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Abstract
Catalysis with engineered enzymes has provided more e�cient and streamlined routes for the synthesis
and manufacturing of drug molecules. Despite landmark achievements, the potential of biocatalysis
toward assisting early-stage drug discovery campaigns remains largely untapped. We have developed a
novel biocatalytic strategy for the construction of sp3-rich polycyclic compounds via an intramolecular
cyclopropanation of benzothiophenes and related heterocycles. Despite the inherent challenge presented
by this reaction, two regiocomplementary carbene transferases were evolved to catalyze the highly
stereoselective cyclization of benzothienyl substrates bearing diazo ester groups at either the C2 or C3
position of the heterocycle. The detailed mechanisms of these reactions were obtained by a combination
of crystallographic and computational (quantum mechanics calculations and molecular dynamics
simulations) analyses. Leveraging these insights, the narrow substrate scope of one of the biocatalysts
could be expanded to include previously unreactive substrates, highlighting the value of integrating
evolutionary and rational strategies for the development of enzymes useful for new-to-nature enzyme
transformations. The molecular scaffolds made accessible by the present strategy feature a combination
of 3D and stereochemical complexity with ‘rule-of-3’ properties, which should make them highly valuable
for fragment-based drug discovery campaigns.

Introduction
Biocatalysis with engineered enzymes has been covering an increasing important role toward enabling
and streamlining the stereoselective synthesis of drug molecules and other high-value compounds.1-6 In
addition, the reaction scope of biocatalysis has been recently expanded to include new-to-nature
transformations.7-10 A highly attractive, but currently underexploited, role for biocatalysis lies in providing
access to stereochemically rich, 3D ‘fragments’ for fragment-based drug discovery (FBDD) campaigns
(Figure 1a,b).11 Over the past two decades, FBDD has represented a key strategy for drug discovery,
yielding several candidates entering clinical trials, some of which have been approved for
commercialization.12 This drug discovery approach relies on the availability of libraries of small and
diverse organic molecules (‘fragments’) which are screened to identify weak binders of a protein of
interest and then linked to generate potent inhibitors of such targets.12,13 In terms of physico-chemical
properties, best suited fragments for FBDD applications are molecules that adhere to the “rule of three”
(Ro3), corresponding to a molecular weight below 300 Da, less than 3 rotatable bonds, and an n-
octanol/water partition coe�cient (cLogP) lower than 3.14 While several readily available molecules meet
these requirements, medicinal chemists and chemical biologists have highlighted the need for more
unique, stereochemically rich, and three-dimensional ‘fragments’ to expand opportunities for drug
discovery via FBDD.15-18  Motivated by this context, we have developed a biocatalytic strategy to access a
series of previously inaccessible sp3-rich sulfur-containing polycyclic scaffolds which exhibit these highly
sought-after features and could thus serve as potentially valuable additions to fragment libraries for
FBDD applications.        
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Heme-dependent enzymes and proteins have emerged as promising biocatalysts for mediating carbene
transfer reactions such as ole�n cyclopropanations that are not known in nature.19-26 Arti�cial
metalloenzymes useful for this type of reactions have also been reported.27-34 More recently, the scope of
these strategies has been extended to include the �rst examples of enzyme-catalyzed intramolecular
cyclopropanations.35,36 Herein, we report a novel biocatalytic methodology based on engineered
myoglobin variants for the asymmetric intramolecular cyclopropanation of diazoester-functionalized
benzothiophenes. This reaction has no chemocatalytic precedent and attempts to realize similar
transformations using organometallic catalysts were met with limited success.37,38 Upon optimization of
the biocatalyst via protein engineering, both C2- and C3-functionalized benzothiophenes, along with other
heterocycles, could be cyclized with excellent enantioselectivity to furnish stereochemically-rich, three-
dimensional scaffolds (Fsp3: 0.36, 75% of which are stereogenic centers) with physical-chemical
properties adhering to the rule of three (Avg. MW: 230 ± 31 Da, Avg. Rot. Bonds: 0.1 ± 0.3, Avg cLogP: 2.5
± 0.5, Avg Polar Surf. Area: 28.4 ± 3.1; Figure 1c). Crystallographic analysis of the engineered enzymes in
combination with computational studies based on DFT calculations and MD simulations, provide
insights into the mechanism and origin of protein-mediated stereocontrol in these reactions, which were
further leveraged to enhance the activity and expand the substrate scope of these biocatalysts.

Results And Discussion
Biocatalyst Evolution for C2-functionalized Benzothiophene. In initial studies, a diverse set of heme-
containing enzymes and proteins was screened, including wild-type myoglobin (Mb), its distal histidine
variant Mb(H64V), P450BM3, CYP119, P411-CHF,41 different cytochrome c proteins, and others, for their
ability to promote the intramolecular cyclopropanation of benzo[b]thiophen-2-ylmethyl 2-diazoacetate
(1a) to give the target tetracyclic scaffold 2a. However, none of the enzymes produced any detectable
amount of the desired product (Figure 2a and Table S1). Of note, the same reaction also failed or gave
minimal yields in the presence of several transition metal catalysts commonly used for carbene transfer
reactions such as Rh2(OAc)4, Fe(TPP)(Cl), and Co(TPP) (Figure 2a and Table S1). We then extended our
screening to an in-house collection of ~100 diverse Mb variants containing a range of single to quadruple
mutations at residues surrounding the heme cofactors. While the large majority of these variant showed
no activity, Mb(H64F) displayed basal activity for formation of the desired product 2a (2% assay yield)
with modest enantioselectivity (61% ee; Figure 2c). Mb(H64F) was thus selected as the parent scaffold
for iterative rounds of directed evolution, in which active site residues most proximal to the iron center, i.e.
Leu29, Phe43, Phe46, Val68, and Ile107, were randomized via site-saturation mutagenesis, followed by
library screening in multi-well plates and as whole cells under anaerobic conditions. The improved hits
identi�ed after each round were validated as puri�ed protein in the reaction with 1a. 

Through this process, �ve bene�cial mutations were accumulated resulting in the quintuple mutant
Mb(F43I,F46L,H64F,V68G,I107A), called MbBTIC-C2, with signi�cantly increased activity for generation of
2a from 1a (2%→75% assay yield). In addition, MbBTIC-C2 displays excellent enantioselectivity (>99% ee)
producing a single stereoisomer whose con�guration was determined to be 3aS,3bS,8aR via single-crystal
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X-ray diffraction (Figure 3c). Interestingly, structure-activity analyses of the MbBTIC-C2 lineage revealed a
clear synergistic effect of mutations F43I and F46L on the catalytic activity (TON) of the enzyme (Figure
2c), without affecting enantioselectivity. These analyses also indicated a distinct bene�t of a His→Phe
mutation at the level of the distal histidine (His64) and large-to-small mutations at multiple sites within
the heme pocket (Phe43→Ile/Leu; Phe46→Ile/Leu; Ile107→Ala) to favor the target reaction. The latter
�ndings are generally consistent with the high steric demands inherent to mediating an intramolecular
cyclopropanation reaction with the con�nes of myoglobin heme pocket.35 

Cyclopropanation of C3-functionalized Benzothiophene. Encouraged by the results above, we sought to
apply the evolved MbBTIC-C2 biocatalyst to the cyclopropanation of C3-functionalized benzothiophene
(3a), as we envisioned this reaction would provide access to an alternative tetracyclic scaffold (Figure
1c). Surprisingly, no detectable amount of the desired product 4a was obtained, clearly indicating the
need for very different active site con�gurations for enabling the cyclization of 3a vs. its regioisomer
1a (Figure 2d). To develop a biocatalyst for this reaction, we re-screened our in-house library of Mb
variants against substrate 3a, the large majority of which showed no activity (Table S2). Unlike for 1a,
V68G (and other single mutations at position 68) had no bene�cial effect toward transformation of 3a,
further highlighting the divergent catalyst requirement for the two reactions (Figure 2d). In contrast,
Mb(H64V,V68A) yielded a viable biocatalyst for the intramolecular cyclopropanation of 3a, producing 4a
in low yield (23% AY, Figure 2d) but with excellent enantioselectivity (>99% ee) toward formation of the
3aS,3bS,8bS enantiomer as determined by X-ray difraction (Figure 1c). Building upon these results, a
protein engineering campaign was undertaken that resulted in the identi�cation of
Mb(L29F,H64V,V68A,I107L), named MbBTIC-C3, as an improved biocatalyst for this reaction, furnishing 3-
fold improved yield of 4a (23%→60% AY) while retaining excellent enantioselectivity (>99% ee) (Figure
2d). After optimization of the MbBTIC-C3-catalyzed reaction (i.e., 4°C, slow addition of 3a, Table S3), the
cyclopropanation product 4a could be obtained in quantitative yields and enantiopure form (>99% ee)
(Figure 2d). Under catalyst limited conditions, MbBTIC-C3 was found to support up to 440 TON, producing
4 in 87% yield using only 0.2 mol% catalyst (Table S2). Moreover, both MbBTIC-C2 and MbBTIC-C3 could be
applied in whole cells (OD600:20 and OD600:60, respectively) for the stereoselective synthesis of 4a in 62%
AY and of 2a in 65% AY, respectively, demonstrating the compatibility of these enzymatic reactions with
whole-cell biotransformations (Table S1 and S2).

            Side-by-side comparison of the mutations in MbBTIC-C3 vs. MbBTIC-C2 revealed interesting similarities
and differences between the two variants. Similarly to MbBTIC-C2, MbBTIC-C3 incorporated space-creating
mutations at positions 68 and 107 (Figure 2b), although the nature of the optimal residue differs in each
case (V68: Gly vs. Ala; I107: Ala vs. Leu).  In contrast to MbBTIC-C2, however, mutations at positions Phe43
and Phe46 were detrimental for the cyclization of 3a. In addition, for the latter reaction, an aromatic
residue (Phe) was bene�cial in place of leucine at position 29, whereas mutation of this position provided
no bene�t for the cyclization of 1a. These differences, along with the lack of reactivity of MbBTIC-C3

toward 1a, further evidenced the orthogonal active site requirements for enabling the Mb-catalyzed
cyclization of the two regioisomeric substrates.      



Page 5/22

Substrate Scope of the evolved biocatalysts. Next, we investigated the substrate scope of the MbBTIC-

C2 biocatalyst using variously substituted benzothienyl molecules (Figure 3a). These experiments showed
that the enzyme can tolerate a range of electron-withdrawing and electron-donating groups on position
C5 delivering the desired cyclopropyl-lactone products (2b-f) in 36-99% yields and with excellent
enantioselectivity (>99% ee) (Figure 3a).  Similar results were obtained for a series of 6-substituted
substrates indicating a signi�cant tolerance of the biocatalyst to variation at the C6 position to furnish
2g-j in 25-44% yields and high enantiopurity 

(97-99% ee, Figure 3a). Improved yields for the synthesis of 2g and 2j, respectively, could be achieved
using whole cells expressing the MbBTIC-C2 variant (51-55% vs. 35-39%). The 7-�uoro-substituted substrate
1k was also processed by MbBTIC-C2 to give 2k in good yield and high enantiopurity (>99% ee). In contrast,
substitution at the C4 site (e.g., -Br) were not tolerated, resulting in unreacted starting material.  

Using a similar approach, we investigated the scope of the MbBTIC-C3-catalyzed reaction using a series of
C3-functionalized benzothiophenes bearing substitutions in positions C5, C6, and C7 (Figure 3b).
Compared to MbBTIC-C2, these experiments revealed a signi�cantly different trend for MbBTIC-C3 in terms of
the positional effect of substitutions on the enzyme activity. Speci�cally, substitutions on position C7
were well tolerated by MbBTIC-C3 producing 4g-i with high e�ciency (75%-85% yields; Figure 3b). For 3g
and 3i, nearly quantitative yields (96%) could be achieved by using a higher catalyst loading (1.6 vs. 0.8
mol%). In contrast, only limited substitutions (e.g., -F, -CH3) at position C5 and C6 of the substrate were
accepted by the enzyme, with the higher yield of 4f vs. 4b (62% vs. 12%) suggesting a larger tolerance
toward C6 vs. C5 substitution on the benzothiophene ring. Despite these limitations, all of the MbBTIC-C3-
catalyzed reactions were found to proceed with excellent enantiocontrol, furnishing the desired
cyclopropanation products in 97-99% ee (Figure 3b). To further investigate the scope of this reaction, the
enzyme was then challenged with substrates 3j and 3k, resulting in the successful synthesis of 4j and 4k
in quantitative yields and 50-99% ee (Figure 3b). These results demonstrated that the biocatalytic
transformation can be readily extended to thiophene-based rings and other heterocycles, respectively.
Importantly, the new molecular scaffolds made accessible through these MbBTIC-C2- and MbBTIC-C3-

catalyzed reactions combine several highly sought-after features for FBDD,15,16 namely 3D shape,
stereochemical complexity (3 stereogenic centers), and Ro3-compliant physico-chemical properties
(Figure 1c).       

Mechanistic Studies. Hemoprotein-catalyzed cyclopropanation reactions using diazo compounds involve
the formation of a reactive iron porphyrin carbene (IPC) intermediate, which can engage the ole�n to yield
the cyclopropanation product via concerted or stepwise-diradical pathways.33,42 To gain insight into the
intrinsic mechanism of the reactions investigated here, these transformations were studied using density
functional theory (DFT) with a truncated model to facilitate computations. The reaction �rst involves the
loss of N2 and formation of a Fe-carbene IPC intermediate Im1C2 (open-shell singlet, ΔG = 3.6 kcal/mol)
or Im1C3 (triplet, ΔG = 0.8 kcal/mol) from 1a and 3a respectively (Figure 4). The lowest Gibbs activation
energy barriers for this step involve an open-shell singlet (OSS) transition state, TS1C2 (26.9 kcal/mol)
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and TS1C3 (27.7 kcal/mol) (Figure 4). In the second step of the reaction, the reactive Fe-carbene (Im1C2 or

Im1C3) attacks C2, alpha to the sulfur atom, via TS2C2 (quintet, ΔG‡ = 14.7 kcal/mol), or C3 via TS2C3

(open-shell singlet, ΔG‡ = 16.2 kcal/mol), forming a �ve-membered spirocycle intermediate, Im2C2, or a six
membered ring, Im2C3, respectively, both with a radical localized and stabilized at the benzylic position
(Figure 4). These important geometric differences between optimized intermediates Im2C2 and Im2C3

also imply dramatically different geometric requirements for the benzothiophene ring when approaching
to the carbene center during the cyclization TS2C2 and TS2C3 transition states (Figure 4). This is in line
with the experimentally observed divergent catalyst requirements for C2- vs. C3-linked substrates. Both
intermediates (Im2C2 and Im2C3, lowest in energy triplet state) undergo a very fast second C–C bond
formation to generate the benzothienyl cyclopropyl products 2a or 4a with barriers of less than 2-4
kcal/mol (TS3C2, triplet ΔG‡= 3.4 kcal/mol; TS3C3, triplet ΔG‡= 1.4 kcal/mol). These studies imply the
occurrence of spin-crossing events along the radical reaction pathway, leading to a multi-state
mechanism.43 

The calculated activation barriers for the transition states, TS1C3, of C5-, C6-, and C7-functionalized  

benzothiophenes are similar (ΔG‡ ~ 27 kcal/mol) with the Br substituent. Slightly higher activation
barriers (ΔG‡ ~ 30 kcal/mol) for Me and Cl substituents are predicted (Table S4). For all substituents at
C5-, C6-, and C7-, the calculated activation barriers are within 1.6 kcal/mol, indicating the intrinsic
substrate reactivity is independent of the position of substituents. 

To probe the formation of radical intermediate species along these reaction pathway, the MbBTIC-C3-
catalyzed cyclization of 3a was carried out in the presence and absence of the radical trapping reagent
DMPO.33,42 These experiments showed a 45% reduction in the yield of the cyclopropanation product in
the presence of DMPO compared to the same reaction performed in the absence of it (Figure S1).
Furthermore, a DMPO-adduct in the former reaction was observed via GC-MS (Figure S1). Similar results
were observed for the MbBTIC-C2-catalyzed cyclization of 1a, which showed a 37% reduction in
cyclopropanation activity in the presence of DMPO (Figure S1). Computations demonstrate a triplet
radical character of the carbenes, Im1C2 and Im1C3 (Figure S2). The radical intermediates, Im2, are too
short lived to be trapped by a bimolecular mechanism (Figure 4), and hence it is proposed that DMPO
reacts with Im1 intermediates instead (Figure S2). This mechanism differs from the concerted
mechanism―mediated by a closed-shell singlet IPC intermediate―previously established for the Mb-
catalyzed intermolecular cyclopropanation of vinylarenes with diazo esters.42 This difference can be
attributed to the electronic properties of the thiophene and aromatic rings that stabilize radical formation
at the benzylic position. This behavior, along with the calculated DFT pathways, highlight the multi-state
reactivity of the hemoprotein in carbene transfer reactions.33 

Crystallographic Studies. To gain insights into the structures of the evolved enzymes MbBTIC-C2 and
MbBTIC-C3, these proteins were crystallized in their ferric aquo-complex state and their X-ray structure
solved to 1.3 Å resolution. Structural alignment of these structures with that of wild type Mb (pdb
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1JW8)44 yielded root-mean square deviation (RMSD) values for the protein backbone of 0.22 Å and 0.21
Å, respectively, indicating these proteins share a very similar fold. Further inspection of the crystal
structures revealed however that the two variants exhibit a signi�cantly different active site con�guration
as shaped by the respective mutations (Figure 5a,b). In particular, MbBTIC-C2 features an enlarged heme

pocket (volume: 335 Å2 vs. 125 Å2 for wild-type Mb) as result multiple space-creating mutations, in
particular above the inner pyrrole rings A and B of the heme cofactor (Figure 5a). The Phe residue
replacing the distal His64 is found in two possible orientations of similar occupancy (60:40), acting as a
gating residue at the interface between the heme cavity and the solvent (Figure S3). In stark contrast, the
active site of MbC3 is characterized by a much smaller volume compared to both MbBTIC-C2 and Mb (237

Å2; Figure 5b), as dictated by the presence of Phe29 (from the L29F mutation) and its packing against the
side chain of Leu107 (from the I197L mutation). Together with the H64V mutation, this active site
con�guration completely obstructs and reduces the space available in the ‘inner side’ of the pocket (i.e.,
above heme ring B and A, respectively), while it creates a cavity above the solvent exposed rim of the
porphyrin cofactor (Figure 5b).  

Origins of Enantiocontrol in the Enzymatic Reactions. Using the new solved x-ray structures, quantum
mechanical DFT studies using the cluster model approach45,46 were carried out to understand the basis
for the high stereoselectivity exhibited by MbBTIC-C2 and MbBTIC-C3 in the respective reactions. Starting
from MbBTIC-C2, DFT calculations were performed to reoptimize TS2C2 (Figure 5c), i.e. the TS leading to
the experimentally generated enantiomer, as well as its enantiomeric transition state (TS2-enanC2), in the
presence of nearby amino acid residues in the protein active site, building theoretical enzyme
(“theozyme”) models previously used by our group and others.47,48 The �nal MD snapshot from 500 ns
MD simulations were used as starting points for DFT cluster model optimizations (Figure 5c). In the
optimized TS2C2/MbBTIC-C2 complex, the benzothiophene ring is placed within the heme pocket, with the
heteroaryl ring oriented away from the Phe64 and Val107 residues and occupying the cavity above heme
ring B created by the V68G mutation (Figure 5c). In contrast, in the optimized complex with TS2-
enanC2, which would lead to the opposite enantiomer, the benzothiophene ring is situated over ring A in
close proximity to residues Phe64 and Ile43, resulting in steric clashes with these residues (Figure 5c).
These unfavorable interactions result in a signi�cantly higher energy for TS2-enanC2 vs. TS2C2 (ΔΔG‡ =
+6.9 kcal/mol), which can explain the high enantioselectivity of the enzyme observed experimentally. 

            We also investigated the origins for the high enantiocontrol exerted by MbBTIC-C3 in the cyclization
of 3a. In the DFT optimized MbBTIC-C3 cluster model structure of TS2C3, the benzothiophene ring is
oriented above ring D of the heme and sits below Val64 (as in the �nal MD snapshot), pointing toward the
solvent-exposed side of the cofactor (Figure 5d). This con�guration is largely dictated by the presence of
Phe29 residue, which occupies the inner side of the heme pocket (Figure 5b). In the optimized structure of
TS2-enanC3, the benzothiophene ring sterically clashes with Val64 and displaces the Phe29 ring, resulting
in a ΔG value of 10.7 kcal/mol higher than that of TS2C3. This large energy difference can thus
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rationalize the excellent enantiomeric excess (>99% ee) observed for the 3aS,3bS,8bS-con�gured  product
generated by the MbBTIC-C3 variant.   

Molecular Dynamics Simulations on MbBTIC-C2 system. We performed molecular dynamics (MD)
simulations to investigate how the protein scaffold and additional amino acid residues of MbBTIC-C2

contribute to stabilization of the TS2C2 transition state (Figure 6a). For these studies, the lowest energy
spin-state TS2C2 transition state optimized from DFT calculations was docked into the full protein
structure in the presence of explicit water as solvent. Two independent 500ns MD simulations starting
from these optimized TS2C2 docked near the enzyme “gate” resulted in the exploration of binding poses
with the aromatic end of the substrate to deep inside the active site pocket along the MD trajectories.
Steric clashes with residues Phe64, Ile43, Val107, and Leu29 induce a rotation of the benzothiophene ring
away from the solvent exposed active site “gate” in the hemoprotein. Such conformational �exibility is
consistent with the different orientations found for this residue in the crystal structure and further reveals
its role as a “gatekeeper” residue between the heme pocket and the solvent. 

            To rationalize the structure-activity trends observed for the MbBTIC-C2 biocatalyst (Figure 3a),
equivalent TS2-docked MD simulations were performed using 5-methoxy- (5OMe; 2f) and 6-methyl-
benzothiophene (6Me; 2j) derivatives as the substrates. While the overall structural features of the
resulting TS2C2 complexes were similar to those obtained with 1a, important differences were also
evident. With the 5OMe substrate (2f), rotation of the benzothienyl-ester moiety about the Fe-porphyrin
ring occurs much faster along MD trajectories than observed with substrate 1a (Figure 6b). In addition,
during the MD trajectory the molecule reorients such that the thiophene ring lies above heme ring C (vs.
ring B for 1a) and the polar oxygen atom of the methoxy group is pointed toward the solvent (Figure 6c).
In contrast, MD simulations with the 6Me-substituted substrate (2j) showed the benzothiophene ring as
embedded deeply in the enzyme pocket and shielded away from the solvent (Figure 6c), adopting a
conformation that differs from those observed with substrate 1a and the 5-OMe substrate.
Experimentally, the enzyme activity toward these substrates follows the order 2f (5-OMe) > 1a > 2j (6-Me)
(Figure 3a). Since this trend correlates with the degree of exposure of the benzothiophene ring to the
solvent in the corresponding TS as determined by MD simulations, we hypothesize that substrates
capable of adopting more solvent exposed orientations during the cyclopropanation step may be more
e�ciently processed by the enzyme.

Modelling of MbC3-catalyzed reaction via docking and MD simulations. To better understand the
reactivity of MbBTIC-C3 and its lineage, substrate 3a as well as the 3a-derived carbene were docked into the
crystal structure of MbBTIC-C3. In both cases, the lowest-energy binding pose from docking predictions
shows that the benzothiophene ring is exposed to the solvent (‘BT out’ conformation) and binds to a
crevice on the protein surface created by the H64V mutation (Figure 6d). Interestingly, similar docking
studies on Mb(H64V,H64V), the earliest intermediate in the MbBTIC-C3 evolutionary lineage (Figure 2c),
predict an alternate conformation (‘BT in’ conformation) in which the benzothiophene ring is buried inside
the protein (Figure S7). In MbBTIC-C3, the latter conformation is prevented by steric clashes with the bulky
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Phe residue at position 29, introduced through the highly bene�cial L29F mutation (Figure 3b). Thus, in
addition to dictating high enantioselectivity in the cyclopropanation step (Figure 5d), the L29F mutation
contributes to favor the ‘BT out’ conformation, which is associated with more e�cient catalysis as
described earlier. 

MD simulations were then performed using the lowest in energy TS2C3 transition state docked into the
MbBTIC-C3 active site as starting point. Interestingly, these simulations showed how, starting from the ‘BT
out’ conformation, the heme-bound substrate brie�y samples a slightly different conformation during the
MD trajectory, in which the benzothiophene ring pushes away the nearby residue Phe43 (Figure 6f).
However, the substrate quickly reorients itself to a �nal orientation that is nearly identical to the starting
point, i.e., with the benzothiophenyl ring lying over ring D of the heme (Figure 6e,f). As made evident from
these studies, both the accessible conformations and the preferred orientation of the heme-bound TS2C3

in MbBTIC-C3 (Figure 6e,f) differs completely from those found for the heme-bound TS2C2 in MbBTIC-C2

(Figure 6a,b), where the benzothiophene ring is pushed above ring B of the heme (vs. ring D for 3a) and
toward the inner side of the heme pocket by the concerted action of residues Leu29 and Phe64. These
features can thus explain the orthogonal reactivity of these biocatalysts toward the cyclopropanation of
the C2- vs. C3-functionalized benzothiophene substrates due to different active site requirements in order
to stabilize the different key transition states TS2C2 and TS2C3.  

Rational design of improved biocatalyst MbBTIC-C3
+. Leveraging the mechanistic insights from the studies

above, we sought to understand and potentially overcome the substrate scope limitations of MbBTIC-C3,
which show very limited tolerance toward substitutions at the C5 position of the benzothiophene ring
(Figure 3b). MD simulations with TS2-bound in MbBTIC-C3 for the inactive 5-bromo-substituted substrate
(C5-Br) showed that the ester group of the substrate lies at a close distance (despite variations of up to
7.8 Å, distances < 3.5 Å are observed consistently throughout the entire 500 ns MD simulation) from
Leu107, suggesting unfavorable steric clashes with it that may prevent this productive binding mode.
Based on these analyses, we designed a new variant, called MbBTIC-C3

+, in which a L107V mutation is
introduced which reduces such steric clashes facilitating the productive binding mode for TS2 to take
place, as con�rmed by MD simulations with the C5-Br/MbBTIC-C3

+ system (Figure 6g). Gratifyingly, MbBTIC-

C3
+ was determined to exhibit up to 5-fold improved activity over MbBTIC-C3 for the synthesis of C5-

substituted substrates 4b and 4e (Figure 3b). Furthermore, albeit in low to moderate yields (7-20%), this
biocatalyst is now able to produce the 5-chloro- and 5-bromo-substituted products 4c and 4d, which were
unattainable using MbBTIC-C3 (Figure 3b). While expanding the substrate scope of the present method,
these results highlight the value of combining evolutionary and rational strategies toward the
development of these carbene transferases. 

Conclusion
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We report the development of a novel biocatalytic strategy for the construction of sp3-rich tetracyclic
compounds via the intramolecular cyclopropanation of benzothiophenes. These molecular scaffolds,
which are unexplored in medicinal chemistry, embody several highly-sought after features for use as
‘fragments’ in fragment-based drug discovery, owing to their 3D and stereochemical complexity combined
with Ro3-compliant properties (Figure 1c). Despite the inherent challenge posed by these transformations
using chemical and biological carbene transfer catalysts alike (Figure 1a; Table S1), two complementary
biocatalysts could be evolved from myoglobin to enable the highly stereoselective cyclization of both C2-
and C3-functionalized benzothiophenes and related heterocycles. Our mechanistic and DFT studies
demonstrate a diradical mechanism for these intramolecular cyclopropanation reactions, which contrasts
with the concerted mechanism previously observed for myoglobin-catalyzed intermolecular
cyclopropanation with diazoesters,42 highlighting the mechanistic plasticity of this hemoprotein in
carbene transfer reactions. Crystallographic and computational (MD) studies have provided additional
insights into structural features of the two evolved biocatalysts that are responsible for the high level of
stereocontrol in the corresponding reactions as well as for their orthogonal (and complementary)
reactivity. We also used the computational modelling information to design and expand the substrate
scope of the MbBTIC-C3 enzyme to enable the transformation of a series of previously unreactive
substrates. These results highlight the bene�ts of combining evolutionary and rational strategies for the
development of enzymes to catalyze synthetically useful transformations not found in nature. 
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Figure 1

Sp2 vs. sp3-rich molecular ‘fragments’ for applications in fragment-based drug discovery. (a)
Representative drug molecules discovered and developed via fragment-based drug discovery (FBDD). (b)
‘Fragment-like’ scaffolds generated via biocatalysis include chiral piperidines,39 azepans,40 and
cyclopropyl-g-lactones.35 (c) Biocatalytic intramolecular cyclopropanation of C2- and C3-functionalized
benzothienyl substrates to give sp3-rich tetracyclic scaffolds with distinct 3D shapes and Ro3-compliant
properties.
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Figure 2

Biocatalytic intramolecular cyclopropanation of benzothiophenyl substrates. a) Activity of a diverse panel
of hemoproteins and porphyrin catalysts toward the intramolecular cyclopropanation of 1a. b) Active site
of sperm whale myoglobin (Mb; pdb 1JW8) with the heme and surrounding amino acid residues
highlighted as sticks in gold. Heme b pyrrole rings labeled according to convention.  c-d) Activity and
enantioselectivity of Mb variants in the intramolecular cyclopropanation of 1a or 3a along the
evolutionary paths leading to MbBTIC-C2 (c) and MbBTIC-C3 (d). Assay yields (AY) were determined by GC
analysis using calibration curves generated with isolated products (n ≥ 2; SE < 10%).
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Figure 3

Substrate scope of MbBTIC-C2 and MbBTIC-C2 biocatalysts. Reaction conditions: 20 μM Mb catalyst, 2.5 mM
diazo compound, 10 mM Na2S2O4, 3 hrs, anaerobic conditions. All reactions with MbBTIC-C3 and MbBTIC-

C3
+ were carried out using slow diazo addition at 3oC. [a] Using whole cells (OD600 = 40). [b] Using 40 μM

Mb catalyst.
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Figure 4

DFT analysis of the reaction mechanism for intramolecular cyclopropanation of C2- and C3-
benzothiophenyl-methyl-diazoacetate catalyzed by a truncated iron porphyrin with an axial 4-
methylimidazole ligand as a simpli�ed model. The reaction proceeds via a �rst (1) iron−carbene
formation followed by (2) cyclopropanation (2 C–C bonds). ΔG values are calculated at the B3LYP-
D3BJ/def2TZVP (SMD, ε=4) // B3LYP-D3BJ/6-31G(d)+SDD (Fe) level. For each stationary point, the
Gibbs free energy is provided for its lowest energy spin state. A detailed free energy pro�les are provided
in Figure S8 in Supporting Information. 
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Figure 5

Crystal structures of MbBTIC-C2 and MbBTIC-C2 and corresponding stereochemical models. a-b, High-
resolution crystal structure of (a) MbBTIC-C2 and (b) MbBTIC-C3, highlighting the amino acid residues
surrounding the heme cofactor (left panel), molecular surface representation of the heme binding site
(middle panel), and the active site volume (right panel). c-d, Optimized geometries of (a) TS2C2 and its
enantiomeric transition state (TS2enanC2) in the theozyme model of MbBTIC-C2, and (d) TS2C3 and its
enantiomeric transition state (TS2enanC3) in the theozyme model of MbBTIC-C3. Relative Gibbs energies

(ΔΔG) are given in kcal·mol-1, and all distances are in angstroms (Å). See computational details in the
Supporting Information. See also Figure S4. 
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Figure 6

Analysis of the MbBTIC-C2, MbBTIC-C3, and MbBTIC-C3
+ catalyzed cyclization reactions via molecular

dynamics (MD) simulations. a, MD snapshots for the TS2C2 docked in MbBTIC-C2 protein at 0, 100, and
500ns. b, Variation of the pseudo dihedral angle (ϕ) in the MD simulation for the heme-carbene
intermediates corresponding to the 5-OMe and 6-Me substrates (i.e., compounds 2f and 2j) in MbBTIC-C2.
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The atoms used for measurement of the ϕ angle are displayed as spheres. c, End-of-simulation (500 ns)
poses for the TS2C2 transition states corresponding to the 5-OMe and 6-Me  substrates in MbBTIC-C2. See
Figure S5 for additional time points. d, Lowest-energy pose for the diazo substrate 3a after molecular
docking into the structure of MbBTIC-C3, showing the benzothiophene ring in the ‘BT out’ conformation. e,
End-of-simulation (500 ns) pose for the TS2C3 complex in MbBTIC-C3. See Figure S6 for additional time
points. f, Variation of pseudo dihedral angle (ϕ!) across the different geometries of the heme-bound
TS2C3 complex sampled during the 500 ns MD simulation. The reference atoms for the ϕ! angle are
displayed as spheres. g, MD snapshots at 500 ns of the TS2C3 analogues of the 5-Br substituted

substrates (compound 3d) in MbBTIC-C3 vs. MbBTIC-C3
+. The closest distance between the carbonyl (C=O)

oxygen atom and the Leu107 residue in these complexes is indicated. The graph compares the variation
of these distances for the C5-Br substrates in MbBTIC-C3 vs. MbBTIC-C3

+ throughout the 500 ns MD
simulation.
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