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Abstract
Enzymes provide an exquisitely tailored chiral environment to foster high catalytic activities and
selectivities, but their native structures are optimized for very specific biochemical
transformations. Designing a protein to accommodate a non-native transition metal complex can
broaden the scope of enzymatic transformations while raising the activity and selectivity of small
molecule catalysis. Herein, we report the creation of a bifunctional artificial metalloenzyme in
which a glutamic acid or aspartic acid residue engineered into streptavidin acts in concert with a
docked biotinylated rhodium(III) complex to enable catalytic asymmetric C–H activation. The
coupling of benzamides and alkenes to access dihydroisoquinolones proceeds with up to nearly a
hundredfold rate acceleration compared to the activity of the isolated Rh complex and
enantiomeric ratios as high as 93: 7.

Thanks to the advent of genetic engineering, enzymes are attracting increasing attention as
versatile synthetic tools, even displacing established organometal-catalyzed industrial
processes. (1) However, creating an enzyme for an abiotic reaction from a non-catalytic
scaffold remains a major challenge. (2,3,4,5) One class of strategies has relied on the
incorporation of non-natural metal cofactors within a protein scaffold to afford artificial
metalloenzymes. (6,7,8,9) The main focus in the area has been improving the selectivity of
the hybrid catalysts, rather than reaction rates, which are by-and-large dictated by the first
coordination sphere interactions around the metal. (10,11,12) Among the various cofactor
localization strategies, (13,14) the biotin-(strept)avidin technology has proven versatile: the
geometry of the biotin-binding pocket is ideally suited to accommodate organometallic
moieties, leaving enough room for substrate binding and activation. (15,16,17,18,19)

In recent years, [Cp*RhCl2], where Cp* is pentamethylcyclopentadienyl, has emerged as a
versatile catalyst for electrophilic aromatic C–H activation reactions. (20) Elegant work by
the groups of Fagnou and Glorius showed that pivaloyl-protected benzhydroxamic acids
may be efficiently coupled with alkenes to access dihydroisoquinolones in good yield at
room temperature. (21, 22) An exogeneous base is required for the orthometallation step.
(23) Computations suggest that the C–H activation process occurs via a concerted
metalation-deprotonation (CMD) mechanism. (24) The presence of a base significantly
lowers the activation energy of this step. As three coordination sites are required around the
{Cp*Rh}-moiety for catalysis (25), it has been difficult to introduce an asymmetric ligand,
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and no enantioselective version of this attractive benzannulation reaction has been reported
thus far. In a biomimetic spirit, we hypothesized that incorporation of a biotinylated
{Cp*RhX2} combined with an engineered aspartate or glutamate residue might yield an
asymmetric catalyst for the production of enantioenriched dihydroisoquinolones (Fig. 1).

We initially examined the viability of the [RhCp*Cl2]2-catalyzed reaction between pivaloyl-
protected benzhydroxamic acid (1a) and methyl acrylate (2a) to dihydroisoquinolone (3a)
under aqueous conditions. Although this reaction is typically performed in MeOH or EtOH,
(22, 23) we were pleased to find that the reaction proceeds to completion in a 4:1 mixture of
H2O/MeOH under basic conditions (200 mol % CsOAc), despite the sparing solubility of
the substrates in this solvent mixture. Next, we designed a biotinylated analog
[RhCp*biotinCl2]2 (26) for incorporation within streptavidin (Sav hereafter, Fig. 1). Two
equivalents of [RhCp*biotinCl2]2 were required to displace weakly-bound 2-(4-
hydroxyphenylazo)benzoic acid (HABA) in tetrameric streptavidin. (27) This suggests that
the dimeric catalyst precursor dissociates in aqueous solution to [RhCp*biotinCl2(H2O)] and
that the four biotin-binding sites of Sav can be loaded with the monomeric biotinylated
catalyst precursor.(28)

When we combined benzhydroxamic acid 1a with 1.1 equivalents of methyl acrylate 2a in a
4:1 mixture of H2O:MeOH in the presence of tetrameric wild-type Sav and
[RhCp*biotinCl2]2, only a trace amount of product was observed after 36h at room
temperature (Table 1, entry 3). To increase conversion, we introduced a basic residue in the
proximity of the rhodium moiety. As highlighted in the docking study,(29) residues S112A
and K121B (of the adjacent Sav monomer B) lie closest to the metal center upon
incorporation within WT Sav (Figure 1d). We thus introduced by site-directed mutagenesis a
basic residue at either of these positions. The presence of a glutamate residue at position 112
(S112E) has a marginal effect on the activity of the catalyst (Table 1, entry 5). Introduction
of a glutamate residue at position 121 (i.e. K121E) again gives low conversion (Table 1,
entry 7). Gratifyingly, mutation to an aspartate at position 121 (i.e. K121D) improved the
conversion to 89% after 72 h (Table 1, entry 8). To confirm that this increase in activity was
indeed caused by the presence of a carboxylate residue, we introduced an asparagine residue
(i.e. K121N). Asparagine is sterically and electronically similar to aspartic acid, but lacks
the ability to facilitate the critical C–H activation step. As anticipated, K121N gave low
conversion after 36 h (Table 1, entry 9). The data thus suggest that the reaction is critically
dependent on the precise localization of a carboxylate residue provided by Sav We
speculated that if the position of the carboxylate residue at position 121 could be further
finetuned, increased conversions might result. This was realized upon combining a
glutamate at position 121 with a lysine at position 118 (i.e. N118K-K121E). In addition to
increased activity, this catalyst also gave enhanced levels of regioselectivity for alkene
insertion (15:1) by comparison to the reaction in the absence of protein (4:1) (compare Table
1, entry 1 vs entry 10). With a mutant exhibiting superior activity in hand, we were eager to
determine if the transformation could be rendered asymmetric thanks to the chiral nature of
the active site. A survey of our arsenal of Sav mutants revealed that the mutant with superior
activity was also reasonably enantioselective (Table 1, entry 10). Because position 121 was
identified as the best location for the carboxylate residue, we focused on position 112 to
modify the chiral environment. A screen of nine mutants at position 112 using an acetate
buffer revealed that aromatic residues gave superior reactivity by comparison to non-
aromatic residues (30-50% yield) as well as enhanced enantioselectivity (Table 1, entries
12-20). Prolonged reaction times were required to achieve enhanced conversion. The best
mutant under our conditions proved to be S112Y with 30% yield, 12:1 regioselectivity and
88:12 enantiomeric ratio (er) (Table 1, entry 19). We hypothesized that if the superior
activity imparted by the carboxylate mutation at position 121 could be combined in a
synergistic way with the improved selectivity provided by S112Y, a highly active and
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selective artificial metalloenzyme might result.(30) The use of S112Y-K121D gave fair
yield, but only a modest increase in er (Table 1, entry 21). Substituting the aspartic acid
residue with glutamic acid resulted in a superior mutant that gave 80% yield with 20:1
regiomeric ratio, and 90:10 enantiomeric ratio (Table 1, entry 22). The yield and er could be
further improved by exchanging H2O with 3-(N-morpholino)propanesulfonic acid buffer to
yield the desired product in 95% yield, 19:1 rr, and 91:9 er (Table 1, entry 23).

This transformation proved applicable to a variety of substrates (Table 2). Ethyl vinyl ketone
was highly reactive under the reaction conditions, resulting in benzannulated product in
good yield, high regioselectivity, but poor enantioselectivity. When methyl acrylate was
replaced with benzyl acrylate, yield and enantioselectivity are diminished. Substitution on
the benzamide is better tolerated under the reaction conditions. Bromo-substituted and
naphthyl benzamides deliver product in good yield, with a modest erosion of er in
comparison to the parent system. The enantioselectivity increased with para-substituted
nitrobenzamides, albeit at the expense of lower yield. The remaining mass balance is
represented by unreacted starting material.

The data presented above argue for the synergistic action of both the carboxylate side chain
and the chiral cavity inside the metalloenzyme for optimal reactivity and selectivity. We
sought further support for the role of the critical basic aminoacid residue by conducting
mechanistic studies. Using the monodeuterated benzamide d1-1a, we observed a kinetic
isotope effect (kH/kD, KIE) value of 3.8 for the reaction with [RhCp*biotinCl2]2 under
buffered conditions (1:4 MeOH:Acetate Buffer (pH = 5.9, 0.69 M) – for the internal
competition KIE study, see Fig. S1-S3). In the presence of WT Sav under identical
conditions, a KIE value of 2.8 was obtained. With the most active mutant, N118K-K121E, a
KIE value of 4.8 was found under acetate-free conditions (4:1 H2O:MeOH). These results
suggest a primary kinetic isotope effect in all cases. Subtle differences in the geometry of
the CMD mechanism (See Fig. 1c) is a likely source of the slightly different KIE values.

To provide further support for the critical role of the carboxylate residue within the
enzyme’s active site, we conducted competition experiments between protein-bound and
free [RhCp*biotinCl2]2 catalyst precursors. The very limited solubility of the starting material
precludes the use of classical Michaelis-Menten kinetic experiments. Since the free
biotinylated catalyst leads to nearly racemic product (51.5:48.5 er: Table 1, entry 1) whereas
the Sav-bound catalyst leads to enantioenriched product, a comparison of the er as a function
of the number of equivalents of [RhCp*biotinCl2(H2O)] vs. tetrameric Sav provides an
estimate of the relative rates of the protein-bound (kbound) and the free biotinylated catalyst
(kfree).(31) These experiments were performed with WT Sav, N118K-K121E and S112Y-
K121E as host protein (Fig. 2 a, b and c respectively). As the er with up to four equivalents
[RhCp*biotinCl2(H2O)] remains essentially constant, we conclude that the four Sav-bound
catalysts operate independently (i.e. no cooperative effect) and induce the same level of
enantioselectivity. Past four equivalents and if the relative rates kbound and kfree are
identical, the er is expected to sharply and asymptotically decrease, (orange lines in Fig. 2).
The rate acceleration provided by the protein-environment can be estimated by eq. 1:

(1)

where ksav and k are the rate constants for the Sav-bound and the free catalyst respectively.
The parameters μbound and μfree are the number of Sav-bound and free catalysts (i.e. at
eight equivalents, μbound = μfree = 4); %(R)bound and %(R)free are the % (R) for the Sav-
bound and the free catalyst (i.e. b = 0.515, Table 1 entry 1. Using equation (1) and
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performing a least square minimization on the calculated and experimentally determined %
(R) (green line and blue crosses respectively, Fig. 2, see Supplementary text, Table S1) we
can determine the relative rates krel = (kSav)/(k). For WT Sav, we compute a 3 fold rate
acceleration compared to the protein-free catalyst. This phenomenon of protein acceleration
is significantly enhanced in the presence of carboxylate-bearing Sav isoforms: in pure water
and for N118K-K121E and S112Y-K121E, we compute rate accelerations of 92 and 34
respectively. The substantially increased rate is diagnostic of the key role of the active site
carboxylate in the turnover limiting step, which we suggest is the C–H activation event. This
confirms the hypothesis that the engineered carboxylate residue within the active site is key
to generating a highly active and selective artificial benzannulase.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
a. Synergistic action of a basic residue introduced by site-directed mutagenesis and a
biotinylated [RhCp*biotinCl2] moiety acting as catalyst for an abiotic reaction. b.
Benzannulation reaction catalyzed by the artificial metalloenzyme for the synthesis of
enantioenriched dihydroisoquinolones. c. Postulated transition state for the C–H activation
step. d. Auto-Dock model of biotinylated [RhCpbiotin(OAc)2] complex anchored in the
proposed active site of the streptavidin tetramer with key residues highlighted (adjacent
complex in Sav monomer B omitted for clarity).
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Fig 2.
Determination of the relative catalytic rates of free- and Sav-bound catalysts using a) WT
Sav, b) N118K-K121E, and c) S112Y-K121E. + experimentally determined er (blue
crosses); - predicted er in the case of no protein rate acceleration (i.e. krel = (kbound)/(kfree) =
1) (orange line); - fitted er allowing the determination of krel (green line).
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Table 1

Optimization of the performance of the artificial benzannulase.

entry Sav Mutant Solvent yield (%)*
regioisomeric ratio

(rr)
enantiomeric

ratio (er)

1 - Acetate Buffer 80 4:1 51.5:48.5

2 - H2O < 5% - -

3 WT
† H2O < 5% - -

4 WT
† Acetate Buffer 46 9:1 75:25

5 S112E
† H2O 10 15:1 78:22

6 S112D
† H2O < 5% - -

7 K121E
† H2O 7 15:1 78:22

8 K121D H2O 89 15:1 78:22

9 K121N
† H2O < 5% - -

10 N118K-K121E H2O 99 15:1 82:18

11 N118K-K121E
†,‡ H2O 8 6:1 52:48

12 S112A Acetate Buffer 12 6:1 75:25

13 S112C Acetate Buffer 6 10:1 71:29

14 S112F Acetate Buffer 50 6:1 86:14

15 S112K Acetate Buffer 6 6:1 76:24

16 S112M Acetate Buffer 1 6:1 81:19

17 S112T Acetate Buffer 35 6:1 79:21

18 S112V Acetate Buffer 4 5:1 81:19

19 S112Y Acetate Buffer 30 12:1 88:12

20 S112W Acetate Buffer 32 12:1 86:14

21 S112Y-K121D H2O 30 20:1 90:10

22 S112Y-K121E H2O 80 20:1 90:10

23 S112Y-K121E MOPS Buffer 95 19:1 91:9

*
Yield determined by gas chromatography integration

†
Reaction conducted for 36 h.

‡
Sav preloaded with excess biotin for 10 min and then treated with [RhCp*biotinCl2]2.
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