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ABSTRACT: We introduce a strategy that expands the
functionality of hemoproteins through orthogonal enzyme/
heme pairs. By exploiting the ability of a natural heme transport
protein, ChuA, to promiscuously import heme derivatives, we
have evolved a cytochrome P450 (P450BM3) that selectively
incorporates a nonproteinogenic cofactor, iron deuteroporphyr-
in IX (Fe-DPIX), even in the presence of endogenous heme.
Crystal structures show that selectivity gains are due to
mutations that introduce steric clash with the heme vinyl
groups while providing a complementary binding surface for the
smaller Fe-DPIX cofactor. Furthermore, the evolved orthogonal
enzyme/cofactor pair is active in non-natural carbenoid-mediated olefin cyclopropanation. This methodology for the generation
of orthogonal enzyme/cofactor pairs promises to expand cofactor diversity in artificial metalloenzymes.

■ INTRODUCTION

The introduction of non-natural metallocofactors into proteins
is a powerful means of expanding protein chemical functionality
and has been utilized to probe protein structure and
function,1−3 to create novel biosensors,4−6 and to promote
non-natural biocatalysis.7−9 Several methods have been
developed for the in vitro immobilization of artificial metal-
locofactors within proteins,7 including the supramolecular
anchoring of biot inyla ted metal complexes into
streptavidin10,11 and the covalent anchoring of metal complexes
via strain-promoted azide−alkyne cycloadditions.12 Others have
sought to repurpose existing cofactor sites within proteins. In
particular, hemoproteins have been the target of a variety of
cofactor substitution protocols.3,13−15 Such substitution is
commonly accomplished via acid denaturation and subsequent
organic extraction to remove heme, followed by reconstitution
of the protein in the presence of a non-natural metal cofactor
(e.g., metallo-salens and -porphyrins, etc.).3,13,14 These in vitro
methods generate new metal centers that can be further tuned
through mutagenesis;16−18 however, they are labor-intensive
and often result in low reconstituted protein yields.
To overcome challenges associated with in vitro cofactor

replacement, two complementary strategies have been
developed to permit the cellular uptake and incorporation of
artificial heme-like cofactors into proteins. Overexpression of a
native heme-transport channel, ChuA, has enabled the import
of metal-swapped protoporphyrin IX derivatives in Escherichia
coli.5,19 This approach, however, is limited by competition
between the synthetic cofactor and native heme, which is the
preferred prosthetic group of wild type hemoproteins.

Accordingly, metal substitution via ChuA is carried out in
iron-deficient minimal media to minimize heme biosynthesis,
and even in these cases a small amount of heme contamination
(∼2−5%) is observed.5 Heme-substituted proteins have been
produced with high purity (>99%) using a specialized strain of
E. coli that combines a knockout in heme biosynthesis and an
uncharacterized mutation that promotes membrane perme-
ability to synthetic hemes, permitting incorporation of a variety
of heme derivatives with modifications to both the metal center
and/or the porphyrin scaffold.4,6,20,21 Nevertheless, this method
necessitates anaerobic conditions for growth, which limits yield
and throughput.20

We introduce a new approach for the construction of non-
natural metallocofactor proteins via the evolution of orthogonal
enzyme/heme pairs (Figure 1A). Orthogonal enzyme/heme
pairs comprise a non-natural heme-like cofactor and a
complementary heme-binding protein that selectively interact
independent of the cell’s native heme machinery. This strategy
of generating orthogonal enzyme/cofactor pairs has been
applied to other systems, including nicotinamide adenine
dinucleotide-22,23 and S-adenosyl methionine (SAM)-utilizing
enzymes.24

Here, we demonstrate the in vivo, selective incorporation of a
nonproteinogenic metalloporphyrin, iron deuteroporphyrin IX
(Fe-DPIX), in place of heme in a model bacterial cytochrome
P450 from Bacillus megaterium (P450BM3).

25 Through directed
evolution26 of the P450BM3 heme-binding pocket, a P450
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variant was isolated that selectively binds Fe-DPIX with >99%
purity in minimal media, and 95% enrichment of Fe-DPIX in
nutrient-rich environments under which cells produce
endogenous heme. Crystal structures of variants along the
evolutionary trajectory reveal an iterative reduction in size of
the cofactor-binding pocket, resulting in exclusion of heme
from the enzyme while accommodating Fe-DPIX. Furthermore,
the orthogonal enzyme/cofactor pair shows non-natural
catalytic activity in carbenoid-mediated cyclopropanation,
highlighting the potential of this system to expand biocatalytic
reaction space. We anticipate that orthogonal enzyme/cofactor
pairs may provide a general strategy for increasing cofactor
diversity and expanding protein chemical functionality in cells.

■ RESULTS AND DISCUSSION
BM3h/Fe-DPIX as a Model Orthogonal Enzyme/

Cofactor Pair. To demonstrate the feasibility of generating
orthogonal enzyme/cofactor pairs, cytochrome P450BM3 was

chosen as a target scaffold. P450BM3 is a soluble, self-sufficient
(i.e., consists of fused heme and P450-reductase domains)
monoxygenase that has been extensively studied.25 P450BM3 has
been engineered for a number of applications including altered
substrate scope,27 increased thermostability,28 and tolerance to
organic solvent,29 attesting to the flexibility of this scaffold to
accommodate mutations. Furthermore, the isolated heme
domain of P450BM3 (BM3h) has been the subject of several
cofactor substitution studies.5,30,31

We initiated cofactor replacement efforts by focusing on a
commercially available metalloporphyrin, Fe-DPIX, which
differs from native heme by the deletion of the two exocyclic
vinyl moieties (Figure 1B). We hypothesized that the remaining
heme-like features of Fe-DPIX, including iron−metal center,
aromatic tetrapyrrole scaffold, and carboxylate side chains,
would promote promiscuous uptake by ChuA and provide
conserved motifs to facilitate binding within the BM3h heme
pocket. Concomitantly, the “holes” created by deletion of the
vinyl groups would serve as discriminating handles to
accommodate mutations that enrich binding of Fe-DPIX in
lieu of heme (Figure 1B). Similar “bump-hole” strategies have
been applied to a variety of different systems, including design
of ATP mimetics that selectively interact with engineered
protein kinases,32 and SAM analogues for engineered histone
methyltransferases,24 among others.33,34

In Vivo Incorporation of Fe-DPIX into Wild Type
BM3h. To test for cellular uptake of Fe-DPIX and its
accommodation within BM3h, ChuA and BM3h were coex-
pressed in E. coli grown in iron-deficient minimal media (to
restrict cellular heme production) that was supplemented with
10 μM Fe-DPIX. Reduced CO-bound BM3h/Fe-DPIX shows a
distinctive Soret band at 434 nm (Figure 1C) that is blue-
shifted from native BM3h, which displays a Soret peak at 450
nm characteristic of cytochrome P450s.35 The hypsochromic
shift observed for the Fe-DPIX Soret band is consistent with
decreased conjugation around the porphyrin ring resulting from
removal of the vinyl groups. BM3h/Fe-DPIX production was
dependent on ChuA overexpression (Supporting Information,
Figure S1). This observation suggests that ChuA can provide
broadened cellular access to metallocofactors that contain at
least small modifications to the protoporphyrin IX scaffold.
Fe-DPIX and heme content in wild type BM3h preparations

were quantified using a customized high-performance liquid
chromatography (HPLC) assay (Figure S2, Table S4). Under
reverse-phase conditions, BM3h denatures, releasing both
cofactors and allowing for separation and comparison against
calibration curves constructed for each cofactor.
Using this assay, the yield of Fe-DPIX-containing protein

expressed in minimal media was determined to be ∼30 mg/L.
Even under these stringent conditions, small levels of heme
contamination (∼2%) were observed (yields and mol % Fe-
DPIX are reported in Table 1). In contrast, BM3h expressed in
rich media (i.e., in the presence of endogenous heme)
supplemented with ectopic Fe-DPIX yields a 62.7:37.3 mixture
of Fe-DPIX and heme-containing protein, respectively (Table
1).

An Absorbance-Based Assay for Cofactor Enrichment.
The 16 nm Soret band shift observed in BM3h/Fe-DPIX
provides a convenient spectroscopic handle to distinguish Fe-
DPIX and heme content in complex mixtures, which can be
used to screen for mutations that lead to changes in cofactor
selectivity. When expressed in rich media (Terrific Broth, TB)
supplemented with 10 μM heme and 10 μM Fe-DPIX, a

Figure 1. Orthogonal enzyme/heme pairs: concept and screening. (A)
Heme transport channel, ChuA (orange), enables cellular import of
non-natural heme derivatives (purple) that selectively bind to
orthogonal protein scaffolds (purple) without cross-talk with
endogenous heme and hemoproteins (black and blue, respectively).
(B) Replacing the vinyl groups of heme (blue) with hydrogens
(purple) in Fe-DPIX creates a cavity that may be filled by amino acid
mutations (green semicircles) located within adjacent hydrophobic
pockets-1 and -2. (C) Absorbance spectra of purified ferrous CO-
bound BM3h in complex with Fe-DPIX (purple) or heme (blue). (D)
Absorbance spectrum (solid black line) of ferrous CO-bound BM3h
expressed in rich media supplemented with Fe-DPIX and heme. The
relative contribution of the Fe-DPIX- and heme-bound enzyme to the
composite spectrum have been approximated by a Gaussian fit
centered at 434 nm (purple dotted line) and 450 nm (blue dotted
line), respectively.
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mixture of Fe-DPIX- and heme-bound BM3h is observed. A
Matlab script was developed to fit CO-bound absorbance
spectra as Gaussian functions centered at 434 and 450 nm
(Figure 1D) to approximate the ratio of incorporation of Fe-
DPIX with respect to heme for a particular variant. This assay is
readily adaptable to high throughput analysis of BM3h-
hemocompositions in lysate and on a multiwell format.
Evolution of an Fe-DPIX-Specific Protein. Analysis of

BM3h crystal structures36,37 reveals two distinct binding
pockets, which we denote as pocket-1 and pocket-2, that
accommodate the vinyl groups of heme (Figure 2A). These
pockets are composed primarily of hydrophobic amino acids
that provide a complementary surface to accommodate the
porphyrin scaffold. We hypothesized that mutations that fill the
cavities imparted by removal of the heme vinyl groups may
provide productive binding interactions for the selective
discrimination of Fe-DPIX while concomitantly introducing
steric clashes that prevent heme recognition (Figure 1B).
We initiated our screening efforts by investigating the ability

of mutations to replace the pocket-1 vinyl moiety. Since
protein/Fe-DPIX interactions in this pocket are likely to
involve hydrophobic and van der Waals contacts, we created a
limited-diversity library randomizing active site residues to 10
hydrophobic or aromatic amino acidsGly, Ala, Val, Leu, Ile,
Met, His, Phe, Tyr, and Trpat each position, allowing us to
restrict library size and in parallel maximize the number of
residues available for mutation. Similar limited-diversity
strategies have been used to improve the likelihood of
identifying hits while reducing screening effort.38

Mutations were focused at residues T269, L272, and L322
(Figure 2A, left) providing a library diversity of 103 possible
variants. From this library, 1000 transformants were screened in
rich media, as described above. Three variants were isolated
that showed improvements in Fe-DPIX binding (Figure 2B and
Table S2). Notably, all three variants converged on similar
mutations including a Trp and Ile mutation at positions 272
and 322, respectively, and a small hydrophobic amino acid at
position 269. The best variant, BM3h-T269V/L272W/L322I
(denoted WIV), was chosen for further optimization. A CO-
bound absorbance spectrum showing the increase in Fe-DPIX
incorporation by WIV with respect to wild type BM3h is shown
in Figure 2B. To achieve further improvements in pocket-1 Fe-
DPIX selectivity, we next constructed a site-saturation library

(all 20 possible amino acid substitutions) focused at position
A406 using WIV as a template. An additional mutation WIV-
A406S (WIVS) was identified that improved Fe-DPIX
incorporation when compared to the WIV parent (Figure
2B). Introduction of the A406S mutation resulted in a slight
blue-shift of the Soret band of the heme- and Fe-DPIX-bound
protein, to 444 and 430 nm, respectively.
Efforts to further enhance Fe-DPIX selectivity through

mutations in or around pocket-1 were unsuccessful. Accord-

Table 1. Characterization of BM3h Variants, Including Mutations, Selectivity in Rich Media and Minimal Media,
Thermostability, and Yielda

mol %b (TB media) mol %b (M9 media) T50 (°C)
M9 yield
(mg/L)e

variant mutations Fe-DPIX heme errora Fe-DPIX heme errora Fe-DPIX heme Fe-DPIX

WT none 62.7 37.3 4.5 98.8 1.2 1.5 50.4 ± 0.1 55.5 ± 1.5 28 ± 8
WIV T269V, L272W, L322I 71.4 28.6 9.5 99.5 0.5 0.03 51.2 ± 0.2 52.7 ± 0.2 29 ± 10
WIVS T269V, L272W, L322I, A406S 74.3 25.7 3.8 98.3 1.7 1.5 49.4 ± 0.9 49.7 ± 0.8 40 ± 5
WIVS-FM G265F, T269V, L272W, L322I, F405M,

A406S
95.0c 5.0c 1.8c >99.9d n.d.d n/ad 47.1 ± 1.1 n.d. 15 ± 5

FM G265F, F405M 77.4 22.6 6.0 94.5 5.5 4.4 48.3 ± 0.2 51.0 ± 0.2 10 ± 4
S-FM G265F, F405M, A406S 89.5 10.5 4.0 99.7 0.3 0.3 49.4 ± 2.7 n.d. 14 ± 1
WIV-FM G265F, T269V, L272W, L322I, F405M 89.6 10.4 2.3 99.9 0.1 0.1 51.1 ± 0.5 50.1 ± 0.1 34 ± 12
WIVS-FM-
IV

L52I, G265F, T269V, L272W, L322I, I366V,
F405M, A406S

84.6 15.4 2.0 97.6 2.4 0.7 51.4 ± 0.4 50.1 ± 0.1 31 ± 2

aAll values reported are the average and standard deviations from three independent experiments unless otherwise noted. bDetermined by HPLC
analysis of purified proteins from expressions in the denoted media. cAverage and standard deviation from eight independent experiments. dAverage
and standard deviation from seven independent experiments. eYields were determined via HPLC analysis or from ferrous CO-bound difference
spectra, using ε430 nm = 130 mM−1 cm−1.

Figure 2. Engineering BM3h for selective recognition of Fe-DPIX. (A)
Crystal structure of wild type BM3h (green, PDB: 2IJ236) highlighting
side chains targeted for mutation (blue) as well as the heme cofactor
(yellow). (B) Absorbance spectra for ferrous-CO bound BM3h
variants along the evolutionary trajectory: wild type (red), WIV
(green), WIVS (blue), and WIVS-FM (purple).
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ingly, we focused subsequent libraries to pocket-2 using WIVS
as a parent template. We again chose three residuesI153,
G265, and F405 for randomization, each sampling the same 10
amino acids as our initial library. Screening 1000 transformants
from this library yielded a single variant bearing two additional
mutations G265F and F405M (WIVS-FM). Remarkably, this
variant showed no detectable heme peak in the CO-bound
absorbance spectrum under screening conditions (Figure 2B).
WIVS-FM Is Highly Selective for Fe-DPIX. To more

thoroughly investigate cofactor selectivity, evolved BM3h
variants were expressed in the presence of 10 μM Fe-DPIX
in either minimal media (low cellular heme concentrations) or
rich media (TB, that is, in the presence of endogenous heme),
and the Fe-DPIX and heme content of purified BM3h
preparations was quantified via HPLC (Table 1, Figure S2).
Minimal media expressions provided BM3h variants that were
highly enriched (>98 mol %) for Fe-DPIX (Table 1 and Figure
S3A), and the most selective variant, WIVS-FM, showed no
detectable heme binding under these conditions. On the other
hand, when expressed in rich media, wild type BM3h showed
considerable contamination by native heme (Fe-DPIX/heme =
62.7 mol %:37.3 mol %; Figure 3A and B, Table 1 and
Supporting Information Figures S2A and S3B).
Enhancements in Fe-DPIX selectivity as measured by Soret

band absorbance (Figure 2B) were corroborated by HPLC
quantitation. WIV and WIVS, which contain mutations isolated
to pocket-1, showed small but iterative improvements in Fe-
DPIX selectivity (71.4 mol % and 74.3 mol %, respectively;
Figure 3B, Table 1 and Figures S2A and S3B). Selectivity was
significantly improved in WIVS-FM, which in rich media
provided protein purities comparable to those produced under
conditions that restrict heme biosynthesis (Fe-DPIX/heme =
95.0 mol %:5.0 mol %; Figure 3A,B, Table 1, and Figures S2A
and S3B). The ratio of cofactor-bound- to apo-WIVS-FM was
found to be consistent with levels of heme incorporation in
wild type BM3h (Figure S9). Furthermore, expression of
WIVS-FM in rich media and in the absence of Fe-DPIX
produced only small quantities of heme-bound WIVS-FM
(<0.5 mg/L; Figure 3A), the majority of which possessed a
CO-bound Soret peak at 420 nm, indicative of a misligated
heme state (often called P420, Figure S4A).35 These data
suggest that WIVS-FM effectively restricts heme from the active
site, while accommodating Fe-DPIX in an orthogonal fashion.
Mutations in Pocket-1 and Pocket-2 Provide Additive

Improvements in Fe-DPIX Selectivity.While we pursued an
evolutionary trajectory that initially targeted mutations to
pocket-1 (followed by pocket-2 in later rounds), efforts to affect

changes in Fe-DPIX selectivity could feasibly use either cavity
as a starting point. The most significant improvement in Fe-
DPIX selectivity was achieved upon the addition of two
mutations to pocket-2 (i.e., G265F and F405M in WIVS-FM).
This observation led us to question whether improvements that
result from these mutations were dependent on amino acid
substitutions identified in prior rounds of selection, or whether
pocket-2 mutations could function in isolation.
To examine the role of mutational directionality in

orthogonal enzyme/cofactor pair evolution, we constructed
three additional BM3h variants sampling alternative evolu-
tionary trajectories (Figure 3B and Figure S4B). Variant BM3h-
G265F/F405M (denoted FM), which contains only pocket-2
mutations, increased the mol % incorporation of Fe-DPIX to
77.4%, as compared to 62.7% in the wild type scaffold (Table
1). The degree of enrichment afforded by these two mutations
alone (+14.7%) is similar in magnitude to that observed upon
addition of the same mutations to WIVS (+20.7%) (Figure 3B).
Grafting the G265F/F405M mutations onto the WIV scaffold
(lacking the A406S mutation) to produce WIV-FM (BM3h-
T269V/L272W/L322I/G265F/F405M) produced similar
gains in Fe-DPIX selectivity (+18.1 mol %) (Figure 3B).
These results show that pocket-1 and pocket-2 mutations, in
isolation, are sufficient to provide significant improvements in
Fe-DPIX binding and provide additive enhancements when
combined. The functional independence of both pockets may
permit the evolution of protein scaffolds that selectively
recognize more complicated cofactor structures including
heme analogues bearing asymmetric-substitution patterns in
place of the vinyl moieties.
In contrast to other mutations, A406S showed greater

context-dependent effects with respect to the parent scaffold.
While the introduction of A406S into WIV (to produce WIVS)
provided only a modest improvement in Fe-DPIX binding (2.9
mol %), this mutation provided a 12.1 mol % improvement in
binding in the context of the FM scaffold (S-FM) (Figure 3B).
While our library designs include this residue in pocket-1, it is
situated on an active site helix that occupies a position at the
interface of both cavities. These results suggest that mutations
at A406 may facilitate pocket-2 remodeling in a manner
independent of pocket-1.

Fe-DPIX Selectivity Increases as Result of Decreased
Stability of the Heme-Bound Enzyme. Increased Fe-DPIX
selectivity in BM3h variants may reflect improved enzyme/
cofactor interactions with the Fe-DPIX scaffold, decreased
affinity/stability with respect to native heme, or a combination
of both. To investigate the extent to which these effects

Figure 3. Selectivity of BM3h variants for Fe-DPIX. (A) Cell pellets of wild type BM3h and WIVS-FM after expressions in rich media in the
presence or absence of Fe-DPIX. Red cell pellets are indicative of high levels of properly folded BM3h. Yields were determined by HPLC analysis.
(B) Improvements in Fe-DPIX selectivity between variants along the original evolutionary trajectory (black bars and lines) and via alternative
evolutionary paths (gray bars and dashed lines).
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contribute to observed increases in Fe-DPIX binding, we
measured the stability of purified heme- and Fe-DPIX-bound
variants (Table 1) as a function of T50 (the temperature at
which half the protein remains folded after a 10 min
incubation). Native BM3h/heme was more stable than
BM3h/Fe-DPIX by ∼5 °C (T50, heme = 55.5 °C, T50, Fe‑DPIX =
50.4 °C; Table 1), consistent with the fact that the wild type
pocket is highly optimized for heme. Mutations that confer
increases in Fe-DPIX selectivity resulted in lower stability of the
heme-bound protein. While significant decreases in stability
relative to wild type were observed for heme-bound WIV
(T50, heme = 52.7 °C; Table 1) and WIVS (T50, heme = 49.7 °C;
Table 1), these variants maintained similar stabilities in the
presence of Fe-DPIX (T50, Fe‑DPIX ≈ 50 °C; Table 1). WIVS-
FM/heme expressions resulted in a misfolded P420 state
(Figure S4A), which prevented thermostability measurements.
This result suggests that heme-bound WIVS-FM is further
destabilized relative to other variants.
The decrease in stability observed in WIVS-FM/heme was

accompanied by a slight loss in stability of WIVS-FM/Fe-DPIX
(T50, Fe‑DPIX = 47.1 °C; Table 1). In attempt to improve the
stability of the WIVS-FM/Fe-DPIX pair, we introduced two
mutations (L52I and I366V, to produce WIVS-FM-IV), which
have previously been shown to increase the thermostability of
BM3h variants.39 WIVS-FM-IV/Fe-DPIX showed increased
yield and stability (T50, Fe‑DPIX = 51.4 °C; Table 1) compared to
WIVS-FM/Fe-DPIX. However, these gains were accompanied
by a concomitant increase in stability and yield of the heme-
bound protein, resulting in a loss of Fe-DPIX selectivity (Table
1, Figures S3A,B, S4C). These stability trends suggest that
engineered mutations provide enrichment in Fe-DPIX
primarily through destabilization of the heme-bound protein.
Structural Determinants of Fe-DPIX Selectivity in

Evolved BM3h Variants. To elucidate the molecular basis
for Fe-DPIX selectivity, we determined the crystal structures of
WIVS and WIVS-FM to 2.34 and 2.16 Å, respectively (see
Table S4 for statistics on data collection and refinement). Each
structure contains eight molecules in the unit cell. Overall, both
structures closely resemble wild type BM3h (Figure S5), with
the most significant changes occurring to side chain positions in
the heme-binding pocket.36,37 WIVS and WIVS-FM aligned to
the substrate-free structure of wild type BM3h36 (PDB: 2IJ2,
molecule A) with average rsmd values of 0.88 and 0.92 Å,
respectively, and to the substrate-bound structure37 (PDB:
1JPZ, molecule A) with rmsd values of 0.40 and 0.43 Å,
respectively.
Active site mutations of WIVS-FM appear to fill the cavities

imparted by deletion of the heme-vinyl groups. The indole side
chain of L272W occupies the space previously filled by the vinyl
group in pocket-1 (Figure 4A). The side chain of L322I, which
packs against L272W, may orient the tryptophan side chain to
more favorably exclude heme. The T269V mutation overlays
closely with the isosteric wild type side chain, and while this
mutation may not contribute significantly to steric occlusion of
native heme, it may increase hydrophobicity in pocket-1. In
addition, this mutation interrupts a cognate hydrogen bond
between the backbone carbonyl of residue 265 with the T269
side chain (Figure S7A),36 which may lead to observed
backbone conformational changes in the I-helix, discussed
below. The A406S mutation appears to improve packing with
the porphyrin ring. In pocket-2, the G265F mutation fills the
vinyl cavity of pocket-2 (similar to L272W in pocket-1) while

F405M appears to create a flexible packing interface to
accommodate the G265F mutation (Figure 4B).
Several unexpected features were observed in the crystal

structures of both WIVS and WIVS-FM. For example, the
conformation of the Fe-DPIX cofactor is rotated 180° about
the plane of the porphyrin with respect to the preferred
conformation typically observed in heme-bound BM3h (see
heme/Fe-DPIX methyl groups in Figure 4E and Figure
S6A,B,E). Modeling suggests that, in the “un-flipped”
conformation, steric clashes would occur between the Fe-
DPIX exocyclic-methyl groups and the side chains of A406S
and G265F; however, these inhibitory interactions are alleviated
in the ring-flipped conformation (Figure S6C,D). This alternate

Figure 4.Molecular determinants of Fe-DPIX selectivity. (A) Pocket-1
and (B) pocket-2 of wild type BM3h (green, 2IJ2) overlaid against
WIVS-FM side chains (cyan). The Fe-DPIX cofactor of WIVS-FM is
shown in yellow. (C) Cartoon overlay of the I-helix of WIVS-FM
(cyan) with that of substrate-free wild type BM3h (green, 2IJ2) and
substrate-bound BM3h (purple, PDB: 1JPZ37). (D) The I-helix of
WIVS-FM (cyan) overlaid with the substrate-free wild type structure
(green, 2IJ2), shown in stick representation. Only the side chain of
residue G265F is shown for clarity. (E) The cofactor-binding pocket
(gray surface) of the wild type enzyme (green, 2IJ2) compared to
WIVS-FM (cyan, cofactor in yellow). (F) Quantified cavity volumes
along the evolutionary trajectory. Error bars represent standard
deviations. n = 8 molecules; (∗) p < 0.01, (∗∗) p < 0.0001, (∗∗∗) p <
0.0000001.
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“ring-flipped” porphyrin conformation is observed for heme in
high resolution structures of BM3h and is estimated to make up
less than 20% of the population in the wild type enzyme.36 The
ability of the cofactor to occupy different conformations may
allow some variants to maintain heme binding by circum-
venting steric clashes between the heme vinyl moieties and the
introduced amino acid mutations (e.g., clashes between the
heme vinyl group in pocket-1 and the L272W side chain are
avoided in the “ring-flipped” conformation) (Figure S6E).
The structures of WIVS and WIVS-FM also show

unexpected rearrangements in the backbone conformation of
the BM3h I-helix (a long, conserved helix that spans the length
of the P450 active site and is important for catalysis). Substrate-
free structures of wild type BM3h show a significant kink in the
middle of the I-helix due to an interruption of the i−i+4
hydrogen bonding pattern by a conserved water molecule,
which inserts itself between the carbonyl of I263 and the amide
nitrogen of E267.37 In substrate-bound structures, this water
molecule is displaced resulting in a straightening of the I-
helix.37 In both WIVS and WIVS-FM, which were crystallized
in the absence of substrate, we do not observe the typical water
molecule between I263 and E267 and the I-helix adopts an
unkinked helical backbone conformation that more closely
resembles the substrate-bound form of the protein (Figure 4C
and Figure S7A,B). Notably, the I-helix becomes progressively
less distorted along the evolutionary trajectory.
Previous structural studies of P450BM3 variants have noted

that mutations in the I-helix can lock the enzyme in the
substrate-bound conformation even in the absence of
substrate.36,40,41 Unbending of the I-helix observed in WIVS
may result from the T269V mutation, which interrupts a
cognate backbone carbonyl-side chain hydrogen bond between
G265 and the side chain of T269 (Figure S7A). Further
straightening of the helix is observed in WIVS-FM with the
addition of the G265F and F405M mutations (Figure S7A,C).
Notably, G265F, resides in the I-helix; the removal of a helix-
breaking glycine residue at this location may contribute
significantly to increased helicity. As a result of this backbone
conformational change, the Cα atom of G265F (in WIVS-FM)
shifts 1.6 Å with respect to the wild type structure (Figure 4D).
This movement helps prevent steric clashes between the
phenylalanine side chain and the Fe-DPIX porphyrin ring
(Figure 4D). This observation suggests that while the I-helix is
well situated to interact with native heme, backbone conforma-
tional rearrangements may be important to accommodate
mutations that enrich for artificial porphyrin binding.
In general, we observed a significant decrease in the size of

the cofactor binding pocket of engineered BM3h variants when
compared to the wild type enzyme (Figure 4E and Figure S8A).
To quantify these differences, we calculated changes in solvent-
accessible pocket volume in the immediate vicinity of the
cofactor (Figure 4F and Figure S8B). To provide a statistical
analysis, we computed active site volumes in all eight
monomers of the WIVS and WIVS-FM structures, as well as
eight molecules of substrate-free wild type BM3h from the
structures 2IJ2, 1BU7, 2HPD, and 2BMH.36,42−44 The cofactor
binding pocket volume shrinks substantially along the evolu-
tionary trajectory (wild type = 212 Å3, WIVS = 181 Å3, WIVS-
FM = 161 Å3; Figure 4F), providing a complementary binding
surface for Fe-DPIX at the exclusion of the larger heme
porphyrin.
WIVS-FM/Fe-DPIX Catalyzes Non-natural Carbenoid-

Mediated Olefin Cyclopropanation. A major goal of this

work is to enable the generation of new catalysts for reactions
not found in nature. To demonstrate the potential for using
orthogonal enzyme/heme pairs as catalytic scaffolds, we
examined the activity of WIVS-FM/Fe-DPIX in non-natural
carbenoid-mediated olefin cyclopropanation. Recent work has
shown that heme enzymes can be engineered as highly active
and selective catalysts for this reaction.45−48 In particular, the
mutation T268A in BM3h has been shown to be highly
activating toward cyclopropanation.45 Therefore, we introduced
the T268A mutation into the WIVS-FM scaffold. The addition
of this mutation did not affect selective Fe-DPIX recognition
(Table S3). We then tested the in vitro activity of WIVS-FM
T268A/Fe-DPIX in the model cyclopropanation reaction
between styrene and ethyl diazoacetate (Table 2 and Figure

S10). WIVS-FM T268A/Fe-DPIX shows levels of cyclo-
propanation activity near that of BM3h T268A/heme, although
the selectivity of the T268A variant is altered in the context of
WIVS-FM compared to the wild type protein. The observed
changes in selectivity may be a result of altered substrate
binding conformations caused by the observed backbone
changes in the I-helix (described above).
Orthogonal P450-FeDPIX scaffolds were inactive in native

P450-mediated monooxygenation reactions (Figure S11). As
such, engineered FeDPIX variants provide a new enzyme
scaffold that is exclusively competent for non-natural cyclo-
propanation catalysis, without competition with native P450
chemistry. We hypothesize that the loss of monooxygenation
catalysis results from significant structural rearrangements in
the I-helix, which has been shown to play a pivotal role in
proton transfer events that are necessary for the P450 catalytic
cycle.37

The observation that WIVS-FM is no longer active in
monoxygenation reactions led us to also investigate cyclo-
propanation under aerobic conditions, which are typically
inhibitory toward P450-mediated carbenoid insertion reactions.
WIVS-FM T268A/Fe-DPIX maintained a greater proportion of
its activity and selectivity under aerobic conditions when
compared to BM3h T268A/heme, further illustrating the
potential of this orthogonal system as a starting point toward
generating novel biocatalysts. Notably, the activity of the

Table 2. Activities and stereoselectivities of biocatalysts for
the reaction of styrene with ethyl diazoacetate

catalyst yield TTNa
dr

(cis:trans)
ee cis
[%]b

ee trans
[%]c

heme 7 35 16:84 0 −11
Fe-DPIX 5 23 13:87 3 −11
BM3h T268A/heme 57 284 1:99 −6 −97

BM3h T268A/heme
aerobic

2 11 10:90 −15 −42

WIVS-FM T268A/Fe-
DPIX

44 221 12:88 −51 −46

WIVS-FM T268A/Fe-
DPIX aerobic

12 59 12:88 −33 −37

aTTN = total turnover number. b(1R,2S) − (1S,2R). c(1R,2R) −
(1S,2S). TTN and stereoselectivities determined by chiral GC analysis.
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enzyme/cofactor pair correlates with the activity of the free
cofactor. This allows for potential orthogonal cofactors to be
screened for a desired reaction activity prior to engineering the
protein for selective binding. In this way, orthogonal enzyme/
heme pairs allow for optimization of new chemistry via
“evolution” of both the cofactor and protein.

■ CONCLUSIONS
We report the design and evolution of an orthogonal
cytochrome P450 scaffold that shows altered specificity toward
a non-natural metallocofactor, Fe-DPIX. WIVS-FM was
isolated after only three rounds of directed evolution, sampling
∼2100 total transformants, suggesting that limited-diversity
randomization of the heme-binding cavity can produce rapid
enhancements in selectivity for non-natural cofactors. Structural
investigations suggests that isolated mutations exclude native
heme through iterative reduction in size of the cofactor binding
cavity, providing selective recognition of the smaller deuter-
oporphyrin scaffold. While WIVS-FM/Fe-DPIX no longer
catalyzes native P450 monooxygenation reactions, it shows
significant activity in non-natural cyclopropanation reactions,
providing a new starting point for the development of non-
natural biocatalysts.
We anticipate that this approach can be expanded to a range

of synthetic porphyrin and nonporphyrin systems bearing
alternate functionality that enables discrimination from native-
heme and in parallel that tune the electronic properties of the
metal center. In cases where the cofactor structure is
significantly divergent from native heme, the scope of
promiscuous transport by ChuA will need to be addressed.
Evolution of ChuA prior to, or in parallel with, evolution of the
orthogonal enzyme may be required for more complex
scaffolds. Additionally, the very small levels of heme
contamination observed for orthogonal enzyme preparations
in rich media may complicate screens for novel catalytic activity,
as care will have to be taken to ensure observed activity is not
due to contaminating heme enzyme. However, this may not be
an issue in screening for reactions that heme itself cannot
catalyze.
This work provides a strategy for reshaping heme-binding

pockets to recognize designed, artificial metallocofactors. For
example, the ability of evolved Fe-DPIX-binding proteins to
produce noniron proteins is currently being investigated. As
was recently shown, alternative metal centers have the potential
to greatly expand the reaction scope of heme enzymes49 and
thus is a promising direction for the generation of highly active
orthogonal enzyme/heme pairs in reactions that cannot be
catalyzed by native heme. In addition, the design of a panel of
orthogonal proteins that selectively recognize unique cofactor
scaffolds will allow for the expression of tailored metal-
substituted proteins in cells. These engineered metalloproteins
may then be integrated into biosynthetic pathways or used as
probes of protein function. Accordingly, orthogonal enzyme/
cofactor pairs represent versatile tools to expand nature’s
chemical repertoire.
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