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ABSTRACT: The potential applications afforded by the gener-
ation and reactivity of artificial metalloenzymes (ArMs) in mi-
croorganisms is vast. We show that a nonpathogenic E. coli
strain, Nissle 1917 (EcN), is a suitable host for the creation of
ArMs from cytochrome P450s and artificial heme cofactors. An
outer-membrane receptor in EcN transports an iridium por-
phyrin into the cell, and the Ir-CYP119 (CYP119 containing
iridium porphyrin) assembled in vivo catalyzes carbene inser-
tions into benzylic C-H bonds enantioselectively and site-selec-
tively. The application of EcN as a whole-cell screening plat-
form eliminates the need for laborious processing procedures,
drastically increases the ease and throughput of screening, and
accelerates the development of Ir-CYP119 with improved cata-
lytic properties. Studies to identify the transport machinery
suggest that a transporter different from the previously as-
sumed ChuA receptor serves to usher the iridium porphyrin
into the cytoplasm.

Introduction

Artificial metalloenzymes (ArMs) lie at the interface of ho-
mogeneous catalysis and biocatalysis and are created by the in-
corporation of a synthetic metal complex into a protein scaf-
fold. By doing so, the versatile reactivity of transition-metal cat-
alysts can be merged with the unique selectivity provided by
the confined, shape-selective space of an enzyme active site.!
While the directed evolution of protein structures and the syn-
thesis of new organometallic complexes have made possible
the creation of the unnatural catalytic properties of ArMs,?2 the
reactivity of such enzymes in living cells is limited, due to the
multitude of chemical functional groups present in the cell. In

particular, efficient cofactor uptake, specific in vivo assembly,
and catalytic reactivity without inhibition by cellular compo-
nents are challenging to achieve with ArMs.3

Nature has achieved site- and enantioselective C-H bond
functionalization in cells ranging from bacteria to humans
through billions of years of evolution,* and our group and oth-
ers have sought to mimic this site-selectivity with unnatural
metalloenzymes.5 6 Such reactions of native systems are illus-
trated by site-selective oxidation of C-H bonds in complex nat-
ural products catalyzed by cytochrome P450 enzymes?”. 8 and
the directed evolution of such enzymes for reactions on non-
native substrates,? with altered regioselectivity,10 or with rea-
gents for group transfer not known to be part of nature.11-13

Our group reported the first examples of enzyme-catalyzed
intramolecular and intermolecular insertions of carbenes into
sp3 C-H bonds!4 and, most recently, showed that evolution of
the CYP119 scaffold containing an iridium porphyrin in the ac-
tive site allows site-selective reactions at one of two nearly
equivalent methylene groups of a substituted phthalan.15 Alt-
hough these studies with ArMs have shown that site-selective
functionalization of C-H bonds can be achieved, the methods by
which the ArMs are generated have limited the rate of evolu-
tion of such enzymes. Moreover, the incorporation of such un-
natural C-H bond functionalization into artificial biosynthetic
pathways akin to those reported recently!6 would require that
the enzymes assemble and react in whole cells.

This long-term goal of expanding natural metabolism involv-
ing ArMs generated in vivol6 and the shorter-term goal of facil-
itating directed evolution of ArMs would benefit from and even
require assembly and reactivity of ArMs in cells without the
need for in vitro reconstitution steps.!” Previously, we created
artificial hemoproteins with iron substituted by an abiological

1



metal in the porphyrin scaffold by generating apo-protein and
incorporating the artificial cofactor into this structure. While
this general workflow generated active catalysts, rapid di-
rected evolution was hampered by the need to purify the pro-
tein!4 18 or to generate cell lysates prior to reconstitution with
synthetic metalloporphyrins.15 19

Recently, Ward and coworkers overcame these hurdles by
compartmentalizing streptavidin-biotin based ArMs on the
outer-membrane20 and in the periplasm?21 22 of E. coli. These al-
ternative expression platforms exploit a propitious environ-
ment for the assembly and catalysis by ArMs because the pro-
tein matrix is readily accessible and the interference from in-
tracellular components is lower than that in the cytoplasm.
However, the potential problem of incorrect folding and incom-
plete secretion, the absence of cofactors, and low concentration
of biosynthetic intermediates in the periplasm or cell surface
limits the applicability of catalysis in these locations. Thus, we
sought to develop a platform for the recombinant production
of Ir-CYP119 in the cytoplasm and use of such enzymes for non-
natural reactions in E. coli. More specifically, we sought to con-
duct stereoselective and site-selective functionalization of C-H
bonds with ArMs generated and reacting in such whole cells.

Aerobic expression

~ Chemoprotein >

E. coliBL21
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Ir(Me)MPIX
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Figure 1. Methods to introduce artificial metalloporphyrins at
the level of protein expression. (a) The use of an E. coli strain
RP523 with a mutation that renders the membrane heme-per-
meable; (b) Co-expression of an outer-membrane transporter
ChuA with the hemoprotein of interest; (c) This work: in vivo
assembly of Ir-CYP119 within E. coli Nissle 1917 that contains
a native uptake system for metalloporphyrins.

Our goal of assembling active artificial metalloenzymes for
site- and enantioselective C-H bond functionalization in E. coli
requires that we identify an approach to introduce the abiotic
cofactor, Ir(Me)MPIX (MPIX for mesoporphyrin IX), at the stage
of protein expression. Several strategies have been reported to
transport heme analogs into cells. Marletta and coworkers re-
ported the expression of H-NOX (Heme Nitric oxide/Oxygen
binding protein) substituted with Ru(CO)MPIX in the E. coli
strain RP523 that is heme-permeable and hemB defective (Fig.

1a).23 The co-expression of an outer-membrane heme trans-
porter ChuA also has been reported to incorporate synthetic
heme derivatives into the hemoproteins of interest (Fig. 1b).24-
26 However, the cell line in the former method requires anaer-
obic cultivation to reach a sufficient cell density, and the over-
expressed transporters on limited membrane space in the lat-
ter case can disrupt the normal functions of native membrane
proteins and receptors.

Here, we report the assembly of Ir-CYP119 enzymes in an E.
coli strain (EcN) containing a chromosomally encoded outer-
membrane transporter, and subsequent stereoselective and
site-selective intermolecular C-H bond functionalization in
whole cells. In addition to achieving organometallic C-H bond
functionalization with artificial metalloenzymes in E. coli, our
investigation of the outer-membrane transporters on EcN iden-
tified a new transporter that facilitates the uptake of iridium
porphyrins to the cytoplasm with efficiency that is higher than
that of the previously assumed principal heme transporter
ChuA.

Results and Discussion

Enhanced Iridium Uptake by Nissle 1917. Recently, the E.
coli strain Nissle 1917 (EcN), which is a probiotic reagent used
in the treatment of various gastroenterological diseases2? and
contains a chromosomal copy encoding the heme acquisition
system chu, has been shown to enhance the incorporation of
heme during the expression of hemoproteins.28 We envisioned
that the intrinsic cofactor uptake system in this E. coli strain
would avoid the need to introduce a second plasmid encoding
the transporter in a co-expression strategy and enable the in
vivo assembly and whole-cell catalysis of Ir-CYP119 (Fig. 1c). If
so, directed evolution of artificial metalloenzymes should be
accelerated.
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Figure 2. (a) The cell growth curves of EcN in the presence of
0,0.1, 0.5 and 1 ppm of Ir(Me)MPIX. 1 ppm=1 mg/L. The curves
were fitted to a Gompertz growth model using Prism 8.29 (b)
The percentages of iridium added to the growth medium that
were recovered in the total cell lysates and the percent within
the supernatants of cell lysates and the insoluble fractions of
cell lysates from the two E. coli strains expressing CYP119. The
data are shown as the average from three biological replicates,
with error bars indicating 1 standard deviation.

Because metalloporphyrins containing metals other than
iron are known to have antibacterial activities, especially
against microorganisms that express a heme transport sys-
tem,30 we first investigated whether Ir(Me)MPIX is toxic to EcN
cells (Fig. 2a). EcN cells were transformed with a CYP119-
expression plasmid, and the kinetics of cell growth in the pres-
ence of 0.1, 0.5 and 1 ppm Ir(Me)MPIX were monitored over
time. Compared with the cell culture that was incubated in the
absence of Ir(Me)MPIX, the growth of the cells with 0.1-1 ppm
iridium porphyrin added to the medium were barely impacted.
These data show that the cell growth in the media with concen-
trations of Ir(Me)MPIX near or below 1 ppm should be suitable
for generating ArMs.

To assess our hypothesis that iridium porphyrins could be
transferred efficiently into EcN, quantification of the cellular
iridium in EcN harboring Ir-CYP119 was conducted with ICP-
MS (Inductively Coupled Plasma-Mass Spectrometry). As a con-
trol, a common laboratory E. coli strain without genetically en-
coded heme transporter, BL21(DE3), was cultivated under the
same conditions. The expression of Ir-CYP119 was induced by
adding 0.2 ppm anhydrotetracycline, and 0.1 ppm iridium por-
phyrin was added upon induction. The amount of iridium in the
cell lysates was measured after 18 hours of incubation. The
percentage of the total added iridium that was recovered in
lysed EcN cells (58%) was measurably higher than that in
BL21(DE3) (29%) (Fig. 2b). Further, the amounts of iridium in
the supernatants of the two cell lysates, which contain mostly
soluble proteins, were much different. The iridium content in
the supernatant of EcN cell lysates was three times (27%)
higher than that of the BL21(DE3) cells containing no known
heme transporters (8%).

Most important, the UV-vis absorbance spectrum of the Ir-
CYP119 contained in the supernatant of EcN cell lysates was
indistinguishable from that of Ir-CYP119 reconstituted in vitro
(Fig. S1). The UV-vis spectrum of the enzyme purified from the
EcN cell lysate contained a characteristic Soret peak at 400 nm,
and ICP analysis of the same protein indicated that 19% of the
protein contained the artificial cofactor (Table S1). In contrast,
the Soret peak is almost undetectable in the UV-vis spectrum of
the CYP119 purified from BL21(DE3) cells lacking a trans-
porter (Fig. S1), and ICP results showed that little (3%) of the
CYP119 purified from BL21(DE3) contained the cofactor, even
when 0.5 ppm Ir(Me)MPIX was supplemented to the cell cul-
ture during growth (Table S1). These data show that EcN is a
suitable platform for assembly of the Ir-CYP119 in vivo, but
they do not speak to the identity of the system that transports
the iridium-containing cofactor. Studies to identify potential
transporters in this cell line are presented in the final section
of this paper.

C-H Bond Functionalization in Nissle 1917. Having demon-
strated the enhancement of iridium uptake and assembly of Ir-
CYP119 in EcN, the carbene insertion into benzylic C-H bonds
was conducted with EcN cells harboring a CYP119 variant that
was previously shown to catalyze the enantioselective C-H ac-
tivation of phthalan 1.15 No product from carbene insertion was

observed with EcN cultivated in the absence of iridium cofac-
tor. However, the reaction proceeded with 70:30 enantiomeric
ratio (er) and 91 TON (Table 1, entry 1) when the EcN culture
was supplemented with 1 ppm Ir(Me)MPIX at the same time as
the induction of protein expression.

To increase the er of the reactions in whole cells, the concen-
tration of Ir(Me)MPIX in cell cultures was decreased from 1
ppm to 0.1 ppm (Table 1, entry 1-4). The er increased to 92:8,
and the biocatalyst afforded the C-H bond functionalization
product in E. coli with a TON of 1024 when the loading of irid-
ium cofactor in the culture medium was as low as 0.1 ppm (Ta-
ble 1, entry 4). This selectivity and activity is comparable to
that of the catalysts generated in vitro by addition of cofactor to
purified apo protein.15 With a cell suspension of lower density
(ODso0o ~15), the reaction in E. coli still proceeded with a high
enantioselectivity (Table 1, entry 5). In contrast, the reaction of
phthalan with EDA (ethyl diazoacetate) in the presence of EcN
cells containing an empty vector lacking the CYP119 genes, un-
der otherwise identical growth and reaction conditions, gave
only trace amounts of product, and the product was racemic
(Table 1, entry 6). Without the coordination environment pro-
vided by the CYP119 cavity, the unbound iridium porphyrin
catalyzed the C-H activation with low reactivity and no enanti-
oselectivity.

Table 1. Evaluation of carbene insertion into phthalan
1 catalyzed by Ir-CYP119 in Nissle 1917 cells.?

CO,E
N EcN harboring
@E:o e r-CYP119 Qig
COEt 30°C, 4h
1 2

entry  Ir(Me)MPIX (ppm)?> erc TONd

1 1 70:30 91+11
2 0.5 87:13 273+12
3 0.2 92:8 789+16
4 0.1 92:8 1024429
Se 0.1 92:8 1314456

6f 0.1 50:50 56+7

aReaction conditions: EcN expressing CYP119 mutant
(C317G, A152L, T213G, P252S, V254A), ODeoo ~30, phthalan (2
umol), EDA (16 umol), DMSO (20 pL), M9-N (300 uL), 30 °C, 4
h. bThe concentrations of Ir(Me)MPIX added to EcN cells during
protein expression. <The er (enantiomeric ratio) was deter-
mined by chiral HPLC. @The TON (turnover number) was calcu-
lated by the number of substrate molecules converted to the
product per iridium cofactor added to the cell culture. €ODgoo
~15./The reaction was performed with EcN cells containing an
empty vector pASK-IBA3C under otherwise identical condi-
tions. All data are shown as the average from three biological
replicates.

Together, these data imply that the C-H bond functionaliza-
tion occurring in the presence of EcN cells results from the re-
activity of a combination of unbound cofactor and assembled
Ir-CYP119. A decrease in the iridium loading suppresses the ra-
cemic background reaction catalyzed by unbound iridium por-
phyrins and leads to higher enantioselectivity from the reac-
tions predominantly catalyzed by Ir-CYP119 assembled in EcN
cells.



Having established the conditions for enantioselective car-
bene insertion into C-H bonds with Ir-CYP119 in E. coli cells, we
evaluated the site-selectivity of C-H bond functionalization
with a panel of 4-substituted phthalans catalyzed by EcN con-
taining the assembled Ir-CYP119 (Scheme 1). CYP119-My,,
CYP119-PL1 and CYP119-Pr, which are mutants developed in
our prior work, preferentially reacted at one of the two ben-
zylic positions in the substituted phthalans over the other.15
With 4-bromophthalan 3a as substrate, EcN cells expressing Ir-
CYP119-Pu1 selectively activated the C-H bond in the methylene
group para to bromine and generated the carbene insertion
product with a 3.1:1 ratio of constitutional isomers. Cells ex-
pressing Ir-CYP119-Mv: preferentially formed the isomer re-
sulting from reaction at the methylene group meta to bromine
with a ratio of 1:3.2. These ratios are measurably higher than
those obtained with the reactions catalyzed by Ir-CYP119-P11
and Ir-CYP119-Mvw: formed in vitro from the purified apo-pro-
tein and iridium porphyrin complex (1.7:1 and 1:2.2, respec-
tively) (Table S2). The reactions of 4-chlorophthalan 3b in EcN
also formed either isomer with good site-selectivity catalyzed
by the two Ir-CYP119 mutants assembled in vivo, and the prod-
uct ratios were higher than those from the same enzymes gen-
erated in vitro. Finally, the reactions of substrates containing
electron-donating (3c) and bulky alkyl (3d) substituents both
gave the product from insertion into the methylene para to the
substituent, like the analogous reactions in vitro. These higher
or similar selectivities show that the reactions in EcN are cata-
lyzed by the intact Ir-CYP119. The free cofactor reacts to give a
nearly 1:1 ratio of constitutional isomers.15

Scheme 1. Site-selective C-H activation catalyzed by EcN
cells harboring Ir-CYP119.2

CO,Et
EcN harboring
Ir-CYP119 o]
. JOR
30°C,4h R

CO,Et
3 para-4 meta-4
3aR =Br 3aR =Br 3c R =0Me
CYP119-P, CYP119-My; ! CYP119-P,,
para:meta = 3.1:1 para:meta = 1:3.2 | para:meta = 4.9:1
TON 2302+27 TON 324154 | TON 1634+36
3bR =Cl 3bR =Cl ! 3dR =Bu

CYP119-P4 CYP119-Myy CYP119-P,
para:meta = 2.8:1 para:meta = 1:3.4 . para:meta = 4.8:1
TON 3407+234 TON 4643+103 ! TON 938+140

aReaction conditions: EcN expressing CYP119 mutant, ODeoo
~30, phthalan derivatives (2 1 mol), EDA (16 u mol), DMSO
(20 v L), M9-N (300 1 L), 30 °C, 4 h. The cells were cultivated
with 0.1 ppm Ir(Me)MPIX during protein expression. The
heights of bars correspond to the relative amounts of para
(blue) and meta (red) products. All data are shown as the aver-
age from three biological replicates.

The TONs obtained for the reactions in EcN cells were much
higher than those for the reactions with the artificial metalloen-
zymes generated and used in vitro (Table S2). For example, the
TONSs of reactions of halophthalans 3a and 3b conducted with
whole cells were 10~20 times higher than those for reactions
in vitro. Moreover, the reactions of substrates 3c and 3d in EcN
both proceeded with TONs 8~9 times higher than those of the
reactions catalyzed by the same enzymes reconstituted in vitro.

One could imagine that the catalytic C-H bond functionaliza-
tion occurs by a process catalyzed by Ir-CYP119 that is released
by partial cell lysis, rather than a reaction catalyzed within in-
tact E. coli. To distinguish between these scenarios, we first
measured the increase in the formation of functionalized prod-
uct 2 versus time and found that the number of turnovers lev-
eled after around 4 h (Fig. 3a). To assess whether the active cat-
alyst was present during this time in cells or had been released
into the medium, the supernatant and cells were separated
from the reaction mixture by centrifugation at time intervals
differing by one-hour over this 4 h period, and each set of cells
was resuspended in M9-N reaction buffer. This suspension and
the supernatant were separately fed a new batch of substrates
(4-chlorophthalan 3b and EDA) and allowed to react for two
more hours. Additional production of insertion product 4b was
consistently observed in the reactions containing the resus-
pended cell pellets (Fig. 3b), and the reactivity of the resus-
pended cell pellets decreased over time. The loss of the reactiv-
ity is attributed to the potential toxicity of EDA (Fig. S2), rather
than leakage of Ir-CYP119 into the medium, because no addi-
tional formation of 4b was observed from the reactions with
isolated supernatants. These data clearly show that the activity
of the whole-cell catalysts originated from the Ir-CYP119 con-
tained within the intact cells.

a.
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0 1 ' I ' 1 ' 1 ' 1
0 2 4 6 8
Time (h)
b -
2000
Z
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-
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0 1 2 3 4
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Figure 3. (a) The turnover numbers for the reaction of phtha-
lan 1 with EDA vs. time (h) in whole cells. Reaction conditions:
EcN expressing CYP119 mutant, ODsoo ~30, phthalan 1 (2
umol), EDA (16 pumol), DMSO (20 pL), M9-N (300 pL), 30 °C, 1-
7 h. The cells were cultivated with 0.1 ppm Ir(Me)MPIX during
protein expression. (b) The C-H activation of 4-chlorophthalan
3b catalyzed by resuspended pellets. The age of cells refers to
the length of time for which the cells had been used for catalysis
before resuspension. Reaction conditions: Resuspended EcN
cell pellets, ODsoo ~30, 4-chlorophthalan 3b (1 umol), EDA (8
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umol), DMSO (10 pL), M9-N (300 pL), 30 oC, 2 h. All data are
shown as the average from three biological replicates, with er-
ror bars indicating 1 standard deviation.

Directed Evolution of Ir-CYP119 in Whole Cells. Having
shown that the assembly and reactivity of Ir-CYP119 can be
achieved in EcN cells, we sought to exploit this capability to de-
velop a streamlined protocol for expressing and screening Ir-
CYP119 mutants in EcN with 96-well microtiter plates (Fig. S3).
Our group has previously evolved an Ir-CYP119 mutant that
catalyzed diastereoselective cyclopropanations of monoter-
penes, but the directed evolution process was impeded by the
need to purify the proteins prior to measuring the selectivity.18

To demonstrate the potential to evolve ArMs by conducting
the screening with intact EcN cells, we sought to evolve Ir-
CYP119 to catalyze diastereoselective cyclopropanation of a
sesquiterpenoid, (+)-nootkatone. (+)-Nootkatone 5 contains an
unconjugated 1,1-disubstituted alkene possessing one second-
ary alkyl group, making the stereoselectivity challenging to
achieve. One of the CYP119 mutants (CYP119-P) in the pool of
mutants studied for C-H activation!5 was chosen as the starting
host from which to start directed evolution. This Ir-CYP119
variant catalyzed the cyclopropanation of (+)-nootkatone in
EcN with a dr (diastereomeric ratio) of 1.0 : 4.4 : 1.8 : 1.5,
whereas the free cofactor afforded the products with a distinct
ratio of 1.1:1.0: 2.7 : 2.4 (Fig. 4).

CO,Et
“\ EcN harboring (
N2 Ir-CYP119 .
+ - .
o CO5Et 30°C, 4 h o
5 6
100y — P, EZZ2 P,
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% 40~ 2
@ 2
20— =
0~
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152NM531 153112565
Figure 4. Directed evolution of Ir-CYP119 for diastereoselec-
tive cyclopropanation of (+)-nootkatone 5 with EcN as a
screening platform. Reaction conditions: EcN expressing
CYP119 mutant, ODeoo ~30, 5 (2 pmol), EDA (16 umol), DMSO
(20 pL), M9-N (300 pL), 30 °C, 4 h. The cells were cultivated
with 0.1 ppm Ir(Me)MPIX during protein expression. P1-P4 are
the four diastereomeric products numbered in the order of elu-
tion by gas chromatography. The selectivity of each diastere-
omer corresponds to its percent in the total four diastereo-
meric products. The relative yield is calculated by normalizing
the yield of the reaction catalyzed by the final mutant as 100%.
All data from the reactions in EcN are shown as the average
from three biological replicates, with error bars indicating 1
standard deviation.

A combinatorial library targeting 10 residues around the ac-
tive site of CYP119 was generated with mutagenic primers that
carry a degenerate NNK codon at the targeted positions (Fig.
S$4).31 A screening of ~400 random clones showed that the mu-
tation of I1282L increased the diastereoselectivity, such that the
fraction of the major diastereomeric product increased from

51% (1.0:4.4:1.8:1.5)to 67% (1.0:7.2: 1.4 : 1.2 dr). This
minor isomer (14%) formed from the reaction catalyzed by the
free cofactor. Further randomization at sites 152 and 153 with
primers containing degeneracy (NNK) at both residues led to
an enzyme containing 152N /1531 mutations with a higher dia-
stereoselectivity of 74% (1.0 : 9.6 : 1.8 : 1.0 dr). A third round
of mutation, this time at residues 254 and 256, identified a
quadruple mutant 282L/152N/1531/256S that formed the cy-
clopropanation product of (+)-nootkatone with a 28% increase
in the yield and 75% selectivity for the major isomer (Fig. 4).
This evolved mutant reacted with a nearly identical diastere-
oselectivity (70%) for the major diastereomeric product and
yield of 46% when the reaction was performed in vitro with pu-
rified proteins and slow addition of diazo reagents (Table S3).
This rapid directed evolution to dramatically increase the dia-
stereoselectivity for cyclopropanation clearly show the value of
evolving artificial metalloenzymes assembled and reacting in
vivo.

Identification of the potential transporter of the Ir(Me)PIX
cofactor in Nissle 1817. After demonstrating that EcN is a suit-
able screening platform for the directed evolution of Ir-CYP119
in whole cells, we sought to clarify whether the uptake of the
artificial cofactor into EcN is assisted by the heme receptor
ChuA, as assumed in prior literature,24-26 or by a different
transport system. We did so because we found that the reaction
catalyzed in BL21(DE3) cells expressing CYP119 without a
known heme transporter proceeded with a substantial er
(82:18), albeit with low TON (205). This result suggests that
trace amounts of Ir(Me)MPIX can enter the cells via passive dif-
fusion or other carrier-dependent mechanisms.

To understand the role of the chu operon in the transit of
iridium cofactors, we performed gene knockouts in EcN strain
by Red/ET homologous recombination.32 We found that the de-
letions of outer-membrane receptor ChuA and inner mem-
brane transporters ChuU/ChuV had little impact on the enanti-
oselectivity and TON of C-H activation of phthalan 1 catalyzed
by these mutant strains expressing Ir-CYP119 (Fig. S5). These
data show that cells lacking the ChuA receptor or ChuU/ChuV
transporters remain capable of transporting Ir(Me)MPIX into
the cytoplasm and assembling Ir-CYP119 in vivo and imply that
other transporters are responsible for the uptake of artificial
cofactors.

We hypothesized that the potential transporter for iridium
porphyrin would still possess some similarity with ChuA since
both Ir(Me)MPIX and hemin (native ligand of ChuA) comprise
a porphyrin scaffold. A homology search for the ChuA protein
using the BLASTP algorithm against the proteome of EcN was
performed and the 12 top hits were selected for further testing
(Table S4). These genes were cloned and expressed in E. coli
BL21(DE3), together with the CYP119 mutant for enantioselec-
tive C-H activation, and the capabilities of the resulting cells to
assemble Ir-CYP119 by transporting Ir(Me)MPIX to the cyto-
plasm were evaluated by measuring the yield and enantioselec-
tivity of the C-H bond functionalization of unsubstituted phtha-
lan 1 catalyzed by these cells (Fig. 5). If the iridium cofactor
were transported into the cell with high efficiency and the arti-
ficial enzyme were assembled, the product would be formed
with high enantioselectivity and high TON. If the cells lack a
mechanism for efficient incorporation of Ir(Me)MPIX into the
CYP119 mutant, then the product would be formed with low
enantioselectivity and low TON.
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Figure 5. C-H bond functionalization of phthalan 1 catalyzed
by BL21(DE3) cells co-expressing the potential transporter and
CYP119 mutant. The cells were cultivated with 0.1 ppm
Ir(Me)MPIX during protein expression. Reaction conditions:
BL21(DE3) expressing CYP119 mutant (C317G, A152L, T213G,
P252S, V254A), ODeoo ~20, phthalan (2 pmol), EDA (16 pmol),
DMSO (20 L), M9-N (300 pL), 30 °C, 4 h. The relative yield is
calculated by normalizing the yield of the reaction in cells co-
expressing the E7 transporter and CYP119 as 100%. All data
are shown as the average from three biological replicates, with
error bars indicating 1 standard deviation.

Consistent with our previous observation, BL21(DE3) cells
co-transformed with a CYP119 plasmid and an empty vector
lacking the genes for transporters catalyzed the enantioselec-
tive C-H activation with low TON (308) and 84:16 er (Fig. 5,
vector only). No increase in either the TON or er was observed
when CYP119 was expressed with ChuA (encoded by pE12).
However, the results of the reactions catalyzed by BL21(DE3)
cells co-expressing CYP119 mutants with the series of potential
transporters showed that the cells expressing the gene on pE7
yielded the product with high er (93:7) and a TON of 1463.

The high reactivity and enantioselectivity of whole cells con-
taining the pE7 plasmid were corroborated by ICP data that re-
vealed enhanced iridium uptake in these cells. More specifi-
cally, the percent of added iridium that was recovered from the
BL21(DE3) cells co-expressing the protein on pE7 and CYP119
(59%) was almost the same as that of EcN cells (58%),33 while
only 35% of the added iridium was recovered from the cells co-
expressing ChuA (Fig. S6). No increase in the iridium content in
the supernatants of the lysates was observed in cells co-ex-
pressing CYP119 and ChuA over that from BL21(DE3) cells
lacking a transporter (Ir recovery: 8% with ChuA vs. 10% with-
out transporter).34 In contrast, a much larger amount of iridium
(30% of the added iridium) was recovered in the supernatant
of lysed cells co-expressing the gene on pE7. Together with the
reactivity of whole-cell catalysts in Fig. 5, these results show
that the protein encoded on pE7, among the potential trans-
porters assessed in this study, led to the most efficient
transport of the iridium cofactor into these E. coli cells.

Bioinformatic annotation suggests that the protein encoded
on pE7 is a colicin I receptor (Table S5), which is a TonB-de-
pendent outer-membrane transporter expressed by multiple E.
coli strains (but not in BL21(DE3)), to bind and transport Fe3+
complexed to linear forms of catecholates.35 This result sug-
gests that a siderophore receptor possessing a promiscuous
ligand-binding site36 37 can be used to transport artificial cofac-
tors into other Gram-negative bacteria.38

One could argue that the use of natural transport machinery
to assemble artificial metalloenzymes in vivo will be limited to
ArMs created from heme analogs as cofactors because natural
heme transporters are well known.3 The assembly of ArMs con-
taining other types of cofactors should be more challenging,
due to the absence of defined transporters that would act on
synthetic cofactors more distantly related to natural ones. On
the basis of this expectation, the requirement of cofactor
transport has been circumvented by expressing the host pro-
tein with a tag for translocation to the periplasm or to express
the protein on the cell surface.20.21 Qur discovery of the promis-
cuous activity of the E7 protein expands the paradigm of the
available cofactor transport machinery for the in vivo assembly
of artificial hemoproteins. This finding suggests that that the
assembly of ArMs outside the hemoprotein family could be pos-
sible in whole cells and that the application of genetic, cellular
and bioinformatic tools could enable the identification of new
transporters or the discovery of new functions of existing
transporters to enable ArMs to be assembled in whole cells
with synthetic cofactors that have little resemblance to natural
ones.

Conclusions

In conclusion, we have shown that the probiotic E. coli strain
Nissle 1917 (EcN) possessing a genetically encoded transport
system is a suitable host for the efficient uptake of an iridium
porphyrin complex and the in vivo assembly of Ir-CYP119. This
strain enabled stereoselective and site-selective functionaliza-
tion of C-H bonds by carbene insertion catalyzed by an ArM in
whole cells and was shown to accelerate the directed evolution
of Ir-CYP119 by enabling high-throughput screening of reac-
tions with new substrates in whole cells. As part of these stud-
ies, a colicin I receptor in EcN was found to transport iridium
porphyrins with high efficiency, and such transport by this re-
ceptor should be a valuable addition to expression-based strat-
egies for assembling artificial hemoproteins, and enable the im-
port of other types of artificial metallocofactors into E. coli.
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