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ABSTRACT: Protein engineering has shown widespread use in improving the industrial application of enzymes and broadening the
conditions they are able to operate under by increasing their thermostability and solvent tolerance. Here, we show that protein
engineering can be used to increase the thermostability of an artiﬁcial metalloenzyme. Thermostable variants of the human steroid
carrier protein 2L, modiﬁed to bind a metal catalyst, were created by rational design using structural data and a 3DM database.
These variants were tested to identify mutations that enhanced the stability of the protein scaﬀold, and a signiﬁcant increase in
melting temperature was observed with a number of modiﬁed metalloenzymes. The ability to withstand higher reaction temperatures
resulted in an increased activity in the hydroformylation of 1-octene, with more than ﬁvefold improvement in turnover number,
whereas the selectivity for linear aldehyde remained high up to 80%.
KEYWORDS: artiﬁcial metalloenzyme, hydroformylation, bioengineering, protein thermostability, biocatalysis, bioinformatics

■

INTRODUCTION
Over the last decades, the power of biocatalysis in chemical
synthesis, particularly within an industrial setting, has become
undeniable. Enzymes such as transaminases and ketoreductases
are increasingly used in the synthesis of chiral intermediates in
pharmaceutical processes.1−4 The use of biocatalytic technology to replace chemical steps as part of existing drug syntheses
is attractive because of its simple nature and beneﬁcial
sustainability metrics.5,6 The recent development of artiﬁcial
metalloenzymes (ArMs) has added to the potential of
biocatalysis by providing an elegant approach to combining
enzymatic and chemical methods, thereby expanding the
catalytic toolbox.7−11 ArMs combine the molecular recognition
properties of proteins, which are responsible for the high
selectivity observed in many enzymatic processes, with the
industrially relevant reactivity of homogeneous transition-metal
catalysts. The introduction of synthetic transition-metal
cofactors provides catalytic versatility by allowing unnatural
reactions to be introduced into the biocatalysis arena. To date,
a whole range of ArMs has been developed for unnatural
reactions including transfer hydrogenation,12 hydroformylation,13,14 metathesis,15 cross-coupling reactions,16 and other
© 2021 American Chemical Society

carbon−carbon bond forming reactions such as the Diels−
Alder reaction.17−19 Nonetheless, the combination of proteins
with organometallic catalysis remains challenging because of
the diﬀerent and contrasting conditions often required for
eﬃcient catalysis.20 Proteins have evolved over time to work in
a biological environment; therefore, harsh conditions, such as
high temperatures and the presence of organic solvents favored
in chemocatalysis, often lead to protein denaturation and
deactivation of the catalyst.21 Within the realm of biocatalysis,
enzymes are nowadays routinely engineered to increase their
stability to organic solvents and temperature, leading to more
active enzymes.22,23 One example showed that by using a
computationally engineered variant with strongly improved
thermostability, a peptide amidase could be applied in an
organic solvent to achieve versatile peptide C-terminal
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Scheme 1. Rhodium-Catalyzed Hydroformylation of Alkenes to Aldehyde Products

functionalization.24 Based on such documented examples, we
hypothesized that by enhancing the thermostability of the
protein scaﬀold, it would be possible to increase the activity of
ArMs and their tolerance to organic solvents.25 This would
expand the repertoire of possible reactions that ArMs could
conduct and increase the experimental design space they can
operate in.
A successful strategy used to engineer thermostability into a
protein is the rational design of mutations based on structural
information. Such mutations are focused on ﬂexible regions in
the protein, with the aim to reduce local unfolding.26 Reduced
ﬂexibility can be achieved by a number of strategies including
the introduction of disulﬁde bridges to stabilize early unfolding
regions or destabilize the unfolded state by reducing its
entropy.27 Another strategy to enhance stability is the
introduction of surface-located charged groups that can form
salt bridges.28 Such electrostatic interactions contribute to local
stability, so it can be beneﬁcial to introduce these into the
ﬂexible regions within the protein scaﬀold.29 Several studies
show that modifying other electrostatic interactions, such as
the removal of isolated surface charges, also contributes to the
stability of a protein.30,31 Another approach to engineering
thermostability employs phylogenetic or structure-based multiple sequence alignments to identify mutations and sequences
that match the consensus sequence of a protein family. This
approach is based on the hypothesis that the consensus amino
acids (i.e., the most abundant amino acids at corresponding
positions within a large set of aligned sequences or structures)
generally add more to the stability of the protein than
nonconsensus amino acids.32
The Kamer group has previously reported covalent
approaches for synthesizing ArMs containing metal-binding
ligands via a maleimide linker to unique cysteine residues in
the protein scaﬀold human steroid carrier protein SL (SCP2L).33 The SCP-2L protein is a domain of 120 amino acids
from the multifunctional enzyme type 2 (MFE-2, involved in
β-oxidation) and was speciﬁcally selected for its ability to bind
linear substrates in its hydrophobic tunnel.34 Cysteine residues
for protein modiﬁcation were introduced at various locations
within the tunnel, including V83C and A100C, to take
advantage of substrate binding in the tunnel.13,19 Hybrid
catalysts based on these SCP-2L mutants in combination with
phosphine-liganded Rh cofactors showed high activities and
selectivities for the production of long-chain linear aldehydes
in the rhodium-catalyzed hydroformylation of alkenes, under
benign aqueous conditions (Scheme 1).13 This reaction is of
industrial interest because of the high added value of the
aldehyde products in comparison to the alkene substrates. The
catalyst performance is highly sensitive to the structure of the
phosphine ligands, coordination number, and coordination
mode.35 Typically, highest selectivities for the desired linear

aldehyde are obtained with two phosphine ligands coordinated
in the equatorial plane of the trigonal bipyramidal RhH(CO)2L2 catalyst resting state.36 Monoligated complexes show
generally much lower selectivities, and for ligand-free rhodium
carbonyls, the linear-to-branched ratios go down to 1:1. In
industry, rhodium-catalyzed hydroformylation is used on a
large scale under biphasic conditions, enabling the recovery of
the expensive rhodium catalyst. However, this reaction is
challenging for longer alkenes (more than ﬁve carbon atoms)
because of their low solubility under aqueous conditions.37
ArMs provide a catalyst for longer alkene substrates that can
work at low temperatures (<35 °C) compared to industrial
conditions (typically 110−120 °C) and also oﬀer high
selectivity and turnover numbers (TONs), overall providing
a much greener reaction. We set out to examine the use of
sequence-based/rational protein engineering techniques to
increase the stability of our artiﬁcial hydroformylase and thus
increase the reaction temperature and the rate of hydroformylation.

■

RESULTS AND DISCUSSION
The design of mutations that could increase the stability of
SCP-2L was carried out using both rational design and
sequence-based mutant selection with an SCP-like family 3DM
database.38 The 3DM databases consist of structure-based
alignments of homologous sequences and assign each residue a
position number that allows comparison of positions among
proteins that are structurally related within the protein
family.39 Both approaches require a 3D structure; therefore,
we decided to solve the crystal structures of two variants that
carry an introduced cysteine for the attachment of the artiﬁcial
metal cofactor. The variants chosen were SCP-2L V83C and
SCP-2L A100C which had been successfully used previously
by the group in the development of hybrid catalysts for
hydroformylation.13 These mutants contained unique cysteines
at either end of the hydrophobic tunnel for the introduction of
the catalytic rhodium−phosphine complexes (Figure 1).
SCP-2L V83C and SCP-2L A100C were produced as
previously described.19 The structures of the two variants were
determined by X-ray crystallography (see Supporting Information, pdb entries: 6Z1X and 6Z1W). The general fold of
the wild-type SCP-2L with an α/β-fold consisting of ﬁve βstrands and ﬁve α-helices (PDB 1IKT)34 is preserved; thus, the
mutations lead to no structural change. The structural
alignment between the variants and wild-type SCP-2L have a
root-mean-square deviation of 0.3−0.5 Å over 115 aligned
residues, with 99.1% sequence identity.
Both mutants contain Triton X-100, an analogue of a lipid
molecule observed in the wild-type structure with similar
interactions. The mutant V83C comprises two Triton X-100
molecules, with the (1,1,3,3-tetramethyl)butyl parts at ∼4.0 Å
3621
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structural integrity (Figure 2). We excluded the four helices
which surround the hydrophobic tunnel from mutagenesis
because these are involved in the binding of ligands such as
long-chain fatty acyl-CoAs40 and cholesterol derivatives.41
Mutations were especially sought in three loops that appear
more ﬂexible, as concluded from crystallographic B factors,
which reﬂect the ﬂuctuation of atoms from the average
position because of protein dynamics.
Using the 3DM database, we found mutations that enable
the introduction of more conserved residues within SCP-2L.
Residue V26 is positioned within an α-helix and is 15.5%
conserved in the SCP-like 3DM database (Figure S1).
However, F26 is the more abundant residue in the whole
protein family (27.5% conserved). The V26F mutation also
introduces an aromatic group that could create π-stacking
interactions. The following residues were also identiﬁed for
mutation to more conserved residues: K40, G41, S54, and
D116 (Table 1). Although the residue A68 is the most

Figure 1. Crystal structures of the V83C (panel A, pdb: 6Z1X) and
A100C (panel B, pdb: 6Z1W) mutants of SCP-2L; the ligand bound
to the protein is Triton X-100 (2-[4-(2,4,4-trimethylpentan-2yl)phenoxy]ethanol), shown as yellow or magenta sticks. The βstrands and α-helices are indicated by roman numerals (I−V) and
capitals (A−E), respectively. The mutated residues are shown in cyan
(structure A) and green (structure B).

Table 1. Eﬀect of Designed Mutations on the
Thermostability of SCP-2L V83C and A100Ca

from each other (Figure 1A). The second Triton X-100 has
hydrophobic interactions with the side chains of V11, I15,
C83, and A118 and with the hydrophobic part of the side
chains of E14 and R18. The ethoxy repeats of Triton X-100
fold back into the SCP-2L molecule. The last ethoxy repeat
visible in electron density has hydrophobic contacts with the
phenyl group. The introduced C83 is situated on the Cterminal part of helix C, and the new C100 is in the middle of
strand V (Figure 1B). The sulfur atom of C100 has
hydrophobic contacts with one of the methyl groups of the
butyl chain of the retained Triton X-100.
To stabilize the protein, we evaluated a number of mutation
strategies, including stabilization of the ﬂexible loop regions by
salt bridge formation, strengthening of the α-helix dipoles, and
mutations to introduce more conserved amino acids identiﬁed
from the 3DM database alignments of the SCP-2L protein
family. Stabilization by the introduction of disulﬁde bridges
was avoided because of the requirement of a unique cysteine
for the modiﬁcation of the protein to introduce the metal
cofactor and their incompatibility with phosphines.
Using the 3DM database and structural analysis of the
protein, positions were identiﬁed where mutations toward
consensus could be introduced without any expected loss of

template

entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
a

design method
stabilizing α-helix dipole
introducing a salt bridge

toward consensus mutations

A100C

V83C

mutation

ΔTm,app
(°C)

ΔTm,app
(°C)

N31D
I44D
I44E
S56D
S56E
K58D
K58E
K65D
K65E
E81K
V26F
K40N
G41D
S54N
A68P
D116K

12
2
4
11
−2
5
u
np
7
9
u
4
7
np
3
2

3
−1
1
10
−7
np
1
np
1
6
3
3
−6
np
4
0

np, no data because of lack of protein; u, unreliable Tm,app obtained.

Figure 2. Position of mutations in SCP-2L (pdb 1IKT). (A) Positions and regions to be considered for mutagenesis are highlighted in green, and
positions and regions to be avoided are indicated in red. (B) Positions of conﬁrmed stabilizing mutations highlighted in pink spheres. (C)
Introduction of a possible E44-K47 salt bridge by mutation I44E. (D) Introduction of a possible salt bridge K53-D31and strengthened dipole by
mutation N31D. Image created in PyMOL.
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There is ample evidence in the literature that combining
mutations that increase thermostability can give an additive
eﬀect.46 Therefore, the most favorable mutations from the ﬁrst
round of rational design (S56D, E81K, and N31D) were
combined in diﬀerent ways, and six double mutants were
produced according to the same protocol as for the single
mutants. Using CD spectroscopy, the melting temperature
(Tm,app) of V83C and A100C and the thermostable double
mutants were measured using data points taken with 1 °C
intervals at 222 nm (Table 2 and Figure 3). This CD method
provides a more accurate value than the fast scan approach
used in the previous screen as a large number of data points are
utilized.

conserved at 70%, proline is found in the same position for
most of the remaining proteins (21%) and was thus also
chosen as a conservative mutation.
We also explored the protein structure to identify residues
that would lead to the formation of salt bridges that can
stabilize ﬂexible loops and regions on the protein surface.
Residue I44 is positioned within a loop between β-sheets in a
ﬂexible region, and creating a salt bridge here was anticipated
to increase the stability. It is also in close proximity to K47, and
by introducing an E or D, an electrostatic interaction can be
obtained (Figure 2C). Residues S56, K58, K65, and E81 were
also identiﬁed as the sites for salt bridge formation, which can
be achieved by reversing their charge to create new ionic
interactions.
The alignment of the dipoles of peptide bonds parallel to the
axis of an α-helix causes a net dipole moment with its positive
pole at the amino terminus and negative pole at the carboxy
terminus. The total dipole moment of the entire helix is due to
the individual dipoles of the CO groups involved in
hydrogen bonding.42 Phosphate moieties bind frequently at
the positive N-termini of helices in proteins. Introducing a
charged residue at the C-terminal positions can stabilize a helix
by hydrogen-bonding to the main-chain CO group.43 Residue
N31 is present on the C-terminus of α-helix 1 of SCP-2L, with
the side chain close to K53. To strengthen the interaction with
the positively charged lysine, we introduced mutation N31D
(Figure 2D). The stronger dipole and the formation of a new
D31−K53 salt bridge were expected to increase the protein
stability.
Site-directed mutagenesis44 was performed both for SCP-2L
A100C and V83C to separately obtain plasmids carrying the
mutations G41D, S56D, K58E, K58D, I44E, I44D, E81K,
S54N, S56E, D116K, I44D, K40N, A68P, K65E, N31D, or
V26F (Table 1). All mutants were conﬁrmed by DNA
sequencing. Using circular dichroism (CD) spectroscopy,
apparent melting temperature (Tm,app) values were measured45
and compared with the parent proteins SCP-2L A100C and
V83C (Figure S4). The CD method used a fast scan approach
by measuring at six diﬀerent temperatures. Reversibility was
not established, and therefore the Tm,app values are approximate
as they can be inﬂuenced by incubation conditions; the values
serve the purpose of indicating how the thermostability is
aﬀected by the mutations. The results showed that several
mutants had a large improvement in thermostability over the
original SCP-2L A100C and V83C proteins. The Tm,app values
increased by up to 12 and 10 °C for mutants constructed in
A100C and V83C backgrounds, respectively. In general, the
A100C protein template was more responsive to the designed
mutations. The introduction of N31D gave an increase of 12
°C for A100C but only a 3 °C increase for V83C (Table 1,
entry 1). The introduction of residues likely to form salt
bridges raised the Tm,app value of both mutants, with both
E81K and S56D giving a large increase in Tm,app. The Tm,app
value of the mutant A100C increased by 9 and 11 °C for E81K
and S56D, respectively, and with V83C, increases of 6 and 10
°C were observed (Table 1, entries 10, 4). Mutation S56D
improved the Tm,app value with both templates, whereas S56E
led to a decrease in Tm,app for both mutants. Introducing more
conserved amino acids based on the results found using the
3DM database led to more modest increases in Tm,app. An
exception was the G41D mutation in A100C which increased
the Tm,app value by 7 °C. In comparison, this mutation in V83C
led to a decrease in Tm,app by 6 °C (Table 1, entry 13).

Table 2. Apparent Melting Temperatures (Tm,app) of SCP2L Mutants Determined Using CD, Measuring the
Absorbance at 222 nm at 1 °C/min Steps
Variant

Tm,app (°C)

ΔT (°C)

V83C template
A100C template
A100C + N31D + S56D
A100C + N31D + E81K
A100C + E81K + S56D
V83C + N31D + S56D
V83C + N31D + E81K
V83C + E81K + S56D

48
42
41
55
58
60
62
64

−1
+13
+16
+12
+14
+16

The designed double mutants showed impressive improvements in thermostability, increasing the Tm,app value by 12−16
°C in all but one case (Table 2). Variant A100C + N31D +
S56D revealed a negative eﬀect of combining the N31D and
S56D mutations and the Tm,app value decreased by 1 °C. This
protein was obtained in a very low yield (2 mg/L), so it was
not used further in this work.
These results show that the rational design was successfully
used to increase the stability of the SCP-2L-derived ArM
protein hosts. Next, we examined if these stabilized scaﬀolds
were suitable for creating more robust catalytic ArMs.
Hydroformylation was chosen as a benchmark reaction
because it is the most studied reaction using SCP-2L-derived
ArMs. Previous results reported by the Kamer group showed
that SCP-2L A100C and V83C rhodium proteins showed
hydroformylation activity, reaching up to 400 and 100 TONs,
respectively, over a 48 h reaction period.13 These activities
were surprisingly high, considering that the reactions were
carried out at 35 °C. With a more stable protein scaﬀold, the
activity might increase further as less catalyst degradation will
occur over time allowing the use of higher temperatures.
The proteins were treated as previously described to give the
phosphine-modiﬁed proteins, SCP2L X-1-P. Next, the
rhodium metalloproteins for all ﬁve triple mutants (SCP-2L
X variants with mutations X = A100C + N31D + E81K,
A100C + E81K + S56D, V83C + N31D + E81K, V83C +
E81K + S56D, or V83C + N31D + S56D) were obtained by
the addition of Rh(acac)(CO)2. The resulting proteins were
analyzed by LC−MS to conﬁrm the modiﬁcation was eﬀective
(Scheme 2; see the Supporting Information for details).33
The hydroformylation activities of each of the ﬁve double
mutants were investigated using 1-octene as the substrate and
compared with SCP-2L A100C-1-P-Rh and V83C-1-P-Rh
(Scheme 1). The reactions were carried out under the same
conditions as the previous work, except for the reaction time,
3623
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Figure 3. Thermal denaturation curves of SCP-2L double mutants.

Scheme 2. Synthesis of the Artiﬁcial SCP-2L-Derived Metalloproteins

Table 3. Hydroformylation of 1-Octene Catalyzed by SCP-2L-Derived Rhodium Hydroformylasesa
16 h
entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

mutant
V83C
V83C + E81K + S56D
V83C + N31D + E81K
V83C + N31D + S56D
A100C
A100C + E81K + S56D
A100C + N31D + E81K
Rh(acac)CO2 (no protein)13

temp °C
35
45
35
45
35
45
35
45
35
45
35
45
35
45
35

linear selectivityb (SD)
79
78
78
80
80
78
75
77
80
75
79
78
72
73

(0.2)
(0.1)
(0.1)
(0.1)
(0.1)
(0.3)
(0.1)
(0.1)
(0.1)
(0.2)
(0.7)
(1.1)
(0.2)
(0.5)

48 h
TONc (SD)
43 (0.3)
12 (1.3)
92 (1.0)
190 (1.1)
104 (0.9)
201 (0.9)
99 (1.0)
180 (1.2)
211 (0.7)
99 (2.9)
202 (1.3)
322 (3.1)
213 (0.4)
346 (2.1)

linear selectivityb (SD)
78
76
80
79
80
78
78
80
79
70
77
73
72
73
55

(1.2)
(1.0)
(0.7)
(0.9)
(1.1)
(0.7)
(1.9)
(0.8)
(0.8)
(1.6)
(1.2)
(0.9)
(1.3)
(1.3)
(0.7)

TONc (SD)
75.7 (1.3)
27.3 (1.0)
221 (1.9)
385 (3.9)
199 (2.0)
404 (4.2)
204 (2.8)
402 (4.3)
401 (3.9)
171 (2.7)
406 (5.2)
415 (3.9)
403 (3.5)
326 (2.8)
530 (53)

a

Conditions: 80 bar syngas (1:1), stirring 625 rpm, 16 h in degassed MES buﬀer, 0.5 mL of catalyst solution, and 0.5 mL of alkene containing 9%
(v/v) n-heptane and 1% (v/v) diphenyl ether as internal standards. Results are the average of three repeated reactions, with standard deviation
(SD) in brackets. Yields determined by GC. bLinear selectivity refers to the amount of linear aldehyde (%). cTON based on the Rh concentration
of the catalyst solution, measured by ICP−MS.

consistent with Rh leaching into the organic layer in the
absence of the phosphine-modiﬁed protein.
All three of the new thermostable SCP-2L V83C mutants
(V83C + E81K + S56D, V83C + N31D + E81K, and V83C +
N31D + S56D) showed an improvement in TONs compared
to SCP-2L V83C at 35 °C. SCP-2L V83C E81K S56D gave a
TON of 92 (TOF 6.5 h−1), more than double that seen with

which was shortened to 16 h (Table 3). Similar linear
selectivities were observed as previously reported, and TONs
were as expected for shorter reaction times (entries 1 and 9).13
As seen previously, the use of the ArM gave higher linear
selectivity (∼80%) than just Rh(acac)(CO)2, which exhibits
only a slight preference for the linear aldehyde (Table 3, entry
15). The higher TON recorded for Rh(acac)(CO)2 is
3624
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Thus, although thermostability has increased, some loss of
activity during the reaction still occurs, potentially because of
the exposure of the protein to mechanical stress through
stirring and pressure.
In comparison to the C83 derivatives, the A100C-derived
thermostable mutants showed less improvement in activity
over the longer 48 h reaction period. This matched the
observations from the 16 h reaction, which already implied that
after 16 h the protein scaﬀold begins to denature, as shown by
a large buildup of white precipitate. This indicates that
inactivation is accompanied by aggregate formation and thus is
irreversible. The loss of catalyst activity over the 48 h reaction
period at 45 °C resulted in a drop of the average TOF for the
A100C + N31D + E81K enzyme of almost 70%, that is, from
21.6 h−1 over a 16 h reaction to 6.8 h−1 for a 48 h reaction
(Table 3, entry 14). This relatively large drop in activity does
not appear to be related to thermostability as the mutations
introduced in the C100 and C83 scaﬀolds gave similar ΔTm,app
values. Instead, the loss of activity may be related to
conversion, as the most active variants (Table 3, entries 12
and 14) show the largest reduction of activity.
Overall, the enhanced activity was correlated to the increase
in stability of the SCP-2L-derived ArMs, as reﬂected in the
Tm,app values. All of the results show a high linear selectivity in
hydroformylation reactions, indicating the catalysis occurs
because of the artiﬁcial catalytic center introduced into the
protein tunnel and not from “free Rh”. Furthermore, the
linearity of up to 80% remains very high for a monoligated Rhcatalyst, corroborating the importance of the second
coordination sphere of the protein scaﬀold.13

SCP-2L V83C under the same conditions (TON 43, TOF 2.9
h−1, Table 3, entry 3 vs 1). This result, alongside the visual
identiﬁcation of the precipitated protein after the reaction with
SCP-2L V83C only, suggests that signiﬁcant denaturation
occurred when using SCP-2L V83C as the protein scaﬀold and
that increasing the thermostability of the scaﬀold protein
increased the performance of the catalyst under these reaction
conditions. Additional evidence was provided by comparing
the CD spectra before and after the reaction. For V83C, an
indistinct spectrum was obtained after the reaction, whereas for
V83C + N31D + E81K, the far UV CD spectra still showed the
expected features (see Supporting Information Figure S10 and
S11). To test this further, the reaction temperature was
increased to 45 °C, the hypothesis being that rates would
increase at higher temperatures if the protein remains stable,
and therefore a larger TON would be observed. For SCP-2L
V83C (Table 3, entry 2) a signiﬁcantly reduced TON was
observed, most likely because of the rapid denaturation of the
protein. However, the new thermostable rhodium-complexed
proteins remained active at this higher temperature and
produced high TONs of up to 200 (Table 3, entry 6), thus
showing the expected increase in rate on increasing the
temperature. The stabilized variants showed an approximate
doubling of activity upon a 10 °C increase in reaction
temperature, that is, for V83C + E81K + S56D, TOFs of 5.75
versus ∼11.9 h−1 were observed (Table 3 entry 3 vs 4; see
Table S1 for data on TOF). For all V83C mutants, the
selectivity toward the linear aldehyde remained high (75−
80%) and thus provides evidence that the designed mutations
did not interfere with the active sites of the catalysts.
The two new thermostable A100C-derived mutants (A100C
+ N31D + E81K and A100C + E81K + S56D) showed no
improvement but consistent results with the parent A100C.
However, when the reaction temperature was increased to 45
°C, these rhodium proteins were still stable, unlike the parent
A100C, and showed increased TONs from 202 and 213 to 322
and 346 for A100C + E81K + S56D and A100C + N31D +
E81K, respectively (Table 3, entries 11 vs 12 and 13 vs 14).
This increase in TON is somewhat lower than what would be
expected by increasing the reaction temperature by 10 °C,
indicating that the newly designed A100C mutants are at the
limit of their stability, which is also indicated by the relatively
low increase in TON after longer reaction times (Table 3,
entries 12 and 14). The linear selectivity of the catalysts was
not signiﬁcantly aﬀected by the mutations, though a small
decrease in selectivity was observed for A100C + N31D +
E81K.
To test the long-term stability of the ArMs, the reaction time
was further increased to 48 h to see if the TON could be
improved (Table 3). As was seen after 16 h, the new
thermostable V83C mutants showed an increase of TON from
the original 76 of V83C up to 221 for V83C + E81K + S56D at
35 °C (Table 3, entries 1 and 3, respectively), representing an
almost tripling of rate (TOF 1.6 vs 4.6 h−1). When the
temperature was raised to 45 °C, the TONs doubled for both
V83C + N31D + E81K and V83C + N31D + S56D, giving rise
to an expected increase in TOF from ∼4 h−1 to 8 h−1 (Table 3
entry 8; for TOFs, see Table S1). This suggests that the SCP2L V83C-derived thermostable mutants are capable of
retaining their structure at this higher temperature. However,
comparing the average reaction rate over 16 and 48 h for all
the V83C proteins, a drop of ∼30% over the second time
frame is observed in all cases, regardless of the temperature.

■

CONCLUSIONS
In conclusion, we have shown that the stability of the protein
scaﬀold within an ArM is a crucial factor with respect to the
catalytic performance. Space−time yields are of crucial
importance for industrial applications, especially when costly
catalysts such as ArMs based on noble metals are concerned.
The advantage of mild and green operating conditions of
biocatalysts can be counterbalanced by low stability. By
improving the thermostability of the SCP-2L V83C scaﬀold
by up to 16 °C, we were able to increase the reactivity of our
ArM at higher temperatures. With the stabilized hybrid
enzymes, the TON improved over ﬁvefold, reaching values
of up to over 400. Although this study did not explore the
increased solvent tolerance of the ArMs explicitly, the
increased TON under biphasic conditions strongly indicates
an increased stability in the presence of organic solvents. The
increased organic solvent tolerance opens the door to study the
reactions of substrates that need organic cosolvents for
solubility. Thus, rational mutant design for improving ArM
stability yielded a biocatalyst that enables a wider range of
reaction conditions and showed higher activities. In addition to
other powerful tools in biocatalysis and protein engineering,
such as directed evolution, this may oﬀer an attractive
approach to tailor biocatalysts to ﬁt real industrial applications.
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