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We show that the incorporation of a biotinylated Co(TAML) cofactor
within streptavidin enables asymmetric radical-type oxygen atom
transfer catalysis with improved activity and enantioselectivity.

Artificial metalloenzymes (ArMs hereafter) are generated by
anchoring a catalytically active non-natural metallocofactor
within a protein host."”” The unique combination of the syn-
thetic tunability of the metallocofactors with the power of
genetic engineering to evolve proteins, renders these systems
highly attractive to access new-to-nature reactions.”"

A variety of ArMs have been reported since the turn of the
millennium."” These feature different non-natural metallocofactors
and a handful of privileged protein scaffolds including carbonic
anhydrase,” hemoproteins,® lactococcal multiresistance regulator,”
serum albumins,® and (strept)avidin.” The resulting ArMs catalyse a
broad range of reactions." Non-natural metallocofactor-based ArMs
that facilitate radical-type reactions; ie., proceeding via radical-type
mechanisms'®™® or intermediates,'*™® have been reported as well,
albeit less frequently.

From studies on ArM-catalysed transformations, it appears
that the well-defined secondary coordination sphere around
the metallocofactor provided by the protein may be tailored to
optimise the activity and (enantio)selectivity of the corres-
ponding ArM."”'® These hybrid catalysts thus combine attrac-
tive features of both homogeneous and enzymatic systems,
thereby addressing some of the challenges typically associated
with both fields.

In a recent study by the Ward group, the selective hydro-
xylation of benzylic C(sp®)-H bonds was enabled by an artificial
hydroxylase."*> This ArM was assembled by anchoring a
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biotinylated Fe(TAML) complex (TAML = Tetra Amido Macro-
cyclic Ligand) into streptavidin (Sav hereafter) via the so-called
biotin-streptavidin technology.’ In addition to Fe(TAML) com-
plexes, cobalt-based complexes (Co(TAML)) have been explored
in oxygen atom transfer (OAT) catalysis,"®>' albeit not yet
within a protein host. Oxo and oxyl radical complexes can be
generated using iodosylbenzene (Ph10),'**' m-CPBA,*° or water
and CAN.”" These intermediates catalyse (radical-type) C-O and
S-0 bond formation, even in aqueous medium.'**

Compared to iron-based systems, studies on cobalt-
catalysed asymmetric OAT are limited and typically lead to
moderate enantioselectivities. For example, the asymmetric
epoxidation of styrenes, utilising chiral cobalt-based salen
complexes®* or anionic cobalt(m)-based complexes,”>>* affords
the respective epoxide products with 10-28% enantiomeric
excess (ee hereafter). A first example of cobalt-catalysed asym-
metric epoxidation affording ee’s up to 94% was reported
recently. In this study, a chiral cobalt-oxyl tetradentate complex
was used to mediate oxygen atom transfer to olefins.”®

To complement enantiopure ligand-design strategies, incor-
poration of an achiral cobalt-based cofactor within a host
protein may offer an attractive strategy to achieve enantioselec-
tivity for the above-mentioned reaction. Building on our recent
report on the incorporation of biotinylated Fe(TAML) com-
plexes within streptavidin,"® we hypothesised that a similar
strategy may enable the optimisation of enantioselective
Co(TAML)-catalysed radical-type OAT reactions. Accordingly,
we set out to (1) expand the scope of non-natural metallocofactors
that enable ArM-catalysed radical-type transformations by incor-
porating a biotinylated Co(TAML) complex into Sav, (2) explore the
performance of the resulting Co(TAML)-based ArM in asymmetric
OAT catalysis, and (3) investigate the role of the secondary
coordination sphere provided by Sav on the catalysis outcome.
The key findings of this work are presented in Scheme 1.

The biotin-streptavidin technology capitalises on the
remarkable affinity of biotin, and its derivatives, for Sav
(Kq ~ 10~ M).?® This affinity allows anchoring (almost) any
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Scheme 1 Structure of the Co(TAML) cofactor (biot“*-1) and the schematic
representation of the ArM resulting from anchoring biot®*-1’ in Sav.

biotinylated probe within Sav. Importantly, the resulting homo-
tetrameric Sav assembly remains remarkably stable against a
variety of chaotropic factors, including extreme pH values,
temperature, organic co-solvents, as well as mutagenesis.

To assemble the Co(TAML)-based ArM, a biotinylated TAML
scaffold was synthesised® and metalated with cobalt (biot®*-1’
in Scheme 1, see ESIT for more details; Scheme S1). Anchoring
of the resulting Co(TAML)-based cofactor into Sav WT
(wild type) was assessed using Isothermal Titration Calorimetry
(Fig. S1, ESIt). A Kq = 1.84 x 10~ ® M was derived, revealing a high
affinity of the cofactor for Sav. Cofactor anchoring was further
supported by a HABA displacement titration (Fig. S2, ESIT),
which confirmed the incorporation of (up to) four cofactors into
homotetrameric Sav. Eventually, biot®*-1’-Sav WT was crystalised
by sitting drop vapor diffusion (see ESIt for more details, Table
S1). The resulting X-ray structure unambiguously confirmed the
assembly of biot®*-1’-Sav WT. Inspection of the X-ray structure
(Fig. 1A) revealed that residues S112 and K121 lie closest to the
cofactor.

Next, we evaluated the activity of the Co(TAML)-based ArM
in OAT catalysis. Since homotetrameric Sav can host up to four
cofactors, different cofactor : Sav ratios were initially explored,
but no significant effects on the catalysis outcome were
observed. We therefore selected the cofactor : Sav = 2:1 ratio
as previously described for the biotinylated Fe(TAML) com-
plexes for further experiments.'® The artificial epoxidase was
subjected to a reaction with 1 equivalent of iodosylbenzene as
the O-source and 5 equivalents of a-methylstyrene in phosphate
buffer (KPB) at pH 8 for 2 h (Table S2, ESI{)."* Under these
conditions, biot°*-1’-Sav WT afforded (R)-o-methylstyrene oxide
with 11% ee (total turnover number;*”*® TTON = 32). In contrast,
the free cofactor biot®-1’ afforded (rac)-o-methylstyrene oxide
with a comparable TTON = 33. No product was observed in
the absence of biot®-1’ or iodosylbenzene, confirming the
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Fig. 1 Crystallographic characterisation of (A) biot*-1'-Sav WT (PDB:
8CRP), and (B) biot®*-1’-Sav $112Y (PDB: 8CRN). The biot®*-1’ cofactor
is displayed as green (A) or cyan (B) sticks (atoms are colour-coded;
nitrogen: blue, oxygen: red, carbon: green or cyan, chloride: green, and
sulfur: yellow), and the cobalt centre as a pink sphere. The protein is
displayed as a cartoon- and surface-accessible model. The monomers are
colour-coded in different shades of blue. The residues S112 and K121 are
displayed as purple sticks (atoms are colour-coded; nitrogen: blue, oxy-
gen: red, and carbon: purple). The closest contacts with the cofactor are
highlighted as a yellow dotted line, average distances in A ((A) S112: ~3.7 A,
K121: ~5.0 A; (B) S112Y: ~3.2 A, K121: ~3.6 A). The occupancy of the
cobalt centre was set to 100%. (C) Superposition of both crystal structures
(only one cofactor for each mutant is displayed for convenience).

involvement of the Co(TAML)-based cofactor and an O-source
in the catalytic event (Table S2, entry 4 and 5, ESIt). Performing
the reaction in H,'®0 suggests that the formed oxo/oxyl radical
intermediate likely undergoes exchange with water, as indicated
by the incorporation of 0 in the epoxide product (Fig. S5, ESIT).

To address the intermediacy of Co(TAML)-based oxyl radical
complexes in the biot°-1'-Sav WT-catalysed epoxidation

This journal is © The Royal Society of Chemistry 2023
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reaction,'® the above-described reaction was performed in the
presence of the water-soluble radical trap 5,5-dimethyl-1-
pyrroline N-oxide (DMPO; Table S2, entry 3, ESIT).”° The addi-
tion of 5 equivalents of DMPO with respect to iodosylbenzene
resulted in the formation of only traces of o-methylstyrene
oxide. Given the known reactivity of DMPO as a radical sca-
venger, the negligible formation of epoxide product strongly
supports the formation of radical-type intermediates in accor-
dance with previous work."’

Next, we set out to improve the epoxidase activity of the ArM
by genetically modifying the protein. In light of the proximity of
both S112 and K121 residues to the Co(TAML)-moiety (Fig. 1A),
we screened a focused library of single mutants at both these
positions. The results are summarised in Scheme 2, using a
colour code to display the selectivity while the size of the disk
represents the TTON (Table S2, ESIt).

From these screening results based on purified Sav samples,
the following features emerge:

0.5 mol% biot4-1'  Sav,e )
PhIO (1 equiv.) _
KPB (0.1 M) pH 8, - °
; 1., bic, 2 h
5 equiv. L ati:rgh;c
(O Nosav O wr
@ stzr O kizic () st12vki2iR
O s1121 O K12tH () s112Y/K121s
O szt O kiz1a () S112RK121A
O st QO k12t @ S112MK121R
O sz O KI21§ pe=====-= ’
L () (R ee
O st2a (O k12D | O s I
O stzn O k2tF | :
| OO o |
O stk O k2w ! I
| @@ |
I
O stk () k21m | @@ x|
O $112G O K121R : ..40_50 :
O s112A () Ki21p *—-———-—--
@ sm | s eSS
O S112R :TTONO O OOO I
____________ ol

Scheme 2 Fingerprint summary of the Co(TAML)-catalysed epoxidation
using iodosylbenzene (PhlO) as O-source (1 equiv.) and a-methylstyrene (5
equiv.) as prochiral substrate. Ratio biot“*-1':Sav = 2:1. TTON was
determined after reaction completion by *H NMR integration using 1,3,5-
tritertbutylbenzene as an external standard. The ee was determined by
chiral GC-FID.
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(1) Incorporation of biot®*-1’ into Sav samples with a single
mutation at the S112 position can produce both (R)- and (S)-o-
methylstyrene oxide, depending on the mutation.

(2) Substituting serine with methionine affords the highest
selectivity for (R)-a-methylstyrene oxide (Sav S112M: 32% ee).

(3) Substituting serine with tyrosine affords the highest
selectivity for (S)-o-methylstyrene oxide (Sav S112Y: 22% ee).

(4) Incorporation of biot®*-1’ into Sav samples with a single
mutation at either or both the S112 and K121 positions can lead
to increased TTONS.

(5) TTONS up to 62 were achieved by substituting serine with
(a) arginine (Sav S112R: TTON = 55), (b) alanine (Sav S112A:
TTON = 56) and (c) threonine (Sav S112T: TTON = 62).
Substitution of lysine with methionine (Sav K121M: TTON = 52)
and arginine (Sav K121R: TTON = 56) also resulted in
increased TTONS.

(6) Incorporation of biot®*-1’ into Sav samples with a single
mutation at the K121 position affords nearly racemic product,
except mutant Sav K121P, which affords (R)-a-methylstyrene
oxide with similar ee as observed for Sav WT.

The effect of biot®*-1’ anchoring into the Sav scaffold on the
Co(TAML)-catalysed asymmetric epoxidation reaction was further
explored in an additional control experiment (Table S2, entry 9,
ESIf). We carried out the reaction using biot“*-1’ and Sav S112M
spiked with 4 equivalents of biotin. Given the higher affinity of
biotin over biot®*-1’ for Sav (K4 = 10~ ** M vs. 10~® M, vide supra),
the binding sites of the host protein are saturated with biotin,
leaving the biot®-1’ cofactor free in solution. As anticipated for
this experiment, o-methylstyrene oxide was obtained in near
racemic form (i.e., 6% ee (R)), compared to 32% ee in the absence
of biotin.

Finally, three of the most promising Sav single mutants, i.e.,
Sav S112Y, S112R, and S112M, were combined with diverse
mutants at position K121 (including hydrophobic, cationic and
polar residues) (Scheme 2). From the four double mutants that were
evaluated, biot®*-1’-Sav S112Y/K121R afforded (S)-o-methylstyrene
oxide with the highest ee (28%). biot“*-1’-Sav S112M/K121R yielded
the opposite enantiomer (R)-o-methylstyrene oxide with an
improved ee (45%). These results highlight that the introduction
of a well-structured secondary coordination sphere provided by Sav
can be used to optimise the epoxidase activity of Co(TAML)-Sav
ArMs, both in terms of activity (TTON up to 62) and selectivity (ee up
to 45%).

Throughout screening, we did not observe a clear relation-
ship between the nature of the amino acid residues and the
observed enantioselectivities (including inversion). Hence, we
set out to structurally characterise a genetically improved
epoxidase variant to gain insight into structural details that
may influence the enantioselectivity. Despite our efforts, we
could not obtain the X-ray structure of the best double mutants.
We could however solve the structure of biot®*-1’-Sav S112Y
(PDB: 8CRN) and compare it with biot®*-1’-Sav WT (PDB: 8CRP)
(Fig. 1). The structures of the host protein proved to be nearly
superimposable, reflected by a Co-RMSD = 0.130 A. For both
structures, the biot®*-1’ cofactor was modelled into the residual
electron density from the biotin binding site with 100%
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occupancy, supporting the localisation of the cofactor inside
the Sav WT and Sav S112Y scaffolds.

Inspection of both X-ray structures (Fig. 1A, B and Fig. S3,
ESIYt) reveals the well-documented network of hydrogen bonds
between the biotin moiety and the Sav binding site, further
supporting the anticipated anchoring of the cofactor. The
secondary coordination sphere around the Co(TAML) moiety
of the cofactor was also carefully inspected. For biot“*-1"-Sav
WT specifically, the closest amino acids are Sav* S112 (3.7-3.9
A) and Sav® K121’ (4.0-5.0 A) (Fig. 1A, contacts highlighted with
yellow dotted lines). These relatively long distances suggest
limited interactions between these amino acids and the cofac-
tor. Similar observations were made for biot®*-1’-Sav S112Y.
Based on the distance between the carbonyl moiety on the
Co(TAML) scaffold and the amine residue of lysine (3.6-4.8 A),
no significant interactions with Sav® K121’ are apparent. The
absence of interactions between the cofactor and K121 residues
is reflected in the outcome of the single mutant screening (vide
supra). However, the mutation Sav $112Y (biot®*-1"-Sav S112Y;
Fig. 1B) affords a (slightly) different orientation of the cofactor,
as highlighted by the superpositions of both ArMs (Fig. 1C and
Fig. S4, ESIt). The short distance between the carbonyl moiety
on the Co(TAML) scaffold and the aromatic center of the
tyrosine residue (2.9-3.2 A) suggests a n-n* interaction.*® Such
non-covalent interactions may force the Co(TAML) cofactor in a
fixed conformation (Fig. 1B),"® as has been previously observed
for the analogues Fe(TAML)-based ArMs. Hence, we surmise
that non-covalent interactions with close-lying amino acid
residues may affect the catalysis outcome by affording a
better-defined localisation of the cofactor, which could be a
promising lead for further optimisation of such systems. It
should be emphasised that the formation of the critical oxyl
radical intermediate may significantly affect the position of the
cofactor within the Sav mutants, which are not captured in the
X-ray structures.

In conclusion, this study describes how incorporation of a
biotinylated Co(TAML) cofactor within Sav enables asymmetric
radical-type OAT catalysis. TTONs up to 62 and ee’s up to 45%
are achieved using Co(TAML)-based ArMs, representing an
improvement in terms of activity and enantioselectivity upon
the introduction of a well-structured secondary coordination
sphere provided by Sav. Comparing the X-ray structures of two
of these ArMs points towards the importance of non-covalent
interactions. These interactions may affect the precise localisa-
tion and orientation of the cofactor, likely influencing the
catalytic outcome. We envision that this rationale could guide
further optimisation of catalytic systems to expand the scope of
asymmetric radical-type OAT relying on cobalt-based ArMs.
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