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ABSTRACT

Protein engineering is a practical approach to providing enzymes with an “abiotic” catalytic activity. However, it remains difficult

to explore the full diversity of natural sequence space through the engineering of a single specific protein. As an alternative to these
protein engineering approaches, we here demonstrate a database mining approach using a principal component analysis (PCA)-
based clustering method to facilitate the identification of promising enzyme candidates. As a proof of concept, we applied this
method to the cyclopropanation of styrene, and the sequence space of bacterial globins in the database was extensively investigated.
By screening 275 globins from 171 different organisms, we successfully discovered enzymes capable of catalyzing stereodivergent
carbene transfer reactions. Furthermore, statistical analyses of sequence data allowed us to detect characteristic structural
properties of these globins, which determine the unique stereoselectivity of cyclopropanation. While these bioinformatics tools
have primarily been applied to predict enzymes’ natural biological functions, this study demonstrates their applicability to
exploring enzyme candidates for abiotic reactions unrelated to their native biological activity. Given the increasing interest in

biocatalytic applications beyond natural reactivity, this PCA-based mining approach provides a promising direction for expanding

the functional diversity of biocatalysts.

1 | Introduction

With the rapid progress in biotechnology experienced in recent
years, biocatalysis has emerged as a powerful synthetic tool that
provides an efficient way to produce chemical feedstocks [1]. One
of the main challenges associated with biocatalysis is to expand
the catalytic repertoire of natural enzymes to meet the demands
of synthetic chemistry. In this aspect, protein engineering
approaches such as directed evolution are quite useful in efforts
to provide enzymes with an “abiotic” catalytic activity [2-4].

Through iterative cycles of mutagenesis and screening, it has
been demonstrated that the engineered enzymes acquire abiotic
reactivities distinct from the natural biological functions of the
parent enzymes [5-16]. Focusing on hemoproteins, a number
of excellent catalytic systems have been reported over the past
decade, as exemplified by the pioneering work on engineering
of cytochrome P450s for carbene [17-20] and nitrene [21-23]
transfer reactions. However, it remains difficult to fully derive a
targeted non-natural function from the sequence space resulting
from the engineering of a single specific protein. For example,

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited and is not used for commercial purposes.
© 2026 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

Angewandte Chemie International Edition, 2026; 0:e26025
https://doi.org/10.1002/anie.202526025

10f10


https://doi.org/10.1002/anie.202526025
https://orcid.org/0009-0003-6824-612X
https://orcid.org/0000-0002-2215-935X
mailto:s_kato@port.kobe-u.ac.jp
mailto:thayashi@chem.eng.osaka-u.ac.jp
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1002/anie.202526025
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202526025&domain=pdf&date_stamp=2026-01-28

(a) (b)
% “unexplored space”
2
%
2
@
3
0
3
Sequence database PCA-based clustering Library screening . . ; . ®
Protein engineering Database mining
© A LN (@
~ s, S,
PR COEt PH  COE iYe  [ecFp (553 »99% vi
> 4 ) s 99% yield
(COZE‘ Biocatalysts (RR)-3 (S,5)-3 ‘3/,‘;:1«'.;;“’ chromatogram /A,' >099:1 d.r.
PR+ I\L A ‘:I?j"_‘; Ph ‘CO,Et j\ <1:99 e.r.
+ N “, ’
1 2 P  YCOEt PR COLEt SnVHb 36 5 3 3 40 41 (min)
(SR)-4 (R,S)-4
Selectivity for (R,R)-3 (% Selectivity for (S,R)-4 (%
(e) Clustering analysis on Truncated hemoglobin (TrHb) family proteins (f) 100 electivity for (R.R)-3 (%) 0 electivity for (S,R)-4 (%)
90 90 !
o 82 TrHbs (T1-T82) are selected for screening I 80 80
70 70
o from 4,515 proteins in total 60 60
Group 4 o 50 50 3
e 40 = 40 &
o o ) 30 30
0 00° 20 20
% Group-3 Group 2 10 ol o
% 25,2 o O 0 0 TEF =
° 4 OBl g 1 2 3 4 1. 2 3 4 5 6
o | SrTrHb (T59) n & Group Group
a 00
IJ 50 )" (e OL 2 20 qot 0 0 0 0 (1) 6
5 505 2 C 0 20 30 £ B 0
oG ) (9) .
B Group 5 i ??;;';b . COAD o (RR)-3  89% yield
) Group 1 o 93:7 d.r.
o Ph CO,Et 96:4 e.r.
20 O@b
B BsTrHb (T1) ® ot%o ° PeaTrHb (T35) 45 a7 3 39 40 41 (min)
& Group 6 30 o (h) o GC-FID i
00 AR - (S;R)-4 >99% yield
7 0 chromatogram .
* H o (3;‘:‘;{“*‘; 3:.97 d.r.
SavTrHb (T76) ; ,8,;\‘3; >99:1 er.  PH CO,Et
" PC1 SavTrHb (T76) 35 37 38 39 40 41 (min)
FIGURE 1 | Database mining for the discovery of stereoselective carbene transferases. (a) Schematic workflow for database mining using the

PCA-based clustering method. (b) Schematic comparison between protein engineering and database mining for exploration of the sequence space.
(c) Biocatalytic cyclopropanation of styrene (1) with ethyl diazoacetate (2). (d) GC-FID chromatogram for the reaction mixture (1 + 2) catalyzed by
SnVHb. (e) PCA-based cluster analysis of the TrHb family proteins. The 4515 sequences of TrHbs were collected by BLAST using BsTrHb and SrTrHb
(highlighted in a closed square) as queries and analyzed based on the PCA-based clustering method. The data points for the 82 TrHbs (T1-T82) selected for
the screening are shown as open circles. The data points for PcaTrHb (T35) and SavTrHb (T76) are shown as solid diamonds. (f) Comparison of product
selectivities between Groups 1 and 6 in the TrHb family. Product selectivities of each TrHb group for (R,R)-3 and (S,R)-4 are plotted in the box-plot graphs.
Product selectivity is defined as the ratio (%) of the yield of each stereoisomer to the total yield of 3 and 4. Boxes enclose the interquartiles (25%-75%),
horizontal lines represent medians, and range bars show the maximum and minimum values excluding outliers. (g and h) GC-FID chromatograms for

the reaction mixture (1 + 2) catalyzed by PcaTrHb and SavTrHb under the optimized reaction conditions.

conventional mutation methods, such as error-prone PCR
and site-saturation mutagenesis, do not allow for dramatic
diversification of protein sequences. This sometimes leads
to misdirecting a given evolutionary effort. To overcome the
shortcomings of such protein engineering approaches, our group
is exploring an alternative approach to search for uncharacterized
biocatalysts, which are best suited for the target reaction among
the numerous proteins found in nature. We demonstrate herein a
database mining approach using a principal component analysis
(PCA)-based clustering method to fully investigate the sequence
space for the generation of biocatalysts (Figure 1a).

Biological sequence databases such as UniProt, NCBI, and KEGG
provide an enormous and growing number of protein sequences.

Only a small fraction of proteins in these databases have been
experimentally investigated in connection with their original
functions, while the functions of most other proteins have not yet
been characterized. For example, among 1162 214 bacterial heme-
binding proteins included in UniProtKB, the functions of only
2309 proteins (less than 0.2 %) have been experimentally clarified
to date. Therefore, database mining of “uncharacterized” proteins
should provide a more expansive sequence space for discovering
novel enzymes with high catalytic performance as an alternative
to conventional engineering approaches for one specific “well-
known” protein (Figure 1b) [24-28]. In addition, to efficiently
explore the full diversity of these expansive sequence spaces,
we decided to investigate a PCA-based clustering method. PCA
is an unsupervised multivariate technique, which can be used
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to simplify multidimensional data [29]. By converting multiple
alignment data of protein sequences into a vector of binary vari-
ables, the protein sequences can be plotted in a low-dimensional
space, which may reflect functional specificity within protein
families. Although these multivariate statistical techniques have
been applied for many years primarily to predict natural biologi-
cal functions of the enzymes (e.g., substrate specificity) [30-34],
we postulate that the PCA-based clustering method may also
provide a new discipline for discovery of enzymes that promote
abiotic chemical transformations.

Based on this concept, we perform database mining using
the PCA-based clustering method to discover enzymes that
exhibit promising catalytic activities for non-natural chemical
transformations. As a proof of concept, the cyclopropanation
reaction of styrene (1) with ethyl diazoacetate (2) is investigated
(Figure 1c). This is one of the most representative benchmark
reactions that hemoproteins are known to promote apart from
their natural biological functions [35]. In previous studies, this
carbene transfer reaction has been extensively studied based on
the protein engineering approaches for specific hemoproteins,
such as cytochrome P450s [17, 36-40], myoglobins [41-44], and
several artificial enzymes [45-49]. In spite of these substantial
advances, stereodivergent synthesis of all four possible stereoiso-
mers (R,R)-3, (S,S)-3, (S,R)-4, and (R,S)-4 with complete control
over the stereoselectivities remains challenging (Figure S1) [17,
38-42, 47-50]. To demonstrate the utility of the PCA-based
database mining approach, this study investigated the sequence
space of hemoproteins to identify four heme-dependent enzymes
(hereafter referred to as carbene transferases), which produce
each of the four stereoisomers with improved stereoselectivity.

2 | Results and Discussion

2.1 | Phylogenetic Tree Analysis of Carbene
Transferases

First, we began data analysis of previous studies to set a
starting point for the PCA-based database mining. Our group
has previously performed a non-targeted screening of bacterial
hemoproteins and identified several carbene transferases that
exhibit catalytic activities for stereoselective cyclopropanation
(Supporting Data 1) [51]. For example, bacterial hemoglobin from
Starkeya novella (SnVHb, UniProt ID: D7A317) was found to
produce the trans-isomer (S,S)-3 with high activity (k. = 4.9
x 10* min™') and excellent stereoselectivities (>99:1 d.r., <1:99
e.r.) (Figure 1d). In contrast, truncated hemoglobin from Strep-
tosporangium roseum (StTrHb, UniProt ID: D2BDZ5) afforded the
cis-isomer (S,R)-4 with moderate activity (k.,, = 68 min™!) and
high stereoselectivities (2:98 d.r., >99:1 e.r.). Although the screen-
ing has targeted various types of hemoproteins (e.g., cytochrome
P450s, peroxidases, catalases, tryptophan 2,3-dioxygenases, and
nitric oxide synthases), both of these identified enzymes belong
to the same globin superfamily [52], suggesting that the arrange-
ment of globin folds will provide an appropriate basis for the
stereoselective cyclopropanation reactions. This tendency aligns
with previous efforts that have mainly focused on engineering
myoglobins for stereoselective carbene-transfer reactions [41-
44]. Furthermore, phylogenetic analysis of previous screening
data reveals that these bacterial globins have a characteristic

tendency toward precision of stereoselectivity, depending on the
protein families (Figure S2). The nitric oxide dioxygenase family
[53, 54], which includes SnVHb, shows a strong preference for
(S,S)-3, whereas the globin-coupled sensor (GCS) protein family
[55] shows a moderate preference for the thermodynamically
unfavored cis-isomers (S,R)-4 and (R,S)-4. In addition, several
truncated hemoglobins (TrHbs), such as TrHb from Bacillus sub-
tilis (BsTrHb, UniProt ID: 031607) [56] and TrHb from Geobacillus
stearothermophilus (GsTrHb, Uniprot ID: AOA150NBF4) [57],
exhibit slight selectivity for the unexplored trans-isomer (R,R)-
3, whereas more than half of TrHbs, as represented by SrTrHb,
provide (S,R)-4 selectivity. Given these initial screening results,
we performed PCA-based protein database mining on these
bacterial globin families, particularly the TrHb and GCS fam-
ilies, to identify carbene transferases for the stereodivergent
cyclopropanation.

2.2 | PCA-Based Exploration of Bacterial TrHb
Family for Synthesis of (R,R)-3 and (S,R)-4

We first explored the sequence space of the TrHb family for the
selective synthesis of (R,R)-3 and (S,R)-4 using the PCA-based
clustering method. The sequence of SrTrHb with high selectivity
for (S,R)-4 (2:98 d.r., >99:1 e.r.) and the sequence of BsTrHb with
moderate stereoselectivity for (R,R)-3 (89:11 d.r., 76:24 e.r.) were
subjected to Basic Local Alignment Search Tool (BLAST) [58, 59]
to collect the homologous sequences. The obtained sequences
mainly consisted of TrHbs from Actinomycetota and Bacillota but
also included some TrHbs from Deinococcota, Pseudomonadota,
Bacteroidota, and Chloroflexota, indicating widespread distribu-
tion of the TrHb family in nature. After combining the output of
the BLAST search with deletion of the overlapped sequences, the
dataset containing 4515 sequences of TrHbs was analyzed by the
PCA-based clustering method. [34] In short, the sequence dataset
was first aligned using the MAFFT program, and the resulting
alignment data was converted into numerical representation
schemes based on a binary vector matrix (Table S1) to maximize
the variance of the mean-centered variance/covariance matrix.
PCA was next performed based on the covariance matrix to
reduce the data dimension of the matrix data. The PCA score plot
(PC1 vs. PC2) was then created, and the clustering analysis was
performed based on the X-means clustering algorithm. Conse-
quently, the collected sequences of TrHb family were found to be
classified into six groups (Groups 1-6) (Figure le). BsTrHb, which
was used as a BLAST query, was placed in Group 1, which occu-
pies the bottom right part of the graph, and SrTrHb was placed
in Group 5, which is positioned in the middle left part of the
graph. According to these clustering results, we selected 82 TrHbs
(T1-T82), which are widely distributed throughout the clustering
graph and screened them to identify new carbene transferases
with enhanced stereoselectivities (Figure S3, Supporting Data 2).

The screening was performed in vitro using purified enzymes
as follows. The genes of the selected TrHbs (T1-T82) were
obtained from the genomic DNA of the corresponding source
bacterium and cloned into a pET-21 vector as a fusion with Strep-
tag II [60]. TrHbs were then recombinantly expressed by the
E. coli BL21-Gold(DE3) strain and purified using a chitin- and
streptavidin-mediated affinity purification (CSAP) system that
we developed previously [51]. Essentially all TrHbs (80 out of
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82 TrHbs) were efficiently obtained as soluble proteins in the
purified fractions and directly investigated for catalysis of the
cyclopropanation reaction of 1 with 2 to assess the stereoselectiv-
ity of each TrHb. Interestingly, the screening revealed that each
TrHb group has a clear tendency toward the stereoselectivity of
the cyclopropanation as indicated in box plots (Figures 1f and
S4). TrHbs in Group 1 and Group 2, which scored positive values
in PC1, exhibit relatively high stereoselectivity for formation
of the trans-isomer (R,R)-3. In contrast, TrHbs in Groups 4-
6, which have negative PC1 scores, have a strong preference
for formation of the cis-isomer (S,R)-4. Although the natural
biological functions of TrHbs in living organisms are not related
to the carbene transfer reactions [61, 62], it should be noted
that the PCA-based clustering clearly reflects the stereoselec-
tivity tendency for this abiotic chemical transformation. This
is the first example demonstrating the applicability of PCA-
based clustering for the classification of stereoselectivities in the
enzymatic transformations, including not only abiotic chemical
transformations but also native reactions of enzymes. In addition,
when these TrHbs were classified into two groups based on
the optimal growth temperature of source microorganisms, the
TrHbs of thermophiles were found to generate, on average, higher
stereoselectivity than TrHbs from mesophiles (Figure S5). This
suggests that the rigidity of the overall protein structure as well
as the partial structure of the TrHb’s active site may contribute to
the stereoselectivity of these enzymes.

Through the screening of T1-T82, we succeeded in identify-
ing two best-performing carbene transferases, which promote
diastereodivergent synthesis of (R,R)-3 and (S,R)-4 (Figure 1g,h).
Truncated hemoglobin from Polycladomyces abyssicola (Pca-
TrHb, T35, UniProt ID: AOA8D5UG41), which is located at
the boundary between Group 1 and Group 2, selectively pro-
duced the trans-isomer (R,R)-3 in 89% yield under an optimized
condition (Figures 1g and S6a). Starting from BsTrHb with
moderate selectivity (89:11 d.r., 76:24 e.r.), the stereoselectivity
for (R,R)-3 is dramatically increased up to 93:7 d.r. and 96:4
e.r. through the database mining procedure. Furthermore, trun-
cated hemoglobin from Streptomyces avermitilis (SavIrHb, T76,
UniProt ID: Q82CHY), which belongs to Group 5 in the clus-
tering graph, quantitatively produces the cis-isomer (S,R)-4 with
excellent stereoselectivity (3:97 d.r., >99:1 e.r.) (Figures 1h and
S6b). Notably, SavIrHb was found to show much higher catalytic
activity than SrTrHb, which was identified in the previous study
[51]. The k, value of SavIrHb was determined to be 2.2 x 10?
min~!, which is >3-fold higher than that of SrTrHb (Figure S7 and
Table S2). These results clearly demonstrate the applicability of
the PCA-based clustering methods to perform protein database
mining for this abiotic chemical transformation.

2.3 | PCA-Based Exploration of Bacterial GCS
Family for Stereoselective Synthesis of (R,S)-4

In addition to the TrHb family, we also investigated the sequence
space of the globin-coupled sensor (GCS) family to identify
another enzyme capable of producing the unacquired cis-isomer
(R,S)-4. Among the globins investigated in our previous study,
the GCS proteins were found to show the highest selectivity for
(R,S)-4, although there is much room for improvement (Figure
S2). Setting this finding as a starting point, the PCA-based

clustering analysis was performed to explore the full diversity
of this GCS family. The sequence collection was performed by
restricting the BLAST output to the globin domains because the
whole sequences of the obtained GCS proteins predominantly
contain transmembrane domains or other functional domains
[55]. The PCA-based cluster analysis was then carried out on the
collected 3697 sequences of these globin domains as described
above. Consequently, the collected sequences were found to be
classified into nine groups (Groups 1-9) (Figure 2a). Groups 1-
7, which constitute one large cluster in the center of the graph,
are mainly derived from the globin domains of membrane sensor
proteins, such as methyl accepting chemotaxis proteins [63] and
diguanylate cyclases [64]. Groups 8 and 9, which form small
clusters at a distant location, were likely to be cytosolic sensor
proteins, which do not possess the other functional domains
[65]. Based on this clustering result, 54 proteins (G1-G54) were
selected throughout the clustering graph, prepared as soluble
proteins after removing the transmembrane domains and other
functional domains, and evaluated for their stereoselectivities
toward (R,S)-4 as described above (Figure S8, Supporting Data 3).

Through the screening of G1-G54, we revealed that the GCS
proteins in Group 8, which mostly originate from thermophilic
bacteria of the Thermaceae family, have higher selectivities
for the targeted stereoisomer (R,S)-4 than the other groups
(Figures 2b and S9). In particular, GCS from Meiothermus
granaticius (MgGCS, G42, UniProt: AOA399FF38) was identi-
fied as having the highest selectivity among all of the pro-
teins (Figure 2c). Under optimized reaction conditions, MgGCS
affords the desired stereoisomer (R,S)-4 in 96% yield with
high stereoselectivity (12:88 d.r., 9:91 e.r.) (Figures 2d and S10),
ultimately leading to the stereodivergent synthesis of ethyl 2-
phenylcyclopropanecarboxylates (3, 4) in combination with the
other carbene transferases identified so far (Figure S11). To clarify
the practical advantages of our PCA-based clustering method,
we compared the results with those of a sequence similarity
network (SSN), which is widely used to visualize relationships
between protein sequences. SSN was constructed based on the
same dataset of 3697 GCS sequences using the EFI-EST web tool
[66-68]. When the similarity threshold is increased from 30%
to 55% identity, (R,S)-4-selective GCS proteins in Group 8 were
found to be assembled into a single cluster in the SSN (Figure
S12). However, it may be difficult to experimentally distinguish
this beneficial cluster because this SSN contains numerous non-
selective clusters and more than 500 isolated nodes (Figure S13).
Since SSN algorithm evaluates sequence similarity across the
entire protein length with equal weighting via pairwise alignment
[67], SSN may overestimate the phylogenetic relationships among
proteins, thereby producing an excessive number of clusters
and isolated nodes, which are heavily biased by the taxonomic
origin of each protein. On the other hand, PCA-based method
captures the most significant variations of multiple alignment
data as principal components PC1 and PC2. As exemplified by
the functional classification of alcohol dehydrogenases in a recent
report [34], the principal components may provide a concise and
intuitive classification by capturing sequence-based patterns that
correlate with functionally relevant features of GCS proteins.
Furthermore, the PCA-based clustering method can reflect the
relationships among protein sequences as distances within a
unified graph, even for sequences that appear as an isolated
node in SSN. In contrast, the distances between nodes and
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FIGURE 2 | Miningof GCS family proteins for the synthesis of (R,S)-4. (a) PCA-based cluster analysis of the GCS family proteins. The 3697 sequences
of the heme domain of the GCS proteins were collected by BLAST and analyzed based on the PCA-based clustering method. The data points for the 54
proteins (G1-G54) selected for the screening are shown as open circles. MgGCS (G42) is shown as a solid diamond. (b) Comparison of product selectivities
between Groups 1and 9 in the GCS family. Product selectivities of each group for (R,S)-4 are plotted in the box-plot graphs. Product selectivity is defined as

the ratio (%) of the yield of each stereoisomer to the total yield of 3 and 4. Boxes enclose the interquartiles (25%-75%), horizontal lines represent medians,

and range bars show the maximum and minimum values excluding outliers. (c) Three-dimensional structure of MgGCS predicted by AlphaFold3. a-
Helices are designated by letters A-I according to the common classification of the globin fold. (d) GC-FID chromatogram for the reaction mixture (1 +

2) catalyzed by MgGCS under the optimized reaction conditions.

clusters in SSN do not necessarily represent the homology among
proteins (Figure S14). Therefore, SSN does not preserve global
relationships between independent clusters, which makes it less
suitable for exploring the overall sequence-function landscape.
Considering these advantages, our PCA-based clustering method
is expected to provide a more practical and insightful approach to
guide the experimental validation of enzyme discovery.

The Michaelis-Menten parameters determined for MgGCS are
ke =85min™!, Ky, =3.9mM, and k,;/Ky; =22 min™' mM™'. These
values are similar to those of other identified carbene transferases
(Figure S15 and Table S2). The large K, values of these bacterial
globins may reflect a lack of structural similarity between styrene
and native substrates. Interestingly, MgGCS was found to have
a unique globin fold in which an additional a-helix motif at C-
terminus (hereafter referred to as “helix I” following common
classification of the globin fold) is attached to the proximal heme-
binding helix F as predicted by AlphaFold3 [69] (Figure 2c). This
unique C-terminus motif is also conserved in the GCS proteins in
Group 8 but is not present in the other groups (Groups 1-7 and 9).
We assumed that these “group-specific” properties might be the
main factor responsible for the stereoselectivity of MgGCS and
other globins. To investigate this possibility, we next performed
structural investigations and statistical analyses on the identified
globin proteins.

2.4 | Statistical Analysis and Structural
Investigation on the Stereoselectivity of Bacterial
Carbene Transferases

Through the screening of 151 globin proteins from a total of
130 bacteria, we identified three bacterial globins (PcaTrHb,

SavTrHb, and MgGCS), ultimately achieving the stereodivergent
synthesis of 3 and 4 in combination with the previously iden-
tified SnVHb (Figure S11). In addition to these efforts, we also
investigated 124 additional globin proteins, most of which are
encoded as isoproteins in the genomes of the 130 bacteria above
(Supporting Data 4). To clarify the “group-specific” properties
of these diverse bacterial globins, the PCA-based clustering was
performed on all globins investigated in this study (275 proteins
in total) (Figure 3a). As a result, these globins were efficiently
classified into nine groups (Groups A-I). It appears that this
classification reflects the differences in the structural motifs of
these globin proteins [52]. Globins, which have 3-on-3 a-helical
sandwich motifs, such as the GCS family (Groups A-C) and
the nitric oxide dioxygenase family (Group D), are clustered in
an area with lower PC1 values. Globins, which have a 2-on-2
a-helical sandwich motif, the so-called 2/2 hemoglobins HbP
(Group E), HbN (Group F), and HbO (Groups G-I) [70], are
assembled in clusters with higher PC1 values. As also represented
by the AlphaFold3 structures [69], the structural motifs of the
identified enzymes SnVHDb, PcaTrHb, SavTrHb, and MgGCS are
quite different from each other, even though these enzymes are
classified as having a globin fold (Figure 3b). SnVHb has the 3-on-
3 motif, which is composed of helices A, B, E, F, G, and H, whereas
PcaTrHb and SavIrHb have the 2-on-2 motif, which is composed
of helices B, E, G, and H. In addition, MgGCS includes additional
a-helices I and A,” which support the 3-on-3 motif of the GCS
proteins. These structural differences in the globin folds were
predicted to influence the distal environment of the heme active
site. In particular, a-helices B and E, located above the heme
cofactor, occupy quite different positions among these four globin
proteins. This feature may play a crucial role in determining the
stereoselectivity of the cyclopropanation (Figures S16 and S17).
Since the dramatic changes in the main-chain structure cannot

Angewandte Chemie International Edition, 2026

50f10

85U8017 SUOWILLOD 3ARER.D 8|qedl|dde aus Aq peusenob aJe saone YO ‘@sn Jo sajnJ Joj AreiqiT8uljuO 8|1/ UO (SUORIPUOD-pUe-SWLRY/LIo" A3 |1 AeJq 1 BUI UO//:SARY) SUORIPUOD Pue SWe | 81 88S *[9202/20/TT] uo AriqiTauluo A8|iM ©esO JO AiseAun ey L Aq 52092520z 81Ue/z00T 0T/I0p/w00 A8 |im Aeiq euljuo//Sdny Wwouy pepeoumod ‘0 ‘€LETZST



@) (b)
3-on-3 motif 2-on-2 motif
MgGCS Globin-coupled
for (R,S)-4 sensor family T SavTrHb
%8¢ (including G1-G54) 2’34:8";223;”" for (S.R)}-4
[} ® . C (including T1-T82)
A
B A
oo@
o~ & %ﬁ@ A D %% PcaTrHb
)
O A 63 for(RR)-3
g P ‘ " og e
& oo
nitric oxide  © ©-20 <
) AR
dioxygenase family SnVHb o 212 hemoglobin
for(S.5)-3 © HbN family

© :Group A & Group F

® :Group 8 O : Group G E

A:GroupC 0 :Group H 00 2/2 hemoglobin

© :Group D 0 :Group | oo HbP family

0 Group E s

PC1
()
PcaTrHb:

Front view

PcaTrHb
(Group H)

SavTrHb
(Group 1)

selective for selective for selective for selective for
(S.5)-3 (RR)-3 (S,R)-4 (R,S)-4

MHSIESTYEKIGGDRTVRRIVEAFYPRVQQHPLLKPLFPED-LEPVKEKQYRFLTQFLGGPPLYTSIHGHPMLRARHLRFPITPQRAQAWLQCMAEALDEVGVTGEARDEMWNRLY IAAHHMVNTPDEAGD

SavTrHb: MNEIRRGTLQEQTFYEQVGGEETFRRLVHRFYEGVAGDPLLKPMYPEEDLGPAEERFTLFLIQYWGGPTTYSEQRGHPRLRMRHAPFAVDRAAHDAWLKHMRVAVDELGLSEEHEHTLWNYLTYAAASMVNTE

UokkD DRkl ok kkik. kk ko skkkkokl DRkl ok ok k!

(d)
PcaTrHb GC-FID PcaTrHb_YDAAF GC-FID
O ¢ (RR)-3 - ( " (SR)4
it Qa9
T, S,R)-4 3
L Lelas (S:R) —
o ' o

35- KPLFPED-LEPVKEKQYRFL -53 35- KPLYPEDDLAPAKEKFYRFL -54

Fk kD kkk kD,

Dkkk Rk ok kL okl ok ckldekIkDD ok L DRk ok kk shookok

(e) SavTrHb GC-FID SavTrHb_F-EVQ GC-FID
QU [(sRa (A
\\L,\‘\ < . Qse =8 ,
Y45 ﬁj‘{ffi A $ Fd5 4 fL‘L M
o }wvsz
pag S 051 T rettonoin) o0 - " e

42- KPMYPEEDLGPAEERFTLFL -61 42- KPMFPEE-LEPVEERQTLFL -60

FIGURE 3 | (a) PCA-based cluster analysis for all globins investigated in this study (275 proteins in total). The globins are separated into nine
groups (Groups A-I). The data points for SnVHb, PcaTrHb, SavIrHb, and MgGCS, which promote stereodivergent synthesis of cyclopropanes 3 and
4 are highlighted as red circles. (b) Comparison between protein structures of SnVHb, PcaTrHb, SavIrHb, and MgGCS predicted by AlphaFold3. The
structures are aligned against the heme cofactor. a-Helices are designated by letters A-I according to the common classification of globin fold. (c)
Aligned sequences of PcaTrHb and SavTrHb. The top 15 scoring group-specific amino acid residues in the output of multi-Harmony are highlighted in
green and yellow. The regions subjected to the mutagenesis are highlighted with a gray rectangle. (d and e) Cyclopropanation of 1 with 2 catalyzed by
PcaTrHb_YDAAF and SavTrHb_F-EVQ in which the “group-specific” residues in the distal heme environments of PcaTrHb and SavTrHb are designed
to be exchanged with each other. In the design of PcaTrHb_YDAAF, E43 residue in PcaTrHb was replaced with Ala, which is also conserved in the Group
I globin family (such as SrTrHb), although SavTrHb has a Gly residue at this position (Table S4).

be achieved by conventional point mutation methods, this finding
may indicate a significant advantage in the larger sequence space
offered by the database mining approach.

In addition to the structural information of the globin fold, the
output of the cluster analysis also reflects the stereoselectivity
tendency in the cyclopropanation reactions. Particularly, the
globins in Group A, Group D, Group H, and Group I tend to
exhibit relatively higher stereoselectivities for (R,S)-4, (S,S)-3,
(R,R)-3, and (S,R)-4, respectively. This is consistent with the
results of MgGCS, SnVHD, PcaTrHb, and SavTrHb identified
from these groups (Figures 3a and S18). To gain deeper insight
into these globin groups and their stereoselectivities, we next
analyzed the sequence data using multi-Harmony [71], a web
server designed to detect “group-specific” residues in proteins.
In the analysis of the GCS family, the sequences in Group A (17
sequences) were aligned against the sequences in Groups B and C
(53 sequences in total) using MAFFT program, and the resulting
multiple alignment data were analyzed by multi-Harmony to
determine the residues, which are characteristically conserved in
the Group A globins (Table S3). Among the top 20 high-scoring

residues in the output, the majority were found to be located at the
interface of a-helices, which may affect the overall structure of the
globin fold (Figure S19). In particular, nine amino acid residues
are found within the characteristic C-terminus motifs of “helix I”
among the top 20 residues. To examine the contribution of this
C-terminus motif to the cyclopropanation reaction, we prepared
an MgGCS(A160-185) variant in which the C-terminus residues
(Gly160-GIn185) were truncated relative to wild-type MgGCS
(Figures S20 and S21). Notably, the truncation causes a dramatic
change in stereoselectivity from the cis-isomer (R,S)-4 to the
trans-isomer (S,S)-3 (Figure S22). MgGCS(A160-185) produces
(S,S)-3 as a single product with high stereoselectivity (99:1 d.r.,
2:98 e.r.), which clearly indicates that the “group A-specific” C-
terminus motif contributes to the unique (R,S)-4 selectivity of
MgGCS.

Furthermore, we performed the multi-Harmony analysis on the
TrHb families. Although the four carbene transferases identified
in this study have diverse protein folding arrangements as
described above, it was found that two enzymes, PcaTrHb in
Group H and SavTrHb in Group I, which selectively produce the
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trans-isomer (R,R)-3 and cis-isomer (S,R)-4, share a similar 2-on-2
a-helical motif (Figure S23). In addition to the global influence of
the globin folds, we speculated that the “group-specific” residues
at the active site locally determine the stereoselectivities between
(R,R)-3 and (S,R)-4 in these two globins. Based on this hypothesis,
the multi-Harmony analysis was carried out using the sequence
alignment data between Group H and Group I to identify the
characteristic properties of each group. Interestingly, the outputs
of multi-Harmony indicate five positions that are located close
to the heme cofactor (Figures S24 and S25; Table S4). These
five positions are assigned to F38, E43, V45, and Q49 and one
gap in PcaTrHb and Y45, D49, G51, A53, and F57 in SavIrHb
(Figure 3c-e). Notably, several of these residues correspond
to the previously reported positions that can determine the
stereoselectivity of myoglobin catalysis, but also multi-Harmony
suggested additional “gap” sites that would be difficult to identify
through a conventional rational engineering approach [41, 42].
Following this result, we prepared the PcaTrHb_YDAAF variant
in which the five “Group H-specific” positions of PcaTrHb were
mutated into “Group I-specific” residues (Figures 3d and S26a).
Surprisingly, the PcaTrHb_YDAAF variant was found to exhibit
swapped stereoselectivities for the cyclopropanation reaction
compared to the wild-type. PcaTrHb_YDAAF produces the cis-
isomer (S,R)-4 with high selectivity (17:83 d.r. and 99:1 e.r.), which
apparently reflects the tendency of the Group I globins (Figure
S27). As suggested by the AlphaFold structures, these mutations
might have caused the conformational changes of helix E (Figure
S28) and generated a confined active site that is preferred for
the formation of the thermodynamically unfavored cis-isomer
(Figure S29). Furthermore, we also prepared the SavIrHb_F-
EVQ variant, which possesses “Group H-specific” residues within
the active site (Figure S26b). Although the products were obtained
as a racemic mixture, the diastereoselectivities for the trans-
isomer 3 have been increased by the mutations (Figures 3e and
S30). These results clearly illustrate the advantages of statistical
sequence analyses to rationalize the catalytic performance of the
identified enzymes, and the information obtained on the “group-
specific” properties will serve as a valuable resource to accelerate
database mining and protein engineering in future studies.

3 | Conclusion

In summary, we have demonstrated the applicability of a database
mining approach to discover promising enzymes capable of
catalyzing stereodivergent carbene transfer reactions. Particu-
larly, the PCA-based clustering method enables us to visualize
the diverse sequence space of bacterial globins in the database
and accelerates the discovery of promising enzymes with high
activity and excellent stereoselectivities for cyclopropanation.
Consequently, it was revealed that the PCA-based clustering
clearly predicts the stereoselectivity of this non-natural carbene
transfer reaction, which is the first example demonstrating the
applicability of PCA-based clustering for the classification of
stereoselectivities in the enzymatic transformations. Through the
screening of 82 globins in the TrHb family and 54 globins in the
GCS family, we succeeded in identifying three enzymes (PcaTrHb,
SavTrHb, and MgGCS) which exhibit divergent stereoselectivity
for the cyclopropanation. In combination with the previously
identified SnVHD, the challenging stereodivergent syntheses of
ethyl 2-phenylcyclopropanecarboxylates (R,R)-3, (S,S)-3, (S,R)-

4, and (R,S)-4 were achieved, thus indicating the utility of
the database mining approach using PCA-based clustering. In
addition, statistical analyses were performed on the sequence
alignment data of each globin family to determine the “group-
specific” properties of these carbene transferases. The char-
acterized “group-specific” residues and structural motifs were
revealed to rationalize the unique stereoselectivity of each car-
bene transferase. While these bioinformatics tools (e.g., protein
database, PCA-based clustering, and multi-Harmony analysis)
have been mainly applied to predict natural biological functions
of enzymes, these results clearly indicate their applicability to
exploring enzyme candidates for abiotic chemical transforma-
tions unrelated to their native reactivity. Furthermore, with the
recent explosive growth of biological sequence databases and
the statistical analysis tools, the PCA-based database mining
approach has the potential to be widely applied to investigate
diverse types of biocatalytic reactions. This includes not only
hemoprotein-catalyzed carbene transfer reactions but also vari-
ous other abiotic reactions catalyzed by a variety of enzymes. For
example, the PCA-based clustering methods have been shown
to capture trends in catalytic activity, as demonstrated in the
radical ring-opening reaction by aldoxime dehydratases which
were previously reported by our group (Figure S31) [72]. Given the
recent increase in demand for biocatalysis, we are convinced that
the PCA-based database mining approach presented in this study
will provide powerful and practical methodologies for expanding
the functional diversity of enzyme catalysts.
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