7C and D.

Enzyme adsorption and desorption under agitated condi-
tions. The effects of different levels of agitation on enzyme ad-
sorption to or desorption from FP are shown in Table 3. Adsorp-
tion of CD on FP was very low and completely reversible, whereas
increased agitation resulted in slightly increased adsorption and
desorption in the case of EG1. At low agitation speeds (100 rpm),
enzyme derivatives with additional CBMs displayed lower adsorp-
tion but higher desorption capacities compared with EG1. When
agitation speeds were increased, lower desorption capacities were
observed for enzyme derivatives with additional CBMs whereas
adsorption capacities differed only marginally.

DISCUSSION

In this paper, we describe the effects of additional CBMs and me-
chanical agitation on the processivity and enzymatic mode of a
glycoside hydrolase family 5 endoglucanase (EG1) from V. volva-
cea. Of the cellulosic substrates tested, the native enzyme exhibited
highest activity on CMC and was less active toward RAC and FP.
EGI and the derived forms rapidly decreased the viscosity of
CMC, indicating an “endo” mode of action. However, unlike clas-
sical endoglucanases that randomly cleave cellulose polymers to
form a variety of degradation products, the primary action of EG1
appeared to be the release of cellobiose as the major end product
from insoluble cellulose substrates such as RAC and FP. There-
fore, EG1 cleavage patterns on insoluble cellulose are the same as
those of Cell from Clostridium thermocellum and Cel5H from S.
degradans, both of which are also reported to release G2 as the
major product from insoluble cellulose (7, 12). However, EG1
differs from a processive endoglucanase from Clostridium phyto-
fermentans (10), Cel9R, a major component in the cellulosome of
C. thermocellum (26), and CelZ from Clostridium stercorarium
(27), all three of which released G4 as the major end product.
Processivity is usually measured by comparing the ratio of reduc-
ing end groups in the soluble and insoluble fractions resulting
from enzyme hydrolysis of filter paper (9, 25). The assay is based
on the proviso that the percentage of soluble reducing sugars re-
leased by processive endoglucanases increases with longer incuba-
tion times whereas the number of reducing end groups in the
insoluble fraction remains basically constant (28). Ratios of solu-
ble to insoluble products for processive endoglucanases acting on
FP for 16 h were estimated to be within the range of 3.1 to 10.3 (8,
28). In this study, the ratios of soluble to insoluble products gen-
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TABLE 2 Oligosaccharide production following FP hydrolysis by EG1 and its derivatives”

Production in pmol/liter (fold increase) or ratio at indicated time

Protein Oligosaccharide(s) 0.5h 2h 8h 24 h

EG1 G2 80.16 (1) 252.82 (3.15) 481.48 (6.01) 529.57 (6.61)
G3 23.65 (1) 60.71 (2.57) 100.10 (4.23) 117.29 (4.96)
G4 6.62 (1) 19.71 (2.98) 30.75 (4.65) 33.65 (5.09)
G2/G3 3.39 4.16 4.81 4.52

CBM-CBM-CD G2 32.25 (1) 203.01 (6.29) 280.69 (8.70) 335.70 (10.41)
G3 11.18 (1) 36.46 (3.26) 60.63 (5.42) 92.15 (8.24)
G4 2.75 (1) 10.58 (3.85) 16.34 (5.94) 22.28 (8.10)
G2/G3 2.88 5.57 4.63 3.64

CBM-CD-CBM G2 32.05 (1) 71.40 (2.23) 112.42 (3.51) 169.76 (5.30)
G3 11.98 (1) 27.74 (2.32) 43.20 (3.61) 63.28 (5.28)
G4 3.29 (1) 9.27 (2.82) 13.82 (4.21) 19.74 (6.01)
G2/G3 2.68 2.57 2.60 2.68

CD G2 59.19 (1) 150.42 (2.54) 194.22 (3.28) 240.61 (4.07)
G3 19.03 (1) 53.03 (2.79) 66.71 (3.51) 78.47 (4.12)
G4 4.37 (1) 12.59 (2.88) 12.99 (2.97) 14.21 (3.25)
G2/G3 3.11 2.84 291 3.06

@ G2, cellobiose; G3, cellotriose; G4, cellotetraose. Values in parentheses represent the fold increase values derived from the ratio of the molar amounts of oligosaccharide released at
the indicated incubation time and at 0.5 h. G2/G3 values represent the fold increases derived from the ratio of the molar amounts of oligosaccharide released by G2 and G3.

erated by EG1 from FP ranged between 3.56 and 8.56 depending
on the reaction time. Taken together, these data strongly suggest
that EGI acts as a processive endoglucanase on insoluble sub-
strates, exhibiting both “endo” (on CMC) and “exo” types of ac-
tivity. Further support for the idea of processive endoglucanases
playing bifunctional roles is provided by the GH5 processive en-
doglucanases identified in the marine bacterium S. degradans and
the brown-rot basidiomycete G. trabeum. Both degrade crystalline
cellulose, and yet no cellobiohydrolase activity has been detected
in either organism. However, V. volvacea has a complete cellulo-

lytic system that includes CBHs, EGs, and B-glucosidases. Fur-
thermore, EG1 has a different modular architecture whereby the
CD is linked to a family 1 CBM instead of CBM6 as in Cel5H. The
enzyme also exhibits very low (less than 32%) amino acid se-
quence identity to other GH5 processive endoglucanases, suggest-
ing that EG1 represents a novel class of processive EGs.

CBMs described so far have been classified into 64 families
based on similarities in their primary and tertiary structures (http:
/Iwww.cazy.org/Carbohydrate-Binding-Modules.html) and dif-
fer widely in terms of binding kinetics and specificity (17, 29).
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FIG 7 Processivity and reducing sugar released from FP by EG1 and its derivatives under stationary (A and C) and agitated (B and D) conditions. Symbols: <,
EG1; [0, CBM-CBM-CD; A, CBM-CD-CBM; O, CD. Values shown are the means of the results of triplicate experiments * standard errors of the means (SE).
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TABLE 3 Binding and desorption capacities of EG1 and its derivatives at different levels of mechanical agitation

Amt £ SE of bound or desorbed protein (mg) or % desorption at indicated speed (rpm)“

Protein Protein or desorption category 100 200 300 400

EG1 Protein bound after 1 h 0.225 £ 0.010 0.238 £ 0.009 0.243 = 0.004 0.255 £ 0.011
Protein bound after 2 h 0.202 = 0.007 0.214 = 0.008 0.216 = 0.006 0.227 £ 0.008
Desorbed protein 0.023 0.024 0.027 0.031
Desorption (%) 10.2 10.1 11.1 12.2

CBM-CBM-CD Protein bound after 1 h 0.216 £ 0.004 0.203 = 0.006 0.198 £ 0.008 0.192 £ 0.005
Protein bound after 2 h 0.153 £ 0.011 0.175 = 0.009 0.185 = 0.002 0.178 £ 0.010
Desorbed protein 0.063 0.028 0.013 0.019
Desorption (%) 29.2 13.8 6.6 9.9

CBM-CD-CBM Protein bound after 1 h 0.182 £ 0.003 0.184 = 0.006 0.194 £ 0.007 0.181 £ 0.009
Protein bound after 2 h 0.146 £ 0.005 0.149 = 0.004 0.165 = 0.003 0.166 = 0.005
Desorbed protein 0.038 0.035 0.029 0.015
Desorption (%) 20.9 19.2 14.9 18.5

CD Protein bound after 1 h 0.072 %= 0.003 0.079 = 0.005 0.069 = 0.002 0.061 = 0.006
Protein bound after 2 h
Desorbed protein 0.072 0.079 0.069 0.061
Desorption (%) 100 100 100 100

“ The binding and desorption values shown represent the means = standard errors of the results of triplicate experiments.

Family 1 CBMs are found almost exclusively in fungi and are
distinct in size and structure from CBMs assigned to other fami-
lies. As type A CBMs, they share similar conformations, with a flat,
hydrophobic surface containing three key aromatic residues that
facilitate binding to crystalline cellulose. The surface containing
these aromatic residues is generally regarded as hydrophobic and
directs the enzyme to matching surfaces on crystalline cellulose 13
(30), which exposes the faces of B-D-glucopyranose rings in the
chair conformation.

In order to clarify the role of the family 1 CBM in the processive
hydrolysis of cellulose by EG1, we compared native EG1 with en-
zyme derivatives containing the CD only or additional CBMs in
terms of catalytic activity, processivity, and mode of enzymatic
action. Although the cleavage patterns on soluble cellodextrins
and insoluble cellulose remained unchanged, removal of the CBM
significantly reduced the ratio of soluble to insoluble products
from FP, indicating a critical role for CBM in EG1 processivity.
However, additional CBMs inserted on either side of the CD had
an adverse effect on EG1 activity and processivity under stationary
conditions, unlike bacterial glycoside hydrolases, where multiple
CBMs act in synergy to bind the enzyme to the target ligand,
thereby increasing the affinity and activity of the enzyme for the
polysaccharide (29, 31). However, additional CBMs may not al-
ways enhance bacterial endoglucanase activity on solid substrates
(32). It should be noted that, unlike the multiple CBMs associated
with bacterial glycoside hydrolases, fungal cellulases usually con-
tain only one family 1 CBM, indicating that additional CBMs are
not required for efficient cellulose hydrolysis in natural environ-
ments. Recently, a gene encoding an atypical multimodular gly-
coside hydrolase family 45 endoglucanase (designated PpCel45A)
bearing five different family 1 CBMs was identified in the P. pas-
toris GS115 genome (33). However, both binding of the enzyme to
crystalline cellulose and hydrolysis of crystalline cellulose and cel-
lohexaose were substantially enhanced when only a single CBM
was present rather than five. This effect may be due to steric hin-
drance, whereby multiple family 1 CBMs prevent the exposure of
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the flat, hydrophobic surface required for interaction with cellu-
lose chains.

Hydrolytic attack on insoluble cellulosic materials by cellobio-
hydrolases is thought to involve initial adsorption of the enzyme
onto crystalline regions of the cellulose surface, formation of pro-
tein-cellulose complexes, catalysis of the initial hydrolytic event to
generate glucose (G1), cellobiose (G2), cellotriose (G3), or cello-
tetraose (G4), subsequent processive attacks along the chain gen-
erating only G2, and, finally, dissociation of the enzyme from the
cellulose chain (34). Accordingly, the degree of processivity exhib-
ited by cellobiohydrolases has been determined by comparing the
ratio of [G2]/([G1] plus [G3]) or [G2]/([G3] plus [G4]) (8,23).In
addition to this proposed sequence of events, processive endoglu-
canases also engage in a nonprocessive random attack on the less
crystalline regions of exposed single cellulose chains, followed by
processive hydrolysis resulting in G2 production (35). This in-
creased generation of G2 (together with G3 and G4) would ac-
count for the significant increase in the soluble/insoluble reducing
sugar ratio recorded after 24 h of hydrolysis of FP by EG1 and its
derivatives (Table 2). We propose that ensuing changes in adsorp-
tion/desorption patterns caused by adding a second CBM affects
the initial interaction between EG1 and the insoluble cellulose
substrate and leads to enhanced random hydrolytic attack and
lower processivity during the early stages of hydrolysis which, in
turn, account for the observed lower soluble oligosaccharide pro-
duction (Table 2, Fig. 7A). Although G2/G3 ratios were used to
estimate substrate-binding modes and/or processivity, it should
be emphasized that these ratios may simply reflect different pref-
erences for two initial binding modes, which release dimers or
trimers, respectively (35, 36). Interestingly, the four enzyme vari-
ants exhibited clear differences in their G2/G3 ratios during the
24-h hydrolysis period (Table 2), supporting the idea of a role for
CBM: s in enzyme activity and processivity.

Although multiple studies have shown mechanical agitation to
have profound effects on cellulase activity and enzyme adsorption
to and desorption from solid substrates, we have found no reports
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relating this parameter to cellulase processivity. Cellulase hydro-
lysis by classical endoglucanases (with or without a CBM) can be
achieved via rapid and constant adsorption and desorption. Con-
sequently, the more readily reversibly bound EGV and EGV core
enzymes from Humicola insolens exhibit higher activity than the
less mobile CenA and CenA core enzymes from Cellulomonas fimi
(22). At first glance, EG1 and derivatives with additional CBMs
appeared to exhibit similar binding properties, but experiments
employing agitated conditions revealed significant differences in
enzyme desorption properties. An additional family 1 CBM im-
proved the processivity of EG1 on insoluble cellulose under highly
agitated conditions. Although the limited data available preclude a
detail description of the adsorption-desorption process, this sug-
gests that the presence of additional CBMs may be advantageous
in promoting extended association of the modular EG1 with the
cellulosic substrate by decreasing the desorption level from insol-
uble celluloses under conditions of high-level agitation. Together,
our data indicate a strong link between enzyme processivity and
adsorption-desorption properties and that high levels of adsorp-
tion combined with low levels of desorption play an important
role in the processivity of processive endoglucanases.
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