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Incorporation of artificial metal centers into proteins and pep-
tides has emerged as an important tool in chemical and bio-
logical research.™ Current applications include pharmaceuti-
cals,”” probes for molecular imaging®™ and contrast agents,””
tools for biophysical studies targeting metalloprotein func-
tions,” metal-directed protein assembly,® electrochemical bio-
sensors,”’ and altered electrochemical potential of electron
transporting proteins,® as well as the synthesis of functional
metalloenzymes with non-natural catalytic activity.”’ Particular-
ly artificial metalloenzymes received great interest, since they
hold the promise to greatly expand the range of reactions ac-
cessible by biocatalysis. A variety of methods to generate artifi-
cial metal sites were developed including domain-based direct-
ed evolution strategies,'” engineering of transition-metal bind-
ing sites through introduction of coordinating amino acids at
geometrically appropriate positions™ or site-directed in vivo
incorporation of artificial metal-chelating amino acids.'”? How-
ever, the site-directed anchoring of artificial cofactors repre-
senting appropriate ligands or metal complexes has so far
been the most successful strategy to achieve good catalytic ac-
tivities and enantioselectivities. Inspired by the pioneering
work of Wilson and Whitesides,'® Ward revealed the potential
of the supramolecular biotin—(strept)avidin technology, which
in combination with directed or rationally guided evolution™
can deliver highly enantioselective organometallic enzyme
hybrid (OMEH) catalysts.™™ Such biotin—(strept)avidin-metal
conjugates were subsequently tested in a variety of catalytic
transformations."® In contrast to this supramolecular approach,
covalent anchoring of artificial cofactors on proteins can utilize
a variety of protein hosts and hence is not limited by the sta-
bility range of the biotin—(strept)avidin complex. Originally in-
troduced by Kaiser," covalent attachment of artificial cofactors
has been applied to convert proteases,™ lipases® or other
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non-metal proteins®" into organometallic enzyme hybrids.

However, none of the covalent approaches could so far ach-
ieve the enantioselectivities reached by biotin-(strept)avidin
conjugates.’®2'¥ Although metals are introduced site-specifi-
cally, most systems generated through a covalent approach
possess a flexible linker and hence lack a well-defined localiza-
tion of the metal center on the surface of the host protein,
which is a prerequisite to achieve chiral induction.

We reasoned that a well-defined orientation of the metal
center in the binding pocket of a protease could be achieved,
if the specific binding-affinity pattern of the pocket is utilized
to position a suitable artificial cofactor. Correspondingly, we
decided to synthesize and test metal-conjugated affinity labels
(m-ALs), which consist of 1) an achiral, catalytically active metal
complex linked to 2) a protease-specific reactive group able to
form a covalent bond with the active center and 3) a peptidic
tail to direct the binding orientation of the m-AL (Figure 1). To
test the hydrogenation of ketones, we chose a system based
on cysteine proteases of the papain family as host proteins.
This class of proteases is efficiently inhibited by epoxysuccinyl
ester derivatives of the known calpain inhibitor E64c through
S-alkylation of the reactive epoxide group by the active site
cysteine."” @ Hence, these well-suited, family-wide affinity
labels™ were chosen to incorporate catalytically active rhodi-
um- or ruthenium-half-sandwich complexes into the enzymatic
host. M-ALs were synthesized starting from E64c derivatives
(1-3), which were first converted to the corresponding penta-
fluorophenyl esters (1-OPf-3-OPf) and subsequently coupled
to monomeric amino-functionalized half-sandwich complexes
of ruthenium and rhodium®? (17, 2" and 1*"-3"" respectively;
see Scheme 1).

Cysteine proteases of the papain family are readily convert-
ed into organometallic enzyme hybrids through conjugation
with m-ALs 1%, 1" or 2"" (Figure 1C). Because this system is
modular, combination of different affinity labels, metal com-
plexes and proteases allows a straightforward generation of
OMEH catalyst libraries, from which promising candidates can
be selected based on their performance in asymmetric cataly-
sis. In this study, we generated a variety of OMEH catalysts
originating from three affinity labels (1, 2 and 3), two metal
complexes (Rh and Ru) and three cysteine proteases (papain,
bromelain and cathepsin L). MALDI-TOF MS was used to con-
firm selective formation of the desired enzyme hybrids. Upon
addition of m-AL 1" to papain a new signal at 23.976 kDa ap-
peared, indicating formation of the desired organometallic
enzyme hybrid (1""@papain, Figure 2). After incubating papain
with one equivalent of m-AL 17" for two hours the signal of
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Figure 1. A) Anatomy of metal-conjugated affinity labels (m-ALs) consisting of recognition element, reactive
group forming a covalent bond and catalytically active metal complex. B) Concept of utilizing m-AL-directed bind-
ing to define the position of the active metal. C) Model of 2""@papain based on the X-ray structure of papain
with an E64c inhibitor (PDB: 1PPP)!"” illustrating the predicted position of the metal center in the protease bind-

ing pocket.
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Scheme 1. Synthesis of m-ALs used in this study. Reagents and conditions: a) pentafluorophenol (1.5 equiv),
PS-N,N'-dicyclohexylcarbodiimide (3 equiv), CH,Cl,, 0°C—RT, 8 h; b) metal complex (1.0 equiv), Et;N (4.5 equiv),

CH,Cl,, RT, 05 h.

1Rh@papain*-2Cl, PPh,
23976

papain®
17 23394 7

0.5 1
; v, papain:1Rh = 1:1
y '\ papain:1Rh = 2:1
- papain + 3Rh
“~—— papain
0 r r .
10000 15000 20000 25000 m/z

Figure 2. MALDI-TOF mass spectra of papain before and after incubation
with m-ALs 17" and 3",
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(AM=582 Da) compared to free
papain (567 Da for addition of
2"M indicates loss of the tri-
phenylphosphane and chloride
ligands, which may explain the
accelerated catalytic rates ob-
served for protease-bound metal
centers (see below). To rule out
that metal coordination by nu-
cleophilic amino acid side chains
is responsible for m-AL binding,
we compared the conversion of
papain with the metal free m-AL
precursors (1 and 2)?? and
m-AL 3, which is lacking the ep-
oxide moiety. Whereas a selective
1:1 addition was found for the
precursors (1 and 2), m-AL 3 did
not bind to the protein, indicat-
ing that the epoxide function is
required for covalent OMEH for-
mation. Conversion with the
ruthenium-based m-ALs 1™ and
2™ also resulted in selective 1:1
addition, yet the observed
masses (17: AM=420 Da, 2™:
AM=401 Da) suggest dissocia-
tion of the arene-Ru bond. Be-
cause n’-arene-Ru complexes
were shown to be stable under
similar reaction condi-
tions,"*2*?1 and because we
observed hydrogenation activity
with asymmetric induction for
the corresponding OMEHs, we
assume that the observed disso-
ciation results from the instabili-
ty of the arene-Ru moiety under
laser irradiation during MALDI-
TOF measurements. While such complexes were observed by
MALDI-MS, their decomposition in solution and solid state is
documented.” Selective binding of m-ALs at the active site of
the proteases is further supported through an indirect method
based on the decrease of proteolytic activity observed in
a chromogenic assay using N-benzoyl-pL-arginine p-nitroani-
lide (BAPNA).”? After incubation of papain with an m-AL for
45 min, the release rate of p-nitroaniline decreases linearly with
increasing m-AL concentration and is indistinguishable from
the background reaction at protease/m-AL ratios of 1:1 after
sufficient incubation time (Figure S-3 in the Supporting Infor-
mation). Protease activity is completely suppressed at m-AL
concentrations above 7.5 um. When the same experiment was
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repeated with 3%, there was less than 5% loss in activity de-
tected at the same inhibitor concentration.

Activities and enantioselectivities of OMEHs were deter-
mined in the catalytic hydrogenation of ketones. m°-Arene
complexes of ruthenium are known to efficiently catalyze this
reaction.®” 2,2,2-Trifluoroacetophenone served as a model sub-
strate, and conversion was monitored using '°F NMR spectrom-
etry. Active OMEH catalysts were prepared by a three-step pro-
tocol: 1) activation of the selected cysteine protease using di-
thiothreitol (DTT) as reducing agent, 2) addition of 0.8 equiva-
lents of m-AL, 3) quenching of residual enzyme activity by ad-
dition of 1 in excess to avoid autolytic cleavage of the
protease. Substoichiometric addition of the catalyst ensures
full conversion of the m-AL to the corresponding OMEH and
hence full embedment of the metal centers in the chiral pro-
tein ligand.®" Following this protocol, m-ALs 17", 1R« 2Rh 2R
and 3" were tested for their catalytic performance in combina-
tion with papain and bromelain as protein hosts. After in situ
addition of the ketone to the freshly prepared OMEH catalyst
solution, the reaction was initiated by pressurizing the mixture
with hydrogen gas. Comparison of the results achieved for the
free m-ALs, the noncovalent m-AL 3™ in combination with
papain, and 1¥"@papain reveals a distinct increase in both ac-
tivity and enantioselectivity only for a well-defined m-AL-pro-
tein interaction (3®'1f"=3®" | papain < 1""@papain; see e.r.
and yields in Table 1). The protease appears to act as an accel-
erating asymmetric ligand, a concept which promotes chiral in-
duction.®? While this effect is most visible for 1*"@papain and
1*"@papain, it is also observed for all other tested OMEH cata-
lysts (Table S-10 in the Supporting Information).

Utilizing the modularity of the system, we were able to iden-
tify R- and S-selective m-AL/protease combinations. Inversion

Table 1. Selected hydrogenation results.”
] -
0 '-/M”mc‘ iL OHH
1 - SR
RZ{j)LR protease RZ—: S R
> PO43- buffer, pH 6.5 =
Entry Catalyst t[h] py, [barl R R Yield [%]® e.r. (R/S)
1 1"@papain 96 75 H CF; 89 62:38
2 1""@papain 65 25 H CF, 81 62:38
3 1"@papain 96 75 H CF, 44 60:40
4 1™@papain 65 25 H CF, 19 63:37
5 1"@bromel. 96 75 H CF, 44 40:60
6 1"@bromel. 65 25 H CF, 12 61:59
7 2""@papain 65 35 H CF, 41 60:40
8 3" papain 65 25 H CF, 27 49:51
9 1R 65 25 H CF, 4 52:48
10 1Ru 65 25 H CF, 5 50:50
1 3fh 65 25 H CF, 4 52:48
12 1"@papain 96 75 oF CHy, 12 65:35
13 1"@papain 96 75 p-CF; CH; 16 73:27
14 1"@papain 96 75 p-Cl  CH; 12 82:18
[a] Reagents and conditions: ketone (20 mm), ketone/M (100:1), DTT
(0.95 mm), DMSO (12.4%), phosphate buffer (125 mm, pH 6.5), 40°C in
525 uL. [b] Yields were determined using '°F NMR spectroscopy. [c] Enan-
tiomeric ratios were determined using chiral GC.
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of the stereopreference can result from changes in the metal
(62% R for 1”"@papain versus 60% S for 1"@papain; Table 1,
Entries 1 and 3), indicating that variations in the metal environ-
ment of the OMEH directly affect chiral induction.

Screening of reaction parameters revealed that temperature
and hydrogen pressure predominantly influence the activity,
whereas the pH value, DTT concentration and DMSO content
also influence OMEH stereoselectivity. Notably, higher tempera-
ture and increased pressure influence kinetics and enhance the
hydrogenation rate (Figure 3A,B). OMEH 1*"@papain is stable

A) B)
yield / % er./% yield / % er./%
100 100
80 60 80 60
60 60
40 55 40 55
20 20
0 50 0 50
20 30 40 10 25 75
c) TI°C D) P,/ bar
yield / % er. 1'% yield / % er./%
100 100
80 80 s 60
60 60
40 40 . 55
20 20
0 0 50
0 1 2 3 4 6 6.5 7 7.5
[DTT]/ mm pH

Figure 3. Influence of A) reaction temperature, B) hydrogen pressure, C) DTT
concentration and D) pH value applied in the in situ protocol on yields and
e.r. values achieved in the OMEH-catalyzed hydrogenation of 2,2,2-trifluoro-
acetophenone. If not specified otherwise, reaction conditions were as in
Table 1, Entry 1. In A), a DTT concentration of 3.8 mm was used.

enough to reach constant stereoinduction, and hence conver-
sion of trifluoroacetophenone was nearly quantitative at 40°C
and 75 bar while the enantiomeric ratio remained stable.
DMSO content, DTT concentration and the pH value not only
influence the hydrogenation reaction but are also critical for
the m-Al/protease conjugation, thus, influencing the forma-
tion efficiency of the OMEH catalyst. DMSO is required to solu-
bilize the m-AL in the aqueous buffer and higher levels of this
cosolvent lead to an increased incorporation efficiency of the
metal-conjugated affinity label (Table S-2 in the Supporting In-
formation). DTT is crucial to activate proteolytic cysteine resi-
due of the protease, however, the dithiol can also chelate thio-
philic group 8 and group 9 metal centers. Hence, DTT concen-
trations above 0.95 mm lead to deactivation of the OMEH cata-
lyst, while less DTT results in ineffective covalent bond forma-
tion (Figure 3C). Results without added DTT are similar to
those achieved for the noncovalent m-AL 3%". A pH screen re-
vealed an optimal pH of 6.5 for 1""@papain (Figure 3D). The

ChemistryOpen 2013, 2, 50-54 52
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shape and maximum of the activity and selectivity curve deter-
mined for this OMEH catalyst are similar to that of the bell-
shaped activity curve of papain. We reason that the pH value
of the reaction not only influences the stability of papain, but
also the formation efficiency of the OMEH catalyst and thus de-
termines the ratio of selective and active 1""@papain of the
total rhodium concentration. Overall, efficient covalent anchor-
ing of the m-AL in the protease binding site is a key factor to
achieve good catalytic activity and stereoinduction. The rhodi-
um and ruthenium half-sandwich motives render good conver-
sions only for electron-poor ketones. Stereoinduction is very
sensitive to the substitution pattern (Table 1), resulting in
major enantiomer contents of up to 82% (R) for 4'-chloro-
acetophenone. Other covalent papain/Rh or papain/Ru hybrids
reported so far achieved only slight enantiomeric enrichment
in asymmetric hydrogenations.2%

In conclusion, we have introduced a new platform, which
provides rapid access to well-defined and catalytically active
artificial metalloenzymes. Our method utilizes specifically de-
signed metal-conjugated affinity labels (m-ALs) to position
metal centers inside the binding pockets of proteases. We
reason that similar to biogenic cofactors, the affinity tail con-
tributes to the binding process of the m-AL and thus influen-
ces the orientation of the metal center relative to the protein
surface. In the hydrogenation of ketones, ligand acceleration
helps to translate the well-defined metal environment into
enantiomeric ratios of up to 82:18. Changing the combination
of host protein and metal center alters or even inverts the ste-
reoinduction of the catalyst. The modularity of this platform
and the in situ generation protocol should facilitate synthesiz-
ing diverse libraries of OMEH catalysts, which can be screened
for promising leads for further optimization. The sensitivity of
the artificial metalloenzyme characteristics to a change of host
protein as well as literature precedence®?" suggest that di-
rected evolution and/or screening of m-AL/protease combina-
tions can be used to improve these OMEH catalysts.
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