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Incorporation of a biotinylated Hoveyda-Grubbs catalyst within

(strept)avidin affords artificial metalloenzymes for the ring-

closing metathesis of N-tosyl diallylamine in aqueous solution.

Optimization of the performance can be achieved either by

chemical or genetic means.

In recent years, artificial metalloenzymes have emerged as

alternative tools to complement organometallic-, enzymatic-,

heterogeneous- and organo-catalysis. Artificial metalloen-

zymes result from incorporation of a catalytically competent

organometallic moiety within a macromolecule (protein or

DNA).1 Reactions implemented to date include: hydrogenation,

transfer-hydrogenation, allylic substitution, Diels–Alder,

Friedel–Crafts, Michael-addition, hydroformylation, hydrolysis,

fluorination, dihdroxylation, epoxidation, sulfoxidation, etc.2

With the advent of chemical biology, transition metal complexes

have attracted attention as catalysts for the site-selective,

bio-orthogonal modification of proteins.3 For naturally

occurring functionalities (other than cysteines and lysines)4

the most promising ligation reactions include N-terminal

derivatization,5 tyrosine allylation,6 tryptophane modification,7

etc.8 For functionalities absent from proteogenic aminoacid

side chains, the Staudinger ligation and the Huisgen [3 + 2]

cycloaddition reaction occupy a place of choice as biologically

tolerant reactions.3 More recently, palladium-catalyzed

cross-coupling reactions9 and the olefin metathesis have been

scrutinized.10 Based on our experience in the field of artificial

metalloenzymes relying on the biotin avidin technology,1c we

set out to implement the olefin metathesis in the artificial

metalloenzyme repertoire, Scheme 1. In an independent study,

Hilvert and coworkers have developed a covalent anchoring

strategy to create artificial metalloenzymes for olefin

metathesis.1g

Thanks to its activity and robustness, we selected the

Hoveyda-Grubbs11 2nd generation catalyst as a platform for

functionalization with a biotin-anchor. For this purpose,

complex Boc-1,12was deprotected in situ and allowed to

reacted with (+)-biotin BiotOC6F5 or with Biot-m-ABAOC6F5

to afford the corresponding biotinylated metathesis catalysts

Biot-1 and Biot-m-ABA-1, respectively (Scheme 2 and Supporting

Informationw).
As a model reaction, we selected the ring-closing metathesis

(RCM) of N-tosyl diallylamine to afford the corresponding

N-tosyl-3-pyrrolidine in the presence of 5 mol% ruthenium

catalyst. As both catalyst and substrate were insoluble in

water, they were dissolved in DMSO, affording a final 5 : 1

water :DMSO ratio in catalysis.

Initial attempts with biotinylated catalyst Biot-1 and Biot-

m-ABA-1 in the presence of streptavidin (Sav hereafter) were

disappointing, affording a single turnover at best (Table 1,

entries 2, 3). Under otherwise identical conditions but without

Sav, Biot-1 yielded 15 TONs (i.e. 74% yield), highlighting the

influence of second coordination sphere contacts on catalytic

performance (Table 1, entry 1). As suggested by Davis and

coworkers, we hypothesized that the sea of functionalities

present on the host protein’s surface may inhibit the catalyst,

thus leading to low turnovers.16 Addition of MgCl2 (0.5 M)

improved the conversion (33% with Biot-m-ABA-1C Sav). As

an alternative to Lewis acid passivation, catalytic runs were

performed at pH 4.0 affording 42% conversion with Biot-m-

BA-1C Sav. The acetate buffer (0.1 M, pH 4.0) did not inhibit

catalysis, suggesting that carboxylates do not interfere with

ruthenium. Under all conditions tested, the Biot-m-ABA-1

clearly outperformed Biot-1 in Sav, which demonstrates that

introduction of a spacer between the biotin anchor and the

Ru-moiety is an efficient means to optimize chemically the

performance of the artificial metalloenzyme.

Genetic optimization was achieved by substitution of strep-

tavidin by avidin (Avi hereafter). Although slightly higher

than with Sav as host, the conversion at pH 7.0 remained

Scheme 1 Artificial metalloenzymes for olefin metathesis based on

the biotin-avidin technology. Tethering a biotin anchor (red) com-

bined with a spacer (brown oval) on an Hoveyda-Grubbs type catalyst

ensures the localization of the metal moiety within either avidin or

streptavidin.
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modest: 17% conversion (i.e. > 3 turnovers) with Biot-1 C
Avi. Upon lowering the pH and/or adding MgCl2, the

conversions increased significantly: up to 95% conversion with

Biot-1 C Avi at pH 4.0 in the presence of MgCl2. The

performance of the protein-free catalyst Biot-1 was also

slightly improved by the acidic pH and the presence of MgCl2,

affording the RCM product in up to 95% conversion. Overall,

Biot-1 performed better than Biot-m-ABA-1 in the presence of

Avi, Table 1 and Fig. 1.

In order to exclude that the observed RCM activity is

caused by traces of non-(strept)avidin bound catalyst, the

affinity of the guest C host interaction was determined. At

pH 7.0, a HABA-substitution titration (HABA: 40-hydroxyazo-

benzene-2-carboxylic acid) was carried out:13 HABA C Sav

and HABACAvi display an induced CD signal (lmax 506 nm,

log Ka = 3.5 and 5.5, respectively14) which, upon addition of

Biot-m-ABA-1 decreases up to four equivalents. The resulting

CD spectra were analyzed and fitted using specfit (See

Fig. S1w).15 Despite the tetrameric nature of the host protein

and the use of a diastereomeric mixture of biotinylated ligands,

the data could be fitted with a single binding constant (i.e. non-

cooperative binding events): log Ka (Biot-m-ABA-1 C Sav)

8.88 � 0.6 (pH 7.0, 0.5 M MgCl2) and log Ka (Biot-1 C Avi)

8.21 � 0.053 (pH 7.0). As HABA precipitates at pH 4.0, the

Biot-1 C Avi affinity was estimated using tryptophane fluores-

cence quenching16 (log Ka (Biot-1 C Avi) > 9, See Fig. S2w).
We conclude that, despite the presence of chaotropic agents

and under RCM conditions—using [host protein]monomer

1 mM, Biot-spacer-1 0.73 mM—the biotinylated metathesis

catalyst is quantitatively incorporated (i.e. > 99%) either

within Sav or Avi, thus confirming that the observed RCM

activity is indeed provided by the artificial metalloenzyme.

The results presented herein demonstrate that the biotin-

(strept)avidin technology offers a versatile scaffold for the

creation of artificial metalloenzymes that display multiple

turnovers for ring closing metathesis. Current efforts are

directed at harnessing the power of site directed mutagenesis

to improve the performance of the hybrid catalyst and to

address challenging enantio- and diastereoselectivity issues.
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Fig. 1 Graphical summary of the catalytic results obtained for the

RCM of N-tosyl diallylamine.
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