Artificial Metalloenz Ywes:
Challenges anol Opportunities
(An Introduction)

Theracat Workshop
Sept 25, 2019
Thomas wWard

University of Basel



ca’caLg,sLs: Definition

Catalyst
M

”cataLgsis LS perhaps the worol
which best captures the spirit of
chcmistrg: the wmiracle of

consumption and regeneration!”
. A Roald Hoffmann tn “the Same and Not the Same”

Catalyst: substance which M—A
increases the rate of a reaction
without undergoing a permament




Heterogeneous-, Homogeneous- and Bnzymatic
catalysis: Three Kingdoms

Heterogeneous Catalys.\
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The Most mportant Dlscovery of the 20th Century:
Haber-Bosch Nitrogen Fixation
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Figure 1 Trends in human population and nitrogen use throughout the twentieth century. Of the total world
population (solid line), an estimate is made of the number of people that could be sustained without reactive
nitrogen from the Haber—Bosch process (long dashed line), also expressed as a percentage of the global
population (short dashed line). The recorded increase in average fertilizer use per hectare of agricultural land
(blue symbols) and the increase in per capita meat production (green symbols) is also shown.

N, + 3H, <—= 2NH,




A Tlger in Your Engine and...
A Catalyst LA Your Exhaust 'Pipe




Homogeneous catalysis:
The Elegance of a Man-Made Catalyst
Three Nobel Prizes since 2001




Sulbtilisin: A Sertne Protease Used Lin Your Lauw\,olrg—
ana Dlshwashing Powoler

900 Tons/Year in EU



Gene library
b
3

Mutagenic

Screening
(fitness
differences)

Mutagenesis
(variation)

Gene amplification
(heredity)

Gene isolation

2018 Nobel Prize: Frances Amold (1/2) for Directed
Evolution

E. coli expressing
gene library

Activity
assay

Isolation of
desired variants




Sitagliptine (Merck): Two Green Chemistrg Awaros

Ru(OAc),((R)-dm-segphos)
> N
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remove Rh

(b) N
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Homogeneous- vs. Bnzymatie catalysis

Enantiomers
Both Single
Solvent Tolerance
Oroante Aqueous
Sulbstrate s]acoiﬁaitg
Broad Nayrrow
Optimization
Chemical Genetie
Catalyst Lifetime
Limtted Extended
In Vivo Compatibility
Limtted Excellent
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100 bar H,
catalyst

> cat.
15 days

TON =4 550 000
98% ee

catalyst
X+ CO,Me - th&”
3 days CO,Me
MeO

TON =1 800 000
51% ee

carbonic anhydrase s ,
CO, + H,0 > HCO; +H Keat =827 10° s

—Rh

—Rh

—14
Rh,(S-PTAD),

kcat/kuncat - 77 X 106



what is the motivation?
i) make better catalysts (more efficiently)
rate

robustness

selectivity (chemo-, regio-, and stereoselecti Me 4

erythromycin A

compatibility (with other catalysts, biological
environment)

accessibility (e.g. hydrogenases)

controllability (allostery)
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Atrticial Metalloénzymt










The Pertodic Table of The (Metalloenzymes) Elements
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Anchoring of the catalyst:
Four Altermatives to Ensure Locallzation

). rﬁs" A o DR 6%

Covalent anchormg
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A <
, N A ) Can Of 4
R & DSRZE
- &£

Dative anchoring Metal substitution
Lewis, Ward et al., Chem. Rev. 2018, 118, 142.




ArMs: Chemo-Genetic Optimization Strategy

genetic diversity

s ligand scaffoId\
I O O 6 8_._Che|ateMLn X\ od e
ITTTITET = B Py ML, 8 A
O B 8— —chelateML,, X/ actviy Scolor g ML,
EEEEEEEEEN screen 5
R B 8_ —chelateML,, , | N
(strept)avidin gene _CEX\ i gir:/%rrns(i)tgerrrﬂﬁx 2 T W
8— —chelateML, X/M | ! ﬁx
\
8 ML,
8— —chelateML, ¢ \/X/
N\
ioti talyti ML
el (r:nao?ei/ylc _<:X/ ; artificial metalloenzyme with
. i i
e scaffol& \ improved properties
X : designed
X 1 O I A LU evolution
)‘\ artificial metalloenzyge
g 3
8— ML,
Y x”
optimized

artificial metalloenzyme

structural
Creus et. al. Org. Biomol. Chem. 2007, 5, 1835. information



Standing on the Shoulders of
GLANLS:
A Historical Perspective



artificial metalloenzymes were at the beginning of asymmetric
transition metal catalysis by chemical means! Akabori et al. 1956

N

1. silk fibroin impregnated with PdCl,

O 0 H, (ca. 8 to 9 x10° Pa) Q 9
/\O)J\/\KU\O/\ 50-75°C HOWOH
‘ | MeOH NH,
\IT‘N O 2. hydrolysis
’ or
- o{:—_\ i X i

4 ), . \cf)f' Ph/\%kOH

- poorly defined catalyst (Pd-nanoparticles)  NM2 ca. 25% ee
- reproducibility issues
-

i/



Cu(ll)-CPA H
HO =0 O, (air) -0
0 > 0
HO™ PR 7 0
OH 0
0
- effective inhibitor OH
carboxypeptidase A OH
PDB 1M4L ¥

K., = 6 min-1 and K, = 0.24 mM

metal exchange:

dlaly5|s y \
against: -y \=



cofactor precursor (0.2 mol%)
AVidintetramer(O-O5 mOI%)

CO-H H, (1.5 atm) H, C0O2H
> /
sodium phosphate buffer (0.1 M)
NHCOCH; oH 7, 0°C, 48 h NHCOCH;
0.04 M 41% ee
TON =500

}—NH H o )
HN>68\“ \/\/ILN/\ _l

PPh,
_Rh(nbd)

cofactor precursor P

biotinylated Rh(l)-complex  Ph2 F3CSO5

nbd = 2,5-norbornadiene

Ko (biotin-avidin) = 10-15 M

of the catalyst (CA by approximately a factor of 10). The
presence of 1 equiv of avidin in solution (assuming each avidin
subunit to be associated with 1 equiv of 1) resulted in a definite
increase in activity, and in the production of 3 with ~40% .S
enantiomeric excess. When the ability of avidin to bind 1 was
blocked bv prior exposure to ether a 10% excess or a tenfold

-
o B avidin
DB 2Av]

<\\‘_—:2



050, (0.2 mol%) HO, on
BSA (0.2 mol%)
t-BuOOH (100 mM)
carbonate buffer (50 mM)
100 mM pH 10.9,25°C, 8 h 68 % ee
TON =40
speculation...

bovine serum albumin (BSA)
PDB ID 4FS5



OH + HOR'

O

NH,
ee (S)

R

Cu(ll) (25 uM)_
24 h

PIPES (10 mM)

25°C,

pH 6.1

ALBP-Phen

NH,
OR'

R
1 mMm O

39% ee (S)

TON -~ 8

86%

~1

CHs

TON
R =

CH(CH3),

R =CHa, R'=
R = CH,CgH4OH,

CH2CgH4OH

R =

CH

R =

M. D. Distefano et al., J. Am. Chem. Soc. 1997, 119, 11643



Anchoring of the Catalyst:
Four Altermatives to Ensure Locallzation

DAY & DAY o R

Covalent anchormg

gyi@f

{4

'A

Lewis, Ward et al., Chem. Rev. 2018, 118, 142.



/_\

0 \rN Mes O 0
C

W\ :P_O

/P ’Rh
EtO Y C'y o A 0 0
T N02 /4 Cl N
L, « 5

SN /R;ﬂ
7
NS Klein Gebbink 2015 - h de Vries 2005
N 0 Salmain 2015
o 0-R-R lectrophil
Reetz 2002 \ electrophiic

\ >
O :

~ 405 nm
X = S, O nucleophilic group for X =0 test for successful

R = linked metal complex ) ST o
hydrolytic enzyme Immobilisation: inhibited

e.g. papain, cutinase, . .
CalB hydrolytic activity




anchoring strategies — covalent anchoring
/_\
N ~“Mes
'P ,Rh
EtO’ Cl

\ CI
= N
| | X Klein Gebbink 2015 52 de Vries 2005
NS g N~ Salmaln 2015
Cls
Reetz 2002

only modest enantioselectivities observed in hydrogenation
and transfer hydrogenation reactions —

poorly defined catalyst environment? Too much flexibility?



@ Alanine mutations (A,) ol protein
@ Histidine mutations g,
. . ‘ Histidine/phenylalanine mutation
1 . |nSta”|ng the COfaCtOr O Phenylalanine mutations
d
1. Scaffold expression:
*HgN m E. coli
_—
. pEVOL/
CO: N, PScaffold
2. Cofactor bioconguation:
.
N, (-
—
b

mutant identified which can bind the cofactor (4 Alanine
mutations) and is active and selective (1 His mutation) in
cyclopropanation -

ycloprop 0-ZA,



cfe heat

treated

2. library generation and screening

E p-domain

with random mutatlons

Sufficient NQO: isolate

activity/ plasmid and ArM catalysis,

. Styrene, diazo,

, Gibson Co-transform

DET28- EP-PCR oo , assembly E. coli with

POP-ZA, ’ pET28-POP-ZA,*
f-domain variants and pEVOL

pET28-POP-ZA,* 1. Array colonies in 96 well

) culture plates (robot)
R 2. Express scaffolds (+22
NZ SCoMe —> COzMe 3. Lyse, heat, and centrifuge
+ PR 4. Transfer Iysate to micro-

R (1S,2R + 1R,2S) titre plates (robot)
= 1. Cofactor, 20% ACN

( e

>

—

14% ACN

selectivity?| repeat characterization,
YES: ArM design, etc.
expression
2,000
X X N X et (1S:2R) > (1R.2S) ]
20000 VSZOOGOO -
00000 000000 Culture hits" £ 1,000+
00000 500 <
: : : : : from replica 0 — ! 2
8 9 10 11

o000 0O plate Time (min) 3
00000

. Parallel extraction
.HPLC or SFC

3 2. Sepharose-N;

eoGONGGS
20000 &0
(X X N A R N N J

evooSSGS
L A X R X R R N
L L NNE B R R N
oooNOOeS
00000 GS
X X X X B X

ArM library 3. Centrifugal fi ltration Scaffold library

SCavenge excess cofactor

J. C. Lewis, Nat. Chem. 2018, 10, 318



e.e. 3 (%)

p— 1-GSH
S301G/G99S/ mpmmm _ .-
80 - Y326H .-~ p— Sk
s e 1221V/Q228R/
5. =" 2-NSIA
i — SeaN/Gogs, A265V/Y326H
40 4  mier 1-NAGS  K3301/V335A
0-ZA, K161N/V166A/
20 13477Z/E104A/ S301G/T308S .80
0 - F146A/K199A/ & 60
D202A © 40
o S 40
T Bl 1-RFY >
0-413Z *~_ Q98R/G99F/ SN << T ITN >
60 |  F413Z  “>._p23oy NEEET Y
\\ : ol Z ZI > (.? ﬁ; 1
80 - n— ToES T
~100 . . | |
0 1 2 3
Round of ArM evolution
variants/ 96 48 576
round

high mutation frequency

Yield 3 (%)

TON up to 66

random mutagenesis of selected sites
based on crystal structure inspection
with degenerate codons

80
70 - ° ‘
60 - o ¢

& &
o) ® & @

&
40 1 © e ® ° 0-ZA,
30 | @& ' e 3-VRVH
e HFF
204 8 * Rh,(OAc),(EspOAc)
0 e e® © @ & &
@
8
O ’ [ [ [ [
0 50 100 150 200

Reaction time (min)



Anchoring of the Catalyst:
Four Altermatives to Ensure Locallzation

Lewis, Ward et al., Chem. Rev. 2018, 118, 142.



the Trojan horse strate P
€ Irojan norse Sstrategy : J(O analysis
o directed evolution OR
CHO p G (phage display)
SU BT —
O o“‘ . / mutations o
o / "'OH affinity for new ligand
EHNT h Ky=4x105M

affinity for
natural ligand

Trojan horse

neocarzinostatin with natural ligand bound

PDB 1NCO O O

13% ee in sulfoxidation | -o.g SO




Blotln-Avidin Technolog Y: Molecular Velero

\/Q 3 A{-ﬁwﬁtg chromatography

D o Plagwnosties
- o Signal Amplification
\ /_ & Immunoassa Y

o lmmobLlizing agent
a Prug delivery

Target molecule

Biotinylated binder L"».,(C\\\@ C/O

O

C/ Mjugated probe

Avidin
'/,,,' OH ’ ’ ’ ’
/\/\ﬂ/ K, (blotin-avidin) 1014M-1
(+)-Biotin O

Vitamin H Bayer and Wilchek. Methods in Enzymology,

Vol. 184, Academic Press, 1990.



~

]
H
i ! hydrophobic
aspi28A  On_ { interaction 1O
s TN - SerBBA
~“‘~ S \_/s\ "‘o
Ho ',o"'
Ser27A L 1 ©

R o)

/

-
-

g
£
prv)

Op
A

Tyrd3A

biotin-streptavidin interactions; Kp = 10-14 M

affinity engineering: M. Howarth, Biochem J. 2011, 435, 55.
Ircp™ catalysis: T. R. Ward, Angew. Chem. Int. Ed. 2011, 50, 3026.




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

7 O
AcHN AcHN
o " OH
‘ g iy
H, (5bar), room temp. 8 hours
R 0.33 mol % Streptavidin, 1.0 mol % catalyst p
buffer pH = 5.5
O
Biotin//< R=H R = Ph
N/\ 34 % ee (R) 33 % ee (R)

PPh,
gquant. quant.
PPh,



Chemo-Genetic Optumization:
18 Ligands Combined with 20 Proteins
3 .

: ; O
AcHN AGHN

‘ Al OH

s H
H- (5bar), room temp. 8 hours
R 0.33 mol % S112X Sav, 1.0 mol % catalyst g

buffer pH = 5.5

O
Biotin—spacer/<
NE TN
& PPh, -
1 PPh,
O
Biotin—spacer _,
N /,
2 i PPh,
HN 2
n
31-5
@)
HN )\\-— R=H, Ph
I S

4ortho, meta, para




Chemo-Genetic Optimization: Flngerprints

H§ CO,H

H NHAG
H coH

NHAc

conv. 0%

Klein et. al. Angew. Chem. Int. Ed. 2005, 44, 7764.




Enzyme cascaoles...




Orthogonal Redox Cascades

HCO,H O““ §
H
@

\ 0

HoN
- Streptavidin S112A

M. Durrenberger, V. Kohler
with N. Turner (U. Manchester)



Orthogonal Redox Cascades

H)-accumulates (ee > 99.9 %)

HCOZHY Y \
’\Ir O Catalase

HoN
- Streptavidin S112A

T

MAQO: MonoAmine Oxidase

M. Durrenberger, V. Kohler
with N. Turner (U. Manchester)




Can Artificial Metalloenzywmes
Complement Natwral szg ES?

imine reductase suzukiase

ety

Dibenzo-azepine



Artificlal Suzukiase: Chemo-genetic Optumuzatww

Complex 1 2 3 Complex 1

i e complex1
S112A-K121E p no Sav rac., 10 TON :

$112G S112V-K121E @ BiotHN ™ > | \é : WT , 78
s QO C S112M-K121E @ sl
S112V @ o - : .50 :
$112Y-K121E l S112A .58 :

Sl O S112W-K121E i S112Y16(S), 14 |
> G S112E-K121E : S112A-K121E  , 80 |
sii2M e @ : : N118L-K121E  , 86
S112T @ : AR : S112Y-K121E  ,50 :
<1158 y $112Q-K121E : :
S112Y - e S112R-K121E . comp|ex 2
S112H-K121E : WT 10 (S), 73

$112Q R Al : S112L 51, 45 :
S112R - : S112M 44, 53
S112H o o e i K121A 47, 32

N118E-K121E

KI2IA o -
K121C o N118K-K121E

K121M o : P EAhanmsunanne o R n e nanae e R e N R .

KI2ID - - - { 90 @ 80

K121E e . I 75 @ 64 e O
K121F e - :60 @ 38 @ ' N
K121Y g : 40 o 32 @ O :

K121N . 120 e 16 @ @

K121H TR0 0-'®. @ :

K121R o - iconv.[%] (R) ee[%] (S):

A. Chatterjee et al., Chem. Sci., 2016, 7, 673.






Anchoring of the Catalyst:
Four Altermatives to Ensure Locallzation

Dative anchoring
Lewis, Ward et al., Chem. Rev. 2018, 118, 142.



2. incubation with Mn2+

> Mn2+
hCA-[Mn] 0
X 1eq H202, NaHCO3>
buffer Cl
67% ee
TTON = 22

MRS R

"y

human carbonic anhydrase
PDB 1G1D

P. Soumillion, ChemBioChem 2006, 7, 1013; R. Kazlauskas Chem. Eur. J. 2006, 12,



incubation with Rh+

H
hCAII-[Rh] (1 mol%) _ ca. 55 TON
H, (5 atm) +
MES buffer (0.1 M)
RT, 12 h \
l
Catalyst Rh/hCAIl H/I
s o) [Rh(cod),]BF, - 6.3
human carbonic anhydrase hCAIlI-[Rh] 6.5 3.5
9*His-hCAllI-
PDB 1G1D I 18 0.6

[Rh]



H92+

structural
metal

O
Zn2+ O
catalytic pKa 8.5 (mimic)
center 6.5 (CA)
a carbonic anhydrase (CA)
CA (phys. pH) |mimic (pH 9.5)
Koo (S1) 8.2 x 105 1.8 (+0.4) x 103
Ky (MM) 10.0x24

promiscuous activity:

OY

crystal structure of analogue
side view DB 3PB

CA

Kecat (s)

56 + 10

L /m~~ANAN

NN 0O




1. starting point

c%RIDCA,

4 structural
Zn sites

- cytochrome cb562 matures in the periplasm
- an engineered mutant of cytochrome cb.g, self-assembles into a

tetramer upon Zn2+ coordination
- the assembly is stabilized by S-S bridges



2. Installing additional Zn-binding sites

+ 2 Zn/monomer>
self-assembly

=) .
Zn sites

Zn sites — QNG [E . \PAD)for catalysis
for catalysis & o

;i\gp
=

>

{t

(°**RIDC1 + E86/H89/H100)

”~

(&
4 structuraN e 72

Zn sites

o
Zn,:AB3,



LA

unexpected
coordination

7 ¥ -
T
73 63 k104
J mutate to

/ | A104

structural Zn site Zn site for catalysis
. . . . @)
active site in zinc-hydrolases: P
X R
H\O/H "~ J
Zn', - zn' Zn!

free coordination site  water bound and acidified good nucleophile



NH-» NH
1 + Hzo Emm—
Q N o oA N7"-OH
3 OH H c’)r

/

ampicillin

— ampicillin + ampicillin

z >

<

C®RIDC1  AAB3 | || C®RIDC1 /M“AB3.



Zn site for catalysis
randomisation of 4 active site residues Glu57, Asp60, Lys104,
Tyr105

weak correlation with survival frequency, but the two mutants with
highest survival frequency were also the most active in vitro
A104-G57 and A104-T105

mutant A104-G57 displays Michaelis-Menten kinetics



Anchoring of the Catalyst:
Four Altermatives to Ensure Locallzation

Metal/cofactor substltutlon
Lewis, Ward et al., Chem. Rev. 2018, 118, 142.



1. removal of heme B
extraction with

2. reconstitute
with non-natural cofactor
in buffer + some organic solvent

horse heart

metmyoglobin
PDB 1YMB
7 20 MM catalyst OH
10 mM H202
’
N pH 8.5
8 mM
cofactor of protein TTON |TOF (h-1)
heme B 0) 0)
HOC COH  Ho,c  CO.H Mn-porphyrine 0 0
heme B (M = Fe) Mn-porphycene (M = Mn) )
Mn-porphyrine (M = Mn)  Fe-porphycene (M = Fe) Fe porphycene 0 0
Mn-porphycene 13 33




purified

protein
O H,0, (4-100 mM) C C Ay "
PH G, 7 4 /—COOH
20-25 °C o) N
O \—COOH
B
. f H,O K k k../K
Cof. | Protein pH T (°C) [Cof] [[0.] M e et M\ O, ,—COOH
(uM) (mM) | (mM-1) | (s-1) | (sTM) 0 N
\—COOH
HN
A |WT 70 | 20 1 9.7 32 0.36 11 VAt
7 O  \—COOH
B [WT 7.0 20 1 9.7 7.4 1.1 149
A |WT 6.0 25 2 100 54 2.8 53 N
B |WT 6.0 25 2 100 3.4 6.2 1800
A |He4D 6.0 25 2 15 1.8 9.0 5100
B |H64D 60 | 25 2 15 0052 | 12 | 23000 A COooH
OgN._COOH
HOOC
o5 4 100 0.29 o4 | 85000 CcooH COOH
@)
! N N._-COOH
Al B/C s
HN
7 i o
© 4 N N~ >COOH
C COOH
N

O~ 'N° 'COOH
COOH




purified

protein
80 -
—— Apo-Myo (direct expression)
40 - — Apo-Myo + Fe-PIX

expression e
conditions Apo-PIX- _Fe—PIX_»

\ —— Fe-Myo (native expression)

>
. ©
Ni-NTA protein (hemin) £ 0 . : .
l = 20 220 40 260
[M]-PIX
HO,C CO,H =
M = Fe'"Cl — Fe(CI)-PIX _ 80
Wavelength (nm)

co''cl  Co(CI)-PIX
_ cu' Cu-PIX
myoglobin Mn"ICl Mn(CI)-PIX
Rh’ Rh-PIX
I'cl  Ir(Cl)-PIX
Ir''Me  Ir(Me)-PIX
Ru''CO Ru(CO)-PIX

Ag®  Ag-PIX . COOEt
5 N, O OR S 0 * '
OMe _ 0.5% [M}-Myo _ ( ©/\/+ HJ\ ot _ 05% M-Myo ,
o 10 mM Tris, pH = 8.0 l\ll 10 mM Tris, pH = 8.0 -
2 8 vol.% MeCN

8 vol.% MeCN
2 3 4 5

1

Fe(Cl)-PIX " Fe(CI)-PIX

CoC)-PIX | Co(Cl)-PIX

Cu-PIX Cu-PIX

Mn(CI)-PIX TON TON Mn(CI)-PIX

Rh-PIX o <4 <1 Rh-PIX

Ir(CI)-PIX 4-10 1-5 Ir(Cl)-PIX b e A
r(Me)-PIX 6-10 rve-Px (IR
Ru(CO)-PIX Ru(CO)-PIX

Ag-PIX Ag-PIX




purified

protein

ca. 500 mutants screenec
degenerate primers

99| 92:8 e.r.
97V

97F

CH,
O\ ,H ome

.,,,\(
(@)

43W

Start I i s e i 11 eur.

64l

97F
97Y 25:75 e.r.

J. F. Hartwig, Nature 2016, 534, 534.



purified

protein

CYP119
Active Site

03

F310

L318

CYP119 — a P450 with
high thermostability

T,=69°C
B 9
100 ¢ oo (36)
N
b 80 r
g
-'g 60
=
5w}
HO,C CO,H ®
o
20 r
TON up to 35 000 o L
Ir(Me)-PIX IrMe)-PIX
CYP119 CYP119
C317G C317G

outcompetes free cofactor at low [substrate] ™"

optimization

- exchange C317G to create space for the cofactor
- exchange active site residues for other lipophilic
residues

- 24 double mutants tested
- 2 additional mutations introduced

e

O N O
X% Catalyst
OMe sl - OMe
100 mM NaPi, 100 mM NaCl
@) pH =6.0, 2 vol % DMF O
room temperature
= VYield (%) 45 r
2 ® °®
®
230} e CYP119
£ “CYP119 317G
i B ® CYP119 317G, 213A
215 te ® CYP119-MAX
L le ® Myo variant
b & ® &
0 -9 7
I(Me)-PIX  Ir(Me)-PIX 0 1 2 3
CYP119  CYP119 [substrate 1] (mM)

C317G C317G
T213A
L69V

V254L



Anchoring of the Catalyst:
Four Altermatives to Ensure Locallzation

Y Y/ é ‘0‘,\? " &m

(5@“5%45

Enzyme repurposing
Arnold, Fasan, et al., Curr. Op. Chem. Biol. 2017, 47, 102.



R @)
|
Ar/N \)kOEt Ar/S\)koEt

P450 variants [9]

Myoglobin Myoglobin
\ variants [17] variants [18]

P450 variants [6-8,26]

Globin variants

V\ [16,28+,42:,43] R’ Cytochrome ¢
variants [22¢¢]

variants [23¢]

ll\l\ / [\ll ’ Myoglobin
N ~ N

F
CO,Et _°

Diazo ester, ( X

N /
e.g. EDA 2 Protein

Iron Myoglobin

Reductant carbenoid variants [24]

Ir, Mn, Co-substituted
Myoglobin and P450

/ : o0
Protein Xanants [31,32¢+,33] ———

Current Opinion in Biotechnology




Nitrene Transfer Catalyzed by Hewoproteins

P450
\ variants
P450 and [10]

NH Mmyoglobin

; R’
variants
[11,14,15,19] )\/O N3
R hig

N RN
R——
=

P450
T variants [12]

N

N /N
F
B

Azide,

e.g. tosyl azide N3 /
Protein

Reductant

X

Iron

nitrenoid

Ar/S\/\/

variants [36¢]

P450 and myoglobin
variants [37+,38]

S

P450
variants [41¢]

Current Opinion in Biotechnology




DNA as Host for Enantioselective Catalysis

(R)-6
82% ee

G. Roelfes, Groningen



Avrtifieial Metalloenzywmes: Homogeneous- or
Enzyme-LiRe?

Enantiomers
Both Single
Solvent Tolerance
Oroante Aqueous
Sulbstrate s]acoiﬁaitg
Broad Nayrrow
Optimization
Chemical Genetie
Catalyst Lifetime
Limtted Extended
In Vivo Compatibility
Limtted Excellent




