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Abstract 
 
Artificial metalloenzymes (ArMs) are commonly used to control the stereoselectivity of catalytic 
reactions, but controlling chemoselectivity remains challenging. In this study, we engineer a 
dirhodium ArM to catalyze diazo cross-coupling to form an alkene that, in a one-pot cascade 
reaction, is reduced to an alkane with high enantioselectivity (typically >99% e.e.) by an alkene 
reductase. The numerous protein and small molecule components required for the cascade reaction 
had minimal effect on ArM catalysis. Directed evolution of the ArM led to improved yields and 
E/Z selectivities for a variety of substrates, which translated to cascade reaction yields. MD 
simulations of ArM variants were used to understand the structural role of the cofactor on ArM 
conformational dynamics. These results highlight the ability of ArMs to control both catalyst 
stereoselectivity and chemoselectivity to enable reactions in complex media that would otherwise 
lead to undesired side reactions. 
 
Introduction 
 
The ability of transition metals to bind and react with a wide range of species underpins their utility 
as catalysts, but it also necessitates methods to ensure that a given metal species catalyzes a desired 
reaction at the correct site on a target substrate.[1] In the laboratory, this challenge is dramatically 
simplified by excluding all but the necessary components for a desired reaction. Transition metal 
chemoselectivity can then be tuned using ligands that modulate the steric and electronic properties 
of a metal center (its primary coordination sphere).[2] Significant effort has also been devoted to 
incorporating attractive substrate-catalyst interactions distal to a metal center (its secondary 
coordination sphere) to control catalyst selectivity.[3,4] Similar primary and secondary sphere 
effects are exploited by metalloenzymes to modulate transition metal reactivity,[5] and these 
examples have inspired many of the efforts to recapitulate enzyme-like secondary sphere effects 
in small molecule complexes.[6] 
 
The remarkable activities and selectivities of metalloenzymes are all the more impressive given 
that they operate in a complex cellular milieu. This capability suggests that the molecular 
recognition imparted by second sphere interactions in enzymes enables far greater control over 
transition metal reactivity than can currently be achieved with small molecule ligands.[7] Similar 
control over synthetic metal complexes could enable reactions in complex environments, including 
enzymatic and chemoenzymatic cascades containing multiple catalysts, reagents, and 
intermediates.[8,9] Artificial metalloenzymes (ArMs) have been explored as a means to merge the 
reactivity of synthetic catalysts with the selectivity and evolvability of protein scaffolds.[10] 
Moreover, streptavidin-,[11,12] LmrR-,[13] and albumin-based[14] ArMs have been used for in vivo 
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catalysis, and streptavidin-,[15] FhuA-,[16] and P450-based[17] ArMs have been used for in vitro 
cascade reactions. In each of these examples, however, inherent cofactor reactivity alleviates the 
need for scaffold-controlled chemoselectivity. The ArMs produce the same products as the metal 
cofactors alone, albeit with impressive rate acceleration and enantioselectivity. 
 
Our group has explored the design[18] and evolution[19] of dirhodium ArMs comprising dirhodium 
cofactor (1)[20] covalently linked to a prolyl oligopeptidase (POP) scaffold containing a genetically 
encoded azidophenylalanine (Z) residue at position 477 (Figure 1A). Dirhodium complexes react 
with donor-acceptor diazo compounds to generate carbene complexes that react with water, thiols, 
amines, olefins, silanes, and even sp3 C-H bonds.[21,22] We envisioned that this broad reactivity 
would allow studies on the extent to which a protein scaffold, rather than reaction conditions or 
the primary coordination sphere, can be engineered to control transition metal chemoselectivity. 
Previous studies in our laboratory established that ArM chemoselectivity can be evolved to favor 
cyclopropanation over formal carbene insertion into water O-H bonds.[18] While this side reaction 
is not typically observed using other natural and unnatural heme carbene transferases,[23–25] we 
reasoned that this level of control over dirhodium reactivity could enable cascade reactions 
involving a variety of additional species in solution. For example, dirhodium-catalyzed diazo 
cross-coupling has been used to generate fumaric acid esters that are converted by alkene 
reductases to 2-substituted succinate derivatives (Scheme 1B).[26] In this study, however, 
dirhodium catalysis was conducted in organic solvent at cryogenic temperatures, and the solvent 
was evaporated to enable biocatalytic reduction in aqueous buffer. Herein, we evolve a dirhodium 
ArM that catalyzes diazo cross-coupling with high chemo- and stereoselectivity and demonstrate 
that the resulting ArM can be interfaced with an alkene reductase in a one-pot cascade reaction to 
produce substituted succinate derivatives with high enantioselectivity (Scheme 1C). 
 

 
Figure 1. Dirhodium ArM formation and catalysis. A) Cofactor 1 and covalent bioconjugation via 
azidophenylalanine. B) Synthesis of chiral aryl succinates through a one-pot, two-step reaction.[26] 
C) POP-1/ER cascade catalysis. 
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Results and Discussion 
 
ArM Directed Evolution 
 
The reactivities of several previously-evolved dirhodium ArMs were evaluated using a model 
diazo coupling reaction (Entries 1-3, Table 1). Because the ene reductases investigated accept E-
alkenes,[26] it was important to establish whether ArMs could provide this isomer in good yield 
under conditions suitable for biocatalysis. ArM variant 0-ZA4 (Table S1) catalyzed diazo coupling 
with 46% yield and a 2.9:1 E/Z ratio (4/5), while variant 3-VRVH[19] provided a 53% yield and 
3.5:1 E/Z ratio. Variant 1-SGH,[19] which contains only the three mutations in 3-VRVH that are 
necessary for the high selectivity of the latter, provided a similar yield and E/Z ratio as 3-VRVH, 
so reaction conditions were optimized using this ArM. ArM loading could be reduced to 0.1 mol% 
with minimal change in yield, but excess 3 was required (Table 1, Entries 4 and 5, Table S2). We 
previously established that high salt concentrations are required for high ArM activity and 
selectivity,[18] and 0.7 M NaBr was sufficient in this regard (Entries 4, 6, and 7). In all cases, the 
observed selectivity is lower than the analogous reaction in organic solvent under cryogenic 
conditions (>10/1)[26], so improving this was a key goal of directed evolution. A significant amount 
(39%) of the donor-acceptor diazo substrate reacted with water, forming OH insertion product 6, 
so minimizing this side reaction would also be required as in our previous evolution efforts[18,19]. 

Table 1. Scaffold selection and reaction optimization.[a] 

    % Yieldc  

Entrya ArM 
Variant 

[ArM] 
(µM) 

[NaBr] 
(M) 4 5 6 E/Z 

1 ZA4 50 0.7 34 12 48 2.9 

2 3-VRVH 50 0.7 41 12 35 3.4 

3 1-SGH 50 0.7 43 13 39 3.3 

4 1-SGH 5 0.7 44 12 31 3.7 

5b 1-SGH 5 0.7 39 13 37 3.1 

6 1-SGH 5 0.1 34 19 13 1.8 

7 1-SGH 5 1.75 46 8 33 5.7 

a Standard reaction conditions: 5 mM 2, 25 mM 3, 50 mM PIPES pH 7.4, 5% cosolvent, 22 hours at 4°C with shaking. b Standard conditions using 5 mM 
3. c Determined by SFC analysis using 1,3,5-trimethoxybenzene as internal standard. Reported yields and E/Z values are the average of triplicate 
reactions. 

ArM evolution was conducted similarly to our earlier efforts.[19] Scaffold libraries containing the 
Z-477 mutation were expressed in 96-well plates and covalently modified in lysate using cofactor 
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1. The resulting ArMs were immobilized on Ni-NTA resin in filter plates in which the diazo 
coupling reactions were conducted. Following reaction, the catalyst was removed by centrifugal 
filtration, and the reaction products were analyzed by SFC. Previous efforts[18,19] revealed that 
mutations in a b-strand across from a putative Rh-binding histidine residue significantly affected 
ArM-catalyzed cyclopropanation activity and selectivity. Site-saturation libraries were therefore 
constructed for several residues (98-101) in this b-strand of 1-SGH using degenerate NNK codons. 
This effort revealed that Q98P improved the yield of 4, increased the E/Z ratio, and decreased the 
yield of 6 (variant 2-P, Table 2). Site-saturation mutagenesis of S99 in 2-P gave variant 3-H (Table 
2), which possessed a similar yield as 2-P but increased E/Z selectivity.  
 
Similar mutagenesis of residues F100 and T101 did not lead to further improvements. 
Combinatorial codon mutagenesis (CCM)[27] of 25 active site residues projecting into the active 
site of 3-H was therefore conducted using degenerate NDT codons. The mutation V71G (4-G, 
Table 2) was identified using this approach, but a subsequent CCM library did not yield a positive 
variant. MD simulations (vide infra) were used to identify CCM library residues proximal to the 
cofactor. Six of these were analyzed in more depth using site saturation (NNK) libraries, resulting 
in variant 5-G (E283G, Table 2), which displayed further improvements in diazo coupling yield 
and selectivity. Decreasing the ArM loading 100-fold with respect to 2 to 0.001 mol% substantially 
increased the TTN, with 5-G catalyzing 44,612 turnovers to 4, which is among the highest TTN 
reported for an ArM[28]. If turnovers associated with formation of 5 and 6 are included, a 
remarkable 72,196 TTN is observed, highlighting the high activity of the dirhodium cofactor 
within 5-G. The significant decrease in E/Z selectivity in these high TTN conditions may result 
from active site modification via carbene insertion during catalysis, which was previously 
characterized in POP-1 ArMs following cyclopropanation catalysis[19].  

 Table 2. Directed evolution of ArM for diazo coupling. 

  Muta-
genesis 
method 

Mutations 
from previous 

generation 

% Yieldc   

Entrya Variant 4 5 6 E/Z TTN of 4 

1 1-SGH - Parent 44 12 31 3.7 388 

2 2-P Q98NNK Q98P 55 11 33 4.9 545 

3 3-H S99NNK S99H 51 7 24 7.3 511 

4 4-G CCM V71G 72 8 21 8.6 717 

5 5-G E283NNK E283G 76 5 16 14.9 761 

6b 5-G E283NNK E283G 45 16 11 2.8 44612 
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a Standard reaction conditions: 0.1 mol% ArM, 5 mM 2, 25 mM 3, 50 mM PIPES pH 7.4, 5% THF, 22 hours at 4°C with shaking. b Standard conditions 
using 0.001 mol% (50 nM) ArM and 96 hour reaction time. c Determined by SFC analysis using 1,3,5-trimethoxybenzene as internal standard. Reported 
yields and E/Z values are the average of triplicate reactions. 

 
The substrate scope of 5-G was next evaluated under optimized reaction conditions. Improved 
yields of the desired E-alkenes were observed in all cases using 5-G relative to 1-GSH (Table 3), 
indicating that mutations accumulated during directed evolution generally improved the scaffold 
for diazo coupling. Steric and electronic perturbation of the para substituent (R1) and ester (R2) of 
the aryl diazoacetate coupling partner were tolerated, and both ethyl diazoesters and amides could 
be used (R3). With the exception of the previously unreported amide substrate, these substrates 
are in line with the known scope for dirhodium-catalyzed diazo coupling,[26,29] indicating that the 
ArM enables the desired dirhodium activity while significantly reducing undesired side reactions 
such as water O-H insertion. 

Table 3. Substrate scope of ArM-catalyzed diazo cross-coupling. 

    % Yieldb 

Entrya R1 R2 R3 1-GSH 5-G 

1 OMe OMe OEt 44 76 

2 H OMe OEt 38 75 

3 Cl OMe OEt 23 68 

4 Br OMe OEt 38 64 

5 OMe OMe NEt2 33 58 

6 OMe OMe OBn 18 37 

7 Cl Me OEt 30 66 

a 0.1 mol% ArM, 5 mM donor-acceptor diazo, 25 mM acceptor-only diazo, 50 mM PIPES pH 7.4, 0.7M NaBr, 5% THF, 22 hrs at 4°C with shaking. b 

Determined by HPLC analysis using 1,3,5-trimethoxybenzene as internal standard. Reported yields are the average of triplicate reactions. 

ArM/ER Cascade Catalysis 
 
The synthesis of enantioenriched succinate derivatives via cascade catalysis involving an ER was 
then explored. The activities of several ERs,[30,31] including alkene reductase from Yersinia 
bercovieri (YersER), enoate reductase-1 from Kluyveromyces lactis (KYE1) and 1,2-
oxophytodienoate reductase from Lycopersicum esculentum (OPR1), were evaluated on the 2-aryl 
fumaric acid derivatives produced via ArM catalysis to select the optimal ER for each substrate 
(Table S3). The ArM/ER cascade requires that the ArM, the ER, and a glucose dehydrogenase 
(GDH, to supply the ER with reduced cofactor) all tolerate one another, in addition to glucose, a 
terminal reductant that is converted to gluconic acid, and NADP(H). This challenge is particularly 
notable given that dirhodium carbenoid species react readily with water, proteins,[32] and a range 
of small molecule nucleophiles.[21] Remarkably, however, 1-GSH and 5-G catalyzed diazo 
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coupling with only slightly reduced yields even in the presence of all cascade components, and the 
ERs successfully converted the majority of the fumaric ester intermediates to the reduced products 
in good yields (Table 4). In some cases, the cascade reaction scope was limited by the ERs 
examined; bulky R2 groups (e.g. OiPr) were coupled in good yields by the ArM but not reduced 
by the ERs. Within the known ER substrate scope, however, 5-G catalyzed the desired alkene 
formation with up to 723 turnovers, again highlighting the capacity of the ArM scaffold to protect 
the dirhodium center from deactivation and side reactions. 

Table 4. Substrate scope of ArM/ER cascade reactions. 

     % Yieldb (e.e)c 

Entrya ER R1 R2 R3 1-GSH 5-G 

1 KYE1 OMe OMe OEt 25 (>99%) 61 (>99%) 

2 YersER H OMe OEt 35 (>99%) 56 (>99%) 

3 YersER Cl OMe OEt 18 (>99%) 47 (>99%) 

4 YersER Br OMe OEt 32 (>99%) 60 (>99%) 

5 OPR1 OMe OMe NEt2 22 (>99%) 40 (>99%) 

6 OPR1 OMe OMe OBn 9 (>99%) 12 (>99%) 

7 YersER Cl Me OEt 34 (79%) 52 (78%) 

a 0.1 mol% ArM, 5 mM donor-acceptor diazo, 25 mM acceptor-only diazo, 50 mM PIPES pH 7.4, 0.7M NaBr, 5% dioxane, 1 hr at 4°C with shaking 
followed by 23 hrs shaking at 23 °C. b Determined by HPLC analysis using 1,3,5-trimethoxybenzene as internal standard. Reported yields are the average 
of triplicate reactions. c Enantioselectivity determined by chiral HPLC analysis. 

 
The yield of the final succinic acid derivatives tracked with the ArM alkene yields, suggesting that 
while mutations gained throughout evolution increased diazo coupling performance, tolerance to 
cascade conditions was present from the outset of ArM evolution. On the other hand, diazo 
coupling reactions catalyzed by an acetyl-substituted cofactor in aqueous buffer provided the OH 
insertion product 6 almost exclusively and only trace 4 or 5 (Table S4). Moreover, in the presence 
of glucose, formal OH insertion involving both water and glucose[33] was observed by mass 
spectrometry, but the latter is completely absent in the ArM catalyzed reaction (Figure S1). Finally, 
while dirhodium catalysts are capable of modifying surface-exposed protein residues,[32] no such 
modifications were observed by mass spectrometry for the enzymes used in the cascade reactions 
(Figure S1). These results suggest that the ArM provides a hydrophobic environment that excludes 
polar nucleophiles like bulk water and glucose to enable selective diazo cross-coupling.[34]  
 
ArM Conformational Dynamics 
 
To gain insight into how the POP scaffold might accomplish this level of substrate specificity, MD 
simulations were conducted on models of 5-G that involved different starting coordination states 
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of cofactor 1. We previously reported that apo-POP undergoes inter-domain opening and closing 
to form a solvent-exposed cleft,[35] and similar behavior was observed for apo-5-G (Figure 2A, B). 
We speculated that analogous dynamics in POP ArMs would facilitate cofactor bioconjugation in 
the open state and provide a more compact, hydrophobic environment for chemoselective catalysis 
in the closed state.[7] We further hypothesized that the improved chemoselectivity of ArMs 
containing specific active site His residues, such as H326 in the lineage examined in this study, 
might result from an internal Rh-His cross-link[36] favoring the closed form of the ArM. Supporting 
this notion, MD simulations of 5-G with the Rh-His bond intact showed that POP opening/closing 
was greatly reduced (Figure 2C). Despite its flexible linker, cofactor 1 holds 5-G closed when the 
Rh-His bond is present (Figure 2D). Interestingly, a simulation starting from a state lacking a Rh-
His bond was able to access an open structure for much of the simulation (676/1000 ns, Figure 
2C), though this system did not open to the same extent as apo 5-G. This constraint appears to 
result from a persistent hydrophobic interaction between 1 and a number of residues on the interior 
surface of the 5-G scaffold (Figure S2). This finding could explain the improved selectivity of 
POP-based ArMs lacking an interior His residue,[18,19] but further free energy calculations and 
experimental validation will be required to establish this possibility. 
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Figure 2. Domain dynamics of apo-POP and POP-1 ArMs. A) Open state of apo-5-G showing the 
interdomain angle, θ. B) The interdomain angle of apo-5-G. The yellow bar (17-23°) indicates the 
open/closed transition. C) The interdomain angle of 5-G-1 with (green) and without (red) a Rh-
His bond. D) Representative trajectory showing the rhodium-histidine interaction in 5-G with the 
mutations found in this study highlighted in yellow. 
 
Conclusion 
 
Controlling the reactivity and selectivity of a transition metal catalyst requires precise tuning of its 
primary and secondary coordination spheres. The numerous potential interactions that can occur 
between a metal catalyst, a substrate, and a protein scaffold make ArMs a promising platform for 
selective catalysis.[10] In this study, we showed that dirhodium ArMs can use first and second 
sphere interactions to catalyze diazo cross-coupling reactions in complex cascade reaction 
mixtures. Others have established that ArM scaffolds can protect catalysts from poisons such as 
glutathione, which reversibly bind to and deactivate metal centers,[11,14] but the current study 
highlights rare examples of chemoselectivity. Building on earlier observations for water tolerance 
by dirhodium ArMs,[18,19] this capability enables selective reaction of one functional group over 
many others on different substrates in solution, presumably by regulating substrate access to and 
orientation within the ArM active site. Previously evolved ArM variant 1-SGH was submitted to 
further directed evolution to improve diazo coupling yield and selectivity, increasing the yield of 
the desired E-alkene over the Z-alkene and OH insertion side products. These improvements 
carried over to the cascade reaction with an ER. While it is likely that most of the four mutations 
found in this study are involved in outer-sphere control and substrate positioning, H326 and H99 
can bind the rhodium cofactor. This interaction affected POP dynamics in MD simulations, helping 
it to maintain a closed state. These models suggest a number of mechanisms by which the cofactor 
can affect the structural dynamics of the ArM scaffold, adopting dual catalytic and structural roles 
just as natural metalloenzyme cofactors do.[37] Further studies on this system will help clarify 
different ways that cofactor-scaffold interactions can give rise to emergent properties in ArMs. 
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TOC Graphic: 
 

 
 
Directed evolution was used to improve dirhodium artificial metalloenzyme (ArM)-catalyzed 
diazo cross-coupling yield and selectivity. The engineered ArM was then used in cascade 
reactions where the alkene product was reduced by an ene reductase, with the ArM scaffold 
controlling chemoselectivity in the reaction mixture. MD simulations of the scaffold show 
that the cofactor modulates the domain dynamics and favors a more closed, hydrophobic 
pocket conducive to selective catalysis. 
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