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Abstract

A cytochrome P450 was engineered to selectively incorporate Ir(Me)-deuteroporphyrin IX 

(Ir(Me)-DPIX), in lieu of heme, in bacterial cells. Cofactor selectivity was altered by introducing 

mutations within the heme-binding pocket that discriminate the deuteroporphyrin macrocycle, in 

combination with mutations to the P450 axial cysteine to accommodate a pendant methyl group on 

the Ir(Me)-center. This artificial metalloenzyme was investigated for activity in non-native 

metallocarbenoid-mediated olefin cyclopropanation reactions and showed enhanced activity for 

aliphatic and electron-deficient olefins when compared to the native heme enzyme. This work 

provides a general strategy to augment the chemical functionality of heme enzymes in cells with 

application towards abiotic catalysis.

TOC image

Engineering an (Ir)regular Cytochrome P450: Mutations within the heme-binding pocket of a 

Cytochrome P450 enabled the selective incorporation of an artificial Ir-porphyrin cofactor into the 

protein, in cells. This orthogonal metalloprotein shows enhanced behavior in non-natural carbene-

mediated cyclopropanation of aliphatic and electron deficient olefins.
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Artificial metalloenzymes have emerged as promising tools to expand the reaction space 

available for biocatalysis.[1–3] A common strategy for the construction of artificial 

metalloenzymes makes use of existing molecular recognition motifs in protein active sites to 

immobilize new metallocofactors.[4–9] These metal-substituted enzymes often possess 

activity for abiotic reactions that can be optimized through mutation of the protein host.
[10–13] Methods for introducing artificial cofactors into protein scaffolds, however, are often 
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labor-intensive, requiring in vitro manipulation and reconstitution, which may limit 

engineering efforts and prevent the application of these systems in whole-cells.[1,10,14]

We recently introduced a strategy for the selective introduction of a synthetic heme 

analogue, Fe-deuteroporphyrin IX (Fe-DPIX, Figure 1), into proteins through the evolution 

of an orthogonal enzyme/cofactor pair.[15] To establish the utility of this approach, the heme-

binding domain (BM3h) of a cytochrome P450 (P450) from Bacillus megaterium was 

evolved to selectively bind Fe-DPIX, even in the presence of native heme.[15] This altered 

selectivity was achieved via mutations that discriminate subtle structural differences between 

the two porphyrin macrocycles (i.e. the removal of two vinyl groups, Figure 1). Since Fe-

DPIX and heme both possess an iron center, however, the orthogonal enzyme displayed 

similar reactivity compared to the native enzyme.[15] Here, we extend the application of 

orthogonal/enzyme cofactor pairs to the in cell production of an artificial Ir-Me-substituted 

P450 and demonstrate its activity towards non-native metallocarbenoid-mediated 

cyclopropanation of olefins that are challenging substrates for the native iron enzyme.

Heme proteins have gained recent, intensive attention due to the promiscuous ability of the 

heme cofactor to carryout abiological metallocarbenoid and –nitrenoid insertions into olefins 

and X-H bonds (X = C, N, S, Si).[16–28] Through mutagenesis of the protein scaffold, highly 

active and stereoselective catalysts have been obtained for these transformations. However, 

in many of these studies the substrate scope is limited to activated olefins or X-H bonds.
[29,30] Metal substitution can significantly expand the reaction scope of heme proteins.[5–8] 

For example, the groups of Hartwig and Fasan have recently shown that Ir(Me)-containing 

myoglobin and P450 variants can access carbenoid and –nitrenoid insertions that are 

difficult to achieve using the native heme cofactor.[6,11,13,25,31] Inspired by these results, we 

sought to create an orthogonal platform for efficient, in cell assembly of iridium enzymes. 

We reasoned that DPIX-selective recognition motifs identified in our previously evolved 

orthogonal enzyme (denoted WIVS-FM) would enable substitution of Fe-DPIX for Ir(Me)-

DPIX, while maintaining orthogonal recognition of the cofactor (Figure 1, bottom).

To begin this study, Ir(Me)-DPIX was synthesized in two steps and 38% overall yield from 

deuteroporphyrin IX dimethyl ester by adapting literature procedures for the preparation of 

Ir(Me)-heme analogs (see Supplementary Methods, Scheme S1). [6,31] With the non-natural 

cofactor in hand, we tested for cellular uptake of Ir(Me)-DPIX and its incorporation into 

engineered P450-BM3h variants, in vivo. To permit transport of Ir(Me)-DPIX into the cell, 

we made use of a natural Escherichia coli heme transport protein, ChuA, that has 

demonstrated promiscuous activity for heme derivatives bearing modifications to the metal 

center and/or porphyrin scaffold.[15,31–33]

We first compared the incorporation of Ir(Me)-DPIX in DPIX-selective WIVS-FM as well 

as the native (non-orthogonal) BM3h scaffold. (For all proteins examined in this report, we 

also included a T268A mutation that has been shown to be generally activating in P450-

mediated carbenoid and nitrenoid transfer reactions[16,17]). Due to decreased protein stability 

in the presence of mutations that contribute to DPIX-orthogonality, only low levels of Ir-

bound-WIVS-FM-T268A were isolated (< 2 mg/mL). Accordingly, for WIVS-FM variants, 

we also introduced two additional mutations (WIVS-FM-L52I/I366V, denoted here as 
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WIVS-FM*) that have been shown to stabilize a number of BM3h-variants.[15,34] ChuA was 

coexpressed in E. coli with either BM3h-T268A or WIVS-FM*-T268A using iron-deficient 

minimal media (to limit heme biosynthesis) supplemented with 10 μM Ir(Me)-DPIX. 

Analytical HPLC of the purified protein showed the presence of Ir(Me)-DPIX with little 

heme content (< 5 %) under these stringent expression conditions (Table 1, Figure S2 and 

2C) and protein yields for Ir-bound BM3h-T268A and WIVS-FM*-T268A were comparable 

(6.8 and 9.4 mg/mL, respectively, Table 1).The UV-Vis absorbance spectra for both Ir(Me)-

DPIX-bound variants were comprised of two prominent Soret bands at ~ 406 nm and 438 

nm (Figure 2A and S1 and Table S2). These absorbance bands are distinct from those 

observed for the free Ir(Me)-DPIX cofactor, heme-containing BM3h, and the Fe-DPIX-

bound enzyme, which display single peaks at 386, 421, and 413 nm, respectively (Figure 2, 

Figure S1 and Table S2). Taken together, these results provide evidence for the promiscuous 

ChuA-mediated transport of Ir(Me)-DPIX and its incorporation into BM3h variants inside of 

cells.

Unlike heme and Fe-DPIX, one of the apical coordination sites of Ir(Me)-DPIX is occupied 

by a pendant methyl group whereas the opposing coordination site remains unoccupied 

(Figure 1). Due to this asymmetry, we hypothesized that the two Soret peaks observed for 

Ir(Me)-DPIX-bound WIVS-FM*-T268A and BM3h-T268A might result from different 

coordination environments of the Ir(Me)-cofactor: one in which the metal is ligated by the 

conserved iron-coordinating axial cysteine (C400 in BM3h, Figure 1) and one in which the 

cofactor is not coordinated by C400, potentially due to a ring flipped conformation in which 

the methyl group faces the proximal binding pocket. To support this hypothesis, mutation of 

C400 to non-coordinating Gly or Ala residues resulted in Ir(Me)-DPIX-bound protein with a 

single Soret band at ~ 402 nm (Figure 1A and S1 and Table S2). These results suggest that 

the peak at 406 nm represents protein-bound Ir(Me)-DPIX that is not ligated by an amino 

acid side chain, whereas the additional peak at 432 nm is indicative of C400 ligated to the 

Ir(Me)-DPIX cofactor.

With the development of an effective means of introducing Ir(Me)-DPIX into proteins in 

cells, we next sought to determine whether the orthogonal enzyme maintained selective 

recognition of the metal-substituted DPIX cofactor in the presence of endogenous heme. 

Selectivity was analyzed by HPLC (Figure 2B) for proteins expressed in rich media (TB), to 

permit normal levels of heme biosynthesis. When expressed under these conditions, native 

BM3h-T268A showed a preference for heme over Ir(Me)-DPIX (Figure 2, Table 1 and 

Figure S2). Unexpectedly, orthogonal WIVS-FM*-T268A also contained a considerable 

amount of contaminating heme (heme:Ir(Me)-DPIX = 48.2:51.8; Figure 2, Table 1 and 

Figure S2). In contrast to our previous findings,[15] these results show that Ir(Me)-DPIX 

competes less effectively against heme, even in the presence of mutations that provide 

orthogonality for the DPIX macrocycle.

Introduction of axial C400A or C400G mutations led to improvements in Ir(Me)-DPIX 

selectivity in both BM3h and WIVS-FM* scaffolds. The C400A and C400G variants of 

BM3h-T268A displayed moderate enhancements towards Ir(Me)-DPIX selectivity in rich 

media (80.2 mol% and 81.9 mol% respectively; Figure 2B, Table 1 and Figure S2). In 

contrast, addition of C400A or C400G mutations to DPIX-selective WIVS-FM* afforded 
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highly selective P450 variants for Ir(Me)-DPIX, showing >97 mol % enrichment in Ir(Me)-

DPIX compared to endogenous heme (Figure 2, Table 1 and Figure S2). These data show 

that the identity of the metal center and axial ligand influence the efficiency of non-natural 

cofactor incorporation in heme proteins. In this case, orthogonality was achieved through 

mutations that provide selective recognition of the deuteroporphyrin macrocycle in addition 

to mutations that accommodate of the axial methyl group of the cofactor. Due to the high 

yields and selectivity obtained with WIVS-FM*-T268A/C400G/Ir(Me)-DPIX, this variant 

was chosen for subsequent catalysis experiments.

With an orthogonal Ir-P450 in hand, we next compared its activity with respect to Fe-

containing BM3h variants for abiotic olefin cyclopropanation using diazoacetate reagents. 

Heme-mediated cyclopropanation has garnered significant attention due to the high yields 

and stereoselectivities that can be achieved by native and engineered heme proteins; 

however, the accessible substrate scope has been restricted primarily to electron rich aryl 

olefins.[16,25–27,29,35–37]

The activity of the orthogonal Ir-enzyme was first investigated for the model 

cyclopropanation reaction of styrene (1) with ethyl diazo acetate (2, EDA) (Table 2), a 

benchmark reaction for metallocarbenoid biocatalysis.[16,18] While the isolated Ir(Me)-DPIX 

cofactor (200 TTN) was significantly more active than free heme (80 total turnover, TTN), 

the Ir-bound enzyme showed marginally lower activity when compared to BM3h-T268A 

(240 and 339 TTN, respectively, Table 2, Figure S4). This result is consistent with work by 

Fasan and coworkers who found native myoglobin outperformed Ir-bound variants in this 

reaction.[31] Similar activity and stereoselectivities were observed for free Ir(Me)-DPIX and 

WIVS-FM*-T268A/C400G/Ir(Me)-DPIX. This result could be due to protein unfolding and 

liberation of the Ir-cofactor. However, absorbance measurements of the enzymatic reaction 

after 16 hours, which showed the characteristic Soret band of the protein-bound cofactor, 

suggested that the cofactor remained associated with protein throughout the reaction (Figure 

S5).

Encouraged by this initial activity, we sought to investigate the potential of the metal-

substituted enzyme on more challenging olefins. In particular, the activity of WIVS-FM*-

T268A/C400G/Ir(Me)-DPIX was investigated for the cyclopropanation of an electron 

deficient olefin, tert-butyl acrylate (4), and an aliphatic oliefin, 1-octene (5, Table 3), by 

EDA. Cyclopropanation of 1-octene has previously been shown to be catalyzed, in low 

yield, by Ir(Me)-substituted myoglobin and CYP119,[6,25] while tert-butyl acrylate is an 

untested substrate in biocatalytic cyclopropanation reactions.

In the reaction between 4 and EDA, free Ir(Me)-DPIX (40 TTN) was observed to have 

slightly higher activity than free heme (29 TTN) and heme-bound BM3h-T268A (35 TTN). 

In contrast, WIVS-FM*-T268A/C400G/Ir(Me)-DPIX showed > 4 fold enhancement in 

activity over the heme-bound enzyme. (29 % yield, 147 TTN). Furthermore, the orthogonal 

enzyme maintained good selectivity for the trans diastereomer, whereas diastereoselectivity 

was attenuated in BM3h-T268A/heme (Table 3, Figure S6 and S7). In the case of the 

reaction between octene (5) and EDA, no product was observed with either free heme or the 

heme-bound enzyme. While low conversion were observed with free Ir(Me)-DPIX cofactor 
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(23 TTN), orthogonal WIVS-FM*-T268A/C400G/Ir(Me)-DPIX provided a > 2 fold 

improvement in activity (55 TTN).

In an initial effort to improve the activity of WIVS-FM*-T268A/C400G/Ir(Me)-DPIX 

against 4 and 5, we screened a small panel of mutations focused around the active site and 

tailored to include bulky amino acids (W, F, etc.) or mutations known to increase 

cyclopropanation activity against styrene (Table S4, Figure S6 and S7). While no 

enhancements were observed for 4, a single amino acid substitution, F87W, was identified 

that afforded a ~ 2 fold improvement in yield for the cyclopropanation of octene (19 % 

yield, 95 TTN, Table 3). These results provide further evidence that reactions with the 

protein-bound iridium catalyst are sequestered in the active site of the protein. No 

improvements in diastereoselectivity were observed upon mutation, and no pronounced 

enantioinduction has been observed with the IR-bound BM3h variants (Table S4 and S5, 

Figure S8 and S9). Efforts to further improve activity and stereoselectivities on these and 

other substrates via directed evolution are currently underway.

In summary, we report the design of an orthogonal P450 scaffold for the selective production 

of an Ir(Me)-DPIX metalloenzyme in E. Coli. Selectivity over endogenous heme was 

achieved by introducing mutations within the heme-binding domain that contribute to the 

recognition of the altered deuteroporphyrin macrocycle, in combination with mutations to 

the P450 axial cysteine to accommodate the Ir(Me)-center. The iridium-substituted enzyme 

displayed abiotic carbenoid-transfer activity for the cyclopropanation of olefins by ethyl 

diazoacetate, and demonstrated improved activity for substrates that are challenging or 

inaccessible to the native iron cofactor. We anticipate that this engineered artificial 

metalloenzyme will provide an advantageous starting point for further protein engineering to 

improve activity and selectivity for a wealth of carbenoid and nitrenoid insertion reactions. 

Importantly, this work demonstrates that metal substitution in orthogonal cofactor/enzyme 

pairs is a promising strategy to expand the chemical functionality of proteins inside the cell. 

In the future, we envision combining strategies aimed at altering the cofactor metal center 

with modifications to the porphyrin backbone to create a suite of tunable, artificial 

metalloenzymes for diverse applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of an orthogonal metal-substituted enzyme
Heme proteins have evolved active site pockets and axial amino acid ligands for the selective 

binding and chemical tuning of heme (top). In a previous report, the active site of 

cytochrome BM3h was reshaped by mutation to create an orthogonal scaffold (WIVS-FM) 

selective for a non-native iron-porphyrin (Fe-DPIX, middle). Herein, further refinement of 

WIVS-FM through mutation of the axial Cys ligand (C400), permits expression of an 

artificial Ir(Me)-porphyrin (Ir(Me-DPIX) in cells under native growth conditions (bottom).
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Figure 2. Incorporation of Ir(Me)-DPIX into proteins in cells
(A) Absorbance spectra of free Ir(Me)-DPIX (red) and Ir(Me)DPIX-bound BM3h variants: 

WIVS-FM*-T268A (blue), WIVS-FM*-T268A/C400G (green) and WIVS-FM*-T268A/

C400A (violet). Absorbance maxima are indicated by dotted lines and denoted in the legend. 

(B) Representative HPLC traces for BM3h and WIVS-FM* variants expressed in rich (TB) 

media supplemented with 10 μM Ir(Me)-DPIX.
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Table 1

Selectivity of BM3h variants for Ir(Me)-DPIX with respect to heme in minimal and rich mediaa

Variant M9 media
Ir(Me)-DPIX : hemeb

TB media
Ir(Me)-DPIX : hemeb

M9 yield Ir(Me)-DPIX
(mg/L)c

BM3h-T268A 95.0:5.0 ± 3.2 37.8:62.2 ± 3.6 6.8

BM3h-T268A/C400A 98.4:1.6 ± 2.2 80.2:19.8 ± 2.8 3.5

BM3h-T268A/C400G 99.5:0.5 ± 0.5 81.9:18.1 ± 6.2 4.1

WIVS-FM*-T268A 96.7:3.3 ± 2.1 51.8:48.2 ± 9.6 9.4

WIVS-FM*-T268A/C400A 99.7:0.3 ± 0.5 97.2:2.8 ± 1.1 11.5

WIVS-FM*-T268A/C400G >99.9:n.d. ± n/a 98.3:1.7 ± 1.5 14.3

a
All values reported are the average and standard deviations from three independent experiments.

b
Determined by HPLC analysis of purified proteins from expressions in the denoted media, reported as molar ratios.

c
Yields were determined via HPLC analysis or from absorbance spectra using ε402 nm = 107.7 mM−1cm−1

Chembiochem. Author manuscript; available in PMC 2018 December 14.
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Table 3

Activities and diastereoselectivities of biocatalysts for the reaction of electron-deficient and aliphatic olefins 

with ethyl diazoacetate.a

catalyst substrate yield [%] TTNb drc,d (cis:trans)

heme 4 6 29 31:69

BM3h-T268A/heme 4 7 35 43:57

Ir(Me)-DPIX 4 8 40 14:86

WIVS-FM*-T268A/C400G/Ir(Me)-DPIX 4 29 147 13:87

heme 5 n.d.e n.d.e n.d.e

BM3h-T268A/heme 5 n.d.e n.d.e n.d.e

Ir(Me)-DPIX 5 5 23 30:70

WIVS-FM*-T268A/C400G/Ir(Me)-DPIX 5 11 55 26:74

WIVS-FM*-F87W/T268A/C400G/Ir(Me)-DPIX 5 19 95 26:74

a
reaction conditions: 100 mM olefin, 10 mM EDA, 20 μM catalyst, in 0.1 M NaPI pH 6.0 100 mM NaCl buffer, 5% DMF as cosolvent (reactions 

with heme and heme enzymes also contain 10 mM dithionite). TTN and diastereoselectivities determined by chiral GC analysis. Enantiomers could 
not be resolved by chiral GC.

b
TTN = total turnover number.

c
Diastereomer identity determined by comparison to authentic standards.

d
Enantioselectivities are reported in table S4 and S5.

e
n.d. = not detected.
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