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An	artificial	metalloenzyme	for	carbene	transfer	based	on	a	
biotinylated	dirhodium	anchored	within	streptavidin		
Jingming	Zhao,a	Daniel	G.	Bachmann,b	Markus	Lenz,c	Dennis	G.	Gillinghamb	and	Thomas	R.	Ward*a

We	 report	 on	 artificial	 metalloenzymes	 that	 incorporate	 a	
biotinylated	 dirhodium	 core	 embedded	 within	 engineered	
streptavidin	 (Sav	 hereafter)	 variants.	 The	 resulting	 biohybrid	
catalyzes	 the	 carbene	 insertion	 in	 C–H	 bonds	 and	 olefins.	
Chemical-	 and	 genetic	 optimization	 allows	 to	 modulate	 the	
catalytic	 activity	 of	 the	 artificial	metalloenzymes	 that	 are	 shown	
to	be	active	in	the	periplasm	of	E.	coli	(up	to	20	turnovers).	

Dirhodium(II)	tetracarboxylate	complexes	have	been	shown	to	
be	exceptionally	active	catalysts	for	carbene-transfer	reactions	
including	cyclopropanation1–3	and	X-H	insertion	(X=	C,	N,	O,	S,	
Si	etc)4–8.	 Thanks	 to	 their	 robustness,	 remarkable	activity	and	
selectivity	under	physiological	conditions,	they	have	also	found	
applications	 as	 a	 versatile	 tool	 in	 chemical	 biology.	 For	 this	
purpose,	 dirhodium	 tetracarboxylate	 moieties	 have	 been	
linked	 to	biomacromolecules	 including	peptides,	proteins	and	
oligonucleotides.	 The	 Ball	 group	 developed	 dirhodium	
metallopeptides	 for	 protein	 modification	 and	 intracellular	
imaging.9,10	 Gillingham	 and	 coworkers	 have	 reported	
dirhodium	 complexes	 for	 DNA	 modification11,	 aqueous	
catalysis	and	metal	uptake	within	tumor	cells12.	In	the	context	
of	artificial	metalloenzymes	(ArMs),	the	Lewis	group	covalently	
linked	a	dirhodium	tetracarboxylate	bearing	a	terminal	alkyne	
to	 a	 genetically-engineered	 prolyl	 oligopeptidase	 equipped	
with	 an	 azidophenylalanine.	 The	 resulting	 ArM	 displayed	
excellent	 catalytic	 properties	 for	 intermolecular	
cyclopropanation.13	 Relying	 on	 directed	 evolution	 (either	
random	 or	 targeted),	 both	 the	 activity	 and	 the	
enantioselectivity	could	be	significantly	improved.14	The		

Scheme	 1	 Artificial	metalloenzymes	 for	 carbene	 transfer	 based	 on	 a	
dirhodium	 tetracarboxylate	 moiety.	 The	 catalytic	 properties	 of	 the	
ArM	 can	 be	 chemo-genetically	 optimized:	 variation	 of	 the	 spacer	
(green)	 between	 the	biotin	 anchor	 and	 the	dicarboxylate	moiety	 can	
be	 combined	 with	 the	 introduction	 of	 point	 mutations	 on	 the	
streptavidin	scaffold	(blue	stars).	
	
evolved	 dirhodium	 cyclopropanase	 was	 further	 shown	 to	
catalyze	other	carbene-transfer	reactions.	
Pioneered	 by	 Wilson	 and	 Whitesides	 in	 1978,	 artificial	
metalloenzymes	based	on	the	biotin-(strept)avidin	technology,	
have	 been	 implemented	 for	 a	 large	 variety	 of	 reactions	
including:	 (transfer)-hydrogenation15,16,	 cross-coupling17,	
metathesis	etc.18–20	Since	then,	many	groups	have	reported	on	
the	 creation	of	 various	ArMs	 relying	on	alternative	anchoring	
strategies	 with	 promising	 catalytic	 properties.21–28	 Building	
upon	 our	 experience	 with	 ArMs	 based	 on	 the	 biotin-
streptavidin	 technology	 relying	 on	 precious	 metal	
cofactors,29,30	we	present	herein	our	efforts	to	anchor	a	bulky	
biotinylated	dirhodium	moiety	within	engineered	streptavidin	
to	catalyze	carbene	transfer	reactions,	Scheme	1.	
Initially,	we	designed	four	bis-chelating	dirhodium	cofactors	1-
4	 (Scheme	 2).	 Substitution	 of	 either	 two	 acetate-	 or	
trifluoracetate	 ligands	 from	 Rh2(OAc)4	 and	 (cis)-
Rh2(OAc)2(OCOCF3)2

31	 respectively	 with	 the	 m-substituted	
dicarboxylate-bearing	 ligands	 1b,	 2c,	 3c,	 4b	 yielded	 the	
dirhodium	intermediates	1c,	2d,	3d,	4c	respectively	(see	ESI	for	
experimental	details).	Biotinylation	using	biotin	derivatives	7a		
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S c h e m e	 2 	Bi oti n yl at e d	 dir h o di u m	t etr a c ar b o x yl at e	 c o m pl e x e s	t e st e d	i n	

t hi s	 st u d y:	( a)	c at al y st	 1 	a n d	 4 ;	( b)	 c at al y st	2 	a n d	 3 ;	( c)	 c at al y st	5 	a n d	 6 .		

R e a cti o n	 c o n diti o n s:	i)	 R h 2 ( O A c)4 ,	N ,	N -di m et h yl a nili n e ,	 1 4 0	 ° C,	 3	h	 or 	

(cis )-R h 2 ( O A c)2 ( O C O C F3 )2 ,	 K2 C O 3 ,	 T H F,	 5 0	° C,	 3	 h;	ii)	( +)-bi oti n	 h y dr a zi d e	

7 a ,	 T F A,	  D M S O,	 rt,	 3	 h;	 iii)	 bi oti n	 p e nt afl u or o	 p h e n yl	 e st er	 7 b ,	  N a H,	

D M S O,	rt,	 3	 h;	i v)	 N ,	N -Dii s o pr o p yl et h yl a mi n e,	 D M S O,	 5 0	° C,	 2	 h. 	

	

or	 7 b ,	t hr o u g h	eit h er	 a	 h y dr a zi n e	 c o u pli n g	 or	 a n	 e st erifi c ati o n ,	

aff or d e d	 t h e	 t ar g et	 bi oti n yl at e d	 dir h o di u m	 c of a ct or s 	 1 -4 .	 I n	

li g ht	 of	 t h e	 r e m ar k a bl e	i n ert n e s s	 of	 t h e	R h 2 (
2

O 2 C R) 4 	m oi et y ,	

w e	 al s o	 pr e p ar e d	 t h e 	dir h o di u m	 c o m pl e x e s 	5 	a n d 	6 .	 F or	 t hi s	

p ur p o s e,	 R h 2 ( O A c)3 ( O C O C F3 )
3 1

	 w a s	 tr e at e d	  wit h	 bi oti n yl at e d	

m o n o c ar b o x yli c	 a ci d	 7 c 	 or	 7 d 	 t o	 aff or d	 t h e	 c orr e s p o n di n g	

c o m pl e x e s	 5 	 a n d	 6 	 r e s p e cti v el y.	 All	 bi oti n yl at e d	 dir h o di u m	

c o m p l e x e s	  w er e	 p urifi e d	 b y	 r e v er s e d-p h a s e	 pr e p ar ati v e	  H P L C	

a n d	f ull y	 c h ar a ct eri s e d	 ( S e e	 SI).	

I n	t h e	 a b s e n c e	 of	 S a v,	th e	 dir h o di u m 	c o m pl e x e s	 1 -6 	(2 5 	
o
C,	 p H	

7. 0 ,	 M O P S	 b uff er	 ( 0. 1	  M ))	 o ut p erf or m 	 (i. e.	 hi g h er	 t ur n o v er	

n u m b er,	 T O N )	 R h 2 ( O A c)4  f or	 t h e	 c y cl o pr o p a n ati o n 	 of	 st yr e n e 	

(T a bl e	 1,	 e ntri e s	 1 -7 ).	I n c or p or ati o n	of	 t h e	 dir h o di u m	 c of a ct or s	

1 -6 	i nt o	wil d -t y p e	 str e pt a vi di n	(S a v	 W T )	l e a d s	t o	 a n	 er o si o n	 i n	

a cti vit y 	 ( T a bl e	 1,	 e ntri e s	 9-1 4).	 C of a ct or	 2 	 o ut p erf or m s	 all	

ot h er 	c of a ct or s :	 2 	·	S a v	 W T 	aff or d s 	5 4 	T O N,	 c o m p ar e d	 t o	 7 9 	

T O N	 i n	 t h e	 a b s e n c e	 of	 S a v. 	 T h e	 b i oti n yl at e d	  m o n o d e nt at e	

dir h o di u m	 c o m pl e x e s 	5 	a n d 	6	 l e a d	 t o	si g nifi c a ntl y 	l o w er	 T O Ns 	

w h e n	 e m b e d d e d 	wit h	 S a v .	  W e	 h y p ot h e si z e	 t h at	 t hi s	  m a y	 b e	

d u e	 t o	 t h e	 l o s s	 of	 t h e	 bi oti n yl at e d	 li g a n d	 a c c o m p a ni e d	 b y	

d e c o m p o siti o n	 of	 t h e	 dir h o di u m 	 m oi et y .	 In cr e a si n g	 or	

r e d u ci n g	 t h e	 t e m p er at ur e	 l e a d s	 t o	 a n	 er o si o n	 i n	 T O N	 f or	 2 	·	

S a v	  W T	 ( T a bl e	 1,	 e ntri e s	 1 5,	 1 6).	 S cr e e ni n g	 at	 v ari o u s	 p H	

hi g hli g ht s 	 t h at	 t h e	 dir h o di u m	 c of a ct or	 2 	 p erf or m s	 b e st 	 at	

n e utr al	 p H	( T a bl e	 1,	 e ntri e s	 1 7 -2 0) .	B a s e d	 o n	t hi s	 i niti al	s cr e e n ,	

c of a c tor 	2 	w a s	 s el e ct e d	 f or	all	 f urt h er	i n v e sti g ati o ns .	

F or	 g e n eti c	 o pti mi z ati o n	 p ur p o s e s ,	 w e	 s cr e e n e d	 p urifi e d	 S a v	

m ut a nt s	f or	 b ot h	 c y cl o pr o p a n ati o n	 a n d 	C -H	i n s erti o n	r e a cti o n s	

i n	 t h e	 pr e s e n c e	 of	 c of a ct or	 2 .	T h e	 r e s ult s	 ar e	 s u m m ari z e d	 i n	

Fi g ur e 	 1 a 	 u si n g 	 et h yl 	 di a z o a c et at e	 8 a 	 a n d	 Fi g ur e	 1 b 	 u si n g 	

d o n or -a c c e pt or	 et h yl	 di a z o( p h e n yl) a c et at e	 8 b	 r e s p e cti v el y.	

	

I n	 t h e	 pr e s e n c e	 of	 t h e	  m or e	 r e a cti v e	 et h yl	 di a z o a c et at e	 8 a,	

n o n e	 of	 t h e	 s cr e e n e d	  m ut a nt s 	 o ut p erf or m e d	 t h e	  wil d -t y p e	

artifi ci al	 c y cl o pr o p a n a s e	 2 	 ·	 S a v	  W T.	 I ntr o d u cti o n	 of	 L e wi s -

b a si c	 a mi n o	 a ci d s	 i n	 t h e	 pr o xi mit y	 of	 t h e	 dir h o di u m	  m oi et y	

(i. e.	S 1 1 2 C,	 S 1 1 2 H,	 K 1 2 1 C,	 K 1 2 1 D)	 yi el d e d	 c o m p ar a bl e	 T O N s	t o	

2 	·	S a v	 W T.	 I ntr o d u cti o n	 of	t w o	 L e wi s-b a si c	 a mi n o a ci d	r e si d u e s	

(i e.	 S 1 1 2 H-K 1 2 1 H;	 S 1 1 2 C -K 1 2 1 H)	 l e a d	 t o	 a	 si g nifi c a nt	 er o si o n	

i n	 T O N s.	 Si mil ar	 r e s ult s	  w er e	 o bt ai n e d	 u p o n	 i ntr o d u ci n g	

h y dr o p h o bi c	r e si d u e s	 wit hi n	t h e	 bi oti n -bi n di n g	 v e sti b ul e:	 n o n e	

of	 t h e	  m ut a nt s	 s cr e e n e d	 l e d	 t o	 a n	 i n cr e a s e	 i n	 c at al yti c	

p erf or m a n c e	 (i e.	 S 1 1 2 A,	 S 1 1 2 W,	 K 1 2 1 A,	 K 1 2 1 F,	 K 1 2 1 W	 et c.,	

Fi g ur e	 1 a).	 S cr e e n i n g	 i n	 t h e	 pr e s e n c e	 of	 t h e	 b ul k y	 d o n or-

T a bl e	 1 	S el e ct e d	 r e s ult s	 f or	 t h e	 Ar M s-c at al y s e d	 c y cl o pr o p a n ati o n	

of	 st yr e n e	 wit h	 et h yl	 di a z o a c et at e 	8 a .
a
		

	

E ntr y 	 C at al y st 	 S a v 	 T e m	(° C),	 p H 	 T O N
b
	 tr a n s/ ci s 	

1 	 R h 2 ( O A c)4 	 	 2 5,	 7. 0 	 2	 ±	 0 	 1. 5 / 1 	
2 	 1 	 	 2 5,	 7. 0 	 6 8	 ±	 1 	 1. 4 / 1 	
3 	 2 	 	 2 5,	 7. 0 	 7 9	 ±	 0 	 1. 3 / 1 	

4 	 3 	 	 2 5,	 7. 0 	 7 9	 ±	 1 	 1. 4 / 1 	

5 	 4 	 	 2 5,	 7. 0 	 5 2	 ±	 1 	 1. 3 / 1 	
6 	 5 	 	 2 5,	 7. 0 	 6 0	 ±	 1 	 1. 4 / 1 	
7 	 6 	 	 2 5,	 7. 0 	 4 6	 ±	 1 	 1. 4/ 1 	
8 	 R h 2 ( O A c)4 	 W T 	 2 5,	 7. 0 	 2	 ±	 0 	 1. 5/ 1 	
9 	 1 	 W T 	 2 5,	 7. 0 	 3 4	 ±	 3 	 1. 3/ 1 	
1 0 	 2 	 W T 	 2 5,	 7. 0 	 5 4	 ±	 7 	 1. 4/ 1 	
1 1 	 3 	 W T 	 2 5,	 7. 0 	 3 8	 ±	 2 	 1. 4/ 1 	
1 2 	 4 	 W T 	 2 5,	 7. 0 	 3 3	 ±	 1 	 1. 3/ 1 	
1 3 	 5 	 W T 	 2 5,	 7. 0 	 3	 ±	 0 	 1. 1/ 1 	
1 4 	 6 	 W T 	 2 5,	 7. 0 	 1	 ±	 0 	 1. 3/ 1 	
1 5 	 2 	 W T 	 5,	 7. 0 	 4	 ±	 1 	 1. 2/ 1 	
1 6 	 2 	 W T 	 5 5,	 7. 0 	 0 	 − 	
1 7 	 2 	 W T 	 2 5,	 4. 0

c
	 2	 ±	 0 	 1. 3/ 1 	

1 8 	 2 	 W T 	 2 5,	 5. 0
d
	 2 9	 ±	 4 	 1. 4/ 1 	

1 9 	 2 	 W T 	 2 5,	 6. 0 	 5 0	 ±	 6 	 1. 4/ 1 	
2 0 	 2 	 W T 	 2 5,	 8. 0 	 1 2	 ±	 4 	 1. 4/ 1 	

a	
R e a cti o n	 c o n diti o n s:	[ st yr e n e]	 =	 1 0	 m M,	[ 8 a ]	 =	 3 0	 m M,		[c at al y st ]	 =	 1 0 0	

µ M,	[ S a v	 bi oti n	 bi n di n g	 sit e s ]	 =	 2 0 0	 µ M,	 Vt ot	=	 4 0 0	 µ L	( 5 %	 D M S O),	 2 5	 °C	
f or	 1 6	 h o ur s.	

b
	T O N	 =	t ur n o v er	 n u m b er	 d et er mi n e d	 b y	 G C	 u si n g	 1,	 3,	 5 -

tri m et h o x y b e n z e n e	 a s	 i nt er n al	 st a n d ar d.	 T h e	 ±	 v al u e s	 r e pr e s e nt	
st a n d ar d	 d e vi ati o n s	 r e s ulti n g	 fr o m	 i n d e p e n d e nt	 r e a cti o n s	 p erf o m e d	 i n	
d u pli c at e. 	

c
	a c et at e	 b uff er	( 0. 1	 M,	 p H	 4. 0).	

	d
	a c et at e	 b uff er	 ( 0. 1	 M,	 p H	

5. 0).
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a c c e pt or	 di a z o( p h e n yl) a c et at e	 8 b	 aff or d e d	 si g nifi c a ntl y	 l o w er	

T O N s.	I n	t hi s	 c a s e	 h o w e v er,	 s o m e	 m ut a nt s	 b e ari n g	 L e wi s -b a si c	

si d e	 c h ai n s	 p erf or m e d	 sli g htl y	 b ett er	 t h a n	 2 	·	S a v	 W T:		 S 1 1 2 D,	

S 1 1 2 K,	 S 1 1 2 H,	 K 1 2 1 E,	 Fi g ur e	 1 b. 	U nf ort u n at el y,	i n c or p or ati o n	

of	 t h e	 bi oti n y la t e d	 dir h o di u m	 c of a ct or	 2	 wit hi n	 S a v	 h a d	 n o	

i nfl u e n c e	 o n	 eit h er	t h e	 di a st er e o s el e cti vit y	(i. e.	tr a n s / ci s	 r ati o)	

or	 t h e 	 e n a nti o s el e cti vit y	 (i. e.	 r a c e mi c	 pr o d u ct)	 of	 t h e	

c y cl o pr o p a n ati o n. 	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Fi g.	 1	 E x p eri m e nt al	 c o n diti o n s	 a n d	 s el e ct e d	 r e s ult s	 f or	 t h e	  Ar M s	

c at al y s e d	 c y cl o pr o p a n ati o n	 of	 st yr e n e	  wit h	 et h yl di a z o a c et at e	 8 a	 ( a)	

a n d	 di a z o( p h e n yl) a c et at e	 8 b	 ( b),	 a n d	 C-H	 i n s erti o n	 of	 di a z o	 1 0 	 wit h	

1, 4 -c y cl o h e x a di e n e 	( c).	T h e	 err or	 b ar s 	r e pr e s e nt	 st a n d ar d	 d e vi ati o n s	

r e s ulti n g	fr o m	i n d e p e n d e nt	r e a cti o n s	p erf or m e d	 i n	 d u pli c at e.	

	

N e xt,	  w e	 i n v e sti g at e d	 t h e	 C -H	 i n s erti o n	 of	 trifl u or o et h yl	

( p h e n yl) di a z o a c et at e	1 0 	wit h	 1,	 4 -c y cl o h e x a di e n e	 c at al y s e d	 b y	

2	·	 S a v	 a n d	 m ut a nt s	 t h er e of.	 T h e	 r e a cti o n	 aff or d e d	 e x cl u si v el y	

t h e	 all yli c	 i n s erti o n	 pr o d u ct	 1 1 ,	  wit h	 n o	 d o u bl e	 i n s erti o n	 or	

c y cl o pr o p a n ati o n	 b y -pr o d u ct s	 d et e ct e d.	  A	 s el e cti o n	 of	 S a v	

m ut a nt s	 w er e	 s cr e e n e d.	 Gr atif yi n gl y,	 2	·	 S a v	 S 1 1 2 E 	a n d	 K 1 2 1 E 	

o ut p erf or m e d	 b ot h	 t h e	 fr e e	 c of a ct or	 2 	 a n d	 2	 ·	 S a v	  W T .	  N o	

e n a nti o s el e cti vit y	 c o ul d	 b e	 d et e ct e d	 h o w e v er. 		

U nf ort u n at el y,	 all	 att e m pt s	t o	 o bt ai n	 cr y st al s	 s uit a bl e	f or	 X -r a y	

diffr a c ti o n	of	 2	 ·	S a v	 w er e	 u n s u c c e s sf ul .	T h u s,	t o	 g ai n	 str u ct ur al	

i n si g ht	i nt o	 t h e	l o c ali s ati o n	 of	 bi oti n yl at e d	dir h o di u m	 c o m pl e x 	

wit hi n	 S a v	  W T,	 a	 d o c ki n g	 si m ul ati o n	 f or	 t h e	 h y dr at e d	

dir h o di u m	 c o m pl e x	 2 ·(H 2 O )2 	 wit hi n	 S a v	  W T 	 w a s	 p erf or m e d	

u si n g	 t h e	  G O L D	 s oft w ar e	 s uit e,	 Fi g ur e	 2 .
3 2

	 T h e	  mi ni mi z e d	

d o c k e d	 str u ct ur e	 s u g g e st s	 t h at	 t h e	 dir h o di u m	  m oi et y	

pr otr u d e s	 o ut	 of	t h e	 bi oti n -bi n di n g	 v e sti b ul e:	 T h e	 	s h ort e st 	C -

R h	 di st a n c e s	 ar e:	 6. 1	 Å,	 6. 0	 Å,	 7. 4	 Å 	f or	t h e	 cl o s e st	l yi n g	 a mi n o	

a ci d s	 S 1 1 2,	 K 1 2 1	 a n d	 L 1 2 4	 r e s p e cti v el y,	 Fi g ur e	 2 .	 T hi s	  m a y	

e x pl ai n	 w h y	t h e	 g e n eti c	 o pti mi z ati o n	 h a s	 s u c h	 a	 m o d e st	 eff e ct	

o n	t h e	 p erf or m a n c e	 of	t h e	 Ar M.	 	

It	 h a s	 b e e n	 r e p ort e d	t h at	 dir h o di u m	t etr a c ar b o x yl at e	 m oi eti e s	

t ol er at e	 c ell ul ar	 c o m p o n e nt s.
3 3

	 W e	 t h u s	 s e cr et e d	 t h e	 S a v	 t o	

t h e	 p eri pl a s m	 a n d	 s cr e e n e d	t h e	 artifi ci al	 c y cl o pr o p a n a s e	i n	t h e	 	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

F i g.	 2 	 Str u ct ur e	 r e s ulti n g	 fr o m	 a	 d o c ki n g	 si m ul ati o n	 of	 dir h o di u m	

c o m pl e x	 2 ·( H2 O) 2 	 ·	 S a v	  W T.	 T h e	 pr ot ei n	 i s	 di s pl a y e d	 a s	 li g ht	 gr e y	

s urf a c e	 a n d	 t h e	 bi oti n yl at e d	 c of a ct or	 2 	 i s	 di s pl a y e d	 a s	 c ol or-c o d e d	

sti c k s.	 T h e	 cl o s e st	 l yi n g	 a mi n o	 a ci d s	 ar e	 di s pl a y e d	 a s	  m a g e nt a	 s ti c ks.	

T h e	 cl o s e st	 c o nt a ct s	 b et w e e n	 t h e	 c of a ct or	 a n d	 S 1 1 2,	 K 1 2 1	 a n d	 L 1 2 4	

ar e	 hi g hli g ht e d	 wit h	 y ell o w	 d ott e d	li n e s. 	

	

pr e s e n c e	 of	  w h ol e	 E.	 c oli	 c ell s.	 Fi g ur e	 3 	o utli n e s	 t h e	 pr ot o c ol	

i m pl e m e nt e d	 f or	 t h e	 p eri pl a s mi c	 s cr e e ni n g.
3 4

	 T h e		 	

T O P 1 0( D E 3) _ p E T 3 0	 str ai n	 w a s	 u s e d	t o	 e x pr e s s	 a n d	 s e cr et e 	S a v	

i nt o	 t h e	 p eri pl a s m.	 T h e	 f oll o wi n g	 i s of or m s	  w er e	 t e st e d:	 S a v	

W T,	 S 1 1 2 C,	 S 1 1 2 D,	 K 1 2 1 C	 a n d	 K 1 2 1 M.	 Aft er	 h ar v e st i n g,	 t h e	

c ell	 p ell et s	 w er e	i n c u b at e d	 wit h	 a	 M O P S	 b uff er	 c o nt ai ni n g 	5 0	

µ M	 dir h o di u m	 c of a ct or	 2 	 f or	 3 0	  mi n	 o n 	 i c e.	 T h e	 u n b o u n d	

c of a ct or 	 2 	 w a s	  w a s h e d	 a w a y 	 a n d	 t h e	 c at al y si s	 b uff er	

c o nt ai ni n g	 t h e	 s u b str at e	  w a s	 a d d e d	 t o	 t h e	 c ell	 p ell et. 	

Gr atif yi n gl y,	 t h e	 artifi ci al	 c y cl o pr o p a n a s e	 2	 ·	 S a v 	 W T	

o ut p erf or m e d	 t h e	 fr e e	 c of a ct or	 2 .	 I ntr o d u cti o n	 of	 a	 c y st ei n e	

r e si d u e,	 eit h er	 at	 p o siti o n	 S 1 1 2 C	 or	 K 1 2 1 C	 l e a d s	 t o	 i m pr o v e d	

a cti viti e s.	 I C P-M S	 a n al y si s	r e v e al e d	 si g nifi c a nt	 R h -a c c u m ul ati o n	

wit hi n	 E.	 c oli 	h ar b o u ri n g	 p eri pl a s mi c	 S a v	( S a v
p eri

):	 	E.	 c oli	 n ot 	

s e cr eti n g	 S a v	 ( e m pt y	 E.	 c oli )	 c o nt ai n e d	 3. 2 	 n m ol	 R h	

( c orr e s p o n di n g	 t o	 6 %	 u pt a k e	 fr o m	 t h e	 5 0 	n m ol	 R h -a d d e d	 t o	

t h e	 s u p er n at a nt).	 F or	 E.	 c oli 	 h ar b o u ri n g	 S a v
p eri

,	 t h e	 R h-

a m o u nt s	 d et er mi n e d	 v ari e d	 b et w e e n	 5. 6 	− 	8. 9	 n m ol	( i. e.	1 1 % 	− 	

1 8 %	 u pt a k e)	 d e p e n di n g	 o n	 t h e 	m ut a nt .	 A c c or di n gl y,	 t h e	 T O N s	

ar e	 1 0 	 f or	 t h e	 e m pt y	 E.	 c oli ,	 9	 f or	 S a v
p eri

	 W T,	 1 7	 f or	 S a v
p eri

	

S 1 1 2 C	 a n d	 2 0	f or	 S a v
p eri

	K 1 2 1 C 	r e s p e cti v el y	( S e e	 SI).	

I n	 s u m m ar y,	  w e	 h a v e	 d e v el o p e d	 a n 	 artifi ci al	 c ar b e n oi d	

tr a n sf er a s e	b a s e d	 o n	t h e	 bi oti n -str e pt a vi di n	t e c h n ol o g y .	 T h e		
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Fig.	 3	 An	 in	 cellulo	 artificial	 cyclopropanase	 workflow	 (a),	 reaction	
conditions	and	screening	results	(b)	for	the	periplasmic	screening.	The	
±	 values	 represent	 standard	 deviations	 resulting	 from	 independent	
reactions	performed	in	duplicate.	
resulting	ArMs	catalyse	both	 intermolecular	 cyclopropanation	
and	 C-H	 insertion.	 Importantly,	 we	 have	 demonstrated	 that	
the	dirhodium	ArM	maintains	its	activity	in	the	periplasm	of	E.	
coli	 cells.	 The	 performance	 of	 the	 ArM	 can	 be	 optimized	 by	
genetic	means,	outperforming	both	the	free	cofactor	and	the	2	
·	Sav	WT.	Although	the	TONs	reported	 in	vivo	remain	modest	
(20	TONs	for	2	·	Savperi	K121C),	these	compare	favorably	to	the	
catalytic	 systems	 typically	 used	 in	 chemical	 biology,	whereby	
the	 organometallic	 "catalyst"	 is	 often	 used	 in	 (super)	
stoichiometric	quantities.35,36	These	 findings	pave	the	way	 for	
high-throughput	screening	to	further	optimize	the	activity	and	
the	 selectivity	 of	 such	 artificial	 carbenoid-transferases	 based	
on	the	biotin-streptavidin	technology.	In	this	context,	we	have	
recently	 reported	 on	 chimeric	 Sav	 that	 incorporate	 extended	
loops	 around	 the	 biotin-binding	 vestibule.37	 We	 hypothesize	
that	 these	 chimeras	may	 offer	 a	 better-defined	 environment	
around	the	bulky	dirhodium	cofactor	2,	thus	offering	a	means	
to	influence	the	selectivity	of	the	reactions.		
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