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Abstract 

Mechanisms and Regulation of Cellulose Degradation by Clostridia 
papyrosolvens C7 and Neurospora crassa 

by 

Veronica Zepeda 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor Jamie Cate, Chair 

 

Microbial degradation of plant biomass plays a central role in the global carbon 
cycle.  However, the turnover of plant  cellulose in the environment poses a difficult 
challenge due to its microcrystalline nature and its protection by other polymers in the 
plant cell wall.  Bacteria and fungi have evolved diverse strategies for breaking down 
plant biomass, involving suites of cellulolytic enzymes that are produced at appropriate 
times to degrade the recalcitrant substrate. The work presented here provides an 
analysis of two cellulolytic organisms and their potential as model systems in the study 
of cellulose degradation. 

We probed the cellulolytic system in Clostridium papyrosolvens C7 by 
sequencing its genome and characterizing the cellulosomal components. Comparisons 
to other cellulosome producing organisms revealed many unique enzymes and non-
catalytic cellulosome components.  When grown on different carbon sources, C. 
papyrosolsovens C7 upregulates enzymes incorporated into cellulosomes with 
surprisingly little compositional diversity or dynamic range. These results provide a 
framework for using C. papyrosolvens C7 in the engineering of designer cellulosomes, 
as well as understanding the regulation and efficiency of these heterogeneous 
multienzyme complexes. 

The tools available for studying N. crassa have recently been applied to its 
cellulolytic system and much has been quickly learned about its degradative capability. 
However, the processes that produce its strong and specific induction of cellulase genes 
are not well understood. Through a screen for deletion strains that affect cellulose 
degradation, a kinase (NCU07399) was identified that seems to affect the transcriptional 
activation of several cellulase genes. Preliminary characterization of this kinase reveals 
an unusual domain architecture and in vitro phosphorylation activity that mimic studies 
on its yeast and human homologs.  The screen and subsequent assays used to analyze 
NCU07399 presented here should provide a basis for dissecting the pathways involved 
in cellulase upregulation by N. crassa.  
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Chapter 1 
 
Introduction and Background 
 
1.1 Introduction to Biofuels and the Plant Cell Wall 

 
Every year photosynthesis converts ~100 billion metric tons of CO2 and H2O into 

cellulose [1]. Cellulose, as a structural element in plant cell walls, is the most abundant 
biomolecule on the planet [2], [3] and degradation of the polysaccharides in plant cell 
walls is a key step in nature that contributes to the global carbon cycle [4]. However, 
most animals cannot use cellulose as a fuel source, due to their inability to access and 
break the β(1->4) linkages between glucose units. Certain bacteria and fungi produce 
cellulases, enzymes capable of hydrolyzing cellulose, but they are usually not efficient 
at breaking down heterogeneous plant substrates. This is because plant matter consists 
not only of a complex mesh of crystalline cellulose, but also other polymers such as 
lignin and hemicellulose [5]. 

In the next twenty years, energy demand is expected to increase over 50% [6]. 
Alternative sources of energy from renewable materials would not only contribute to 
increased energy production, but also reduce greenhouse gas emissions. Conversion of 
plant cell wall polysaccharides to biofuels would be a significant resource in the 
production of renewable energy sources. Therefore, biofuels produced from the 
degradation of cellulose need to be explored as an alternative to petroleum-based 
energy sources. Current methods for biofuel production are considered uneconomical 
and use a significant amount of nonrenewable energy. This is mainly due to costly 
pretreatment steps, such as acid or steam explosions, that are required for biomass 
degradation [7].  However, recent studies have identified areas amenable to 
improvement, which include increasing the efficiency of cellulose degradation [8].  

It has been hypothesized that in order to be cost-effective, greater efficiencies 
must be achieved in the slowest step of biofuel production, specifically the breaking up 
of a cellulose crystal and the release of single glucan chains [9]. As previously 
mentioned,  some bacteria and fungi degrade the cellulose and hemicellulose in plant 
debris, and use the products to drive their own metabolism [10]. If a greater 
understanding of the process by which these organisms degrade cellulose is obtained 
then one could exploit the mechanisms to break down cellulose and provide feedstock 
for biofuel production [11]. In fact, utilizing, improving, and applying the mechanisms 
found in nature is already the foundation of many cellulosic biomass-to-bioenergy 
conversion approaches [12, 13].   
 
1.2 Introduction to Cellulases and Cellulosomes 

 
Many types of bacteria and fungi have been identified that utilize cellulose as 

their primary energy and carbon source [14, 15] . These organisms can be aerobic or 
anaerobic, mesophilic or thermophilic, and found in natural or man-made habitats [16]. 
As each organism has adapted to its particular environment, a variety of cellulose 
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degrading enzymes – cellulases – are continually described, along with numerous 
accessory enzymes which aid in plant cell wall degradation [17]. Cellulases are 
classified either by their mode of action (exoglucanases, endoglucanases, and β-
glucosidases) or amino acid similarity.  The classification system based on sequence 
similarity was developed over twenty years ago and now contains 125 glycoside 
hydrolase (GH) families [18, 19].  

Some organisms use large, multi-enzyme complexes called cellulosomes to 
efficiently depolymerize crystalline cellulose [20, 21]. Cellulosomes are produced by 
several types of anaerobic bacteria and fungi and are assembled as extracellular 
complexes that are considered more efficient at depolymerizing cellulose substrates 
than individual cellulases [22-24]. It is thought that by bringing together several types of 
cellulases a synergism is created between the enzymes which allows for continuous 
hydrolysis of the substrates. Within a cellulosome, multiple degradative enzymes such 
as endoglucanases, cellobiohydrolases, and xylanases work synergistically to attack 
heterogeneous, insoluble lignocellulose substrates [25].  

These enzymes are very similar to those of the free enzyme systems of other 
bacteria and fungi, except that in cellulosomes these enzymes are all bound to a 
scaffolding protein, known as the scaffoldin, which complexes them into a single multi-
unit. Enzymes dock onto the scaffoldin through non-catalytic dockerin domains, which 
bind cognate domains on the scaffoldin called cohesins (Fig. 1-1). The scaffoldin 
subunit also contains a single carbohydrate binding module (CBM) that attaches the 
entire enzymatic complex to the cellulose substrate. Cellulosomes differ between 
organisms, particularly in the number of cohesin domains and specificity of the 
dockerin-cohesin interactions [26-28]. Even within the same organism, cellulosomes are 
highly heterogeneous. The cellulosome of Clostridium thermocellum is the most 
extensively studied and is known to produce a primary scaffoldin, CipA, containing 9 
cohesin domains [2]. Enzymes such as exo- and endo-glucanases, xylanases, and  
mannases are produced with a C-terminal dockerin domain and have been identified as 
components of cellulosome complexes. 

C. cellulolyticum H10 produces cellulosomes that are the most widely studied 
among those of the mesophilic bacteria. It produces a single scaffoldin with 8 cohesin 
domains and has many of its genes arranged in operons within its genome. In lab 
cultures, similar to other cellulosome-producing bacteria such as C. thermocellum and 
C. cellulovorans, it has been shown to produce varying populations of cellulosomes 
based on the carbon source used in the media [29-32]. Therefore, it is known that many 
bacteria will change the composition of their cellulosomes in response to substrate 
availability. Further understanding this regulation could lead to improved cellulosome 
activity on specific biomass substrates.  

 The known cellulosomes produced by bacteria are often associated to the outer 
cell wall. Anchoring scaffoldins carry an S-layer homology (SLH) module that connects 
the entire cellulosome complex to the cell surface peptidoglycan layer [21]. These 
complexes can then range from 6-10 MDa in molecular mass and have been observed 
to form aggregates of up to 100 MDa [33]. The large scaffoldins, capable of binding 8 or 
9 different enzymes at a time, have many flexible regions and have proven difficult to 
study either in vivo or in vitro. Thus, the large size and heterogeneity of cellulosomes 
from the best-characterized organisms (i.e., C. thermocellum, C. cellulolyticum H10, and 
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C. cellulovorans) have greatly complicated efforts to probe cellulosome structure and 
function. A system allowing greater mechanistic insights to inter- and intra-cellulosome 
synergy is highly desirable.  

 
1.3 Background and Previous Work on the Cellulosomes of  C. papyrosolvens C7 

 
C. papyrosolvens C7 (CpC7) was isolated over 25 years ago from mud collected 

below a freshwater pond in Massachusetts [34]. It was one of eight strains selected for 
the ability to grow in a mesophilic, anaerobic environment with filter paper as the only 
carbon source.  The strain was shown to produce cellulosomes which could provide a 
number of potential advantages over model systems previously studied [35, 36]. For 
example, previous work determined that CpC7 cellulosomes can be separated into 
several populations through the use of ion exchange chromatography [37]. By SDS-
PAGE analysis, only a ~125 kDa protein was found in every cellulosome complex and 
so this was predicted to be the scaffoldin protein.  

A number of these complexes have been shown through transmission electron 
micrographs to have discrete morphologies which suggest the possibility of a fairly 
homogeneous composition. As determined by gel filtration, the CpC7 cellulosomes are 
relatively small (500-660 kDa) [38] and appear not to be attached to the bacterial 
surface, but are secreted into the extracellular medium. However, it has not been 
entirely clear whether there may or may not be a residence time on the cell surface, 
mediated by an appropriate anchoring protein. Based on the estimated size of the 
scaffoldin protein and the overall size of the complexes, researchers in the field 
predicted the cellulosomes consisted of a scaffoldin with 6 cohesin domains and a 
variety of 6 dockerin-borne enzymes. 

Phylogenetic analysis of conserved genes showed that C. papyrosolvens C7 is 
closely related, but distinct from the recently sequenced C. papyrosolvens DSM 2782 
(Figure 1-2). These two strains are branched from the model mesophilic Clostridia C. 
Cellulolyticum H10, but together form a cluster that is separated from the model 
thermophile C. thermocellum and are quite distinct from the non-cellulosome producing 
C. acetobutylicum. In conjunction with previous research, this analysis indicates that C. 
papyrosolvens C7 is an attractive organism for future study.  

 
1.4 Neurospora crassa: From a NIH model organism to a model cellulose 

degrader  
 
 As a multicellular filamentous fungus, Neurospora crassa has been used to study 
multiple aspects of eukaryotic systems, including circadian rhythms, cellular 
differentiation, and DNA repair [39, 40]. Initial work in the 1930s established N. crassa 
as an experimental organism [41] and eventually led to groundbreaking work in the 
1940s where the one-gene-one-enzyme hypothesis was proposed, resulting in a Nobel 
Prize [42, 43]. With decades of research leading to the availability of molecular and 
genetic techniques, N. crassa was designated as an NIH model organism. Additionally, 
the past ten years have seen the availability of a genome sequence and near complete 
gene knockout library for N. crassa, making it an ideal system for new studies [44, 45].  
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 The most widely studied cellulolytic fungus, Trichoderma reesei, has been 
selected and genetically modified to produce a high level (100 g/L) of cellulases. As an 
industrial workhorse, much is known not only about its celluloytic system but also the 
regulation and induction of its cellulase genes ([46] and see below). When the genome 
sequence of T. reseei became available it was found to encode fewer cellulase genes 
than any other sequenced cellulolytic fungus [47], a surprise due to the cellulolytic 
efficiency of many mutant strains. This information demonstrated the potential for other 
celluloytic fungi to become industrially relevant and potentially surpass the degradative 
capability of T. reesei.   
 Taking into consideration the many genetic tools available and the preliminary 
characterization of cellulase genes already conducted, our lab undertook a systems 
analysis of cellulose degradation in Neurospora crassa [48]. Transcriptional analysis of 
N. crassa grown on pure crystalline cellulose, showed a significant increase in relative 
expression of almost 200 genes when compared to sucrose samples. Many of these 
genes were found to be associated with carbon metabolism and 53 were predicted to be 
secreted proteins.  When deletion strains of several of these genes were grown on 
cellulose, growth defects were observed.  

Interestingly, 23 genes with no predicted function had elevated transcription 
levels on cellulose and the deletion strain of NCU05137 was found to increase protein 
secretion and cellulase activity. It was hypothesized that this protein is involved in 
signaling processes which affect cellulase gene expression. While this study created a 
platform for global analysis and provided insights to N. crassa cellulose degradation, it 
also revealed a complex system with many unknown processes worthy of further 
investigation.  

 
1.5 Sensing and Reacting to Changes in Carbon Source by Cellulolytic 

Organisms         
 

 The ability for an organism to sense an extracelluar carbon source and quickly 
alter its metabolism to utilize the available sugars is a universally critical process. 
Carbon sensing in bacteria and fungi is an important element of many metabolic 
pathways and years of research has produced information about the signaling and 
effects of sugars in model organisms such as S. cerevisiae and E. coli [49, 50]. Classic 
models of operon induction and repression were first made using sugar regulated genes 
such as the lac operon in E. coli. However, carbon sensing and gene regulation is often 
much more complicated. This is especially true when cellulose, an insoluble polymer 
which cannot enter the cell, is the inducer of a large suite of genes.  

This phenomenon has been studied in industrially relevant strains such as T. 
reesei and C. thermocellum and yielded information which was thought to be applicable 
to other closely related cellulolytic fungi and bacteria. For example, T. reesei cellulases 
are known to be induced by sophorose [51], a soluble disaccharide which is produced 
during the organism’s breakdown of cellulose.  This soluble sugar can traverse the cell 
wall and lead to a large induction (at least 1100 fold) of cellulases [52]. Similarly, a 
cellulase operon in C. thermocellum was found to be induced by laminaribose, another 
soluble sugar released during degradation [53]. Although T. reesei and C. thermocellum 
share other genes and regulatory pathways with phylogenetically related fungi and 
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bacteria, it does not seem that their methods of cellulase induction have been 
conserved and alternative forms of cellulase regulation have already been described 
[54, 55].  

Cellulose depolymerization is a highly regulated process and being able to 
manipulate these processes to increase degradation efficiencies would be extremely 
valuable.  Thus, a detailed understanding of the signaling molecules and subsequent 
processes that lead to cellulase induction in cellulolytic organisms such as C. 
papyrosolvens C7 and N. crassa would greatly aid in the development of industrial 
biofuel production.  

 
1.6 Research Objectives 

 
Previous work with C. papyrosolvens C7 has been hindered due to the lack of a 

sequenced genome and adequate tools for genetic manipulation. In Chapter 2 of this 
dissertation, the sequence and analysis of the CpC7 genome with an emphasis on 
genes and proteins involved in cellulosome complexes is reported. In addition, a 
technique for anaerobic transformation of an E.coli/Clostridia shuttle vector into CpC7 
and in vivo expression of a fluorescent protein driven by native promoters is presented.  

Only recently has the model organism Neurospora crassa had its cellulolytic 
system studied in detail. Previous work has shown that N. crassa is capable of 
significantly upregulating cellulase genes in the presence of cellulose. But how the 
presence of a cellulosic carbon source is signaled to transcription factors in the nucleus 
is still unknown. Chapter 3 of this dissertation investigates the cellulose signaling 
network by screening N. crassa knockout lines for cellulose specific degradation effects. 
In particular, it focuses on a kinase, NCU07399, which exhibited strong effects on 
several aspects of cellulase expression and activity. 
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Chapter 2 
 
Genomic Analysis and the Cellulosomal System  
of C. papyrosolvens C7 
 
2.1 C. papyrosolvens C7 and the potential contributions of a new cellulosomal 
system 
 
 Previous work with C. papyosolvens C7 has classified it as having a simple 
cellusome system – a single scaffoldin which incorporates dockerin-borne enzymes into 
the complex. This is similar to several other closely related mesophilic strains, in 
particular C. josui and C. cellulolyticum H10 [56, 57]. While the genome sequence of C. 
cellulolyticum H10 has been available, the draft sequence of the C. papyrosolvens 
DSM2782 strain only recently became publicly available (http://www.jgi.doe.gov/genome-
projects/pages/projects.jsf;jsessionid=CF570E7C37C79EC325FC613FFEEE0835). Thus, 
sequencing the C. papyrosolvens C7 genome provides the opportunity to compare in 
detail the cellulolytic systems of different strains. This should contribute fundamental 
knowledge on the subject of cellulosome evolution.  
 As described in Section 1.3, C. papyrosolvens C7 offers a number of potential 
advantages when evaluated against the current model organisms. Further 
understanding the CpC7 system could provide a platform for mechanistic studies of the 
cellulosome which has previously proved difficult in larger, heterogeneous cellulosome 
complexes. Additionally a detailed genomic analysis of the C. papyrosolvens C7 
cellulosomes would enable more sophisticated manipulations of the bacteria, both in 
vivo and in vitro.  Specifically, it would allow the C. papyrosolvens C7 cohesin-dockerin 
pairs, CBM domains, and enzymes to be evaluated for incorporation into “designer 
cellulosomes” with enhanced depolymerization efficiencies on plant biomass [58]. 
 
 
2.2 Results and Discussion 
 
2.2.1 Isolation of gDNA and sequencing 16S rDNA 

C. papyrosolvens C7 (ATCC 700395) was inoculated into sparged Hungate tubes 
containing MJ-CB (5 g/L cellobiose) and grown for 2-4 days. The strain grew robustly on 
cellobiose and this sample was initially used to isolate gDNA through a dilute-to-
extinction method. However, a strain of Paenibacillus was identified as a contaminant in 
these cultures (data not shown). Therefore, the original stock obtained from the ATCC 
was grown for several generations using filter paper as the sole carbon source. The 
filter paper cultures were used to isolate high molecular weight gDNA of the quality 
necessary for genomic DNA sequencing (Figure 2-1A). Full length λDNA was used to 
estimate the amount of gDNA obtained from each sample preparation (Lanes 1 and 2, 
Figure 3A). High quality gDNA is expected to run on a 2% agarose gel slightly above the 
top of a 1Kb DNA ladder and with or above HindIII digested λDNA. Additionally, samples 
should consist of one major band, showing no degradation or shearing products, and 



7 
 

with some DNA typically stuck in the well. As seen in Figure 3A, lanes 5 and 6, two very 
high quality samples of gDNA were obtained from the filter paper grown cultures. The 
A260/A80 ratio required for sequencing is typically 1.8 and these samples were found to 
have a ratio of 2.0, indicating that the sample was almost entirely composed of nucleic 
acid.  

To ensure that the sample was completely pure - consisting of only gDNA from C. 
papyrosolvens C7 - universal primers were used to amplify the 16S rDNA. Methods 
have previously been established for amplifying 16S rDNA using universal primers that 
recognize conserved regions of DNA [59]. Analysis of 16S rDNA sequences allows one 
to sensitively and reproducibly distinguish microbial diversity within a given sample. 
Subsequent cloning of the amplified 16S rDNA into sequencing vectors and analysis of 
a pool of sequences should provide a direct representation of the purity of gDNA. Two 
sets of universal primers were used to amplify 16S rDNA (see Materials and Methods) 
and both were found to reliably distinguish between cultures of E. coli, Clostridium 
species, and Bacillus species. The EUB primers produced a single PCR product of the 
expected length (435 bp), while the U1 primers often produced several products, with 
the major product being the desired 996 bp fragment (Figure 2-1B). When samples of 
amplified 16S rDNA from the C. papyrosolvens C7 gDNA were sequenced, 9/9 clones 
contained sequences 97% identical to closely related Clostridium strains (C. josui and 
C. cellulolyticum H10). Therefore, the sample was determined to be of sufficient quality 
and purity for complete gDNA sequencing.   

 
2.2.2 Genome Sequencing Statistics and Comparisons  

The C. papyrosolvens C7 genome was sequenced by 454 Life Sciences, yielding 
104 large contigs (>500bp) containing 4.4 Mb of DNA. Analysis of all the contigs led to 
the prediction of 4,061 gene models containing ORFs, which is similar to the number 
observed in other cellulolytic Clostridia (Table 2-1). At this time, the genome has not 
been fully assembled, but over 3 Mb of DNA has been arranged into 5 supercontigs, 
based on the overlapping 20x coverage provided by 454 Life Sciences and 
comparisons to the fully assembled C. cellulolyticum H10 and C. thermocellum 
genomes. Based on the number of predicted genes the fully assembled chromosome is 
expected to be over 4 Mb in size. However, due to the low GC content (35%) leading to 
an enrichment of repetitive sequences in non-coding areas of the genome, additional 
sequencing would be required to assemble the remaining contigs into one chromosome.  

The 4061 predicted ORFs were placed in a database and assigned a gene 
model number (CPC7_1 through CPC7_4061). A reciprocal BLAST of this database 
against the 3639 C. cellulolyticum H10 predicted genes found that 2596 (64%) of the C. 
papyrosolvens C7 gene models were putative orthologs (Figure 2-2). The recently 
sequenced C. papyrosolvens DSM 2782 does not have a fully assembled genome, but 
preliminary analysis of the large contigs found approximately 4500 predicted genes. 
When a reciprocal BLAST was performed against this database, 84% of the predicted 
C. papyrosolvens C7 genes were putative orthologs (data not shown). This agrees with 
phylogenetic analysis (Figure 1-2) indicating that C. papyrosolvens C7 was very closely 
related, but distinct from C. papyrosolvens DSM 2782 and that these two organisms are 
more similar to the mesophilic cellulosome producing organism, C. cellulolyticum H10 
than to any other strains of Clostridia.  
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2.2.3 Scaffoldin and Cohesin Domain Analysis 

Analysis of the 4061 predicted gene models in C. papyrosolvens C7 identified 
CpC7_725 as the ORF encoding a single scaffoldin for incorporating dockerin-
containing enzymes. The 137-kDa scaffoldin protein contains one N-terminal CBM 
domain, six cohesins, and three domains of unknown function, commonly referred to as 
X-domains (Figure 2-3A).  This makes the C. papyrosolvens C7 scaffoldin smaller than 
those of C. cellulolyticum H10 or C. thermocellum, with 8 and 9 cohesin domains 
respectively. The presence of two additional X-domains, in comparison to the C. josui 
scaffoldin, is intriguing as no role or function of this domain has yet been described. 
Interestingly, the draft genome of C. papyrosolvens DSM2782 (CpDSM) reveals 
numerous cohesin-containing contigs. Assuming these encode a single scaffoldin 
protein, the scaffoldin in C. papyrosolvens DSM2782 has a minimum of four X-domains 
(Figure 2-3A, bottom).  

The amino acid sequence of the C. papyrosolvens C7 scaffoldin (CpC7_725) 
with each of its major domains highlighted is shown in Figure 2-4. In total, the scaffoldin 
is 1333 amino acids in length.The N-terminal residues, shown in standard font, contain 
a conserved signal sequence which directs the peptide for secretion. The CBM domain 
(bold/underline), which allows the entire complex to bind to cellulose, follows the signal 
sequence and precedes the longest linker region in the scaffoldin. Each of the X-
domains is displayed in italic and underlined fonts and shows a well conserved 
sequence. Finally, the cohesin domains are highlighted in varying shades of gray, with 
the short and presumably flexible linker peptides located between each domain.   

Comparing the amino acid sequences of the C. papyrosolvens C7 cohesins to 
one another reveals that, whereas the first 4 cohesins are 84-96% identical to one 
another, cohesin six is no more than 60% identical to these four domains (Figure 2-3B). 
Phylogenetic analysis of the cohesin domains from C. papyrosolvens C7 and C. 
cellulolyticum H10 shows that the most N-terminal cohesins (CpC7-1, Ccel-1) cluster 
near each other. However CpC7-2 and CpC7-3 occupy their own distinct branch. 
Additionally, the two C-terminal cohesins, CpC7-5 and CpC7-6, seem to correspond to 
the final C. cellulolyticum H10 cohesins, Ccel-7 and Ccel-8 (Figure 2-5). As previously 
mentioned, the differences between cohesin domains within and across species could 
be exploited in binding different sets of dockerin-encoding enzymes [60].  
 
2.2.4 Comparison of Dockerin Encoding ORFs 

The C. papyrosolvens C7 genome encodes 72 dockerin-containing proteins that 
can be incorporated into cellulosomes. However the expression of only a subset (~30) 
of these genes has ever been observed (data not shown). The dockerin domains are 
located on the C-terminus of 52 of the genes, while the remaining 20 have a N-terminal 
dockerin domain. In a reciprocal BLAST search of genes from C. cellulolyticum H10 and 
C. papyrosolvens DSM2782, 49 of the C. papyrosolvens C7 dockerin-encoding genes 
have greater than 90% sequence similarity (Figure 2-6A) to both organisms. Another 
twelve genes show high similarity to only one of the compared organisms, while at least 
11 seem to be unique to C. papyrosolvens C7. Unless there were duplications in the C. 
papyrosolvens C7 genome, the presence of unique genes was expected as C. 
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cellulolyticum H10 has 9 fewer dockerin-encoding genes identified in its genome (Table 
1). 

 A wide variety of GH families and other enzymatic CAZy domains can be 
identified in the dockerin-encoding genes, suggesting diversity in enzymatic activity 
(Figure 2-6B). The most abundant GH families are GH5, GH9, and GH43 which 
constitute over 50% of the enzymatic domains identified. Of note are the lipases, 
esterases, and pectin lyases which total 28% (16/57) of the domains and represent 
activities related to carbohydrate breakdown, which may indirectly affect cellulose 
hydrolysis.  

 
2.2.5 CAZy Domains and Secreted Proteins 

An analysis of all CAZy domains identified in the 4061 C. papyrosolvens C7 gene 
models found 98 glycoside hydrolase (GH) domains and 66 carbohydrate binding 
modules (CBM), an increase from the 91 and 54 domains, respectively, observed in C. 
cellulolyticum H10 (Table 2-2). Included in the C. papyrosolvens C7 GH families are 
GH25 and GH36, of which there are no representatives in the C. cellulolyticum genome. 
Conversely, GH65 and GH73 domains are each found once in C. cellulolyticum H10, 
but are not in CpC7. Also of note is CBM Family 50, which is in only two C. 
cellulolyticum H10 gene models, yet is represented in 8 CpC7 ORFs, including two 
CBM50 domains located in a gene with a predicted secretion signal.  

Over 90 gene models in C. papyrosolvens C7 contain a secretion signal along 
with an identifiable CAZy domain. The CpC7 gene model numbers and domain 
architecture are shown in Table 2-3. Of the predicted secreted proteins, 20 lack a 
dockerin (DOC1) or cohesion (COH) domain and would not be predicted to incorporate 
into cellulosomes. Several of these genes contain one or more CBM domains, such as 
CpC7_1290, CpC7_1291, and CpC7_2386. The presence of several CBM domains 
would increase targeting to a variety of substrates, which would be a greater necessity 
for free enzymes. Along with the analysis from Table 2-2, these data present a diversity 
of CAZymes and CAZy domains beyond the cellulosome components and suggests C. 
papyrosolvens C7 has evolved several strategies for carbohydrate degradation.  
 
2.2.6 Operons and Promoters 

Several of the mesophilic Clostridia have been reported to have gene clusters 
containing over 10 cellulosome related genes. The largest of these is the cip-cel operon 
identified in C. cellulolyticum containing the scaffoldin (CipC), followed by 10 dockerin 
encoding genes that are known to be an essential part of active cellulosomes [61]. 
CpC7 contains a gene cluster identical in gene order to that observed in C. 
cellulolyticum (Figure 2-7A). However, elements of the scaffoldin operon promoter 
region contain insertions, deletion, or are highly variable in comparison to C. 
cellulolyticum H10. For example, a putative catabolite responsive element (CRE site) 
upstream of the Cel operon in C. cellulolyticum H10 proposed to be important for 
transcriptional control of cellulase induction is almost entirely missing in CpC7 (Figure 2-
7B). Previous work in our lab also found that almost the same subset of secreted 
proteins is produced when CpC7 is grown in cellobiose or crystalline cellulose (Avicel). 
Thus, the regulation of the Cel operon and other gene clusters in CpC7 might differ 
substantially from what has been observed in related species.  
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2.2.7 Affinity Digest and SDS-PAGE of Cellulosome Components 

C. papyrosolvens C7 was routinely grown in Hungate tubes on MJ-CB or MJ-FP 
media. When filter paper was used as the sole carbon source, CpC7 would degrade the 
filter paper to individual fibers within 4 days (Figure 2-8A) and almost completely to 
soluble products within 7 days after inoculation. While many cellulosome components 
can be observed in supernatant samples by SDS-PAGE (Figure 2-8B), removing non-
cellulosome components from a large culture volume was desirable. To purify and 
concentrate cellulosomes from culture supernatants, other groups have taken 
advantage of the cellulose binding domain that is a part of the scaffoldin protein to 
perform a PASC (phosphoric acid swollen cellulose) affinity digest [62]. Using this 
method, a significant enrichment in cellulosome components was observed (Figure 2-
8B), especially the scaffoldin protein (CpC7_725), Cel48F (CpC7_726), and Cel9E 
(CpC7_729). These three proteins are known to be the most highly expressed 
cellulosome components in other organisms [25, 63] and so the PASC affinity digest 
proved to be a reliable method for obtaining cellulosome samples.  
 
2.2.8 Anaerobic Transformation and Promoter Analysis 

To probe the effects of a particular carbon source on the expression of 
cellulosome components, putative C. papyrosolvens C7 promoters were placed 
upstream of the ORF for the fluorescent reporter EcFbFP [64], which had been cloned 
between the BamHI and EcoRI sites of pSOS95m.  Promoter regions of ~1000 bp were 
chosen for several genes or operons from which protein expression had been observed 
during mass spectrometry analysis performed by other researchers in the lab. (Beeson 
and Phillips, data unpublished). The upstream regions were PCR amplified from gDNA 
and cloned between the PstI and BamHI sites on pSOS95m.  

The lack of a protocol to successfully transform DNA into C. papyrosolvens C7 
had hindered previous studies, so a procedure was developed to reliably transform the 
pSOS95sm plasmid into CpC7. While two transformation protocols were developed -
one involving protoplast formation - an electrotransformation procedure was found to 
have the greatest efficiency (Figure 2-9 and Methods Section 2.4.7). Plasmids were 
methylated prior to transformation to block degradation by predicted restriction enzymes 
in the CpC7 genome. The transformation procedure was modified from a C. 
acetobutylicum protocol [65] in order to maintain appropriate temperatures and an 
anaerobic environment throughout.  

After transformation of reporter constructs into CpC7, cells were placed in 
minimal media containing one of 96 different carbon sources (Biolog PM1 plate, [66]) 
and changes in fluorescence were monitored. EcFbFP purified from E. coli was used as 
a fluorescence standard, but due to auto-fluorescence from the CpC7 cells, 
quantification of native expression was not performed.  

Notably, most carbon sources had very little effect on the expression of the 
reporter gene (Figure 2-10). In the case of the large cellulosome operon promoter, less 
than a 2 fold change in fluorescence was seen for 94 of the carbon sources used. In 
agreement with the mass spectrometry data obtained by others (Beeson and Phillips, 
data unpublished), CpC7 seems to have minimal response to changes in carbon 
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source.  Notably, no cellulosome promoters are induced in the presence of glucose, but 
are induced in the presence of cellobiose (dashed arrows, Figure 2-10). This further 
suggests that the CRE element and transcriptional regulation observed in C. 
cellulolyticum H10 is absent in CpC7 and that control of cellulosomal expression in 
CpC7 involves distinct mechanisms.  

 
2.3 Conclusions 

Cellulosomes have been described as elegant and elaborate nanomachines [21]. 
However, there is still much to be learned about the detailed complexity of these 
systems and how they might contribute to the large scale degradation of cellulosic 
biomass. The heterogeneity of the system as well as the complexity of the solid 
substrates has complicated efforts to understand assembly, synergism, and regulation 
of cellulosomes. We have sequenced the genome of C. papyrosolvens C7, and 
performed a detailed analysis of its cellulosomal system using biochemistry, proteomics, 
and expression profiling.  The present analysis of the small, detached cellulosomes 
from CpC7 should serve as a foundation for future experiments on this cellulosomal 
system. 
 Genomic analysis revealed a system similar to those found in other mesophilic 
bacteria, with one large scaffoldin protein and over 70 dockerin-encoding proteins. The 
C. papyrosolvens C7 scaffoldin resembles the C. cellulolyticum H10 scaffoldin in 
general architecture, except in the number of cohesin domains and the arrangement of 
the X-domains (Figure 2-3A). The presence of these X domains with no known function 
suggests an evolutionary need for conservation. Future experiments will be required to 
probe the importance of these conserved domains and whether they might play a role in 
cellulosome localization [67]. Additionally, the identification of another scaffoldin with 
only six cohesin domains - C. josui has six cohesions and only one X-domain [56] - 
provides the unique opportunity to compare the activity of similar sized cellulosomes 
with a variable number of X-domains.   

The use of chimeric constructs of cellulosome components – “designer 
cellulosomes” –has been proposed for a wide range of applications [9], including 
improvements in cell wall depolymerization activity [25, 68] as well as the development 
of affinity purification tools [69]. The C. papyrosolvens C7 cellulosomal system should 
prove useful to the development of designer cellulosomes, due to the sequence 
diversity of its cohesin domains (Figure 2-3B) and the presence of 16 dockerin domains 
missing in C. cellulolyticum H10 genome (Figure 2-6A).  The genomic and proteomic 
information presented here on the cellulosomes of C. papyrosolvens C7 will aid in both 
the development of designer cellulosomes and in the characterization of individual 
cellulosomal complexes. 
 
2.4 Materials and Method 
 
2.4.1 Strains and Growth Conditions 

C. papyrosolvens C7 (ATCC 700395) was grown at 37 °C on MJ minimal media 
[70]. Per liter the media contained 1.5 g KH2PO4, 2.9 g K2HPO4, 2.1 g urea, 3 g sodium 
citrate·2H2O, 10 g MOPS, 1 g MgCl2·6H2O, 150 mg CaCl2·6H2O, 1.25 mg FeSO4·6H2O, 
1 g cysteine-HCl, 2 mg resazurin, 2 mg pyridoxamine HCl, 0.2 mg biotin, 0.4 mg ρ-
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aminobenzoic acid, and 0.2 mg vitamin B12. The pH of the media was adjusted to 7.2 
by the addition of potassium hydroxide and Avicel, filter paper, or cellobiose (5g/L) was 
used as the carbon source. Vitamins were prepared at a 100x concentration, filter 
sterilized and stored at 4° C until added to the rest of the autoclaved media. Salts (Mg, 
Ca, Fe) were prepared at a 10x concentration and autoclaved separately. Cysteine-HCl 
was prepared separately, filter sterilized and added with the vitamins. Media was 
sparged with nitrogen before inoculation, with resazurin or methylene blue acting as the 
oxygen indicator.   
 
2.4.2 gDNA Preparation 

High molecular weight genomic DNA was isolated using a modified version of the 
CTAB (cetyltrimethylammonium bromide) method from Current Protocols in Molecular 
Biology [71].  The CTAB/NaCl solution was prepared by dissolving 4.1 g NaCl in 80 mL 
water and slowly adding 10 g CTAB while heating (~65 °C) and stirring. The solution 
was adjusted to a final volume of 100 mL, filter sterilized and stored at room 
temperature until use. For CpC7 gDNA isolation, a 15 mL culture grown in a sparged 
hungate tube was pelleted at 10,000 RPM for 5 minutes. The cells were resuspended to 
an OD600 of ~1 with TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and a 740 µL aliquot 
was moved to a clean microcentrifuge tube. Lysozyme (20 µL of a 100 mg/mL solution) 
was added; the sample was mixed by inversion and then incubated at room 
temperature for 5 minutes. Following the addition of 40 µL of 10% SDS and 8 µL of 10 
mg/mL Proteinase K (mixing after each), the sample was incubated for 1 hour at 37°C.  
Then, 100 µL of 5 M NaCl and a preheated CTAB/NaCl solution were added and the 
sample was placed at 65°C for 10 minutes. The DNA was extracted with 0.5 mL of 
chloroform:isoamyl alcohol and after centrifugation for 10 minutes the aqueous phase 
was added to 0.5 mL phenol:chloroform:isoamyl alcohol. After a second centrifugation 
the aqueous phase was removed and 0.6 of the volume ice cold isopropanol was mixed 
with the solution and incubated for 30 minutes at room temperature. The DNA 
precipitant was collected by centrifugation for 15 min and washed once with 70% 
ethanol. The pellet was dried at room temperature and resuspended in ~20 µL of TE + 
RNase (99 µL TE + 1 µL RNase (10 mg/mL)), Following an incubation at 37 °C for 10 
minutes, the sample was frozen at -20 °C and an aliquot was run on an agarose gel to 
determine purity.  
 
2.4.3 16S rDNA Sequencing 

Universal primers were used to sequence the 16S rDNA and confirm the purity of 
the sample prior to sequencing. Two sets of primers were used: 

Table 2-4. Sequence and source of universal primers for 16S rDNA sequencing 
Primer  Sequence Reference 
EUB f933 GCA CAA GCG GTG GAG CAT GTG G Ji et al., 2004 
EUB r1387 GCC CGG GAA CGT ATT CAC CG Ji et al., 2004 
U1 fwd CCA GCA GCC GCG GTA ATA CG Lu et al., 2000 
U1 rev ATC GGC TAC CTT GTT ACG ACT TC Lu et al., 2000 
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A 50µL PCR reaction was setup as follows: 1 µL 100mM MgSO4, 50 µL 10x Deep 
Vent Reaction Buffer, 1 µL 10 µM Fwd Primer, 1 µL 10 µM Rev Primer, x µL gDNA (~200 
ng), 1 µL 10 mM dNTPs, 0.3 µL Deep Vent Polymerase, x µL H2O (to 50 µL). The 
reaction was denatured for 10 minutes at 94 °C and then run through 35 cycles of 1 
minute at 94 °C, 1 minute at 55 °C and 2 minutes at 72 °C. After the cycling, the sample 
was incubated at 72 °C for ten minutes. 5 µL of the PCR reaction was run on an 
agarose gel to determine if a product of the correct size was produced (435 bp with 
EUB primers, 996 bp with U1 primers). The corresponding fragments were gel purified 
and cloned into a Zero Blunt TOPO® vector for sequencing.  
 
2.4.4 Sequencing of the C. papyrosolvens C7 genome 

Genomic DNA was sent to 454 Life Sciences for sequencing. The MUMmer 
program was used to align the CpC7 contigs to the sequenced genomes of related 
organisms [72].  This allowed for suercontig assembly by identifying overlapping contig 
sequences. Open reading frame (ORF) and operon predictions were performed using 
the Genemark program [73] and MicrobesOnline [74]. Protein domains were identified 
using the Pfam database [75] and similarity searches were performed using BLAST 
[76]. Analysis of CAZy domains was kindly provided by Bernard Henrissat and the team 
at http://www.cazy.org [19].  
 
2.4.5 Cellulosome Purification by Affinity Digest 

C. papyrosolvens C7 was grown in MJ media with Avicel, filter paper, or 
cellobiose as the sole carbon source[40]. After seven days of growth, the culture was 
centrifuged at 8000 RPM for 20 min followed by an additional centrifugation at 10,000 
RPM for 20 minutes. The supernatant was passed through a 0.45 µm filter and added to 
phosphoric acid swollen cellulose (PASC) at a ratio of 1:100, PASC to supernatant. This 
mixture was incubated with stirring for 10 minutes, centrifuged at 8000 RPM for 10 
minutes and the pellet was resuspended in activity buffer (25 mM succinate pH 6.2, 5 
mM calcium chloride, 1 mM DTT). The PASC slurry was dialyzed (5000 MWCO) at 37 
°C overnight in the activity buffer. Cellulosomes recovered from this step were either 
directly used for analysis or subjected to further purification. 

 
2.4.6 Cloning of pSOS95 and Sequences for Promoter Analysis 

The pSOS95 E. coli –Clostridia shuttle vector was modified to remove the ctfA–
ctfB–adc gene cassette, by inserting an EcoRI site after the adc gene, digesting with 
EcoRI one and religating the plasmid fragment without the cassette. This left the PstI, 
BamHI, and EcoRI sites available for subsequent cloning and the new plasmid was 
termed pSOS95sm or pSOS95small. 

The fluorescent protein EcFbFP, a protein that can be used as a reporter in both 
aerobic and anaerobic conditions [64] was cloned from a pET vector and placed 
between the BamHI and EcoRI sites. Sequences 1000 base pairs (bp) upstream from 
the start codon of genes of interest were amplified from gDNA by PCR and cloned into 
the pSOS95 plasmid in place of the standard thiolase (thl) promoter using the PstI and 
BamHI sites.  
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2.4.7 Electrotransformation Procedure 
Prior to transformation, plasmids were treated with MspI methylase to block MspI 

restriction sites common in the genomes of Clostridia. C. papyrosolvens C7 competent 
cells were prepared by harvesting cells in the late exponential phase with ET buffer (270 
mM Sucrose, 0.6 mM, Na2HPO4 , 4.4 mM NaH2PO4) + 10 mM MgCl2. Cells were 
subsequently washed twice with ET buffer - MgCl2, placed in a chilled electroporation 
cuvette (0.1 cm gap), mixed with DNA (0.1-1.5 µg) and pulsed (1.8kV, 600 Ω, 25 µF). 
The mixture was immediately added to pre-chilled media and allowed to recover for four 
hours at 37 °C before being placed in selective media. All transformation procedures 
were performed either in a Coy anaerobic chamber or with samples in sparged hungate 
tubes. Buffers were ice-cold prior to being brought into the anaerobic chamber and all 
centrifugation steps took place at 4 °C.  
 
2.4.8 Promoter Analysis in Biolog Plates 

C. papyrosolvens C7 transformed with plasmids containing the EcFbFP ORF 
behind the 5’-genomic sequences of selected cellulosomal genes was grown to log 
phase in MJ media [70] diluted 1:20 with fresh MJ media and added to Biolog PM-1 
carbon utilization plates for overnight incubation [66]. A MicroMax plate reader on a 
Horiba FluoroLog 3 spectrofluorometer was used to monitor fluorescence of the 
resulting cultures, with an excitation wavelength of 450 nm and emission collected at 
490 nm.  EcFbFP purified from E. coli was used as a fluorescence standard. 
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Chapter 3 
 
A Neurospora crassa Kinase Involved in the Transition to 
Cellulolytic Metabolism1 
 

3.1  Induction of Cellulases and Activation of Transcription Factors – the Search 
for Signaling Molecules  

 
By sequencing and comparing RNA transcripts from N. crassa cultures grown on 

sucrose and transcripts from cultures grown on crystalline cellulose (Avicel), many 
glycosyl hydrolases were found to be specifically upregulated in cellulose grown 
cultures (C. Haussman and W. Beeson, unpublished data). In fact some of the most 
highly induced cellulases had a mapped read ratio of 5000 -10000, with very few 
detectable reads during sucrose growth. This suggests that N. crassa has a very 
specific induction system for most cellulases. This information in conjunction with other 
work in our lab and in collaboration with the Glass Lab at UC Berkeley has led to a 
proposed model for cellulase induction by N. crassa (Figure 3-1)  [48, 77]. It is similar to 
a model proposed in T. reesei where a basal level of cellulase expression is required to 
produce a soluble inducer molecule from cellulose that then significantly upregulates 
cellulase gene expression [52]. But as previously mentioned, the known signaling 
molecule in T. reesei – sophorose – does not induce cellulase expression in N. crassa 
(unpublished observations).  

Several predicted sugar transporters were also significantly upregulated during 
growth on cellulose and a study to determine their specific role in cellulose degradation 
was carried out by our lab [77]. Interestingly, these transporters were found to be high 
affinity cellodextrin transporters which allow N. crassa to make use of intracellular β-
glucosidases to produce glucose and grow efficiently on cellulose. Since cellodextrins 
can directly enter the cell, this raises the possibility that they also serve as signaling 
molecules.  

In addition, several transcription factors have been identified which when deleted, 
severely diminish the level of cellulase transcripts (Glass Lab, data unpublished). 
Constitutively expressing these transcription factors does not induce cellulase 
expression, suggesting that as in many other signaling pathways, the transcription 
factors must be activated in order to drive cellulase production. One common mode for 
transcription factor activation is phosphorylation, which may or may not involve an 
upstream signaling cascade. This has led to the proposal of a more detailed model for 
cellulose specific cellulase induction (Figure 3-1, bottom) whereby a signaling molecule 
enters the cell and transfers a signal through one or more kinases in a cascade which 
eventually leads to the activation of a transcription factor that can then upregulate 

                                                            
1 Portions of this chapter were performed in collaboration with Padma Gunda and Ian Wallace and will be 
published as: Zepeda V, Gunda P, Wallace IS, Iavarone A, and Cate J. Characterization of a Neurospora 
crassa Protein Kinase Involved in the Transition to Cellulolytic Metabolism. (Manuscript in Preparation) 
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cellulase genes.  The following screen was carried out in order to identify potential 
members of this signaling pathway.  

 
3.2  Results and Discussion 

 
3.2.1 Screening N. crassa KO strains for Cellulose-specific Phenotypes 

Knockout (KO) strains for more than 100 kinase, phosphatase, GPCR, and other 
proteins known to be involved in signaling pathways were obtained from the FGSC and 
cultured under standard conditions on sucrose slants [45, 78]. To identify if any of these 
proteins might be involved in cellulose degradation, liquid cultures (Vogel’s media with 
sucrose or Avicel as the sole carbon source) of each of the strains were grown and 
compared to wild type (WT) N. crassa. Cultures were observed visually for a phenotype, 
protein secretion was monitored using a Bradford assay, and endoglucanase activity of 
culture supernatants was determined using an Azo-CM-cellulose assay. 

  Figure 3-2, lane 3 shows an example of WT N. crassa culture supernatant after 
seven days of growth on Avicel (30 µL unconcentrated supernatant/lane). For most 
strains, either no visible phenotype was observed or a strong phenotype was seen on 
both carbon sources. No visible phenotype or effect on secreted protein was observed 
for a number of strains, such as shown in Lanes 4-6. However, a growth defect on 
cellulose and a reduction in protein secretion and activity, with little affect on sucrose 
growth was reproducibly observed for 7 strains, three of which are shown in Lanes 8, 9, 
and 16.  

Several strains visually seemed to degrade the cellulose faster than WT and also 
had an increase in secreted protein. Three of these strains (shown in lanes 10, 11, 15) 
had no morphological defects on sucrose, but the increase in protein secretion was 
variable and deemed not significant enough for further study. Another three, including 
those shown in Lanes 1 and 2, were identified as having a reproducible cellulose 
specific growth enhancement that did not seem to affect growth on sucrose.  Samples 
of Avicel grown culture supernatant were collected over 5-7 days for these three strains 
(FGSC #14343, 17964, 16603) and the results of a Bradford assay are shown in Figure 
3-3. FGSC#14343 and #16603 seemed to have a reduced lag phase for growth on 
Avicel. FGSC#17964 showed a marked reduction in the lag phase as well as a 1.4 fold 
increase in overall protein secretion after 7 days.   

At the end of the screen, 10 strains were classified as potential regulators of 
cellulose degradation. These strains are listed in Table 3-1, along with their NCU 
numbers, the respective FGSC strain number, deletion effect on Avicel growth, and the 
predicted protein classification. Of these strains, one in particular stood out as having 
almost no ability to grow on cellulose – ∆NCU07399 (FGSC#17963). As shown in Lane 
16 of Figure 3-2, after seven days of growth on Avicel no secreted protein can be 
observed in the unconcentrated supernatant of this strain.  

 
3.2.2 Genotyping  of FGSC#17963/∆NCU07399 

All of the strains in this study were grown from the available N. crassa KO strain 
collection, which are made using homologous recombination to insert a hygromycin 
resistance cassette into the gene locus [45]. While this method is very efficient, it is 
difficult to determine the genotype of a strain in an unbiased manner, e.g. without 
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already knowing what the genotype should be.  In a study of this scale, it was important 
to determine that no errors were made in user handling and that each strain was of the 
indicated genotype.  

One proven method for identifying unknown regions of DNA adjacent to a known 
sequence, such as the case for the hygromycin cassette inserted into the N. crassa 
genome, is thermal asymmetric interlaced PCR (TAIL-PCR) [79]. Nested PCR primers 
were designed to the 5’ end of the hygromycin cassette and the recommended arbitrary 
degenerate (AD) primers were used for PCR amplification (Materials and Methods). The 
primary PCR reactions utilized the internal-most nested primer (Hph-1) and one of the 
four AD primers in a series of high and low stringency amplifications. The product from 
the primary reaction was then used in the secondary and tertiary reactions, with the 
specific primers Hph-2 and Hph-3, respectively.  

Since the specific primers are nested, the secondary and tertiary reactions 
should produce a product whose size difference is exactly the distance between the 
designed primers. This was observed in the secondary and tertiary reactions when 
gDNA from FGSC#17963 and #17964 and the nonspecific AD-2 primer were used 
(Figure 3-4). The product for the tertiary reaction is slightly smaller than that of the 
secondary and so the corresponding bands (boxed in red) were gel extracted and 
sequenced.  

According to the Broad Institute database, NCU07399 is located in the N. crassa 
genome at Supercontig 1: 6070352-6072256. The sequences obtained from the 
reactions shown in Figure 3-4, Lanes 5 and 6, align to Supercontig 1: 6072090-6072338 
and 6072090-6072319. These sections of the genome correspond to the 3’ end of the 
NCU07399 gene and verified the insertion of the hygromycin cassette. For each strain 
tested, certain degenerate (AD) primers seemed to work better than others, as can be 
observed in lanes 1-4 of Figure 3-4, where nonspecific amplifications occurred in both a 
WT strain with no hygromycin cassette and the FGSC#17952 KO strain when the AD-2 
primers were used. However, at least one of the degenerate primers always provided 
specific sequence information.  

 
3.2.3 Phenotypic Characterization of ∆NCU07399 

WT N. crassa is typically grown on 2% sucrose for up to two days and 2% Avicel 
for up to seven days to observe growth and collect samples. After two days of growth on 
sucrose, ∆NCU07399 and WT N. crassa appear almost identical (Figure 3-5A) with an 
extensive network of mycelia filling each flask.  In contrast, after seven days on Avicel, 
∆NCU07399 growth can barely be observed and only the undigested Avicel and a small 
mat of mycelia are seen (Figure 3-5B). The WT N. crassa mycelia fill the flask, turn 
orange, and degrade the Avicel into soluble sugars. The inability of ∆NCU07399 to 
degrade Avicel is reflected in its lack of secreted protein and exoglucanase activity as  
monitored by Bradford and Azo-CMCase assays (Figure 3-5C and 3-5D). From 3-7 
days of growth on Avicel, WT N. crassa secretion steadily increases, but ∆NCU07399 is 
barely measurable above background. 

When growth on sucrose is closely monitored, ∆NCU07399 grows slightly slower 
than WT. However this could be attributed to the poor conidiation (Figure 3-6A) of the 
strain leading to inoculation of unviable spores. Race tubes are often used to compare 
growth on sucrose and have the advantage of being inoculum independent. By 
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inoculating a long tube of sucrose agar and plotting distance of mycelia growth versus 
time, a slope can be obtained and used to make more accurate growth comparisons. In 
the sucrose race tube data shown in Figure 3-6, ∆NCU07399 grows at 81% of the rate 
of WT N. crassa on sucrose. While this effect is both observable and reproducible, the 
effects of this KO on Avicel growth were much more significant and deemed worthy of 
further investigation.  

 
3.2.4 Sequence and Domain Analysis of NCU07399, STK16 Homologs 

BLAST analysis of the NCU07399 amino acid sequence, identified homologs in 
many related cellulolytic fungi, such as Podospera anserina and Chaetomium 
globosum (Table 3-2). NCU07399 is a predicted kinase that has sequence identity with 
and is classified as a serine/threonine protein kinase 16 (STK16). STK16 has human, 
mouse, yeast, and plant members [80, 81] and belongs to the NAK family of kinases 
which show great structural diversity and low sequence homology with other protein 
kinases, even in generally conserved sequences like the nucleotide binding motif [82]. 
This group of kinases, NCU07399 in particular, seems to have unique characteristics 
that set them apart from typical kinases.    

The activity of protein kinases is usually regulated by altering the conformation of 
the activation loop, a 20-35 residue sequence bridged by a DFG—APE motif [83]. 
Phosphorylation of residues in the activation segment generally causes the 
unstructured loop to become structured, resulting in the formation of substrate binding 
sites. MPSK1 (myristoylated and palmitoylated serine/threonine kinase 1) is the human 
homolog of NCU07399 and the only STK16 with an available structure. It was found to 
have an atypical activation segment with a β sheet and a large α-helical insertion 
(Figure 3-7) [84]. Additionally, as the name suggests, MPSK1 has N-terminal 
consensus sequences for myristoylation (Cys6) and palmitoylation (Cys8) [85]. While 
NCU07399 only has 34% sequence identity with MPSK1, much of the conservation 
can be found in regions such as the activation, catalytic, and nucleotide binding regions 
(Figure 3-8). This includes the atypical activation loop as well as the conserved DLG, 
rather than the standard DFG, motif at the start of the region. Additionally, there are two 
cysteines in the N-terminal region of NCU07399 which might also be targets for post-
translational modifications.  

NCU07399 has an additional 100 amino acids in comparison to MPSK1 and 
these are mainly found within two insertions. In the primary structure the additional 
residues are on either side of the catalytic region and activation loop (Figure 3-8, 
dashed lines in MPSK1 sequence). The approximate locations of these insertions are 
highlighted in green on the structure of MPSK1 in Figure 3-7. A homology model of 
NCU07399 was made and shows the same structured activation loop as MPSK1 
(Figure 3-9, red). The two insertions in the NCU07399 model are shown in blue and 
yellow, with the first containing some helical structure and the second modeled as a 
random coil. While NCU07399 probably adopts a structure similar to MPSK1, it is 
unclear how the additional sequences in the kinase might affect substrate binding and 
activity.  
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3.2.5 Transcriptional Induction of Cellulase Genes in ∆NCU07399 
Since WT N. crassa significantly upregulates cellulase RNA transcript levels, 

qPCR was used to determine if this was also occurring in ∆NCU07399.  Cultures of 
each strain were grown on sucrose media for 16 hours, washed, and transferred to 
Avicel media. After 4 hours, RNA was extracted from the mycelia and prepared for 
qPCR analysis. As expected, WT N. crassa grown on Avicel, relative to sucrose control 
samples, showed an immense induction of tested genes, with the relative quantification 
(RQ) of each gene averaging between 1700 and 22,000 (Figure 3-10). In comparison, 
∆NCU07399 showed a fairly weak still quantifiable induction of cellulase transcripts. 
This indicates that although cellulases could not be identified in the supernatants of 
Avicel cultures through the previously described methods, there are RNA transcripts for 
these genes being produced in ∆NCU07399. This is especially true for the 
Cellobiohydrolase I (RQ = 650), β-glucosidase (RQ = 445), and Endoglucanase II (RQ = 
297) genes that were tested.  

Three transcription factors have been identified as having an effect on cellulase 
gene expression, although microarray analysis has shown that they are present in 
varying amounts during sucrose and cellulose growth (Glass Lab, data unpublished). 
For example, NCU02017 is always expressed at a low level and RNA transcripts do not 
increase after transfer to Avicel, but the expression of NCU08042 does increase. This 
was confirmed by qPCR analysis of the transcription factor genes after a 4 hour transfer 
to Avicel (Figure 3-11). If NCU07399 was the direct regulator of one of these 
transcription factors, one might expect that in the KO strain, induction would be 
completely deficient. However, in ∆NCU07399, RNA transcripts for two of the 
transcription factors were decreased, but not completely absent from the cultures. 
Accurate changes in RNA transcripts for NCU02017 could not be determined since 
expression levels, even in WT N. crassa, are extremely low. As an additional control in 
this experiment, the expression of NCU07399 transcripts was determined. RNA 
sequencing data had found several hundred mapped reads corresponding to 
NCU07399 on sucrose with a similar level of reads also found in Avicel grown cultures 
(C. Hausmann and W. Beeson, unpublished data). Thus, NCU07399 seems to always 
be expressed at a low level and its expression is not affected by the presence of 
cellulose. This was confirmed by qPCR analysis of WT N. crassa, where the relative 
level of RNA transcripts on Avicel grown cultures is quite similar to those grown on 
sucrose (RQ = 1.2).  

 
3.2.6 Secretion Profile of ∆NCU07399 

The above results have shown that ∆NCU07399 does not appear to secrete any 
cellulases when grown on Avicel, yet there are observable levels of cellulase RNA 
transcripts produced. In fact, ∆NCU07399 is able to produce a few mycelia after 5-7 
days of growth on Avicel (Figure 3-5B), indicating that some cellulases are being 
secreted to provide a source of carbon for growth. To look for these cellulases, WT and 
∆NCU07399 N. crassa were grown on 2% sucrose for two days; supernatant samples 
were filtered and concentrated 4-50 fold and analyzed by SDS-PAGE (Figure 3-12). 
After two days on 2% sucrose, WT N. crassa consumes almost all of the available 
sugar and begins to secrete a low level of cellulases which can be detected after 
concentrating the samples. In Figure 3-9, Lanes 1 and 2, a secretion profile somewhat 
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resembling that of WT N. crassa grown on Avicel is observed (compare to Lane 7). 
However, ∆NCU07399 does not seem to secrete any cellulases (Figure 3-12, Lanes 3 
and 4) and none are observed in the supernatant even when samples are concentrated 
50-fold.  

After 3 days of growth on Avicel, cellulases from WT N. crassa can be observed 
in unconcentrated supernatants (Figure 3-12, Lane 5) and by 7 days, the cellulase 
secretion profile is even more pronounced (Lane 8). To detect any low level of 
cellulases being produced, samples of ∆NCU07399 grown on Avicel for 3 and 7 days 
were concentrated 60-fold and 100-fold, respectively.  As seen in Lanes 6 and 8 of 
Figure 3-12, some proteins could be detected in the concentrated supernatants of 
∆NCU07399, but the pattern of secreted proteins does not resemble that of WT N. 
crassa grown on Avicel. Current research efforts are aimed at using mass spectrometry 
to determine what proteins are present in the ∆NCU07399 supernatants in both 
sucrose and Avicel grown cultures.  

 
3.2.7 Response of ∆NCU07399 to Cellobiose as an Inducer of Cellulases 

The current model for cellulase induction in N. crassa requires that a basal level 
of cellulases be expressed in order to produce an inducer molecule. Therefore the 
inability of ∆NCU07399 to efficiently degrade cellulose could be due to its failure to 
produce scavenger cellulases that release an inducer molecule. Alternatively, it is 
possible that even when presented with a potential inducer, ∆NCU07399 would still be 
unable to upregulate cellulase genes. To distinguish between these two possibilities, 
∆NCU07399 was grown on cellobiose in the presence of a β-glucosidase inhibitor. 

Studies with T. reesei have used a β-glucosidase inhibitor (nojirimycin) to block 
the production of sophorose and prevent cellulase induction [86]. Our lab has 
previously shown that cellobiose can act, to a lesser extent than crystalline cellulose, 
as an inducer of cellulases when the action of extracellular β-glucosidases is blocked 
(Figure 3-13, and J. Galazka, data unpublished). By preventing cellobiose breakdown 
into glucose outside of the cell, glucose repression is partially relieved and an 
upregulation of cellulase transcripts is observed. Therefore, WT and ∆NCU07399 were 
grown on 2% sucrose for 18 hours, washed, and transferred to either 2% Avicel, 2% 
cellobiose, or 2% Cellobiose + Nojirimycin. A MuLac activity assay using culture 
supernatants from 24-hour cultures showed that WT N. crassa grown on cellobiose + 
nojirimycin had about 20% of the activity of Avicel grown cultures (Figure 3-14). Almost 
no detectable activity was observed in WT samples grown on cellobiose, due to the 
strong effects of glucose repression in the presence of an active β-glucosidase.  

Interestingly, there was no MULac activity in any of the ∆NCU07399 cultures. By 
collecting total RNA 4 hours after the transfer from sucrose, qPCR analysis of several 
cellulase genes showed no significant increase in transcript level as well (Figure 3-15). 
The only gene that showed a slight induction was an intracellular β-glucosidase gene 
(NCU00130, RQ =9), which was probably due to the increase in cellobiose inside the 
cell.  This strongly suggests that the absence of cellulase activity in this KO strain is not 
simply due to the failure to produce scavenger cellulases because, even when more 
cellobiose is allowed to enter the cell and glucose repression is relieved, ∆NCU07399 
still does not upregulate cellulase genes.  
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To test the possibility that ∆NCU07399 is unable to secrete any enzymes, 
cultures were grown on Vogel’s + 1% BSA. It has been shown that N. crassa is capable 
of growing on protein as a carbon source, when low concentrations of sugar are 
provided [87].  Under these conditions, N. crassa secretes proteases which can be 
detected by SDS-PAGE and can be analyzed using a standard azo-casein assay (see 
Materials and Methods).  This method of growth was used to establish if ∆NCU07399 is 
incapable of secreting enzymes in general or if the defect is specific to cellulases. WT 
and ∆NCU07399 N. crassa strains were grown on Vogel’s media with 1% BSA and 
0.1% sucrose and samples were collected after 24 and 48 hours. By SDS-PAGE, the 
secretion profiles of the two samples were similar after 24 hours and almost identical 
after 48 hours (Figure 3-16A). An azo-casein assay to measure protease activity of the 
samples found very similar activity profiles for the WT and ∆NCU07399 N. crassa 
strains as well (Figure 3-16B). This indicates that ∆NCU07399 is able to respond to 
and degrade carbon sources other than sucrose and that the lack of enzyme induction 
on cellulose is not due to a global repression of secretion. 

 
3.2.8 Polysome Collection and qPCR Analysis of Polysome-mRNA 

The data presented above shows that ∆NCU07399 does not completely repress 
transcription of cellulase genes, yet very little cellulase protein can be found in culture 
supernatants. Another process used to control protein expression is translational 
regulation, thus we sought to determine if the mRNA transcripts produced by 
∆NCU07399 were being actively translated into protein. Translational regulation has 
been observed for N. crassa proteins involved in biosynthetic pathways that respond to 
amino acid availability[88], so it is possible that ∆NCU07399 is involved in a similar 
type of response for cellulase genes.  

WT and ∆NCU0739 N. crassa were grown on sucrose or Avicel for four hours 
before the addition of cycloheximide to stop translation. Lysates were extracted and 
actively translating ribosomes (polysomes) were purified using 10-50% sucrose 
gradients. Polysome fractions were collected from each sample (Figures 3-17 and 3-
18) and mRNA was extracted from the ribosomes for qPCR analysis. Figure 3-19 
shows that WT N. crassa, grown on Avicel is actively translating all cellulase genes 
tested, at a level much greater than that of sucrose grown cultures  (RQ’s = 20–131).  
Low levels of transcripts were observed in polysomes of the ∆NCU07399 strain, but 
there was no relative increase in the Avicel samples when compared to sucrose (RQ’s 
= 0.57–7.3). This confirms that ∆NC07399 is not actively translating a significant 
amount of cellulase mRNAs, but future work to determine the exact effects on 
translation will be needed.  

 
3.2.9 In vitro Expression, Purification and Activity of NCU07399 

An E. coli codon optimized NCU07399 gene was cloned into an expression 
vector for in vitro expression and purification (see Materials and Methods). The 
construct (7399-pGEX2T) was prepared with both an N-terminal GST tag and a C-
terminal 6x-His tag to aid in purification. An additional construct was prepared with the 
predicted catalytic aspartate (see highlighted residue, Figure 3-8) mutated to an alanine 
to create 7399KD-pGEX2T, the kinase inactive/dead version of NCU07399. After 
transforming E. coli cells with these constructs, the kinases were expressed under 
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standard conditions and lysates were purified using a Ni-NTA column. The eluate from 
the first purification step was applied to a glutathione sepharose column, but as seen in 
Figure 3-20A, protein was unable to be recovered from this column. An anti-His Western 
blot revealed that the major band in the eluate from the Ni-NTA column was the 
recombinantly expressed protein that ran at ~72 kDa, the expected size of the kinases 
with both a His and GST tag attached (Figure 3-20B). There were several impurities and 
degradation products in the eluate from the first purification step, but this sample was 
used for activity assays. Additional work will be needed to improve the quality of this 
purification. 

After purification of the NCU07399 wildtype and kinase dead constructs, each 
sample was used in an autophosphorylation assay to test for in vitro activity. Protein 
samples were incubated with γ-[32P]-ATP in the appropriate buffer and reactions were 
visualized by autoradiography. Phosphorylation activity was seen in the NCU07399 
wildtype kinase sample, but not in the mutated construct (Figure 3-21). This indicates 
that the purified kinase has in vitro phosphorylation activity and that the catalytic residue 
was correctly predicted. Of note is the high molecular weight band present in the kinase 
sample which is heavily phosphorylated. Western blots indicate this protein is not his-
tagged (data not shown), so it could be an E. coli protein that was phosphorylated by 
the kinase or an aggregate/multimer of the kinase where the his-tag is occluded. Mass 
spectrometry will be used to determine if this phosphorylated protein is an E. coli 
contaminant. Preliminary analyses also indicate that the purified NCU07399 sample is 
capable of transphosphorylating myelin basic protein (data not shown).  

 
3.2.10 In vivo Expression and Localization of NCU07399-GFP 

NCU07399 wildtype and kinase dead (KD) constructs were prepared in the pNeurA-
GFP vector and transformed into WT. N. crassa. Mycelia from transformants grown on 
sucrose were visualized using standard brightfield microscopy and appeared normal 
and healthy. By epifluorescence, the GFP tagged constructs were easily visualized 
indicating the protein was well expressed (Figure 3-22). Samples were analyzed by 
confocal microscopy, revealing both a diffuse localization and accumulation in punctate 
spots throughout the mycelia (Figure 3-23). The localization of the wildtype and KD 
samples was similar. Preliminary analyses indicate that the punctate spots do not 
overlay with N. crassa nuclei nor are they aggregates of cleaved GFP (data not shown). 
Colocalization experiments, labeling parts of the endocytic pathway, secretory pathway, 
and other known markers, will be used to more accurately determine the identity of the 
kinase accumulation within N. crassa. Additonally, constructs have been prepared and 
transformed into N. crassa with NCU07399 cloned into the pBC-Phleo vector under the 
control of its native promoter. This should eliminate the possibility that the cloned kinase 
is aggregating due to overexpression from the non-native promoter (ccg) and will aid in 
complementing the ∆NCU07399 strain to ensure the phenotype is solely due to the 
deletion of the kinase. 

 
3.3  Conclusions 

Neurospora crassa has recently emerged as a system to study cellulose 
degradation and many aspects of its cellulolytic system and have been revealed. 
However not much is known about the process by which N. crassa senses a solid 
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carbon source – cellulose – and subsequently coordinates a large induction of the 
genes necessary to utilize the substrate. The initial screen presented here was aimed 
at discovering signaling proteins involved in this process. It yielded several interesting 
strains and phenotypes (Table 3-1), the most severe of which was ∆NCU07399, the 
deletion strain of a predicted protein kinase that exhibited almost no growth on Avicel.  

While this strain was initially thought to be completely unable to produce or secrete 
cellulases, it was shown through qPCR analysis to upregulate cellulase genes to a very 
low level. Some protein could also be detected in the ∆NCU07399 supernatant after 
concentrating 50-100 fold over WT samples. Future work will be required to establish 
the exact secretion profile of this strain and determine whether there is any link 
between transcriptional and translational control of these genes.  

 The protein corresponding to the gene inactivated in ∆NCU07399 was shown to 
be an active kinase with interesting domain architecture, similar to a previously studied 
homolog, MPSK1. The structure of MPSK1 has been solved and two interacting 
proteins that act as phosphorylation substrates have been identified [84]. When the 
deletion strains for the N. crassa homologs of these interacting proteins were grown, no 
effect on cellulose degradation was observed (data not shown). But hints to 
NCU07399’s involvement in cellulose degradation come from the yeast homolog, 
YPL236c, which was identified in a screen for mutants involved in peroxisome 
biogenesis [89]. The screen was performed under conditions of glucose repression 
followed by transition to derepressed states. YPL236 was identified as a proposed 
positive transcriptional effector of glucose-repressed genes (see Section 4.3). Similarly, 
the rat homolog of NCU07399 was found to be a protein with dual kinase and 
transcription factor activity [90]. Although the rat protein contained a DNA binding 
domain not present in NCU07399, the downstream effect of transcriptional regulation 
could be conserved. Continued research efforts with NCU07399 will be focused on 
understanding its activation and activity in vivo and identifying potential substrates or 
interacting partners. Overall, this information should lead to a more complete 
understanding of N. crassa signaling pathways and its highly regulated cellulolytic 
degradation system.  

 
3.4  Materials and Methods 

 
3.4.1 Neurospora Crassa Strains and Other Resources 

All strains were obtained from the Fungal Genetic Stock Center (FGSC) [78] [45].  
The strain designated as WT is FGSC 2489. PCR primers were synthesized and 
purified using standard desalting by IDT DNA Technologies. PCR reactions were carried 
out using Phusion polymerase (Finnzymes), except in the case of TAIL-PCR when Taq 
polymerase was used. Sequence alignments were performed using BLAST and 
ClustalW [91]. Homology models were created using the I-Tasser server for 3D protein 
structure prediction [92, 93] and rendered using PyMOL (The PyMOL Molecular 
Graphics System, Version 1.3, Schrödinger, LLC).  

 
3.4.2 Growth Media and Inoculation 

For the production of conidia on slants/flats and growth of mycelia in liquid 
cultures, Vogel’s media supplemented with 2% sucrose was used, unless otherwise 
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noted.  For slants, 2 mL of 50x Vogel’s solution (prepared according to the FGSC) was 
mixed with 2 g sucrose and 2 g agar per 100 mL. The solution was heated with stirring 
and then 3 mL aliquots were distributed among culture tubes. After autoclaving for 15 
minutes, the tubes were tilted on their sides, cooled to harden, and stored at 4 °C. Flats 
were prepared in the same manner except 100 mL of the agar solution was placed in a 
500 mL flask, autoclaved and set on the bench top to harden before storage or 
inoculation. A small amount of conidia (frozen or fresh) was placed on the agar media 
using a sterile wooden stick and grown for 2-3 days in the dark at 30 °C and then placed 
at room temperature in the light for at least 4 days before use. Liquid cultures (100 mL) 
were prepared with 2 mL 50X Vogel’s solution and 2 g sucrose or Avicel. To inoculate, 
conidia from slants or flats were resuspended in water and added to liquid cultures to a 
starting OD600 of 0.05, unless otherwise noted. Cultures were grown at 25 °C with 
constant shaking (200 RPM) and light.  

Sucrose race tubes were prepared according to a protocol from the FGSC 
(http://www.fgsc.net/fgn42/white.html) and kept in the dark (30 °C) to avoid circadian 
rhythm effects. The farthest distance traveled by mycelia was measured at 
corresponding time points and plotted to compare the slopes.  

 
3.4.3 DNA extraction 

DNA was extracted from conidia (7-28 days old) grown on 2% sucrose slants or 
from fresh mycelia. 400 µL of lysis solution (0.05 M NaOH, 1 mM EDTA, 1% Triton-X 
100) was placed in a 2 mL screw cap tube, with ~0.3 g of 0.5 mm silica beads.  A small 
(pea-sized) amount of conidia or mycelia were placed in the tube and the sample was 
shaken in a bead beater for 1 (x2) minute. The sample was placed in a 65 °C water bath 
for ten minutes, inverting 2-3 times during the incubation to mix. After the addition of 80 
µL of 1M Tris pH 7.5, samples were centrifuged at max speed in a bench top centrifuge 
(5 minutes) and the supernatant was removed.  An equal volume of phenol-chloroform 
was added, samples were inverted to mix and then centrifuged again for 10 min. The 
aqueous phase was transferred to a new tube with 600 µL ice-cold ethanol and placed 
at -20 °C for at least one hour. After precipitation, the sample was centrifuged for 10 
minutes at 4°C and the pellet was washed with 75% ethanol. The pellet was 
resuspended in 50-250 µL water or TE Buffer.  
 
3.4.4 Total RNA extraction 

Liquid nitrogen frozen conidia or mycelia (~100 mg) were added to a 2 mL screw 
cap tube with ~0.25 g of silica beads and 1 mL Trizol. Samples were vortexed for 3 x 30 
seconds, waiting 30 seconds between each round. The tubes were shaken gently for 5 
minutes at room temperature and then centrifuged at 13,000 x g for 15 minutes at 4 °C. 
The supernatant was placed in a new tube, 0.5 mL isopropanol was added and the 
samples were inverted to mix before placing at -20 °C for at least 2 hours. The 
isopropanol precipitated samples were centrifuged (13K x g, 4 °C, 10 min) and the pellet 
was washed with 0.5 mL 75% ethanol. The pellet was allowed to air dry and then 50-
250 µL RNase free water was added.  To fully dissolve the pellet, the sample was 
placed at 55 °C for ~10 minutes and flicked several times to mix. After measuring the 
concentration of the RNA, up to 10 µg was removed and treated with Ambion TURBO 
DNase (0.5 µL 10x Buffer, 0.5 µL DNase, sample and water to 50 µL) by incubating at 
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37 °C for 15 min. An extra 0.5 µL of DNase was added and the sample was incubated 
for another 30 minutes and then the enzyme and buffer was removed using the Qiagen 
RNeasy RNA clean-up kit. After elution, the RNA concentration was measured and 
samples were stored in ~500 ng aliquots at -20 °C for short term storage or -80 °C for 
long term storage. 
 
3.4.5 cDNA synthesis and qPCR 

Reactions containing total or polysome RNA samples (500 ng, unless otherwise 
indicated) were setup using the High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems) according to manufacturer instructions. The cDNA was diluted 1/10 and 
qPCR reactions were prepared using the Power SYBR green PCR master mix (Applied 
Biosystems). Reactions were performed in triplicate and contained 300 nM each 
forward and reverse primer and 0.2 µL of the diluted cDNA reaction in a total volume of 
10 µL. The forward and reverse primers used for qPCR analysis are as follows:  

 
Table 3-3 Genes and primers used for qPCR analysis  
Gene Name 
(NCU#) 

Fwd Primer (5’-3’) Rev Primer (5’-3’) 

Actin TGATCTTACCGACTACCT  CAGAGCTTCTCCTTGATG 
CBHI (NCU07340) ATCTGGGAAGCGAACAAAG  TAGCGGTCGTCGGAATAG 
CBHII (NCU09680) CCCATCACCACTACTACC  CCAGCCCTGAACACCAAG 
Endoglucanase 2 
(NCU00762) 

GAGTTCACATTCCCTGACA  CGAAGCCAA CACGGAAGA 

GH61 (NCU07898) TCAAGCCCGGTTACTATC  AACCTGTCACCTGCAACT 
β-Glucosidase 
(NCU00130) 

GTTCGGCGTTACCTATGT AGAGTCAAAGAGCGGCTTC

 
Data Analysis was performed by the StepOne Software (Applied Biosystems) using 
Relative Quantitation/Comparative CT (∆∆CT).  Data was normalized to the 
endogenous control (actin) with expression on sucrose as the reference sample. Error 
bars indicate a 95% confidence interval.  
 
3.4.6 Azo-carboxymethylcellulose (Azo-CMC) Assay 

For a standard assay, 200µL Azo-CMC, 40µL 1 M sodium acetate, pH 5.0, 50µL 
culture supernatant, and 110µL H2O were incubated at 37°C for 10 minutes. 
Precipitation buffer (1 mL) was added, the sample was vortexed to mix, and centrifuged 
at 4000 RPM for 5 minutes.  After pelleting the precipitated CMC, the absorbance of the 
supernatant was read at 590 nm. Precipitation buffer was prepared according to 
manufacturer’s instructions by dissolving 40 g sodium acetate trihydrate and 4 grams 
zinc acetate in 150 mL water and adjusting to pH 5.0 with 5 M HCl. The solution was 
brought to 200 mL, mixed with 800 mL 95% ethanol and stored at room temperature 
until use.  
 
3.4.7 Genotyping by TAIL-PCR 
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mL aliquot of the filtered solution was added to 3 mL of a 500 mM NaOH and the 
absorbance was recorded at 440 nm. 

 
3.4.11 E. coli cloning and expression of NCU07399 
The nucleotide sequence of NCU07399 was codon optimized for expression in E. coli 
by DNA2.0 (Menlo Park, CA), with the following sequence: 
E. coli codon optimized NCU07399 (NCU07399EC) 
ATGGCGCAAGTCGTTTCTGACTTCATTTACTGGCTGGGTAACTGTATGGTGTGCTTCCCGGGTAGCCC
GACCCTGAAAATCAACAATCGTAGCTTTAAGATTCTGCGTCTGCTGGGTGAGGGCGGCTTTAGCTATG
TGTACCTGGTTCAGGATACGAGCACCAGCGAGCTGCTGGCTTTGAAAAAGATCCGCTGCCCGTTTGG
CCAGGAGAGCGTGGCTCAGGCGATGCATGAGGTCGAAGCGTACAAAATCTTCGGCAATACGCCGGG
TATTATCCACCACGTTGACTATAGCATTGCAACCGAACGCGGCAGCGAAGGTCAAGATAAGACCGTGT
ACGTGTTGCTGCCGTATTACCGTCGTGGTAACCTGCAAGACATGATTAATGCGAATCTGGTCAATCATA
CCCGCTTTCCGGAGAAACGCCTGATGATGTTGTTCCTGGGTGTCTGCAAGGCCCTGCGCGGTATGC
ACAAGTACAAAGGTGGCGCTGGCGGTGACACCAGCGGTGAGTCCATGGAAGTGCCGGGTGCAGCT
GGTAAGCGTAAGAGCAAAACGCGTCAGGCAGCCGTCGGCGGTGCGGATGAGGATGATGAAACCGA
GCAACAGGTGCCACTGATCGAAGAGGAAGGCCGTCTGCCAGGCAGCGGCGAAACGCGCAGCTATG
CGCACCGCGATATCAAACCGGGTAACATCATGATTTCTGACAGCGGTCGTGATCCGATTCTGATGGAC
CTGGGTTCCATCGCAGTTTCCCCGCTGCCTATTACGTCGCGCAGCCTGGCGATTGCGACTCAGGACA
CCGCAGCAGAGCATAGCACCATGCCTTACCGTGCCCCGGAACTGTTCGATGTAAAAACCGGCACGAT
TATCGACACCAAGGTCGATATCTGGAGCCTGGGTTGCACGCTGTACGCGTGCCTGGTTGGCAAGAGC
CCGTTTGAGATGCGCAGCGACGAAACGGGCGGTAGCCTGTCTATTTGTGTCTTGTCCGGTGACTGG
CGTTTCCCGGATGAGGGTCCGGGTCAAACCAAGGGCAAAGGTAAAGCGGGTGCCGGTGGTGGCGC
AGGTGGCGATTCCACCGCGACCAACAAAGACGACGAGAACTATATCAGCGAGCCGATCCGTGACGTT
GTTCGTCGTTGTTTGCGTGTTGAACCGGCCGAACGTCCGGACATCGATGAATTGATTGAGCTGGTTG
AGCGTGTGGTGGAAGAGCTGCCGGAGGACACTGCG 
The gene was cloned into the pGEX2T vector, which contains a N-terminal GST tag, 
between the BamHI and EcoRI sites, with the reverse primer adding a 6x-His tag. The 
kinase-dead (KD) mutant was produced using a Quikchange protocol (Qiagen) which 
generated an Asp to Ala mutation at nucleotide position 675.  
Primer Name Sequence (5’-3’) 
7399-pgex2tECfw GAGCGGATCCATGGCGCAAGTC GTTTCTGACTTC 
7399-pgex2tECrv CGTGAATTCGTGGTGATGGTGATGATGCGCAGTGTCCTC 

CGGCAGC 
7399EcOptKDFw CTATGCGCACCGCGCAATCAAACCGGGTAAC 
7399EcOptKDRev GTTACCCGGTTTGATTGCGCGGTGCGCATAG 
 
The resulting vectors, 7399-pGEX2t and 7399KD-pGEX2t, were transformed into E. coli 
BL21(DE3) cells (Invitrogen) for expression.  Single bacterial colonies containing 
NCU07399 wild-type or kinase dead mutant encoding plasmids were used to inoculate 
20 mL of LB-ampicillin broth and grown at 37 °C for 16 hours with shaking.  These 
cultures were used to seed 1 L of LB-ampicillin broth and the new cultures were grown 
at 37 °C until they reached an OD600 of between 0.6-0.8.  The cultures were induced 
with 0.5 mM IPTG at 37 °C for 4 hrs, and the cell mass was collected by centrifugation 
at 4000 x g for 15 min at 4 °C.  The pellets were frozen at -80 °C until further use. 
 
3.4.12 NCU07399 purification from E. coli and in vitro activity assays 

Bacterial pellets were resuspended in 40 mL of extraction buffer (20 mM Tris-HCl 
pH 7.5, 300 mM NaCl, 10 mM MgCl2, 20 mM imidazole, Roche complete protease 
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inhibitor tablet), and lysed with three passes through an Avestin Emulsiflex C3 
homogenizer.  Insoluble debris was removed by centrifugation at 100,000 x g for 1 hr at 
40 C, and the clarified extract was loaded onto a 1 mL Ni-NTA agarose column (Qiagen) 
equilibrated in wash buffer (20 mM Tris-HCl pH 7.5, 300 mM NaCl, 10 mM MgCl2, 20 
mM imidazole).  The columns were washed with 500 mL of wash buffer, and eluted in a 
total of 10 mL of Ni-NTA elution buffer (20 mM Tris-HCl pH 7.5, 300 mM NaCl, 10 mM 
MgCl2, 350 mM imidazole).  The purity of the recombinant proteins was assessed by 
SDS-PAGE. 
 Protein kinase assays were performed in 50 µL reactions containing kinase buffer 
(25 mM MOPS-NaOH pH7.0, 10 mM MgCl2, 100 µM ATP, 500 dpm/ pmol γ-[32P]-ATP) 
and were initiated upon the addition of 1 µg of purified recombinant protein kinase.  
Samples containing 5 µg of myelin basic protein (Calbiochem) were also included to 
assay transphosphorylation.  Samples were incubated at 370 C for 30 minutes, and the 
reactions were terminated by the addition of 10 µL of SDS sample buffer.  25 µL aliquots 
of each sample were separated on a 10% SDS-PAGE gel that was subsequently 
stained with Coomassie blue, destained, and dried.  The radiolabeled bands were 
imaged by autoradiography.   
 
3.4.13 NCU07399 cloning, native expression and native purification  

The pNeurA vector [96] was used for cloning (standard LIC method) NCU07399 
behind the ccg promoter with a C-terminal GFP tag, allowing for recombination into the 
his-3 locus. For complementation and other analyses, NCU07399 was cloned into 
several varieties of the pBC-phleo vector [97], kindly provided by the Glass Lab at UC 
Berkeley. The pBC-phleo1 vector was created using primers 7399Phleo1Fw and 
7399Phleo1Rv to PCR amplify a section of the genome 1116 bp upstream and 236 
downstream of the NCU07399 start and stop codon. Two versions of the pBC-phleo 
vector with a ccg promoter, multiple cloning site, and encoding a GFP or dsRed C-
terminal tag were termed pBC-phleo2 and pBC-phleo3, respectively. Primers were 
designed to clone NCU07399 into the multiple cloning site of each vector using the XbaI 
and BamHI sites (7399Phleo2Fw/Rv) or the SpeI and XbaI sites (7399Phleo3Fw/Rv). All 
constructs were amplified from gDNA using standard protocols.  

Construct Fw Primer (5’-3’) Rev Primer (5’-3’) 
7399-
Phleo1 

GCTAAAGCTTCAACTGTTGTGC
GGGTACCTTG 

TAGAGTGGGAACACATGACAAA
GC AGTG 

7399-
Phleo2 

GCTATCTAGAATGGCGCAAGTA
GTT TCAGAC 

TAG CGG ATC CAG CGG TAT 
CTT CGG GCA ACT CC 

7399-
Phleo3 

GCTAACTAGTATGGCGCAAGTA
GTT TCAGAC 

TAGCTCTAGATCAAGCGGTATC
TT CGGGCAAC 

 
Conidia (400 µL of solution with an OD600 equal to 100) were used to inoculate a 

2 L unbaffled flask containing 1 L of liquid Vogel’s with 2% Sucrose media. Cultures 
were grown for 48 hours at 25 °C in the light with constant shaking (200 RPM) and then 
harvested by filtering over miracloth. The fungal pellet was squeezed to remove excess 
media and allowed to sit in 1 L Millipore water to resuspend. Cultures were filtered over 
miracloth a second time and then resuspended in 1 L Vogel’s acetate media. The 
washed and resuspended cultures were grown for another 48 hours in the conditions 
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listed above. Mycelia were harvested by filtering cultures over a glass microfiber filter 
using a Buchner funnel. After the first filtration step, mycelia were collected and dried by 
vacuum filtration over a 0.2 µm PES filter and frozen in liquid nitrogen.  
Frozen mycelia were ground to a fine powder under liquid nitrogen using a mortar and 
pestle. The powder was ground with lysis buffer (10 mM Tris pH7.5, 250 mM NaCl, 
0.05% Triton X-100, 10 mM Imidazole, Roche complete Protease Inhibitor tablet) and 
insoluble debris were removed by centrifugation at 6000 x g for 15 minutes. Lysates 
were clarified by an additional centrifugation step for 20 minutes at 27000 x g and 
passing over a 0.2µm PES syringe filter. The clarified lysate was loaded on a 5 ml Ni-
NTA HisTrap HP column (GE Healthcare) pre-equilibrated in lysis buffer.  
 
3.4.14 SDS PAGE, Western Blot, and Antibodies 

Unless otherwise noted, 10% Criterion precast Tris-HCl SDS-PAGE gels were 
run at 200 V for one hour and stained with Bio-Safe coomassie stain, both available 
from Bio-Rad. After transferring to a nitrocellulose membrane, western blots were 
blocked in 5% milk and then incubated with the appropriate primary and secondary 
antibodies (HRP fusions) before being visualized using 3,3′,5,5′-Tetramethylbenzidine 
(TMB) Liquid Substrate System for Membranes (Sigma). The primary antibodies used 
were the His-probe (H-15) rabbit polyclonal IgG (Santa Cruz Biotechnology) for 6x-His 
tag detection and the anti-GFP Rabbit serum polyclonal (Invitrogen) for GFP.   
 
3.4.15 N. crassa transformation  

Competent conidia were prepared by harvesting freshly grown spores and 
resuspending them in 30 mL of ice-cold 1M sorbitol.  The conidia suspension was then 
filtered over cheesecloth and centrifuged at 4C at 3400 rpm for 10 minutes.  The conidia 
were resuspended in 30 mL 1M sorbitol and spun twice more to remove any associated 
hyphae.  The final conidial pellet was resuspended into 1 mL  of ice-cold sorbitol and 
placed on ice.  1 µg of DNA for each transformation was prepared in 10 µL of water.  90 
µL of conidia and 10 µL (1 µg) of DNA were placed into pre-chilled cuvettes for 
electroporation.  A negative control of 10 µL of sterile water was used.  Each 
electroporation was done at 1.5 kV, 600 ohms, and 25 µF with a 1 mm gap cell.  
Immediately after electroporation, 900 µL of 1M ice-cold sorbitol was added to each 
cuvette and left on ice.   

Plates with bottom agar containing 1x Vogel’s, 2% agar, and 1x FIGS (1L 10X 
FIGS contains 200g L-Sorbose, 5g D-Fructose, and 5g D-Glucose) were poured and 
solidified prior to transformation. Aliquots of 10 mL top agar (1x Vogel’s, 1% agar, 1x 
FIGS) were kept in liquid form at 65 °C for each transformation plate.  After 
electroporation, 50 µL, 100 µL, or 300 µL of conidia were each added to 10 mL of top 
agar and mixed immediately by inversion.  These were each then poured onto plates 
with bottom agar and allowed to solidify.  3 plates were made for each transformation 
with varying amounts of conidia (50 µL, 100 µL, and 300 µL).  Plates were placed at 30 
°C and after 3 days colonies were picked and grown on new slants of 1x Vogel’s-
Sucrose, 2% agar. 

 
3.4.16 Polysome collection and analysis  
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Standard culture flasks were inoculated to a starting OD600 of 0.1 on Vogel’s 
media + sucrose. After 16 hours, the mycelia from three flasks was collected by vacuum 
filtration, washed with 1x Vogel’s media, and transferred to one flask of fresh media 
containing either 2% sucrose or 2% Avicel as the carbon source. The flasks were grown 
for another four hours before the addition of freshly prepared and filter sterilized 
cycloheximide (room temperature, swirling the flask occasionally). Mycelia were 
harvested by vacuum filtration, washed once with polysome extraction buffer (PEB), and 
immediately added to pre-chilled 2 ml screw cap tubes containing glass beads and 
1.5ml PEB. A small sample of mycelia was also placed in a tube with beads and frozen 
with liquid nitrogen for total RNA extraction. Polysome extraction buffer contained 20 
mM HEPES pH 7.5, 100 mM KCl, 2 mM MgAc, 15 mM β-mercaptoethanol, 0.05% Triton 
X-100, 100 µg/mL cycloheximide, 100 µg/mL heparin, and SUPERase•In™ RNase 
inhibitor. The samples in PEB were transferred to a pre-chilled tube rack and vortexed 
for 3 x 20 seconds. Samples were centrifuged for 15 minutes at 14000 x g, 4°C and the 
supernatant was passed over a 0.2 µm filter. The A260 nm was recorded and samples 
were concentrated with a Vivaspin 10K MWCO centrifugal concentrator, if necessary. 
Samples were flash frozen in liquid nitrogen and stored at -80 °C until analyzed by 
sucrose gradient centrifugation. Sucrose gradients were prepared as 10 mM HEPES pH 
7.5, 70 mM NH4 Acetate, 4 mM Mg Acetate, 100 µg/mL cycloheximide, SUPERase•In™ 
RNase inhibitor, and 10-50% sucrose. Thawed lysates were placed on the top of the 
gradient and centrifuged for 2 hours at 40K RPM in a Ti-41 rotor. Fractions were 
collected by pushing from the bottom of the gradient with 2M sucrose and recording the 
absorbance at 260 nm. The polysome fraction was collected and concentrated to a 
volume ≤500 µL. After being transferred to a 2 mL centrifuge tube containing ice cold 
dissociation buffer (10 mM Tris pH 7.5, 1 mM EDTA, 0.05% SDS) and incubated on ice 
for 15 minutes, the sample was mixed with 1 mL phenol:chloroform:isoamyl alcohol and 
centrifuged for 15 minutes at 14000 x g, 4°C. The aqueous layer was collected, mixed 
with 1 mL isopropanol and placed at -20 °C overnight. The precipitated RNA was 
pelleted by centrifugation and washed once with 75% EtOH. The pellet was air-dried, 
resuspended in 100 µL TE buffer and cleaned using an RNeasy cleanup kit (Qiagen). 
The sample was eluted in 30 µL and 500 ng was used for a cDNA synthesis reaction, as 
previously described.  
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Chapter 4 

 
Summary and Conclusions 
 

4.1 C. papyrosolvens C7 and Neurospora crassa as Model Systems for Cellulose 
Degradation 

 The development of a model organism that provides insights to biological 
processes is vital to researchers who wish to apply that knowledge to other species. 
Common model species such as E. coli, S. cerevisiae, and D. melanogaster have 
proved to be extremely powerful tools due to their life-cycle, gene conservation, and 
ease of genetic manipulation. In this dissertation, two organisms were studied that have 
varying potential to serve as model organisms in the field of cellulose degradation and 
beyond.  

C. thermocellum and C. cellulolyticum H10 have been established as the 
thermophilic and mesophilic model cellulosome producers, respectively. In fact, over 
300 papers by dozens of labs across the world have been published on C. 
thermocellum, and 71 on C. cellulolyticum.  As previously discussed, C. papyrosolvens 
C7 offers many advantages to studying cellulosomes and we were interested in whether 
it could also be developed into a model organism and contribute to the understanding of 
cellulosome-based plant biomass degradation. Only a handful of papers have been 
published on CpC7 and, as of the start of this research, no other labs were publicly 
studying this organism. By sequencing the genome of this organism we have provided 
information on gene conservation which demonstrates that while certain aspects of its 
cellulolytic capacity have been conserved, others are unique. Additionally, the 
development of a plasmid transformation protocol makes CpC7 an appealing organism 
for gene manipulation and expression.  

There were also many difficulties in establishing protocols and working with a 
slow growing, anaerobic organism. These difficulties have been overcome in C. 
thermocellum and C. cellulolyticum by years of work by dedicated researchers creating 
a network of resources documented in the literature and available in databases, such as 
CAZy. To take advantage of the established resources within the cellulosome 
community, several strong collaborations have been formed to continue work on CpC7. 
Through the United States-Israel Binational Science Foundation (BSF) a proposal has 
been funded for joint research between our lab and the Bayer group at the Weizmann 
Institute of Science. The Bayer group has been studying cellulosomes for almost 30 
years and has a high level of expertise in the analysis of cohesin-dockerin interactions. 
To this end, they have utilized the genomic information we have provided and are 
expressing cohesin and dockerin protein libraries to determine inter- and intra-species 
specificity via an ELISA-based assay routinely used in their lab [26].  This will eventually 
improve their ability to produce complex designer cellulosomes with enhanced plant 
biomass degradation capabilities. A separate collaboration with the Holman group 
(Lawrence Berkeley National Laboratory) using synchrotron infrared spectromicroscopy 
to study properties of cellulose hydrolysis by CpC7 cellulosomes is also furthering the 
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establishment of CpC7 as a model cellulolytic organism. Overall, this organism has 
great potential in the cellulosome field and the tools provided here will enhance the 
understanding of these intricate complexes.  

While the work with CpC7 created a platform for studying a new organism, 
Neurospora crassa is a well established model organism that has already been used to 
study many aspects of fungal biology. This made it an ideal system for studying the 
complicated processes involved in cellulose degradation and metabolism. The ability to 
quickly screen through over a hundred knockout strains and identify several genes that 
could play a role in cellulase production made this study both feasible and effective. 
Genetic tools for transformation, crossing, and complementation allowed for verification 
of results and created a path for further analysis. Moreover, the protein interactions and 
signaling pathways in Neurospora crassa are likely applicable to many other 
eukaryotes, especially other cellulolytic fungi. In fact, comparisons between the 
∆NCU07399 strain and the homologous deletion strain from Aspergillus nidulans 
(A1295  A. nidulans KO ANID_10193.1) are currently being performed. If the A. 
nidulans kinase knockout strain also shows a cellulose specific growth defect, this will 
indicate that the function of this kinase is conserved in other fungi and further establish 
the relevance of N. crassa’s cellulolytic system.  

 
4.2 Lessons from the Genome of C. papyrosolvens C7 
 By sequencing and analyzing the genome of C. papyrosolvens C7 an abundance 
of information on its scaffoldin, cellulases, dockerin/cohesin domains, carbohydrate 
binding domains, and other CAZymes is now available. A scaffoldin protein with 6 
cohesin domains, one CBM, and 3 domains of unknown function was identified in CpC7 
that is similar in arrangement to that of C. cellulolyticum H10 - which has 8 cohesins, 
one CBM and 2 domains of unknown function. A variety of dockerin-containing genes 
were annotated where the dockerin domain would target a glycosyl hydrolase to the 
cellulosome. However, there were several dockerin domains that were a part of proteins 
of unknown function or carbohydrate modifying enzymes, such as esterases. This 
indicates that there is still much to be learned about the action of cellulosomes and their 
complex interactions with cellulose and plant biomass.  
 The diversity of enzymes secreted by CpC7 indicates that it is capable of 
producing a wide variety of cellulases to degrade complex substrates. While most of 
these seem to be incorporated into cellulosomes, CAZy analysis identified 20 gene 
models with secretion signals that did not have a cohesin or dockerin domain. Several 
of these predicted proteins had carbohydrate binding domains which would target them 
to a substrate, but others either lacked this domain or were also found to contain an S-
layer homology (SLH) domain. Bacterial SLH domains are known to non-covalently 
attach proteins to the cell surface and CpC7 might be displaying cellulases in this way 
[21]. So, while the emphasis of the research presented here was on the CpC7 
cellulosome system it is clear that this organism uses a complicated mixture of free, 
scaffoldin-bound and cell surface attached cellulases to ensure its survival in diverse 
environments.  
 While other cellulolytic organisms are known to specifically produce cellulases 
only in the presence of cellulose, CpC7 expressed many cellulases when grown on 
cellobiose and did not significantly change or increase that expression when presented 
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with a variety of other carbon sources. This suggests that without further manipulation, 
CpC7’s usefulness lies in the ability to characterize its small, cell surface detached 
cellulosomes which are easily purified from culture supernatants.  
 

4.3 Regulating Cellulase Expression in Neurospora crassa 

To avoid producing energetically costly enzymes when a simple carbon source is 
available, Neurospora crassa has developed the ability to rapidly upregulate cellulase 
genes only when necessary. While previous research has provided insights to this 
process in N. crassa, this complex regulation is still poorly understood and the ability to 
manipulate the pathways involved would make N. crassa an industrially relevant 
organism. The screen of a set of N. crassa deletion strains presented here provides a 
glimpse of some of the proteins that might be involved in cellulase regulation, in 
particular NCU07399.  This kinase was shown to effect the transcription of cellulase 
genes while not significantly altering other pathways, as demonstrated by normal growth 
on sucrose. While it is clear that the kinase does not simply block protein secretion, its 
role in translational regulation is still unclear. The techniques used in this study only 
provided relative quantification of gene expression and a more absolute level of 
translated RNA transcripts should be performed to determine if the kinase affects the 
translation of these genes.  

Future work with this kinase will be influenced both by the data presented here 
and clues from homologous kinases studied in other organisms. For example, two 
cysteines in the N-terminus of the protein were found to be modified by myristoylation 
and palmitoylation in the human and yeast NCU07399 homologs, leading to insertion 
into membrane-bound vesicles. Preliminary analysis of a GFP-tagged version of 
NCU07399 indicates that it localizes in punctate spots and mutations to the cysteine 
residues are being made to determine if similar modifications are leading to this 
observation. Additionally, YPL236C, the S. cerevisiae homolog of NCU07399 is thought 
to be involved in the process of moving from a glucose repressed to derepressed state 
[89]. The data presented here support the idea that this kinase regulates gene 
expression during the transition from growth on a simple to complex carbon source. 
Identifying the exact pathway and partner proteins that this kinase utilizes to alter 
cellulase gene expression is an immediate goal and will be vital to our understanding of 
cellulose degradation by N. crassa.   
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Table 2-2. Analysis of CAZy domains identified in all C. papyrosolvens C7 
predicted gene models.   
For each category of CAZy domain (glycosyl hydrolase, glycosyltransferase, 
polysaccharide lyase, carbohydrate esterase, and carbohydrate-binding module) 
identified in CpC7, the family and number of times the domain was found within the 
predicted gene models is listed. The total number of CAZy domains for each group and 
a comparison to the total observed in C. cellulolyticum H10 is also shown.  
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Table 2-3. CAZy Domain architecture of all secreted proteins.  
The order of CAZy domains in each open reading frame is shown, N-C terminus. The 
secretion signal sequence is denoted by “SS” and (fr) denotes ORFs that were found to 
be incomplete/fragmented.  A total of 92 gene models were predicted to be a part of the 
CAZy secretome. 
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Figure 3-5. Growth, protein secretion, and activity of WT and ∆NCU07399 on 
Vogels + Sucrose or Avicel media.  
A. 100 mL flasks of Vogel’s media + 2% sucrose were inoculated with WT or              
∆NCU07399 and grown for two days. While ∆NCU07399 exhibits a slight lag phase, 
after two days it appears nearly identical to the WT strain, showing only a slight   
difference in coloration.  
B. When flasks were grown as above, except with 2% Avicel as the carbon source, 
∆NCU07399 shows a clear growth defect and is unable to utilize the Avicel in the 
media. In the WT culture, mycelia fill the flask and the Avicel is degraded while only a 
small mat of mycelia and the white Avicel can be seen in the ∆NCU07399 flask.  
C/D. Supernatant samples were removed from the Avicel cultures over several days   
and either a Bradford (C) or a CMCase assay (D) was used to monitor cellulase 
production. A steady increase in cellulase secretion and activity is seen for WT, but 
activity is barely observed after Day 7 of growth for ∆NCU07399.  
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Mpsk1           ---------MGHALCV-CSRG----TVIIDNKRYLFIQKLGEGGFSYVDLVE-------- 
YPL236          MISIVLE--LFQNLC--CCRGFSDATIRVNDKRYRIQRLLGEGGMSFVYLVQLSKNSLII 
NCU07399        MAQVVSDFIYWLGNCMVCFPG--SPTLKINNRSFKILRLLGEGGFSYVYLVQ-------- 
                              *  *  *    *: :::. : : . *****:*:* **:         
 
Mpsk1           --GLHDGHFYALKRILCH-EQQDREEAQREADMHRLF-NHPNILRLVAY-CLRERGAK-- 
YPL236          DNGIATPELYALKKIICP-SVESISNGMREIENYKRF-QSPYVIKSIDSQVMQEKDGS-- 
NCU07399        --DTSTSELLALKKIRCPFGQESVAQAMHEVEAYKIFGNTPGIIHHVDYSIATERGSEGQ 
                  .     : ***.* *    :.  :. .* : :. * : * ::. :      *....   
 
Mpsk1           -HEAWLLLPFFKRGTLWNEIERLKDKGNFLTEDQILWLLLGICRGLEAIH  
YPL236          -KTIYIVLPYYSLGSLQDSINRRLLEGTFVSEAECVRIMLGVTRGLLCLHDPASRQDNAT 
NCU07399        DKTVYVLLPYYRRGNLQDMINANLVNHTRFPEKRLMMLFLGVCKALRGMHKYKGGAGGDT 
                 :  :::**::  *.*.: *:    : . ..*   : ::**: ..*  :*           
 
Mpsk1           AKGYAHRDLK 
YPL236          SRVNVDA-------------VSMTYSDETAMLLEDTPL-EMDMLSSNSAGSIAYAHRDIT 
NCU07399        SGESMEVPGAAGKRKSKTRQAAVGGADEDDETEQQVPLIEEEGRLPGSGETRSYAHRDIK 
                                                                  : .*****:. 
 
Mpsk1           PTNILLGDEGQ-PVLMDLGSMNQACIHVEGSRQALTLQDWAAQRCTISYRAPELFSVQSH 
YPL236          PSNILFSSDGL-PVIGDLGSCSQADITIENRHQLSELQEWVNDNCTLPYTPPELLNLKLN 
NCU07399        PGNIMISDSGRDPILMDLGSIAVSPLPITSRSLAIATQDTAAEHSTMPYRAPELFDVKTG 
                * **::...*  *:: ****   : : : .       *: . :..*:.* .***:.::   
 
Mpsk1           CVIDERTDVWSLGCVLYAMMFGEGPYDMVFQ-KGDSVALAVQN-QLSIP  
YPL236          QVLSSKVDIWSLGCTFYTLMFGISPFEREEQIHGASLTYAINTGKYSFP  
NCU07399        TIIDTKVDIWSLGCTLYACLVGKSPFEMRSDETGGSLSICVLSGDWRFPDEGPGQTKGKG 
                 ::. ..*:*****.:*: :.* .*::   :  * *:: .: . .  :*            
 
Mpsk1           QSPRHSSALRQLLNSMMTVDPHQRPHIPLLLSQLEALQPPAP 
YPL236          RNSRFSEGLLSVIKKCIQVDPIQRPTTSQLLNLLQ------- 
NCU07399        KAGAGGGAGGDSTATNKDDENYISEPIRDVVRRCLRVEPAERPDIDELIELVERVVEELP 
                                   .   *. : .::.  : *:* :**    *:. ::        
 
Mpsk1           GQHTTQI 
YPL236          ------- 
NCU07399        EDTA--- 
                        
 
Figure 3-8. ClustalW alignment of NCU07399  with YPL236 and MPSK1.  
The human (MPSK1) and yeast (YPL236) STK16 kinase sequences were aligned to 
NCU07399 using ClustalW, revealing several significant features. There are two 
insertions in the NCU07399 sequence, in comparison to the human kinase resulting in 
an additional 110 nucleotides. Well conserved residues include the catalytic region 
where the RD motif, highlighted in bold and red, is the signature of the catalytic 
aspartate residue. The activation loop (bold, shaded gray) has a conserved DLG—APE 
motif and with 37 residues is larger than in most studied kinases.  
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