We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



10

The Use of Mass Spectrometry for
Characterization of Fungal Secretomes

Eduardo Callegari' and Mario Navarrete?

IDivision of Basic Biomedical Sciences, Sanford School of Medicine,
University of South Dakota

2Facultad de Ciencias Bioldgicas, Universidad Andres Bello, Santiago
1IUSA

2Chile

1. Introduction

Filamentous fungi are microorganisms with a great capacity of produce and export enzymes
to the extracellular media. These enzymes have been studied from different point of views
and many properties have been attributed, some of them with biotechnological applications.
A traditional way of studying these enzymes has been through purification, characterization
and sequencing of individual enzymes. This methodology has shown, so far, remarkable
properties that help to understand biological phenomena. For example, the enzyme acetyl
xylan esterase II is produced by the lignocellulolytic fungus Penicillium purpurogenm
especially when the carbon source is acetylated xylan. Under optimal conditions this
enzyme was purified and sequenced (Gutierrez et al. 1998) and then its structure was
elucidated from its crystal with high resolution (Ghosh et al. 2001). In a later work the
expression of this enzyme was evaluated in culture supernatants coming from the fungus
grown on different carbon sources where the glucose was a condition of repression for this
enzyme (Chavez et al. 2004). New questions can be made for this enzyme that participates
in a complex process of degradation of xylan, one of the components of hemicelluloses,
which degradation is a key step for later production of chemicals and bio fuels. Since this
enzyme is an isoenzyme, is it possible that more isoenzymes can be expressed, under what
conditions could this be? Is it possible that more isoforms of this isoenzyme are there? Is this
the only enzyme varying when the carbon source changes? What other proteins are
varying? And is it possible that this enzyme is part of multienzyme complexes? Theses new
questions arise when one realizes the complexities of the proteome. In the late nineties it
was propose, arguing that it is unlikely that an enzyme is alone and that it is very possible
that a protein could be interacting with ten other proteins approximately(Alberts 1998).
Given the emergence of new technologies that allowed the improvement of protein
separation, genome sequencing and mass spectrometry, it has been possible to address these
many questions from the point of view of proteomics. Extensive has been the use of
proteomics in comparative studies in biomedicine and the future of this technologies in the
solution of several diseases is promising (Plymoth and Hainaut 2011). These technologies
are available to be applied in several processes and lately have been used in fungi. The
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222 Tandem Mass Spectrometry — Applications and Principles

many alternatives that proteomics offer makes that there is not an established protocol and
that there are different answer depending of the proteomic approach.

Filamentous fungi are able to grow in different carbon sources; the ability to sense the
environment and then change protein expression inside the cell and in the extracellular
media, makes this system very attractive for the study and understanding of protein
expression (Aro, Pakula, and Penttila 2005). In this chapter we will focus in the use of these
technologies in the study of the extracellular portion of fungi called the secretome.

2. The fungal secretome

The secretome is a portion of the cellular proteome which include all secreted proteins,
either anchored to cell surface or in the extracellular milieu, and the proteins involved in
secretory pathway (Tjalsma et al. 2000). The protein composition of that subgroup of
proteins is susceptible to stimuli from the environment that produces drastic changes in
protein profile. Among the principal factors that influences protein pattern in fungal
secretomes are: carbon source (Paper et al. 2007) and liquid versus solid medium (Oda et al.
2006). The characterization of the secretome is very complex, the composition and size of it
will depend on the conditions of growth and the tools employed. Carbon source is able to
modify the size of a secretome, for example glucose exerts a strong repression over the
hemicellulases of Aspergilli, Thrichoderma and Penicillia (Chavez, Bull, and Eyzaguirre 2006).

3. Displaying the secretome

Although the study of protein biochemistry is not a new area of research, it is proteomics;
this integrates techniques of protein biochemistry introducing new techniques of protein
separation and sequencing. Protein biochemistry focus on the study of structure and
function of proteins involving the study of aminoacid sequence, structure determination
and modeling in order to determine how structure rules the function. Biophysics and
enzymologist make analysis of this kind to study single proteins, one at a time. Proteomics,
on the other hand worries about the study of multiprotein systems focusing on the
interaction of multiple and different proteins as part of a connected network. Analysis are
directed to complex mixtures and the identification is not through the complete sequence
but through partial sequences held by growing databases (Liebler 2002). The analysis of
proteomes requires tools different from the employed on genetic analysis (Romiti 2006). At
the present time there are several alternatives to separate the proteins from a secretome,
being two-dimensional electrophoresis coupled to mass spectrometry the most widely used.
An alternative to this technique is the gel free analysis using mass spectrometry. Here we
will describe several cases from bibliography where the different approaches were applied
and different results were obtained. A proteomic study should provide any of the following
information regarding the identification of proteins, differential expression of enzymes,
post-translational modifications, relative abundance and the possible association of enzymes
producing high molecular weight multienzyme complexes.(Griffin, Goodlett, and Aebersold
2001).

4. The case of Penicillium purpurogenum

The fungus Penicillium purpurogenum has a great ability of adaptation to different
environments. It is thought that this is due to changes in the protein profile allowing the
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fungus to degrade more efficiently the hemicelluloses. An analysis of the secretome was
performed using proteomics tools. The first approach was to grow the fungus in the
following carbon sources: acetylated xylan, sugar beet pulp, pectin and fructose. Acetylated
xylan is polyacetylated by chemical methods starting from oat spelt xylan (sigma)(Johnson
et al. 1988) and it has been observed that is a powerful inducer of acetyl xylan esterase
(Egana et al. 1996). Sugar beet pulp is an important agricultural residue in Chile and is
composed by 50% pectin and 20% cellulose (Saulnier. and Thibault. 1999). Pectin was
obtained from citrics (sigma). After four days of growth these supernatants coming from
carbon sources composed of complex polysaccharides were submitted to two-dimensional
electrophoresis and compared with a supernatant coming from a culture containing fructose
as carbon source. The first two-dimensional electrophoresis were performed with pH 3-10
strips for the first dimension, where all the spots were located to the acidic zone of the gel, a
feature observed in fungal secretomes (Bouws, Wattenberg, and Zorn 2008). After that it
was decided to use pH 4-7 strips resulting in better resolution gels (Figure 1) with spots of
different molecular weights ranging from 20 kDa to 200 kDa. At first sight it can be noted in
the gels stained with Sypro ruby, that complex carbon sources like acetylated xylan, sugar
beet pulp and pectin induce the fungus to produce and secrete a great variety of enzymes
unlike fructose that produces a pattern with a few number of spots. The analysis of the spots
was made by tandem mass spectrometry using a Q-TOF instrument. Experimental data
produced by the instrument was submitted to MASCOT, where a search was performed in
databases containing fungal genomes. Among the proteins identified there are several
enzymes involved in the degradation of the substrate (Navarrete et al, submitted for
publication) and other enzymes that are common for the complex polysaccharides. The
effect of fructose is completely different, its behavior is very similar to the effect of catabolite
repression that glucose exerts on filamentous fungi (Chavez, Bull, and Eyzaguirre 2006). It is
evident that the carbon sources acetylated xylan and sugar beet pulp are very different from
the point of view of the chemical composition; therefore a differential expression of
hemicellulases is expected. There are some software available with the ability to compare
gels and to establish differences in protein pattern like is the case of PDQuest (Bio-Rad). In
two-dimensional electrophoresis is possible to observe that some spots are located very
close to each other sharing molecular weight but differing pl. These spots generally
correspond to the same protein with different post translational modifications (PTMs) and is
usually observed in fungi as is the case for Penicillium chrysogenum (Jami et al. 2010). This
particular phenomenon observed is due to nature of this kind of electrophoresis and to the
resolution that is possible to achieve when the preparation of samples is adequate. This
technique requires of good quality sample and denaturant conditions. Concentration of urea
and thiourea are usually high in buffers previous to the first dimension. After isoelectric
focusing, strips are submitted to two equilibration steps with buffer containing strong
reducing agents like dithiotreitol (DTT) or tributylphosphine(TBP), and a second buffer
containing alkylating agent usually iodoacetamide (IAA) (Simpson 2003). The combination
of these chemicals produces denaturation of proteins to improve resolution. The obvious
consequence is that under these conditions is not possible to measure enzyme activity and
there is no possibility to know about protein-protein interactions.

Although the differences in protein expression are very clear in Penicillium purpurogenum
grown on different carbon sources, in some cases the difference could be more difficult to
appreciate and therefore other technologies must be applied. In order to make two-
dimensional electrophoresis more reproducible it was developed the differential gel
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Fig. 1. Differential expression of hemicellulases secreted by the fungus Penicillium
purpurogenum. The proteins of the different supernatants were separated by two-
dimensional electrophoresis. The gels were stained with Sypro ruby. Proteins were extracted
from supernatants coming from cultures using acetylated xylan (A), sugar beet pulp (B),
pectin (C) and fructose (D). In a first dimension proteins were submitted to an isoelectric
focusing using 17 cm pH 4-7 range strips. The second dimension corresponds to SDS-PAGE
of 20 x 20 cm2. The spots from gels were cut and analyzed by tandem mass spectrometry.

electrophoresis, which introduces the use of the fluorescent dyes Cy2, Cy3 and Cyb5. In this
technique two protein samples are pre labeled, then mixed and loaded in same gel (Unlu,
Morgan, and Minden 1997). This technique was applied in Aspergillus fumigatus to evaluate
metabolic changes under hypoxia (Vodisch et al. 2011). This was also applied to P.
purpurogenum to analyze two conditions: acetylated xylan and sugar beet pulp. It is helpful
to examine one gel where the two different groups of proteins are displayed in different
colors (figure 2) where green is assigned to sugar beet pulp, red to acetylated xylan and in
orange to yellow are the spots present in both conditions. The analysis by mass
spectrometry of the spots and DIGE allowed us to clearly establish for example that -
xylosidase is present exclusively in acetylated xylan, and that pectate lyase is specific for
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Fig. 2. Differential gel electrophoresis (DIGE) of the secretome of Peniccilium purpurogenum
grown on different carbon source. Supernatant coming from acetylated xylan is labeled with
Cy3 and the supernatant coming from sugar beet pulp is labeled with Cy 5, both
supernatant are mixed together and loaded to the same 17 cm pH4-7 strip for isoelectric
focusing. The second dimension is an SDS-PAGE of 20x20 cm2. Images are acquired by a FX
pro phosphor imager. Image B represents the protein pattern under acetylated xylan labeled
with the chromophore Cy3, and image C is the protein pattern for sugar beet pulp
secretome labeled with Cy5. The fusion of B and C result in image A. The most
representative spots were excised from the gel and identified by tandem mass spectrometry
(A). The most representative identities are marked in 1A.

sugar beet pulp. Mannosidases and arabinofuranosidase 2 is found in both conditions as
indicated by the color. It is also possible to state that exoglucanase I present in sugar beet
pulp and p-xylosidase present in acetylated xylan are submitted to post translational
modifications producing the phenomenon of spot train since all of the spot in the train have
the same identity.

So far we now know that the chemical composition of the carbon source produces
differential expression of enzymes, and that the carbon source induces the expression of
enzyme specific for the carbon source degradation. We can also assume that some post
translational modifications could be occurring in this fungus like phosphorylations that
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modify pl, but more studies are needed. But a proteome is even more complex and other
phenomenon could be present. The modulation of enzyme activity could be affected by
protein-protein interaction for enzymes involved in xylan degradation, such is the case of
Fibrobacter succinogenes where a xylanase is able to interact with an acetyl xylan esterase.
This interaction generates synergy between these two activities (Kam et al. 2005). For
another acetyl xylan esterase in Termitomyces clypeatus, it has been shown that the interaction
with other enzymes provide a higher resistance to chemical denaturing agents that the
resistance that offer the enzyme alone(Mukhopadhyay et al. 2003).

The most studied example of protein interaction involved in cellulose degradation is the
cellulosome. These are structures formed by different proteins and have the ability to
degrade cellulose and also hemicellulose due to the presence of all of the necessary
enzymes. Their main characteristic is the presence of scaffolding proteins, which have been
sequenced and very well studied, whose function is to keep the protein structure
united(Ding et al. 1999).

So, this demonstrates that interactions are in direct benefit of the producer fungus. This
experimental evidence along with the fact that hemicelluloses are chemically complex
needing several enzyme activities acting on the same substrates makes suitable the idea that
in fungi could be more than two proteins interacting. An analysis of the secretome of P.
purpurogenum was performed using blue native (Wittig, Braun, and Schagger 2006). In this
technique proteins are submitted to a gel in native conditions without interrupting protein
interactions. In this case the samples used for this kind of analysis were culture supernatants
coming from acetylated xylan, sugar beet pulp, corn cob and glucose. The sds is replaced by
coomassie blue g-250 that is able to add negative charges to the proteins without denature
the protein sample. Under these conditions is possible to do a zymogram over the gel, in this
case we used methyl umbelliferyl acetate as substrate to evaluate acetyl esterase activities
(Figure 3,1). This evidence shows that high molecular weight proteins are responsible for the
activities, and according to two-dimensional electrophoresis in figure 1, the highest protein
is about 200kDa. In figure 3 protein bands with enzyme activities are over 250 kDa and are
present in the three complex polysaccharides. In this case is evident the catabolite repression
that glucose exerts.

The pattern in figure 3,I shows that active high molecular weight complexes are present in
the different conditions in changing molecular weights. This could be indicating that the
complexes could be integrated by different subunits with different activities. This was
evaluated by the use of antibodies that were used to co-immune precipitate the different
complexes and by western identify subunits (Gonzalez-Vogel et al. 2011). A purification of
one complex was performed by the used of different columns until a pure complex was
obtained (Figure 3.II). The complex was submitted to SDS-PAGE and the subunits were
identified by mass spectrometry. This approach has been used to analyze protein complexes
in bacteria like Escherichia coli (Lasserre et al. 2006) and Helicobacter pylori (Pyndiah et al.
2007).

The discovery of protein complexes in P. purpurogenum harboring all of the necessary
enzyme to degrade hemicellulose brings another point of view for the understanding of the
complex process of degradation of lignocellulose by filamentous fungus. The interactions
between subunits are strong and specific since they were not affected by treatment with
high concentration of ammonium sulfate (Gonzalez-Vogel et al. 2011) still, new questions
arise. The interactions could be mediated by direct protein-protein interactions, by the
glycosylations, might be mediated by extracellular polysaccharides (Iwashita 2002) by
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Fig. 3. Analysis of the secretome of Penicillium purpurogenum using Blue Native.
Supernatants coming from cultures on different carbon sources were separated in native
gels where acetyl esterase activity was measured (I,1) and the total protein pattern was
stained with Sypro ruby (I,2). Lanes in I are: Molecular weight standard (M), supernatants
coming from glucose (A), sugar beet pulp (B), corn cob (C) and acetylated xylan (D). Blue
native of a pure complex from culture coming on sugar beet pulp. Sypro ruby staining
indicates the purity of the fraction in the left lane, then in the right lane the zymogram
indicates that is catalytically active. By SDS-PAGE the subunits A, B, C, D, E and F were
separated and then identified by tandem mass spectrometry.
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scaffolding proteins like dockerines in cellulosomes (Levasseur et al. 2004) or by core
proteins (Bayer et al. 1998). All of these possibilities can be investigated by the point of view
of proteomics that help to understand the fine mechanism of regulation in eukaryotes.

5. Analysis of glycosylations

Figures 1 and 2 show that is evident that post translational modifications are occurring in P.
purpurogenum and also is evident that happens in other fungi (Bouws, Wattenberg, and Zorn
2008). This matter is very difficult to confront since the complexity of multienzyme systems
is already difficult. Nevertheless, post translational modifications have been detected in
cellulases of Trichoderma reesei (Fryksdale et al. 2002). In this study the enzymes were
deglycosylated previous to two-dimensional electrophoresis; this made changes in protein
pattern and also improved protein identification by mass spectrometry, because large
glycosylation block trypsin.

80 kDa

30 kDa

Fig. 4. Analysis of glycosylations in the secretome of P. purpurogenum under catabolite
repression. The supernatant coming from glucose was loaded in lane 3. In lane 2 the same
supernatant was treated with PNGase F. The gel was stained with Sypro ruby and the bands
were identified by mass spectrometry. The identities are in table 1.
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Bal:d Protein Microorganism GI number Mowse
n score
1 FAD dependant Aspergillus flavus 238491442 120
oxygenase

p | FADdependant | o it flavus 238491442 129
oxygenase

3 FAD dependant Aspergillus flavus 238491442 152
oxygenase

Flavobacterium
4 PNGase F . . 157833480 643
Meningosepticum

Table 1. List of proteins identified coming from the bands in figure 4.

In the case of P. purpurogenum we have started to deal with this problem. We have taken the
sample of protein coming from a culture grown on glucose. Glucose exerts a strong
catabolite repression producing a particular protein pattern in SDS-PAGE (Figure 4, lane 3).
Only one major band is detected, this makes it suitable for the study of PTMs because of the
simplicity of this secretome. The secretome was treated with PNGase F and the result is
observed in figure 4, lane 2. The major band is not present but a smearing. All bands were
identified by mass spectrometry; bands 1, 2, and 3 are the same protein, demonstrating that
the difference in molecular weight is due to glycosylation. In this case, no glycosylation was
sequenced by mass spectrometry, but by the use of mass spectrometry coupled to SDS-
PAGE we were able to identify the same protein suffering molecular weight changes due to
treatment with PNGase. This evidence is the first step for glycosylation occurring in this
fungus, and is probably occurring in other carbon sources as well.

6. Results in other fungi

Studies on ascomycetes’ secretomes identifying enzymes related to cellulose and
hemicellulose degradation have been reported. Medina et al. (2004) analyzed the secretome
of Aspergillus flavus. Utilizing 2D electrophoresis and MALDI-TOF mass spectrometry the
authors attempted to identify the enzymes secreted by the fungus by comparing a rich
medium (potato dextrose) with rutin (a glycoside) as sole carbon sources. They were able to
identify a rather low number of spots (22 out of more than 100) from the gel (Medina,
Kiernan, and Francisco 2004). Limiting factors in the identification were the lack of the
genome sequence of this fungus, the presence of glycosylation (a common occurrence in
extracellular fungal enzymes; (Peberdy 1994))which affects detection by MALDI-TOF, or the
lack of similar sequences from other organisms in the databases. In a later publication
(Medina et al. 2005), by incorporating the nanoLC-MS/MS technique, which does not have
the limitations found in MALDI-TOF, they were able to identify 51 proteins. The
extracellular proteome of Aspergillus oryzae was analyzed by comparing fungal cultures in
liquid and solid media utilizing wheat bran as carbon source. By means of 1D and 2D
electrophoresis and MALDI-TOF, plus the availability of expressed sequence tags from the
sequenced genome, they were able to identify 29 proteins analyzing 85 spots from the solid
culture and 110 from the liquid culture. An important finding is the difference in expression
of proteins when comparing both media: in solid cultures the fungus secretes more protein
and a larger variety of them(Oda et al. 2006).
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Differences have also been found in the secretome when comparing solid and liquid
cultures of Aspergillus oryzae grown on ground wheat (Te Biesebeke et al. 2006).

The secretome of some basidiomycetes active in lignocellulose biodegradation has also been
reported. The secretome of the white-rot fungus Phanerochaete chrysosporium was grown on
cellulose and have been compared with the open reading frames obtained from the
sequenced genome. By means of liquid chromatography coupled with in-tandem mass
spectrometry they have identified 32 glycosyl hydrolases out of 166 predicted, suggesting
that probably many of these enzymes are expressed under different culture conditions
(Wymelenberg et al. 2005). More recently, the same group (Vanden Wymelenberg et al.
2009) has extended this work reporting a transcriptome and secretome analyses of P.
chrysosporium grown under defined ligninolytic and cellulolytic conditions so as to have a
more complete view of gene expression. A total of 545 genes could be identified; however,
190 up regulated genes were predicted to encode proteins of unknown function, requiring
further biochemical work for their proper identification. Additional work on the secretome
of this fungus has been performed (Abbas et al. 2005) and (Ravalason et al. 2008). The first
group used red oak wood chips as carbon source and could identify 16 proteins from 2D
gels by LC/MS/MS sequencing, most of them acting on cellulose and hemicelluloses.
Ravalason et al. (2008) grew the fungus on black pine (softwood) wood chips and identified
seven glycosyl hydrolases.

The genome of the brown-rot fungus Postia placenta was analyzed and compared to that of
the white-rot P. chrysosporium. Considerable differences were registered, indicating a much
lower number of genes of cellulases in the brown-rot. White rot fungi degrade all
components of the plant cell walls, while brown-rot can modify lignin but have a limited
capacity to hydrolyze the polysaccharides of lignocellulose and have developed novel
mechanisms for their degradation. An analysis of the secretome of P. plancenta grown on
aspen wood, cellulose or cotton shows, among other enzymes, the presence of various
hemicellulases (Martinez et al. 2009).

The state of the art on fungal secretome studies from both ascomycetes and basidiomycetes
was reviewed (Bouws, Wattenberg, and Zorn 2008). They stress the fact that many more
sequenced genomes and secretome analyses are necessary for a full understanding of the
strategies used by fungi in extracellular biocatalysis and for a more efficient utilization of
biomass in industrial applications. Although the study of fungal secretomes is increasing,
many of the reports are still of a rather preliminary nature. They tend to be descriptive with
still a limited discussion of the biological significance of the findings. This is an emerging
area of research, which has to overcome certain limitations. This is due in part to the still
low availability of sequenced and annotated fungal genomes and to a lack of knowledge of
the function of many of the proteins deduced from the genome’s open reading frames, since
biochemical studies of these proteins lags far behind. However, despite of these limitations,
a study of the proteome (and secretome) is essential for the understanding of numerous
biological functions at the molecular level.

7. Conclusion

Filamentous fungi posses a very complex and fine mechanism of regulation. The application
of proteomic methods can expose the consequences of these regulation. Through the optic of
the fungus Penicillium purpurogenum, we have seen all of the possible mechanism by
separating and identifying enzymes. In present time the number of proteomic studies
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involving filamentous fungi are low but increasing. Comprehensive proteomic studies
should consider PTMs and protein-protein interactions since these modifications affect the
behavior of multienzyme systems. Two-dimensional electrophoresis is a powerful tool that
allows to display the secretome where is possible to see the evidence of post translational
modifications, but, by the other hand gel free analysis allows a more wide identification of
proteins including those that do not enter in gels and the ones in low quantities.

The evidence presented here show that a combination of both a approaches should be use in
order to get a wider picture of the secretome.
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