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Enzyme ancestral sequence reconstruction and directed
evolution

Kun Zhang, Yifei Dai, Jindi Sun, Jiachen Lu, and Kequan Chen
College of Biotechnology and Pharmaceutical Engineering, Nanjing Tech University, Nanjing 211816, Jiangsu, China

Abstract: The amino acid sequence of ancestral enzymes from extinct organisms can be deduced through in silico approach
termed ancestral sequence reconstruction (ASR). ASR usually has six steps, which are the collection of nucleic acid/amino
acid sequences of modern enzymes, multiple sequence alignment, phylogenetic tree construction, computational deduction of
ancestral enzyme sequence, gene cloning, and characterization of enzyme properties. This method is widely used to study the
adaptation and evolution mechanism of molecules to the changing environmental conditions on planetary time scale. As
enzymes play key roles in biocatalysis, this method has become a powerful method for studying the relationship among the
sequence, structure, and function of enzymes. Notably, most of the ancestral enzymes show better temperature stability and
mutation stability, making them ideal protein scaffolds for further directed evolution. This article summarizes the computer
algorithms, applications, and commonly used computer software of ASR, and discusses the potential application in directed
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evolution of enzymes.
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Fig. 1 Process of ASR of enzymes.
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Fig. 3 The stability and promiscuousness of Precambrian B-lactamase reconstructed in the laboratory”*. (A) A tree
derived from phylogenetic analysis of 75 modern lactamase sequences. (B) The biophysical and chemical properties of

Precambrian lactamase.
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Table 1 Some case studies of using ASR

Enzyme ASR protocol Biological significance Pul;lelzl:ed References
RNase MP Reconstruct the evolutionary history of RNases 1990 [21]
Lysozyme MP Explore the theory of molecular evolution 1990 [22]
Chymase MP Explore the origin and evolution of chymase 1996 [23]
RNase Bayesian and RNase role in the related antiviral activity 2002 [26]
MP
Alcohol dehydrogenase PAML Global ecosystem change 2005 [31]
Thioredoxin PAML Understand the evolution of thioredoxin 2011 [14]
3-isopropylmalate PAML and Origin and evolution of thermophily 2012 [29]
dehydrogenase MrBayes
Glucosidase PAML Molecular mechanisms and evolutionary forces of 2012 [30]
glucosidase
Nucleoside diphosphate kinase PAML Environmental temperature of the universal common 2013 [44]
ancestor of life
B-lactamase Bayesian Ancient properties of biomolecules as well as the 2013 [32]
intracellular and extracellular environments hosting these
proteins
Malate and lactate PAML How are new genes created? 2014 [54]
dehydrogenase
Bacterial ribonuclease H1 PAML How the diverse thermostabilities of bacterial 2014 [33]
ribonuclease H1
Uricase PAML Evolutionary history and metabolic insights of ancient 2014 [46]
mammalian uricases
CMGC protein kinase Lazarus Evolutionary mechanisms of kinase plasticity 2014 [15]
Imidazole glycerol phosphate PhyloBayes 3.0 Origin and evolution of complex enzyme 2014 [55]
synthase
Tyrosine kinase PAML Molecular mechanism of 3000-fold difference in Gleevec2015 [48]
affinity between Src and Abl
Lactate and malate PAML Biochemical and evolutionary mechanisms of altered 2016 [56]
dehydrogenase substrate specificity
Hydroxynitrile lyase PAML To test the hypothesis that ancestral enzymes were more 2016 [16]
promiscuous than their modern descendants
Tryptophan synthase PRANK Whether primordial enzyme complexes from extinct 2016 [57]
species displayed a similar degree of functional
sophistication
Adenylate kinase PAML Characterize the molecular mechanisms underlying 2017 [58]
thermoadaptation of enzyme catalysis
Ligninolytic peroxidase PAML Analyzing the evolutionary pathway leading to the most 2017 [59]
efficient lignin-degrading peroxidases characterizing
Polyporales species
Transaminase PAML Date mining of new enzymes 2017 [42]
Chalcone isomerase FastML Vertical explore enzyme structure-function relationship 2018 [60]
Pyruvate decarboxylase PAML To further the understanding of bacterial enzymes 2018 [61]
Diterpene cyclase MEGA7 The potential of ancestor sequence reconstruction to 2018 [11]
produce remodeling cyclase with enhanced stability,
activity
Ketol-acid reductoisomerase ~ Bayesian-based Engineering highly functional thermostable proteins 2018 [9]
tool

14
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ik 1
Enzyme ASR protocol Biological significance Pul})}l;iled References
Vertebrate CYP3 P450 FastML Engineering highly functional thermostable proteins 2018 [9]
Cyclohexadienyl dehydratase PAML Reveals the molecular evolution process behind the 2018 [62]
emerging enzymes.
Carboxylic acid reductase FastML, Date mining of new enzymes 2019 [40]
PAML, and
Ancescon
Methyl-parathion hydrolase PAML Characterize the functional evolution of 2019 [63]
methyl-parathion hydrolase
Nucleoside diphosphate kinase PAML Discuss the biological adaptation to the climatic changes 2019 [4]
Endoglucanases PAML Date mining of new enzymes 2019 [64]
Kinase Phylobot To study the evolution of kinase regulation 2019 [51]
Dehalogenase PAML Exploring the Evolutionary Mechanism of enzyme 2019 [43]
promiscuous
L-arginine Oxidase FastML Elucidate how enzymes attain their characteristic 2019 [65]
functions
L-arginine Oxidase FastML Excellent catalytic performance and soluble expression 2019 [41]
properties of ancestral enzymes
Triosephosphate isomerase PAML The evolution of enzyme obligated oligomer 2019 [66]
Flavin-containing PAMLX Demonstrates the power of ancestral-sequence 2020 [49]
monooxygenase reconstruction as a strategy for the crystallization of
proteins.
Fungal laccase PAML Date mining of new enzymes and directed evolution 2020 [12]
Ser-Thr kinase PAML Ancient origins of allosteric activation in a Ser-Thr 2020 [53]
kinase
Phenylalanine/tyrosine Mega7 and Exploring the therapeutic potential of modern and 2020 [50]
ammonia lyase PAML ancestral phenylalanine/tyrosine ammonia lyases
3-isopropylmalate PAML Engineering highly functional thermostable proteins 2020 [67]
dehydrogenase
Tryptophan synthase FastML Analysis of allosteric communication in a multienzyme 2020 [45]
complex
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Table 2 Common tools for ASR

S IEZEFEF ASR HZ B iz kAT,
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BB, A XTI 1) Nexus 4% 2S04
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Name Web site Function References
Clustal W https://www.genome.jp/tools-bin/clustalw MSA [68]
MUSCLE http://www.driveS. com/muscle MSA [69]
trimAl http://trimal.cgenomics.org Automated alignment trimming [70]
Clring nd ol st of g
Mega https://www.megasoftware.net MSA-PT-ASR [71]
MrBayers http://nbisweden.github.io/MrBayes/index.html PT-ASR [72]
PAML http://abacus.gene.ucl.ac.uk/software/paml.html ASR [24]
PhyloBayes 3  http://www.phylobayes.org PT-ASR [81]
FastML https://fastml.tau.ac.il ASR [78]
PhyloBot http://www.phylobot.com. MSA-PT-ASR [77]
Revenant http://revenant.inf.pucp.edu.pe A database of resurrected proteins [79]
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Fig. 4 Fusion of modern enzyme with ancestral enzyme amino acid residues to improve its stability or activity.
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Table 3 Comparison of the properties of ancestral enzymes and modern enzymes

Enzymes

Ancestral enzymes compared with modern enzymes

References

Carboxylic acid reductases AncCARs had a Tmup to 35 °C higher, with half-lives up to nine times longer than the [40]

greatest previously observed

L-arginine oxidase Improved thermal stability [65]
Ketol-acid Ancestral enzyme showed an 8 fold higher specific activity than the cognate [9]
reductoisomerases Escherichia coli form at 25 °C, which increased 3.5 fold at 50 °C.

Cytochromes P450 89T, of 66 °C and enhanced solvent tolerance [9]
Diterpene cyclases Increased thermostability and substrate acceptance [11]
3-isopropylmalate Thermally stable and catalytic properties adapted to low-temperature reactions [67]
dehydrogenase

Phenylalanine/tyrosine All ancestral enzymes displayed increased thermostability [50]

ammonia lyases

B-lactamase
enhanced substrate promiscuity

®-transaminase

Ancestral B-lactamases display denaturation temperature enhancements (~35 °C) and [32]

Ancestral transaminases demonstrated novel and superior activities up to 20 fold. In  [42]

most cases, the ancestral proteins were also easier to overproduce, and demonstrated
comparable or improved thermostability

Laccase

The ancestral laccases were readily secreted by yeast, with similar kinetic parameters, [12]

a broader stability, and distinct pH activity profiles
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