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' Proteins as Host for Bna wtimive catalystis:
' Avtificial Metalloenzymes?




Anchoring of the Catalyst:
Two Altermatives to Ensure Localization

@ Produce a protetn with a Explott the aﬁfuwi’cg of Blotin for
single accessible cysteine Avidin
@ Link the catalyst via a Link the catalyst via an amide to
thioether or a disulfide the valeric acid side chain of blotin
o Test for emantioselective Test for enantioselective
cata LgSLS cata Lgsis
Kaiser et. al. Science 1984, 226, 505. Whitesides et. al. J. Am. Chem. Soc. 1978, 100, 306.
Distefano et. al. Chem. Rev. 2001, 101, 3081. Chan et. al. Tetrahedron Asym.1999, 10, 1887.
Ward et. al. Helv. Chim. Acta. 2001, 84, 3148. Thomas et. al. Chem. Soc. Rev. 2005, 34, 337 (Review).
Reetz el. al. Chimia 2002, 56, 721. Ward Chem. Eur. J. 2005, 11, 3798 (Concept).
de Vries et. al. Chem. Commun. 2005, 5656. Letondor et. al. ChemBioChem 2006, 7, 1845 (Review).



Blotin-Avidin Techinology: Molecular Velero

8 Affinity chromatography
@ Dlagwnostics

o Signal Amplification
\ /_ o IMmuUnoassay

8 lmmobLlizing agent
o Prug delivery
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Bayer and Wilchek. Methods in Enzymology,
Vol. 184, Academic Press, 1990
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Chemieal Diversitg)
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Genetie Dlversity

o Streptavidin (€. colt, 230 mog/L,
soluble tn cytoplasm)

8 Avidin (P. pastoris, 230 mo/L,
L culture medium)

o A-(:ﬁwitﬁ chromatography on
Lmlnoblotiin

o Stite-directed or random-
mutagenesis

Zocchi et. al. Prot. Expr. & Purif. 2003, 32, 167.
Humbert et. al. Electrophoresis 2005, 26, 47.
Humbert et. al. Methods in Molecular Biology, Vol
418: Biotin-Avidin Interactions, in press.




Hydrogenation with Streptavidin
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AcHN AcHN
2l ; OH

H, (5bar), room temp. 8 hours
0.33 mol % streptavidin, 1.0 mol % catalyst
buffer pH = 4.0
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Biotin N/ /Rh(COD) 16% (S)
it PPh,
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Biotin//<
I G U
| e
Collot et. al. J. Am. Chem. Soc. 2003, 125, 9030. p —Rh(COD)
Compare to: Ph,

Whitesides et. al. J. Am. Chem. Soc. 1978, 100,
306, (41 % ee with Avidin).




Chemogenetic Optuimization
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ldentifyung “Hot-Spots” on the Host Protein

O o)
AcHN AcHN

OH OH
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H, (5bar), room temp. 8 hours
H 0.33 mol % Host Protein, 1.0 mol % catalyst g
buffer pH =7.0 (Avi), 4.0 (Sav)
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4ortho, meta, para

Skander et. al. J. Am. Chem. Soc. 2004, 126, 14411.




Substrate Specificity: Bnzywe-Like or
Homogeneous Catalyst-Like ?

AcHN ACHN

T ~~ “OH
‘ e s

H, (5bar), room temp. 8 hours
R 0.33 mol % Streptavidin, 1.0 mol % catalyst g
buffer pH = 5.5

O

Biotin% R = R = Ph

S 9T ®  9z%e®
PPh,
& gquant. gquant.
PPh,




R=H R =Ph
ee(%), yield (%) ee(%),yield (%)
Chemical diversity

Biot—1 31(R), quant. 89(R), 96
Biot-4™-1 36 (S), quant. 78 (S), quant.

S112F
Biot-3'-2 64 (S), quant. 36 (S), 20

S112K
Biot—4m—1 36 (S), quant. 88 (S), 89

S$112Q
Biot-34-2 87 (R), quant. 92 (R), 77

H

: CO,H

H NHACc

4 co,H

NHAC

e A Klein et. al. Angew. Chem. Int. Ed. 2005, 44, 7764. Compare with directed evolution approach:
Genetic diversity Reetz et al. Chem. Commun. 2006, 4318.




Second Generation Liganos: BAantLopure Spacers

b
BiOtln\n/ //\pph2 BiO’[in\n/N/}
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Biot—(R)— or (S)—Phe-1 Biot—(R)- or (S)-Pro-1

Biot-(R)-Pro-1 kk
Biot-(S)-Pro-1 k kk kkkkklk
Biot(R)Pho- RS A AN AN A AN AN A AN ASASASASANAN
Biot-(S)-Phe-1 kk k kk

“OM 230, ee (R) -87 % ee (S)

CO,H " SAG*> 2.6 kcal/mol
. NHAC

NHae O RaAcemic L the absence of protein
O Avidin (29 % ee)
O (S)-Selectivities (95 % ee)
O organic solvent tolerance (PMSO § BtOAC)
O Power of genetic optimization
Skander et. al. Chem. Commun. 2005, 4815. Rusbandi et al. Adv. Synth. Catal. 2007, 349, 1923.

(S)

100% conv.




Do Artificial Metalloenz Ywes Follow
Michaells Menten Kineties?

Regt = 12.30 mlnt

4 4)icC
E]:1?,1/1 (Bw (D) :Pro 1)] sav K. = 4.26 mM

Regt = 11.23 mlnt
Ko, = 4.80 mtM

[mMM/min]

initial

Reat = 4.49 mint
Ky = 2318 MM

0 5 10 15 20 25 30 35

Substrate concentration [mM]
Rusbandi et al. Adv. Synth. Catal. 2007, 349, 1923.



Allylic Alkylation:
Nearly a Regioselectivity Problem?




Ally e Alky Latton: Add Surfactant!

Dimethylmalonate: 5 eq. MeO,C CO,Me

[Pd(Phsallyl)Cl], cat.: 0.02 eq.
NS Ligand: 0.048 eq. N
»
O O Protein : 0.013 eq. O O
KQCO3Z S eq.
1 eq. DMB: 2 eq.
H,O / DMSO 10/1

Vigt = 390 ul
[AllylOAC] = 5 mM

OAc

RT, 16 h

®
DMB ( WN/ Br@
N




Ally Lic Alky Latlon: Summa ry

Sav:32%ee(S),21 %y
S112K: 66 % ee (S), 21 %y
No protein: 5% ee (S), 62 % y

Pierron and Malan et. al. Angew. Chem. Ind. Ed., 2008, 48, 701.

HNJ\NH [ PPhy
Qe =N PPh,
( \ H =g
N
S '/\/\n/

Sav: 79 % ee (S),95 % y

S112A: 93 % ee (R), 20 % y no surfactant
S112A: 95 % ee (R), quant. (45% DMSO)

No protein: 0 % ee, 83 % y

Sav:36 % ee (R), 70 %y

No protein: 55 % ee (R), 12 % y




Artifielal Transfer—Hydrogenase
Acetophone as Model Substrate
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Biot—g-LH @)
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3 Ligands, 3 Metals, & n-Arenes
20 Proteins (Saturation Mutagenesis at S112)

Letondor et al. Proc. Natl. Acad. Sci, 2005, 102, 4683.
Letondor et al. J. Am. Chem. Soc, 2006, 128, 8320.




Acetophenone Reduction by Artificial Transfer
Hydrogenase: Conversion and Selectivity Profiles
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initial pH

B (OH).-HCO,Na + MOPS buffer
PH = 0.5 ('PK'a:L +'P'<-a;z)



Chemical Optumization: ee vs. {N*—(C,R.,.) M}

40

: : : = [n° (C Me )Rh(Blot-p L)CI]
35 [TI (C Me- )Ir(Blet-p-Lv)GI] ............................. I g
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Letondor et al. J. Am. Chem. Soc, 2006, 128, 8320.



Genetic Optumization: ee vs. S112X
12 : ; : 5 : 5 = :
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Ena wtiopure @ Ru
20 % oceupancy




Towards “Higher Throughput” Screeniing :

Overcoming the Purification Bottleneck

i LM
Biotinylated Sepharose

45

Biotinylated Catalyst
ML,

Crude Streptavidin
from 250 mL Baffled Flask
P-Bromoacetophenone with

[Ru (p-cymene) (Blot-pL)] C Pe4g Sav

@ pure 94 % ee quant. conversion
@ extract 92 % ee, 95 % conversion




Designen Bvolution: Selecteol Examples

OH

O

[Ru(cymene)(Biot-p-L)] C L124V : 96 % (R)
OH

[Ru(cymene)(Biot-p-L)] C S112Y : 97 % (R)

[Ru(benzene)(Biot-p-L)] C T114G: 84 % (S)

OH OH

[Ru(cymene)(Biot-p-L)] C P64G : 91 % (R), 25 % conv.
[Ru(cymene)(Biot-p-L)] C P64G : 84 % (R), 93 % conv.

OH

R

[Ru(cymene)(Biot-p-L)] C S112A-K121T : 90 % (R)
OH

[Ru(cymene)(Biot-p-L)] C S112A-K121T : 88 % (R)

[Ru(benzene)(Biot-p-L)] C S112A-K121N: 72 % (S)

OH

N
~

NS
[Ru(benzene)(Biot-p-L)] C S112A-K121N: 91 % (S)

Creus, Pordea, Rossel et al. Angew. Chem. 2008, 47, 1400.



Coulol Streptavidin Accomodate a Now—%’w’dwg Lated
Polar Coordunation Compounol?
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Sul:foxidatiow Resubts

t-BuOOH, pH 2.2, RT

./ \‘2 mol% artificial metalloenzyme ./ \‘

artificial metalloenzyme
[(H,0)sV=0]?* C streptavidin

O O O

4 Q gLy

46 % ee (R) 90 % ee ( 93 % ee (R)
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@V

90 % ee ( 74 % ee (R) 87 % ee (R)




Kinetic Aspects
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s vVanadiuunm nstole streptavidiw:
wishful Thinking?

N
/\|/ g S
oo’ e

(H,0)5V=0]** C WT Sav 90 % ee (R) [(H20)sV=0]2* C WT Sav 87 % ee (R)
(H,0)5V=0]?* + Biotin C WT Sav racemic  [(H20)s V=0]2* C 90 % ee (R)
(H,0)sV=0]?* C D128A Sav racemic
(H,0)sV=0]** C BSA racemic
48 52
WT Sav SAVGN----AESRYVLT

WT Avi TAV ESPLH




Artificlal Metalloenzymes: Extending Small
Molecule Recogwition to Macromolecule Recognition

protein

Creus, Rossel, Sardo and Wohlschlager




Homogeneous vs. Bnzymatie catalysis:
Pro ana Cown

Siwg le Enantiomer

Extended

31
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