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Machine-Learning-Aided Engineering Hemoglobin as Carbene
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In this study, we developed a machine-learning- u

aided protein design strategy for engineering Vitreoscilla
hemoglobin (VHb) as carbene transferase. A Natural Language
Processing (NLP) model was used for the first time to construct an
algorithm (EESP, enzyme enantioselectivity score predictor) and
predict the enantioselectivity of VHb. We identified critical amino
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acid residue sites by molecular docking and established a simplified ~ [kl & R<©/\ QW
mutation library by site-saturated mutagenesis. Based on the . o ‘J\AA7 R*@(Q ookt
simplified mutant library, the trianed EESP scored 160,000 virtual 'G_ree"_ 7"d mild fond_'t")" i o & 7
mutants, and 15 predicted high-score mutants were chosen for *Simplified mutation library %O/ S‘i'j
eEfficient prediction N, V4 eUp to 99% ee and de

experimental validation. Among these mutants, VHb-WK (Y29W/
PS4K) demonstrated the highest diastereoselectivity and enantio-
selectivity of carbene transferase for the olefin cyclopropanation in
aqueous conditions. Subsequently, molecular dynamics simulations were performed to explore the interaction between protein and
substrates, finding that the high enantioselectivity of VHb-WK stems from the interactions of R47, QS53, and K84, which narrows the
entrance of the enzyme’s pocket, favoring the restriction of the formation of reaction intermediates. Integrating the NLP model and
enzyme modification offers significant advantages by reducing economic costs and workloads associated with the protein engineering

process.
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The development of biocatalytic strategies as a more sustainable
alternative to traditional organic catalysis is eliciting increased
research interest in the academia and industry.' > Remarkably,
many engineered enzymes can catalyze biological reactions that
proved to be difficult even for some of the most sophisticated
organic catalysts.”"® Carbene transferases are engineered heme-
dependent proteins capable of transferring carbene moieties to
different target compounds.” Hemoproteins such as cyto-
chrome, peroxidase, myoglobin, and hemoglobin can catalyze
many carbene-mediated formations, including cyclopropana-
tion," ™" X-H insertion,"*™*’ and ylide formation.”*”
Cyclopropane moieties are versatile intermediates for a range
of useful ring-opening transformations. They are commonly
found in natural products and bioactive compounds.’’™*
Accordingly, the demand for cyclopropane products is
significant, and extensive efforts have been devoted to
developing synthesis methods for them.**”** Olefin cyclo-
propanation is gaining considerable interest in biocatalyst
development, leading to the development of convenient and
mild techniques for the construction of these valuable
compounds. Recently, we have developed an efficient olefin
cyclopropanation catalyzed by wild-type Vitreoscilla hemoglobin
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(VHb) by using in situ generated diazoacetonitrile.'" Our
approach exhibited exceptional stereoselectivity with diastereo-
meric excess (de) and enantiomeric excess (e¢) of product up to
99.9%. This intriguing result demonstrated that VHb can be an
ideal carbene transferase, similar to other hemoproteins. It also
inspired us to further engineer VHb for catalyzing olefin
cyclopropanations with other diazo reagents as well as to expand
the practical applications of VHb in organic synthesis.

Diazo compounds are versatile building synthons in organic
synthesis.'”””7>" From this class of compounds, ethyl
diazoacetate (EDA) is a si§niﬁcant reagent and frequently
used in practical application.'"™'® Thus, the cyclopropanation of
aromatic olefins and EDA is considered to be the model system
for validating new cyclopropanation biocatalysts.'> Arnold and
co-workers were the pioneers in biocatalytic olefin cyclo-
propanation, utilizing engineered P450gy; (Scheme la).?
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Scheme 1. Methods for the Study of VHb-Catalyzed
Cyclopropanation Reaction
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Fasan’s group also rationally designed a series of myoglobin
(Mb) variants that can promote the reaction with excellent
stereoselectivity properties (Scheme 1b).” Liao et al. expanded
the range of enabling protein scaffolds from mostly a-helical to
P-barrel by establishing nitric oxide transport hemoprotein
Nitrophorin 2 (NP2) as a new promiscuous heme enzyme for
the cyclopropanation of styrenes with ethyl diazoacetate
(Scheme 1c)."°

Directed evolution is an important method for enzyme
engineering.”*** To realize the intended catalytic effect, the
utilization of directed evolution necessitates the generation of
thousands of different variants.”*~>* Thus, it may not be feasible
for all enzymes and reaction. Machine learning offers a time-
saving alternative with its capacity to derive rules from extensive
data. It has proven to be beneficial in enzyme modification and
understanding enzyme—substrate interactions. For instance, the
3D self-supervised CNN (Convolutional Neural Networks),
MutCompute, identified mutations enhancing the stability and
catalytic efficiency of PET enzyme mutants.’® Similarly, a
BaggingTree model predicted the activity of PylRS mutants,
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leading to the discovery of new NCAA (Noncanonical amino
acids) substrates and thus broadening their substrate
spectrum.”’ In protein stability, machine-learning algorithms
like FireProt and PROSS outperformed traditional mutation
strategies.”® A transformer model has also accurately predicted
enzyme—substrate pairs, demonstrating its superiority over
family specific models.”” Despite these successes, machine-
learning’s applicability is often confined to specific systems.
Incorporating Natural Language Processing (NLP) into protein
research offers a paradigm shift in how we understand and
analyze proteins.w’41 NLP, renowned for its adaptability, allows
for the conceptualization of protein sequences in linguistic
terms: amino acids become the “alphabet”, their arrangements
form “words”, and the resulting structures articulate “sentences”
with specific functions. This linguistic analogy underscores the
transformative potential of NLP in enzymology.

In the present study, we utilized VHb mutants [obtained with
an enzyme enantioselectivity score predictor (EESP)] for the
biocatalytic cyclopropanation of aromatic olefins with EDA. In
four steps, we successfully addressed the challenge of engineer-
ing a hemoglobin with its desired catalytic effect (Scheme 1d).
First, the reaction conditions for biocatalytic cyclopropanation
were optimized, and the stereoselectivity of VHDb in this reaction
was investigated. Second, we determined key residues in
catalytic pockets by molecular docking. A simplified mutant
library was constructed by modifying these residues, and the
library comprised four single-site-saturated mutants. Third, by
training with the simplified mutation library (77 mutants), we
designed an EESP to predict the enantioselectivity of mutants,
which was inspired by the bag-of-words model in NLP. Finally,
we screened the high-score mutants and obtained optimal
engineered VHb-WK (Y29W/PS4K). We then conducted
molecular dynamics simulations to determine the impact of
the catalytic pocket entrance on the enantioselectivity of VHb-
WK. Additionally, we highlighted the potential impact of residue
characteristics and the property relationship among key
residues.

Fluorine-containing molecules, commonly referred to as
organofluorines, have emerged as one of the most significant
classes of compounds in medicinal chemistry.”* To identify a
suitable starting point for machine-learning-aided engineering of
an olefin cyclopropanation enzyme, we initially adopted the
cyclopropanation of 4-trifluoromethylstyrene (1a) with ethyl
diazoacetate (EDA) (2) as the model reaction and screened a
range of hemoproteins. Commercially available hemoproteins
displayed poor yields ranging from 21.2 to 51.1% and poor
enantioselectivities (0—12% ee) (Table 1, entries 1-5).
Compared with other hemoproteins, wild-type (WT) VHb
achieved a yield of 53% and 15% ee (Table 1, entry 6). The
structures of the products were determined through extensive
NMR spectroscopy analysis. The production of a single
stereoisomer with the trans-(1S,2S) absolute configuration was
confirmed by HPLC analysis (Supporting Information).

Based on these results, we aimed to engineer VHb with the
objective of enhancing its enantioselectivity. Considering the
results of this work and previous investigations, a reasonable
mechanism for this VHb-catalyzed cyclopropanation was
proposed, as shown in Scheme 2a. The reaction was postulated
to proceed via the formation of an iron carbenoid intermediate
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Table 1. Hemoproteins Catalyzed Cyclopropanation of 4-Trifluoromethyl Styrene with Ethyl Diazoacetate”

@)
X o~ Et  Hemoproteins 3
7
ol COOEt
FsC N, PBS (pH 7.4), RT F4C
1a 2 3a

entry catalyst yield (%) turnover number (TON) de % ee %
1 Hb (from porcine blood) 382 1960 99 15
2 Mb (from horse heart) 26.7 1368 99 12
3 Hb (from bovine blood) 51.1 2620 99 7
4 cytochrome C (from horse heart) 212 1088 99 0
S Hb (from human blood) 472 2420 99 12
6 WT VHb 53.0 2714 99 15
7 VHD (Y29F) 75.6 3870 99 65
8 VHDb (Y29W) 58.2 2979 99 58
9 VHb (Q53V) 45.0 2304 99 65
10 VHD (QS3E) 725 3710 99 64
11 VHb (P$4N) 872 4465 99 89
12 VHb (PS4F) 77.8 3983 99 85
13 VHDb (PS4L) 242 1239 99 80
14 VHb (L57D) 81.6 4178 99 57
15 VHb (L57H) 45.8 2344 99 55

“Reaction conditions: S mM 4-trifluoromethylstyrene (1a), S mM EDA (2), S mM sodium dithionite, promoting solvent: MeOH (S0 L), purified
protein (0.025% mol) in 4 mL PBS (pH7.4), rt, S h. The ratio of enantiomers on the reaction mixture and yield of products was determined by

HPLC.

when EDA was catalyzed by the heme cofactor in VHb. The
subsequent interaction between 4-trifluoromethylstyrene and
the iron carbenoid resulted in the formation of cyclopropanation
products. The enantioselective outcome of the reaction was
controlled at this stage, and the observed stereoselectivity can be
influenced by steric hindrance within the active site of VHb.
Based on this mechanism and the inspection of the VHDb crystal
structure, residues 29, 53, 54, and 57 were selected as promising
targets for mutagenesis because of the proximity of these
residues to the carbene intermediate a-C, with a distance within
S A, could have significant implications in a substrate attack
(Scheme 2b). Accordingly, we constructed a mutation library
targeting four specific amino acid residue sites comprising the
four single-site mutants. Based on the obtained data (77 in Table
S4), we carefully evaluated the catalytic performance of these
mutant variants and identified several impressive mutants
(Table 1, entries 7—15)."

We organized the enantioselectivity of 77 mutants and marked
the mutants with ee of the product less than 50% and greater
than 50% with 0 and 1, respectively. We randomly extracted 56
as the training set and 14 as the independent validation set.

We borrowed the idea of the bag-of-words model in NLP and
constructed the complete sequence of the mutants. We then
split it within the sequence, treating a sequence as a sentence and
using the amino acid length as the scanning window. We chose a
bag-of-words combination with a window length of 2. Based on
machine-learning methods, we constructed a polynomial naive
Bayesian classifier to predict the high and low enantioselectiv-
ities of VHD catalysis.

4959

Mutants in the data set are labeled as 0 or 1, where 0
represents an ee value less than 50% and 1 represents an ee value
greater than 50%. Each mutant can be represented as a sequence
of amino acids, which are processed into word vectors in the
model.

We provided a sequence to be tested, which can be
represented as a word vector (w;, w,, -, and w,) after
processing. The model estimates the conditional probability
P(dlc) using the formula:

p(dlc) = Q]

i=1

P(wjc)’
f!

Here, m represents the total number of amino acids in sequence
d, w; (i=1,2, .-, m) is the i-th amino acid in sequence d, f; is the
frequency of w; in category d, and P(w]c) describes the
conditional probability of w; appearing in category c. It can be
calculated by the following formula:

Z:?:lfjié(cjr ) +1
27:1 Z;[:l fji 5((:]-, ) +m

where n represents the number of sequences in the training data
set, ¢; is the category the j-th sequence belongs to, m is the
number of amino acids, f;; is the frequency of amino acid i in the
j-th sequence, and 0 is a binary function. When its two
parameters ¢; and c are equal, it outputs 1; otherwise, it outputs 0.

The scoring value actually refers to the posterior probability
P(cld), the probability that a given mutant sequence belongs to a
certain category (such as an ee value greater than 50%).
According to Bayes’ theorem, this posterior probability can be

expressed as

i=1

P(wlc) =
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Scheme 2. (a) Proposed Mechanism and Catalytic Steps for VHb-Catalyzed Cyclopropanation of Styrene and Ethyl Diazoacetate;
(b) 3D Structure Model of the Carbenoid Intermediate (green) Docking with the Active Site of VHb (gray), the Four Amino Acid
Residues Closest to the Intermediate Are 53, 54, 57, and 29 (Blue)
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P(cld) « P(dlc)P(c) classified as 0 or 1 but is assigned a probability value, indicating
its likelihood of belonging to a particular category.
P(c) is the prior probability of category ¢, which can be The prediction results of the independent validation set are

shown in Figure 1. The confusion matrix is an error matrix
commonly used to visually evaluate the performance of a
the training data. In this manner, each mutant is not simply supervised machine-learning algorithm. The ROC (Receiver

estimated based on the relative frequencies of each category in
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Figure 1. (a) Confusion matrix of the prediction model. (b) ROC (Receiver Operating Characteristic) curves of binary classification.
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Table 2. Actual Enantioselectivity of the Predicted Mutants”

entry Y29 QSs3 PS4 LS7 score ee %
1 Y29N P54C 0.968 72
2 Y29W P54C 0.944 81
3 Y29R P54C 0.937 39
4 Y29W QS3L P54S 0.933 84
S Y29W PS4R 0.928 86
6 Y29W P54K 0.919 99
7 Y29W QS3M PS4A 0.907 75
8 Y29W P54S 0.907 91
9 Y29W QS3M P54N 0.882 90
10 Y29F QS3L P54D 0.848 81
11 Y29F QS3M P54D LS7H 0.848 63
12 Y29W P54D LS7H 0.840 80
13 Y29F QS3E P54S L57M 0.832 88
14 Y29F QS3H P54S LS7H 0.832 94
15 Y29F P54F L57D 0.832 71

“The ratio of enantiomers on the reaction mixture was determined by

HPLC.

Operating Characteristic) curve plots the true positive rate
against the false positive rate at various threshold settings, and
the AUC (Area Under the Curve) curve provides a single value
summarizing the model’s ability to discriminate between classes
across all thresholds.

Among the 14 samples, 12 were correctly predicted and the
AUC value reached 0.95. The key performance indicator of our
binary prediction is shown below, with an accuracy of 0.85. The
formula for calculating the metrics is as follows, TP (True
Positives) and TN (True Negatives) represent correct
predictions for positive and negative classes, respectively. FP
occurs when the negative class is incorrectly predicted as
positive, and FN (False Negatives) occurs when the positive
class is incorrectly predicted as negative.

TP

precision = ——— = 0.833
TP + FP
TP
recall = ———— = 0.833
TP + FN
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Figure 2. Analysis of structure stability. (a) Temporal evolution of the
RMSDs from their initial structure of the three systems. (b) Relative
Frequencies of RMSDs. (c) Radius of gyration over 200 ns MD for the
three systems. (d) Relative Frequencies of radius gyration. (e) SASA
over 200 ns MD. (f) Relative frequencies of SASA.

2 X precision X recall

Fls = = 0.833

precision + recall

TP + TN
accuracy = =
TP + TN + FP + EN

Subsequently, we predicted 160,000 proteins with 20 X 20 X
20 X 20 combinations of amino acid residues 29, 53, 54, and 57
and selected 15 mutants with the highest scores for experimental
validation. The enantioselectivity result of 14 mutants aligns
with the expected predictions from the model, with a maximum
enantioselectivity of 99% ce (Table2. entry 6). The results

0.85
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Figure 3. (a) DSSP (Dictionary of Secondary Structure of Protein) and
structures comparison of region 40—60. (b) RMSFs of CA atoms in the
three systems.

predicted by EESP offered a means to reduce redundancy in
protein mutations and promote the development of the
intended engineered protein. By this way, we made only 92
(77 + 1S5) mutants to obtain the ideal engineered carbene
transferase. The machine-learning-assisted methodology
achieved prediction of the partial performance of engineering
hemoglobin, exhibiting comparable results to those previously
reported by prominent researchers in this field.”****

Molecular Dynamics Simulation

To gain a deeper understanding of how mutations enhance the
stereoselectivity of VHb, we conducted a 200 ns molecular
dynamics simulation on two selected mutants with the highest
ee, as well as the WT. Specifically, we chose the PS4N mutant,
which exhibited the highest ee (89%) for single mutation, and
the VHb-WK (the best predicted mutant, which contains the
Y29W and PS4K mutations) with the highest ee (99%), which
was obtained from prediction.

Following the generation of MD trajectories, the stability of
simulations was assessed by calculating the root-mean-square
deviation (RMSD) of CA atoms (Figure 2a,b). In the VHb-WK
system, a narrower attribution was noted, hinting at its higher

; 30.0ns

199.0ns

Figure S. Free energy landscape for the following three systems: (a)
WT, (b) P54N, and (c) VHb-WK. Representative conformations of the
low-energy regions are displayed.

stability compared to those of the other systems and less
significant structural changes. Additionally, the RMSD fluctua-
tions of the WT and P54N indicated significant conformational
changes in these systems. In summary, the equilibrated 200 ns
trajectories were deemed to be suitable for further analysis. The
radius of gyration (Rg) value was an indicator of the overall size
and compactness of the protein conformation. We found it to be
lower for the VHb-WK system than for the other systems. This
finding suggested a smaller volume (Figure 2c,d). The narrower
attribution in the system also indicated its higher stability than
that of the other systems.

The solvent-accessible surface area (SASA) was used to
estimate the number of residues present in the surface regions of
the protein and the number of residues that were in the
hydrophobic core, which were buried. As shown in Figure 2e,f,
SASA values were also found to be slightly lower for the VHb-
WK system than for the others, consistent with that of the R,
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Figure 4. Dynamic cross-correlation map for the 200 ns MD simulation trajectories of the three systems: (a) WT, (b) P54N, and (c) VHb-WK.
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Figure 6. (a) Positions of R47, QS3, and P54 and the catalytic pocket in
WT VHb. (b) Schematic diagram of the PS4N pocket. The dashed line
shows the distance between residues S4N and K84. (c) Distance
between 54N and K84 in P54N mutant, comparing with distance
between P54 and K84 in WT. (d) Schematic diagram of the VHb-WK
pocket. The dashed line shows the distance between residues Q53 and
K84. (e) Distance between QS3 and K84 in VHb-WK mutant,
comparing with the distance in WT. (f) Schematic diagram of the VHb-
WK pocket. The dashed line shows the distance between residues R47
and K84. (g) Distance between R47 and K84 in VHb-WK mutant,
comparing with the distance in WT.
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values. This finding also indicated that some regions of the
protein were folded.

Then, we calculated the RMSF values of CA atoms for the
three systems (Figure 3b) and the secondary structures of
residues 40—60 (Figure 3a). VHb-WK (Y29W/P54K) exhibited
a lower RMSF (root-mean-square fluctuation) than both WT
and PS4N especially in the 40—60 region, indicating better
rigidity. In VHb-WN, region 40—60 formed stable helices, rather
than turn and para formed in WT, and random coil formed in
P54N. Residues 40—60 region were the upper part of the
catalytic pocket, and its conformational change may affect the
opening size of the catalytic pockets.

The dynamic cross-correlation map for the 200 ns MD
simulation trajectories is shown in Figure 4. The positive regions
are shown in cyan, and the negative regions are in pink,
representing correlated and anticorrelated motions among
residue CA atoms. VHb-WK had fewer internal interactions,
and the protein was more stable. The RMSFs of CA atoms in the
three systems.

A principal component analysis (PCA) of the CA atoms for
the three systems is shown in Figure 5. This analysis revealed
protein conformations in different energy wells and allowed us
to observe distinct pocket inlet shapes. In the WT VHb, the
entrances to the active pockets were wide open in both
representative conformations. In the P54N mutant, one
representative conformation had an open entrance, whereas
the other was partially closed. In the VHb-WK mutant, the
entrances to the active pockets in both of the representative
conformations decreased.

Upon further analysis of the pockets (Figure 6), we discovered
that in the PS4N, 54N can interact with K84, bridging the upper
and lower parts of the pocket and thus reducing the size of the
opening. In the VHb-WK mutant, the two residues, R47 and
QS53, can also interact with K84, bridging the upper and lower
parts of the pocket, which resulted in a smaller opening.
However, distance analysis revealed that 54N in the P54N
mutant cannot stably bridge with K84 whereas R47 and Q53 in
the VHb-WK mutant were stably close to K84 and exhibited
alternating states. This finding suggested that among the two
residues, at least one always interacted with K84 to reduce the
size of the pocket entrance. Analysis of the pockets may explain
the relatively high spatial enantioselectivity observed in both
mutants. The connection between the upper and lower parts of
the catalytic pocket prevented carbenes from directly accessing
the pocket, thereby limiting the direction that the carbenes can
approach. This finding results in the creation of carbene
intermediates in a specific orientation, contributing to the ee of

ee(%)

Figure 7. Analysis of the impact of three residue characteristics on the ece. (a) van der Waals volume. (b) Net charge index. (c) Hydrophobic

parameters.
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Table 3. Cyclopropanation of EDA with Olefin-Derived Reagents to Explore the Substrate Scope”
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eO
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Yield: 67% Yield: 99% Yield: 97% 3i 1997 TON 3j 4505 TON
99%de 99%ee 99%de 96%ee 99%de 74%ee Yield: 39% Yield: 88%
99%de 77%ee 99%de 92%ee
/i::]/KjéOOEt \T::]/KjéOOEt [f:f/<l [:j’xﬂa
COOEt COOEt ©/<] COOEt
3k 3226 TON 314966 TON 3m 4147 TON 3n 4864 TON 30 1490 TON
Yield: 63% Yield: 97% Yield: 81% Yield: 95% Yield: 29%
99%de 91%ee 99%de 95%ee 99%de 80%ee 99%de 93%ee 99%de 80%ee
o}
o}
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| T product: 3a
FsC N, |:> g o R.ﬂqmu 1245.8 mg
1a 5mmol 2 5mmol i - yield:96.5%
99%ee 99%de

whole-cell systems

“Reaction conditions: S mM olefin-derived, S mM EDA (2), S mM sodium dithionite, promoting solvent: MeOH (30%), VHb-WK (0.025% mol)
in 4 mL PBS (pH7.4), tt, S h. The ratio of enantiomers on the reaction mixture and yield of products was determined by HPLC.

the reaction products. The reason for the VHb-WK mutant
exhibiting higher enantioselectivity than the PS4N mutant may
be the more stable connection in the VHb-WK mutant, which
more effectively limits the carbenes in approaching from
predetermined directions.

van der Waals volume, net charge index, and hydrophobic
parameters of residues were selected from many characteristics
of amino acid residues that have been proven to be key factors
affecting interactions among such residues.*** Due to the
relatively small contribution of the mutation at residue 57 to the
change in ee and the lack of significant differences between
different mutations, residues 29, 53, and 54 were chosen for
analysis. As shown in Figure 7, the spatial coordinate of each
mutant was the property mapping of three sites, and the size,
color of the squares was mapped by ee. The increased van der
Waals volume and hydrophobicity for the side chain of residue
29 were beneficial for improving enantioselectivity. This finding
may have been due to the larger steric hindrance and stronger
hydrophobicity of residue 29, which favored the compression of
helix 29 above the catalytic pocket and facilitated the closure of
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the pocket. The side chain of residue 53 was not conducive to
enantioselectivity if it was too large or too small, and the optimal
value was around 0.32 nm?>. The larger side chain of residue 54
was beneficial for it. The same charge of residues 53 and 54 was
not beneficial for enantioselectivity possibly due to mutual
repulsion affecting bridging above and below the pocket,
whereas their hydrophilicity may be beneficial.

The effects of various factors such as the reaction time and
substrate ratio were explored (Supporting Information). Under
optimal conditions, the substrate scope of the VHb variant was
investigated by subjecting various styrene derivatives and other
olefin substrates to VHb-WK catalyzed cyclopropanation in the
presence of EDA, successfully achieving the synthesis of desired
products 3 with synthetically valuable yields and exceptional
diastereo- and enantioselectivities (up to 99% de and 99% ee;
Table 3). Remarkably, utilizing this mutant variant enabled
various styrene derivatives including ortho-, meta-, and para-
substituted analogs to be efficiently converted into the desired
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cyclopropanation products (3a—30) with notable turnover
numbers (TONs) (1490—5069) and high levels of diaster-
eoselectivity and enantioselectivity (95—99% de and 74—99%
ee) in closed-vessel reactions. Notably, the biocatalyst exhibited
tolerance toward both electron-withdrawing (la—1i) and
electron-donating (1j—1m) groups on the phenyl ring. More-
over, a-methylstyrene (10) underwent conversion and exhibited
excellent diastereoselectivity and enantioselectivity (99% de and
80% ee). Intriguingly, using the fused alkene naphthalene
ethylene (1p) as a substrate resulted in significant enantiose-
lectivity (80% ee). VHb also demonstrated outstanding
enantioselectivity (70—99% ee) when unactivated alkenes
(1g—1t) were tested. Although relatively lower TONs values
were obtained with 3r and 3t, these findings underscored the
broad substrate scope of VHD in the context of cyclopropanation
reactions. We subsequently assessed the compatibility of the
whole-cell system for this reaction. Under the whole-cell system
(1L, ODgjo = 10, corresponding to the VHb-WK of 40 mg), the
conversion of substrate 1a to product 3a was nearly quantitative,
occurring within 5—6 h. Moreover, the production of the trans-
(18,28)-configured cyclopropanation product had excellent
diastereomeric excess (99% de) and enantiomeric excess (99%
ee) (Table 3).

This study introduced a new strategy using engineered VHb to
synthesize chiral cyclopropane products. Through the con-
struction of simplified mutant library and the training of the
NLP model, the efficient mutant VHb-WK with a remarkable
99% ee was screened out and identified successfully. MD
simulations revealed the molecular mechanisms behind the
enhanced enantioselectivity of VHb-WK, shedding light on
factors contributing to its superior performance by narrowing
the entrance of the enzyme’s pocket, favoring the restriction of
the formation of reaction intermediates.

The results of this study have important implications for
engineering enzymes with enhanced enantioselectivity. Using
NLP for mutant prediction and understanding the factors that
influence the enantioselectivity of these biocatalysts enable the
creation of enzymes with tailored properties to serve various
needs in synthetic chemistry, pharmaceuticals, and other
industries. More efficient and enantioselective biocatalysts can
be developed. Overall, this work expands the catalytic repertoire
of hemoglobin-catalyzed compounds and provides insights into
the catalytic mechanism of residues near the active site,
advancing our comprehension of the intricate relationship
between the enzyme structure and function. Meanwhile, we set
the stage for the development of carbene-transfer biocatalysts in
the future by integrating machine learning and protein
engineering.

All of the chemicals and reagents were purchased from commercial
suppliers (Sigma-Aldrich, Bide Pharmatech, Aladdin, Energy Chemical,
TCI) and used without any further purification, unless otherwise stated.

In a typical procedure, the olefin (S mM, 0.02 mmol in 600 uL of
methanol) was added to a 10 mL three-necked flask containing 2.8 mL
of PBS solutions of hemoproteins (0.025% mol) and sodium dithionite
(5 mM, 0.02 mmol), equipped with a magnetic stir bar and sealed with a
rubber septum. A solution of EDA (S mM, 0.02 mmol in 600 uL of
Methanol) was injected into the three-necked flask slowly in 30 min at
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rt. The reaction mixture was stirred 5 h under a nitrogen atmosphere.
For product analysis, the reaction mixtures were extracted with
dichloromethane (4 mL x 3) and the combined organic layers were
dried over MgSO, and concentrated under reduced pressure. The crude
product was purified by flash column chromatography using silica gel
and ethyl acetate/petroleum ether as the eluent to isolate the
cyclopropanation product. The purified product was characterized by
NMR and chiral HPLC for stereoselectivity determination, and they
were used as authentic standards for the construction of calibration
curves for determination of TON and yield values.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c01045.

The Supporting Information contains detailed descrip-
tions of the experimental procedures, product character-
ization data, NMR spectra, screening data, and data
related to the computational studies (PDF)
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