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ABSTRACT: Artificial metalloenzymes (ArMs) combine characteristics of both
homogeneous catalysts and enzymes. Merging abiotic and biotic features allows for
the implementation of new-to-nature reactions in living organisms. Here, we present the
directed evolution of an artificial metalloenzyme based on Escherichia coli surface-
displayed streptavidin (SavSD hereafter). Through the binding of a ruthenium-pianostool
cofactor to SavSD, an artificial allylic deallylase (ADAse hereafter) is assembled, which
displays catalytic activity toward the deprotection of alloc-protected 3-hydroxyaniline.
The uncaged aminophenol acts as a gene switch and triggers the overexpression of a
fluorescent green fluorescent protein (GFP) reporter protein. This straightforward
readout of ADAse activity allowed the simultaneous saturation mutagenesis of two
amino acid residues in Sav near the ruthenium cofactor, expediting the screening of
2762 individual clones. A 1.7-fold increase of in vivo activity was observed for SavSD

S112T-K121G compared to the wild-type SavSD (wt-SavSD). Finally, the best performing
Sav isoforms were purified and tested in vitro (SavPP hereafter). For SavPP S112M-K121A, a total turnover number of 372 was
achieved, corresponding to a 5.9-fold increase vs wt-SavPP. To analyze the marked difference in activity observed between the
surface-displayed and purified ArMs, the oligomeric state of SavSD was determined. For this purpose, crosslinking experiments of E.
coli cells overexpressing SavSD were carried out, followed by sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot. The data suggest that SavSD is most likely displayed as a monomer on the surface of E. coli. We
hypothesize that the difference between the in vivo and in vitro screening results may reflect the difference in the oligomeric state of
SavSD vs soluble SavPP (monomeric vs tetrameric). Accordingly, care should be applied when evolving oligomeric proteins using E.
coli surface display.
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■ INTRODUCTION

Artificial metalloenzymes1 (ArMs) are formed by the
incorporation of a synthetic cofactor into a natural host
protein.2,3 Artificial metalloenzymes combine the advantages of
synthetic transition metal catalysts (e.g., broad range of
reactivities,4−13 large substrate scope, wide choice of metals)
with the benefits of enzymes (e.g., high selectivity, high TON,
aqueous compatibility, directed evolution).8,9,11,13−18 Hence,
such entities can be optimized by combining both chemical
and genetic means, which significantly broadens the range of
possible optimization approaches.19 The effect of chemical or
biological modifications can then be evaluated via a high-
throughput screening20 using various analytical readouts,
including fluorescence or ultraperformance liquid chromatog-
raphy-tandem mass spectrometry (UPLC-MS).21,22

Building on the pioneering work of Meggers,23,24 we
performed the in vivo deallylation of an alloc-protected
aminocoumarin 5 moiety using an artificial allylic deallylase
(hereafter ADAse).25 The catalytic system, comprising an air
and thiol tolerant ruthenium(II) complex 1,23 is anchored

within SavSD displayed on Escherichia coli’s outer mem-
brane.25,26 The efficiency of this system was improved via
iterative saturation mutagenesis of the position S112 and
K121.17,27,28 The reaction was monitored via the fluorescence
of the uncaged aminocoumarin 4, Figure 1. We know from
previous Sav-ArM evolution campaigns, that the iterative site-
saturation mutagenesis at positions S112 and K121 often leads
to significant improvement in catalytic performance, as these
two positions lie in close proximity to the cofactor.19,25,29 The
possibility of expressing a protein at the surface of a cell10,30−32

caught our attention since, relying on this process, we could
avoid issues encountered using periplasmic or cytoplasmic
expression (reductive conditions, limited accessibility of the
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substrates, cofactors, etc.). Previous studies have highlighted
the possibility of performing chemical transformations such as

polymerization,10 deallylation,5,7,23,33 hydrolysis,34 hydroaryla-
tion,35 carbene insertion8,36 in living cells environment and

Figure 1. Comparison of previous and the current strategies for the optimization of ADAses using an E. coli surface-display construct. (I)
Expression, translocation, and integration of the Lpp-OmpA-Sav construct on the outer membrane of E. coli cells. For clarity, only one streptavidin
(Sav) monomer is displayed. (II) Biotinylated cofactor 1 binds to SavSD to afford the ADAse. Previous work: (III′) uncaging of the protected
substrate 5 to yield the fluorescent coumarin 4. This work: (III) uncaging of an alloc-protected inducer in the presence of the ADAse releases the
inducer; (IV) the inducer diffuses into the cytoplasm of E. coli cells and induces the expression of GFP.

Figure 2. Identifying the best aromatic inducers and their response level toward GFP expression. (a) Induction capacity of various phenols and
anilines for the DmpR regulator system. Reaction steps: (i) E. coli DH5α cells containing the DmpR-GFP reporter plasmid were cultivated in LB-
medium at 30 °C to a cell density of OD600 = 0.6. (ii) Dilution of the cells to OD600 = 0.05−0.08, followed by the addition of 500 μM caged
inducer. (iii) Incubation at 30 °C, 200 rpm shaking. (iv) Analysis of the fluorescence intensity of the cells by flow cytometry (the median value of
the fluorescence intensity is displayed). (b) Performance of purified ADAses in the presence of reporter cells. Conditions: 500 μM substrate Alloc-
protected 3-hydroxyaniline 3, 5 μM ruthenium cofactor 1, 2.5 μM wt-SavPP, 30 °C, and 9 h. Preparation of reporter cells (see the Supporting
Information (SI)).
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performing the uncaging of a fluorophore or an inducer in
living cells.7,25,37,38 More recently, we engineered a gene circuit
in the cytoplasm of mammalian cells.39 Based on these results,
we aimed to develop a gene switch based on the regulatory
protein DmpR40−43 to promote the production of a protein of
interest and allow us to monitor the improvement of the
system via fluorescence. Building on these results, we set out to
engineer and optimize an ArM whose activity could induce the
overexpression of a reporter protein in E. coli. With this goal in
mind, we selected the [CpRu]-catalyzed deallylation of amines,
as pioneered by Meggers. We opted for an E. coli surface
display of Sav to evolve the ADAse activity, relying on a

fluorescent readout caused by the upregulation of a green
fluorescent protein reporter protein (GFP hereafter).

■ RESULTS AND DISCUSSION
To upregulate the GFP reporter protein in E. coli, we selected a
DmpR-regulated GFP construct, whereby binding of various
aniline/phenol derivatives to the DmpR regulator turns-on the
overexpression of GFP, which can be conveniently used as
readout of ADAse activity, Figure 1. As a first step, we tested
the induction capacity of various polar benzene derivatives in
the presence of reporter cells equipped with the DmpR-
regulated GFP plasmid, Figure 2a. Both 2-methylphenol and 3-

Figure 3. Uncaging Alloc-protected 3-hydroxyaniline 3 and resulting GFP fluorescence. (a) Reaction scheme and conditions for the allylic
deallylation of the substrate 3 to the 3-hydroxyaniline 2. Reaction conditions: 500 μM substrate 3, incubation of cells with 2 μM cofactor 1, 30 °C,
16 h. Preparation of catalysis cells using a normalized OD (see the SI). (b) Control experiments to validate the screening strategy: cells expressing
wt-SavSD were spiked with 10, 25, or 50 μM product 2. GFP fluorescence determined in a plate reader at: λex = 475 nm; λem = 509 nm.

Figure 4. (a) Crystal structure of the ADAse [CpRu(QA−Biot)(OH2)] (1) · Sav S112M-K121A (PDB 6FH825). The four monomeric units are
displayed as transparent surface in gray, white, blue, and light blue. The mutated positions (S112Ma and K121Aa of monomer A) are highlighted in
red and the position K121Ab of monomer B faces the active site is highlighted in orange (only in one of the two symmetry-related monomers). The
biotinylated ruthenium complex is displayed as ball and stick. Color code: C = gray, N = blue, O = red, S = yellow, H = white, and Ru = dark green
sphere. The cofactor 1 is anchored in the Sav monomer A (gray). The closest Cβ-residue to Ru (dark green sphere) is K121A (red) of Sav
monomer A (blue). (b) Computer-generated rendering of [CpRu(QA−Biot)(OH2)] (1) anchored in monomeric Sav S112M-K121A, highlighting
the significant solvent exposure of the Ru-moiety and the resulting absence of contact between the cofactor and residue K121A of monomer b.
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hydroxyaniline 2 performed best, as reflected by the GFP
fluorescence observed in reporter cells. As allylcarbonates (to
protect 2-methylphenol) are more prone to spontaneous
hydrolysis than allylcarbamates (to protect 3-hydroxyaniline),
we selected the N-allylcarbamate-3-hydroxyaniline 3 for further
studies. Next, we spiked DmpR-GFP equipped reporter cells
with the wild-type ADAse consisting of cofactor 1 · wt-SavPP,
Figure 2b. We were pleased to observe the following trends: (i)
the alloc-protected aniline 3 does not lead to marked GFP
fluorescence in the reporter cells, (ii) the cofactor 1 alone is
not very active at deprotecting compound 3, and (iii) cofactor
1 · wt-SavPP leads to increased GFP fluorescence (1.8-fold vs
cofactor 1 alone). The GFP fluorescence produced in the
presence of cofactor 1 · wt-SavPP corresponds to the equivalent
of spiking GFP-expressing cells with >100 μM 3-hydroxyani-
line 2. Based on these findings, we engineered a system based
on two plasmids: Lpp-OmpA-Sav26,44 and DmpR-GFP,40,42,43

thus allowing us to screen and optimize the ADAse activity
using a single cell. Lpp-OmpA-Sav regulates the expression and
translocation of Sav to the surface of E. coli cells and is induced
by L-arabinose, Figure 1. DmpR-GFP expresses a GFP reporter
protein via the binding of an inducer to the DmpR regulator,
Figure 1.
Next, we combined the previously designed E. coli surface-

displayed ADAses with the deprotection of caged inducer 3
and the subsequent expression of GFP, Figure 3a. Control
experiments revealed a modest background fluorescence for
cells containing an empty vector (i.e., Lpp-OmpA plasmid
without Sav gene), 2 μM cofactor 1, and 500 μM caged
substrate 3, Figure 3b. Gratifyingly, in the presence of the
assembled ADAse 1 · wt-SavSD, a 1.7-fold increased
fluorescence was observed. The observed fluorescence is
comparable to a GFP expression level in the presence of
∼50 μM 3-hydroxyaniline 2. These highlight the reliability of
the surface-displayed ADAse for screening purposes.
To validate the GFP-reporter strategy, we optimized the

performance of the surface-displayed ADAse by simultaneously
randomizing both S112 and K121 positions, Figure 4.
Simultaneous saturation mutagenesis of two residues yields a
library containing 202 = 400 different mutants in one pot. The
screening effort (i.e., the oversampling) can be reduced by a

factor ∼1.8 (1724 colonies instead of 3066 colonies with a
sequence coverage of 95%) when using the degenerate codon
DNK instead of NNK.19 This library comprises 17 different
amino acids at each position (Gln, Pro, and His are missing),
leading to a total number of 172 = 289 individual mutants.
The corresponding SavSD library was assembled by Gibson

assembly including a synthesized part of the Sav gene that
carried the required mutations at its center (90 base pair
length, DNK codons in positions S112 and K121) into the
Lpp-OmpA plasmid (see the SI). Analysis of the library
revealed a good statistical distribution of the different amino
acids, Figure S5. However, the library contained a background
of 42% (i.e., original Lpp-OmpA plasmid, frame shifts, stop
codons, inserts, unclear sequencing results). Thus, a coverage
of 93.8% is predicted for a total of 2762 screened individual
colonies.45 The 2762 colonies were tested and the 88 most
active clones were sequenced (see the SI for details). The 88
clones were retested to exclude false positives. Out of these 88
clones, the 10 best mutants (SavSD K121D, K121E, K121G,
K121N, S112M-K121R, S112M-K121T, S112T-K121A,
S112T-K121G, S112T-K121N, and S112T-K121T) were
selected for protein expression in the cytoplasm, purification,
and in vitro characterization.
Since almost all double mutants were more active than wt-

SavSD, we also tested the corresponding single mutants (i.e.,
SavPP S112M, S112T, K121A, K121G, K121N, K121R, and
K121T) to identify potential synergetic effects. In addition,
streptavidin wild-type (wt-SavPP), SavPP mutant S112M-K121A
(i.e., the best mutant identified in previous work25), as well as
the cofactor 1 alone, were included in the in vitro catalysis
validation (Figure 5). Comparison of the in vivo and in vitro
ADAse activities revealed striking differences, Figure 5.
Although variable expression levels may account for marked
differences in vivo enzymatic activities (Figure S6),25 past
experience with Sav expression levels28 led us to investigate an
alternative hypothesis. Indeed, we surmised that fusing each
Sav monomer (16.7 kDa) with a hydrophobic Lpp-OmpA
insert (15.3 kDa) may affect the quaternary structure of
surface-displayed Sav. Since two monomers of Sav make up the
biotin-binding vestibule (Figure 4), the oligomeric nature of
Sav may strongly affect which close-lying mutation of surface-

Figure 5. Directed evolution of artificial allylic deallylases for the uncaging of protected aniline 3. In vitro catalysis (blue bars): Substrate 3 (500
μM), cofactor 1 (1 μM), purified Sav isoform (2 μM biotin-binding sites), phosphate-buffered saline (PBS) buffer (1×, pH 7.4), 30 °C, 18 h, and
300 rpm shaking. Total turnover number (TON) determined by high-performance liquid chromatography (HPLC; Figures S3 and S4). Error bars
= standard deviation from triplicate measurements. In vivo catalysis (green bars): 500 μM substrate 3, incubation of cells with 2 μM ruthenium
cofactor 1, 30 °C, and 16 h. Preparation of catalysis cells (see the SI). GFP fluorescence determined with a plate reader at: λex = 475 nm; λem = 509
nm. Displayed values are normalized for the optical cell density (OD600).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c02405
ACS Catal. 2021, 11, 10705−10712

10708

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02405/suppl_file/cs1c02405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02405/suppl_file/cs1c02405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02405/suppl_file/cs1c02405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02405/suppl_file/cs1c02405_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02405?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02405?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02405?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02405/suppl_file/cs1c02405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02405/suppl_file/cs1c02405_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02405?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c02405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


displayed Sav (quaternary structure unknown) is indeed
present in purified, tetrameric SavPP samples.26,46,47

To assess the quaternary structure of surface-displayed Lpp-
OmpA-Sav, we set out to: (i) treat E. coli cells with a
crosslinking agent, (ii) lyse the cells, and (iii) analyze the
protein content by sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot to identify the
Sav-containing bands. Although surface display is a widely used
strategy in protein expression and optimization, the quaternary
structure of oligomeric, surface-displayed, proteins should to
be addressed on a case-to-case basis.44,48,49

To minimize the adventitious assembly of homotetrameric
Sav following cell lysis and workup, the cells were treated with
bis(sulfosuccinimidyl) suberate (BS3), a protein crosslinking
agent,50 to fix the oligomeric state of SavSD prior to cell lysis
(Figure 6). Similar studies have highlighted the crosslinking of
E. coli outer membrane proteins using cleavable crosslinkers to
yield oligomeric proteins.51−53 Exploratory crosslinking experi-
ments highlighted the superiority of the anionic BS3 vs the
commonly used glutaraldehyde.50,51 The SavSDas well as the
empty vector as negative controlwere expressed in E. coli at
25 °C for 24 h in shaking flasks. The cells were harvested and
the pellets were washed with PBS and resuspended in PBS
before crosslinking with BS3 (8 mM, 30 min, 25 °C) (see the
SI for details). The crosslinking was quenched by addition of 1
M tris-buffer, the cell suspension centrifuged, the supernatant
discarded, and the cell pellet was resuspended in lysis buffer,
which is supposed to release the Sav from the cellular
environment and render it in the supernatant. The suspension
was centrifuged and the supernatant was set aside for analysis.
One part of the supernatant was loaded onto the gel (Figure 7,
lane 6/9) and one part was denatured (SDS sample buffer, 95
°C, 30 min), Figure 7, lane 7/10. The remaining cell pellet was
resuspended in 8 M urea to ensure the recovery of any
additional protein that might have been retained in the cell
debris from lysis, centrifuged, and the supernatant was
subjected to analysis, Figure 7, lane 8/11. For comparison,
wt-SavPP was subjected to crosslinking with BS3. The resulting
protein samples were analyzed by SDS-PAGE, Figure 7. To
validate the BS3 crosslinking strategy, control experiments
using wt-SavPP were carried out. From this treatment, the
following observations can be made: (i) The SavPP samples
that were first denatured and then crosslinked mainly appear as
monomers and partly as dimers, Figure 7, lane 5. (ii) In
contrast, the denatured SavPP sample that was not crosslinked
mainly migrates as monomer, dimer, as well as tetramer and
higher oligomers on the SDS-PAGE, Figure 7, lane 2. This
highlights the exceptional stability of Sav in the presence of
chaotropic agents. (iii) The SavPP samples that were cross-
linked before the denaturation step retain their tetrameric
structure, Figure 7, lane 4. We thus conclude that BS3

crosslinking strategy permanently fixes the oligomeric state of
Sav. Importantly, the fixed oligomeric state is not affected by
subsequent denaturation.
Next, we analyzed the surface-displayed constructs, follow-

ing the above strategy. For SavSD, the electrophoresis results
performed on a crosslinked SavSD sample strongly suggest that
SavSD is displayed mostly as a monomer on the E. coli’s surface.
Form the data displayed in Figure 7, the following observations
can be made: (i) the samples denatured prior to crosslinking
display a prominent band at about 32 kDa (Figure 7, lanes 10
and 11). This band corresponds to the molecular weight of
monomeric SavSD (Lpp-OmpA-Sav 31.925 kDa). (ii) The

nondenatured SavSD sample (Figure 7, lane 9) displays faint
bands at higher molecular weights. These bands arise as a
result of the remarkable stability of homotetrameric Sav.
Indeed, despite the chaotropic nature of SDS-page, non-
crosslinked Sav tends to oligomerize (tetramer and higher
oligomers) under these conditions. This behavior was also
observed for SavPP, Figure 7, lanes 1−5.54
Based on these qualitative observations, we hypothesize that

the Lpp-OmpA-Sav is not displayed as a homotetramer on the
outer membrane of E. coli.
Inspection of the X-ray crystal structure of [CpRu(QA−

Biot)(OH2)] (1) · Sav S112M-K121A (PDB 6FH825)

Figure 6. Schematic representation of SavSD using the Lpp-OmpA
display system and the crosslinking approach. (a) Crosslinking with
bis(sulfosuccinimidyl) suberate (BS3), which mainly targets lysines,
fixes the oligomeric state of the surface-displayed SavSD. Subsequent
lysis of the cell membrane releases the crosslinked constructs into the
solution that are analyzed by SDS-PAGE and western blot (see Figure
7). Depending on the surface-displayed quaternary structure of SavSD,
three different sizes(a) 32 kDa, (b) 64 kDa, and (c) 128 kDacan
be expected for the monomer, dimer, and tetramer, respectively.
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highlights the position of the Ru-moiety at the interface
between two Sav monomers, Figure 4a. By (virtually)
removing the adjacent monomer Sav (b), the cofactor becomes
significantly less shielded by Sav. Importantly, the close contact
with the residue at position 121 (b) is no longer present,
Figure 4b. As a consequence, the randomization of residue
K121X affects the performance of the deallylase differently in
monomeric Savas only K121X of monomer (a) affects
catalytic performancevs tetrameric Savwhereby both
K121X (a) and K121X (b) lie in the proximity of the Ru
cofactor, Figure 4. As it is challenging to predict which of the
two K121X residues affect catalytic performance most, the in
vitro validation with homotetrameric Sav differs on a case to
case when compared to the surface-display screen, whereby Sav
is displayed (mostly) as a monomeric protein.
In summary, care are should be applied when optimizing the

performance of surface-displayed oligomeric (artificial) en-
zymes, especially if their active site lies at the interface between
monomers, as is the case for streptavidin, Figure 4.

■ CONCLUSIONS

An E. coli surface-displayed artificial allylic deallylase has been
engineered to turn on a gene switch leading to the
upregulation of GFP. The ADAse activity was genetically
optimized by simultaneous site-saturation mutagenesis of
positions S112 and K121. The most active surface-displayed
ADAase (SavSD- S112T-K121G) revealed a 1.7-fold improve-

ment compared to the wild-type Sav ADAse. However,
validation of surface-displayed ADAse with purified Sav
samples revealed marked differences between SavSD and
SavPP data. Using SavPP, the best variant was SavPP S112M-
K121A with a 5.9-fold increase (and TON = 372) in catalytic
activity compared to the ADAse based on wild type. The
differences in activity between surface-displayed ArMs and
purified samplesreflected by GFP fluorescence and 3-
hydroxyaniline 2 detected by HPLCmay be the result of
multiple parameters: (i) SavSD expression levels, the presence
of side products, including the formation of N-allylated 3-
hydroxyaniline6 and (ii) oligomeric nature of SavSD. Exper-
imental evidence presented herein strongly supports the latter
hypothesis. In conclusion, we favor the periplasmic screening
of oligomeric ArMs over the surface display strategy as the
periplamsic screen leads to more comparable results to those
obtained with purified proteins.28
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Figure 7. Western blot analysis of the quaternary structure of SavSD. Crosslinking of SavSD, followed by SDS-PAGE (14% polyacrylamide gel) and
western blot (anti-Sav rabbit polyclonal antibody used at a 1:200 dilution). Lanes 1 and 2 were not crosslinked. For lanes 3−11, except for lane 5,
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buffer, 95 °C, and 30 min. (1) SavPP, (2) denatured SavPP, (3) crosslinked SavPP, (4) crosslinked and then denatured SavPP, (5) denatured and then
crosslinked SavPP, (6) empty vector, supernatant, (7) empty vector, denatured supernatant, (8) empty vector, denatured cell pellet (9) SavSD,
supernatant, (10) SavSD, denatured supernatant, and (11) SavSD, denatured cell pellet.
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Mascareñas, J. L. Concurrent and Orthogonal Gold(I) and
Ruthenium(II) Catalysis inside Living Cells. Nat. Commun. 2018, 9,
No. 1913.
(36) Dydio, P.; Key, H. M.; Nazarenko, A.; Rha, J. Y.-E.;
Seyedkazemi, V.; Clark, D. S.; Hartwig, J. F. An Artificial
Metalloenzyme with the Kinetics of Native Enzymes. Science 2016,
354, 102−106.
(37) Rubini, R.; Mayer, C. Addicting Escherichia Coli to New-to-
Nature Reactions. ACS Chem. Biol. 2020, 15, 3093−3098.
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