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a b s t r a c t

Filamentous fungi secrete a wide range of enzymes, including cellulases and hemicellulases, with poten-
tial applications in the production of lignocellulosic biofuels. Of the cellulolytic fungi, Hypocrea jecorina
(anamorph Trichoderma reesei) is the best characterized in terms of cellulose degradation, but other cel-
lulolytic fungi, such as the model filamentous fungus Neurospora crassa, can serve a crucial role in build-
ing our knowledge about the fungal response to biomass due to the many molecular and genetic tools
available for this organism. Here we cloned and expressed GH5-1 (NCU00762), a secreted endoglucanase
in N. crassa. The protein was produced using a ccg-1 promoter under conditions in which no other cellu-
lases are present. Native GH5-1 (nGH5-1) and this recombinant GH5-1 (rGH5-1) were purified to gauge
differences in glycosylation and activity; both rGH5-1 and nGH5-1 were similarly glycosylated, with an
estimated molecular weight of 52 kDa. On azo-carboxymethylcellulose, rGH5-1 activity was equal to that
of nGH5-1, and on cellulose (Avicel) rGH5-1 was 20% more active. The activity of a GH5-1-GFP fusion
protein (rGH5-1-GFP-6xHis) was similar to rGH5-1 and nGH5-1. To determine the binding pattern of
catalytically active rGH5-1-GFP-6xHis to plant cell walls, Arabidopsis seedlings were incubated with
rGH5-1-GFP-6xHis or Pontamine Fast Scarlet 4B (S4B), a cellulose-specific dye. Confocal microscopy
showed that rGH5-1-GFP-6xHis bound in linear, longitudinal patterns on seedling roots, similar to S4B.
The functional expression and characterization of rGH5-1 and its GFP fusion derivative set important
precedents for further investigation of biomass degradation by filamentous fungi, especially N. crassa,
with applications for characterization and manipulation of novel enzymes.

� 2010 Elsevier Inc. All rights reserved.
Introduction

Filamentous fungi have proven to be industrially important for
the production of secreted enzymes used in a wide variety of appli-
cations from textile manufacturing to food processing [1], and their
ability to secrete large quantities of protein is well documented [2].
In addition, many filamentous fungi are excellent degraders of lig-
nocellulosic biomass and hold great potential to make the produc-
tion of lignocellulosic biofuels economically viable. We recently
initiated a study of Neurospora crassa as a model organism for bio-
mass degradation because of the abundant molecular and genetic
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tools available, and reported that it efficiently degrades cellulose
and hemicellulose [3,4]. This previous work capitalized on the
N. crassa functional genomics project to make use of whole genome
microarrays, shotgun proteomics, and a partially completed whole
genome gene deletion set to understand how N. crassa responds to
and degrades plant biomass. These advances make N. crassa a
promising host for investigating the structure and function of
secreted lignocellulolytic proteins.

Although filamentous fungi have been widely used for the
recombinant production of homologous and heterologous proteins
in industry, heterologous expression of functional secreted
lignocellulolytic enzymes from filamentous fungi has proven
problematic. Heterologous expression of cellobiohydrolase I from
Hypocrea jecorina (HjCel7A) has been attempted in Escherichia coli
[5], Saccharomyces cerevisiae [6], Pichia pastoris [7], Ashbya gossypii
[8], insect cells [9], Aspergillus oryzae [10], and Aspergillus niger
[11], but reduced activity and incorrect post-translational modifi-
cations, especially disulfide bond formation and glycosylation,
have been detected. In addition, the endoglucanase II (Cel5A) of
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Fig. 1. Phylogeny, schematic of expression, and domain structure of GH5-1.
(A) Glycoside hydrolase family 5 cellulases are highly conserved across most
sequenced cellulolytic fungi and are found in both basidiomycete and ascomycete
species. The neighbor joining tree above shows the phylogenetic relationship of
some of the fungal GH5 enzymes in the CAZy database and their relationship to
N. crassa GH5-1. The bootstrap values are shown and the scale bar = 0.2 substitu-
tions per amino acid residue. (B) To facilitate recombinant expression of GH5-1 in
N. crassa, the pNeurA vector was designed for ectopic insertion of an rgh5-1-gfp-
6xhis fusion gene into the N. crassa his-3 locus. A schematic of that vector following
incorporation of the rgh5-1-gfp-6xhis gene is shown. (C) The domain structure of N.
crassa GH5-1 contains an N-terminal signal peptide (SignalP 3.0), a carbohydrate
binding module (CBM1) and a C-terminal glycoside hydrolase family 5 catalytic
domain.
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H. jecorina was heterologously expressed in a variety of hosts, and
while activity similar to the native Cel5A was reported in S. cerevi-
siae, over-glycosylation was also observed [12]. Given these con-
cerns with heterologous expression of secreted fungal enzymes,
recombinant expression of homologous genes seems to be a viable
alternative for production of proteins. For example, homologous
expression of Cel61A in H. jecorina has been performed and a 6xHis
tag has been used to facilitate rapid metal affinity purification [13].
To better study secreted lignocellulolytic enzymes from N. crassa,
we have developed and validated a method for recombinant
expression and purification in this host.

As a proof of principle, N. crassa GH5-1 was recombinantly
expressed and purified. The GH5 enzyme family is the most
widely conserved family of cellulases and has members in all
three domains of evolutionary descent. GH5 enzymes are found
in nearly all cellulolytic fungi, including ascomycete and basidio-
mycete species, especially those species that cause brown rot,
white rot and soft rot (Fig. 1A). In N. crassa, a strain containing
a deletion of the gh5 cellulase gene (Dgh5-1) showed decreased
ability to degrade azo-carboxymethylcellulose (azo-CMC)2 [4].
This effect was unique to GH5 among the endoglucanases tested.
Here we expressed and characterized GH5-1, which comple-
mented the phenotype of Dgh5-1 mutant from N. crassa. We also
compared native and recombinantly expressed GH5-1 to gauge
differences in glycosylation and activity. Furthermore, the recom-
binantly expressed GH5-1 bound to Arabidopsis seedling roots in
linear, longitudinal patterns. Our data clearly show that N. crassa
is capable of efficient expression and can be used as a vehicle to
further investigate the structure and function of secreted lignocel-
lulolytic proteins.
2 Abbreviations used: nGH5-1, native GH5-1; rGH5-1, recombinant GH5-1; azo-
CMC, azo-carboxymethylcellulose; WT, wild-type; FGSC, Fungal Genetics Stock
Center; LIC, ligation-independent cloning; ORF, open reading frame; CBM1, carbohy-
drate binding module; PASC, phosphoric acid swollen cellulose.
Materials and methods

Phylogenetic analyses

The predicted orthologs of gh5-1 in N. crassa (NCU00762) were
retrieved from NCBI, JGI, and CAZy databases based on amino acid
similarity. GH5-1 members from Humicola insolens (BAA12676.1),
Podospora anserina (XP_001912812.1), Thermoascus aurantiacus
(AF487830_1), A. niger (XP_001391969.1), H. jecorina (120312
and 82616), Phanerochaete chrysosporium (AAU12275.2), and Postia
placenta (XP_002477041.1) were chosen and the neighbor joining
tree was made by MEGA4.1. Bar = 0.2 substitutions per amino acid
residue.

Strains

All N. crassa strains were obtained from the Fungal Genetics
Stock Center (FGSC) including the wild-type (WT) (FGSC 2489),
Dgh5-1 (NCU00762) deletion strains of opposite mating type (FGSC
16746 and FGSC 16747), and Dgh6-2 (NCU09680) deletion strain
(FGSC 15633). Gene deletion strains were constructed as part of
the N. crassa functional genomics project [3,14]. N. crassa was
grown on Vogel’s salts [15] with 2% (w/v) carbon source (sucrose
or Avicel PH 101 (Sigma)).

Plasmid construction

Template gDNA from N. crassa WT strain was extracted accord-
ing to the method of Lee and Taylor (http://www.fgsc.net/fgn35/
lee35.pdf). pNeurA was derived from pMF272 [16] and contains
the glucose repressible ccg-1 promoter [17] and LIC (ligation-inde-
pendent cloning) sites [18] followed by a tev-gfp-6xhis tag. Vectors
were constructed in collaboration with the Macrolab (http://mac-
rolab.berkeley.edu/).

Plasmid pNeurA-rgh5-1 harboring gh5-1 was constructed as fol-
lows: a DNA fragment corresponding to the gh5-1 open reading
frame (ORF) was amplified by PCR using FGSC 2489 gDNA as the
template and PCR primers gh5-1-AF 50-tacttccaatccaatgca
ATGAAGGCTACGATTCTTGC-30 and gh5-1-R 50-ctcccactaccaatgcc
AGGGGTATAGGTCTTGAGAA-30, which contained the LIC adapter
(lower case). PCR fragments were checked on 1% agarose gels
and were purified by Qiagen PCR mini-prep kit. The vector was
digested with Ssp1 (NEB) and treated with T4 DNA polymerase
with dGTP (Invitrogen). Purified PCR fragments were treated with
T4 DNA polymerase with dCTP (Invitrogen) at room temperature
for 30 min followed by heat inactivation at 70 �C for 30 min. About
2.5 ll of the resulting vector and PCR products were mixed in 20 ll
total volume and 6 lL was transformed into E. coli competent cells.
Correct DNA sequence and orientation of the ccg-1-rgh5-1-gfp-
6xhis construct were confirmed by sequence analysis (UC Berkeley
DNA Sequencing Facility).

Transformation of N. crassa strains

Plasmid DNA (1 lg) was transformed into a (his-3 Dgh5-1::hph a)
strain as described [19]. The constructs were targeted to the his-3 lo-
cus by homologous recombination and integration of the constructs
at the his-3 locus in heterokaryotic transformants was confirmed by
GFP fluorescence. The brightest GFP-positive transformant was se-
lected from 10 GFP-positive transformants and crossed with Dgh5-
1 (FGSC 16747) to recover homokaryotic strains; hygromycin B
resistant/GFP-positive progeny were selected. Quantitative RT-PCR
was used to compare the gh5-1 mRNA expression level and progeny
with highest gene expression level was selected. The resulting
progeny was subsequently grown on Avicel and assayed for
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endoglucanase activity using azo-CMC (see details below) and as-
sessed for complementation of the Dgh5-1 phenotype.

Protein purification

The N. crassa his-3::gh5-1-gfp-6xhis strain was grown in 1 L of
medium in a 2 L Erlenmeyer flask under constant light at
200 rpm and 28 �C. Ten-day-old conidia were inoculated into 1�
Vogel’s salts with 2% sucrose for 40 h. Hyphae were filtered and
washed over cheesecloth with sterile water and transferred into
1� Vogel’s salts with 2% sodium acetate as the sole carbon source
for 48 h.

The culture supernatant had a pH of 8–9 and was harvested by
filtration over a Whatman glass microfiber filter on a Buchner fun-
nel followed by filtration over a 0.22 lm polyethersulfone mem-
brane. The filtered culture supernatant was then concentrated
10-fold on a Pellicon-2 tangential flow filtration device with a
10 kDa Biomax membrane (Millipore). The concentrated superna-
tant was adjusted to contain 20 mM Tris pH 8.0, 300 mM NaCl,
and 20 mM imidazole and was subsequently loaded onto a Ni–
NTA column, washed with 3–5 column volumes of buffer (20 mM
Tris pH 8, 300 mM NaCl), and eluted on a step gradient containing
20, 50, 100, and 200 mM imidazole. Fractions with rGH5-1-GFP-
6xHis were visibly green and were pooled, buffer exchanged to re-
move >90% of the imidazole and either frozen at �80 �C for further
characterization or treated with TEV protease (UC Berkeley Macro-
lab) at room temperature for 3 h and re-purified through a Ni–NTA
column to remove the GFP-6xHis tag. Enzyme concentrations were
determined by the predicted extinction coefficient at 280 nm as
determined by protparam (Expasy).

Native GH5-1 (nGH5-1) was purified from the culture superna-
tant of a Dgh6-2 N. crassa strain (DNCU09680, FGSC 15633) grown
on Vogel’s salts with 2% Avicel. Cultures were maintained at 25 �C,
shaken at 200 rpm, and kept in constant light until complete deg-
radation of the Avicel was visualized under a microscope, 7 days
post inoculation. The Dgh6-2 strain was used because GH6-2 was
difficult to separate from GH5-1. Culture supernatant was sub-
jected to affinity digestion to isolate cellulose binding proteins
based on their affinity for PASC as described previously [20]. Fol-
lowing dialysis into 25 mM Tris pH 8.5, NaCl was added to a final
concentration of 100 mM and the mixture of proteins was purified
over a Hiload 16/10 Q Sepharose HP column. GH5-1 in the flow-
through was collected, buffer exchanged into 25 mM Tris pH 8.5
and re-purified over a Mono Q 10/100 GL column using a shallow
gradient from 0 to 100 mM NaCl over 10 min.

Protein gel electrophoresis

Samples were treated with 4� SDS loading dye and boiled for
5 min before loading onto Criterion 4–15% Tris–HCl polyacryl-
amide gels. For the PASC binding assay, 100 lL of 8 g/L PASC was
added to 1 mL of N. crassa culture supernatant and the pH was ad-
justed to 5 with 1 M sodium acetate buffer. After inverting for
10 min samples were centrifuged and the pellet washed three
times with 100 mM sodium acetate pH 5. The resulting pellet
was mixed with 4� SDS loading buffer and boiled for 10 min. PASC
was prepared according to [21]. ProtoBlue safe colloidal Coomassie
stain (National Diagnostics) was used for staining.

Enzyme activity measurements

Endoglucanase activity was measured with an azo-CMC kit
(Megazyme, Cat# SCMCL, Lot# 90504) according to manufacturer’s
instructions. Cellulase assays were performed in 1.5 mL microcen-
trifuge tubes with 1 mL as a total reaction volume on an inverter at
30 rpm. Reactions containing 5 mg/mL Avicel and 50 mM sodium
acetate pH 5 were pre-warmed at 40 �C for 30 min then 15 lL of
enzyme solution was added to give a final concentration of
0.5 lM enzyme/mL reaction. Time points were taken at 0, 2, 6,
and 24 h. A 100 lL aliquot was removed and centrifuged to pellet
the Avicel, followed by boiling of the supernatant for 10 min. Sam-
ples were analyzed using coupled enzyme assays with glucose oxi-
dase/peroxidase and cellobiose dehydrogenase as described
previously [4]. All assays were performed in triplicate.

Characterization of N. crassa Dgh5-1

WT and Dgh5-1 strains were grown in biological triplicate on
Avicel for 7 days as previously described [4] and culture superna-
tant was harvested by filtration over a 0.22 lm polyethersulfone
membrane; protein concentration was determined by the Bio-
Rad Protein Assay kit (Bio-Rad). All assays were performed as
above with the following exceptions. The cellulase assays were
performed in a 2 mL 96 well plate (Nunc) with 1 mL as a total reac-
tion volume. Each well contained 0.2 mg/mL supernatant and
5 mg/mL cellulose (PASC, Avicel PH 101 (Sigma), Whatman #1 fil-
ter paper, or de-waxed cotton [21]). Switchgrass stems were a gift
from the Energy Biosciences Institute at the University of Illinois
and were ground using a Retsch SM2000 cutting mill and a Retsch
SR300 rotor mill followed by passage through a 0.08 mm sieve.
Switchgrass at 12 mg/mL was used for the assays and assuming
40% cellulose by weight there was an effective concentration of
5 mg/mL cellulose. After 24 h the supernatant was centrifuged,
boiled 10 min, treated with 0.1 lM b-glucosidase (NCU04952) for
1 h at 37 �C to give complete conversion of cellobiose to glucose,
and then assayed by the glucose oxidase/peroxidase assay. b-Glu-
cosidase was expressed and purified in P. pastoris and was a gift
from Jon Galazka and Jamie Cate (Energy Biosciences Institute,
UC Berkeley).

Confocal microscopy

For images showing localization to the plant cell wall, three
5-days-old Arabidopsis seedlings were placed in 500 lL PBS buffer
containing 10 lM BSA and 0.1 lM rGH5-1-GFP-6xHis or GFP-
6xHis. Samples were incubated in the dark at room temperature
for 1 h followed by three successive washes with PBS buffer. Some
seedlings were incubated with 0.001% (w/v) S4B [22] for 15 min
before imaging. Seedlings were imaged on a Leica confocal micro-
scope with a 100 � 1.4 NA oil objective and a Yokogawa spinning
disc head.
Results

Plasmid construction

Ligation-independent cloning (LIC) was used to generate com-
plementary single-stranded overhangs that can anneal without
the need for restriction enzymes thus facilitating high throughput
cloning [18,23,24]. We modified the pMF272 vector [16,25] to be
LIC-compatible and inserted a C-terminal tev-gfp-6xhis tag to
maintain the integrity of the N-terminal signal peptide. The plas-
mid, named pNeurA, contained the ccg-1 promoter [17] which is
highly induced by poor carbon sources such as sodium acetate
and was designed for targeted insertion into the his-3 locus of
N. crassa by homologous recombination (Fig. 1B) [19]. In addition,
ccg-1 is upregulated in response to cellulose which allows comple-
mentation studies of gene–enzyme constructs under plant wall
deconstruction conditions [4]. The ORF corresponding to the
Neurospora gh5-1 gene (NCU00762) was inserted into pNeurA
and this construct was used to express rGH5-1. In N. crassa, this
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enzyme is predicted to contain an N-terminal signal peptide (Sig-
nalP 3.0), a carbohydrate binding module (CBM1) and a C-terminal
catalytic domain (glycoside hydrolase family 5) (Fig. 1C) and was
detected in supernatants of N. crassa grown on either Miscanthus
or Avicel using mass spectrometry [4]. The tev-gfp-6xhis tag al-
lowed us to screen for positive transformants based on GFP fluores-
cence in conidia and purify recombinant protein using affinity
column chromatography.
Dgh5-1 phenotype and complementation

Previous work [4] showed that in wild-type (WT) N. crassa, gh5-1
expression was highly induced during growth on cellulose and that
deletion of endoglucanase gh5-1 resulted in significantly lower azo-
CMC activity in the culture supernatant when grown on Avicel. To
further investigate the phenotype of the gh5-1 deletion, both WT
and Dgh5-1 strains were grown for 7 days in 1� Vogel’s salts with
2% Avicel as a sole carbon source. Culture supernatants were then
assayed for activity on PASC, Avicel, filter paper, cotton, switchgrass
(Fig. 2A) and soluble azo-CMC. A comparison of the WT and Dgh5-1
strain revealed lower azo-CMC activity in the Dgh5-1 supernatant
but insignificant differences in activity on all the other substrates
tested (Fig. 2B).

To determine whether recombinant and epitope-tagged GH5-1
could complement the Dgh5-1 phenotype on azo-CMC and to pur-
ify recombinant GH5-1 (rGH5-1), a pNeurA-rgh5-1 plasmid
(Fig. 1B) was transformed into a N. crassa Dgh5-1 strain bearing a
second mutation at the his-3 locus (his-3 Dgh5-1::hph a) to allow
Fig. 2. Phenotype of Dgh5-1. N. crassa WT strain and the Dgh5-1 strain were grown
on 1� Vogel’s salts and 2% Avicel for 7 days. Culture supernatants were assayed on
different substrates at 40 �C in 50 mM sodium acetate pH 5. At 24 h, reactions were
stopped by boiling and the total glucose released was determined by treatment of
assay supernatants with b-glucosidase followed by analysis with the glucose
oxidase/peroxidase assay. Results are represented as percent degradation (A) and as
activity relative to WT (B). Standard deviation is shown.
targeting of constructs to the his-3 locus by selection of his + pro-
totrophy [19]. GFP-positive transformants were back-crossed with
Dgh5-1 (Dgh5-1::hph A, FGSC 16747) to obtain homokaryotic prog-
eny of the genotype his-3::rgh5-1-gfp-6xhis Dgh5-1, which we refer
to as rgh5-1-gfp-6xhis. When grown on Avicel, the rgh5-1-gfp-6xhis
strain expressed similar levels of total secreted protein relative to
the Dgh5-1 and WT strains, but had 225% more azo-CMC activity
relative to the Dgh5-1 strain. The Dgh5-1 strain and the rgh5-
1-gfp-6xhis strain showed 24% and 78% of WT activity, respectively
(Fig. 3). These results indicated that the introduced rgh5-1 gene
was functionally expressed and secreted. The reduction in azo-
CMC activity in the rgh5-1-gfp-6xhis strain compared to WT when
grown on Avicel was likely due to slightly lower expression levels
of rgh5-1-gfp-6xhis under the regulation of the ccg-1 promoter as
compared to the native gh5-1 promoter (data not shown).
Purification of GH5-1 from N. crassa culture supernatants

rGH5-1 was expressed with a TEV-GFP-6xHis affinity tag to
facilitate purification with subsequent removal of GFP-6xHis tag
via proteolytic cleavage with TEV protease. The rgh5-1-gfp-6xhis
construct is regulated by the ccg-1 promoter and previous work
has shown that ccg-1 gene is regulated by carbon catabolite repres-
sion with a 50-fold induction during the first 90 min under
de-repressing conditions [17]. We used sodium acetate as the sole
carbon source, which induces expression of ccg-1 to high levels.
Cellulase activity was not detected in culture supernatants of WT
N. crassa grown in sodium acetate media nor was secreted cellu-
lases detected by mass spectrometry under these conditions (data
not shown). Thus, these culture conditions and our expression sys-
tem allowed the purification of an expressed cellulase indepen-
dently from all other plant cell wall degrading enzymes. We also
found that there was less protease activity when using sodium ace-
tate as the sole carbon source, which reduced degradation of our
expressed protein. The rgh5-1-gfp-6xhis strain was grown in mini-
mal medium [15] with 2% sucrose for 40 h to increase hyphal mass.
The culture was filtered and then transferred to minimal medium
with 2% sodium acetate as a sole carbon source. Endoglucanase
activity of the supernatant from the rgh5-1-gfp-6xhis strain was
monitored by measuring activity on azo-CMC. After 48 h of growth
on sodium acetate media, the endoglucanase activity peaked. The
culture supernatant was filtered, concentrated and placed over a
Ni–NTA column for purification of rGH5-1.
Fig. 3. Dgh5-1 complementation by rgh5-1-gfp-6xhis. Strains were grown on
1� Vogel’s salts with 2% Avicel for 7 days. Culture supernatant from the rgh5-
1-gfp-6xhis strain had 225% more activity on azo-CMC relative to the Dgh5-1 strain
but only 78% of WT activity. Standard deviation is shown.
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The presence of an affinity tag and the lack of other cellulases in
the culture supernatant during the growth of rgh5-1-gfp-6xhis
strain in sodium acetate media facilitated the rapid purification
of rGH5-1 (see Materials and Methods). An SDS–PAGE gel of the
purification is shown in Fig. 4. Fractions eluted from the Ni–NTA
column were visibly green and consisted of two bands correspond-
ing to the rGH5-1-GFP-6xHis protein at 85 kDa and a proteolyzed
fragment identified as GFP-6xHis at 28 kDa. The sample was then
treated with TEV protease to cleave GFP-6xHis and release
rGH5-1. This step was followed by re-purification over a Ni–NTA
column. Typical yields of rGH5-1 varied from 100 to 400 lg/L.

To assess glycosylation in rGH5-1, native GH5-1 (nGH5-1)
was purified from a strain containing a deletion of gh6-2 (FGSC
15633; Dgh6-2). This strain was used to eliminate the GH6-2
protein from the supernatant during growth on pure cellulose (Avi-
cel), as nGH5-1 is difficult to separate from GH6-2 in a wild-type
strain. Both nGH5-1 and rGH5-1 had apparent molecular weights
of 52 kDa, suggesting that they were glycosylated similarly (the
predicted molecular mass of GH5-1 is 39.7 kDa) (Fig. 4). To test
the cellulose binding ability of rGH5-1, we performed a phosphoric
acid swollen cellulose (PASC) pulldown of culture supernatant
from the rgh5-1-gfp-6xhis strain grown in acetate media inducing
conditions. The resulting sample was analyzed on a SDS–PAGE
gel and a single band at 85 kDa was identified, consistent with
the mass of purified rGH5-1-GFP-6xHis protein (Fig. 4).
Determination of GH5-1 activity

Complementation of the Dgh5-1 phenotype showed that rGH5-1
and rGH5-1-GFP-6xHis were active on azo-CMC, and the PASC pull-
down showed that rGH5-1 and rGH5-1-GFP-6xHis bound to cellu-
lose. A more rigorous comparison of the specific activity of
purified nGH5-1, rGH5-1 and rGH5-1-GFP-6xHis was performed
to identify any differences in the enzymatic activity of the purified
proteins. Activity on azo-CMC was determined to be the same for all
three proteins within error (Fig. 5A and C). The activity of these en-
zymes was also measured on Avicel, and the cellobiose and glucose
produced were measured using the cellobiose dehydrogenase and
glucose oxidase/peroxidase assays [4]. These values were used to
calculate the percent conversion of Avicel and results show that
Fig. 4. Recombinant GH5-1 purification. N. crassa rgh5-1-gfp-6xhis strain was grown
on 1� Vogel’s salts with 2% sucrose for 40 h at 28 �C then washed and transferred to
1� Vogel’s salts with 2% sodium acetate as the sole carbon source. Concentrated
supernatant (lane 1) was then placed over a Ni–NTA column (flow-through of the
supernatant, lane 2) and rGH5-1-GFP-6xHis was eluted with 100 mM imidazole
(lane 3). rGH5-1-GFP-6xHis was then treated with TEV protease to cleave rGH5-1
from GFP-6xHis and the two were separated over a second Ni–NTA column (lanes
4–5). Recombinant GH5-1 had the same molecular mass as native GH5-1 purified
from WT (lane 6). Finally, supernatant from N. crassa rgh5-1-gfp-6xhis strain grown
on sodium acetate (lane 7) was incubated with PASC to confirm the ability of
rGH5-1-GFP-6xHis to bind cellulose (lane 8). L represents the BenchMark™ protein
ladder. An arrow corresponding to a molecular weight of 85 kDa indicates
rGH5-1-GFP-6xHis and the arrow at 52 kDa indicates rGH5-1.

Fig. 5. Activity of purified GH5-1 enzymes. The endoglucanase activities of the
native and recombinantly purified GH5-1 proteins were measured on azo-CMC
(Megazyme) according to the manufacturer’s instructions. Equimolar enzyme as
determined by the absorption at 280 nm was loaded for all GH5-1 variants (A).
Enzyme activity is calculated by reference to the standard curve in the instruction
manual to convert absorbance to units of activity per assay. For each assay,
0.15 lmol GH5-1 was used. Avicelase activity (B) was measured over a 24 h time
course with 0.5 lM enzyme and 5 mg/ml Avicel in 50 mM sodium acetate pH 5 at
40 �C. Cellobiose and glucose were measured using the cellobiose dehydrogenase
assay and glucose oxidase/peroxidase assay and these numbers were used to
calculate the percent degradation. A summary of rGH5-1 and rGH5-1-GFP-6xHis
activity on azo-CMC and Avicel relative to the native GH5-1 purified from N. crassa
WT strain is shown in (C) and reveals that both recombinant proteins have equal or
greater activity relative to the native enzyme.
after 24 h rGH5-1 and rGH5-1-GFP-6xHis had resulted in
1.1 ± 0.1% and 1.3 ± 0.1% percent degradation respectively while
nGH5-1 had only degraded 0.9 ± 0.1% (Fig. 5B and C). These data
show that the recombinantly expressed and tagged versions of
GH5-1 are fully active and correctly glycosylated. It may be that
the higher activity of the recombinant enzyme is the result of a
much less intensive purification procedure. Native GH5-1 was
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separated from the culture supernatant following degradation of
Avicel and the enzyme was affinity purified using phosphoric acid
swollen cellulose (PASC) and two ion exchange columns. In con-
trast, the recombinant GH5-1 enzymes were isolated and purified
in the absence of cellulose and underwent only one chromatogra-
phy step in the case of rGH5-1-GFP-6xHis or two steps in the case
of rGH5-1.

Cell wall localization

Degradation of insoluble substrates from plant biomass re-
quires the absorption of hemicellulases and cellulases onto the
plant cell wall, which is mediated by CBMs [26]. The function of
CBMs, such as that present in GH5-1 (Fig. 1C), is to localize the cat-
alytic module to the cellulose substrate. Our studies revealed that
the rGH5-1-GFP-6xHis enzyme is comparable in catalytic activity
to both native and recombinant GH5-1. Therefore, we evaluated
the ability of rGH5-1-GFP-6xHis to bind to plant cell walls by eval-
uating binding to root cell walls in live Arabidopsis seedlings. Roots
of 5-days-old Arabidopsis seedlings were incubated with 0.1 lM
rGH5-1-GFP-6xHis with a molar excess of BSA, washed, and im-
aged using confocal microscopy. Fig. 6 shows representative
images of Arabidopsis seedlings incubated with rGH5-1-GFP-6xHis,
as compared to Pontamine Fast Scarlet 4B (S4B), a cellulose-
specific fluorescent dye [22,27]. GFP-6xHis was used as a negative
control and did not show specific binding (Fig. 6C). Images were
taken in the differentiation zone of the seedling root where the
Fig. 6. rGH5-1-GFP-6xHis binding to Arabidopsis root. Boxed area of root differentiation
10 lM BSA and 0.1 lM rGH5-GFP-6xHis (B), 10 lM BSA and 0.1 lM GFP-6xHis (C), or 0.0
and imaged on a Leica confocal microscope with a 100 � 1.4 NA oil objective and a Y
bars = 10 lm.
rGH5-1-GFP-6xHis binding was strongest and a linear pattern of
fluorescence was evident in the images of both S4B and rGH5-
1-GFP-6xHis (Fig. 6B and D). This observation is in agreement with
studies of Arabidopsis cell wall architecture performed with S4B
showing that cellulose in the differentiation zone of Arabidopsis
roots is organized in a longitudinal fashion with hemicellulose
[22]. Xyloarabinan, xyloglucan, and/or pectin likely occupy areas
of the root where rGH5-1-GFP-6xHis and S4B did not bind with
high affinity [27]. To our knowledge, this is the first time a catalyt-
ically active GFP-tagged cellulase has been imaged in the context of
living plant cell walls.
Discussion

Characterization of secreted proteins from filamentous fungi
requires an expression system that produces properly folded pro-
teins containing all the necessary post-translational modifications.
N. crassa has been used for expression of intracellular proteins
[16,25], and heterologous expression of bovine protein and human
antibodies [28–30]. Most recently, a secreted bovine RNase A and
its homolog in Neurospora (RNase N1) were also expressed [31],
however its use for expression of secreted lignocellulolytic en-
zymes has not been investigated. In this study, a native and recom-
binant form of GH5-1 were expressed and characterized. The
recombinant GH5-1 was used to complement the phenotype of a
Dgh5-1 deletion strain. Our expression system takes advantage of
zones of 5-day-old Arabidopsis seedlings (A) were incubated for 1 h in 1� PBS with
01% S4B (a cellulose-specific dye) (D). Seedlings were washed three times with PBS
okogawa spinning disc head. Images are maximum projections of z-series. Scale
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LIC technology and the availability of the whole genome deletion
set in N. crassa [3,14] and can be easily expanded to express and
purify other secreted enzymes.

A comparison of N. crassa GH5-1 with other glycoside hydrolase
family 5 endoglucanases reveals similar characteristics. N. crassa
GH5-1 was active on CMC but showed significantly reduced activ-
ity beyond 1% degradation of Avicel. Similar behavior was observed
for Cel5A from H. jecorina [6,32] and T. aurantiacus [33] on CMC and
Avicel. Consistent with these observations, the culture supernatant
from the Dgh5-1 deletion strain showed a 3-fold lower activity
than WT on azo-CMC, but no other significant decrease in activity
when assayed on insoluble forms of cellulose. These data suggest
that GH5-1 is either much more abundant than the other Neuros-
pora endoglucanases or has a much higher specific activity towards
CMC substrates. Transcriptional profiling data showed that gh5-1 is
the second most highly expressed endoglucanase gene in N. crassa.
The relative abundance of endoglucanases GH5-1, GH6-3
(NCU07190), and GH7-1 (NCU05057) appear to be similar by
SDS–PAGE [4]. This evidence supports the idea that GH5-1 is not
necessarily the most abundant endoglucanase present, but rather,
it has substantial activity towards azo-CMC. It is possible that these
other endoglucanases could diminish the effect of a gh5-1 deletion
in N. crassa during action on Avicel despite their inability to com-
pensate for azo-CMC activity.

In addition to looking at the activity of native and recombinant
GH5-1, a rGH5-1-GFP-6xHis fusion protein was found to be fully
active on both CMC and Avicel and bound to both PASC and Arabid-
opsis seedlings (Figs. 4 and 6). While confocal microscopy does not
have the resolution required to image individual glucan chains or
cellulose microfibrils, it did show a longitudinal pattern of binding
on Arabidopsis seedlings and could be used to look at binding to dif-
ferent plant tissues or species. Similar experiments have been per-
formed using immunostaining of CBM modules [34,35] and a GFP
[36,37] or fluorescein labeled CBM [38]. However, these studies
did not investigate the influence of catalytic domain on substrate
binding.

In addition to investigating the role of GH5-1 in cellulose degra-
dation by N. crassa, we also validated the use of N. crassa as a host
for homologous expression of secreted enzymes. By optimizing
expression conditions in N. crassa, we successfully reduced the de-
gree of protease cleavage and eliminated background cellulase
activity. The functional expression and purification of rGH5-1
makes possible the expression of other uncharacterized low abun-
dance proteins identified as candidates for accessory roles in cellu-
lose hydrolysis. Further characterization and optimization of
lignocellulolytic enzymes and investigation of N. crassa as a host
for heterologous expression of secreted enzymes from other spe-
cies are also underway.
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