
Vol.:(0123456789)1 3

Applied Microbiology and Biotechnology          (2024) 108:31  
https://doi.org/10.1007/s00253-023-12926-1

BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS

Mining and rational design of psychrophilic catalases using 
metagenomics and deep learning models

Shuning Wu1,2 · Guoshun Xu3 · Yongping Su1,2 · Huoqing Huang3 · Xinxin Xu1 · Yuhong Zhang1 · Jian Tian1,3 · 
Wei Zhang1 · Zhiwei Zhang2 · Bo Liu1 

Received: 29 July 2023 / Revised: 21 September 2023 / Accepted: 30 September 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract 
A complete catalase-encoding gene, designated soiCat1, was obtained from soil samples via metagenomic sequencing, 
assembly, and gene prediction. soiCat1 showed 73% identity to a catalase-encoding gene of Mucilaginibacter rubeus strain 
P1, and the amino acid sequence of soiCAT1 showed 99% similarity to the catalase of a psychrophilic bacterium, Pedobacter 
cryoconitis. soiCAT1 was identified as a psychrophilic enzyme due to the low optimum temperature predicted by the deep 
learning model Preoptem, which was subsequently validated through analysis of enzymatic properties. Experimental results 
showed that soiCAT1 has a very narrow range of optimum temperature, with maximal specific activity occurring at the lowest 
test temperature (4 °C) and decreasing with increasing reaction temperature from 4 to 50 °C. To rationally design soiCAT1 
with an improved temperature range, soiCAT1 was engineered through site-directed mutagenesis based on molecular evolu-
tion data analyzed through position-specific amino acid possibility calculation. Compared with the wild type, one mutant, 
soiCAT1S205K, exhibited an extended range of optimum temperature ranging from 4 to 20 °C. The strategies used in this 
study may shed light on the mining of genes of interest and rational design of desirable proteins.

Key points
• Numerous putative catalases were mined from soil samples via metagenomics.
• A complete sequence encoding a psychrophilic catalase was obtained.
• A mutant psychrophilic catalase with an extended range of optimum temperature was engineered through site-directed 
mutagenesis.
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Introduction

Catalase (EC 1.11.1.6), which is present in all aerobic organ-
isms and catalyzes hydrogen peroxide into water and oxy-
gen, acts as an oxidoreductase enzyme to eliminate reac-
tive oxygen species (ROS) produced through intracellular 
metabolism of molecular oxygen (Kaushal et  al. 2018; 
Yamamoto et al. 2019). Aside from resistance to oxida-
tive stress (Pradhan et al. 2017), catalase is also involved 
in responses to other environmental stresses including low 
temperature (Zhang et al. 2021), drought (Ma et al. 2017), 
and salt (Gondim et al. 2012). Extracellularly, catalases are 
effective candidates for eliminating residual H2O2 during 
many production processes, and therefore are used in vari-
ous industrial fields including bleaching, food preservation, 
bioremediation, and wastewater treatment (Jia et al. 2016; 
Kaushal et al. 2018). Additionally, various industries employ 
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catalases with specific enzymatic properties, such as thermo-
stable catalases in textile bleaching and papermaking (Ebara 
and Shigemori 2008; Paar et al. 2001).

Low temperature helps to reduce microbial contamina-
tion and raw material deterioration during food processing, 
and some psychrophilic enzymes are widely used in food 
production as cost-effective and environmentally friendly 
additives. In contrast to the large amount of research avail-
able on alkali-stable and thermostable catalases (Calandrelli 
et al. 2008; Fall et al. 2023; Fu et al. 2014; Paar et al. 2001; 
Shaeer et al. 2019; Thompson et al. 2003), few psychrophilic 
catalases have been reported, including a catalase from 
Antarctic Bacillus with an optimum temperature of 25 °C 
(Wang et al. 2008) and a catalase from Vibrio rumoiensis 
sp. nov. with an optimum temperature of 30 °C (Yumoto 
et al. 2000). Demand for psychrophilic catalases with high 
catalytic activity and good stability at low temperatures is 
extensive.

Traditionally, the genes encoding catalases in various 
organisms have been identified via polymerase chain reac-
tion (PCR), which is a time- and effort-consuming process 
that involves the isolation, enrichment culturing and iden-
tification of strains, extraction of chromosomal DNA, and 
PCR amplification of the target gene. More importantly, 
numerous microbes known as unculturable microbes can-
not be cultured under artificial culture conditions, and thus 
their tremendous genetic resources cannot be accessed via 
the classical procedures of gene acquisition. The multitu-
dinous valuable genes harbored in unculturable microbes 
(Datta et al. 2020) have remained largely mysterious (Wu 
et al. 2020). Fortunately, with the development of methods 
independent of microbial cultivation such as metagenomics 
based on DNA sequencing technology, genes of interest can 
be efficiently mined from samples containing unculturable 
microbes (Berini et al. 2017; Ngara and Zhang 2018).

Soil is a diverse and complex ecosystem (Jansson and 
Hofmockel 2020) that functions as a huge pool of microbes 
(Banerjee and van der Heijden 2023), biochemical gene 
library (Daniel 2005), and protein bank (Galhardi et al. 
2020). Large numbers of genes identified from soil samples 
containing diverse unculturable microorganisms have been 
explored (Xu et al. 2022), revealing the microbial diver-
sity of soil samples. Psychrophiles are diverse and widely 
distributed on Earth (Piette et al. 2011), and antioxidative 
enzymes such as catalases and superoxide dismutases are 
abundant in psychrophiles due to the increased solubility of 
gases such as O2 at low temperatures, which allows for more 
ROS production during normal metabolism. Thus, soil sam-
ples from extremely cold and high-elevation areas serve as 
excellent pools for mining of genes encoding psychrophilic 
catalases.

Many natural proteins are unsuitable for industrial 
application due to low thermostability, narrow optimum 

temperature or pH ranges, or low catalytic activity, and 
such proteins can be redesigned via protein engineering to 
improve their properties. In recent decades, error-prone PCR 
coupled with direct screening or selection was commonly 
employed to engineer proteins. This process was not depend-
ent on protein structure but required a large amount of effort 
for the screening of numerous mutants. With the growth of 
databases containing protein sequence, structure, and func-
tion data and rapidly emerging applications of deep learning 
algorithms, site-directed mutagenesis mediated by rational 
design is playing increasing roles in protein engineering 
(Yang et al. 2019) and has been used to improve biochemi-
cal characteristics such as thermostability (Yoshida et al. 
2021) and alkaline stability (Suplatov et al. 2014) as well 
as to design new proteins (Callaway 2022). Overall, protein 
engineering guided by machine-learning models can greatly 
promote the progress of protein evolution.

In this study, genes encoding psychrophilic catalases were 
identified from high-elevation soil samples through the com-
bination of metagenomics with the optimum temperature 
prediction software Preoptem, and then a psychrophilic 
catalase encoded by the gene designated soiCat1 was char-
acterized. The optimum temperature range of soiCAT1 was 
extended through site-directed mutagenesis guided by posi-
tion-specific amino acid probabilities (PSAP) calculation.

Materials and methods

Mining of psychrophilic catalases via the deep 
learning model Preoptem

Soil sample collection and soil metagenomic analysis of 
Tianshan No. 1 Glacier was previously performed (Xu 
et al. 2022) and the data was deposited with the National 
Center for Biotechnology Information (NCBI) as BioProject 
PRJNA658179. The genes for catalases were identified via 
retrieval of DNA sequences from the NCBI database. The 
optimum temperatures of catalases were predicted using the 
Preoptem model, which was previously developed in our lab 
(http://​www.​elabc​aas.​cn/​pird/​preop​tem.​html).

Expression and purification of catalases

The pET-28a( +) vector was stored in our laboratory. 
Escherichia coli Top10, used as the cloning host, and E. 
coli BL21, used as the expression host, were obtained from 
TransGen Biotech Co., Ltd. (Beijing, China). The cata-
lase-encoding genes were synthesized by GenScript Bio-
tech Co. (Nanjing, China), and ligated into pET-28a( +) 
to generate the plasmid pET-28a/cat. pET-28a/cat was 
transformed into E. coli BL21 to develop the catalase-
expressing strain. Expression and purification of catalases 

http://www.elabcaas.cn/pird/preoptem.html
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were routinely performed according to the pET system 
manual with the induction temperature at 16 °C and puri-
fication temperature at 4 °C. Finally, the purified proteins 
were assayed via 12% polyacrylamide gel electrophoresis 
(SDS-PAGE).

Catalase activity assay

Catalase activity was determined as described previously 
(Martins and English 2014) with some modifications. 
Briefly, 225 µl of 50 mM NaH2PO4–Na2HPO4 buffer (pH 
7.0) containing H2O2 at a final concentration of 30 mM was 
added as the substrate to a 1.5 ml tube and preheated at 
20 °C for 3 min, followed by the addition of 25 µl of enzyme 
solution and incubation at 20 °C for 3 min. The reaction was 
terminated through addition of 250 µl sulfuric acid (2 M). 
The absorbance of the reaction solution was measured at 
240 nm. Enzyme activity (U) was defined as the amount of 
enzyme required to decompose 1 µmol of hydrogen peroxide 
in 1 min.

Characterization of recombinant catalases

The optimum temperature for catalase activity was measured 
across the range of 4–50 °C in 50 mM NaH2PO4–Na2HPO4 
buffer (pH 7.0). Enzyme activity was also determined at pH 
5.0 to 10.0 to identify the optimum pH for enzyme activity. 
The pH stabilities of catalases were investigated using the 
residual activities after incubation in buffers with various 
pH values for 1 h. Enzyme thermostability was assessed by 
measuring the residual activity after incubation at various 
temperatures and durations.

Parameters including Km, Vmax, and Kcat were acquired 
after fitting the data to the Michaelis–Menten equation with 
the software GraphPad Prism (London, UK).

Site‑directed mutagenesis of wild‑type catalase 
based on rational design

Proteins with amino acid sequences similar to soiCAT were 
collected from Uniparc database. The optimum tempera-
tures of these proteins were first predicted using Preoptem, 
from which the proteins were classified into two catalogues, 
one with optimum temperatures above 50 °C and the other 
with optimum temperatures below 50 °C. The amino acid 
frequency for each site of soiCAT was analyzed using the 
Parepro program (http://​www.​elabc​aas.​cn/​pird/​premu​se.​
html), and the amino acids at specific sites of soiCAT were 
mutated into amino acids found only in catalases with opti-
mum temperatures above 50 °C.

Results

Psychrophilic catalases mined via metagenomics 
and a deep learning model

Numerous microbes survive in the low-temperature envi-
ronment of glaciers, many of which remain uncultured 
under laboratory conditions. The genes of interest har-
bored in unculturable microorganisms cannot be cloned 
via the classical cultivation-dependent process. Due to 
their independence on culturing, metagenomic sequencing 
and genome assembly are useful strategies for investigat-
ing the overall number of microbial species and genetic 
diversity in glaciers (Liu et al. 2022).

In total, 161 genes encoding catalases were predicted 
using metagenomic data from a glacier, and the optimum 
temperatures of these catalases were predicted using the 
established online deep learning model Preoptem (http://​
www.​elabc​aas.​cn/​pird/​preop​tem.​html). The temperature of 
an enzyme is positively correlated to the optimum tem-
perature determined in an experimental test (Zhang et al. 
2022). The predicted optimum temperature was corrected 
to match the actual optimum temperature determined 
in an experimental test using a linear equation (Zhang 
et al. 2022) (Fig. S1). Subsequently, 16 genes encoding 
catalases with the corrected optimum temperatures below 
20 °C are listed in Table 1.

The integrity of these 16 genes was analyzed via com-
parison of the proteins encoded by them with a protein 
database, and most of the genes were found to be incom-
plete (Table 2). The catalase encoded by the gene PI-H_1, 
designated soiCat1, had the lowest optimum tempera-
ture, and its gene sequence is complete (Table 2 and S1). 
Sequence alignment indicated that soiCat1 shows 73% 
identity to a catalase-encoding gene from Mucilaginibac-
ter rubeus strain P1, while soiCAT1 shows 96.8% identity 
and 99% similarity in amino acid sequence to a catalase 
from Pedobacter cryoconitis (GenBank accession number 
WP_183867858.1).

To further elucidate the phylogenetic relationships 
between soiCAT1 and psychrophilic catalases of various 
species, phylogenetic analysis was conducted. From the 
BRENDA Enzyme Database, 7 catalases with optimum 
temperatures below 25 °C were obtained; meanwhile, 64 
catalases were acquired by searching the protein database 
of NCBI using psychrophilic catalase as the query. Addi-
tionally, the top 54 proteins homologous to soiCAT1 were 
identified using the Basic Local Alignment Search Tool for 
Proteins (BLASTP) with the sequence of soiCAT1 as the 
query. Of these proteins, 111 remained after running the 
clustering tool CD-HIT with a similarity threshold of 0.9, 
and a phylogenetic tree of low-temperature peroxidases 

http://www.elabcaas.cn/pird/premuse.html
http://www.elabcaas.cn/pird/premuse.html
http://www.elabcaas.cn/pird/preoptem.html
http://www.elabcaas.cn/pird/preoptem.html
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was constructed (Fig. 1). The closest phylogenetic rela-
tionship of soiCAT1 was with the catalase of Pedobacter 
sp. Most members of genus Pedobacter are psychrophilic 
strains that grow at low temperatures of 1–25 °C (He et al. 
2020; Margesin et al. 2003), and therefore soiCAT1 is 
most likely a psychrophilic catalase.

Characterization of soiCAT1

To confirm that soiCAT1 is a psychrophilic catalase with 
experimental data, soiCAT1 was expressed in E. coli and 
purified using Ni–NTA resin. The purity of proteins was 
checked using SDS-PAGE, and a single band corresponding 
to an expected molecular weight of approximately 68 kDa 
was observed (Fig. S2). Purified recombinant soiCAT1 
showed optimal activity at the lowest test temperature (4 °C), 

which markedly decreased with increasing temperature from 
4 to 50 °C (Fig. 2A). Notably, the activity of soiCAT1 at 
20 °C was 60% of that at 4 °C. The optimal pH for soiCAT1 
activity was 9 (Fig. 2B). soiCAT1 exhibited excellent stabil-
ity at low temperatures of 10 °C and 20 °C (Fig. 2C), but 
rapidly lost stability at temperatures above 30 °C (data not 
shown). Additionally, soiCAT1 exhibited better stability at 
pH 9 than other pH levels tested (Fig. 2D). These results 
suggest that soiCAT1 is indeed a psychrophilic catalase.

Engineering soiCAT1 through rational design

The narrow optimum temperature range of soiCAT1 
indicates that a slight shift would significantly decrease 
its activity, which greatly limits its use in various indus-
trial applications. Ideally, soiCAT1 should have high and 

Table 1   The predicted and 
corrected optimum temperatures 
of catalases by Preoptem

PI protein Id, H high altitude soil samples, M medium altitude soil samples, L low altitude soil samples

Gene Id Predicted tempera-
ture (°C)

Corrected tem-
perature (°C)

Gene Id Predicted tempera-
ture (°C)

Corrected 
temperature 
(°C)

PI-H_1 26.51 8.53 PI-L_4 29.4 17.18
PI-H_2 26.79 9.36 PI-H_4 29.48 17.42
PI-L_1 27.03 10.08 PI-H_5 29.57 17.69
PI-M_1 27.08 10.23 PI-M_3 29.59 17.75
PI-H_3 28.75 15.23 PI-H_6 29.61 17.81
PI-L_2 28.99 15.95 PI-H_7 29.62 17.84
PI-L_3 29.07 16.19 PI-L_5 29.7 18.08
PI-M_2 29.34 17.00 PI-H_8 29.87 18.59

Table 2   Sequence integrity 
analysis of catalase-encoding 
genes by sequence alignment

Predicted class Sequence 
length

e-value Identity Accession number (ACC) ACC 
sequence 
length

PI-H_1 502 0 0.9701 WP_183867858.1 502
PI-H_2 317 0 0.8707 WP_183888344.1 715
PI-L_1 484 0 0.8802 MBA2547478.1 835
PI-M_1 486 0 0.7479 MBA3357709.1 755
PI-H_3 367 0 0.8704 WP_079688601.1 747
PI-L_2 394 0 0.7513 PMR82282.1 715
PI-L_3 220 9e−129 0.8318 NIT41933.1 338
PI-M_2 293 9e−146 0.7832 MBA3257592.1 607
PI-L_4 433 0 0.8681 AMY08171.1 792
PI-H_4 420 0 0.8964 WP_068400485.1 715
PI-H_5 390 0 0.8067 RYZ06154.1 807
PI-M_3 292 0 0.9178 MBA2705139.1 755
PI-H_6 400 0 0.8625 WP_200604791.1 501
PI-H_7 652 0 0.8009 MBC7989628.1 800
PI-L_5 292 0 0.9724 RPH75229.1 290
PI-H_8 480 0 0.7438 MBE0592941.1 714
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steady enzymatic activity across a wide temperature range. 
To broaden the optimum temperature range of soiCAT1 
and thus reduce its dependence on temperature, soiCAT1 
was rationally designed based on the coevolution of resi-
dues within protein sequences. First, over 14,000 proteins 
similar to soiCAT1 were collected from Uniparc database. 
Preoptem was used to predict the optimum temperatures of 
the proteins, which were then divided into two groups: H 
and L. The H group contained 5565 proteins with optimum 

temperatures above 50 °C (Table S2), while the L group 
comprised 8865 proteins with optimum temperatures 
below 50 °C (Table S3). Position-specific amino-acid fre-
quencies (PSAPs) of the proteins in the two catalogues 
corresponding to each amino acid of soiCAT1 were ana-
lyzed using the Parepro program (Meng et al. 2021; Tian 
et al. 2007) (Figs. S3 and S4), and the mutations of soi-
CAT1 were screened to identify the amino acids that occur 
only with high optimum temperatures. Fifty-nine amino 

Fig. 1   Phylogenetic tree of catalase sequences using the Neighbor-Joining method in MEGA11
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acid sites were found (Table S4), and the top 14 mutations 
were selected as candidates for the following experimental 
assessment (Table 3).

Properties of the mutant soiCAT1S205K

Site-directed mutagenesis was employed to develop 14 
mutants of soiCAT1, and the optimum temperatures of these 
mutants were determined after expression and purification. 
Among the 14 mutants, one mutant, soiCAT1S205K, exhibited 
an extended optimum temperature range compared to soi-
CAT1 and the other 13 mutants, and therefore soiCAT1S205K 
was selected for further detailed characterization. soiCAT​
S205K showed high and steady enzymatic activity from 4 to 
20 °C. soiCAT1S205K had its highest activity at 4 °C, as did 
soiCAT1. However, the activity of soiCAT1S205K remained 
steady over the range from 4 to 20  °C, in marked con-
trast to soiCAT1. Thereafter, the activity of soiCAT1S205K 
decreased with increasing reaction temperature (Fig. 3A). 
soiCAT1S205K activity showed similar dependence on pH, 
with an optimum pH of 9 (Fig. 3B). In terms of the effects 
of temperature and pH on catalase stability, soiCAT1S205K 
exhibited similar characteristics to soiCAT1 (Fig. 3C and D).

To examine the catalytic activity changes of soiCAT1 
and soiCAT1S205K at different temperatures, the removal 
efficiency of H2O2 was assessed at 4 °C and 20 °C. At 
the same protein concentration (20 µg/L), nearly identical 
amounts of H2O2 were decomposed at 4 °C by soiCAT1 and 

Fig. 2   Characterization of soiCAT1. A optimum temperature; B optimum pH; C thermal stability; D pH stability

Table 3   The amino acids of 
soiCAT1 to be mutated to 
extend optimum temperature 
range

CV coefficient of variation

Ori AA Site CV Mut AA

I 300 0.3292 M
T 63 0.2863 A
P 232 0.2804 E
N 446 0.2315 R
T 87 0.2153 P
K 264 0.1994 Y
H 42 0.1987 I
S 205 0.1863 K
E 110 0.169 V
E 296 0.1508 P
K 445 0.143 E
H 244 0.1403 Y
N 255 0.135 R
Q 223 0.1219 D
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soiCAT1S205K. At 20 °C, the amount of H2O2 removed by 
soiCAT1S205K was similar to that removed by soiCAT1 or 
soiCAT1S205K at 4 °C and markedly higher than the amount 

removed by soiCAT1 at 20 °C (Fig. 4). These results indicate 
that the temperature range over which soiCAT1S205K main-
tains high catalytic activity was extended after site-directed 

Fig. 3   Characterization of soiCAT1S205K. A optimum temperature; B optimum pH; C thermal stability; D pH stability

Fig. 4   The removal amounts 
of H2O2 of soiCAT1 and 
soiCAT1S205K at different tem-
peratures
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mutagenesis via rational design. Kinetic parameters of 
the wild type and mutant at 20  °C were also analyzed 
and fitted using nonlinear regression by GraphPad Prism 
6 (Fig. 5). The Km values of soiCAT1 and soiCAT1S205K 
were 46.31 mM and 32.07 mM, while the Vmax values of 
soiCAT1 and soiCAT1S205K were 1.39 × 106  µmol/mg/
min and 1.54 × 106 µmol/mg/min, respectively. Overall, 
soiCAT1S205K exhibited a wider range of optimum tempera-
ture than soiCAT1, without great alteration of other impor-
tant properties.

Discussion

Psychrophilic catalases are considered effective candidates 
for food processing due to their high catalytic activity and 
stability at low temperature, which can strongly reduce the 
deterioration of raw materials as well as the risk of microbial 
contamination. Psychrophiles are the main providers of psy-
chrophilic catalases. However, psychrophiles generally live 
under extremely cold conditions including glaciers, the deep 
sea and ice lakes, and most such microbes remain uncultur-
able under artificial conditions, complicating the isolation of 
genes encoding psychrophilic catalases from these microbes. 
Fortunately, metagenomics methods are independent of cul-
turing, providing a useful strategy for mining of microbial 
and genetic resources (Acinas et al. 2021; Daniel 2005; Xu 
et al. 2022), and a large number of genes have been mined 
via metagenomics. For these reasons, we aimed to identify 
psychrophilic catalase-encoding genes in a glacier sample 
from Tianshan, China, via metagenomics. The results sug-
gest that this glacier harbors abundant catalase-encoding 
genes, and demonstrate that metagenomics is a useful high-
throughput technique for identifying novel genes of interest 
from complex samples.

Efficient screening of desirable genes from enormous 
metagenomic datasets is another serious challenge. Opti-
mum temperature is one of the key parameters character-
izing an enzyme, and therefore accurate prediction of the 
optimum temperature of enzymes is useful for preliminary 
screening of desirable enzymes. We used the deep learning 
model Preoptem for high-throughput screening of potential 
psychrophilic catalases with optimum temperatures below 
30 °C from among 161 catalases. soiCAT1 was predicted 
as a psychrophilic catalase via sequence alignment and 
this property was confirmed through enzymatic property 
analysis, validating the use of the deep learning model 
Preoptem as an effective tool to screen desired proteins 
from a large metagenomic dataset.

The catalytical activity of soiCAT1 peaked at 4 °C, and 
then decreased with increasing temperature, although it 
remained relatively stable at temperatures up to 20 °C. 
Notably, soiCAT1 had a narrow range of optimum temper-
ature, which may limit its application. To broaden the opti-
mum temperature range of soiCAT1, specific amino acids 
were mutated via PSAP to match the sequences of cata-
lases with optimum temperatures above 50 °C. The mutant 
soiCAT1S205K exhibited the expected property, with steady 
catalytical activity across the range of from 4 to 20 °C, 
confirming that site-directed mutagenesis via rational 
design is an efficient method for protein engineering.

In summary, we identified numerous catalase-encoding 
genes through analysis of soil metagenomic data and effi-
ciently isolated putative psychrophilic catalases using the 
deep learning model Preoptem. One psychrophilic cata-
lase was then engineered to improve specific properties 
through rational design guided by PASP calculation. The 
strategies used in this study are suitable for mining and 
rational design of other enzymes from gigantic metagen-
omic datasets.

Fig. 5   The kinetic curves of 
soiCAT1 and soiCAT1S205K for 
H2O2 at 20 °C using nonlinear 
regression by GraphPad Prism 
6.0
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