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Stereodivergent atom-transfer radical cyclization by
engineered cytochromes P450
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Naturally occurring enzymes can be a source of unnatural reactivity that can be molded by directed
evolution to generate efficient biocatalysts with valuable activities. Owing to the lack of exploitable
stereocontrol elements in synthetic systems, steering the absolute and relative stereochemistry of free-
radical processes is notoriously difficult in asymmetric catalysis. Inspired by the innate redox properties
of first-row transition-metal cofactors, we repurposed cytochromes P450 to catalyze stereoselective
atom-transfer radical cyclization. A set of metalloenzymes was engineered to impose substantial
stereocontrol over the radical addition step and the halogen rebound step in these unnatural processes,
allowing enantio- and diastereodivergent radical catalysis. This evolvable metalloenzyme platform
represents a promising solution to tame fleeting radical intermediates for asymmetric catalysis.

A
s nature’s privileged catalysts, enzymes
are well known for their ability to exert
exquisite control over the stereochemical
outcome of chemical reactions (1). Over
the past three decades, the advent of di-

rected evolution (2, 3) has enabled the rapid
development of customized enzymes to gen-
erate excellent activity and stereoselectivity,
which are often complementary to those of
traditional small-molecule catalysts (4). How-
ever, until recently, the catalytic repertoire of
enzymes has beenmostly limited to reactions
found in nature, posing constraints on the
types of products available from enzyme
catalysis. To merge the excellent tunability and

stereocontrol of biocatalysts with the synthetic
versatility of abiotic systems, the discovery and
development of new-to-nature enzymatic activity
arewidely recognizedaspreeminent objectives at
the interface of modern biocatalysis and organic
synthesis (5, 6).
Our group initiated a research program to

repurpose naturally occurring metalloenzymes
to catalyze unnatural radical reactions in a
stereocontrolled fashion. Owing to the reactive
nature of radical intermediates and the lack of
synthetically achievable stereoinduction strategies,
imposing enantio- and diastereocontrol over free-
radical–mediated bond forming processes has
remained a daunting challenge in asymmetric

catalysis (7, 8). On the other hand, natural en-
zymes (9), such as radical S-adenosylmethionine
enzymes (10), facilitate radical reactions with
excellent chemo-, regio-, and stereoselectivity.
However, most natural radical enzymes dis-
play a narrow substrate scope. We propose
that repurposing widely used, biotechnolog-
ically important enzymes to catalyze new-to-
nature radical reactions may allow a diverse
array of easily available substrates to be con-
verted with operational simplicity. In this re-
spect, recent notable contributions from the
Hyster and Zhao laboratories (11) demonstrated
the use of visible light to unveil excited-state
activities of ketoreductases (12) and ene reduc-
tases (13–18), allowing for a range of stereo-
selective hydrogen-transfer transformations to
be developed.
Small-molecule complexes of first-row tran-

sitionmetals are reported to catalyze unselective
radical reactions via ground-state single-electron
transfer between the metal center and the
substrate, and we envisioned a powerful strat-
egy to control the stereoselectivity of these
radical reactions by engaging enzymes bear-
ing a redox-active metallocofactor in these
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Fig. 1. New-to-nature biocatalytic ATRC. (A) Enantio- and diastereocontrolled
ATRC. R, alkyl; Me, methyl; L, Fe-coordinating amino acid residue.
(B) Enantiodivergent ATRC using P450ATRCase1 and P450ATRCase2. Ph, phenyl.
(C) Directed evolution of P450ATRCase1. The illustration at left was created
on the basis of the crystal structure of a closely related P450 variant
[Protein Data Bank identifier (PDB ID): 4H23]. “P” denotes P411-CIS T438S.

(D) Directed evolution of P450ATRCase2. The illustration at left was created on
the basis of the crystal structure of a closely related P450 variant (PDB ID:
5UCW). “S400A” denotes P411Diane2 with P327C and S400A. Single-letter
abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; E, Glu;
F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; P, Pro; Q, Gln; R, Arg; S, Ser;
T, Thr; V, Val; Y, Tyr.
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unnatural processes. By fine-tuning the inter-
action between the reactive radical intermediate
and the metalloprotein scaffold by means of
directed evolution, these metalloenzyme cat-
alysts could be engineered to achieve levels of
enantio- and diastereocontrol that are un-
matched by small-molecule catalysts. With this
strategy, a diverse array of unnatural radical
metalloenzymes could potentially be devel-
oped, as metalloredox couples that span a wide
range of potentials—including Fe(II)/Fe(III)
(19, 20), Co(I)/Co(II) (21), and Cu(I)/Cu(II)
(22)—are readily available in a myriad of
native metalloenzymes. In particular, inspired
by polymer chemists’ research in employ-
ing heme-based systems to generate radical
species for polymerization (23, 24), we saw
numerous opportunities for leveraging heme
proteins as a general platform for asymmetric
radical transformations. Previous important
work from Arnold, Fasan, and others dem-
onstrated that heme proteins can be repur-
posed to catalyze unnatural carbene and nitrene
transfers analogous to the natural oxene trans-
fer observed in heme oxygenases (25–30). Thus,
the highly promiscuous and evolvable nature
of heme proteins makes them particularly
promising for the development of stereocon-
trolled metalloredox radical chemistry.
We envisioned a family of unnatural bio-

catalytic reactions—namely, stereoselective atom-
transfer radical cyclization (ATRC) (31, 32)—
to be advanced with metalloenzymes. In our
proposed ATRC catalyzed by Fe-dependent

enzymes (Fig. 1A), the metalloprotein catalyst
in its ferrous state undergoes single-electron
transfer with an organic halide, producing a
transient radical intermediate in the active
site. Rapid addition of the nascent radical spe-
cies to an unsaturated system would afford a
product radical, whichwould subsequently react
with the ferric halide to produce the product
and regenerate the metalloenzyme catalyst.
The envisioned ATRC simultaneously installs
an alkyl group and a halogen atom across the
C=C double bond of an olefin substrate, there-
by generating valuable products with added
stereochemical complexity (31). Despite the
extensive study andwidespread utility of ATRC
reactions, the development of general methods
for stereocontrolled ATRC presents substantial
hurdles for small-molecule catalysts (7, 33, 34).
Because it is difficult to maintain a tight asso-
ciation between the chiral catalyst and the
radical intermediate, general catalytic strat-
egies to exert enantiocontrol over the C–C
bond forming radical addition step remain
unavailable. Imposing catalyst-controlled dia-
stereoselectivity in the subsequent halogen-
rebound step is similarly challenging. Herein,
we describe the development of metallopro-
tein catalysts that provide excellent enantio-
anddiastereocontrol for this daunting problem
in asymmetric catalysis. Notably, our protein
engineering efforts allow for development
of a toolbox of stereocomplementary cata-
lysts, granting enantio- and diastereodivergent
access to ATRC products.

In the present study, we evaluated both
heme (P450s, globins, and cytochromes c) and
nonheme Fe-dependent proteins for the tar-
geted transformation (table S1). ATRC of sub-
strate 1a was selected as the model reaction,
because FeCl2 was known to facilitate these
processes (35) and the corresponding enantio-
enriched lactams derived from these cycliza-
tion processes are ubiquitous in medicinally
relevant scaffold (36). The utility of Fe enzymes
in our library was evaluated in the form of
purified proteins, cell-free lysates, and whole-
cell catalysts. Although several metalloproteins
were found to promote the desired radical
cyclization (table S1), among all of the metallo-
protein catalysts we examined, a serine-ligated
variant of Bacillus megaterium P450 (CYP102A1)
(37)—knownas “P” (38)—furnished ameasurable
enantiomeric excess [60:40 enantiomeric ratio
(e.r.)] and the highest activity. Notably, the
activity of intact Escherichia coli cells har-
boring P was an order of magnitude higher
than that of the purified protein catalyst with
identical enantioselectivity (tables S4 and
S5). The ability to use whole bacterial cells as
catalysts without further manipulation subs-
tantially accelerated this protein engineer-
ing campaign.
To further improve the enantioselectivity

of this radical cyclization process, we next
performed directed evolution through itera-
tive cycles of site-saturationmutagenesis (SSM)
and screening (Fig. 1, B and C). In each round
of engineering, 90 clones were screened. By
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Fig. 2. Substrate
scope of new-to-
nature enantioselec-
tive ATRC. aVariant P′
was used. bP with T327I
and I263Q was used.
cP450ATRCase1 (P with
T327I, I263Q, L181F,
A82T, and H266T) was
used. dP450ATRCase2
with A330K was used.
Whole-cell reactions
were carried out at
OD600 (optical density
at 600 nm) = 5 to 30.
The variation of e.r.
values is ≤1%. See the
supplementary
materials for details.
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targeting active-site residues proximal to the
heme cofactor—including residues 327, 263,
181, 82, and 266—through five rounds of pro-
tein engineering, the e.r. of the desired pro-
duct (2a) could be rapidly enhanced. With our

final metalloenzyme variant, P450ATRCase1
(PwithT327I, I263Q, L181F, A82T, andH266T),
the desired product formed with excellent
yield and enantioselectivity [89% yield, a total
turnover number (TTN) of 8110, and 97:3 e.r.].

By further decreasing the catalyst loading, a
TTN of 20,000 was achieved without affecting
the enantioselectivity.
During the course of this study, we also

found that another serine-ligated P450 var-
iant (P411Diane2) that we previously engineered
for enantioselective C–H amidation (39) was
also active for this ATRC, with inverted enan-
tiopreference (Fig. 1B). P411Diane2 was further
evolved via recursive SSM and screening (Fig.
1D). An axial ligand effect was investigated
in this unnatural metalloredox radical chem-
istry. Notably, the “S400A” variant lacking a
coordinating axial ligand (here,“S400A” indi-
cates P411Diane2 with the P327C and S400A
mutations) facilitated the unnatural radical
reaction with a 1.4-fold improvement in TTN
relative to the S400 variant, without affect-
ing the enantioselectivity (from 1160 TTN
and 32:68 e.r. to 1590 TTN and 32:68 e.r.;
table S7). By targeting other active-site resi-
dues, including 327, 181, 438, and 436, we
arrived at P450ATRCase2 (P411Diane2 with P327C,
S400A, L181V, T438Q, and L436T) with subs-
tantially enhanced activity and enantioselec-
tivity (3350 TTN, 91:9 e.r.).
We next surveyed the substrate scope of the

ATRC process (Fig. 2). A range of functional
groups on the nitrogen substituent was readily
tolerated, providing the corresponding g-lactam
in excellent TTN and enantioselectivity (2a to
2i). Chloro- (2g) and bromo- (2h) substituents
were also compatible, providing a valuable
functional group handle for further deriva-
tization. Substrates bearing a heterocycle, such
as thiophene (2i), were also transformed with
excellent enantiocontrol. Substituted olefins (1j
and 1k) as well as a,a-difluorinated (1l) sub-
strates could also be converted into the de-
sired g-lactam products, including 2j bearing
contiguous quaternary-quaternary stereo-
centers. The absolute configuration of 2bwas
ascertained by x-ray crystallography. Using
these engineered metalloenzyme catalysts,
b- and d-lactams (2m and 2n) readily formed
in an enantioselective fashion, indicating the
potential of this biocatalytic platform to ac-
cess a diverse array of enantioenriched lactam
products. Products 2k and 2m were derived
from dehydrohalogenation of the ATRC product.
Given the success of engineered metallo-

enzymes in exerting stereocontrol over the C–C
bond forming step, we questioned whether we
could further leverage this metalloredox bio-
catalytic platform to control the relative stereo-
chemistry in the C–Br bond forming halogen
rebound event (Fig. 3A). To this end, we re-
examined all of the P450 variants we accumu-
lated in this protein engineering effort. We
identified two hits, P450ATRCase gen-4 (P with
T327I, I263Q, L181F, and A82T) and P′ (P with
L181V, L437F, and S438Q), giving rise to
promising levels of opposite diastereopre-
ferences. Through iterative rounds of SSM
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Fig. 3. Further development and application of new-to-nature ATRC. (A) Diastereodivergent new-to-
nature ATRC with P450ATRCase3 and P450ATRCase4. (B) Directed evolution of P450ATRCase3 and P450ATRCase4.
(C) Transformation of enantioenriched ATRC product. Conditions: a. Whole-cell biotransformation using E. coli
cells resuspended in M9-N buffer (pH = 7.4) at room temperature (RT) for 12 hours, 97% yield, 97:3 e.r.;
b. NaN3, NaI, dimethylformamide (DMF)/H2O, 60°C, 16 hours, 79% yield, 97:3 e.r.; c. NaCN, NaI, DMF/H2O,
60°C, 16 hours, 71% yield, 97:3 e.r.; and d. KSC(S)OEt, acetone, RT, 12 hours, 63% yield, 95:5 e.r..
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and screening, we engineered an orthogonal
set of highly selective biocatalysts, including
P450ATRCase3 and P450ATRCase4, allowing for
the diastereodivergent synthesis of either 2o
or 2o-dia (Fig. 3B). For comparison, the use
of the traditional tris(2-pyridylmethyl)amine
copper(I) catalyst for ATRC (40) produced 2o
and 2o-dia with low diastereoselectivity
[1:1.6 and 2.1:1 diastereomeric ratio from (E)-
and (Z)-1o, respectively; see the supplemen-
tary materials for details]. Moreover, with
P450ATRCase3 and P450ATRCase4, (E)- and (Z)-1o
provided the same major diastereomer (see
the supplementary materials). Thus, starting
from easily accessible mixtures of (E)- and (Z)-
1o, the diastereoconvergent biocatalytic trans-
formation with P450ATRCase3 or P450ATRCase4
delivered the corresponding g-lactam product
in good diastereoselectivity. The relative stereo-
chemistry of 2o was determined by x-ray
diffraction analysis (see the supplementary
materials for details).
To further demonstrate the synthetic utility

of engineered radical metalloenzymes, we
performed this whole-cell biotransformation
on a gram scale (Fig. 3C). Excellent yield and
enantioselectivity were observed, showcasing
the practicality of this new-to-nature bio-
catalytic reaction. Furthermore, the presence
of a bromine functional group in enantio-
enriched ATRC products allowed for a range
of diversification reactions to be conveniently
carried out. SN2-type (i.e., second order) nu-
cleophilic substitutionwith a range of nucleo-
philes generated synthetically versatile azide

(3a), cyanide (3b), and xanthate (3c) products
in good yieldswhilemaintaining stereochemical
purity. Combined with the enantioselective
biocatalytic ATRC, these derivatization reac-
tions allowed a range of formal enantioselec-
tive carbofunctionalization reactions, including
carboazidation (3a), carbocyanation (3b), and
carboxanthation (3c), to be achieved.
Consistent with our initial hypothesis, our

radical clock experiments with hemin as the
catalyst led to ring-opening products (see the
supplementary materials for details), indicat-
ing that radical intermediates are involved in
this process. To gain further insight into the
reaction mechanism, we performed density
functional theory (DFT) calculations using a
model system (39) for the axial serine-ligated
P450 catalyst (Fig. 4; see the supplementary
materials for details). DFT calculations showed
that the Fe porphyrin catalyst remains high-
spin throughout the catalytic cycle in this bio-
catalytic ATRC process. This finding is not
consistent with the previously studied native
oxene transfer (41) and analogous nitrene
transfer (39) chemistry of P450 enzymes,
wherein spin crossover is involved. With the
model system, the radical initiation step (TS1)
has a relatively low activation barrier (DG‡) of
17.7 kcal/mol. Considering that the enzyme
environment may further facilitate this pro-
cess by promoting substrate binding to form
complex 5, this Fe-catalyzed radical initiation
is expected to be kinetically facile. The electron-
rich nature of the Fe center allows for the facile
single-electron reduction of the substrate, as

evidenced by the substantial electron transfer
(0.44 e−) from4 to 1a inTS1. After the selective
5-exo-trig cyclization (TS2-exo) to form the
primary carbon radical8, the bromine rebound
step (TS3) is highly exergonic, with a low
activation barrier of 13.1 kcal/mol. The fast
trapping of the carbon radical via bromine
atom transfer renders the C–C bond forma-
tion step irreversible and enables kinetic con-
trol of reaction stereochemistry. The bromine
rebound reactivity is promoted by the con-
version of a weaker Fe–Br bond in the ferric
bromide species (6) to a stronger primary
C(sp3)–Br bond in2a. Therefore, the ability of
the Fe porphyrin system to promote both
radical initiation and bromine rebound steps
makes it an effective ATRC biocatalyst.
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Fig. 4. Reaction energy profile of the current biocatalytic atom-transfer radical addition using a model system for the axial serine-ligated Fe-porphyrin
catalyst. A methoxy-bound Fe porphyrin was used as the model system for serine-ligated P450 (39). DGsol, Gibbs free energy; DHsol, enthalpy; BDE, bond
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Radical cyclization made easy
Metalloenzymes contain metal cofactors that can sometimes be exploited to catalyze reactions distinct from their
natural function. Drawing on inspiration from heme-based radical polymerizations, Zhou et al. screened a panel
of metalloproteins for candidates that could catalyze an atom-transfer radical cyclization, producing a lactam from
an amide substrate bearing bromoalkyl and alkene functional groups (see the Perspective by Zhang and Dydio).
Cytochrome P-450 derivatives were effective catalysts, and a series of enzyme variants were generated by directed
evolution to access the full range of enantiomer and diastereomer products for model substrates. Such biocatalysts are
valuable additions to the synthetic chemistry toolkit and reiterate the potential of metalloenzymes in catalyzing useful
unnatural reactions. —MAF
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