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ABSTRACT: Biocatalysis has emerged as a green approach for efficient and
sustainable production in various industries. In recent decades, numerous
advancements in computational and predictive approaches, including ancestral
sequence reconstruction (ASR) have sparked a new wave for protein engineers to
improve and expand biocatalyst capabilities. ASR is an evolution-based strategy that
uses phylogenetic relationships among homologous extant sequences to
probabilistically infer the most likely ancestral sequences. It has proven to be a
powerful tool with applications ranging from creating highly stable enzymes for
direct applications to preparing moderately active robust protein scaffolds for
further enzyme engineering. Intriguingly, it can also provide insights into
fundamental aspects that are challenging to study with extant (current) enzymes.
This Perspective discusses a practical strategy for guiding enzyme engineers on how
to embrace ASR as a practical or associated protocol for protein engineering and
highlights recent examples of using ASR in various applications, including increasing thermostability, expanding promiscuity, fine-
tuning selectivity and function, and investigating mechanistic and evolution aspects. We believe that the use of the ASR approach will
continue to contribute to the ongoing development of the biocatalysis field. We have been in a “golden era” for biocatalysis in which
numerous useful enzymes have been developed through many waves of enzyme engineering via advancements in computational
methodologies.
KEYWORDS: ancestral sequence reconstruction, ancestral enzyme, biocatalysis, enzyme engineering, enzyme design

■ INTRODUCTION
Enzymes or biocatalysts are powerful agents that deliver
exquisite catalytic functions and selectivity. They are excellent
tools for driving green industries.1 Biocatalysts have been used
in various industries, ranging from the production of
commodity chemicals to the synthesis of complex pharma-
ceuticals. Employing enzymes in production methods contrib-
utes to the development of environmentally friendly and
sustainable processes.2,3 Generally, biocatalysts are obtained
from nature through the identification of their unique roles in
selective transformation in natural reactions and pathways.
Unfortunately, not many wild-type enzymes can meet
industrial requirements and be used directly in synthesis
applications due to their limited stability and low production
yield. Owing to scientific and technological advancements
during the past two decades, native enzymes can be engineered
to achieve properties and functions desired for in vivo and in
vitro applications.4 The approach of protein engineering and
design has accelerated the pace of biocatalyst improvement.
Directed evolution is a rapid and efficient method to improve
biocatalysts; however, it requires screening of large libraries,
which is challenging for most reactions. Rational and

semirational designs for enzyme engineering have also been
demonstrated to be useful, requiring less screening effort and
more specific alteration; however, these approaches require
comprehensive knowledge regarding the enzyme’s structures
and functions to help guide the strategy.5−8 Effective methods
to engineer enzymes of interest to meet the demands of
applications with small libraries remain a challenge within the
field.

Ancestral sequence reconstruction (ASR) has emerged
among other techniques in protein engineering and design as
an efficient approach for obtaining enzymes with robust
stability and broad activities.9 ASR is an evolution-based
strategy that uses phylogenetic relationships among homolo-
gous proteins to infer ancestral sequences based on a
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probabilistic approach.10 While directed evolution relies on the
construction of large libraries and screening of more than 103
to 106 samples, ASR screening efforts could be performed with
a very small set of enzymes of less than ten candidates. Enzyme
candidates obtained from this approach are generally perceived
as stable and can subsequently serve as ideal scaffolds for
further studies. While the principle of ASR does not directly
aim to achieve soluble protein expression, we nevertheless
found that most cases discussed in this Perspective reported
that ancestral sequences could express well in heterologous
systems such as Escherichia coli. In general, ASR contributes to
the improvement of protein properties with regard to increased
stability11 and crystallizability.12 These findings thus high-
lighted the ability of the ASR approach to deliver good results
using low experimental screening effort.
Because ancestral enzymes are generally assumed to be more

thermostable and capable of catalyzing broader reactions than
their extant descendants,13,14 initial work in ASR development
was dedicated to testing these properties. Currently, ASR is
widely used to investigate the evolutionary functions of
enzymes toward a variety of substrates and for investigating
catalytic functions. A comprehensive understanding of
evolution-related enzymes is useful for deciphering the missing
gap of enzyme catalysis through natural evolution. Upon
realizing the robustness and broad activities of ancestral
enzymes as mentioned earlier, many research groups have used
ASR to construct ancestral enzymes as starting templates for
further optimization through rational engineering or directed
evolution campaigns.15 Inspired by the substantial progress of
ASR usage in biocatalysis, we put together this Perspective to
discuss the latest developments, particularly during the past
five years, in areas ranging from resurrecting highly stable
enzymes for industrial applications, creating robust protein
scaffolds for further fine-tuning of specificity and functions, and
finally the use of ASR for mechanistic studies12 to under-
standing catalysis through evolution (Figure 1).16,17 As several
excellent publications regarding the ASR methodology are

already available, including those focusing on principles of
methods and algorithms18,19 and bioinformatic tools,20 our
Perspective thus only briefly presents workflows and currently
available resources for resurrecting ancestral sequences through
practical aspects of protein engineering prior to discussion of
insights and key findings from study cases. A major goal of this
review is to provide a summary of the ASR approach across
diverse biocatalysis contexts for biochemists and chemists who
are interested in employing ASR as a tool to optimize or
characterize their biocatalysts or to acquire novel and robust
enzymes.

■ WORKFLOW AND ASSOCIATED
COMPUTATIONAL TOOLS

The ASR process is based on statistical principles to predict
sequences of putative ancestors based on amino acid sequences
of modern or known proteins. In general, the strategy begins
with statistical inference of ancestral protein sequences,
followed by gene synthesis, expression and characterization
of the physical and functional properties of ancestral
proteins.17 Generation of ancestral sequences thus consists of
multiple steps in which individual steps can influence the
characteristics of resultant enzymes. Therefore, the choice of
proper methodology and appropriate bioinformatic resources
is an essential primer for initiating the ASR campaign. In this
section, we briefly summarize a necessary workflow for creating
ancestral sequences starting from collecting the input
sequences (Figure 2), as well as present software packages
that can be used at each step (Table 1).

Typically, the generation of ancestral sequences employs
four main steps including collection of extant enzyme
sequences, sequence alignment and curation, construction of
phylogenetic trees, and inferencing ancestral sequences from
the trees.19,21 The first step is crucial, as it can strongly
influence the quality of sequence inference. Ideally, selecting as
large a number of extant sequences as possible would
strengthen the quality of the tree construction and increase
the sequence reconstruction accuracy. The number of extant
sequences can be varied from ten to one hundred sequences.
Important factors that can influence the precision and
efficiency of the reconstruction process are the quantity and
distribution of employed sequences (Figure 2A). Selection
criteria of extant sequences depend on the project objectives;
representative sequences should belong to members of the
desired phenotypes or phylogenetic lineages. For instance,
researchers may choose extant sequences that belong to
thermophilic species if the project aim is to improve protein
stability or include extant sequences with known functions and
activities for functional engineering purposes. Commonly,
homologous sequences can be retrieved from several databases
such as GenBank of the NCBI or UniProtKB of the EBI using
different search tools (Table 1). Among the available tools,
BLAST is the most common tool that is used in sequence
collection.

The second step is to organize the sequence pool to remove
erroneous or misaligned extant sequences. Typically, a multiple
sequence alignment (MSA) software such as Clustal Omega is
used to select a set of appropriate sequences (Figure 2B). It is
important for the MSA process to remove sequences likely
containing errors while maintaining the broadest possible
coverage of the extant sequence space. The undesired
sequences, such as very short sequence fragments, transcription
errors, wrongly assigned insertions or deletions, etc., can lead

Figure 1. Applications of ancestral sequence reconstruction (ASR)
range from improving biophysical properties and catalytic function to
serving as an exploratory tool for understanding enzyme evolution
and function.
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to unfolding or nonfunctional resultant proteins.19 In recent
years, several algorithms have been developed to attain good
quality sequence alignment (Table 1), and the choice of
software may depend on the user’s preferences.
The third step is to organize the evolutionary relationships

between extant sequences to obtain a phylogenetic tree
construction. Usually, there are two methods for tree
construction, including the distance-based and character-
based methods. The distant-matrix method calculates the
tree from a mismatched position of MSA. The closely related
sequences are included in the same interior node, and the
branch length represents the genetic distance between
sequences. The most popular distant matrix method is the
neighbor-joining method. For the character-based method,
three approaches are available, including maximum parsimony
(MP), maximum likelihood (ML), and Bayesian inference
(BI). All approaches use statistical algorithms to construct
major frameworks for the ASR process. Currently, the majority
of ASR construction uses the probabilistic approach with either
ML and/or BI algorithms to infer ancestral sequences from
phylogeny (Table 1).
After the MSA and phylogenetic tree have been refined, the

two data sets are used for the ancestral sequence inference
process (Figure 2C); three methods are commonly employed
for this step, including MP, ML, and BI.22 Each method
provides a different result, and there is no definitive correct
prediction of inference sequences. The method selection
should depend on the nature of the data set, the ultimate goal
of work, and computing speed. The MP method minimizes a
number of evolutionary changes and ignores the mutation rate
and selection pressure of evolution by assuming that

evolutionary rates are constant in every branch of a
phylogenetic tree.23,24 Therefore, the MP method may not
represent true evolution if the evolutionary process is complex.
The ML method considers a variety of evolutionary factors
including selection pressures, mutation rate, and indel
occurrences.25,26 In a data set in which the evolutionary
process is complex, ancestral sequences inferred by ML would
be more accurate than the MP method.27 Moreover, the ML
method also applies substitution models in the calculations,
such as Dayhoff, Whelan and Goldman (WAG), Le and
Gascuel (LG), and Jones−Taylor−Thornton (JTT). For the
reason mentioned above, ML-based methods are frequently
employed in both phylogenetic and ancestral sequence
reconstruction steps. With more factors considered in
calculations, the BI method is usually considered as more
comprehensive than the ML method because it integrates
previous knowledge and uncertainty into the analysis.28 Two
steps of estimation are generally used for the BI method. The
first one is an empirical BI that performs calculations of
probability distributions but does not account for uncertainty
in the calculation. The latter step is a hierarchical BI that
incorporates the uncertainty into the calculation and averages
the possibility of the tree and evolution model before
generating the final results. However, the BI method is
intensive and requires significant computing power for analysis.
Available software packages currently available for inferring
ancestral sequences are presented in Table 1.

As an alternative to the mentioned protocols, the whole
workflow can be integrated into automatic tools. In 2016, a
web portal, PhyloBot, was developed as an easy-to-use
sequence interface software.29 The server requires the input

Figure 2. Workflow used for ancestral sequence reconstruction and evaluation. (A) Searching extant sequences from the database and selecting for
good variations of ancestral sequences. (B) Curating sequences and performing multiple sequence alignment. (C) Constructing phylogenetic trees
and analyzing for ancestral sequence inference. (D) In silico screening of ancestral enzymes.
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of a FASTA-formatted text file containing a collection of
protein sequences. The program reads the sequences and
launches its automated analysis pipeline, which includes
sequence alignment, phylogenetic model fitting, tests of branch
support, and ancestral sequence reconstruction, by using
different external software packages. Nevertheless, it is
currently unclear whether the server remains active at the
time of the preparation of this Perspective. More recently, a
web-based suite FireProtASR was reported in 2021 for a fully
automated ASR process based on a single query sequence.30

The software runs the whole workflow using externally
available and in-house (Jirǐ ́ Damborsky’́s group) developed
algorithms. The web tool also offers user-defined practices by
defining catalytic residues to identify biologically relevant sets
of homologous sequences. Users can also initiate the ASR
process with their own set of sequences to construct MSA or a
phylogenetic tree. These fully automated workflows allow
inexperienced users to obtain ancestral sequences based on a
simple input of only sequence queries. In our opinion, the
automated tools may be more suitable for enzyme engineers
who want to obtain ASR constructs with improved robustness
compared to the extant enzymes. On the other hand, for
researchers with specific investigational aims, ancestral
sequence construction using a step-by-step approach would
be more suitable because it can also provide understanding of
different catalytic or biophysical properties among enzymes in
the evolutionary family.

Perhaps prior to gene synthesis and performing experimental
validation, researchers can analyze the biophysical properties of
ancestral candidates in silico using bioinformatic tools to
predict the success of the ASR campaign. There have been
significant developments in computational tools, and many
have been designed with easy-to-use interfaces for general
users to allow them to investigate protein biophysical
properties and structures. This in silico analysis may save a
lot of resources and experimental effort (Figure 2D). For
predicting protein expression levels in E. coli, the SoluProt web
server may be employed.31 Properties such as hydrophobic and
charged residues, which are related to stability, can be analyzed
based on sequences using EMBOSS Pepstats.32 Analysis for
complexed data such as hydrogen bonds, hydrophobic clusters,
and salt bridges can be analyzed by ProteinTools,33 while
substrate access tunnels can be identified by CaverWeb.34

These web-based tools require protein structures as the input,
which can be prepared by structure prediction tools such as
ESMFold.35 As a recent development, the protein complex and
interactions with ligands can be predicted using state-of-the-art
tools such as RoseTTAFold All-Atom36 and AlphaFold 3.37

Although these tools may not reflect the actual characteristics
of the proteins, the additional in silico screening process is cost-
free and can be practically implemented as a rational-based
decision factor before initiating experimental investigations.

■ USE OF ASR FOR CREATING THERMOSTABLE
BIOCATALYSTS

The general belief that ancestral enzymes are more thermo-
stable than their extant ones has been driving many research
programs to create thermostable enzymes using ASR. In the
early 2010s, success in employing ASR approaches to improve
the thermal stability of enzymes was demonstrated in selected
enzymes such as 3-isopropylmalate dehydrogenase,58 elonga-
tion factor proteins,59 and glycyl-tRNA synthetase.60 Since
then, there has been an increasing number of reports usingT
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ASR to obtain thermostable ancestral proteins. The use of ASR
for obtaining thermostable ancestral enzymes can follow the
process described in Figure 2. In most cases, the successful
reconstruction to obtain thermostable ancestors is attributed to
the step of selecting the extant sequences (Figure 3A). Early
studies indicate that more thermotolerant enzymes are likely to
be found in ancestral sequences with older ancestral ages;61,62

however, recent studies reported that younger ancestral
enzymes could also yield higher thermostability than older
ones (Figure 3B).63−65 Numerous tools for the analysis of
protein sequences and structures have recently been employed
to comprehend insights of the superior stability in ancestral
enzymes such as sequence-based analysis (e.g., hydrophobic
and charge residues), structure-based analysis (e.g., salt bridges,
hydrophobic clusters), and computational analysis (e.g.,
molecular dynamic simulations) (Figure 3C).66,67 In this
section, we discuss noteworthy cases of enzyme stability
improvements and present an analysis of key molecular
features likely contributing to the improved properties.
P450 enzymes are among the major biocatalysts that can

catalyze the functionalization of unactivated C−H bonds.
Their reactions can be used to produce high-value chemicals
such as drug metabolites or for the synthesis of drugs in the
pharmaceutical industry. However, most applications of P450
enzymes are limited by their poor stability. In 2018, the Gillam
group unveiled an exquisite study of resurrecting ancestral
P450s with critical improvements in thermal tolerance.
Ancestors of the CYP3 family of P450s were created using
138 extant CYP3 sequences from different vertebrate species,
with the hypothesis to resurrect enzymes existing during the
pre-Cambrian era.68 The last vertebrate common ancestor
denoted CYP3_N1 was characterized with a significant

improvement in thermostability compared to other extant
CYP3s. For instance, its optimum temperature was elevated by
∼20 °C compared to the extant CYP3A4, and the temperature
at which half of the protein remains folded after 60 min (60T50)
in CYP3_N1 was 30 °C greater than that of the extant
CYP3A4. Analysis of the thermal stability at 50−60 °C
indicates that CYP3_N1 has a half-life of 10 h, while other
extant CYP3s have half-lives of less than 5 min. Moreover,
CYP3_N1 was also noted for its enhanced solvent tolerance by
displaying 2- and 15-fold increased stability toward 10% (v/v)
methanol and 10% (v/v) acetonitrile treatment as compared to
CYP3A4, respectively. Structural analysis indicates that
CYP3_N1 contains more hydrophobic residues in the core
region than CYP3A4, which may affect thermostability and
solvent tolerance properties. As improvements in thermo-
stability and solvent tolerance are often correlated,69 this study
has shown that the resurrected ancestral CYP3 enzyme is very
useful for improving both properties with only a single
operation.

The creation of ancestral enzymes with expanded working
temperatures and pHs was also recently demonstrated with
endoglucanase, an important enzyme for lignocellulosic
biomass hydrolysis.70 The bacterial endoglucanase sequence
from Bacillus subtilis (Bs_EG) was selected as a query for ASR
because of its potential applications in the biotechnology
industry. Extant sequences for ancestral reconstruction were
selected from three different phyla that diverged 3 billion years
ago. The phylogenetic tree was constructed after ensuring that
every sequence had conserved residues necessary for the
enzyme function. Three ancestral enzymes (LFCA, last
Firmicutes common ancestor; LCCA, last Clostridia common
ancestor; LACA, last Actinobacteria common ancestor) were

Figure 3. Key processes for improving and analyzing enzyme stability. (A) Collection of extant sequences. (B) Ancestral enzymes generally show
better thermostability compared to extant enzymes. Anc stands for ancestral enzyme. (C) Tools for the analysis of origin in improvement of
ancestral enzyme thermostability.
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selected for biochemical investigations. Among the ancestral
enzymes, LFCA showed the best thermostability because it
could maintain activity in a range of 30−90 °C (defined as
meso- to hyper-thermophiles), which is higher than the extant
Bs_EG. The phylogenetic tree analysis indicates that LFCA is
the oldest ancestral (∼2.8 billion years ago) enzyme among the
three ancestral enzymes and shares 73% sequence identity with
Bs_EG. Structural analysis did not reveal any substantial
structural changes, and only a small number of mutations and
displacements in α-helices and loops were revealed in the
crystal structures.
In another example, ASR of carboxylic acid reductase

(CAR), which catalyzes the reduction of aliphatic or aromatic
acids to form aldehydes, was investigated. CARs are attractive
for biotechnology applications, but the native enzymes
generally lack sufficient stability for industrial applications.
ASR of CAR is also challenging because the enzyme contains
three domains with different structures. In 2019, Nicholas
Harmer’s group used 48 extant sequences of the CAR1 family,
which were identified as CAR1 from different genera including
Mycobacteria, Nocardia, Streptomyces, and Tsukamurella (out-
group), to construct candidate ancestral enzymes.71 This study
employed different ASR methods, including FastML, PAML,
and Ancescon, at the ancestral inferring step to create various
ancestral sequences. The four ancestral enzymes, including
AncCAR-A by Ancescon, AncCAR-F by FastML, AncCAR-PA
by PAML with gaps reconstructed by cross-mapping from
AncCAR-A, and AncCAR-PF by PAML with gaps recon-
structed by cross-mapping from AncCAR-F as the last
common nodes of Mycobacteria, Nocardia, and Streptomyces,
were identified and investigated. The results showed that
AncCAR-A, AncCAR-PA, and AncCAR-PF retained good
activities, while AncCAR-F was inactive even though it shared
a high sequence identity (95% ID) with AncCAR-PF. These
results indicate that the real properties of ancestral enzymes,
although derived from predictions from similar tools, can be
quite different. In this study, the most thermostable enzyme
was AncCAR-A, which maintained 50% of its activity after
incubation at 70 °C for 30 min; this stability is comparable to
that of the most stable extant CAR enzyme from
Mycobacterium phlei (MpCAR). AncCAR-PA and AncCAR-
PF showed thermostability higher than those of extant CARs,
retaining 50% activity after incubation at 65.1 and 65.4 °C for
30 min, respectively. Moreover, AncCAR-PA and AncCAR-PF
showed half-lives at 37 °C that were 168 and 216 h longer than
those of MpCAR, which was less than 24 h. Structural analysis
showed that a major difference between AncCAR-PF and
MpCAR is around the surface loop areas of domain A, which is
shorter in CAR-PF than in MpCAR, possibly leading to less
motion and more thermostability of the CAR-PF. This work
demonstrated that significant differences in outcomes could be
obtained using different sequence-inferring approaches. To
improve the biophysical properties of predicted ancestral
enzymes, it would be beneficial to compare the predicted ASR
sequences using various techniques.
Another example of ASR that yielded ancestral enzymes with

a large improvement in thermostability was reported for the
case of diterpene cyclase.63 In this work, the template utilized
was the enzyme ent-copalyl diphosphate synthase from
Streptomyces platensis (PtmT2). The top 250 sequences with
highest similarity to the template enzyme were chosen for ASR.
It was noted that among the 250 selected extant sequences,
half of them were predicted as prenyltransferases containing

the DxDD motif of class II terpene cyclases, while the other
half were not. After ASR candidates were obtained, the first
four ancestral nodes closest to the template, including Anc01,
Anc02, Anc03, and Anc04, were selected for further studies.
The results showed that Anc03 and Anc04 could not be
expressed in a soluble form when utilizing E. coli as a host,
whereas Anc01 and Anc02 could be expressed and possessed
melting temperatures around 4.9 and 39.7 °C higher than the
extant enzyme (PtmT2), respectively. Further analysis of
Anc01 showed that the enzyme contains most of the same
conserved catalytic residues as PtmT2 and differed only on the
protein surface. Anc02 showed a few variations in its active site
region. These variations likely caused the lowering of Anc02
activity to around 6-fold as compared to PtmT2. MD
simulations identified the flexible parts of PtmT2 and Anc01
and identified residues 344−353 as gate keepers of the active
site cavity. At 343 K, the loop regions of Anc01 and PtmT2
showed high fluctuation and collapse to block the active site,
possibly preventing substrate binding. On the other hand,
Anc02 showed less fluctuation in the same loop region,
explaining its ability to maintain activity at high temperatures.
This work demonstrated an instance of ASR contributing
additional thermostable candidate enzymes, although the
native enzymes remained relatively unexplored. This would
be beneficial for future investigations of structures and
functions of diterpene cyclase in general.

Although many studies showed that the resurrected ancestral
forms were more stable than the extant enzymes, a recent work
published in 2024 showed that this trend may not be
consistent.65 The ASR investigation of CYP116B showed
that among the 11 resurrected ancestral enzymes (N0, N1, N3,
N23, N70, N104, N106, N115, N118, N213, and N374)
derived from 467 extant sequences, ancestral N106, N115, and
N374 showed the highest 15T50 values among ancestral
enzymes. However, the 15T50 values of N106, N115, and
N374 were lower than those of the known thermophilic
CYP116B including P450-TT, P450-AX, and P450-TB; the
60T50 of N104 was also lower than those of P450-TT and
P450-AX. It was interpreted that these ancestral enzymes were
still mesophilic because the majority of the extant sequences
used were mesophilic enzymes. The structure and sequence
analysis of ancestral CYP116B compared with P450-TT
revealed that the major mutations in ancestral CYP116B
occurred in the loop region. These mutations likely impact
enzyme stability, resulting in lower thermostability for ancestral
CYP116B compared to P450-TT. Notably, the ancestral
enzymes in this work were observed to perform different
regioselective hydroxylation reactions and may serve as
potential useful scaffolds for further exploring and improving
new functions (see the next section).

The last example case under this category is the work by
Livada et al. from a Pfizer research group in 2023, which
presents a comparison of statistical data between ancestral and
extant enzyme populations.64 A panel of 56 ancestral enzymes
of ene-reductases was constructed and compared for protein
expression, thermostability, and reactivity against 57 extant
enzymes. With regard to thermostability, the average melting
temperature of the ancestral group (56 enzymes) was
significantly higher than that of the extant group (57 enzymes)
by approximately 9 °C. When comparing between a pair of
closest ancestral and extant enzymes to minimize bias arising
from mutations, the results indicated that the ancestral enzyme
showed a Tm higher than that of the extant enzyme by
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approximately 0.16 °C per point of mutation. However, Tm
was not directly correlated with the ancestral age. This study is
particularly useful in that it provides a comparison of statistical
data, which should be useful for understanding the difference
between ancestral and extant groups.
In summary, the reconstructed ancestral proteins often

exhibit increased thermostability. The thermal stability
improvement is likely linked to evolutionary driving factors.
For instance, the most thermostable endoglucanase LFCA
likely emerged during the Hadean and Archean eons when
ocean temperatures were approximately 60−70 °C.70 Two
other ancestral endoglucanases also displayed correlations
between their thermostability and the predicted seawater
temperatures during their respective time periods. Never-
theless, the correlation between evolutionary processes and
environmental factors could not be observed clearly in some
other cases. In the case of CYP3, the oldest node, N1,
corresponding to the earliest vertebrates exhibited higher
thermal tolerance than the extant enzymes despite the fact that
ancestral and extant enzymes are found under similar
environmental conditions.68 For CYP116B, the ancestral
version did not exhibit increased thermal stability, and there
was no correlation with ancestral age.65 The lack of correlation
is primarily due to the characteristics of extant sequences,
which mostly originated from mesophiles. A recent hypothesis
proposed that the stability of constructed ancestral enzymes
may involve a consensus landscape with a preference toward
residues encoding native (low-energy) conformations before
evolving to modern proteins.72 Consequently, the correlation
between the thermostability and time origin of ASR remains
unclear. As ASR can only infer the most probable ancestor

based on the inputs provided and the use of algorithms, it is
plausible that an inherent systematic bias may arise based on
the quality of inputs and algorithm characteristics.19,73

Therefore, the experimental investigation of alternative
ancestral sequences should be expanded or ancestral sequences
should be inferred by different methods to assess the reliability
of the observed ancestral properties before drawing any
evolutionary conclusions. Although predicting thermal proper-
ties based on evolutionary data is currently challenging, some
common parameters nevertheless have been found in highly
stable ancestral enzymes such as specific mutations in the loop
region,63,70 lengthening or shortening of the surface loop,71

and the number of of charge residues or hydrophobic
residues.68,74 These factors should be considered in con-
junction with considerations of ancestral age and environ-
mental gaps when selecting ancestral sequences for recon-
struction.

Overall, this section presents the overview of ancestral
enzymes that can deliver thermostable enzymes superior to
extant ones. Previous investigations have shown that in
addition to thermostability improvement, other properties
such as solvent tolerance, pH tolerance, or protein expression
could also be improved in the mentioned studies. The increase
in enzyme robustness demonstrates that ancestral enzymes are
useful starting templates for further activity fine-tuning to
broaden applications of biocatalysts. The improvements in
thermostability as well as notable interesting biocatalyst
properties of selected ancestral enzymes are summarized in
Table 2 to highlight the ongoing successful cases of ASR in
creating robust enzymes. Altogether, all results demonstrate

Table 2. Improvements of the Thermostability and Other Biophysical Properties in Selected Ancestral Enzymes

enzymes extant sequences selected ancestors thermostable propertiesa
other properties (e.g., solubility, pH, or

solvent) ref

cytochrome P450
(CYP3)

vertebrate species, e.g., CYP3A4 CYP3_N1 •60T50 is 66 °C (+30 °C of CYP3A4) increase in solvent tolerance 68
•Half-life at 50 °C is ∼10 h (improved
>100 fold of CYP3A4)

endoglucanase Bacillus subtilis (Bs_EG) LFCA •30T50 is 79 °C (+11 °C) increase in pH tolerance and
expression yield

70

carboxylic acid
reductase

Mycobacteriumphlei (MpCAR) AncCAR-A,
AncCAR-PA,
AncCAR-PF

•30T50 is 65.1 to 70.0 °C (+15.1 to
20.0 °C)

increase in pH tolerance and
expression yield

71

•Tm 67−68 °C (+35 °C)
•half-life at 37 °C is 41−216 h (improved
9−48 fold)

diterpene cyclase Streptomyces platensis (PtmT2) Anc01, Anc02 •Tm 50.7 °C (+4.7 °C) and 85.7 °C (+39.7
°C) for Anc01 and Anc02, respectively

63

ene-reductase Candida albicans (EBP1) 56 ancestral
enzymes

•average ΔTm + 9 °C slightly higher expression on average 64

cytochrome P450
(CYP116B)

Bacterial CYP116s N106, N115, N374 •15T50 is 50 °C (+10 to 12 °C) increase in expression yield of N106
and N115

65

L-amino acid
oxidase

Pseudoalteromonas piscicida
(PpAROD)

AncLAAO-N4 •10T50 is ∼65 °C high activity (>80%) at pH 6.5−8.0 75
•Topt is 50 °C

phenylalanine/
tyrosine
ammonia-lyase

Rhodotorula glutinis (RgPAL) and
Trichosporon cutaneum (TcPAL)

MEGA_A1 •Tm is 70.9 °C (+4.7 °C of RgPAL, + 9.2
°C of TcPAL)

76

•70% activity remaining after treatment at
37 °C for 2 weeks

diaryl alcohol
dehydrogenase

Kluyveromyces marxianus (D10) A64 •15T50 is 57.5 °C (+15.1 °C) optimum pH shift from 5.5 (D10) to
7.5

77
•Tm is 61.7 °C (+14.9 °C)

phenolic acid
decarboxylase

Bacillus subtilis (BsPAD) N31 •Tm is 78.1 °C (+23.6 °C) increase in expression yield 78
•half-life at 60 °C is 45 h

PETase Ideonella sakaiensis PETase
(IsPETase)

GrAnc8, GrAnc6 •GrAnc8 Tm is 63.2 °C (+20.0 °C) soluble expression increases by 2.8
fold (GrAnc8) and 26.8 fold
(GrAnc6)

79
•GrAnc6 Tm is 50.9 °C (+7.7 °C)

aImprovements compared to the extant enzymes are indicated in circle brackets. Abbreviations; Tm, melting temperature; xT50, temperatures at
which half the population of proteins remains active after being exposed at specific time, where x is the time in minutes; Topt, optimal temperature.
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that ASR is a powerful technique for creating thermostable
enzymes.

■ ENGINEERING ENZYME ACTIVITY, PROMISCUITY,
AND FUNCTIONS

Besides showing potential in improving enzyme stability, ASR
has been a promising tool for enhancing enzyme activity and
widening substrate utilization. By dating back to ancestral
sequences, the resurrected enzymes are hypothesized to
possess robustness in terms of stability and can utilize a
wider range of substrates compared to those of the extant
enzymes. Thus, the use of ASR for improving enzyme activity,
substrate and catalytic promiscuity, and applicational efficiency
has been illustrated in several studies.
In 2018, ASR was used to improve the single-nucleotide

base-editing efficiency by improving the expression level of
APOBEC1 cytidine deaminase, which was the bottleneck of
the process.80 Five ancestral cytidine deaminases were
reconstructed based on the extant APOBEC1, and all enzymes
were tested for their cytidine base conversion efficiency.
Anc689 and Anc687 demonstrated higher activities in base
editing in HEK293T cell line systems compared to the extant
enzyme activity. The base-editing activities were found to vary
among different plasmid doses, genomic loci, and cell line
types. The highest activity was obtained from ancestral Anc689
with a codon-optimized system (AncBE4max). The mRNA
and protein expression level were increased by 5.2-fold
compared to that of the wild-type enzyme in the HEK293T
cell line system, contributing to the increase in editing
efficiency application as presented in Figure 4A.
The Per-Olof Syreń group demonstrated the use of ASR on

the enzyme spiroviolene synthase, which catalyzes the class I

cyclization of diterpenes.81 The spiroviolene synthase from
Streptomyces violens (SvS) was used as an extant sequence for
the ASR process. Interestingly, most ancestral enzymes in this
case could overcome the stability−activity trade-off. The
ancestral enzymes showed improvements in stability, i.e., a
7−13 °C increase in Tm and a 2−4-fold increase in soluble
protein expression compared to the extant SvS.81 Some
ancestral enzymes also exhibited higher activity and broader
substrate utilization, such as the ability to use farnesyl
pyrophosphate (FPP) in addition to the native substrate
geranylgeranyl pyrophosphate (GGPP) of the extant enzyme.
Due to having the highest thermostability, the ancestral SvS-A2
was chosen for further engineering based on guidance from
crystal structure analysis, molecular docking, and mechanistic
studies to obtain variant terpene cylcases with highly improved
specificity (Figure 4B).82 In the case of using either FPP or
GGPP as a single substrate, the approximate percentage ratio
of spiroviolene/hedycaryol/farnesol product formation was
40:40:20 in wild-type SvS (SvS-wt), whereas the percentage
ratio of product formation was 73:18:9 in SvS-A2. In the case
of using mixed substrates of FPP and GGPP, the ratios were
67:25:8 (wild-type SvS) and 76:20:4 (SvS-A2). The data
indicate that SvS-A2 is more specific, whereas wild-type SvS is
more promiscuous because more hedycaryol and farnesol
products were generated in the reactions of the wild-type
enzyme compared to those of SvS-A2. Intriguingly, engineering
of SvS-A2 resulted in several highly specific variants such as
variant A224I, which is an FPP-specific variant with almost
100% hedycaryol formation, while variant W156Y is a GGPP-
specific variant with almost 100% spiroviolene formation. This
work demonstrated that ancestral enzymes can provide useful
scaffolds for further enzyme engineering processes. Molecular

Figure 4. Uses of ASR on enzyme activity and specificity engineering. (A) Improvement of base-editing efficiency in cytidine base editor (BE4)
systems. (B) Reaction schemes and specificities of wild-type, ancestral, and variant terpene cyclases.
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docking information and an in-depth understanding of enzyme
catalysis are instrumental in helping researchers succeed in
engineering campaigns to improve the substrate specificity of
ancestral enzymes compared with the extant enzymes while
maintaining thermostability.
Resurrected enzymes from ASR often demonstrate an

expansion of substrate promiscuity. One example showcasing
broadening of the substrate range is the reconstruction of
ancestral alcohol dehydrogenase.77 This work started from
genome mining analysis using a diaryl alcohol dehydrogenase
(KpADH) as a query sequence to obtain a range of ADHs that
were then submitted for ancestral reconstruction. The
descendent D10 was identified as the most efficient ADH
with desired ketone reduction activity, and its ancestral ADHs
from evolutionary branch were chosen for characterization.
A64 was identified as the most promising ancestral enzyme
based on expression and reaction analysis. The A64 enzyme
has a wider substrate utilization range, including bulky ketone,
heterocyclic ketone, and aliphatic ketone derivatives. Sub-
strates that are preferred by A64 compared to the extant
enzyme D10 are shown in Figure 5A. In addition, A64 was also
observed to have shifted pH-activity profiles and significantly
increased thermostability, as previously mentioned (Table 2).
Overall, this study demonstrates a strategy to create
promiscuous and robust enzymes by combining enzyme
mining and ASR.

Another example of expanding enzyme promiscuity was
reported for L-amino acid oxidases (LAAOs). Selected LAAOs
are highly specific to their amino acid substrates, such as those
found in the reactions of L-phenylalanine oxidase, L-arginine
oxidase, and L-lysine oxidase.83 However, some LAAOs can
catalyze the oxidation of various amino acids.84,85 Intrigued by
the variety of specificity and promiscuity of LAAOs in nature,
several studies led by Nakano et al. demonstrated the use of
ASR on LAAOs to expand or regulate substrate promiscu-
ity.75,86,87 Ancestral LAAOs (AncLAAOs) with improved
thermostability were identified and exploited in one-pot
deracemization reactions for D-amino acid production.88 One
of the AncLAAOs was recently reported to have expanded
substrate profiles toward oxidation of ortho-, meta-, and para-
monosubstituted, disubstituted, and trisubstituted phenyl-
alanine.89 Monosubstituted phenylalanine with either an
electron-donating or electron-withdrawing group in the meta-
and para- locations was shown to be the most efficient
substrate for the enzyme. The AncLAAO could also be
coupled with a phenylalanine ammonia lyase (PAL)-based
screening platform, demonstrating the use of the ancestral
LAAO as a tool for high-throughput screening.89 ASR of
LAAOs and their extended usable substrates are summarized in
Figure 5B.

In the previous section, we discussed significant improve-
ment in expression and thermal stability of ancestral P450s

Figure 5. ASR for expanding the substrate utilization scope. (A) Substrate utilization profiles of ancestral alcohol dehydrogenase A64 compared to
those of extant D10. Specific activity is reported for each compound. ND: not detected/not determined. (B) Ancestral LAAOs and extended
substrates.

Figure 6. Regioselectivity shift in ancestral P450s.
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from the CYP116B families.65 The constructed ancestors were
also investigated for their regioselectivity in the fatty acid
hydroxylation of multidomain self-sufficient P450 monoox-
ygenases and compared to the extant CYP116B46 (P450-TT),
which favors the ω-5 midchain hydroxylation. Although the
ancestral CYP116Bs were catalytically active with decanoic
acid, only N70 showed activities comparable with the extant
enzymes, while other enzymes required 5-fold enzyme
concentrations in bioconversion experiments. The regioselec-
tivity of hydroxylation was different among the ancestral
enzymes. The ω-2 hydroxylation was the major product of N0
and N374, whereas the ω-1 hydroxylation product was found
in N1, N104, N3, and N23 as the major activity. Thus, the
ancestral enzymes showed a shift in selectivity from ω-5 to ω-1
and ω-2 as shown in Figure 6. Sequence alignment of the
active sites of ancestral enzymes and extant P450-TT showed
differences at residues 205 and 206. To understand the shift in
regioselectivity, A205T and F206W substitutions were
introduced to the extant P450-TT to create single and double
mutations. The results showed that although the variants gave
ω-5 hydroxylation as a major product, an increase in the
production of ω-3 and ω-4 products was also observed,
particularly in the double mutation variant. It was explained
that this was due to increased polarity at the active site.

One of the studies on expanding both catalytic promiscuity
(the ability to catalyze different kinds of reactions) and
substrate utilization via ASR was demonstrated in the reaction
of hydroxynitrile lyases from Hevea brasiliensis (HbHNL).90 A
reconstructed ancestral HNL1 enzyme taken from the
evolutionary path of esterases and hydroxynitrile lyases
exhibited increases in both activity and promiscuity. Man-
delonitrile and p-nitrophenyl acetate were used to compare the
catalytic activities between (hydroxynitrile) lyase activity and
esterase activity, respectively (Figure 7). The HNL1 exhibited
a 2.5-fold increase in lyase activity (mandelonitrile cleavage)
and a 4.5-fold increase in esterase activity (p-nitrophenyl
acetate hydrolysis), illustrating that the catalytic promiscuity
toward esterase activity was increased by 2-fold for HNL1
compared to the extant HbHNL (Figure 7). The reaction
scope of HNL1 was also expanded toward bulkier compounds
because lyase activity can use 2-nitro-1-phenylethanol and
several cyanohydrins, while esterase activity can use naphthyl
acetate as substrates. The X-ray structural analysis showed that
the active site of the ancestral HNL1 was larger by 60%
compared with that of the extant enzyme, explaining how
HNL1 could utilize larger hydroxyl nitrile substrates. More-
over, site-directed mutagenesis to enlarge the active site of
HbHNL to mimic that of HNL1 was performed to study the

Figure 7. Reaction schemes and comparison of the catalytic promiscuity of ancestral and variant HNLs.

Figure 8. Dual function of AncHLD-RLuc: hydrolytic alkane dehalogenase and monooxygenase (luciferase) activity.
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effects of a larger active site. The 3-point mutation enlarging
the active site of HbHNL led to an increase in promiscuity.
Likewise, the replacement of the three residues in HNL1 with
the corresponding residues from HbHNL resulted in a
decrease in the promiscuity. This work suggests that the
lyase activity of HbHNL might have evolved from the esterase.
The overall results also imply that understanding how ancestral
enzymes evolved should be useful to increase the promiscuity
and activity of modern enzymes.
Another study by Chaloupkova and Damborsky et al.

employed ASR to create an enzyme exhibiting dual function:
light-emission and alkane dehalogenation (Figure 8).91 The
group reconstructed a common ancestor of haloalkane
dehalogenases (HLDs) and Renilla luciferase (RLuc), which
both possess different catalytic activities, although they belong
to the same HLD subfamily. It is intriguing that RLuc is the
only characterized monooxygenase among the clustered HLD
enzymes. It was thus attractive to elucidate the evolution
pathway of this enzyme family. The created AncHLD-RLuc
was found to possess both hydrolase (haloalkane dehalogena-
tion) and monooxygenase (bioluminescence) activities despite
having much lower activity than its descendant enzymes. In
addition, the ancestral enzyme could use a wider range of
substrates for dehalogenation activity as compared to extant
HLDs. Structural analysis revealed that a catalytic pentad of
the descendant dehalogenase and luciferase was highly
conserved in the AncHLD-RLuc active site. Nevertheless,
careful analysis of the ancestral and extant enzyme structures
led to the identification of key residues adjacent to the catalytic
active site that can promote an activity exchange between

luciferase and halogenase. This work demonstrated the
concept of exchanges of functions between two different
enzyme commission (EC) classes during the course of
evolution and paved a way to construct multifunctional
biocatalysts.

■ RECONSTRUCTING ANCIENT ENZYMES FOR
EVOLUTION AND MECHANISTIC STUDY

Understanding the evolutionary track of enzymes can help
elucidate how enzymes attain their characteristic functions
such as thermal adaptation, enzyme function, and selectivity
during the evolutionary process. As enzymes in early evolution
are assumed to be promiscuous and stable, it is useful to
resurrect them to decipher the origin of enzyme structure and
function. In the previous section, we discussed that the
ancestral diterpene cyclase is active and solubilized well,
leading to a successful crystallization that could not typically be
achieved with the wild-type enzymes.82 The ASR study could
successfully provide structural insights and computational
analyses, which were then employed to acquire mechanistic
insights into cyclase-catalyzed cyclization and could be further
guided through engineering to obtain specific and active
terpene cyclase variants. This finding as well as other
mentioned cases has shown that ancestral sequences are
beneficial for obtaining optimally stable enzymes for structural
elucidation and further in-depth studies of enzyme catalysis.

Understanding how natural evolution resulted in improved
enzyme stability and activity in response to marked changes in
environmental features is crucial to harnessing the full potential
of enzymes for biocatalysis. For instance, it has been proposed

Figure 9. ASR for understanding the evolution of biocatalyst property and functions. (A, B) Evolution of thermostability and key structural features
for thermoadaptation in adenylate kinases, respectively. Tm is labeled for each enzyme. (C) Molecular assembly evolution of Form I Rubiscos for
CO2 specificity. (D) Scheme of the evolution of firefly bioluminescence. Reproduced with permission from Oba et al.104 Copyright 2020 American
Association for the Advancement of Science.
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that prehistoric life on Earth consisted of a hot environment
(known as the “hot-start”) before cooling of the Earth required
adaptation to cooler temperatures. As early studies on the
reconstruction of ancestral proteins showed that the oldest
nodes in phylogenetic trees are often the most thermophilic,14

the observed results sparked a question of how the temperature
adaptation affects enzyme evolution. A study in 2017 by
Dorothee Kern’s group accordingly used ASR to trace the
evolution of adenylate kinase activity and stability from the
hot-start toward various modern enzymes (Figure 9A).66

Results of the study identified that salt bridges in the ancestral
kinases are responsible for high thermostability (Figure 9B).
This key structural feature sequentially disappears during
evolution toward colder environments and then reappears in
species that subsequently adapt to hot places. Interestingly, one
of the ancestral enzymes was found to oppose the commonly
assumed activity−stability trade-off concept by showing both
thermal tolerance and preserved catalytic activity at low
temperatures. Adenylate kinase is an essential enzyme found in
nearly every life form for maintaining cellular nucleotide
concentrations and is also important for biocatalytic ATP
regeneration.92 This finding highlighted that this strategy can
be used by evolution in different ways to increase the
biocatalyst fitness, in addition to revealing the molecular
features determining thermostability.
In a related theme, ASR can be used to illuminate the

emergence of adaptations in enzyme specificity for investigat-
ing the structural features defining the selective catalytic
function of biocatalysts. Ribulose-1,5-bisphosphate carboxy-

lase/oxygenase (Rubisco) is the enzyme with the highest
abundance in nature, and its ability to capture CO2 is key to a
sustainable carbon-neutral bioeconomy.93−95 Despite its
promising activity, this enzyme is not particularly specific to
CO2 over molecular oxygen (O2), which is an inhibitor of CO2
assimilation activity.96 The competitive binding between O2
and CO2 to Rubisco severely hinders the efficiency of
carboxylation activity. However, the mechanism of enzyme
selectivity and differentiation among the two gases is poorly
understood. It has been proposed that noncatalytic small
subunits of the enzyme are responsible for the high CO2
specificity of modern-day form I Rubiscos.97 In the recent
work by Schulz et al., the authors inferred ancestral sequences
to recapitulate the evolution of form I Rubiscos before and
after gaining the small subunits and investigated effects of
different molecular assemblies on the catalytic function.98

When small subunits were introduced into the ancestral
enzymes, which consist mainly of large subunits, the results
showed that gaining small subunits did increase the CO2/O2
specificity of the ancestral enzymes (Figure 9C). Structural
analysis showed that the assembly of small subunits does not
result in observable active site rearrangements; thus, the small
subunits were not directly responsible for an increase in
specificity. The study concludes that Rubiscos have evolved to
recruit the binding of a small subunit to improve their catalysis
through allosteric effects and to obtain high specificity. As
Rubisco is a slow-evolving enzyme in nature, this study sheds
light on how molecular assembly has been achieved to drive
the specific evolution of enzyme.

Figure 10. ASR for understanding structural features controlling enzymatic stereoselectivity, substrate specificity, and reaction mechanisms. (A)
Deciphering the evolution of FDMO stereoselectivity. The structure of TropB was generated from PDB ID 6NET. (B) Ancestral LAAO
(AncLAAO-N5) reveals substrate recognition and reaction mechanisms. The structures were generated from PDB IDs 7C4L, 7C4M, and 7C4N.
(C) A functional diversification along evolution in FMOs and key interactions responsible for modulating the oxidation activities. The tAncFMO1-
4 variant complex with FAD and NADP+ was created using AlphaFold 3. Mutated residues are shown in blue.
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Fireflies are an ancient species that can be dated back to 100
million years ago. Their bioluminescence has attracted great
interest as detection systems, such as useful diagnostic tools in
biomedical research99 and for the detection of pesticides in
food and agricultural residue.100 Naturally, the luminescence
colors of different firefly families can vary widely between
species despite the commonality in their enzymatic reac-
tions.101 It has been proposed that firefly bioluminescence
originally functioned as an aposematic warning display toward
predators and later acquired a role in sexual communication.100

There have been two major gene types of modern firefly
luciferases isolated from various species, and gene analyses
suggested that these two major families of firefly luciferases
might have evolved from a common origin before the
diversification of luciferases.102,103 Because the color of
ancestral bioluminescence cannot be elucidated from fossil
records, it is difficult to predict the original function of firefly
light. To shed light on the original function of the firefly light,
Oba and Shirai’s groups reconstructed seven ancestral firefly
luciferase genes using the maximum likelihood method and
characterized their bioluminescent properties.104 Measurement
of the luminescence spectra of the seven ancestors showed that
the perceived colors can vary from orange-red to green-yellow
regions (Figure 9D). By mapping the geological ages with the
bioluminescent wavelengths of the resurrected ancestral
luciferases, the study concluded that ancient firefly luciferases
emitted green light for warning display purposes, while some
species evolved their yellowish light for complex sexual
communications. Additionally, the study also found that one
of the firefly lineages evolved from a nonluminescent ancestor.
This finding has led to the hypothesis that beetle luciferases
originated from another enzyme class (fatty acyl-CoA
synthetase) before being subjected to adaptive evolution.
This study has also provided a new perspective in expanding
the firefly bioluminescence colors.
It is generally critical to understand the structural features

that control the selectivity in biocatalytic reactions to achieve
tunable selectivity. For this point, the ASR approach has been
used to navigate a historical sequence space of inherent
selective preferences in biocatalysts. Flavin-dependent mono-
oxygenases (FDMOs) are attractive for their mild reaction
conditions with low catalyst loadings and utilization of
molecular oxygen as the stoichiometric oxidant105,106 and
because they have evolved as highly stereoselective catalysts. A
recent study was conducted to decipher the stereoselectivity
evolution of FDMOs.107 Three FDMOs including TropB,
AfoD, and AzaH, which are responsible for the biosynthesis of
azaphilone through enzymatic oxidative dearomatization, were
subjected to evolution and mechanistic studies. These three
FDMOs display interesting features in that they display
conserved regioselectivity; however, they have different
stereoselectivity to form either (R)- or (S)-products. Ancestral
enzymes were created and tested to probe the impact of each
residue on the stereochemical outcome of the dearomatization
reaction. The ancestral enzymes also showed desirable
properties, such as good expression solubility and high
thermostability. Analysis of the experimental results and the
phylogenetic tree of FDMOs revealed that stereoselectivity
switches are observed as two steps. First, a switch between
tyrosine and phenylalanine residues in the ancestors of the
same clades can strongly influence the formation of either the
(R)- or (S)-product (Figure 10A). This mechanism was
observed only in ancestral TropB and AfoD, suggesting that

they have a common ancestor. The other mechanism was
found in the AzaH clade in that multiple active site residues are
involved in stereoselectivity control (Figure 10A). Eventually,
the ancestral enzymes with a superior stereoselectivity for
producing the (S)-product and high thermal stability were
acquired, demonstrating the application of ASR for under-
standing enzyme mechanisms and promoting engineering
stereoselectivity efforts.

Another successful case to rationalize the enzyme selectivity
discovered a key residue defining the substrate specificity.
Intrigued by the high substrate promiscuity of a vanillyl alcohol
oxidase from Diplodia corticola (DcVAO), Eggerichs et al.
employed ASR in a recent study to perform evolutionary
analysis of the substrate scope of the fungal VAO family.108

DcVAO and its homologues are from different clades of fungal
VAOs. Three ancestral enzymes, including the last common
and two middle nodes, were constructed and subjected to a
substrate profiling investigation. Results identified that the
middle-node ancestors had substrate profiles more diverse than
those of the last common ancestor. Ancestral model-guided
mutagenesis analyses were conducted in DcVAO. The study
showed that amino acid substitutions in the catalytic center
proximal to substrate binding of DcVAO were responsible for
diversifying or specializing substrate profiles and the enzyme
catalytic function.

Obtaining ancestral enzymes can also be helpful for
developing a structural and mechanistic understanding of
enzymes at the molecular level. The efforts to understand the
enzyme catalytic mechanisms and structural basis are difficult
to achieve when enzymes of interest are not robust and poorly
expressed. A study by Nakano et al. demonstrated how the
ancestral L-amino acid oxidases (LAAOs) specify substrate
recognition and catalyze their reactions.75 By using the ASR
approach, stable and good soluble expression yield of ancestral
LAAOs could be obtained.86 The structure of one ancestral
enzyme was elucidated with distinct active-site structures from
the homologous modern LAAOs.75 Cocrystals of the ancestral
enzyme AncLAAO-N5 with various L-amino acids were also
obtained and revealed a key phenylalanine residue, which may
control the conformational dynamics important for substrate
binding (Figure 10B). This feature enables the ancestral
enzyme to recognize a broad range of substrates. The structural
analysis and site-directed mutagenesis also identified conserved
residues that are crucial for the activity of ancestral and other
LAAOs (Figure 10B). Finally, the insights from structural
analysis of the ancestors were used to increase the substrate
specificity toward a non-native L-valine substrate. Further
ancestral enzyme reconstruction by the same group was
extended to uncharacterized LAAO sequences in an attempt to
identify new LAAOs.109 The generated ancestral enzyme was
shown to have unprecedented high specificity toward L-lysine
and it was a thermophilic enzyme. Structural analysis of the L-
lysine-specific ancestral enzyme in comparison to other LAAOs
suggested that the ancestral enzyme has a narrow substrate
binding pocket, and its active site conformation can be
changed upon substrate binding, thus exhibiting high
specificity toward L-lysine.

ASR was also used to extend evolutionary studies by
resurrecting ancestral activities to identify sequence determi-
nants of enzyme functional diversification. Four flavin-
monooxygenase (FMO) ancestral nodes were reconstructed
to study the divergence of the specialized activities−sulfide and
amine (S/N) or heteroatom and Baeyer−Villiger (BV)
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oxidations among FMO1−FMO5 paralogous proteins (Figure
10C).110 The resurrected prediverged tAncFMO1-5 showed
both S/N and BV oxidations, whereas the diverged ancestral
enzymes showed their specialized activities (Figure 10C). The
tAncFMO1-4 and tAncFMO1-3 showed only S/N oxidation
activity, while the tAncFMO5 showed both oxidation activities
with less reactivity toward S/N oxidation, suggesting that the
descendant enzymes evolved from a common bifunctional
ancestor. The sequence alignment and mutational analysis
further identified the sequence determining the BV and S/N
functionalities; for instance, introducing three substitutions
from a sequence of the promiscuous tAncFMO1-5 to the S/N-
selective tAncFMO1-4 could reinstall the BV oxidation activity
in tAncFMO1-4. Structural analysis of the tAncFMO1-4
variant revealed the three substitutions engaged in epistatic
interactions responsible for mediating the BV oxidation activity
via coupled interactions of the FMO with the NADP+ and
FAD cofactors (Figure 10C). This study sheds light on the
pivotal role of the nucleotide cofactors FAD and NADP+ in
that their binding during the catalytic cycle could influence the
type of oxygenation reactions. FMOs are enzymes that catalyze
selective oxygenations. Therefore, understanding the structural
features governing diversification or specialization of functions
is essential for developing biocatalytic tools in the future.
An additional interesting approach to harnessing the

ancestral sequence to unlock catalytic mechanisms is an
investigation of the ancestral enzyme reaction with substrate
analogues. The catalytic mechanism of a widely exploited
bioluminescent system, Renilla luciferase (RLuc), was just
recently reported based on the ancestral enzyme structural
analysis, even though this enzyme has been studied for more
than 40 years.111 The RLuc mechanism remained elusive,
mostly due to its intrinsic difficulty in crystallization and its
native substrate not being stable.112 These obstacles could be
overcome by enzyme engineering of the ancestral RLuc, which
provided a more rigid structure compared to extant

enzymes.113 The study by Schenkmayerova and co-workers
then cocrystallized the engineered ancestral RLuc (AncFT)
with a developed nonoxidizable substrate-like analogue and the
bioluminescence product (Figure 11A and B). The enzyme X-
ray structures co-complexed with both ligands in catalytically
favored conformations were solved. The data were used to
obtain the binding modes of native-substrate coelenterazine
(CTZ) and short-lived intermediates 2-peroxy-CTZ and CTZ
dioxetanone. The combined results of complementary kinetics
and molecular dynamics studies were used to successfully
unravel the underlying catalytic mechanisms (Figure 11C).111

This work clearly illustrates the usefulness of ancestral scaffolds
in improving protein crystallizability and evolvability, providing
mechanistic insights into these enzymatic reactions. Altogether,
this section summarizes examples from recent years in which
ancestral enzymes could be resurrected to create desirable
scaffolds that can contribute to the fundamental understanding
and be combined with enzyme engineering to create useful
biocatalysts.

■ POTENTIAL OF ANCESTRAL ENZYMES FOR
INDUSTRIAL APPLICATIONS

Because the development of new and efficient biocatalysts is
important for green chemistry, the use of ASR to create new
enzymes thus has a high potential for supporting industrial
applications. For instance, ancestral ω-transaminases with
improved specific activities can be used for the production of
12-aminododecanoic acid, a non-natural compound with
industrial significance as a constituent building block of
nylon-12 (Figure 12A). These ancestral enzymes are also
highly active toward a range of other ω-amino acids and α,ω-
diamines, which can lead to the expansion of polyamide
synthesis.114 The recent ancestral reconstruction of thermo-
stable ene-reductases (EREDs) by Pfizer Inc. also showcased
the potential asymmetric reduction of activated alkenes by
these enzymes for producing pharmaceutically relevant

Figure 11. Elucidating the mechanism of Renilla-type luciferases using the X-ray structures of ancestral enzyme cocrystallized with ligands. (A, B)
Cocrystal structures of azaCTZ- (PDB ID 7QXR) and CEI-bound AncFT luciferase (PDB ID 7QXQ), respectively. CTZ, coelenterazine; CEI,
coelenteramide. (C) Catalytic mechanisms proposed from structural analysis of the ancestral complexes. The complete proposed catalytic reaction
mechanism is described in Schenkmayerova et al.111
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optically active compounds (Figure 12B).64 Ancestral
reconstruction and enzyme engineering by the Ito and Nakano
groups to obtain thermostable and high-specificity L-amino
acid oxidase (LAAO) activity toward L-tryptophan has also
showcased the ability to engineer the ability to perform
chemoenzymatic synthesis of enantiopure D-tryptophan
derivatives at a preparative scale (Figure 12C).115 D-Amino
acids are essential precursors for manufacturing therapeutic
peptides. The development of synthetic methods that are
green, use renewable and abundant feedstocks such as L-amino
acids, and produce specific products is important for
sustainable industrial applications. In addition to the above
examples, other enzymes such as lipases, acyltransferases,
halogenases, polyketide synthases, etc., as well as cofactors and
enzymes used in substrate recycling/regeneration systems that
have already been in use in various industries, may also receive
benefit from the use of ASR.116,117

■ CURRENT LIMITATIONS
Despite the fact that ASR has been successfully applied in
various studies to reconstruct ancient enzymes with enhanced
stability, activity, and novel functionalities, researchers often
face challenges from several factors. The first thing to be
considered in commencing the ASR process is sequence
collection. Sequence collection is an important factor
influencing the quality of ancestral inference, as the inclusion

of erroneous extant sequences can propagate errors through
the ASR process. Sequences containing transcription errors
and miscalled exons, introns, insertions, deletions, and
frameshifts are increasingly common in current sequence
databases due to inaccurate enzyme sequence determina-
tion.19,118 The rise in poor-quality sequences could be a
downside of increasing speed in sequencing technology. The
rapid expansion of sequence databases has resulted in an
increasing dependence on automated annotation, which has
been shown to significantly increase the likelihood of errors in
various record annotations.118 Aside from mistakes in protein
sequences, errors such as taxonomic misclassification can cause
problems at the subsequent stage of tree generation. While
experimental characterization is still a bottleneck to elevate the
accuracy of the database, it is crucial to carefully organize the
sequence alignment to eliminate sequences containing errors
while maintaining the broadest possible coverage of the extant
sequence space.19 In addition to the mistaken sequence
sources, limited sequence data for certain protein families can
also restrict the accuracy of the ASR.

Phylogenetic tools and sequence analysis are essential to
identifying the key molecular features, i.e., amino acid
substitutions and gain/loss of small sequences in evolutionary
branches, that are likely to alter or enhance protein
properties.19 The quest to fully understand the evolutionary
relationship of protein sequences, structures, and functions lies
at the heart of ASR research, as it is crucial to validate the
resurrected sequences and explain how natural evolution
produces modern proteins. For instance, the trends in lineages
leading to thermophiles have been suggested to relate mostly
to the evolution of biological contexts, i.e., meso- to
thermophile adaptation.65 This means that it may not be
possible to create a more thermostable enzyme simply by
inferring and resurrecting the ancestors of a group of extant
sequences without considering the possible evolutionary
pathway in the context of the biological niche of the extant
enzymes. Nevertheless, evolutionary analysis has not yet
entered the mainstream biocatalysis field. A considerable
hurdle that nonevolutionary enzyme engineers may face when
using ASR is the choice of reliable phylogeny and sequence
inferring methodology. Among numerous methods for
inferring phylogenetic trees and ancestral sequences, the ML
method is currently the preferred because it generally gives
good accuracy compared to other methods with practical
computing effort.119 Although varying the algorithms may not
be necessary to obtain phylogeny reconstructions,120,121 it
should be noted that the ML algorithm does not account for
uncertainty in the reconstruction and thus can lead to errors in
the sequence inference.19 Therefore, the inferred phylogeny
and sequences need to be carefully assessed to draw
evolutionary conclusions or gain the best approximation. The
resulting reconciled species tree needs to be critically evaluated
according to the systematic relationships among the taxa under
examination; however, no current software is a substitute for
expert knowledge in evaluating how realistic the gene family
tree is in light of the species phylogeny.73 It has been suggested
that the recent large-scale phylogenomic investigations across
all kingdoms of life may provide a guide to systematically assess
the organismal relationships among taxa and provide support
for phylogenetic inferences.73

Perhaps a more critical factor for reliable ancestral
reconstructions is to obtain a high quality MSA. Previous
studies have shown that the accuracy of the phylogenetic tree

Figure 12. Reactions of ancestral enzymes with the potential for
industrial applications. (A) Production of 12-aminododecanoic acid
by ω-transaminases. (B) ERED-catalyzed reduction of cyclopente-
nones. GDH, glucose dehydrogenase. (C) Chemoenzymatic
production of D-tryptophan derivatives.
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describing the evolutionary relationship of the protein family
has been found to have less impact on ASR accuracy than the
alignment.122,123 The MSA errors could promote significant
biases in evolutionary reconstructions; however, it remains
unclear how MSA methodological approaches impact ASR.122

The conventional two-dimensional arrays of aligned residues
might involve implicit judgments about which residues in an
alignment are homologous.19 In practice, it can be quite
challenging to determine these relationships in highly variable
regions of an alignment or between distantly related proteins.
It has been shown that integrating uncertainty algorithms (a
heuristic approach that reconstructs ancestral residues and gap
states by integrating information from several alignment
methods) during the sequence alignment improves ASR
accuracy and the accuracy of downstream structural and
functional inferences.123 The development of probabilistic
modeling of insertion and deletion events such as GRASP has
the potential to radically improve ASR accuracy when the
model reflects the true underlying evolutionary history.124

Further studies are still required to thoroughly evaluate the
reliability of these approaches. Consequently, the MSA
methods should be carefully selected to accurately determine
ancestral states with confidence.
Another considerable challenge to successful ancestral

reconstruction could be at the downstream pipeline level,
such as the ability to overexpress ancestral enzymes in a soluble
form and the ability to use modern substrates. Although many
examples presented in this Perspective were cases in which the
ancestral enzymes were expressed well, this may be simply due
to the insoluble enzymes not being mentioned much in the
literature. Successfully expressing and obtaining properly
folded ancient proteins in modern systems can still be
challenging because several factors such as codon usage,
cellular protein folding machinery, and environmental contexts
should be taken into account when facing soluble expression
issues.125,126 It is also likely that the substrate spectrum and
catalytic promiscuity could be altered during evolution.
Ancestral enzymes might have different functions compared
to their modern counterparts. Therefore, the integration of
computational predictions into the ASR process to refine
ancestral sequences is encouraged. Furthermore, employing
high-throughput screening techniques could allow exploration
of the functional landscape of reconstructed enzymes.

■ FUTURE PERSPECTIVES
We have shown that the ASR approach has become a powerful
tool to advance the biocatalysis field for delivering enzymes
with exquisite properties and activity as well as unraveling key
molecular features governing function and selectivity. As
obtaining robust enzymes is always required for biotechno-
logical and synthetic applications, it is undoubtedly clear that
reconstructing the ancient enzymes can serve as an essential
tool in providing desirable stable biocatalysts. Many exper-
imentally characterized reconstructed ancestral enzymes dis-
play notably higher stability and evolvability, thereby
promoting the trend of harnessing ASR to construct
thermostable scaffolds. ASR has also been proven to be a
valuable tool for engineering activity, substrate, and function
promiscuity. It has been hypothesized and observed that
ancestral enzymes are “generalists” with promiscuous sub-
strates and functions; yet, they are not efficient. On the
noteworthy basis that the ancestral enzymes are susceptible to
adapting to different fitness landscapes and protein stability

generally promotes evolvability,127 the ancestral enzymes
represent ideal scaffolds to be coupled with complementary
protein engineering tools, (i.e., rational-based design) to create
more efficient enzymes. A growing interest has been seen in
repurposing protein scaffolds identified through ASR as
potential starting points for the generation of new enzyme
activities. It should be noted that the field of de novo protein
design has made remarkable progress over the past decade
through advancements in bioinformatics as well as artificial
intelligence tools.128 Nevertheless, its success largely depends
on understanding the relationships between protein sequence,
structure, and function. We expect that the combinatorial
approach employing ASR and other enzyme engineering tools
will be broadly used to provide a wide range of novel and
robust biocatalysts.

It is clearly shown that ASR has become a valuable tool to
provide insights into the changes within protein sequences and
structures across evolution. More specifically, this approach
represents a hallmark to solving diverse fundamental questions
of biocatalysts. ASR provides robust scaffolds for crystallization
and other experiments that otherwise could not be achieved
with modern enzymes. ASR allows us to identify amino acid
residues that are crucial for protein functions. Identifying these
residues might not be possible by only comparing existing
proteins. Intrigued by the many studies reviewed here, we
foresee that future work will employ ASR to reveal the
mechanisms that cause functional diversity in specific protein
families.

The ASR process may still be challenging in the downstream
steps because it relies on accurate gene synthesis and
experimental characterizations. It is now more possible to
apply computational methods to analyze the inferred
sequences prior to experimental validation. Current state-of-
the-art bioinformatics and artificial intelligence tools such as
AlphaFold129 and RoseTTAFold36 have been emerging as
practical tools to analyze protein structures and predict ligand
and protein interactions close to experimental quality.
Additionally, there are numerous tools to predict physical
characteristics of proteins such as thermostability130,131 and
solubility131 and, most recently, a platform to predict protein
functions.132 These computational tools can be employed for
in silico refinement of the ancestral candidates before validating
experimental studies and thus should increase the success rate
of obtaining optimized enzymes. It has been remarked that
enzyme engineering is the third wave that revolutionizes
biocatalysis.4 We believe that the ASR approach will have an
impact as an emerging technology to drive the design and
evolution of biocatalysts.
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