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Abstract The filamentous fungi Trichoderma ree-
sei and Penicillium funiculosum produce highly
effective enzyme mixtures that degrade the cellulose
and hemicellulose components of plant cell walls.
Many fungal species produce a glycoside hydrolase
family 7 (Cel7A) cellobiohydrolase, a class of
enzymes that catalytically process from the reducing
end of cellulose. A direct amino acid comparison of
these two enzymes shows that they not only have
high amino acid homology, but also contain analo-
gous N-linked glycosylation sites on the catalytic
domain. We have previously shown (Jeoh et al. in
Biotechnol Biofuels, 1:10, 2008) that expression of
T. reesei cellobiohydrolase I in a commonly used
industrial expression host, Aspergillus niger var.
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awamori, results in an increase in the amount of N-
linked glycosylation of the enzyme, which negatively
affects crystalline cellulose degradation activity as
well as thermal stability. This complementary study
examines the significance of individual N-linked
glycans on the surface of the catalytic domain of
Cel7A cellobiohydrolases from 7. reesei and
P. funiculosum by genetically adding or removing
N-linked glycosylation motifs using site directed
mutagenesis. Modified enzymes, expressed in
A. niger var. awamori, were tested for activity and
thermal stability. It was concluded that N-linked
glycans in peptide loops that form part of the active
site tunnel have the greatest impact on both thermal
stability and enzymatic activity on crystalline cellu-
lose for both the T. reesei and P. funiculosum Cel7A
enzymes. Specifically, for the Cel7A T. reesei
enzyme expressed in A. niger var. awamori, removal
of the N384 glycosylation site yields a mutant with
70% greater activity after 120 h compared to the
heterologously expressed wild type T. reesei enzyme.
In addition, similar activity improvements were
found to be associated with the addition of a new
glycosylation motif at N194 in P. funiculosum. This
mutant also exhibits 70% greater activity after 120 h
compared to the wild type P. funiculosum enzyme
expressed in A. niger var. awamori. Overall, this
study demonstrates that “tuning” enzyme glycosyl-
ation for expression from heterologous expression
hosts is essential for generating engineered enzymes
with optimal stability and activity.
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Introduction

Glycosylation of proteins during synthesis is a com-
mon and functionally important modification that
occurs during the secretion of proteins (Taylor and
Drickamer 2003), resulting in the covalent linkage of
carbohydrates to asparagine (N-linked) or to serine/
threonine (O-linked) residues. N-linked glycans are
typically bonded via f8,1-4 linkages to one (or more)
N-acetylglucosamine (GIcNAc) groups, which in turn
is covalently linked to the amido nitrogen of aspara-
gine via f,1-N bonds. Post-secretory exposure to
extracellular endoglycosidic activities is responsible
for some post-translational modification of many
fungal proteins. Coupled with the initial peptide
glycosylation events occurring in the cytosol and
endoplasmic reticulum, and finishing in the Golgi,
these extracellular processes form an integral compo-
nent of the complex secretory machinery of fungi and
are thought to be essential to the intrinsic function and
stability of many fungal enzymes (Eriksson et al.
2004). Because protein glycosylation is inherently
complex and possibly micro-heterogeneous, the
impact on the structure and function of proteins is
sometimes overlooked, however, the effects of glyco-
sylation can be critically important, especially when
heterologous hosts are used for enzyme production.
The filamentous fungi Trichoderma reesei and
Penicillium funiculosum produce a diversity of glyco-
side hydrolase enzymes that are considered critical for
the saccharification of both the hemicellulose and the
cellulosic components of plant cell walls (Chen et al.
1987; Elshafei et al. 1991; Foreman et al. 2003; Gaur
and Mishra 1990; Lachke et al. 1987; Manchanda et al.
1982). These two fungal species of commercial
importance produce cellobiohydrolase enzymes in
abundant quantities. Furthermore, the cellobiohydro-
lases produced by these fungal species are similar in
primary sequence (60% overall identity), but differ
markedly in their rates and extents of cellulose
hydrolysis, with P. funiculosum having approximately
twice the activity on crystalline cellulose compared to
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the T. reesei enzyme (Adney et al. 2003). In T. reesei,
additional modification of the original glycan content
is also thought to occur extracellularly from the action
of an endogenous endoglycosidase-H enzyme (Stals
et al. 2004).

Cellobiohydrolases, such as those produced by
T. reesei and P. funiculosum, generally have a multi-
domain structure characterized by a catalytic domain
and a carbohydrate-binding module (CBM) separated
by a linker peptide. Cellobiohydrolases are believed to
act processively from either the reducing or the non-
reducing ends of a cellulose chain, releasing successive
cellobiose (and in some cases, glucose) molecules. The
T. reesei and P. funiculosum cellobiohydrolases used
in this study both process from the reducing end and
have been classified according to the CAZY database
as belonging to the glycoside hydrolase family 7
(Adney et al. 2003). The original Genbank submission
of the P. funiculosum sequence described this enzyme
as a xylanase/cellobiohydrolase and was designated
XynA. For simplicity, we refer to this protein as the
Cel7A enzyme from P. funiculosum.

Both O-linked and N-linked glycosylation are pre-
valent in fungal cellobiohydrolases: O-linked glycosyl-
ation occurs at the hydroxyl groups of serine (S) and
threonine (T) residues in the linker region and N-linked
glycosylation occurs at the asparagine (N) residues in the
consensus sequence motif of N-X-S/T in the catalytic
domain. In 7. reesei, the cellobiohydrolase appears in
culture filtrates as several isoforms with similar reported
catalytic and adsorption properties (Medve et al. 1994,
1998). In studies of expressed and secreted 7. reesei
cellobiohydrolases, the considerable heterogeneity
observed for the linked glycans can been attributed to
both the strain and growth conditions (Eriksson et al.
2004). Recently, the predominant N-linked glycans
associated with 7. reesei Cel7A have been reported to
be (ManP)q_;GlcMan;,_gGlcNAc, for the hyper-produc-
ing strains and (Man;_,P)y_;_,Mans_g 7GIcNAc, for the
wild type [WT] strain (Eriksson et al. 2004). Isoforms
observed for 7. reesei Cel7A are thought to be due,
in part, to the random substitution of glycans on the
N-glycosylation sites (Stals et al. 2004; Medve et al. 1998).
Because of its complexity, the importance of N-linked
glycosylation for secretion and stability of extracellular
enzymes from filamentous fungi has not been clearly
established (Adney et al. 2003; Chen et al. 1993; Eriksen
et al. 1998). The widespread occurrence of the highly
O-glycosylated linker, however, seems to indicate an
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essential stabilization function for this peptide and may
also define limits of the conformational diversity of this
linker (Receveur et al. 2002). It is clear that when
Trichoderma is used for the heterologous expression of
foreign genes, or when Trichoderma genes are expressed
in heterologous hosts, a detailed understanding of the
endogenous glycosylation pathways becomes essential.

The initial adsorption of cellobiohydrolases on solid
substrates is undoubtedly an important initial step in
processivity and hydrolysis. Deviations from the
optimal initial binding conformation of the enzyme
to substrate will likely occur if the enzymes are not
properly processed during secretion, whether from
homologous or heterologous hosts. Alternatively, the
engineering of new N-linked sites on the protein
surface may offer an opportunity to improve the
binding or activity characteristics of these enzymes.
Having a clear understanding of the structure and
complexity of glycans linked to cellobiohydrolases
should provide insight into the design of more stable
and active enzyme mutants.

To this end, we presented a study of the biophys-
ical properties of the T. reesei Cel7A cellobiohydro-
lase expressed in Aspergillus niger var. awamori
(Jeoh et al. 2008). We reported that the recombinant
T. reesei Cel7A enzyme exhibits six times the amount
of N-linked glycosylation compared to the native
T. reesei enzyme purified from a commercial prep-
aration, as well as reduced activity and increased
non-productive binding on both crystalline and acid-
swollen cellulose (Jeoh et al. 2008).

As a complement to our previous work, we present
here a study of the stability and activity of the Family
7 cellobiohydrolases from 7. reesei and P. funiculo-
sum expressed in A. niger var. awamori. In this study,
these enzymes are referred to as 7. reesei rCel7A and
P. funiculosum rCel7A, respectively. We systemati-
cally evaluate the role of N-linked glycosylation by
genetically eliminating or adding glycosylation sites
and then analyzing the resulting enzyme for thermal
stability and activity on crystalline cellulose.

Materials and methods

Acquisition of the cellobiohydrolase genes

Acquisition of the cel7a gene from T. reesei and
expression of the gene product in A. niger var.

awamori has been described in our previous study
(Jeoh et al. 2008). The cel7a gene from Penicillium
Sfuniculosum (ATCC62998) was acquired from geno-
mic DNA using PCR with primers based on the
published GenBank sequence for P. funiculosum
xylanase/cellobiohydrolase (AJ312295) (Adney et al.
2003) as previously described. The resulting PCR
product was cloned into the vector pGEM so that it
contained the entire cel7a coding sequence including
the WT signal sequence. This plasmid was then used
to construct the pFE2 expression vector for A. niger
var. awamori and to perform site-directed mutations
of N-linked glycosylation sites. Using this approach,
primers were designed that isolated the translated
portion of the cel7a gene sequence and added
convenient restriction enzyme sites for cloning. Pfu
polymerase, a polymerase with proofreading ability
and high fidelity, was obtained from Stratagene (San
Diego, CA) and used for all PCR reactions. Inserts
containing the cel7a gene were prepared by gel
purification of the PCR products followed by restric-
tion digestion and directional cloning into the appro-
priate expression vector. Confirmation of the cel7a
gene and the resultant gene product was based on
DNA sequencing. The cel7a gene from T. reesei was
acquired from cDNA as previously described (Laymon
et al. 1996).

Modified proteins were produced using genes
cloned from either cDNA or genomic DNA and
expressed in A. niger var. awamori under the control
of the A. niger glucoamylase promoter using the
Escherichia coli/Aspergillus shuttle vector pFE2.
Using the ProtParam tool available through ExPASy,
the mature P. funiculosum enzyme consists of a 504-
residue glycoprotein with a calculated molecular
weight of 52,436 Daltons, whereas the mature
T. reesei enzyme consists of a 497-residue glycopro-
tein with a calculated molecular weight of 52,247
Daltons. The sequences of the Cel7A enzymes are
shown in Fig. 1. The T. reesei enzyme has three
N-linked glycosylation sites (N45, N270 and N384)
with an unlinked motif at N64. Similarly, the
P. funiculosum enzyme has three N-linked sites at
positions N45, N387 and N430, with a potential motif
at N194 (e.g., structurally analogous to the N64 in
T. reesei). In order to evaluate the role of N-linked
glycosylation on the activity and stability of these
enzymes, we established a library of mutants that
were systematically modified by the elimination (or
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P. funiculosum Cel7A

malnsfnmyk
NWRWVHGVNT
TGSNVGSRTY
NNKAGAQYGV
SISEALTPHP
VDTTKPFTVV
EISTFGGTAS
RGTCATTSGD
STSTSSTSTG

salllgslla
STNCYTGNTW
LMADNTHYQT
GYCDSQCPRD
CDTPGLSVCT
TQFVTNDGTS
FSKHGGLTNM
PKTVESQSGS
TGVAGH

T. reesei Cel7A

myrklavisa
TNSSTNCYDG
VGARLYLMAS
GAKYGTGYCD
ALTPHPCTTV
TTKKLTVVTQ
SDKGGLTQFK
PAQVESQSPN
HY I

flataraQSA
NTWSSTLCPD
DTTYQEFTLL
SQCPRDLKFI
GQEICEGDGC
FETSGAINRY
KATSGGMVLV
AKVTFSNIKF
YSGPTVCA,

tagaQQIGTY
NSAICDTDAS
FDLLNQEFTF
LKFIAGQANV
TDACGGTYSS
TGSLSEIRRY
AAGMEAGMVL
SYVTFSDIRV

TGPTT

CTLQSETHPP
NETCAKNCCL
GNEFSFDVDV
NGQANVEGWE
GGTYSDNRYG
YVONGVTFQQ
MSLWDDYYAN
GPIGSTGNPS
TTCQVLNPYY

TAETHPSLSW
CAQDCALDGA
TVDVSHLPCG
EGWTPSANNA
DRYAGTCDPD
YVONGVVIPQ
VMSLWDDYAV
GPFNSTFSGG
TTCT

LTWQKCSSGG
DGAAYASTYG
SQLPCGLNGA
PSSNNANTGI
GTCDPDGCDW
PNAELGSYSG

STCKSGGSCT
DYSGTYGITT
LNGALYFVTM
NTGIGNHGAC
GCDFNPYRLG
PSSKISGISG
NMLWLDSTYP
SSTGGSTTTT

TCTQQTGSVV
VITSGNSLSI
LYFVSMDADG
GGHGSCCSEM
NPYRLGNTSF
NELNDDYCTA

MLWLDSTYPT NETSSTPGAV

GGNPPGGNPP GTTTTRRPAT

L

TNSGAITLDA
SGNSLRLNFV
DADGGVSKYP
CAELDIWEAN
VIDFYGSGKT
NVINSDYCAA
TNATGTPGAA
ASRTTTTSAS

IDANWRWTHA
GFVTQSAQKN
GVSKYPTNTA
DIWEANSISE
YGPGSSFTLD
EEAEFGGSSF
RGSCSTSSGV
TTGSSPEPTQ

Fig. 1 Amino acid sequence of Cel7A enzymes from
P. funiculosum and T. reesei. The sequence is derived from
DNA sequencing with the CBM underlined, the linker domains

addition) of N-linked glycosylation motifs. Following
the expression and purification of each mutant, we
conducted an examination of the thermal stability and
kinetic performance on bacterial crystalline cellulose
to establish the relative importance of each N-linked
glycosylation site.

Culture and growth conditions

Escherichia coli DH5a was cultured in LB (Luria
Broth) at 37 °C and 250 rpm whereas A. niger
var. awamori ATCC22342 and P. funiculosum
ATCC62998 were grown in CM media (per liter:
glucose 10 g, yeast extract 5 g, tryptone 5 g, and
50 mL Clutterbuck’s salts solution, pH 7.5) at 29 °C
and 250 rpm. Clutterbuck’s salts contain 120 g/L
NaNO3;, 10.4 g/L. KCl, 10.4 g/LL MgSO, - 7TH,0 and
30.4 g/L. KH,PO,. For the selection and maintenance
of pFE2 and its derivatives, antibiotics were supple-
mented to the media at the following concentrations:
Zeocin (Z or Zeo), 170 pg/mL for the initial selection
of A. niger var. awamori transformants, 300 pg/mL
for the growth of transformants for cellulase produc-
tion, and Ampicillin (Amp), 100 pg/mL for E. coli.
For the agar media, Bacto Agar (Difco) was added to
CM at 2% and LB at 1.5%.
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in italics, and the signal sequence designated in lower case
letters. Putative N-linked sites modified in this study are in bold
and underlined on the respective enzymes

Modification of N-linked glycosylation sites

Mutants with targeted amino acid substitutions were
generated following the protocol supplied with the
QuickChange™  Site-Directed Mutagenesis ~ Kit
(Stratagene, San Diego, CA). Mutagenic primers
containing the desired mutation were designed and
synthesized at Macromolecular Resources (Colorado
State University, Fort Collins, CO). Mutations were
confirmed by DNA sequencing. The primer sequences
used for all enzymes in this study are shown in
Table 1.

Cellobiohydrolase purification

The purification of all of the Cel7A enzymes was
performed as previously described (Adney et al.
2003). Fungal hyphae were removed from 1-L shake
flask growths by passing the broth first through
Miracloth and then through glass fiber filters. The
broth was concentrated and extensively diafiltered
with 20 mM Bis-Tris, pH 5.8 buffer and applied to a
HiPrep 16/10 DEAE FF column (Amersham Biosci-
ences) equilibrated with 50 mM Bis-Tris, pH 5.8
buffer with a flow rate of 10 mL/min. The column
was washed extensively with equilibration buffer and
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Table 1 Primers for

. T. reesei rCel7A
mutant expression

N45A 5'-GGACTCACGCTACGGCCAGCAGCACGAACTGC-3'

N45A 5'-GCAGTTCGTGCTGCTGGCCGTAGCGTGAGTCC-5'

N270A 5'-CCCATACCGCCTGGGCGCCACCAGCTTCTACGGCCC-3'

N270A 3'-GGGCCGTAGAAGCTGGTGGCGCCCAGGCGGTATGGG-5

N384A 5'-GGACTCCACCTACCCGACAGCCGAGACCTCCTCCACACCCG-3

N384A 3-CGGGTGTGGAGGAGGTCTCGGCTGTCGGGTAGGTGGAGTCC-3'
P. funiculosum rCel7A

N45A 5'-GGGTCCATGGTGTCGCTACCAGCACCAACTGCTACACTGGC-3

N45A 5'-GCCAGTGTAGCAGTTGGTGCTGGTAGCGACACCATGGACCC-3’

N388A 5'-GGCTCGACAGCACCTACCCTACTGCTGCGACTGGTACCCCC-3’

N388A 5'-GGGGGTACCAGTCGCAGCAGTAGGGTAGGTGCTGTCGAGCC-3'

N430A 5'-CGGGTTGGTCCTTTCGCTTCTACGTTCAGCGG-3'

N430A 5'-CCGCTGAACGTAGAAGCGAAAGGACCAACCCG-3'

A196S 5'-CGCCCTCCGCCAACAACTCCAACACTGGAATTGGC-3

A196S 5'-GCCAATTCCAGTGTTGGAGTTGTTGGCGGAGGGCG-3'

the bound fraction eluted with a linear gradient of
0.0-0.5 M NaCl in the same equilibration buffer.
Fractions containing the Cel7A enzyme were pooled,
concentrated and subjected to size exclusion chro-
matography using a Superose 12 Prep grade 35/600
column in 20 mM acetate, 100 mM NaCl, pH 5
buffer. The purity was confirmed as a single band
using a NuPage 4-12% Bis-Tris gradient gel and
MOPS-SDS buffer (Invitrogen) following the man-
ufactures recommended conditions.

Production of bacterial cellulose

For the cellulose hydrolysis experiments, bacterial
cellulose (BC), a highly recalcitrant, pure cellulose
substrate was used because it represents a chemically
clean form of crystalline cellulose. BC was produced
as previously described (Jeoh et al. 2008) in static
cultures of Gluconacetobacter xylinus sbsp sucrofer-
mentans (ATCC 700178) in Hestrin Schramm
medium (Hestrin and Schram 1954) with 1% (v/v)
ethanol (Krystynowicz et al. 2002). The initial
inoculum was prepared by growing frozen G. xylinus
culture in 50 mL of the same medium (HS + 1%
EtOH) at 26 °C for 3 days under static conditions. At
the end of the 3 days, the culture flask was shaken
vigorously to remove the cells from the pellicle. The
cells in the supernatant were pelletized and used to
inoculate 75 mL media in 750 mL rectangular tissue
culture flasks. Production cultures were incubated at

26 °C for 5-7 days without agitation. At the end of
the production period, the cells were re-pelletized and
used in fresh media for growing subsequent batches
of BC. The BC pellicles were washed according to a
protocol outlined by Helbert and coworkers (Helbert
et al. 2003) with the following modifications:
following neutralization from the alkali wash, the
cellulose pellicles were incubated in a 0.3% bleach
solution (in 4 mM sodium acetate buffer) for 2 h at
70 °C. The pellicles were rinsed three times with
distilled water to remove the bleach solution. Fol-
lowing the final water rinse, the pellicles were re-
suspended in 5 mM sodium acetate, pH 5.0 buffer
with 0.04% NaN; and homogenized in a food
processor. A final concentration of 1.9 mg/mL (stan-
dard deviation of 0.12 mg/mL) was determined from
triplicate oven dry weights of 3 mL suspensions. The
stock BC suspension was stored at 4 °C.

rCel7A stability by differential scanning
calorimetry

Overall protein stability was measured by differential
scanning microcalorimetry using a Microcal model
VP-DSC calorimeter (Microcal, Inc., Northampton,
MA), with data analysis by means of Origin for DSC
software (Microcal). Thermograms were collected for
samples containing 50 pg/mL protein at pH 5.0 in
20 mM sodium acetate with 100 mM NaCl. The
calorimeter scan rate was 60 °C/h.
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rCel7A N-glycan analysis by mass spectrometry

Oligosaccharide heterogeneity in the rCel7A
enzymes was determined using matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-
MS). For the MALDI-MS experiments, 1 pL of
purified sample was mixed with 1 pL of sinapinic
acid (10 mg/mL in 50% acetonitrile, 0.1% trifluoro-
acetic acid). The mixture was spotted on the MALDI-
MS target and allowed to dry in the open air. The
sample was analyzed by an Ultraflex-TOF/TOF mass
spectrometer (Bruker Daltonics, Billerica, MA) in
positive ion, linear mode using a 25 kV accelerating
voltage. External calibration was performed using a
six-protein calibration mixture on a spot adjacent to
the sample.

Cellulose hydrolysis time course experiments

Reactions containing 1.0 pM cellulase and 1.0 mg/mL
BC in 0.25 mL reaction volumes were conducted at
38 °C. Triplicate reactions were incubated for each of
0.25, 0.5, 1, 2 and 4 h durations. Each reaction was
setup by preparing the appropriate dilution of cellu-
lase in 1.5 mL microcentrifuge tubes. BC was pre-
incubated at 38 °C for a minimum of 30 minutes. The
reactions were initiated by addition of the pre-
incubated substrate and terminated by separating the
liquid and solid phase by filtration using a manifold
filtration system equipped with a 96-well 1.0 uM
glass fiber filter frit (Innovative Microplate, Chico-
pee, MA). The liquid phase was assayed for reducing

sugar concentration by the disodium-2,2’-bicinchon-
inate method (Doner and Irwin 1992) using cellobi-
ose for the standard curve.

Results
Expression of rCel7A genes

Table 2 lists the mutants examined in this study:
three mutants of 7. reesei rCel7A, four mutants of
P. funiculosum rCel7A, and the recombinant WT
enzymes of both species. The glucoamylase promoter
and the TrpC terminator from A. niger var. awamori
were used to promote and terminate transcription.
Using this construct, the recombinant proteins were
secreted into the culture medium and were purified
using column chromatography. The purity of the
enzyme preparation and the molecular weights were
determined using SDS-PAGE, as shown in Fig. 2 and
by MALDI-MS, as listed in Table 2. The replacement
of asparagine with alanine resulted in a lower
apparent molecular weight attributable to the removal
of glycosylation at the glycosylation sites. In the case
of the P. funiculosum enzyme, the replacement of the
alanine at site 196 with either threonine or serine
resulted in a new N-linked motif at N194. For the
T. reesei enzyme, replacement of asparagine with
alanine at site 45 resulted in an unstable protein,
whereas the analogous site for the P. funiculosum
produced a stable mutant protein.

Table 2 Characteristics of

purified mutant proteins rCel7A MALDI-MS Theoretical Trnax Comment
produced in this study enzyme MW (kDa) Pl €O
T. reesei 1Cel7A
Wild type 61.8 4.51 65.4 Wild type sequence
N45A - - - Unstable protein
N270A 59.8 4.51 65.4 N-linked site removed
N384A 60.2 4.51 63.4 N-linked site removed
P. funiculosum rCel7A
Wild type 65.1 4.56 67.5 Wild type sequence
N45A 65.7 4.56 67.2 N-linked site removed
N388A 64.1 4.56 65.6 N-linked site removed
N430A 64.2 4.56 66.6 N-linked site removed
A196S 68.4 4.56 66.5 Added N-link at N194
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Fig. 2 Invitrogen 4-12% gradient NuPage gel with MOPS
buffer. Lane 1 Mark 12 Std with weight markers included in
kDa, 2 T. reesei rCel7A, 3 T. reesei N270A, 4 T. reesei N384A,
5 Mark 12 Std, 6 P. funiculosum rCel7A, 7 P. funiculosum
N45A, 8 P. funiculosum N388A, 9 P. funiculosum N430A, 10
P. funiculosum A196S

Structural comparisons of the rCel7A enzymes

Structural examination of the glycosylation motifs
found in the sequences of these two proteins shows
similar placement of the N-linked glycosylation sites
on the surfaces of the two proteins as illustrated by a
homology model of the P. funiculosum enzyme and
the published structure for 7. reesei Cel7A (lcel)
(Divne et al. 1994). The 3-D model for the
P. funiculosum Cel7A enzyme was created using

Fig. 3 a P. funiculosum
Cel7A enzyme with labeled
glycosylation sites. The
cellulose chain in the
catalytic domain is taken
from the 7. reesei crystal
structure. b 7. reesei Cel7A
enzyme with labeled
glycosylation sites (Divne
et al. 1994)

the software package Modeler (Accelrys, Inc. San
Diego, CA) using the PDB template of T. reesei
(Icel) as a model structure (Divne et al. 1994). The
recommended values in the Modeler software were
used to build the homology models. Similarities
between the potential glycosylation sites for these
two enzymes are illustrated in Fig. 3.

MALDI-MS results

The MALDI-MS results for the rCel7A enzymes are
shown in Table 2. The two T. reesei rCel7A mutants
exhibit a lower molecular weight, as expected. For
the P. funiculosum rCel7A mutants, the N388A and
N430A mutants exhibit lower molecular weights,
whereas the A196S addition motif shows a signifi-
cantly higher molecular mass. The P. funiculosum
N45A mutant, however, shows roughly equivalent
molecular weight to the rCel7A WT enzyme. This
finding indicates little or no glycosylation at the
N45A site, which has been observed earlier (Jeoh
et al., unpublished results).

Differential scanning calorimetry analysis

DSC was used to evaluate the thermal stability of the
rCel7A enzymes. The P. funiculosum rCel7A and
T. reesei rCel7A exhibit a 1.8 °C difference in
thermal transition temperature, as shown in Table 2.
The higher thermal transition temperature for the
P. funiculosum enzyme likely indicates either differ-
ences in the peptide secondary structure or differ-
ences in the extent and nature of the glycosylation of
these two enzymes (or a combination of both).
Results from DSC studies of the recombinant
N-linked glycosylation mutants of 7. reesei rCel7A
and P. funiculosum rCel7A are shown in Table 2.
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These results illustrate the conserved sensitivity asso-
ciated with sites N384 and N388 in T. reesei and P.
funiculosum, respectively, compared to the proteins
expressed using the WT genes and the other N-linked
mutants. For the P. funiculosum enzyme, the addition
of the N-linked motif at N194 results in an approx-
imately 1 °C reduction in the thermal denaturation
temperature.

The role of N-glycosylation on T. reesei rCel7A
activity

In the current study, two glycosylation mutants of
T. reesei Cel7A, N270A and N384A, were success-
fully expressed and produced in A. niger var.
awamori. The digestion curves for these mutants
and the T. reesei 1Cel7TA WT enzyme acting on
bacterial cellulose (BC) are shown in Fig. 4.

The loss of the glycosylation site at position 270
leads to marginal improvements in activity over that
of the rCel7A WT enzyme. A profound effect on the
hydrolysis of BC was observed when the glycosyl-
ation site at position 384 was eliminated. The N384 A
mutant continued to digest BC for 120 h after the
activities of both the rCel7A WT and the N270A
mutant enzymes reached a plateau.

The role of N-glycosylation on P. funiculosum
rCel7A activity

The activity of the P. funiculosum rCel7TA WT
enzyme was approximately equal to that of 7. reesei
rCel7A WT, as shown in Fig. 5. The low hydrolysis
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Fig. 4 Extent of hydrolysis time course for the 7. reesei

rCel7A WT and two mutant enzymes: N270A and N384A
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Fig. 5 Extent of hydrolysis time course for P. funiculosum
rCel7A WT and the four single mutants: N45A, N388A,
N430A, and A196S

extents due to rapid drops in hydrolysis rates on BC
indicate that both cellobiohydrolases were limited by
the crystallinity of the substrate. Four single glyco-
sylation mutants of the P. funiculosum enzyme
(N45A, N388A, N430A, and A196S) were success-
fully expressed and purified from A. niger var.
awamori. All mutations resulted in higher extents of
BC hydrolysis. In each case, the mutants maintain
higher hydrolysis rates in the 120-h period compared
to the P. funiculosum rCel7A WT enzyme. Consistent
with the previous observation for the case of the
T. reesei rCel7A N384A mutant (analogous to N388
in P. funiculosum Cel7A), eliminating the glycan at
N388 on P. funiculosum rCel7A resulted in signifi-
cantly improved activity over the heterologously
expressed P. funiculosum rCel7A WT enzyme.
However, the N388A mutant exhibits nearly identical
cellulose digestion activity to the N45A and N430A
mutants. The A196S mutant, with the additional
glycosylation site at N194, sustained higher hydroly-
sis rates longer than any of the other mutants tested or
any of the P. funiculosum rCel7TA WT enzymes (by
70% after 120 h).

Discussion

To determine the contribution of N-linked glycosyl-
ation to the stability and activity of family 7
glycoside hydrolases, we compared homologous
N-linked sites of two closely related enzymes, the
Cel7A enzymes from P. funiculosum and T. reesei
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expressed in an industrially important expression
host, A. niger var. awamori. These enzymes have
greater than 60% sequence homology and have
structurally conserved N-linked glycosylation sites
as shown in Fig. 3.

The effects of T. reesei Cel7A glycosylation on the
digestion of BC can be predicted in part by the
location of the N-linked motifs on the enzyme surface
(Fig. 3b). There are three N-glycosylated sites on the
catalytic domain of 7. reesei Cel7A: N45 is located
near the entrance to the catalytic site tunnel, N270 is
located near the distal end (cellobiose-releasing) of
the tunnel, and N384 is located at the “bottom” or
cellulose-crystal-proximal surface of the enzyme on a
peptide loop (amino acids 367—403), which partially
forms the catalytic tunnel. Only two of the three
mutant enzymes, rCel7A N270A and N384A, were
successfully expressed for characterization, suggest-
ing that the glycan at N45 is involved in stabilization
of the protein. Analyses of the glycans on Cel7A
from various strains of 7. reesei have shown that N45
and N384 are typically glycosylated with an N-acetyl
glucosamine residue (GInNAc), whereas the glycan
at N270 can vary from a single GInNAc residue to
large mannose structures such as GInNAc,Mang (Hui
et al. 2001).

We find that the glycan at N384 has the greatest
effect on the activity of T. reesei rCel7A on BC
substrates (Fig. 4). N384 is situated on the bottom
surface of the catalytic domain, on a loop (amino
acids 367-403) that partially defines the tunnel shape
at the distal end of the enzyme as illustrated in
Fig. 3b. The absence of a glycan at N384 resulted in
the improvement of the activity of this mutant by
70% after 120 h compared to the WT rCel7A. One
possible explanation for the increased hydrolytic
effectiveness of the N384 A mutant enzyme is that the
host-applied glycosylation at N384, which is consid-
erably more extensive than that present at this
position in the WT enzyme expressed from 7. reesei,
may function as a “spacer”, limiting the ability of the
catalytic domain to approach closely to the cellulose
surface. This glycan chain may thus perturb the
ability of the catalytic domain to attain optimal
alignment with cellulose chains or chain ends. If this
steric hindrance exists, it is possible that for the
rCel7A enzymes bound by their CBMs to the
cellulose surface, the process of threading the cellu-
lose chain productively into the active-site tunnel

may be significantly hindered by the greater distance
of the catalytic domain from the surface. This
hypothesis suggests that the catalytic domain of the
rCel7A WT enzyme eventually stalls on the substrate
surface, with the threading of a cellulose chain into
the active-site tunnel arrested at a point short of
productive engagement. Alternatively, the absence of
a large glycan at position 384 (as seen in mutant
N384A) may in fact allow the enzyme to acquire a
“tighter hold” on the substrate within its active site
tunnel, thus improving the processivity of the
enzyme. This concept is especially consistent with the
model proposed in references (Varrot et al. 1999;
Armand et al. 1997), where the loops of the active site
tunnel are thought to slightly separate to accommodate
new substrate. A large glycan at N384 may act as a
wedge that impedes this mechanism by hindering the
closing of the loops or as a cross linker, which interacts
with surface residues on both sides of the cleft.

The crystal structure of the catalytic domain of
P. funiculosum Cel7A is not currently available.
However, functional implications of the structure can
still be examined by backbone threading of the
P. funiculosum sequence to that of its homologue,
Talaromyces emersonii (1q9h; Grassick et al. 2004;
Grassick et al. 2003). The modeled structure of
P. funiculosum Cel7A (Fig. 3) is similar to the
structure of 7. reesei Cel7A. For example, the
glycosylation sites at N45 and N388 are analogous
to N45 and N384 on the 7. reesei catalytic domain,
respectively. The second analogous glycosylation site
for the two cellobiohydrolases (N384 on T. reesei and
N388 on P. funiculosum), have similar effects on the
activity on BC, as shown in Fig. 5. In addition,
whereas T. reesei Cel7A has a third glycosylation site
near the distal end of the catalytic tunnel (N270),
P. funiculosum Cel7A has a third site near the linker
peptide attachment site (N430A). This linker peptide
begins at G435. At this position, the glycan can
potentially interact with the linker peptide. The
absence of a glycan chain at this position (e.g.,
T. reesei Cel7A and the P. funiculosum mutant
N430A) may in fact increase the linker peptide’s
degree of freedom on the catalytic domain and allow
the enzyme to attach to a recalcitrant substrate more
effectively, thus increasing total bound concentration.
The increased association of the enzyme to the
substrate may also increase the probability of locating
a reducing end on the substrate, thereby resulting in a
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higher rate of hydrolysis extents. Interestingly,
whereas the N45A mutant of 7. reesei rCel7A could
not be expressed in active form, the analogous mutant
in P. funiculosum rCel7A was readily expressed. The
location of this glycosylation site appears to be
similar for the two enzymes, which suggests that
differences in the size and composition of the glycan
may be a factor in its stability. Overall, the individual
elimination of any of the three N-linked glycosylation
sites at N45, N388, and N430 in the P. funiculosum
enzyme yields three mutant enzymes with improved
activity compared to the WT recombinant enzymes,
as shown in Fig. 5.

Whereas the three elimination mutants of P. funi-
culosum yielded similar activities, the addition of a
new glycosylation motif around N194 in the P.
funiculosum enzyme proved especially interesting in
terms of cellulose degradation activity. In the WT
sequence, N194 is not part of an N-glycosylation motif
(N-X-S/T) and thus not glycosylated (Fig. 1). Glyco-
sylation of this site may be expected to impart steric
hindrance between the enzyme and the substrate
surface, however. In contrast to the N388 glycan,
which is located on the “bottom” (cellulose-crystal-
facing side) but nearer the exit to the active-site tunnel,
the N194 glycan (A196S mutant) is located in a loop
near the proximal end (entrance) of the active site
tunnel (amino acids 192-198). Furthermore, addition
of a glycan to this loop could affect the geometry of the
active site tunnel. Figure 5 shows that the introduction
of a glycan chain at N194 actually improves rCel7A
enzyme activity by approximately 70% after 120 h
compared to the recombinant WT enzyme. We spec-
ulate that the additional glycan introduced into the
space between the catalytic domain and the cellulose
surface may deter non-specific interaction with the
substrate surface. This mutant (A196S) exhibited
significantly higher hydrolysis rates in the latter (50-h
onward) time course of the 120-h digestion on BC,
although this effect was not as prevalent on phosphoric
acid swollen cellulose (data not shown). The A196S
mutation, therefore may help the enzyme overcome
late-stage cellulose recalcitrance.

Conclusions

This study was intended to examine the effects of
glycosylation on heterologously expressed 7. reesei
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and P. funiculosum Cel7A enzymes, which are
industrially relevant enzymes for the conversion of
lignocellulosic biomass. A. niger var. awamori was
used as the expression host. We created a library of
mutant 7. reesei and P. funiculosum rCel7A enzymes
by the removal and/or the addition of specific
N-linked glycosylation motifs using site-directed
mutagenesis to probe the effect of individual
N-linked glycosylation sites on enzyme stability and
activity on crystalline cellulose.

It was found that when the two analogous glyco-
sylation sites, N384 on the 7. reesei enzyme and
N388 on the P. funiculosum enzyme, were modified
by the replacement of the asparagine with alanine,
both enzymes showed higher rates and extents of
hydrolysis compared to their respective rCel7A WT
enzymes. Specifically for the 7. reesei rCel7A
enzyme, eliminating the N384 site imparts up to
70% greater activity compared to the rCel7A WT
enzyme. In addition, sustained activity on the crys-
talline cellulose (BC) suggests that these enzymes
have improved processivity. These findings suggest
that the presence of covalently linked glycans at the
base of the active site tunnel (defined by seven
peptide loops in the enzyme) may inhibit loop
flexibility by interacting with the charged surface
amino acid residues in the vicinity of N384 and
N388. This conclusion is consistent with our postu-
late that Cel7A enzymes may be described as “hinge
proteins”, with a clamshell configuration (oriented
with the hinge opposite the side interacting with
cellulose). Thus, the interaction of loops and perhaps
glycans at the surface helps to limit the motion of the
hinge. In the case of P. funiculosum rCel7A, a
glycoslylation motif at N194 exhibited increased
activity over the heterologously expressed WT
enzyme.

In this study, we established the contribution of
glycan attachment to the intrinsic biological functions
and stability of these enzymes. We present compel-
ling evidence that glycans on the peptide loop near
the active site entrance of these enzymes influence
the activity of the enzymes and may be a target
for improvement of specific enzyme performance.
The fundamental principles and findings described in
this study are directed toward understanding cellu-
lase enzymes, specifically family 7 cellobiohydrolas-
es, but are likely to apply to the heterologous
fungal expression of other important biomass
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degrading enzymes, such as hemicellulases and
accessory enzymes.
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