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1 ATTCACGATTACTTTTGGCGGCCCTTTTCTTGGGCTTCATTGCCCTGGTTTCGGCCGTCCCTATGCAGAAGCGTTCGTTCAAGGTG
M HSRLULULAALTFLGEFTIALUYSAVPMAQIKT RS ST FIKYV

91 GAGCGAAGAGCCAACCCCAACTTCACTGGAAACGATGGATTGAAGGCTCTGGGAAAGGCCTACCGCAAGTTCGGTATGGAGATGCCCCAG
ERRANPRNTFTGOGNDGLIE KA ALGEKAYTREKTFGMEMEPQ
181 AACTTGAAGGATGCTCTTGAGGTTCGAAAGGCTGCCGACGCCGCCCGCCGAGCTGTTGCTGCCGCCGCCGCCCCTGTTCAGGAAACCCCC
NLKDALTEVZ REKAADAARTRAVAAAAAPVIQETTP
271 AAGGCGAAGCGCCAGAGCCTTGCCGATATCCTCGGTGAGCTTGGCCTTCTTGGTGGCAACAACAACGCTGGAAATGGAAATGGAAATGGA
K AXKRQSLADTILGELTGLTLTGGNNNAGNGNTGNG
361 AACGGAAACGGAAACGCAAATGGAAATGCAAATGGAAATGGAAACGGAAACGGTGGTGGAAGGCACCATAAGGGCAAGGGTAAGGGCAAC
N GNGNANGNANGNGNGNGGGRUHIHETSGTE KT GE TGN
451 GGTCAGGGCAACGGTCAGGGCAACGGTCAGGGCCACGGTCAAGCTGGTCAGGGCCAAGCTGGTCAAGGTCAGGGTCAAGCTGCTGGAAAC
G Q GNGQGNG QGHG G QAGR QG QAG QG QGQAAGHN
541 GGAACTGGTGCTGCTCAGCCCGCTGCGAACCCCTCTGGTCAAACTGGAAGCGTCACCAACACCCCGGAAGGTAACGATGTTGAGTTCCTG
G TGAAQPAANPSGQTGSVYVYTNTPEGNDVETFIL
631 TCCCCTGTCAACATTGGTGGCCAGACTCTGAACCTCGACTTCGACACTGGCTCTTCTGATCTCTGGGTGTTCAACACTCAAATGTCCTCT
S PVNTIGG®QTLNLZDTFDTGSSDLTWVFNTI QMSS
721 CAATTCACCGCCGGCCACACTCTCTTCGATCCCACCAAGAGCAAGACCTTCAAGGCTATCCAGGGTGCTACTTTCCAGGTCTCATACGGT
Q FTAGHTTLTFDPTZI XS KTTFZEXKAIQGATTFAQ QV S YG
811 GACGGCTCCGGTGCTGAGGGTAACGTCGGTACTGATGTTGTCAACGTTGGCGGTGCCTCCTTCAATGCCCAGGCTGTTGAGATTGCTACC
DGSGAEGNVGTDVVNVYGGASTFNAQAVETLAT
901 GCTGTTACTCAGCAATTCGTCAATGATCAGGCCAACGATGGTCTGATGGGTCTTGCCTTCTCTAAGCT TAACACCGTCCAGCCCCAGCAG
AV TQQFVND QANDGLMGLAFSIEKLNTVQPRQQ
991 CAGAAGACTTTCCTCGACAACGTCGCCAGCTCTCTCGCTGAGCCCGTGTTCACGGCCGATCTCAAGAAGGGTGCTCCCGGAACCTACACT
Q KTFLDNVYASSLAEPVEFEFTADLTEKEKTSGAPGTTYT
1081 TTCGGTGCCATCGACTCCACCGCTTTCAAGGGTGATCTCACATTCGTCAATGTCGACAACAGCCAGGGCTTCTGGCAGTTCAGCAGCGAG
FGAIDSTAFEKGDILTTFVNYVDNSIQGFTUWOQFSSE
1171 TCCTTTGCCGTCAACGGTGGCACTACCCAGCAGGCTACCAAGGGTGGCCAGGCCATCGCTGATACCGGCACCACTCTCCTACTTGCCGAC
S FAVNGGTT®QQATEKGGQATADTGTTTLTLTLATD
1261 CCCATCATCGTCAACGGCTACTACTCCCAGGTTCAGGGTGCCCAGAACAACGCTCAGGCTGGTGGTTTCACTGTCCCCTGCGATGCTCAG
PIIVNGYYSQVQGAQNNAQAGGTFTVYPTCDADRQ Q
1351 CTTCCCGATCTTGACCTTGACGTTGGTGGCAACTACGTCGCCCGCATTAGCGGTGCCGATCTCAACTTCTCGCCTGTTTCTGGAAACACT
LPDLDLDYGGNTYVARTISGADLUNFSPVSGNT
1441 TGCTTCGGCGGTCTCCAGGCTACTACGCAAGGTGGACTGGGTGTCTACGGTGACATCTTCTTCAAGTCGCAGTTTGTGGCT TTCAACATT
CFGGLQATTOQGGLGVYGDTITFTFIEKSQ QFTVATFNTI
1531 GGCAACAACACCCTGGGATTGGCTCCTCACAACTAA

G NNTULGLAPHN *

Fig. S1 Nucleotide and deduced amino acid sequences of the aspartic protease gene (TaproAl)
from T. asperellum. The start and stop codons were boxed. The signal peptide was marked by
the underline. Putative potential O- and N-linked glycosylation sites were displayed on the gray

background and boxed, respectively. The translation termination was marked with an asterisk.



D225 D411

Precursor| S | N

Pro-TaproAl [N M
Mature- TaproA I Y S

S: signal peptide = N:N-terminal propeptide M:mature domain

Fig. S2 Schematic spectrum of the aspartic protease (7aproAl) precursor. The putative 7TaproAl
consists of a signal peptide sequence (S), a pro-peptide sequence (N), and a putative mature
catalytic domain (M). Two catalysis residues D225 and D411 were marked in the protein

sequence.
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Fig. S3 Phylogenetic tree analysis of TaproAl and other aspartic proteases from the Al family
members. TaproAl (GenBank accession number: GFP56020.1) was used as the query sequence,
and the amino acid sequences of other aspartic proteases from the Al family were obtained by
BLAST analysis. The maximum likelihood method was used to construct the evolutionary tree.
These sequences of host fungi were labeled with their GenBank accession number or PDB ID.
The numbers indicated in the tree branches are the bootstrap values (%) based on 1000

replications. TaproAl was marked by a red triangle.
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Fig. S4 The elution profile of TaproAl on a Q Sepharose Fast Flow column pre-equilibrated
with 20 mM phosphate buffer pH 6.0 and eluted using the same buffer in a linear gradient from
0 to 500 mM NaCl at a flow rate of 1.0 mL/min. The absorbance value of the elution sample

was determined at 280 nm.
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Fig. S5 Degree of hydrolysis (DH) of duck blood hemoglobin (A) and plasma protein (B)
hydrolyzed by TaproA1 at different hydrolysis times was determined by the o-phthaldialdehyde

(OPA) method. The different lowercase letters represent significant differences (P < 0.05).
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Fig. S6 Molecular weight distribution of the duck blood hemoglobin (A) and plasma protein
(B) hydrolysates produced by TaproAl at different hydrolysis times was determined by the

HPLC and divided into four fractions (< 1 kDa, 1-5 kDa, 5-10 kDa, and > 10 kDa).
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Fig. S7 Thermostability evaluation of 7aproAl at 50 °C for 1, 3, 6, and 9 h, respectively. The

residual activity was determined using casein (1%, w/v) as substrate under the optimal reaction

conditions (citrate pH 3.0, 50 °C). The concentration of 7aproAl was 0.24 mg/mL in reaction

conditions.



Table S1 Primers used in this study

Primer name ®  Sequences (5—» 37)°

TaproAl-F GCTGAAGCTTACGTAGAATTCGTCCCTATGCAGAAGCGTTCG

TaproAl-R AGGCGAATTAATTCGCGGCCGCTTAGTTGTGAGGAGCCAATCCCAG

57A0X1 GACTGGTTCCAATTGACAAGC

3"7A0X1 GGCAAATGGCATTCTGACATCC

a: The primer pair TaproA1-F/R was used to amplify the TaproAl gene. The 5" AOX1 and 3’
AOX1 primers were used to confirm whether the TaproAl gene was integrated into the K.
phaffii GS115 genome.

b: Dotted line, restriction sites (EcoRI and Notl); solid line, homologous bases.



Table S2 Purification summary of TaproAl

Purification Total activity Total protein Specific activity Purification Recovery
step (U)? (mg)® (Umg?')*  factor (-fold)? (%)°
Crude enzyme  122802.7 305.1 402.5 1.0 100
QSFF 64795.5 94.6 685.0 1.7 52.8

a: The enzyme activity was determined using casein (1%, w/v) as substrate at pH 3.0 and

50 °C.

b: The protein concentration was determined by the Lowry method using BSA as the standard.
c: The specific activity was defined as the enzyme activity per milligram of protein (U/mg).

d: The purification factor (-fold) was defined as the ratio of specific activity before and after
purification.

e: The recovery (%) was calculated as the ratio of total activity before and after purification.



Table S3 Effects of metal ions and chemicals on the activity of 7aproA1?

Metal ions and reagents (1 mM)

Specific activity (U/mg)

Relative activity ® (%)

Control 685.0+1.3 100.0
Ba2" 687.1+1.5 100.3+0.2
Ca?" 676.1+3.7 98.7+0.5
Co** 648.7+5.6 94.7+0.8
crt 603.5+4.1 88.1+0.6
Cu*" 745.3+£7.5 108.8+1.1
Fe2" 594.6+3.6 86.8+0.5
Fe3* 563.8+3.2 82.3+0.5

Lit 620.6+6.9 90.6+1.0
Mg?>* 611.0£8.9 89.2+1.3
Mn?* 663.8+6.6 96.9+0.9
Sn?* 608.3+5.2 88.8+0.8
Sr** 550.7+8.3 80.4+1.2
Zn** 626.8+7.6 91.5+1.1

EDTA 667.4+4.9 97.4+0.7
SDS 0 00
Triton X-100 403.5+4.9 58.94+0.7

a: The enzyme activity was measured using casein (1%, w/v) as substrate at pH 3.0 and 50 °C.
All data were mean values + standard deviations of triplicate tests.

b: The specific activity without metal ions and reagents was defined as 100%.



Table S4 The expression level and enzyme properties of acid proteases in K. phaffii GS115

Optimal
Acid Enzyme activity  Optimal
Gene sources temperature References
proteases (U/mL) pH
O
Trichoderma _
TaproAl 4092 3.0 50 This study
asperellum
Apal Aspergillus niger 1500 3.0 50 (Wei et al. 2023)
PSAPA Penicillium sp. XT7 89.3 3.0 30 (Guo et al. 2021)
PepA Aspergillus oryzae 50.6 4.5 50 (Yue et al. 2019)
Talaromyces
TAIP 67.8 3.0 55 (Guo et al. 2019)
leycettanus
RmproA Rhizomucor miehei 3480.3 5.5 55 (Sun et al. 2018)
Mucor 410 MCU/mL
MCAP o 3.5 60 (Kangwa et al. 2018)
circinelloides (Rennet activity)
Trichoderma
rP6218 328.1 2.5 40 (Deng et al. 2018)
harzianum
Aspergillus
PepA 1.4 2.0 60 (Takenaka et al. 2017)
repens MK8?2
Trichoderma
TaAsp 18.5 4.0 40 (Yang et al. 2013)

asperellum




