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Abstract

:

The supplementation of lignocellulose-degrading enzymes can be used to enhance the performance of biogas production in industrial biogas plants. Since the structural stability of these enzyme preparations is essential for efficient application, reliable methods for the assessment of enzyme stability are crucial. Here, a mass-spectrometric-based assay was established to monitor the structural stability of enzymes, i.e., the structural integrity of these proteins, in anaerobic digestion (AD). The analysis of extracts of Lentinula edodes revealed the rapid degradation of lignocellulose-degrading enzymes, with an approximate half-life of 1.5 h. The observed low structural stability of lignocellulose-degrading enzymes in AD corresponded with previous results obtained for biogas content. The established workflow can be easily adapted for the monitoring of other enzyme formulations and provides a platform for evaluating the effects of enzyme additions in AD, together with a characterization of the biochemical methane potential used in order to determine the biodegradability of organic substrates.
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1. Introduction


Biogas reactors produce renewable energy by degrading agricultural crops, animal waste, livestock residues, and other industrial by-products. Biogas production should preferably be carried out with by-products and waste products in order to reduce the use of energy crops and increase the sustainability of the process. Through anaerobic digestion (AD), organic matter is converted into biogas, composed mainly of methane and carbon dioxide. The AD process consists of distinct steps and is catalyzed by complex microbial communities. In the first step, biomass is broken down by bacteria and archaea into amino acids, sugars, and shorter-chain carbohydrates. This hydrolysis is hampered by the recalcitrant structure of lignocellulosic substrates, composed of cellulose, hemicellulose, pectin, lignin, extractives, and various inorganic materials [1,2,3]. Therefore, long retention times are required for the lignocellulose-rich substrates in the anaerobic digester [3]. Although, bacteria are capable of synthesizing hydrolytic enzymes, such as cellulases and hemicellulases. However, even with a longer retention time, lignin cannot be degraded under anaerobic conditions [2,4]. Physical, chemical, and biological pre-treatments, such as acid hydrolysis and steam explosion [3], as well as enzymatic, fungal, and bacterial pre-treatment to enhance substrate conversion, are the focus of numerous investigations [5]. Treatment or pre-treatment with enzymes is especially advantageous as this accelerates the process [6,7].



A promising strategy to improve the degradation of lignocellulosic biomass is the addition of enzymes derived from cellulose-consuming fungi. The application of fungal enzymes is advantageous because they can be extracted from the by-products of industrial mushroom cultivation, resulting in sustainable processes with low costs [8]. However, Binner et al. [9] have shown that externally added enzymes are often structurally unstable under the conditions required for AD.



The effect of enzyme supplementation is often quantified by measuring the biochemical methane potential (BMP). Here, for a more comprehensive evaluation of the effects of external enzymes on AD, the structural stability of fungal enzymes in AD was investigated using quantitative mass spectrometry. Therefore, a preparation from the edible fungus L. edodes, containing lignocellulolytic enzymes, such as cellulase, xylanase, and pectinase, was investigated.




2. Materials and Methods


2.1. Bioreactor Set-Up and Sampling


Two identical continuous stirred tank reactors (CSTRs) were operated to evaluate the structural stability of the supplemented enzymes in the biogas reactor medium. The CSTRs had a total volume of 24 L, with a working volume of approximately 16.5 L. Operation of the CSTRs was described in a previous study on the semi-continuous AD of whole-crop cereal silage (wheat: rye [1:1], DAH Energie, Oberkrämer, Germany) at an organic loading rate of 3.5 g of organic dry mass (ODM) L−1 d−1 under mesophilic conditions at 38 °C [10]. During this experiment, 75 µL of fungal enzyme preparation was added to the biogas reactor per L reactor volume, daily. The inoculum for the reactor start-up was obtained from an agricultural biogas plant (Kaim Agrar-Energie, Nauen, Germany). The collection of reactor content for subsequent experiments was conducted six months after inoculation under steady-state conditions and 21 h after the addition of substrate. The mean biogas yields for both CSTRs were 0.63 L g−1 ODM and 0.60 L g−1 ODM, respectively, with a methane percentage of 54%. The reactor content was frozen in liquid nitrogen immediately after sampling and stored at −20 °C until further analysis.




2.2. Enzyme Preparation


Partially purified lignocellulolytic enzymes obtained from the by-products of industrial mushroom cultivation were prepared as previously described [8] with minor modifications. Briefly, a spent mushroom substrate from the cultivation of L. edodes was chopped after the fruiting bodies were harvested. An enzyme extract was generated by watering, pressing, and filtering the chopped residues. The resulting liquid (pressed juice) was centrifuged at 4 °C for 5 min at 20,000× g (Sigma Zentrifugen, Osterode, Germany). The supernatant was concentrated ten-fold using tangential flow filtration (Lab scale TFF System, Merck, Darmstadt, Germany) with a 10 kDa MWCO membrane (Biomax, Merck, Darmstadt, Germany). The concentrated enzyme extract was supplemented with maltodextrin and sodium benzoate to final concentrations of 4% and 0.5% for conservation, respectively, and stored at −20 °C.




2.3. Addition of Fungal Enzymes


To assess the structural stability of the fungal enzymes in the preparation, various dilutions were added to 2 mL of reactor content. The volume of fungal enzymes was set to 0.015 µL (factor 1), 0.15 µL (factor 10), 1.5 µL (factor 100), and 15 µL (factor 1000). Factor 1 corresponds to the amount of enzyme added to the reactors during the experiment as described above, whereas the multiplied factors (10-, 100-, and 1000-fold) were added in order to determine the sensitivity of the quantitative mass spectrometry and to provide stronger signals for measuring the structural stability of the fungal enzymes. A control sample of the biogas reactor medium (no treatment), was served as a blank. After adding the fungal enzyme preparation, the bioreactor medium was incubated at 37 °C and sampled after 0, 4, 10, and 24 h.




2.4. Sample Preparation


2.4.1. Protein Precipitation


The phenol extraction was performed according to the protocol of Heyer et al. [11]. In brief, a 2 mL sample was added into a 15 mL tube with 5 g of silica beads (Ø = 0.5 mm), 2 mL of sucrose solution, and 3.5 mL of phenol solution (10 g of phenol dissolved in 1 mL of ultrapure water). Then, the proteins were extracted by adding an equal volume of trichloroacetic acid (20%, w/v, Sigma Aldrich) to the samples. After incubation for 1 h at 4 °C, the samples were centrifuged (10 min, 16,400× g, 4 °C) (Micro Star 17R, VWR, Darmstadt, Deutschland) and precipitated twice with 1.5 mL of ice-cold acetone (80% v/v, 99.8%) and ethanol (70%, v/v, 99.8%) for 15 min, respectively. The dried pellets were resuspended in 200 µL of urea buffer (8 M of urea (Applichem) in 0.1 M of Tris-HCl, pH 8.5).




2.4.2. Protein Quantification


The protein concentrations were determined in triplicates using a modified amido black assay as reported previously [11]. Briefly, 300 µL of amido black solution was added to 50 µL of the sample and mixed. After a centrifugation step (5 min, RT, 16,400× g), the supernatant was discarded, and the pellets were washed twice with 10% acetic acid in methanol in order to remove the unbound staining solution. The pellets were then dissolved in 0.1 M of sodium hydroxide and the absorbance was measured at 615 nm using a spectrophotometer (Genesys 10S UV-Vis spectrophotometer, Thermo Scientific, Waltham, MA, USA).





2.5. Tryptic Digestion


Tryptic digestion of the proteins was performed according to a modified filter-assisted sample preparation protocol described elsewhere [12]. For this purpose, a sample volume equivalent to 100 µg of protein was diluted with 8 M of urea to a total volume of 200 µL. The samples were then loaded onto a 10 kDa filter (Pall Nanosep, VWR, 516-8492) in a 1.5 mL reaction tube. After washing with 200 µL of urea buffer, the samples were treated with 40 mM of dithiothreitol (20 min, 300 rpm, 56 °C) and 0.55 M of iodoacetamide (20 min, 300 rpm, room temperature (RT), in the dark) and centrifuged (10,000× g, 10 min, RT, also for subsequent steps). The filter was washed once with 100 µL of urea buffer and three times with 50 mM of ammonium bicarbonate. For subsequent tryptic digestion, 200 µL of trypsin solution (2.5 μg mL−1 trypsin in ammonium bicarbonate buffer; Trypsin mass spectrometric (MS)-approved, Serva) was added to the filter. The samples were then incubated at 37 °C and 300 rpm for 2 h and centrifuged. The samples were washed with 50 µL of extraction buffer (50 mM of ammonium bicarbonate +5% LC-MS grade acetonitrile) and 50 µL of water (LC-MS grade). The flow-through from the trypsin incubation and the two subsequent washing steps was collected and 30 µL of each was transferred to separate tubes for acidification. Three microliters of trifluoroacetic acid (99.99%, w/v, Sigma Aldrich) were added and the samples were centrifuged (10 min, 4 °C, 10,000× g) (Micro Star 17R) before being transferred to vials for mass spectrometric measurements.




2.6. Chromatography and Mass Spectrometry


Analysis of the samples was performed using a liquid chromatography (LC)-coupled mass spectrometry system. Three microliters of each sample were injected and separated by an UltiMate® 3000 nano splitless reversed phase nanoHPLC (Thermo Fisher Scientific), equipped with a reversed-phase trap column (nano trap cartridge, 300 μm i.d. × 5 mm, packed with Acclaim PepMap100 C18, 5 μm, 100 Å, nanoViper) and a reversed-phase separation column (Acclaim PepMap RSLC, C18, 2 μm, 75 μm, 50 cm). The gradient was set from 5 to 35% mobile phase B (LC-MS grade acetonitrile, 0.1% formic acid, (99% v/v)) at a flow rate of 0.4 μL min−1. The LC was coupled with a timsTOF Pro mass spectrometer (Bruker Daltonik GmbH), equipped with a captive spray ionization source operated in a positive ion mode with a capillary voltage of 1400 V and a capillary temperature of 200 °C. In total, three different modes were used for the MS measurements: Parallel Accumulation–Serial Fragmentation (PASEF) with a 120 min gradient, a Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH-MS) [13], and multiple reaction monitoring mode (MRM) with a 30 min LC gradient. The spectra acquisition rate was set to 7.5 Hz for SWATH-MS and 4 Hz for MRM. For SWATH-MS, the scan range for MS1 was set to 400–1000 m/z with 24 isolation windows of 26 m/z (1 m/z overlap). For all three modes, the resulting total cycle time for a complete scan of the mass range was 3.2 s. The collision energy ranged from 27 to 48 eV (slope = 0.042; intercept = 9.45). The scan range for MS2 was set from 150 to 2200 m/z.




2.7. Data Analysis


The PASEF data were processed using the spectrometry-based pro software CompassData Analysis (vs. 5.3, Bruker Daltonik). The mgf files were searched with MASCOT against a database containing the Uniprot genome of the fungus L. edodes. For the initial analysis, the open-source software Skyline (vs. 19.1) [14] was used to analyze the raw files from the MRM and SWATH-MS measurements. In order to validate the spectra, the dat files from the MASCOT searches were used to set-up a spectral library containing peptide spectra of L. edodes. The parameters of the software were set to “enzyme = trypsin”, “maximal missed cleavages = 0”, and “structural modifications = carbamidomethyl (cysteine)”. The peptide areas were exported as CSV files and processed into pivot tables with excel.



In order to compare the MRM and SWATH-MS results and to determine the half-life constant of kinetic degradation for ten selected peptides of the fungal enzymes, a limit of detection (LoD) and a limit of quantification (LoQ) was introduced. The calculations were based on the peak area of blank samples (factor 0, time point 0) for every peptide for the measured duplicates. The LoD was determined as the sum of the average peak area of the two replicates (xmean) and the standard deviation (ysd) times 3.29. In order to determine the LoQ, the standard deviation was multiplied by ten, as described previously [15,16].


LoD = xmean + 3.29∙ysd



(1)






LoQ = xmean + 10∙ysd



(2)







In order to quantify the degradation of the enzymes, the peak area values from the MS measurements were fitted by first-order kinetics. From this, the values for the half-life (t1/2) of each selected peptide were calculated using the formula for exponential degradation and the decay constant of the regression fit (b):


t1/2 = ln(2)/b



(3)









3. Results and Discussion


3.1. Detection of Enzyme Proteins


The addition of lignocellulose-degrading enzymes for the improvement of biogas production processes has been described previously in the literature and was tested in various experimental studies [9,17,18]. Since the structural stability of enzyme preparations is crucial for efficient application, reliable methods for assessing the structural stability of these proteins are needed. In contrast to studies that have been conducted in this field that used mainly semi-quantitative techniques [9,19], this study aimed to monitor the degradation kinetics of the lignocellulolytic enzymes of fungal origin using an MS-based approach. Consequently, the first step was to develop a quantitative MS-based assay that would allow the detection of enzymes in AD samples.



In order to investigate the sensitivity of our workflow, the fungal enzymes were added to samples of the biogas reactor content at different concentrations. For the first assessment, standard PASEF measurements and subsequent database searches against the genome of L. edodes were carried out. Although the detection of fungal enzymes with cellulolytic activity failed in the samples representing working concentrations in the bioreactor (factor 1, factor 10), higher concentrations, in particular factor 1000, enabled the detection of proteins from L. edodes (Table 1 and Figure S1). In contrast, hydrolytic enzymes from bacteria (glucanase, xylanase) were detected with high abundance in the biogas reactors [20] using the applied workflow [11] combining phenol extraction and mechanical disruption in the bead mill. The low abundance of fungal proteins in highly sensitive PASEF measurements, as well as the limitation of PASEF in quantification using spectral counts, required the setup of SWATH-MS and MRM techniques as more sensitive and quantitative MS methods.




3.2. Selection of Signature Peptides and Validation of the Assay


Based on the detected fungal enzymes in the AD samples using PASEF at factor of 1000, the discovered proteins were filtered for peptides specific to the lignocellulolytic enzymes. We focused on the technical criteria: detectability, mainly intensity and signal-to-noise ratio. In addition, we aimed for a wide coverage of the different families of hydrolytic enzymes. Finally, ten peptides were selected for further investigation of the degradation dynamics based on the initial SWATH-MS measurements (Table 2).



To facilitate the detection of the selected peptides, SWATH-MS and MRM were tested in order to maximize the signal-to-noise ratio and intensity. The signal-to-noise ratio and intensity were 5-fold higher in the MRM mode than in SWATH-MS, resulting in an overall higher sensitivity compared to SWATH-MS (Figure 1, Figures S1 and S2 ). Furthermore, the linearity of the peak area ranged from a factor of 1 to a factor of 1000 in the MRM mode, whereas in the SWATH-MS mode, the linearity ranged from factor 10 to 1000 only (Figure S1). These results are in accordance with previous studies showing a higher sensitivity and a better signal-to-noise ratio for MRM, especially for complex samples [21,22]. Overall, this suggested that the MRM mode was better suited to detect a small number of the selected peptides due to its precise selection of precursor ions. In contrast, SWATH-MS with widely defined mass windows for precursor selection seems to be better suited to obtain an overview of the proteins and peptides present in samples. In conclusion, SWATH-MS could support the selection of signature peptides, whereas the MRM provides maximum sensitivity.




3.3. Dynamics of Enzyme Degradation


After selecting the characteristic peptides, enzyme degradation was further investigated by quantifying these peptides over an incubation period of 24 h. The peak areas were measured for all the selected peptides in order to evaluate the structural stability of the enzyme preparation (presented for the peptide IAL in Figure 2). Immediately after the addition of the enzyme preparation (0 h), all four concentrations of peptide IAL were detectable above the LoD. After 4 h of incubation, the concentration of peptide IAL in factor 1 and factor 10 decreased below the LoD. At 24 h, the peptide IAL was only detectable with an initial concentration of the enzyme preparation that was 1000-fold higher than that applied in the bioreactor (Figure 2).



In order to estimate the degradation kinetics of the fungal enzymes, the peak areas of all the selected peptides were quantified in factor 1000 samples and fitted to first-order kinetics in order to calculate the half-lives (Figure 3). A high correlation coefficient for all the peptides confirmed the assumption of first-order degradation kinetics. The corresponding half-lives of the selected peptides ranged from 0.87 h to 25.66 h, with an average of 1.5 h (Table 3). These results are consistent with previous studies that investigated the structural stability of fungal enzyme preparations in a biogas reactor medium using SDS-PAGE. In particular, most of the fungal enzymes with cellulolytic activity were degraded within a few hours after their addition [9,17]. In contrast to SDS-PAGE, the mass spectrometric quantification of the fungal enzymes was superior since it provided the half-life constants for distinct enzymes with good reproducibility, as evidenced by comparable values of the two replicates (Table 3). Minor differences could be attributed to the inhomogeneity of the samples from AD even if they originate from the same reactor [23].



Compared to the other peptides investigated, the VAN and LAD peptides had significantly prolonged half-live constants exceeding 20 h. LAD belongs to the glycoside hydrolase family 5, some members of which have high thermal stability due to their molecular structure [24]. Accordingly, the use of enzymes from this family could have some positive long-term effects on cellulose degradation in biogas reactors.



The selection of peptides from multiple enzymes enabled a comprehensive overview about the structural stability of many possible fungal enzymes in a complex sample. However, calculated half-life values may vary when measuring multiple peptides of a single protein [25]. Therefore, the selection of precursors should be adapted to the research question, focussing either on a small number of proteins for the calculation of precise half-life constants or on a more comprehensive set of proteins for the raw estimation of half-life values. This limitation of MRM can be circumvented by using a more recent instrument configuration and measurement mode. In particular, using the dia-PASEF mode available for the timsTOF Pro II mass spectrometer enables the combination of high sensitivity and selectivity for a large number of selected precursors.



The enzyme extract of the white-rot fungus L. edodes [8] has been taken as an example for evaluating the potential for degradation of lignocellulosic biomass in AD. The observed low structural stability of lignocellulose-degrading enzymes corresponded with previous results obtained for other enzyme preparations [9,17]. Moreover, it correlated with the rather poor overall effect of the addition of fungal enzymes on the sampled bioreactors, which showed comparable biogas yields. Fast degradation appears to be a more appropriate reason for the minor effects of enzyme additions than suboptimal reaction conditions [26]. Accordingly, endogenous proteases have been identified in anaerobic digesters [27] and their activity has been confirmed [17].



Nevertheless, this new workflow can easily be adapted to monitor other enzyme preparations by exchanging the selected peptides in the bioinformatic workflow. Thus, it provides a general platform for evaluating the effect of the addition of enzyme preparations on AD in addition to the BMP that is conventionally used. Furthermore, this workflow could also be applied for the quantification of enzymes of the archaeal or bacterial microbial community involved in AD, e.g., methyl coenzyme-M reductase (McrA) as a key enzyme for methanogenesis. If necessary, absolute quantification of the selected enzymes would be possible by adding peptides labelled with stable isotopes as internal standards [28].





4. Conclusions


A mass spectrometric assay was established in order to investigate the structural stability of various enzymes of L. edodes added to AD over a period of 24 h. Monitoring of the selected peptides using MS-based approaches clearly suggested a rapid degradation of most of the lignocellulose-degrading enzymes, with an approximate half-life of 1.5 h.



The observed low structural stability of the investigated lignocellulose-degrading enzymes in AD coincided with previous results obtained from SDS-PAGE measurements. The workflow that was established can easily be adapted for the monitoring of other enzymes and provides a platform for evaluating their effect on AD in addition to BMP. Furthermore, the platform enables the targeted absolute quantification of other key enzymes of AD, aiming for individually customized enzyme preparations.
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Figure 1. Correlation of MRM and SWATH-MS measurements for different dilution factors of the fungal enzyme preparation added to the biogas reactor content and incubated for 24 h. (A–C), correlation between the measured peak area of three selected peptides for the MRM mode; (D–F), SWATH-MS mode. The titles of the subplots display the peptide sequences. The correlation coefficients are shown in each graph. 
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Figure 2. Degradation kinetics of the peptide IAL. The enzyme preparation was added in different dilutions to the biogas content and incubated over 24 h. IAL represents the ten selected peptides. 
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Figure 3. Degradation kinetics of the peptide IAL for factor 1000. The fungal enzyme preparation was added in different dilutions to the biogas reactor medium and incubated for 24 h. Measurements were carried out in the MRM mode. The exponential fit was performed with R. 
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Table 1. Detected proteins of the fungal enzyme preparation. MASCOT search results are shown as representatives for the factor 1000 sample at 0 h after the addition of the enzyme preparation against the UniProt_Lentinula_Edodes database.
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	Acc
	Description
	Score
	Mass
	Matches
	Sequences





	A0A1Q3EJ89
	A0A1Q3EJ89_LENED Glucanase OS = Lentinula edodes OX = 5353 GN = LENED_009211 PE = 3 SV = 1
	1028
	55,356
	33
	4



	A0A1Q3EU06
	A0A1Q3EU06_LENED Glucanase OS = Lentinula edodes OX = 5353 GN = LENED_012880 PE = 3 SV = 1
	636
	62,086
	21
	6



	A0A1Q3E856
	A0A1Q3E856_LENED Subtilisin-like protein OS = Lentinula edodes OX = 5353 GN = LENED_004953 PE = 4 SV = 1
	620
	63,032
	26
	6



	A0A1Q3ENW5
	A0A1Q3ENW5_LENED Beta-xylanase OS = Lentinula edodes OX = 5353 GN = LENED_010993 PE = 3 SV = 1
	389
	120,358
	13
	4



	A0A1Q3EGI8
	A0A1Q3EGI8_LENED Glycoside hydrolase family 55 protein OS = Lentinula edodes OX = 5353 GN = LENED_008227 PE = 4 SV = 1
	385
	67,565
	9
	4



	Q9C1R4
	Q9C1R4_LENED Glucanase OS = Lentinula edodes OX = 5353 GN = cbhII-1 PE = 2 SV = 1
	324
	46,832
	13
	3



	A0A1Q3EBY2
	A0A1Q3EBY2_LENED Glycoside hydrolase family 5 protein OS = Lentinula edodes OX = 5353 GN = LENED_006487 PE = 3 SV = 1
	318
	43,559
	8
	2



	A0A0A1I5X1
	A0A0A1I5X1_LENED Glycoside hydrolase family 5 endoglucanase (Fragment) OS = Lentinula edodes OX = 5353 GN = glu PE = 3 SV = 1
	231
	8509
	5
	1



	A0A1Q3DWF6
	A0A1Q3DWF6_LENED Cu-oxidase-domain-containing protein OS = Lentinula edodes OX = 5353 GN = LENED_000509 PE = 3 SV = 1
	273
	57,232
	14
	3



	A0A1Q3EAX5
	A0A1Q3EAX5_LENED Glycoside hydrolase family 12 protein OS = Lentinula edodes OX = 5353 GN = LENED_006131 PE = 3 SV = 1
	237
	26,422
	7
	3
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Table 2. Selected peptides of the given enzyme preparation in this study. The enzyme preparation (from the fungus L. edodes) was added to the biogas reactor content at different concentrations and incubated at 37 °C for 24 h. The resulting mass spectra were matched with the proteome of L. edodes.
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Protein

	
ID

	
Peptide Sequence

	
Abbreviation

	
m/z

	
Collision Energy [eV]

	
LoD MRM

	
LoQ MRM

	
LoD SWATH-MS

	
LoQ SWATH-MS






	
Glycoside Hydrolase Family 16 Protein

	
A0A1Q3DXQ1

	
ADFTTILDPNGPGR

	
ADF

	
737.3703

	
42

	
9265.24

	
20,818.55

	
13,190.26

	
32,121.56




	
Carbohydrate Esterase Family 15 Protein

	
A0A1Q3EF14

	
IALTIPQESGSGGDAGWR

	
IAL

	
907.9552

	
48

	
4319.99

	
10,469.10

	
10,078.47

	
26,025.36




	
Glycoside Hydrolase Family 5

endoglucanase (EC 3.2.1.4) (fragment)

	
A0A0A1I5X1

	
LADATSWLQSTGIK

	
LAD

	
745.8961

	
42

	
11,100.85

	
29,059.49

	
25,864.80

	
183,437.42




	
Glucanase (EC 3.2.1.-)

	
Q96VU3

	
MGDTSFYGPGLTVDTTSK

	
MGD

	
938.9353

	
48

	
5227.55

	
11,224.83

	
12,511.12

	
32,676.04




	
Q9C1R6

	
VANIPTFIWLDQVAK

	
VAN

	
857.9800

	
45

	
7526.52

	
19,345.53

	
19,870.98

	
49,686.59




	
Glycoside Hydrolase Family 5 Protein

	
A0A1Q3EBY2

	
LPFLLER

	
LPF

	
444.2711

	
27

	
37,104.11

	
92,768.77

	
39,710.62

	
105,827.83




	
Carbohydrate Esterase Family 16 Protein

	
A0A1Q3DZ58

	
SFLVVDVYGR

	
SFL

	
577.8139

	
31

	
24,580.91

	
60,929.95

	
83,059.27

	
221,305.20




	
Family S53 Protease (Kinesin-like Protein)

	
A0A1Q3DXE6

	
TDISSATTFTLQTLDGGSDPQAA

	
TDI

	
1227.093

	
48

	
3451.58

	
8628.03

	
25,740.59

	
65,377.70




	
Cupper Radical Oxidase

	
A0A1Q3E003

	
VQFLNPPFLSR

	
VQL

	
659.3693

	
39

	
17,981.82

	
37,553.65

	
30,637.34

	
80,912.03




	
Beta-Mannosidase (EC 3.2.1.25)

	
A0A1Q3E4F1

	
GSNLVPFDPFYSR

	
GSN

	
749.8699

	
42

	
9253.63

	
22,135.45

	
48,250.42

	
127,927.94
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Table 3. Half-life constants of selected peptides representing the enzyme preparation used in this study. The three peptides (LAD, VAN, and GSN) were excluded from calculations of the average half-life constants as their values significantly exceeded the range of the other peptides.
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Protein

	
Peptide

	
Half-Life [h]




	

	

	
Replicate A

	
Replicate B

	
Average






	
Carbohydrate Esterase Family 15 Protein

	
IAL

	
1.17

	
1.07

	
1.12




	
Glycoside Hydrolase Family 16 Protein

	
ADF

	
0.44

	
0.44

	
0.44




	
Glycoside Hydrolase Family 5

endoglucanase (EC 3.2.1.4) (fragment)

	
LAD

	
22.84

	
22.51

	
22.68




	
Glucanase (EC 3.2.1.)

	
MGD

	
0.82

	
1.50

	
1.16




	
VAN

	
20.62

	
25.66

	
23.14




	
Glycoside Hydrolase Family 5 Protein

	
LPF

	
1.69

	
3.10

	
2.40




	
Carbohydrate Esterase Family 16 Protein

	
SFL

	
1.01

	
1.57

	
1.29




	
Family S53 Protease (Kinesin-like Protein)

	
TDI

	
1.28

	
1.54

	
1.41




	
Copper Radical Oxidase

	
VQL

	
1.38

	
1.79

	
1.59




	
Beta-Mannosidase (EC 3.2.1.25)

	
GSN

	
5.27

	
7.27

	
6.27




	

	
Average

	
1.17

	
1.78

	
1.48
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