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A B S T R A C T   

Trichoderma reesei is one of the major producers of holocellulases. It is known that in T. reesei, protein production 
patterns can change in a carbon source-dependent manner. Here, we performed a phosphorylome analysis of 
T. reesei grown in the presence of sugarcane bagasse and glucose as carbon source. In presence of sugarcane 
bagasse, a total of 114 phosphorylated proteins were identified. Phosphoserine and phosphothreonine corre
sponded to 89.6% of the phosphosites and 10.4% were related to phosphotyrosine. Among the identified pro
teins, 65% were singly phosphorylated, 19% were doubly phosphorylated, 12% were triply phosphorylated, and 
4% displayed even higher phosphorylation. Seventy-five kinases were predicted to phosphorylate the sites 
identified in this work, and the most frequently predicted serine/threonine kinase was PKC1. Among phos
phorylated proteins, four glycosyl hydrolases were predicted to be secreted. Interestingly, Cel7A activity, the 
most secreted protein, was reduced to approximately 60% after in vitro dephosphorylation, suggesting that 
phosphorylation might alter Cel7A structure, substrate affinity, and targeting of the substrate to its carbohydrate- 
binding domain. These results suggest a novel post-translational regulation of Cel7A.   

Introduction 

Fungi of the genus Trichoderma are mesophilic ascomycetes with a 
wide distribution on the planet, and are mainly found in decaying plant 
material [1–4]. The filamentous fungus Trichoderma reesei is one of the 
major holocellulase producers [5], albeit displaying a reduced number 
of cellulolytic enzymes when compared to other lignocellulosic fungi 
[6]. The success of T. reesei in biomass degradation is due to an efficient 
system for transporting nutrients inside the cells and to the induc
tion/secretion of holocellulases [7]. However, the regulation of the 
expression of these enzymes is not fully understood. In particular, 
lignocellulolytic enzyme production depends on the type of carbon 

source available for the fungus. For instance, easily metabolized carbon 
sources, such as glucose, repress enzyme expression. Such repression is 
mainly mediated by Cre1, a transcription factor that binds to the pro
moter of several glycosyl hydrolase (GH) genes, blocking the action of 
the RNA polymerase. Interestingly, the phosphorylation of Cre1 at S241 
is required for DNA binding [8]. Recently, Han et al, in order to evaluate 
the influence of phosphorylation on the transcription factor Cre1 in 
T. reesei and its effect on the expression of cellulolytic enzymes, mutated 
several residues at C terminus of Cre1 to mimic dephosphorylation and 
observed that there was an improvement in cellulase transcription levels 
and activity in the presence of glucose and inhibition of carbon catab
olite repression [9]. 
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Phosphorylation events are known to be involved in the regulation of 
various cellular processes, including metabolism, transcription, trans
lation, protein secretion and degradation, homeostasis, and signaling, as 
well as cell communication, proliferation, differentiation, and survival 
[10]. Notably, at least one third of all proteins contain covalently 
bonded phosphate on serine, threonine, and tyrosine at some point in 
time [11]. 

In T. reesei, protein phosphorylation patterns change in a carbon 
source-dependent manner [12]. Indeed, Nguyen et al. identified, be
tween sophorose and spent-grain extracts, differentially phosphorylated 
proteins related to processes such as carbon storage, intracellular traf
ficking, cytoskeleton remodeling, and regulation of cellulase gene 
expression, highlighting the importance of understanding the phos
phorylation phenomena triggered by the sensing of a specific carbon 
source. 

Several studies have shown that sugarcane bagasse has great po
tential for biofuel production and can be used in the biorefinery industry 
[13–15]. On this type of biomass, T. reesei hydrolyzes cell wall poly
saccharides into dimers or monomers. However, the regulation of gene 
expression (especially of holocellulase-coding genes) occurring when 
the fungus is cultivated on this carbon source is not fully understood [16, 
17]. Therefore, in order to gain a broader understanding of the phos
phorylation events taking place in these growth conditions and how they 
affect different cellular functions, we cultured T. reesei in the presence of 
sugarcane bagasse and identified phosphorylated proteins by liquid 
chromatography with tandem mass spectrometry (LC-MS/MS) after 
phosphopeptide enrichment by immobilized metal ion affinity chro
matography (IMAC). 

Materials and methods 

Strains and cultivation conditions 

The T. reesei QM9414 strain (ATCC 26921) was obtained from the 
collection of the Research Group for Synthetic Biology and Molecular 
Biotechnology, Institute of Chemical, Environmental, and Bioscience 
Engineering, Faculty of Technical Chemistry, Vienna University of 
Technology, Austria, and maintained in MEX medium (3% (w/v) malt 
extract and 2% (w/v) agar-agar) at 4◦C. Initially, the fungi were grown 
on MEX medium at 28◦C for a period of seven to 10 days until complete 
sporulation. For all experiments, a spore suspension of QM9414 con
taining 106 cells mL− 1 was precultured into 200 mL of Mandels- 
Andreotti medium [18] supplemented with 1% (w/v) glycerol for 24 h 
and then transferred to 200 mL of fresh Mandels-Andreotti medium 
containing 1% (w/v) of sugarcane bagasse (SBC) or 2% (w/v) glucose as 
a control [19,20]. The cultures were incubated in an orbital shaker (180 
rpm) at 28◦C for 24, 48, 72, and 96 h for SBC and 24h for glucose as 
previously described [21] . After incubation, the mycelia were collected 
by filtration, frozen, and stored at -80◦C. Sugarcane bagasse was kindly 
donated by Nardini Agroindustrial Ltd., Vista Alegre do Alto, São Paulo, 
Brazil, and prepared as previously described [22]. In natura sugarcane 
bagasse was briefly treated with 14 kg cm− 2 water steam, washed 
exhaustively with distilled water until reducing sugars were not detected 
by 3,5-dinitrosalicylic acid (DNS) [23], and dried at 40 ◦C. 

Sample preparation 

For protein isolation, the obtained frozen mycelia from sugarcane 
bagasse and glucose cultures were ground to a fine powder using a 
mortar and pestle cooled in liquid nitrogen. Proteins were then extracted 
from the powdered samples (100 mg) using an extraction solution at pH 
7.4 (0.8% NaCl, 0.02% KCl, 0.27% Na2HPO4⋅7H2O, 0.024% KH2PO4, 10 
mM NaF, 1 mM Na3VO4, 0.2% phosphatase inhibitor cocktail 3 (Sigma- 
Aldrich, St. Louis, MO, USA, cat. n. P0044), and 0.2% protease inhibitor 
cocktail (protease inhibitor mix 80-6501-23, GE Healthcare, Chicago, 
Illinois, EUA). The samples were immediately sonicated in an ice bath 

(amplitude 60%, pulse 10 s on/10 s off, 1 min). Next, the sonicated 
mycelia were centrifuged twice at 4◦C and 20,000× g for 15 min, and the 
respective supernatants were carefully collected and stored at -20◦C in 
order to perform the subsequent analyses. Total protein concentration 
was determined using the Bio-Rad protein assay, based on the Bradford 
method (Bio-Rad Laboratories, Hercules, California, CA, USA). One- 
dimensional polyacrylamide gel electrophoresis using 50 µg of intra
cellular protein extract was performed to validate protein quality. 

Finally, for the second-dimension gels and enrichment of phospho
peptides, 300 μg and 100 μg of a mixture of equal concentrations of 
intracellular proteins was used, respectively, for all time points of sug
arcane bagasse culture. The samples were precipitated using 10% 
tricarboxylic acid (TCA) and incubated in acetone at -20◦C overnight. 
The precipitated proteins were then pelleted by centrifugation at 
10,000× g for 10 min at 4◦C. The pellets were washed three times in 
0.07% β-mercaptoethanol and cold acetone. The precipitate was then 
purified using a 2-D Clean-Up Kit (GE Healthcare, Chicago, Illinois, 
EUA). 

2D-PAGE 

Samples were applied to an immobilized pH gradient (IPG)-strip 
(non-linear 13-cm Immobiline DryStrip pH 3–10 strip, GE Healthcare, 
Chicago, Illinois, EUA) by in-gel rehydration on IPGbox (GE Health
care). All isoelectric focusing assays were performed on an Ettan IPG
phor 3 IEF system (GE Healthcare, Chicago, Illinois, EUA) at 20◦C, with 
a maximum of 50 µA/strip. The focusing parameters were as follows: 
rehydration time, 16 h; step 1, 500 V constant for 1 h; step 2, gradient of 
1000 V for 1 h; step 3, gradient of 8000 V for 4 h; and step 4, 8000 V for 6 
h. Focused strips were equilibrated in two stages with 10 mL of SDS 
equilibration buffer (6 M urea, 30% (v/v) glycerol, and 2% (w/v) SDS in 
50 mM Tris-HCl, pH 8.8, 0.002% bromophenol blue solution). First, the 
focused proteins were reduced by adding 1% DTT to 10 mL of SDS 
(equilibration solution) and stirring for 20 min. Then, in the second 
equilibration stage, the proteins were alkylated with 2.5% iodoaceta
mide in 10 mL of SDS equilibration solution for 25 min [24]. Equili
brated IPG strips were separated on 12.5% SDS-PAGE gels according to 
the method described by Laemmli [25] on a SE 600 Ruby system (GE 
Healthcare, Chicago, Illinois, EUA). Gels were run in buffer (25 mM Tris, 
192 mM glycine, pH 8.3, containing 0.1% SDS and traces of bromo
phenol blue) at a maximum voltage of 600 V, 25 mA, and 2.5 W per gel 
for 30 min, followed by fixing a maximum voltage of 600 V, 35 mA, and 
20 W per gel for 4 h, both sides at 6◦C. 

Phosphorylated proteins were detected using a fluorescent Pro-Q 
Diamond Phosphoprotein Gel Stain kit (Molecular Probes, Eugene, 
OR, USA) according to the standard protocol provided by the manu
facturer. Then, the gels were hydrated twice for 5 min with Milli-Q water 
to acquire the images. Total proteins in the gels were stained overnight 
with Coomassie Brilliant Blue R-250 (0.25% Coomassie Blue R-250, 50% 
methanol, and 10% acetic acid), and destained until the appearance of 
protein in a solution of 30% methanol and 10% acetic acid. 

Gels were scanned using a Molecular Imager® PharosFXTM Systems 
laser scanner at a resolution of 100 µm using the Quantity One software, 
version 4.6.9 (Bio-Rad Laboratories, Hercules, California, CA, USA). For 
acquisition of images of the gels stained with the Pro-Q Diamond kit, we 
used an emission filter at 532 ± 50 nm, while for gels stained with 
Coomassie blue R-250, we used a white light source without filters. For 
the analysis, the PDQuest software (Bio-Rad Laboratories, Hercules, 
California, CA, USA) was used, through which the gels were adjusted in 
brightness, contrast, and size in order to be standardized. The detection 
of spots was performed with an automatic matching software, and then 
all spots in the gel were manually checked to detect possible incorrect 
detections such as noise, edges of labels, or gels. 
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Phosphorylation profiling by 2D-PAGE 

For identification of phosphoproteins by 2D-PAGE, spots were 
selected by comparative analysis of images of gels stained with Pro-Q 
Diamond phosphoprotein gel stain and Coomassie blue R-250. After 
removal of the dye and SDS, the spot segments were washed three times 
in a decolorizing solution (50% 100 mM ammonium bicarbonate and 
50% acetonitrile) over 24 h under stirring. Immediately after, the spots 
were submerged in a solution of 100% acetonitrile for 10 min, and 
completely dried on a SpeedVac Vacuum System (Savant Instrument, 
Farmingdale, NY, USA). For protein digestion, spots were rehydrated 
with 20 µL of a 50-mM ammonium bicarbonate solution containing 20 
ng µL− 1 of sequencing-grade modified trypsin (Promega, Madison, WI, 
USA). After 30 min of rehydration with the trypsin solution, the spot 
segments were covered with a 50-mM ammonium bicarbonate solution. 
The hydrolysis reaction was carried out at 37◦C for 24 h and then 
stopped with 50 µL of blocking solution (1% formic acid and 5% 
acetonitrile). The peptides were extracted with two 30-min washes in 
wash solution (49.5% acetonitrile and 1% formic acid). The superna
tants were dried in the SpeedVac Vacuum System and resuspended in 30 
µL of 100% acetonitrile solution. After digestion, peptides were collected 
using Supel-Tips C18 Pipette Tips (Sigma-Aldrich, St. Louis, MO, USA). 

Gel-free phosphoprotein and phosphosite identification 

For gel-free identification of phosphorylated proteins and peptides, 
the proteins were initially solubilized in 8 M urea (1:1), reduced by the 
addition of a 5-mM DTT solution, and alkylated with 14 mM iodoace
tamide. The samples were then diluted in a 50-mM ammonium bicar
bonate solution (1:5) and a 1-mM CaCl2 final solution. Trypsin digestion 
was performed using a 50:1 protein:trypsin ratio (50 µg protein:1 µg 
trypsin) for 16 h at 37◦C. The digestion reaction was stopped with the 
addition of 0.4% TFA. Digested samples were desalted using a SepPack 
C18 Vac Cartridge (Waters, Milford, MA, USA). Subsequently, the 
digested proteins were divided into two groups, one of which was pro
cessed with the Phos SpinTrap Fe kit (GE Healthcare, Chicago, Illinois, 
EUA) to be enriched in phosphorylated peptides. Then, both groups 
were analyzed by LC-MS/MS using the LTQ Orbitrap XL ETD Hybrid Ion 
Trap-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Waltham, 
MA, USA) coupled with the liquid chromatography EASY-nLC II system 
(Proxeon Biosystems, Odense, Denmark) through a Proxeon nano
electrospray ion source. Peptides were separated in a 2–90% acetonitrile 
gradient in 0.1% formic acid using a PicoFrit analytical column (length, 
20 cm; diameter, 75 μm; particle size, 5 μm; New Objective, Littleton, 
MA, USA). The tension in the nanoelectrospray ion source was 2.2 kV 
and the source temperature was 275◦C. The LTQ Orbitrap Velos work
station (Thermo Fisher Scientific, Waltham, MA, USA) was set in data- 
dependent acquisition mode. Full-scan MS spectra (m/z 300–1600) 
were acquired by the Orbitrap analyzer after accumulation to the target 
value of 1 to 6. The resolution on the Orbitrap analyzer was set to r =
60,000, and the top 20 peptide ion charge states ≥ 2 were sequentially 
isolated to the target value of 5,000 and fragmented in the linear ion trap 
by low-energy collision-induced dissociation (normalized collision en
ergy of 35%). Dynamic exclusion was activated with an exclusion list 
size of 500, an exclusion list duration of 60 s, and a repeat count of 1. An 
activation q of 0.25 and a 10-ms activation time were used. For the 
identification of phosphopeptides and phosphorylated proteins the 
Mascot software (http://www.matrixscience.com/search_form_select.ht 
ml) was used, together with the protein database included in the Tri
choderma reesei 2.0 genome database (https://mycocosm.jgi.doe.gov/Tr 
ire2/Trire2.home.html). NetworKIN was used to predict which kinases 
target specific phosphorylation sites, using criteria according to [26]. 

Enzymatic assays 

β-glucosidase and β-xylosidase activity were assessed as previously 

described [3,7,27]. Filter paper activity (FPase) was determined by 
monitoring enzymatic reactions on no. 1 Whatman filter papers 
(Whatman, Maidstone, UK) with 30 μL of a 100-mM citrate-phosphate 
buffer at pH 5.0 and 30 μL of sample [28]. Reactions were incubated 
at 50◦C for 30 min. Next, 60 μL of dinitrosalicylic acid (DNS) was added 
to the reaction, which was then heated at 95◦C for 5 min. Carbox
ymethylcellulase (CMCase) activity was determined following a previ
ously described protocol [29] with some modifications. Briefly, the 
reaction mixture consisted of 30 μL of 1% carboxymethylcellulose in a 
50-mM sodium acetate buffer (pH 5.0) and 30 μL of sample. The reaction 
underwent incubation at 50◦C for 30 min, followed by the addition of 60 
μL of DNS, and an additional heating step at 95◦C for 5 min. All enzy
matic activity assays were performed in 96-well microplates, and 
absorbance was read at 540 nm (FPase and CMCase activities) and 405 
nm (β-glucosidase and β-xylosidase activities) using the xMark™ 
Microplate Absorbance Spectrophotometer (Bio-Rad Laboratories, Her
cules, California, CA, USA). One enzyme unit was defined as the amount 
of enzyme capable of liberating 1 μmol of reducing sugar per minute 
[30]. For all enzymatic assays, samples consisting of phosphorylated (P) 
(crude extract) and unphosphorylated (DP) supernatants were used. 
Glucose dosage in sugarcane bagasse supernatants was determined 
using the Glucose Liquiform kit (Labtest Diagnóstica, Lagoa Santa, 
Brazil) according to the manufacturer’s instructions. 

Dephosphorylation of the Cel7A enzyme and determination of kinetic 
parameters 

For the dephosphorylation assay of the Cel7A enzyme, the fungi 
T. reesei and Aspergillus nidulans were cultivated on sugarcane bagasse. 
Then, 100 µg of proteins extracted from the supernatant were used for 
Cel7A (T. reesei) and CBHI (A. nidulans) purification (Fig. 5C). Purified 
proteins were then treated with 10 U of FastAP™ Thermosensitive 
Alkaline Phosphatase (Thermo Fisher Scientific, Waltham, Massachu
setts, MA, USA) for 1 h at 37◦C. The resultant unphosphorylated samples 
were used for enzymatic assays to detect Cel7A activity. 

Different concentrations of the substrate (4-Nitrophenyl β-D-cello
bioside, Sigma-Aldrich, St. Louis, MO, USA) ranging from 0.2 mM to 2 
mM were used to determine the kinetic parameters of Cel7A. The re
action mixture consisted of 10 μL of purified Cel7A (treated or not 
treated with FastAP™ phosphatase), 50 µL of a 50-mM sodium acetate 
buffer, and 40 µL of substrate. Reactions underwent incubation at 50◦C 
for 3 h, followed by the addition of 100 μL of 1 M sodium carbonate. The 
enzymatic activity assays were performed in 96-well microplates, and 
absorbance was read at 405 nm using the xMark™ Microplate Absor
bance Spectrophotometer. One enzyme unit was defined as the amount 
of enzyme capable of liberating 1 μmol of reducing sugar per minute. 
Reaction rates were measured, and the Michaelis-Menten constant (KM) 
and maximum reaction rate (Vmax) were calculated by fitting the initial 
reaction rates (v) for each substrate concentration (S) to the Michaelis- 
Menten equation, using the GraphPad Prism software. 

Three-dimensional structure prediction and docking 

Three-dimensional models for the proteins of interest were built 
using the I-TASSER online platform from the Yang Zhang’s Research 
Group (https://zhanglab.dcmb.med.umich.edu/I-TASSER/, version 5.1, 
University of Michigan, Ann Arbor, Michigan, MI, USA). For this pur
pose, a FASTA file containing the amino acid sequence of the Cel7A 
protein was obtained from the UniProt database (protein ID: 123989) 
and submitted to the I-TASSER online server. The structure modeling 
approach used by this software is based on the sequence alignment to a 
protein template, which is identified by LOMETS, a method that selects 
the top 10 alignments in a PDB library. Then, the unaligned regions of 
the sequence are built via ab initio folding, by considering the lowest 
free-energy states and minimal sterical clashes identified by SPICKER 
and TM-align, respectively. The final models are built at the atomic level 
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by REMO, which optimizes the hydrogen-bonding profile. The I-TASSER 
online software also enables the prediction of the protein’s biological 
function, since it compares the designed models to different libraries of 
proteins with already identified functions [31,32]. All predictions, along 
with the putative ligands provided by the I-TASSER platform, were 
visualized and configured using the PyMOL Molecular Graphics System 
(https://pymol.org/2/, version 1.8.6.0, Schrödinger LLC, New York, NY, 
USA). 

The docking analysis was performed using AutoDock 4.2 on the 
graphical user interface AutoDockTools (ADT) [33], using the 
step-by-step protocol published by Rizvi et al. (2013) [34]. AutoDock 
quantifies the enthalpic and entropic contributions using an approach of 
a semiempirical free energy force field, which measure the biding energy 
between two or more molecules. Therefore, the free binding energy 
corresponds to the difference between the energy of the unbound ligand 
and protein, and the energy of the ligand-protein complex [35]. For this 
purpose, the program considers dispersion/repulsion, hydrogen 
bonding, electrostatics, and desolvation, as well an estimative of the 
conformational entropy lost upon binding. The search parameters used 
were those of the Genetic Algorithm with Lamarckian GA output, in 
default configurations. Cellulose was designed with ACD/ChemSketch 
version 2019.2.1 (Advanced Chemistry Development, Inc., Toronto, ON, 
Canada, www.acdlabs.com). 

Results 

Enzymatic activity 

In order to establish the dynamics of holocellulase production over 
time, T. reesei was cultivated for 24, 48, 72, and 96 h on sugarcane 
bagasse, and glucose release and extracellular cellulase activity were 
measured. Maximum cellulase activity and glucose release were detec
ted at 96 h (Fig. 1A). However, as shown in Fig. 1A, enzymatic activity 
was detected already after 24 h of growth. Therefore, the goal of this 
work was to identify phosphorylation sites related to different phos
phorylation events. For this purpose, the culture supernatants for all of 
the abovementioned cultivation time points were mixed and used as 
protein pool for further experiments. 

Quantitative phosphoproteomic analysis 

To identify phosphorylated proteins, we first performed 2D-PAGE in 
order to obtain an overview of the number of proteins that were phos
phorylated when T. reesei was cultivated in the presence of sugarcane 
bagasse (a scheme of the methodology is summarized in Fig. 2). In this 
analysis, a total of 45 spots were detected automatically by the software 
PDQuest (Bio-Rad) from gels stained with colloidal Coomassie and gels 
subjected to the Pro-Q Diamond reagent from three biological replicates, 

as illustrated in (Fig. S1 and Supplementary Table S1). To overcome 2D- 
PAGE gel-to-gel variance, we also used gel-free analysis comparing 
samples from SBC and glucose conditions for an overview of the T. reesei 
phosphoproteome during sugarcane bagasse degradation. In order to 
obtain more accurate results, we used the data obtained from total 
proteomics to filter the phosphoproteomics data. Therefore, only the 
phosphorylated proteins that had also been identified in the proteome 
were considered for further analysis. The Fig. 1B shows the Venn dia
gram with only 8 proteins shared by SCB and glucose conditions, indi
cating specific mechanism to response to holocellulases inducing 
conditions (SCB) and repressing condition (glucose). Moreover, among 
the proteins commonly identified in the two conditions, 5 are involved 
with energy metabolism and 3 are unknown or not predicted. 

Concerning to SCB, a total of 255 unique phosphopeptides from 114 
proteins were identified in at least two biological replicates (Fig. 1B). 
Phosphoserine and phosphothreonine (Ser, Thr) corresponded to the 
90% of the phosphosites while 10% of them were related to phospho
tyrosine (Tyr) (Fig. 3A, Table 1). Among the identified proteins, 65% 
were singly phosphorylated, 19% were doubly phosphorylated, 12% 
were triply phosphorylated, and 4% were more than triply phosphory
lated, including one peptide that presented 11 phosphosites (Fig. 3A). 
All the identified peptides were subjected to prediction for enrichment 
in any specific motif by Motif-X. However, peptides were found not to be 
enriched in any motif. On the other hand, when all phosphosites were 
analyzed by NetworKIN 3.0, it was possible to identify kinases that could 
recognize and phosphorylate the detected phosphosites (Fig. 3B). In 
particular, after applying the NetworKIN filtering criteria (STRING score 
≥ 0.6 and NetworKIN score ≥ 1.0), 75 kinases were predicted to phos
phorylate the sites identified in this work, including 19 serine/threonine 
kinase families putatively targeting all identified phosphorylation sites. 
The most frequently predicted serine/threonine kinase was PKC1, fol
lowed by SNF1, AKL1, and RAD53. Interestingly, our phosphorylome 
data was also enriched in casein kinases (CK1 and CK2), which have 

Fig. 1. Cellulolytic activity and glucose releasing of T. reesei cultivated in the presence of sugarcane bagasse for the indicated times. (A) Enzymatic activity of T. reesei 
using CMC and Filter Paper (FP) as substrates. (B) Venn Diagram of phosphoproteins identified from sugarcane bagasse (SCB) and glucose conditions. These results 
are based on three replicates for three independent experiments and are expressed as mean ± standard deviation. 

Fig. 2. Workflow for the identification of the T. reesei phosphoproteome.  
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been suggested to be important regulators of phosphorylation events in 
filamentous fungi. 

On the other hand, in presence of glucose as carbon source, a total of 
348 unique phosphopeptides from 170 proteins were identified in at 
least two biological replicates (Fig. 3B and Supplementary Table S2). 
Phosphoserine and phosphothreonine (Ser, Thr) corresponded almost to 
100% of the phosphosites while 0.89 % of them were related to phos
photyrosine (Tyr) (Fig. 3C, Supplementary Table S2). Among the iden
tified proteins, 60% were singly phosphorylated, 23% were doubly 
phosphorylated, 10% were triply phosphorylated, and 10% were more 
than triply phosphorylated (Fig. 3C). Furthermore, when all phospho
sites were analyzed by NetworKIN 3.0, it was possible to identify kinases 
that could recognize and phosphorylate the detected phosphosites 
(Fig. 3D), using the same criteria as before. 

Considering the growth in glucose as sole carbon source, we were 
able to identify 13 different groups of kinases responsible for protein 
phosphorylation in this circumstance, whereas CDC28 was the most 
prevalent group found, followed by MAPK, TPK1, CKA1, SKS1, KIN82 
and others (Fig. 3D). The most numerous kinase from the CDC28 group 
found here was a Pho85-like protein, being a cyclin-dependent kinase 
(CDK) that is highly related to PHOA, which is responsible for sexual 
differentiation and cell development in Aspergillus nidulans [36]. We also 
found a high amount of MAPK, which are responsible for the regulation 
of cellulases production and osmolarity, cell wall maintenance and 
sporulation in T. reesei [20,37]. TPK1, a PKA catalytic subunit, was 
responsible for the phosphorylation of several phosphosites as well, 
being associated to the inhibition of filamentous growth in yeast [38]. 
Other kinases found were mostly related to the regulation of polarized 
growth [39] and glucose response [40], among other functions. 
Together, our data indicate that T. reesei uses different phosphorylation 
pathways to regulate gene expression in response to inducing and 
repressing carbon sources. 

In order to identify physical and functional interactions among the 
phosphoproteins from SCB highlighted in this work, we used protein 
interaction information from the STRING database to generate protein 
interaction networks (Fig. 4). In total, 100 phosphoproteins and 169 
edges were mapped (Supplementary Table S3). A global phosphoprotein 
interaction network was generated by STRING with four proteins related 
to fatty acid synthesis, five to proteasome, 12 to translation, seven to 

ribosome, nine to acetyl-CoA metabolism, 12 to carbohydrate meta
bolism, and six to cysteine and methionine metabolism (Fig. 4). 

Effect of phosphorylation on the activity of secreted glycosyl hydrolases 

Among the phosphorylated proteins identified in this work, there 
were four glycosyl hydrolases: a β-xylosidase, Cel7A, a β-glucanase, and 
a glucuronidase (Table 1). Since these enzymes are known to be 
secreted, we performed a test to verify the effect of phosphorylation on 
their enzymatic activities. Therefore, culture supernatants were treated 
with phosphatase, and subsequently FPase, β-xylosidase, and β-gluco
sidase activities were measured. 

Notably, dephosphorylated enzymes showed ~25% lower FPase 
activity compared to the control, while β-xylosidase and β-glucosidase 
activities increased in the dephosphorylated crude extract (Fig. 5A), 
indicating that post-translational phosphorylation can regulate hol
ocellulases in a different manner. In order to verify the phosphorylation 
effect in a pure enzyme, Cel7A was purified and treated with phospha
tase to test for activity changes. The FPase activity of dephosphorylated 
Cel7A was about 60% lower than that of the control (Fig. 5B). Moreover, 
CBHI from Aspergillus nidulans was also tested for the effect of phos
phorylation on its activity, which resulted very similar to that on Cel7A 
from T. reesei. To study the effect of Cel7A dephosphorylation more in 
detail, the kinetic constants of phosphorylated and dephosphorylated 
Cel7A were measured (Fig. 6A). 

The comparison of kinetic parameters of phosphorylated and 
dephosphorylated enzymes revealed interesting features. As demon
strated in Fig. 6A, Cel7ADP (dephosphorylated enzyme) exhibited a 
decrease in substrate affinity, denoted by a ~2-fold higher KM value 
when compared to Cel7AP (phosphorylated enzyme). However, 
Cel7ADP showed no difference (P > 0.05) in turnover number (Kcat) 
with respect to Cel7AP. Conversely, Cel7AP displayed both high sub
strate affinity and increased catalytic efficiency (Kcat/KM) compared to 
Cel7ADP (Fig. 6A). These results suggested that phosphorylation may 
not occur at the catalytic site. Indeed, the phosphosites identified in our 
phosphorylome (highlighted in red) are located in a region close to the 
substrate entrance structural sequence (Fig. 6B). Thus, the regulation of 
glycosyl hydrolase activity by phosphorylation could be an intriguing 
mechanism for controlling cellulase activity in T. reesei. Moreover, our 

Fig. 3. Phosphorylation profiling of T. reesei cultivated in the presence of sugarcane bagasse (A and B) and glucose (C and D) conditions. (A) and (C) Distribution of 
phospho-Ser (pS), phospho-Thr (pT), and phospho-Tyr (pY) residues and distribution of peptides with single, double, triple, or more phosphorylation sites are shown. 
(B) and (D) Prediction of major kinases responsible for phosphorylating the identified proteins in the phosphoproteomics. 
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Table 1 
Phosphoproteins identified in presence of sugarcane bagasse by LC-MS/MS.  

Protein 
ID 

Protein description Function Score Total 
peptides 

Unique 
peptides 

MW (Da) Phosphosites 

121255 2-methylcitrate dehydratase-like protein 2-methylcitrate dehydratase 
activity 

85 13 2 60,262 268/270 

122301 Cystathionine beta-lyases/cystathionine gamma- 
synthases 

amino acid metabolism 35 4 2 46,594 219/359 

75689 Arginyl-tRNA ligase. arginyl-tRNA aminoacylation 44 8 2 76,272 127/504/505/513/617 
55362 Heat shock protein 70 ATP binding 505 36 20 73,565 525 
71363 translation elongation factor 3-like protein ATP binding 95 9 3 116,987 348/505/509 
80142 HSP104 and related ATP-dependent Clp proteases ATP binding 99 13 4 103,180 363/365 
82534 heat shock protein (Hsp70 chaperone Hsp88) ATP binding 105 9 3 79,313 36/38/555 
120053 Hsp70 family protein ATP binding 78 15 4 73,111 385 
122572 hsp70 family protein ATP binding 62 10 4 66,812 118/317/507/509 
122920 Molecular chaperone Bip ATP binding 202 14 7 72,660 637/644 
51499 ketol-acid reductoisomerase, mitochondrial 

precursor 
branched chain family amino acid 
biosynthesis 

118 12 4 44,920 ND 

56920 Leucine aminopeptidase 1 calcium ion binding 35 5 1 43,659 133/134 
120198 glycosyl transferase, family 35, glycogen 

phosphorylase 1 
carbohydrate metabolism 118 7 4 100,868 42 

121127 GH3 β-xylosidase BXL1 carbohydrate metabolism 240 18 9 87,479 553/653 
123026 transaldolase carbohydrate metabolism 206 16 9 35,698 ND 
21957 pyruvate carboxylase (cytosolic) catalytic activity 46 14 3 131,844 40 
107784 ribosomal protein L18ae cellulose binding 148 8 4 20,679 110/122 
47221 Nucleoside diphosphate kinase CTP biosynthesis 50 9 3 16,991 99 
81089 CysK, Cysteine synthase; aa370-414 cd02205, 

CBS domain 
cysteine biosynthesis from serine 62 11 2 55,118 196/201/292 

2537 RHO protein GDP dissociation inhibitor cytoplasm 33 7 2 22,283 13/71/151 
45138 sulfite reductase, ß-subunit electron transport 226 19 7 168,869 270/271/274/275 
23171 NRPS fatty acid biosynthesis 18 165 1 2,314,768 7447/7448/13790/ 

13791/20474/13769/ 
4718/17468/1935/ 
15914/10770/2902/ 
2907/14180/7141/7143/ 
7144/7149 

77656 phosphoglycerate mutase fatty acid biosynthesis 63 6 1 58,658 4/504/518 
121661 aldose-1-epimerase galactose metabolism 202 8 6 37,280 95 
123114 Heat shock protein 90 galactose metabolism 322 16 11 78,614 585 
121420 glutamyl-tRNA synthetase, class Ic. glutamyl-tRNA aminoacylation 30 8 1 72,637 296/305/306/533 
44529 glycogen synthase involved in carbohydrate 

transport and metabolism 
glycogen biosynthesis 30 9 1 81,166 31/359/361/648 

5776 glucose-6-phosphate isomerase glycolysis 120 7 2 60,845 190/195 
22994 AAA-ATPase Cdc48 glycolysis 390 27 15 90,046 363/624/632 
78439 pyruvate kinase glycolysis 37 9 1 59,307 5/400 
120568 enolase glycolysis 259 21 9 47,400 4 
120235 Elongation factor 2 GTP binding 401 32 15 93,544 76/299 
123071 ATP synthase beta chain, mitochondrial 

precursor, associated to cellulase signal 
transduction (PMID: 15288024) 

hydrogen-transporting ATPase 
activity, rotational mechanism 

76 10 4 54,898 231/238 

77336 aconitate hydratase hydro-lyase activity 203 25 8 86,254 14 
120877 Zn-dependent ß-lactamase hydroxyacylglutathione 

hydrolase activity 
53 7 2 34,005 2/3 

59771 UbiA prenyltransferase, putative integral to membrane 72 35 9 35,189 220 
59346 chitin biosynthesis protein CHS5 intracellular 34 7 1 43,167 172 
120779 unknown protein intracellular 26 3 1 23,299 157 
21836 phosphoglucomutase/phosphomannomutase intramolecular transferase 

activity, phosphotransferases 
87 9 3 60,244 ND 

65295 Serine hydroxymethyltransferase L-serine metabolism 14 2 0 54,488 190 
77481 D-xylulose 5-phosphate/D-fructose 6-phosphate 

phosphoketolase 
lyase activity 118 14 5 92,235 30 

67541 MFS permease membrane 20 34 5 60,300 273/274/278/381 
4117 alpha-aminoadipate reductase lys2 metabolism 84 11 1 128,765 670/676/747 
120675 ArgE metallopeptidase activity 197 15 8 52,540 421 
119735 Glyceraldehyde-3-phosphate dehydrogenase, 

isozyme 2 
NAD binding 97 11 4 36,361 187 

79686 Unknown protein with RNA binding domains nucleic acid binding 65 11 1 81,311 5/6/7/25 
80200 transcription factor (Snd1/p100) nucleic acid binding 74 9 2 97,989 205/206/209/212 
120535 unknown protein nucleic acid binding 36 2 1 23,071 181 
43664 UTP-glucose-1-phosphate uridylyltransferase nucleotidyltransferase activity 104 12 4 57,908 ND 
121989 oxalate decarboxylase nutrient reservoir activity 107 5 4 50,251 114 
110171 S-adenosyl-L-homocysteine hydrolase one-carbon compound 

metabolism 
156 16 8 48,908 2/245/332/335 

53567 glutathione reductase oxidoreductase activity 38 5 3 51,193 390/393/396/408/409 
74194 mannitol dehydrogenase LXR1 oxidoreductase activity 46 5 2 28,631 157/159/173 
74983 Isocitrate dehydrogenase, subunit 2, NAD- 

dependent, mitochondrial 
oxidoreductase activity 21 6 1 41,229 223 

(continued on next page) 
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Table 1 (continued ) 

Protein 
ID 

Protein description Function Score Total 
peptides 

Unique 
peptides 

MW (Da) Phosphosites 

80920 ADH1 oxidoreductase activity 62 9 3 38,151 226/228 
81303 fumarate reductase oxidoreductase activity 48 8 2 67,143 532 
81576 Assimilatory sulfite reductase,Alpha subunit oxidoreductase activity 27 14 2 115,265 ND 
107776 xylose reductase oxidoreductase activity 273 12 6 36,713 143 
120943 NAD-dependent glutamate dehydrogenase oxidoreductase activity 134 13 5 120,067 23/53/695/696 
122778 short chain dehydrogenase/reductase oxidoreductase activity 44 4 1 35,927 ND 
123729 malate dehydrogenase oxidoreductase activity 373 13 10 35,233 14/2238 
123946 dehydrogenase associated with cellulase signal 

transduction (PMID: 15288024) 
oxidoreductase activity 43 6 1 31,952 40/295 

123989 GH7 Cellobiohydrolase CBH1/Cel7A oxidoreductase activity 144 5 4 55,445 95/99/104/107/109 
50531 2-oxoglutarate dehydrogenase-like protein oxidoreductase activity, acting on 

the aldehyde or oxo group of 
donors, disulfide as acceptor 

39 11 2 117,609 789 

58073 uroporphyrinogen decarboxylase porphyrin biosynthesis 58 6 2 40,917 344 
77330 26S proteasome regulatory complex subunit 

Rpn9 
proteasome endopeptidase 
activity 

33 2 1 43,557 147/165/166 

44504 actin protein binding 30 3 1 41,823 300 
62820 Ribosomal protein(60S) L152/L15B protein biosynthesis 99 6 3 24,210 165/167 
74568 unknown protein protein biosynthesis 55 11 3 29,490 105 
76939 Ribosomal protein S9, S4 family protein biosynthesis 40 4 2 22,125 143 
49213 14-3-3 protein protein domain specific binding 194 9 7 30,520 3 
120044 GDP dissociation inhibitor Gdi1 protein transport 109 10 3 51,575 ND 
51365 Subtilisin-like protease PPRC1 proteolysis and peptidolysis 100 8 3 93,779 710 
77579 aspartyl protease proteolysis and peptidolysis 86 5 1 42,632 328/330 
81517 unknown protein proteolysis and peptidolysis 35 19 1 154,792 688/689/754/755/962/ 

963/1295 
108592 unknown protein proteolysis and peptidolysis 61 5 2 68,495 8/13 
121298 formate dehydrogenase proteolysis and peptidolysis 72 5 3 40,822 314/316/317 
123244 Serine proteinase Sub8 proteolysis and peptidolysis 146 12 4 58,343 ND 
121534 pyruvate decarboxylase pyruvate decarboxylase activity 34 5 1 63,479 ND 
78423 26S proteasome regulatory complex subunit 

Rpn2 
regulation of cell cycle 42 9 1 122,774 126/127/133/134/135/ 

187 
76215 sulfide:quinone oxidoreductase/flavo-binding 

protein 
regulation of oxidoreductase 
activity 

63 6 1 48,761 233/349/350 

123827 bifunctional catalase/peroxidase response to oxidative stress 210 16 9 83,056 18/229 
123631 Saccharopine dehydrogenase saccharopine dehydrogenase 

(NADP+, L-glutamate-forming) 
activity 

30 5 1 49,109 375/376/377/389/393/ 
439 

76247 O-methyltransferase family protein S-adenosylmethionine-dependent 
methyltransferase activity 

168 6 5 26,953 13 

78591 fatty acid synthase beta subunit [Includes: 3- 
hydroxypalmitoyl-[acyl-carrier-protein] 
dehydratase;Enoyl-[acyl-carrier-protein] 
reductase [NADH];[Acyl-carrier-protein] 
acetyltransferase; [Acyl-carrier-protein] 
malonyltransferase; S-acyl fatty 

transferase activity 25 26 1 233,292 2/4/6/10/308/330/992/ 
1662/1881/1883/1884 

72012 GT8 glycogenin transferase activity, transferring 
hexosyl groups 

65 6 1 61,317 284 

120635 transketolase-like protein transketolase activity 167 15 7 75,622 620 
123902 elongation factor 1, gamma chain. translational elongation 258 14 9 45,926 ND 
121901 eukaryotic translation initiation factor 3 subunit 

8, N-terminal. 
translational initiation 24 9 1 98,188 310 

72606 ubiquitin-activating enzyme UBA1 ubiquitin cycle 76 8 1 115,535 50/670/673/876 
66707 20S proteasome beta-type subunit Pre3 ubiquitin-dependent protein 

catabolism 
80 4 3 23,253 144/145/148/150 

76010 20S proteasome, alpha subunit Pre6 ubiquitin-dependent protein 
catabolism 

65 4 2 29,909 115 

121343 20S proteasome alpha-type subunit Pre5 ubiquitin-dependent protein 
catabolism 

59 5 1 29,965 ND 

121820 Methionine_syntMethionine synthasevitamin-B 
independent 

unfolded protein binding 429 25 14 85,849 287/290/328/329/330 

80843 26S proteasome regulatory complex subunit 
Rpn8 

zinc ion binding 46 4 1 38,289 4/13 

21509 blue light inducible protein BLI-3 ND 46 5 2 22,602 ND 
40538 unknown protein ND 26 34 3 25,091 59 
54674 unknown protein ND 19 12 1 64,653 25/28/35/37/155/202/ 

203/206 
59940 unknown protein ND 34 4 1 24,556 139/217 
62100 Hsp30 ND 514 21 16 23,126 97 
67616 unknown protein ND 34 5 1 29,849 177 
75424 Mitochondrial Matrix Factor ND 66 8 2 13,763 71 
76366 NADH:flavin oxidoreductase/12- 

oxophytodienoate reductase 
ND 74 5 2 49,952 372 

78242 unknown protein ND 114 2 1 56,256 193 
78401 unknown protein ND 222 32 13 118,769 

(continued on next page) 
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results suggest for the first time the occurrence of this kind of regulation 
in this fungus. 

Predicted three-dimensional structures and docking of Cel7A 

Among the enzymes that degrade sugarcane bagasse, some proteins 
of the Carbohydrate-Active enZyme (CAZymes, http://www.cazy.org/) 
family were identified, which display several phosphorylation sites 
throughout their sequences. In this context, the Cel7A protein was 
chosen because of its importance in the degradation of biomass. In order 
to confirm the possible phosphorylation sites, the I-TASSER online 
platform from the Yang Zhang’s Research Group was used [31,32]. The 
template used was the crystalized structure of Cel7A from T. reesei (PDB: 

6CEL, chain A), resolved by Divne et al. [41], and the model obtained 
presented a C-score of 0.80, a TM-score of 0.6 ± 0.14, and a root mean 
square deviation (RMSD) of 9.2 ± 4.6 Å. These results validated the 
model proposed for non-bounded Cel7A. In order to simulate the 
phosphorylated form of Cel7A, we edited its FASTA sequence by a 
change of the amino acids Ser, Thr, and Tyr into Glu and Phe, the 
Ser/Tyr residues in the phosphosites identified by the phosphoproteome 
were mutated to Phe or to phosphomimetic Glu (Supplementary mate
rial 1-4). According to Silveira et al. (2018), the Cel7A binding site 
comprises a set of β-sheets surrounded by loops and helices that form a 
tunnel for the entry of a sole glucan chain, for its efficient hydrolysis 
[42]. The Fig. 7 shows the conformational changes in the structure of 
models, in the phosphomimetic model the CDB displays a 

Table 1 (continued ) 

Protein 
ID 

Protein description Function Score Total 
peptides 

Unique 
peptides 

MW (Da) Phosphosites 

11/154/434/435/436/ 
706/707/710/715/805/ 
1063/1065 

79606 GH115 xylan- α-1,2-glucuronidase or  α-(4-O- 
methyl)-glucuronidase 

ND 40 8 1 112,649 ND 

80437 unknown protein ND 20 24 1 42,292 51/52/53/60 
82599 unknown protein ND 20 5 1 86,334 3/11 
105156 unique protein ND 45 5 2 33,290 146/153 
106982 unknown protein ND 23 34 4 40,277 14/250/279/283 
109282 unknown protein ND 47 5 1 39,379 270 
121717 unknown protein ND 94 4 2 18,046 ND 
121746 GH55 exo-1 3-β-glucanase GLUC78 ND 63 4 2 83,604 8 
122696 unknown protein ND 43 9 1 57,824 212/450 

ND – Not Determined. 

Fig. 4. Protein-protein interaction network of phosphorylated proteins identified in sugarcane bagasse condition. The interaction network contains 100 nodes and 
169 edges, as found by STRING. 
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stereochemical configuration more favorable to interaction with the 
substrate, when compared to the structure of the wild-type and 
dephosphorylated protein models. 

Therefore, phosphorylation seems to be important for the recogni
tion or positioning of the substrate at the active site of Cel7A. The 
presence of different phosphosites on the Cel7A structure supports the 
results of our enzymatic assay and reinforces the hypothesis that phos
phorylation is an important regulatory mechanism in T. reesei. In the 
Fig. 8C, when analyzing the superposition of the two modeled structures 
(natural-state Cel7A bound to the cellulose fiber - Fig. 8A, and Phos
phorylated Cel7A (amino acid mimics) bound to cellulose - Fig. 8B), it 
was possible to notice changes not only near the known phosphosites, 
but also in the cellulose-binding domain (CBD) of Cel7A. We believe that 
phosphorylation of these phosphosites allows a global change in the 
overall structure of Cel7A, interfering with the recognition of the cel
lulose chain by its CBD. This conclusion is also supported by the docking 
analysis we performed to assess differences in the affinity for the 

substrate. In fact, we verified that phosphorylated Cel7A presents more 
binding affinity to cellulose than the non-phosphorylated enzyme, with 
binding energies of 3.49 × 107 kcal mol− 1 and 3.75 × 107 kcal mol− 1, 
respectively. Moreover, phosphorylation allowed the formation of more 
hydrogen bonds between the protein and the cellulose chain, with three 
hydrogen bonds formed in the dephosphorylated state against the five 
formed by the phosphorylated form of Cel7A. These results showed that 
the phosphorylated form of Cel7A presents higher affinity to cellulose 
and binds more tightly to it than the natural-state Cel7A. 

Discussion 

Phosphorylation events in cells may have different functions [10, 
43–46]. In fact, phosphorylation may, among others, mark the protein 
for a specific cellular localization, switch the protein activity on or off, or 
activate signaling networks [47,48]. Although the importance of phos
phorylation is widely acknowledged, some phosphorylation-related 

Fig. 5. Effects of phosphorylation on the holocellulolytic 
activity of T. reesei. (A) Cellulolytic activities of the crude 
extract upon incubation with phosphatase (dephosphory
lated, DP) and the control (no treatment, phosphorylated, 
P). (B) FPase activity of Cel7A (T. reesei) and CBHI 
(A. nidulans) purified and upon treatment with phosphatase 
(DP) and the control (no treatment, P). (C) SDS-PAGE gel 
with Cel7A and CBHI enzymes purified from the superna
tant of T. reesei and A. nidulans, respectively, in cultures of 
sugarcane bagasse.   

Fig. 6. Kinetic parameters and predicted three- 
dimensional structures of Cel7A. (A) 
Lineweaver-Burk plot for the determination of 
kinetic parameters for native (blue) and 
dephosphorylated (red) Cel7A. The table shows 
the calculated values for the parameters in each 
condition. (B) Predicted three-dimensional 
structures of Cel7A. The regions of the protein 
highlighted in red represent the phosphosites 
identified by MS Orbitrap. Region B1 is high
lighted in light pink, A1 in blue, B2 in orange, 
B3 in light green, and B4 in cyan.   

Fig. 7. Predicted three-dimensional structures of Cel7A showing conformational changes in CBD (in red). (A) Wild type Cel7a, (B) Phosphorylated Cel7a and (C) 
Non-phosphorylated Cel7a. 
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signaling networks, as well as the mechanisms of 
phosphorylation-dependent activation/deactivation of many transcrip
tion factors and other proteins, have not been well elucidated. More
over, in T. reesei, a filamentous fungus producing holocellulases, several 
regulation processes are not well understood, especially when this fun
gus uses a complex carbon source for its growth. Thus, this work sought 
to identify all the proteins that are differentially phosphorylated when 
T. reesei is cultivated on sugarcane bagasse, a complex carbon source 
that has been reported to induce the production of holocellulases, when 
compared to glucose [20,49–52]. 

In T. reesei, the role of phosphorylation in the regulation of hol
ocellulase gene expression has been explored [37,53,54]. However, 
none of the previous studies has identified the specific targets or kin
ases/phosphatases that control the regulatory mechanisms related to 
holocellulase gene expression. Nevertheless, global transcriptional 
analysis of two MAPK mutants showed that this signaling pathway may 
control diverse processes in T. reesei, such as carbohydrate metabolism, 
cell growth, development, expression of transporters and epigenetic 
regulators, and holocellulase gene expression in response to sugarcane 
bagasse [20]. In this context, our analysis of putative phosphosites 
showed that serine/threonine MAPK was the eighth most abundant 
family of kinases suggested to control T. reesei phosphorylome in 
response to sugarcane bagasse. This result highlights the essential role of 
the MAPK signaling pathway in this fungus. On the other hand, in 
presence of glucose, a kinase CDC28 was prevalent in phosphorylation 
of phosphosites targets identified in this study. CDC28 is 
cyclin-dependent kinases (CDKs) well studied in yeasts such Saccharo
myces cerevisiae, Candida albicans and Cryptococcus neoformans and is 
involved in vegetative growth and cell cycle regulation [55,56]. CDC28 
was not yet characterized in T. reesei, but in others filamentous fungi is 
reported to be involved in cell cycle progression [57]. 

Moreover, our phosphoproteomic analysis showed that a total of 255 
phosphopeptides from 114 proteins were differentially phosphorylated 
in T. reesei grown in the presence of sugarcane bagasse. Phosphorylation 
at Thr was detected a little more often than at Ser, in contrast with the 
literature [12,58]. Therefore, we hypothesize that the use of sugarcane 
bagasse resulted in the activation of still not well-known fungal path
ways and thus in the preferential phosphorylation of Thr. The 
NetworKIN-based prediction of kinases responsible for phosphorylating 
all the phosphosites identified in this study pointed to PKC1 as the main 
kinase, followed by SNF1, AKL1, and RAD53. Likewise, PKA represents 
another prominent kinase in the protein interaction network. This pro
tein is a target of the cAMP-activated signaling pathway and, in turn, 
regulates by target-specific phosphorylation the function of numerous 
target proteins including factors that bind to DNA motifs within the 
promoter regions of cAMP-inducible genes, thereby modulating growth, 

spore germination, virulence, expression of endoglucanases, and circa
dian clock in various fungi, including T. reesei. 

In Aspergillus fumigatus, the phosphorylation of PkaR is essential for 
hyphal growth and cell wall integrity, highlighting that specific phos
phorylation by PKA governs numerous processes in fungi [59]. Notably, 
different studies have indicated the existence of a relationship between 
the signaling pathway activated by PKA and the carbon source used by 
fungi [60,61]. In addition, in the presence of light, T. reesei PKAC1 
(protein kinase A catalytic subunit 1) and ACY1 (adenylate cyclase 1) 
have been shown to regulate cellulase expression [62]. 

Consistently, our data suggested that T. reesei growth in the presence 
of sugarcane bagasse can determine the phosphorylation status of 
different regulatory proteins, which promote specific regulation of 
target genes in order to control the breakdown of complex carbon 
sources such as sugarcane bagasse. Interestingly, alterations in the car
bon source composition completely change the phosphoproteomic pro
file of the thermophilic archaeon Sulfolobus solfataricus in response to 
glucose or tryptone [63]. In this organism, sugar metabolism was sug
gested to be regulated by phosphorylation/dephosphorylation of spe
cific enzymes of different metabolic routes. Altogether, these findings 
suggest the presence of a finely tuned and specific regulation of signaling 
pathways controlling carbon source utilization. This information is 
extremely important for a better understanding of the signaling path
ways that are preferentially activated when T. reesei uses complex car
bon sources. Furthermore, our protein interaction networks highlighted 
the importance of phosphorylation events in the regulation of cellular 
growth and development when the fungus senses a complex carbon 
source, such as sugarcane bagasse. 

One of the identified phosphorylated proteins was cellobiohydrolase 
(Cel7A), the protein most secreted by T. reesei [64,65]. This is the main 
enzyme responsible for cellulose degradation by this fungus, but there 
was no previous report of its phosphorylation at any site. Therefore, our 
results allowed the first identification of Cel7A phosphorylation sites 
and suggested that phosphorylation may be important for regulating the 
activity of this protein. When Cel7A purified from culture broth (i.e., 
secreted) was dephosphorylated, it showed a lower activity compared to 
its native counterpart. This result suggests that phosphorylation of 
Cel7A plays an important role in regulating its activity once it is 
secreted. Moreover, kinetic analysis suggested that dephosphorylation 
decreases Cel7A affinity for its substrate, and molecular modeling of the 
phosphosites on the structure of this enzyme supports this hypothesis by 
showing these sites along the substrate entrance site of Cel7A. 

It has been suggested that Cel7A presents an open and a closed state: 
the first mediates the hydrolysis of cellulose through its affinity for 
reducing and non-reducing ends, whereas the latter enables the sub
strate to reach the active site through the tunnel entrance [42]. The 

Fig. 8. Predicted structural differences between CBDs from natural-state and phosphorylated Cel7A during cellulose fiber interaction. The phosphorylation of the 
indicated residues not only provokes conformational alterations around the residues themselves, but globally affects the structure of the CBD. (A) Model of natural- 
state Cel7A bound to the cellulose fiber. (B) Phosphorylated Cel7A (amino acid mimics) bound to cellulose. (C) Alignment of both enzyme states showing the 
differences in their conformations. Red arrows shows different conformation in CBD. 
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tunnel is composed of loops and helices that allow the enzyme to close 
and hydrolyze the glucan polymer as a single chain [66]. We suggest 
that the phosphosites found near the A1 and B1 regions of the tunnel 
may affect the conformational changes mediating the switch between 
opened and closed state, thereby interfering with the way the enzyme 
initiates cellulose hydrolysis, or even with the entry of the substrate in 
the tunnel so that it can be hydrolyzed. In summary, this is the first 
report of Cel7A phosphorylation and how this modulates its activity. 

In our study, from the differential molecular modeling of dephos
phorylated Cel7A and its phosphorylated form (through amino acid 
mimics), we could notice not only local changes around the highlighted 
phosphosites, but also global changes in the overall structure, especially 
in the CBD. Therefore, local changes might activate or repress cellulase 
hydrolysis by altering the way the cellulose fiber interacts and binds to 
the active tunnel at the CBD. In addition, we suggest that conformational 
changes in the CBD, mediated by the phosphorylation of its surrounding 
amino acids, might affect Cel7A recognition and attachment to cellulose. 
Indeed, phosphorylation may not only modulate the strength of in
teractions or change the binding energy for a preferred conformation, 
but also change the recognition patterns of a protein, thus disrupting 
protein complexes [67–69]. 

Cellulose hydrolysis by T. reesei involves sequential steps, such as 
enzyme adsorption to the cellulose surface, formation of a complex 
between the catalytic domain (CD) and the cellulose reducing end, entry 
of cellulose into the catalytic tunnel for the hydrolysis itself, decom
plexation, and detachment of the enzyme. The recognition and the 
attachment to the cellulose fiber by the CBD of the enzyme are crucial 
for the complexation of the CD with cellulose and, thus, cellulose hy
drolysis [70,71]. Considering the importance of the interaction between 
the CBD and the cellulose fiber, we performed a docking analysis and 
verified that the phosphorylated form of Cel7A presents greater affinity 
for the cellulolytic fiber than the non-phosphorylated version, bearing in 
mind that the binding energy value increases with the size of the car
bohydrate chain. Moreover, phosphorylated Cel7A forms more 
hydrogen bonds with the cellulose fiber than Cel7A in its natural state. 
Thus, we suggest that the number of hydrogen interactions formed 
under the influence of a nearby phosphate group may promote the sta
bilization of the enzyme onto cellulose, thereby interfering with CD 
complexation, and influencing cellulose hydrolysis. We also speculate 
that phosphorylation is a way to control biomass degradation, since the 
increased hydrogen bonds might somewhat induce the immobilization 
of the protein. Since cellulases need to pass through the cellulose surface 
to break it, an immobilized enzyme might indicate a lack of productivity 
[72,73]. However, the opposite may also be inferred, since the dissoci
ation time of Cel7A is much longer than the formation of cellobiose 
product itself, giving the enzyme a higher chance of feeding its active 
tunnel with the substrate [74]. Finally, phosphorylation can also exert 
an inhibitory effect on Cel7A, since the removal of phosphates by some 
phosphatases may mediate cellulase activation [75]. 

Two other glycosyl hydrolases were also identified: a GH3 β-xylosi
dase and a GH115. In particular, β-xylosidase (BXL1) catalyzes the 
cleavage of xylobiose and operates on the non-reducing ends of short 
xylo-oligosaccharides to free xylose [76,77]. Its function is very 
important in the degradation of xylan due to removal of the end product, 
which inhibits the action of endoxylanases during xylan hydrolysis [78]. 
Interestingly, β-xylosidases from filamentous fungi are associated with 
the mycelium in the initial stages of growth, and may remain associated 
with the cell during the entire growth period or be subsequently released 
into the environment by secretion or as a result of cell lysis [79–81]. 
Phosphorylation of β-xylosidases has not been previously described, 
while our results suggest that post-translational modifications regulate 
its activity. However, they seem to do so in an opposite way compared to 
Cel7A. In fact, dephosphorylation of β-xylosidase increased its activity. 
The role of the phosphorylation of this enzyme should be the subject of 
another study, that, together with the present results, would allow a 
deeper understanding of why these glycosyl hydrolases are 

phosphorylated in T. reesei. 
In our phosphoproteome we identified some Heat Shock Proteins 

(HSPs), Hsp70 and Hsp104, which act as molecular chaperons and are 
mainly involved in the regulation of fungal morphogenesis, being 
important for the initial folding of polypeptide aggregates and thus 
protein stabilization [82]. Moreover, Hsp70 is also involved in the 
modulation of the activity of signal transducers such as protein kinase A, 
protein kinase C, and protein phosphatase [83], under normal growth 
conditions or stress. On the other hand, Hsp30 is a single integral plasma 
membrane HSP that limits excessive ATP consumption by the plasma 
membrane H+-ATPase during prolonged exposure to stress or glucose 
limitation [84]. 

Concerning fungal metabolism, we identified a widely characterized 
metalloenzyme from the metabolic pathway of glycolysis expressed 
during biomass degradation, enolase (2-phospho-D-glycerate hydro
lyase). This enzyme catalyzes the dehydration of 2-phospho-D-glycerate 
to phosphoenolpyruvate. Several studies have shown that enolase is a 
multifaceted protein with multiple roles at diverse subcellular locali
zations, such as on the cell wall, cell membranes, and nucleus [84], and 
is secreted during hyphal growth of various fungi [85]. For example, 
enolase is involved in laminin binding in Staphylococcus aureus [86] and 
in inhibition of adhesion of P. brasiliensis to epithelial cell cultures [87], 
owing to its ability to bind to both fibronectin and plasminogen [87,88]. 

Another very important protein involved in glycolysis, transaldolase, 
was identified in this study. This protein is an enzyme involved in the 
non-oxidative phase of the pentose phosphate pathway (PPP). In 
particular, this enzyme catalyzes a reaction where a three-carbon frag
ment is removed from sedoheptulose-7-phosphate and condensed with 
glyceraldehyde 3-phosphate to form fructose 6-phosphate and 
erythrose-4-phosphate tetrose, and, together with transketolase, links 
the PPP to glycolysis [89]. Transaldolases have been identified in a wide 
range of microorganisms, including several fungal species, such as 
Moniliella megachiliensis, that specifically express them under oxidative 
and osmotic stress [90]. 

Conclusion 

Sugarcane bagasse is a complex carbon source for the fungus to sense 
and respond to. Once T. reesei starts growing on this nutrient, it activates 
different signaling pathways that regulate all cellular aspects. It is 
known that regulation of holocellulase expression occurs through the 
activation of transcription factors that act as inducers or repressors. 
However, the results found in this work suggested that also post- 
translational regulation plays a role in determining cellulase activity. 
This work approached the broad phosphorylation pattern that is pro
duced when T. reesei is cultivated on sugarcane bagasse and provided 
novel information about several proteins and phosphosites that had not 
been previously described. Altogether, these findings provided useful 
knowledge for a deeper understanding of the regulation of protein ac
tivity and signaling pathways involved in biomass degradation. 
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