ACCOUNTS

of chemical research

Artificial Metalloenzymes Based on the
Biotin—Avidin Technology: Enantioselective
Catalysis and Beyond

THOMAS R. WARD*

Department of Chemistry, University of Basel, Spitalstrasse 51,
CH-4056 Basel, Switzerland

RECEIVED ON JULY 10, 2010

CONSPECTUS

rtificial metalloenzymes are created by incorporating an organometallic cata- x

lyst within a host protein. The resulting hybrid can thus provide access to the
best features of two distinct, and often complementary, systems: homogeneous and :i.‘::f..'.'n'::::’.':r;‘.';";:m7k v
enzymatic catalysts. The coenzyme may be positioned with covalent, dative, or /— ' “F
supramolecular anchoring strategies. Although initial reports date to the late 1970s, ﬁ/ Sy ;’,‘j{g":,;::‘,’;’u“,n
artificial metalloenzymes for enantioselective catalysis have gained significant momen- () [ Stosuton "
tum only in the past decade, with the aim of complementing homogeneous, enzy- G
matic, heterogeneous, and organic catalysts. S‘,.‘:,..“‘”"""‘ Horet kel

Inspired by a visionary report by Wilson and Whitesides in 1978, we have
exploited the potential of biotin—avidin technology in creating artificial metalloenzymes. Owing to the remarkable affinity
of biotin for either avidin or streptavidin, covalent linking of a biotin anchor to a catalyst precursor ensures that, upon sto-
ichiometric addition of (strept)avidin, the metal moiety is quantitatively incorporated within the host protein. In this Account,
we review our progress in preparing and optimizing these artificial metalloenzymes, beginning with catalytic hydrogena-
tion as a model and expanding from there.

These artificial metalloenzymes can be optimized by both chemical (variation of the biotin—spacer—ligand moiety) and
genetic (mutation of avidin or streptavidin) means. Such chemogenetic optimization schemes were applied to various enan-
tioselective transformations. The reactions implemented thus far include the following: (i) The rhodium-diphosphine cata-
lyzed hydrogenation of N-protected dehydroaminoacids (ee up to 95%); (ii) the palladium-diphosphine catalyzed allylic
alkylation of 1,3-diphenylallylacetate (ee up to 95%j; (iii) the ruthenium pianostool-catalyzed transfer hydrogenation of
prochiral ketones (ee up to 97% for aryl-alkyl ketones and ee up to 90% for dialkyl ketones); (iv) the vanadyl-catalyzed
oxidation of prochiral sulfides (ee up to 93%).

A number of noteworthy features are reminiscent of homogeneous catalysis, including straightforward access to both
enantiomers of the product, the broad substrate scope, organic solvent tolerance, and an accessible range of reactions that
are typical of homogeneous catalysts. Enzyme-like features include access to genetic optimization, an aqueous medium as
the preferred solvent, Michaelis—Menten behavior, and single-substrate derivatization. The X-ray characterization of arti-
ficial metalloenzymes provides fascinating insight into possible enantioselection mechanisms involving a well-defined sec-
ond coordination sphere environment. Thus, such artificial metalloenzymes combine attractive features of both homogeneous
and enzymatic kingdoms.

In the spirit of surface borrowing, that is, modulating ligand affinity by harnessing existing protein surfaces, this strat-
egy can be extended to selectively binding streptavidin-incorporated biotinylated ruthenium pianostool complexes to telo-
meric DNA. This application paves the way for chemical biology applications of artificial metalloenzymes.

Introduction added value chemicals, both homogeneous and
Traditionally, catalysis has been classified in three ~ €nzymatic catalysis have found widespread use.’
distinct categories: heterogeneous, homogeneous, In many respects, homogeneous and enzy-

and enzymatic catalysis. For the synthesis of high- matic catalysis are complementary (Table 1).2
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TABLE 1. Summary of Features of Homogeneous and Enzymatic
Catalysis

homogeneous enzymatic
enantiomers easy access challenging
solvent tolerance mostly organic mostly aqueous
substrate scope large narrow
optimization chemical genetic
turnover number limited large
metals involved any metal limited (biorelevant)

Whereas it is straightforward to generate both enantiomers of
a product using homogeneous catalysis, inverting the enan-
tioselectivity of an enzyme is challenging. Many enzymes
evolved to target a single substrate or functionality. In con-
trast, the best homogeneous catalysts display a broad sub-
strate scope. For optimization, parallel synthesis generates
libraries of a few hundred ligands. Directed evolution gener-
ates tens of thousands of mutants. Given an efficient screen-
ing tool,® enzymes can be evolved to overcome most of their
limitations listed in Table 1.

Inspection of homogeneous and enzymatic catalytic sys-
tems reveals differences in the second coordination sphere of
Knowles’ [Rh(dipamp)(olefin)]* compared to Cytochrome P450
with its camphor substrate bound (Figure 1). In the case of
[Rh(dipamp)]*, the enantiopure ligand which provides the first
coordination sphere occupies one hemisphere around the
metal while the prochiral olefinic substrate is bound to the
opposite hemisphere. For 40 years, design in enantioselec-
tive catalysis focused on extending the reach of the enan-
tiopure ligands to better control the enantiodiscrimination. In
contrast, camphor is completely embedded within a protein
environment (which provides a well ordered second coordi-
nation sphere), conferring exquisite levels of selectivity to
Cytochrome P450. In addition, the first coordination sphere
(i.e., ligands bound to the metal) around iron is achiral.

With the aim of complementing these well established
fields, organocatalysis and artificial metalloenzymes have

attracted attention in the past decade.* Artificial metalloen-
zymes result from incorporation of a metal-containing moi-
ety within a protein scaffold, thus conferring novel catalytic
function to the macromolecule.® To ensure localization of the
artificial cofactor, three anchoring strategies have been pur-
sued: covalent, dative, or supramolecular. Although initial
reports were published in the late 1970s by Kaiser and co-
workers® (covalent and dative) and Whitesides and Wilson”
(supramolecular), the field remained unexplored for over 20
years.® Thereafter, several groups have reported on their
efforts to create artificial metalloenzymes for enantioselec-
tive catalysis.849

Our interest in the field was derived from attempts to gen-
erate catalytic antibodies bearing a dinuclear metal cofactor.
Faced with the difficulty of covalently tethering a divanadyl-
containing transition-state analogue to a carrier protein for
immunization,'® we sought alternative strategies to create arti-
ficial metalloenzymes. We reasoned that, rather than relying
on the immune response to generate a protein, we could use
recombinant technology to produce and subsequently opti-
mize the host protein. In this context, we stumbled across Whi-
tesides’ visionary communication reporting on the use of
[Rh(NBD)(Biot-1)]* cAvidin for the enantioselective hydroge-
nation of N-acetamido acrylic acid (up to 41% ee).” (C sym-
bolizes the inclusion of an artificial cofactor within a host
protein.) Although such a host protein was by no means opti-
mized for enantioselective catalysis, we hypothesized that we
could evolve artificial metalloenzymes by combining both
chemical and genetic means (Figure 2).

Hydrogenation as Model Reaction

Our initial efforts aimed at reproducing Whitesides’ results
using commercially available avidin. Conjecturing that the
high pl of avidin (pl: 10.4) may significantly reduce the affin-
ity of cationic complexes [Rh(COD)(biot-1)]* for the host pro-

(a)
FIGURE 1. Structure of [Rh(dipamp)]* (CSD: VERYAS) (a) and Cytochrome P450 (PDB: 2CPP) (b) bound to their respective substrates (yellow).
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FIGURE 2. Atrtificial metalloenzymes based on the biotin—avidin
technology. Whitesides’ initial report (a). A chemogenetic
optimization scheme allows one to improve the performance of the
hybrid catalyst either by varying the spacer (oval) or the chelating
ligand, or by mutating the gene of the host protein (x).

tein, we expressed streptavidin (Sav, pl: 6.2) in E. coli.'' Both
Avi and Sav are homotetrameric eight-stranded S-batrrels
(30% sequence identity, 42% sequence similarity) and bind
with similar affinities to biotin (K, > 10'®> M~'). We were
pleased to find that, under identical conditions, [Rh(COD)(biot-
1)]"cSav afforded (R)-N-acetamidoalanine (N-AcAla) in 92%
ee and quantitative conversion using 0.9 mol % Rh.'2
Inspection of the docked complex [Rh(COD)(biot-1)]" c Sav
led us to identify position S112 as the closest lying residue to
the rhodium (see Figure 7 for close lying amino acids)."® For
genetic optimization purposes, we expressed the 20 Sav iso-
forms resulting from saturation mutagenesis at position S112.
These mutants were screened with a library of 18 biotiny-
lated ligands, either differing in the chelating bisdiphenylphos-
phino moiety or in the spacer. A major screening campaign
was undertaken: the 18 ligands were combined with the 20
Sav isoforms S112X, and the resulting artificial metalloen-
zymes were tested with both N-acetamidocinnamic acid and
N-acetamidoacrylic acid to afford N-acetamidophenylalanine
(N-AcPhe) and (N-AcAla) respectively (Figure 3).'*
Subsequently, we included enantiopure aminoacid spac-
ers between biotin and the ligand 1 to yield biot-Phe-1 and
biot-Pro-1."° A selection of results is presented in Table 2.
Several fascinating features emerge from this screening:
(i) The chemical optimization affords more diversity than the
genetic optimization (compare lines with columns in Fig-
ure 3). While each spacer—ligand combination projects
the metal moiety in a different chiral environment, genetic
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optimization can be regarded as fine-tuning of the sec-
ond coordination sphere.

(i) The flexible ligand scaffold 1 affords higher activities and
selectivities than the six-membered ring chelate derived
from ligand 2 (exception: Table 2 entry 6). This suggests
that the ligand adopts an enantioenriched conformation
upon docking in the protein. We view this phenomenon
as an “induced lock-and-key” mechanism.

(iii) In most cases, the selectivities and conversions for both
N-AcAla and N-AcPhe are comparable, reminiscent of the
broad substrate scope observed with most homogeneous
catalysts. However, certain ligand-protein combinations
afford distinct differences for both substrates (Table 2,
entry 5). Interestingly, a single point mutation allows to
invert the enantioselectivity (Table 2, entries 13—14).

(iv) The highest (S)-selectivities using achiral spacers are
obtained upon combining biot-4™¢-1 with cationic res-
idues at position S112 (Table 2, entries 2, 3).

(v) Incorporation of enantiopure spacers significantly

improves the (S)-selectivity and affords promising hybrid
catalysts with Avi (Table 2, entries 7—14). In addition, con-
formationally constrained spacers (biot-(R)-Pro-1) signif-
icantly improve the stability of the resulting artificial
metalloenzyme toward organic solvents (Table 2, entries
9, 10).
Both the homogeneous catalyst [Rh(COD)(biot=1)]" (Kcat
3.06 min~!; Ky 7.38 mM) and the artificial metalloenzyme
[Rh(COD)(biot=(R)-Pro=1)]"cSav (kex 12.30 min~': Ky
4.36 mM) display Michaelis—Menten kinetics and a slight
rate acceleration for the hybrid catalyst.

Following our publications, Reetz and co-workers reported

on a directed evolution strategy to optimize artificial hydro-

genases based on [Rh(COD)(biot-1)]*cSav and mutants
thereof for the reduction of methyl-N-acetamidoacrylate. Faced
with difficulties related to the need of purified proteins for
screening purposes, they relied on focused libraries bearing
mutations only at selected positions. The selectivities how-

ever remained modest (65% ee for (R)-Me-N-AcAla and —7%

ee for (S)-Me-N-AcAla).'”

Having demonstrated the potential of the chemogenetic
optimization scheme for artificial hydrogenases, we focused
on other enantioselective transformations. We selected reac-
tions for which one of the substrates is not bound to the metal
in the transition state (Figure 4). Upon incorporation of the arti-
ficial coenzyme within Sav, we anticipated that the second
coordination sphere environment provided by the protein may
steer the selective delivery of this substrate and thus influ-
ence the enantioselectivity.

=

(vi
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FIGURE 3. Operating conditions (top) and fingerprint display’® of the results (bottom) for the chemogenetic optimization of artificial
hydrogenases for the reduction of N-acetamidocinnamic acid and N-acetamidoacrylic acid. Adapted with permission from ref 14. Copyright

2005 Wiley VCH.

The Allylic Alkylation

The Asymmetric allylic alkylation (AAA) proceeds without prior
coordination of the soft nucleophile to the palladium center.'®
Although many efficient homogeneous catalysts for the alky-
lation of 1,3-diphenylallylacetate rely an electronically asym-
metric ligand,'® we hypothesized that the library of ligands
and proteins used for the artificial hydrogenases could be
screened in the presence of a palladium precursor for the AAA.
An initial screen of biotinylated imine and phosphine ligands
(with no spacer) in the presence of Sav revealed that biot-1
was the most promising scaffold. In most cases, neither alky-
lation product nor starting material could be detected: only the
hydrolysis product (1,3-diphenylallylalcohol) was identified by
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HPLC. To circumvent this, addition of a surfactant (didode-
cyldimethylammonium bromide, DMB) suppressed the side
reaction.

Having identified suitable reaction conditions, a library of
14 complexes [Pd(;3-allyl)(biot-spacer-1)]" were screened
with the saturation mutagenesis library S112X Sav as well as
double mutants (Figure 5).2°

Several noteworthy features were identified:

(i) Most artificial metalloenzymes were inactive in the AAA,
yielding hydrolysis product. Notable exceptions incorpo-
rated biot-3"-1 (racemic product), biot-4°t°-1 (mostly (R)
product, Table 3, entries 1—3 with an exception, entry 4),
and biot-(R)-Pro-1 ((S)-product, Table 3, entries 5, 6).



TABLE 2. Nummerical Summary of Selected Results for Atrtificial
Hydrogenases

N-AcPhe N-AcAla®
entry ligand protein ee conv. ee conv.
1 biot-1 WT Sav 93 (R 84 94 (R quant.
2 biot-4meta- S112H 81(9 88 58(9  quant.
3 biot-4™meta-1 S112K 88 (9 89 63 (9 quant.
4 biot-4meta-1 ST12R 86 (9 71 63 (9 quant.
5 biot-3'-2 S112W 33(9 8 59 (9 96
6 biot-3%-2 $112Q 92(R 77 87 (R quant.
7 biot-(R)-Pro-1 WT Avi 89 (9 quant. 87 (9 quant.
8 biot-(R)-Pro-1 WT Sav 91 (9 quant. 86 (9 quant.
9 biot-(R)-Pro-1 WT Sav® 86 (9 94 87 (9 quant.
10 biot-(R)-Pro-1 WT Sav© 87(9 85 83(9 90
11 biot-(R)-Pro-1 WT Sav® 89 (9 36 76 (9 76
12 biot-(R)-Pro-1 S112W 95 (9 quant. 95 (9 quant.
13 biot-(S)-Phe-1 ST12H 78(9 65 87 (9 quant.
14 biot-(S)-Phe-1 S112M 87 (R quant. 73R quant.

9 quant.: quantitative conversion. ” Reaction carried out in 45% DMSO.
¢ Biphasic with EtOAc.  Protein immobilized on biotin-sepharose.

X
\ ok T
/ II/O|
Ph =54 -Ph (Ln)V\o“.-.
N/ o
1 2
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(a) ()
FIGURE 4. Postulated transition states for catalysts where one of
the substrates does not bind to the metal: asymmetric allylic
alkylation (a), asymmetric transfer hydrogenation (b), and
sulfoxidation (c).

Dimethylmalonate: 5 eq. MeO,C.__CO,Me
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o - i
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FIGURE 5. Operating conditions for the AAA catalyzed by artificial
metalloenzymes based on the biotin—avidin technology (for
ligands, see Figure 3).

TABLE 3. Numerical Summary of Selected AAA Results

entry ligand protein ee (%) conv. (%)
1 biot-4ertho-1 ST12A 90 (R 95
2 biot-40tho-1 ST12A? 93 (R 20
3 biot-4°rtho-1 ST12AP 95 (R 90
4 biot-40tho-1 S112Q 31(9 96
5 biot-(S)-Pro-1 S112Y 80 (R 87
6 biot-(R)-Pro-1 S112G 54 () 96
7 biot-(R)-Pro-1 S112G-V47G 82(9 92

9 No DMB added. ” No DMB added, reaction carried out in 45% DMSO.

Thus, cydlic, sterically constrained spacers seem to project
the metal center into a steric environment which favors
nucleophic attack over hydrolysis.

Metalloenzymes Based on Biotin—Avidin Technology Ward

(i) DMB can be substituted by dimethyl sulfoxide (DMSO)
with biot-4°7M°-1 to yield higher enantioselectivities and
comparable activities (Table 3, entries 1-3).

(iiiy Whereas several ligand—protein combinations yielded

good (R)-selectivities, achieving moderate (S)-selectivities

proved challenging. Combining a close lying (S112G) with

a more distant mutation (V47G) in combination with biot-

(R)-Pro-1 was required to obtain 82% ee (S) (Table 3,

entries 6, 7).

In contrast to other reactions implemented with artificial

metalloenzymes, the AAA has no equivalent in enzymatic

catalysis.

—

(iv

The Meerwein—Pondorf—Verley Reduction
and Oppenauer Oxidation

Noyori and co-workers introduced three legged pianostool
complexes [("-C,R)M(L"L)H]™" for the asymmetric transfer
hydrogenation (ATH) of prochiral aryl ketones in the presence
of hydrogen donors (isopropanol or formate) (Figure 4).?"
Again here, it appears that the enantioselection proceeds with-
out coordination of the substrate to the metal.?* The same
complexes were subsequently shown to catalyze the micro-
scopic reverse Kinetic resolution of racemic aryl alcohols.?3
Inspired by the popular enantiopure Tos-DPEN (p-tolylsul-
fonamido-diphenyl-ethylenediamine), we synthesized d°-pi-
anostool complexes bearing achiral biotinylated N-aryl-
sulfonamide-1,2-ethylenediamine (biot-q-LH, g = ortho, meta,
para). The ligands were complexed to either [Cp*IrCI[*,
[Cp*RhCI]*, or [(75-arene)RuCl]", to afford 20 biotinylated com-
plexes. These were combined with the saturation mutagen-
esis library S112X as well several single and double point
mutants (Figure 6).>* Instead of screening the whole chemo-
genetic diversity matrix, we adopted a strategy whereby all
catalyst precursors were screened with a subset of Sav iso-
forms. Only the best biotinylated catalysts were then screened
with all the proteins. The best catalystcprotein combinations
were evaluated toward various substrates. Selected results are

summarized in Table 4.

Noteworthy features for artificial transfer hydrogenases
included:

(i) Artificial metalloenzymes bearing the para-substituted
ligand biot-p-L outperformed both the biot-o-L and biot-
m-L systems. Similarly, the ruthenium complexes gener-
ally yielded better activities and selectivities than either
rhodium or iridium complexes.

(i) The capping arene played a significant role in determin-
ing the enantioselectivity: [(°-benzene)Ru(biot-p-L)CI]*
and [(»°-p-cymene)Ru(biot-p-L)Cl]* tended to produce
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FIGURE 6. Substrates, ligands, and operating conditions for the ATH catalyzed by artificial metalloenzymes based on the biotin—avidin

technology.

opposite enantiomers. This trend was most pronounced
when complexes were combined with either S112K ((S)-
selective) or S112A or S112F ((R)-selective).

(i) Good enantioselectivities (ee > 90%, Table 4, entries
1—12) were obtained for arylalcohols 5—7. Dialkylke-
tones afforded only modest enantioselectivities, Table 4,
entries 13, 14). We hypothesize that the enantioselection
proceeds via a CH—s interaction between the 55-arene
and the substrate (Figure 4).2> In the presence of posi-
tively charged residues at position S112, this interaction
may be overruled by cation—s interaction leading to
opposite enantiomers (Table 3, entries 3—6 and 11,12).

(iv) Potentially coordinating amino acids at position S112
(e.g, S112C, S112M, ST12H, S112D, and S112E) strongly
inhibit catalysis. This suggests that the metal center with
[(7"-C,Rp)M(biot-p-L)]"* may interact with these residues
thus preventing turnover.
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TABLE 4. Numerical Summary of Selected ATH Results?

entry protein complex product ee (%) conv. (%)
1 WT Sav [7%(p-cymene)Ru (biot-p-L)Cl] 5 89 (R 95
2 WT Sav [7%-(benzene)Ru(biot-p-L)Cl] 5 29 (R 38
3 S112A [17%-(p-cymene)Ru(biot-p-L)Cl] 5 91 (R 98
4 ST12A [17°-(benzene)Ru(biot-p-L)Cl| 5 41 (R 74
5 S112K [7%(p-cymene)Ru(biot-p-L)Cl] 5 10(9 34
6 S112K [17°-(benzene)Ru(biot-p-L)Cl] 5 63 (9 24
7 P64G [17%-(p-cymene)Ru(biot-p-L)Cl] 5 94 (R 92
8 P64G [7%-(benzene)Ru(biot-p-L)Cl] 5 44 (9) 44
9 sty [75-(pymeneRubiot-p-L)C] 6 97(R 79
10 S112A [17°-(benzene)Ru(biot-p-L)Cl] 6 51(9 44
11 S112R [7%-(benzene)Ru(biot-p-L)Cl] 7 70(9 95
12 ST12F [#5-(pymeneRubiot-p-L)Cl] 7 76(R 95
13 S112A [17%-(p-cymene)Ru(biot-p-L)Cl] 8 48 (R) 98
14 S112A [17%-(p-cymene)Ru(biot-p-L)Cl] 9 69 (R 97
15 L1124V [7%(p-cymene)Ru(biot-p-L)Cl] 5 96 (R 97
16 L124V [17%-(p-cymene)Ru(biot-p-L)Cl] 6 87 (R 20
17 ST12AK121IN  [57°(benzene)Ru(biot-p-L)Cl] 6 92 (9 54
18 S112AKI121IN  [5®(benzene)Ru(biot-p-L)Cl] 7 92(9 quant.
19 S112AKI121T  [%(p-cymene)Ru(biot-p-L)Cl] 8 88 (R quant.
20  S112AKI121W  [;%(benzene)Ru(biot-p-L)Cl] 8 84 (R quant.
21 ST12AK121T  [5°(p-cymene)Ru(biot-p-L)Cl] 9 90 (R quant.

9 The catalytic runs were performed at 55 °C for 64 h using the mixed buffer
HCO-Na (0.48 M) + B(OH); (0.41 M) + MOPS (0.16 M) at pHinitias = 6.25. Ru/
substrates/formate ratio 1:100:4000 (i.e., 100 equiv substrate vs Ru).




FIGURE 7. X-ray structure of an (S)-selective artificial ATH. Close-
lying residues (K112,, L1245, H87,, G484 K1125, K1215, and K112p)
are highlighted as sticks. Only (S)-[(°-p-cymene)Ru(biot-p-L)Cl]
localized in monomer A (blue) is displayed (monomer B, green;
monomer C and D, orange and yellow).

In collaboration with Stenkamp et al., we solved the X-ray
structure of (S)-selective transfer-hydrogenase: [5°-(benzene)Ru-
(biot-p-L)Cl]cS112K (Figure 7).2® Notable features include:
(i) For a Ru-catalyst bound to the A monomer (blue cartoon

representation in Figure 7), residues K112, L1244, K112,
and K121g are closest lying. Residue K112 is ideally
positionned to interact with an incoming prochiral sub-
strate. These observations consolidated our initial choice
to produce the S112X saturation mutagenesis library.

(i) The Ru-center is enantiopure: (S)-[5°-(benzene)Ru(biot-p-
L)Cl]. In homogeneous systems, this configuration leads to
(S)-reduction products.?® This suggests that the enantiose-
lection mechanism for artificial transfer hydrogenases may
proceed via the same mechanism (Figure 4b). It should be
emphasized however that the occupancy of the biotiny-
lated complex is only 20% in the structure. It thus remains
to be demonstrated whether this is the actual position and
configuration of the active catalyst.

(i) The Rua---Rug distance is only 4.44 A, suggesting that
Rug cannot be localized in that position if a Rux moiety is
localized in the symmetry related position. In this con-
text, it is interesting to note that the enantioselectivity is
not significantly influenced upon varying the number of
equivalents (one to four) of [5-(arene)Ru(biot-p-L)Cl] ver-
sus the tetrameric Sav.

(iv) Substitution by a bulkier 5°-p-cymene leads to significant
clashes with amino acid residues. This suggests that [(1°-
p-cymene)Ru(biot-p-L)CI] must occupy a different posi-
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tion within the host protein and thus may explain the
difference in enantioselectivity.

(v) Incorporation of the biotinylated complex does not lead to
a significant reorganization of the host protein (rms 0.276
A for all C,).

Guided by this structural insight, we produced saturation
mutagenesis libraries at position K121X or L124X. Limited by
the need to screen using purified proteins, we focused on the
following libraries: K121X, L124X, S112A-K121X, S112K-
K121X, ST12A-L124X, and S112K-L124X. These 120 Sav
isoforms were combined with [(°-p-cymene)Ru(biot-p-L)Cl]
and [(y°-benzene)Ru(biot-p-L)Cl] and screened for the reduc-
tion of the model prochiral substrates to afford the enantioen-
riched alcohols 5—9 (Figure 6). To speed up the screening, we
adapted the biotin-sepharose immobilization scheme devel-
oped for the artificial hydrogenase to immobilize crude cell
extracts: following a 250 mL baffled-flask E. coli culture, the
suspension was centrifugated, and the pellet was frozen and
resuspended. After centrifugation, the supernatant was treated
with biotin-sepharose. Having an excess of biotin binding sites
versus the biotin-sepharose ensured that free biotin binding
sites remained upon immobilization. The biotinylated cata-
lyst was added to the immobilized protein. The excess metal
complex was washed off before screening. The most promis-
ing immobilized artificial metalloenzymes were subsequently
tested with purified proteins (Table 4).

Based on this protocol, which combines structural insight
with both chemical and genetic optimization, significantly
improved enantioselectivities were obtained both for aryl
ketones (up to 97% (R) and 92% (S)) and dialkylketones (up
to 90% (R), Table 4, entries 15—18 and 19—21, respectively).
In the context of ATH, the latter substrates are challenging as
the CH—z interaction cannot operate in the transition state,*”
suggesting that the protein has a significant influence on
enantioselection.

In contrast to classical enantioselective catalysis starting
from a prochiral substrate, high throughput assays for kinetic
resolutions are more abundant and straightforward to imple-
ment.*® Our efforts to achieve the microscopic reverse reac-
tion (i.e., Oppenauer oxidation) for the Kkinetic resolution of
racemic alcohols in the presence of sacrificial H, acceptors was
met with limited success.*® Indeed, although [;°-(p-cyme-
ne)Ru(tos-DPEN)]™ complexes catalyze the 5-H abstraction of
alcohols in acetone,?> these reactions fail to proceed in water,
even in the presence of more potent H, acceptors. After test-
ing hexafluoroacetone, quinones, dioxygen, and hydrogen
peroxide, we identified tert-butylhydroperoxide (THBP) as a
suitable oxidant. The best biotinylated catalyst [(55-ben-
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FIGURE 8. Artificial peroxidase for enantioselective sulfoxidation based on vanadyl-loaded streptavidin.

zene)Ru(biot-p-L)Cl|cSav displayed >200 turnovers at room
temperature. Unfortunately, no enantioenrichment of the sec-
phenetylalcohol was observed.?? In the absence of protein,
rapid appearance of a black suspension was accompanied
with much lower conversions.

Subsequently, several groups reported on their efforts to
exploit dioxygen or peroxides as H, acceptors for the oxida-
tion of alcohols catalyzed by d°-pianostool complexes.3® Most
interestingly, Ikariya et al. presented a [Cp*Ir]-based oxida-
tion catalyst which was efficient under biphasic conditions.>"

For the oxidation of prochiral sulfides, we investigated
vanadyl-based systems.

Vanadyl-Loaded Streptavidin as Artificial
Sulfoxidase

Our initial attempts to create hybrid catalysts for the oxida-
tion of prochiral sulfides were based on [M(biot-Schiff base)]-
moieties. Both conversions and selectivities remained
modest.3? Inspired by the reports of Sheldon and co-work-
ers on vanadyl-loaded phytase as artificial sulfoxidase,>*" we
hypothesized that the biotin-binding site of Sav may be large
enough to accommodate small M=0O containing coordina-
tion compounds. Various metal sources were combined with
(streptlavidin and screened for their sulfoxidation properties.
Vanadyl salts proved most active and selective (Figure 8 and
Table 5).

(i) In the presence of THBP, [VO(H,0)s]?*cSav displayed
increased activity (and selectivity) compared to the protein-
free salt.

(i) When biotin was added to [VO(H,0)s]?*cSav, racemic
sulfoxide was produced. Similarly, the D128A mutant, known
for its significantly reduced affinity for biotin, afforded race-
mic product. These data suggest that the metal moiety occu-
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TABLE 5. Summary of Selected Sulfoxidation Results?

entry protein product ee (%) conv. (%)

1 WT Sav® 10 4(R 7

2 10 0 55

3 WT Sav 10 46 (R) 94

4 WT Sav 11 90 (R quant
5 WT Sav© 11 0 96

6 D128A Sav 11 0 97

7 WT Sav 12 93 (R 53

8 WT Sav 13 90 (R 9%

9 WT Sav 14 86 (R 61

10 aviloop? 14 90 (R 54

¢ All catalytic runs were performed at room temperature in 0.05 M KCI/HCI
buffer at pH 2.2, with 0.0001 M WT Sav, 0.0002 M vanadium, 0.01 M
sulfide, and 0.05 M +BuOOH. ® No metal added. © 4 equiv biotin added. ¢ See
ref 33.

pies the biotin-binding site and that the Asp128 residue is
critical for the localization of the vanadyl moiety within the
biotin binding site (Table 5, entries 5, 6).

(i) Using 2 mol % [VO(H,0)s]?**combined with 1 mol %
tetrameric Sav at pH 2.2, a variety of aryl-alkylsulfides were
oxidized in moderate to good enantioselectivities (Table 5,
entries 1—8). Substitution of the short L3,4 Sav loop by the
longer L3,4 loop of avidin yielded the aviloop Sav.>* This chi-
meric protein improved the selectivity for dialkylsulfoxide 14
(Table 5, entries 9, 10).

(iv) X-band EPR analysis at pH 2.2 revealed an intact
[VO(H,0)5]*>*, implying only second coordination sphere con-
tacts between Sav and the metal.

In addition to catalyzing a myriad of small molecule trans-
formations, enzymes reveal exquisite selectivities toward mac-
romolecules thanks to their extended contacts with their
targets. In this respect, they outperform the selectivity dis-
played by small molecules toward either proteins or DNA. In
1999, Crabtree et al. introduced the concept of protein dis-
play to improve the binding properties of small molecules



FIGURE 9. Protein display strategy applied to DNA-binding
metallodrugs [;°-(arene)Ru(biot-en)Cl]*, arene = p-cymene,
biphenyl.

toward a target protein or RNA.2* We hypothesized that such
an approach could be adapted to biotinylated metallodrugs to
improve their selectivity toward DNA.

The Presenter-Protein Strategy

Ever since the discovery of cisplatin as a potent anticancer

drug, metallodrugs have attracted much interest3® It is

believed that the preferred target for these metals is DNA.

Their poor specificity however often requires high doses, lead-

ing to undesirable side effects. With the hope of alleviating

these, we hypothesized that introduction of a biotinylated
db-pianostool complex [;5-(@rene)Ru(biot-en)CI]*, derived from

a known metallodrug,3® in Sav may modulate its DNA-recog-

nition properties by providing multivalent binding interactions

with the DNA target, working in concert with with metallo-

drug (Figure 9).

The complexes [;°-(arene)Ru(biot-en)Cl|* were combined
with various Sav isoforms. The X-ray structure of [55-(ar-
ene)Ru((R R)-biot-en)Cl|"cWT Sav reveals that both K121,
and K121g are ideally positioned in a shallow vestibule to
interact with negatively charged DNA (Figure 10). The hybrid
metallodrugs were tested in vitro for their DNA affinity by elec-
trophoretic mobility shift assays (EMSA). Selected affinities
were confirmed by isothermal titration calorimetry (ITC).3” The
following trends emerged (Table 6):

(i) Neither Sav nor the biotinylated complexes [;°-(arene)Ru-
(biot-en)Cl|* displayed high affinities toward double
stranded-DNA (ds-DNA) or telomeric-DNA (tel-DNA).

(i) The ternary complex [(5-p-cymene)Ru(biot-en)Cljc
Sav-DNA was more stable (at least an order of magni-
tude) than Sav - DNA.

(i) tel-DNA was recognized preferentially over ds-DNA. We
speculate that the rigidity of the double-strand prevented
its interaction with the host protein.

Metalloenzymes Based on Biotin—Avidin Technology Ward

FIGURE 10. View of the X-ray structure of [;5-(p-cymene)Ru((R R)-
biot-en)CI[*CWT Sav. Only one biotinylated complex is displayed
for clarity.

TABLE 6. Summary of Dissociation Constants for
Ruthenium—Streptavidin (Sav) Assemblies toward Various DNA
Targets, Estimated by EMSA

entry DNA target complex Sav Kq (M)
1 tel-DNA? WT >145
2 tel-DNA? [17%(p-cymene)Ru(biot-en)Cl]*  WT <1.6°
3 tel-DNA? [7%(p-cymene)Ru(biot-en)Cl|™  S112F <1.6°
4 tel-DNA? [17°-(p-cymene)Ru(biot-en)Cl| ™ S112D 12.2
5 tel-DNA? [7%(p-cymene)Ru(biot-en)Cl]*  K121A 28
6 tel-DNA + GSH*®  [;j5-(p-cymene)Ru(biot-en)Cl|*  WT <1.6¢
7 ds-DNA? [17%(p-cymene)Ru(biot-en)Cl[*  WT 37.9
8 ds-DNA? [17°-(p-cymene)Ru(biot-en)Cl|*  S112F 37.9
9 ds-DNA? [175-(biphenyl)Ru(biot-en)Cl| WT 37.9
10 ds-DNA? [175-(biphenyl)Ru(biot-en)Cl| ST12F 18.2

9tel-DNA; G4A sequence: catggtggtitgggttagggttagggttagggttaccac.® ? In
brackets, competing species: glutathione (GSH). € Binding was stoichiometric
and beyond the sensitivity of EMSA. “ ds-DNA; Braf oncogenic mutation
V599E: ctagctacagagaaatctcga and the corresponding complementary
strand.®

(iv) The presence of competing targets including gluthatione
did not erode the affinity toward tel-DNA.

(v) Chemogenetic optimization was used to modulate the
affinity of [(5-p-cymene)Ru(biot-en)Cl]cSav toward its tar-
get. Charged amino acid residues in the vicinity of the
metal played a critical role in determining the affinity
toward negatively charged DNA: both K121A or S112D
mutants displayed reduced affinity toward tel-DNA. Com-
bining [(35-biphenyl)Ru(biot-en)Cl]cS112F increased the
affinity toward ds-DNA.

Outlook

In the past years, we have focused on exploring the poten-
tial artificial metalloenzymes for various purposes. Looking
back at the pros and cons of homogeneous versus enzymatic
catalysis (Table 1), it appears that such hybrid systems dis-
play features reminiscent both of kingdoms. Adding precious
metals to the enzymatic repertoire opens fascinating perspec-
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tives. A major challenge remains: the implementation of
directed evolution protocols for optimization. Thus far, all
efforts to screen on colonies or culture supernatants have
remained vain. Although the immobilization procedure or the
“en masse” affinity purification is viable for screening small
libraries, alternative strategies must be developed, including
more robust organometallic catalysts, compatible with cell
debris. This will allow evolution of artificial metalloenzymes
for transformations which have no equivalent either in homo-
geneous or in enzymatic catalysis, thus rendering them more
attractive for large scale applications.

Considering the versatility of homogeneous catalysis for
the synthesis of enantiopure small molecules, we believe that
the true potential of artificial metalloenzymes may be revealed
in chemical biology applications, including in vivo catalysis for
metabolic engineering, post-translational modifications of pro-
teins, artificial restriction enzymes, and so on. Our initial effort
exploiting the protein-display strategy represents a first step in
this direction.
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