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Petra S. Dittrich,* and Thomas R. Ward*

Abstract: The potential for ultrahigh-throughput com-
partmentalization renders droplet microfluidics an at-
tractive tool for the directed evolution of enzymes.
Importantly, it ensures maintenance of the phenotype-
genotype linkage, enabling reliable identification of
improved mutants. Herein, we report an approach for
ultrahigh-throughput screening of an artificial metal-
loenzyme in double emulsion droplets (DEs) using
commercially available fluorescence-activated cell sort-
ers (FACS). This protocol was validated by screening a
400 double-mutant streptavidin library for ruthenium-
catalyzed deallylation of an alloc-protected aminocou-
marin. The most active variants, identified by next-
generation sequencing, were in good agreement with
hits obtained using a 96-well plate procedure. These
findings pave the way for the systematic implementation
of FACS for the directed evolution of (artificial)
enzymes and will significantly expand the accessibility of
ultrahigh-throughput DE screening protocols. )

Introduction

Progress in protein engineering, DNA sequencing, and
bioinformatics has enabled the engineering of enzymes to a
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specific need. While enzyme properties have evolved over
thousands of generations by natural selection, directed
evolution offers tools to accelerate and streamline this
process by screening enzyme libraries and selecting the most
promising candidates for a given function. Early directed
evolution campaigns have yielded enzymes with increased
solvent tolerance or significantly enhanced catalytic
activity®® and selectivity.®? Despite these achievements, the
full potential of directed evolution has not yet been realized
due to the requirement that the genotype-phenotype linkage
be preserved during the entire screening process. Accord-
ingly, most directed evolution campaigns rely on screening
libraries in microtiter plates (MTPs). Such screening cam-
paigns are time- and resource-intensive and scale exponen-
tially with the number of amino acid positions screened
simultaneously.”” These aspects impose severe limitations
on the library size, thus limiting scientists either to the
screening of single positions iteratively or only a limited
portion of the possible variant landscape.

Within the realm of evolvable enzymes, artificial metal-
loenzymes (ArMs) have recently attracted increasing atten-
tion. Consisting of an abiotic metal cofactor anchored within
an evolvable protein scaffold, these hybrid catalysts can
exhibit unique new-to-nature reactivities.” In this context,
ArMs based on the biotin-streptavidin (biot-Sav) technology
have been genetically engineered to catalyze numerous
reactions including metathesis’” as well as transfer hydro-
genation, hydroamination, and hydroxylation.'”! Other ver-
satile ArM-scaffolds include carbonic anhydrase,'!!
hemoproteins,>™  prolyl oligopeptidase,™  four-helix
bundles,' the lactococcal multiresistance regulator,'” or
even de novo designed metallopeptides."™ Building on the
pioneering work of Meggers and co-workers,!"”?' streptavi-
din-based ArMs that catalyze the deallylation of allyl-
carbamate-protected coumarin were previously screened in
96-well plates.”*! An artificial deallylase (ADAse) con-
tained in the periplasm of E. coli cells was optimized by
simultaneously randomizing two amino acid residues, to
afford a 20-fold improvement in activity in a single round.™!
These results highlighted that (i) ArMs can be evolved to
catalyze new-to-nature and bioorthogonal reactions, (ii) the
periplasm of an E. coli offers a hospitable environment to
compartmentalize ArMs while maintaining the phenotype-
genotype linkage and (iii) in contrast to iterative saturation
mutagenesis, the systematic screening of multiple positions
simultaneously enables the identification of potential syner-
gistic mutations. However, the lack of high-throughput
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screening tools typically restricts these studies to the MTP
screening of libraries containing less than 500 mutants.
Advances in microfluidics, and particularly in droplet-
based microfluidics, over the past 20 years have led to the
development of tools enabling high-throughput screening of
large libraries of enzymes.?*?! Such tools are based on the
encapsulation of single genetic variants (single cells or DNA
molecules) in aqueous compartments (droplets) together
with the reaction components. Monodisperse droplets can
be produced on-chip at throughputs of several thousand
hertz, resulting in the encapsulation of large libraries within
seconds to minutes. Each droplet, isolated from its
surroundings by oil, provides a means of maintaining the
phenotype-genotype linkage. Additionally, the use of fluoro-
genic reactions has enabled further advances in high-
throughput sorting—such as on-chip fluorescence-activated
droplet sorting—and has led to the optimization of various
enzymes.”" However, even though recent publications
have reported on high-throughput droplet sorting,”* the
droplet sorting speed of most microfluidic platforms is
typically significantly lower (~a few Hz)PY than the
achievable production rate (~several kHz),"” and decreases
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even further if the sample is sorted into more than two
distinct populations. Moreover, on-chip sorting of single
emulsion water-in-oil droplets requires custom-engineered
chips and software, thus limiting the use of microfluidic
screening to highly specialized teams.

The challenges associated with screening of single
emulsion droplets may be addressed through the use of
double emulsion (water-in-oil-in-water) droplets (DEs),
which, as a result of their aqueous exterior, are compatible
with commercially available ultra-fast flow cytometers and
FACS available at many academic facilities.* The
production of DEs for directed evolution has typically
involved the use of batch methods, which lead to polydis-
perse droplets with multiple inner aqueous phase
compartments.”** Recent developments, however, have
led to the high-throughput on-chip generation of water-in-
oil-in-water droplets, analogous to single emulsion droplets,
and their use in the directed evolution of natural
enzymes.P”*? The use of DEs enables compartmentalization
of single genetic variants (i.e., genotype) with the corre-
sponding reaction products (i.e., phenotype), and high-
throughput sorting of the DEs into several populations can

biotin anchor ligand Ru-core

Figure 1. Model system used for the directed evolution of artificial metalloenzymes using a microfluidics-based screening assay. a) mNectarine is
encoded on a pUA66 vector and is constitutively expressed and compartmentalized in the cytoplasm, enabling the fluorescence detection of DE
droplets containing an E. coli cell. b) Sav is encoded on a pET30b vector and induction with IPTG leads to the overexpression and secretion of Sav
into the periplasm of E. coli, where it forms a homotetrameric protein. c) The biotinylated ruthenium cofactor 1 passively diffuses through the
outer-membrane into the periplasm and d) is anchored in the binding pocket of Sav, affording the artificial deallylase (ADAse). e) Uncaging of the
allyl-carbamate protected substrate 2 yields the fluorescent aminocoumarin 3, which can be detected and sorted by FACS.
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Figure 2. Assay workflow for the screening of ArMs in double emulsion
droplets. a) A library of E. coli harboring Sav in their periplasm and
mNectarine is produced and incubated with cofactor 1 in phosphate-
buffered saline. b) The E. coli library and the substrate 2 are fed onto a
microfluidic chip in two separate solutions and encapsulated together
in double emulsion droplets (DEs). c) After incubation at 37 °C off-chip,
d) the DEs are subjected to FACS, which enables a dual-channel sorting
to enrich a population of droplets containing an E. coli cell (as
highlighted by the FI of mNectarine, 1,,=560 nm, 4, =580 nm) and
displaying high catalytic activity (as revealed by the FI of amino-
coumarin 3, A, =405 nm, A.,, =460 nm). e) Plasmid extraction of the
sorted droplets yields plasmid DNA, which is amplified by PCR to
enable f) NGS analysis of the sorted library. Hits can be transformed
back into E. coli to reiterate the cycle.

be achieved using FACS. Importantly, the sorting through-
put is comparable to the droplet production rate (kHz), thus
enabling streamlining and automatization of the entire
process. Furthermore, the use of widely available FACS
instrumentation renders droplet sorting more accessible to a
broader scientific community. Accordingly, this strategy is
an attractive tool for high-throughput directed evolution of
enzymes. Here, we describe an ultrahigh-throughput assay
based on DE microfluidics for the in vivo directed evolution
of an artificial deallylase (ADAse) based on biot-Sav
technology (Figure 1). The method is validated initially by
carrying out a model enrichment and further validated by
screening a 400 double-mutant library.” The rapid screen-
ing enabled by this protocol has the potential to transform
directed evolution of enzymes. Indeed, while one researcher
screening sixteen 96-well plates per week would require
approximately six years to screen 500000 variants, the DE
method shortens this workflow to a single week, more than
a 300-fold reduction in turnaround time.

Angew. Chem. Int. Ed. 2022, 61, €202207328 (3 of 8)
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Results and Discussion

The catalytic system used in this work is a previously
described ArM™ based on Sav compartmentalized in the
periplasm of E. coli and the biotinylated ruthenium cofactor
1 (Figure 1)."! The E. coli are equipped with two different
plasmids. The first is a pUA66 vector encoding mNectarine
with chloramphenicol (cam) resistance (Figure 1a). The red-
fluorescent protein mNectarine is therefore expressed con-
stitutively. The second plasmid is a pET30b vector encoding
a T7-tagged Sav fused to the signal peptide of the outer
membrane protein A (OmpA) with kanamycin (kan)
resistance. Upon addition of isopropyl p-D-1-thiogalactopyr-
anoside (IPTG), Sav expression is induced in the cytoplasm,
and the protein is subsequently secreted to the periplasm,
where it forms the homotetrameric protein consisting of
four B-barrels that can bind up to four equivalents of
biotin!'? (Figure 1b). Following expression, the cofactor 1 is
added and the ADAse self-assembles in the periplasm as a
result of the high affinity of Sav for biotin (Figure lc, d).
The allylcarbamate-protected aminocoumarin 2 is depro-
tected by the catalyst to afford the fluorescent amino-
coumarin 3, which can be used to evaluate the catalytic
activity of the encapsulated ADAse (Figure 1e).

For the ultrahigh-throughput screening of the ADAse,
we utilized the approach presented in Figure 2. In brief,
mNectarine-labeled E. coli cells expressing Sav were
incubated with the ruthenium cofactor 1 and then encapsu-
lated with an allyl-carbamate protected aminocoumarin
substrate 2 (Figure 2b) in DEs on a microfluidic chip. The
resulting droplets were collected off-chip, incubated under
the desired reaction conditions, and then sorted using FACS
based on the fluorescence intensity (FI) of both mNectarine
and coumarin (Figure 2c, d). The presence of an mNectarine
signal enabled the sorting of DEs containing an E. coli cell,
while the coumarin fluorescence served as a readout for
catalytic activity. After sorting, the DEs were ruptured, the
plasmid was extracted, and the gene of interest was PCR-
amplified and analyzed by next generation sequencing
(NGS) (Figure 2e, f). Note, the hits identified in this way
may be subjected to another round of the assay to iteratively
evolve the enzyme of interest.

Characterization of the DE-Based Screening Assay

Monodisperse DEs with a diameter of about 15 um were
produced on polydimethylsiloxane (PDMS) chips at rates
>6000 Hz (Supporting Information Figurel and Fig-
ure 3a).®! With on-chip production, monodisperse droplets
(coefficient of variation typically ~3 %) are produced, i.e.
variations of the volume and any related errors due to
polydispersity can be neglected. Initially, DEs with a
diameter of 25 ym and a volume of ~8.2 pL were tested.
After optimization of the chip design, the final diameter and
volume were reduced to 15 um and =~ 1.8 pL respectively.
This droplet volume is ideal as it allows for quick accumu-
lation of the product and fits perfectly in the FACS
workflow. Moreover, since only one E. coli is encapsulated
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Figure 3. DE formation and reaction monitoring by FACS. a) Micrograph of DE formation. Monodisperse DEs co-encapsulating E. coli cells,
cofactor 1 and substrate 2 are produced using a PDMS-based microfluidic device. IA=inner aqueous phase, OA=outer aqueous phase, oil =oil
phase, scale bar: 50 pm. b) Left: Flow cytometer light scatter gate of a DE sample displaying 10000 events randomly sampled, revealing the size
and shape distribution of the sample. In this case ~91% of the sampled DEs are monodisperse. Middle: Flow cytometer light scatter gates of
homogeneous DEs from the selected DE subpopulation. This plot was used to distinguish DEs with single aqueous cores from DEs with multiple
aqueous cores. Right: mNectarine Fl of the selected DE subpopulation enabling the sorting of DEs containing an E. coli cell and empty DEs.

c) Coumarin Fl distribution of four different DE samples, encapsulating respectively 500 pM substrate 2 or different product 3 concentrations (5,
50 and 500 pM), analyzed 1 h (top) and 24 h (bottom) after encapsulation. d) Coumarin Fl distribution of DEs encapsulating 500 yM substrate 2
and E. coli featuring wt-Sav, analyzed 30 min and 18 h after encapsulation, highlighting that substrate 2 is inert in the absence of the cofactor 1.
e) Coumarin Fl distribution of DEs encapsulating substrate 2 (500 pM) and cells without plasmid for Sav expression (pre-incubated with 5 yM of

cofactor 1), obtained 30 min and 10 h after encapsulation.
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Figure 4. Control experiments with wt-Sav and Sav-MR. a) mNectarine-labeled E. coli expressing wt-Sav and Sav-MR (99:1 ratio) were pre-incubated
with cofactor 1 (5 pM) in PBS buffer, encapsulated in DEs with substrate 2 (500 M), and incubated at 37°C for 8 h with no shaking. b) The
coumarin Fl distribution of the resulting DEs and the top 5% gate selected for analysis by FACS. c) Enrichment of Sav-MR with respect to wt-Sav

in the top 5% of the population determined by NGS.

per droplet, the smaller volume of the droplet leads to a
higher concentration of the ArM. This feature is reflected in
an increased conversion and thus a more reliable signal to
noise ratio. To produce DEs containing the reaction
mixture, the following protocol was applied: a solution of E.
coli previously incubated with cofactor 1 in phosphate
buffered saline (PBS) was introduced into the chip via a first
inlet. Since the biotinylated cofactor consists of a CpRu-
precursor and a biotinylated ligand (Figure 1), both stock
solutions were prepared in dimethylformamide (DMF) to
ensure their dissolution and pre-incubated with E. coli
(expressing Sav in the periplasm) in PBS (+0.5% DMF)
(for details, see Supporting Information). The high affinity
of biotin for Sav (K4 107"* M) ensures that the biotinylated
hydrophobic cofactor remains compartmentalized in the
periplasm of the E. coli after binding to Sav and does not
diffuse out of the droplet. The solution of the substrate 2 in
PBS was added via a second inlet. The use of two inner
aqueous (IA) phase inlets shields the E. coli and ADAse
from the substrate 2 until on-chip encapsulation. The PDMS
chip, the encapsulation conditions and the dilution of the
cell suspension were optimized to afford ~77% empty
droplets, ~20% droplets containing one cell, and the
remaining 2.6 % containing two or more cells per droplet.
Although there are reported methods to improve this ratio
further,*! the throughput of both droplet production and
FACS allowed us to conveniently work with this ratio.

E. coli can survive in DEs for at least 10 hours, as
previously shown by growth experiments and fluorogenic
assays.”™ However, the overexpression of Sav leads to
premature cell-death, as it depletes the cell from biotin.!*!
However, as the phenotype-genotype linkage is maintained

Angew. Chem. Int. Ed. 2022, 61, €202207328 (5 of 8)

within each droplet, cell survival is not required to enable
deconvolution of the best Sav mutants by NGS.

After collection and incubation of the DEs off-chip, the
fluorescence in the inner aqueous phase was quantified by
FACS. The DEs were first gated based on forward- and
side-scatter profiles to separate them from oil droplets and
from non-homogeneous DEs, e.g., those containing two
inner aqueous phase droplets (Figure 3b). Empty DEs could
be further sorted based on the absence of a fluorescent
signal from mNectarine. To quantify the coumarin 3 FI and
stability, different DE populations were prepared with
substrate 2 (500 uM) and 3 in three different concentrations
(5, 50 and 500 uM). Flow cytometry analysis of these
populations one and 24 h after encapsulation confirmed the
stability of both the substrate and product, with minimal
leakage in the course of 24 h (Figure 3c). The presence of a
sulfonate group on both substrate 2 and product 3 minimizes
their diffusion into the hydrophobic oil-phase. Furthermore,
these results demonstrate that the three product concen-
trations can be clearly distinguished from the background
fluorescence of substrate 2. We also investigated whether
the presence of E. coli cells affects the stability of substrate
2 or the catalytic activity of the ADAse. In particular, we
co-encapsulated (i) E. coli cells harboring wildtype strepta-
vidin (wt-Sav) in their periplasm with substrate 2 (500 uM)
and (ii) E. coli cells lacking the plasmid for Sav expression
(previously incubated with 5 uM of 1) together with the
substrate 2 (500 uM). In both cases, DEs containing cells
were compared with DEs without cells after 0 h and 10 h of
incubation. In the case of (i), the fluorescence determined
for DEs with and without cells was within the same range
and remained constant over time (Figure 3d). For scenario
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(i), both DE populations again displayed very similar
fluorescence intensity initially and similar increases in
fluorescence over time as more substrate 2 was converted
into product 3 (Figure 3e).

Next, the screening method was validated by conducting
an enrichment experiment wherein mNectarine-labeled E.
coli expressing wt-Sav or a known variant Sav-MR were
combined in a 99:1 ratio, incubated with cofactor 1, and
then encapsulated in DEs along with the substrate 2 as
described earlier (Figure 4a). The variant Sav-MR bears two
mutations at S112M and K121R, which leads to improved
ADAse activity.™ After incubation, the DE sample was
sorted by FACS and the population of droplets with highest
coumarin FI was collected (Figure 4b). After plasmid
extraction, NGS was carried out to determine the enrich-

Angew. Chem. Int. Ed. 2022, 61, €202207328 (6 of 8)

ment of Sav-MR in the top 5% gate. The enrichment factor
was determined by applying the following formula: (Sav-
MRIOpS %/Wt—Sanps %)/(Sav—MRunsortcd)/Wt_SaVunsortcd)' Se-
quence analysis revealed a 68-fold enrichment of Sav-MR
relative to the unsorted DEs sample, thereby validating the
reliability of the assay (Figure 4c).

Validation of the Assay by Screening a 400-Variant Library

The method was next applied to the screening of a 400-
variant library of Sav double mutants bearing mutations at
positions S112 and K121. This library was previously
screened using an automated 96-well plate assay, which
revealed six variants with activities > 12-fold higher than wt-
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Sav for the deallylation of 2, namely Sav-FQ, -FR, -MR,
-MW, -MI and -AW (Figure 5b, Supporting Information
Tables 1 and 2).”*! After preparation of the DE sample and
incubation, the top 5 % of the DEs with highest coumarin FI
were sorted by FACS (Figure 5b). Plasmids were extracted
from the sorted and unsorted populations and analyzed by
NGS to determine the enrichment factor of the 5% gate.
Notably, of the six variants previously identified using the
automated 96-well plate assay, five (excluding Sav-AW)
were identified by NGS as having the highest enrichment in
the top 5% gate (Figure 5c and Supporting Information
Figure 2). Additional variants including Sav-LQ and Sav-
MY were also enriched in the top 5% gate relative to the
unsorted sample. We confirmed the reproducibility of these
results by repeating the screening using a biological repli-
cate. A comparison of the 20 most enriched variants
determined from both data sets revealed an overlap of 75 %
and a good correlation for the enrichment of all mutants
(Supporting Information Figure 3, R?=0.88). These results
highlight the versatility of the DE screening approach and
its potential for the time-efficient screening of libraries with
minimal reagent consumption. Indeed, the whole screening
process—from the transformation of the 400-variant library
into E. coli cells to the NGS data analysis—was achieved
within one week, and required only 12.5 pmol of cofactor/
variant analyzed. In contrast, traditional 96-well plate
screening of a library of this size requires 2 nmol of cofactor/
variant, which is more than a 100-fold increase in reagent
consumption.

Conclusion

Using droplet microfluidics for the high-throughput encap-
sulation of live E. coli and readily available FACS
instrumentation, we have developed a straightforward
method for the rapid screening of ArMs, using a deallylase
based on the biotin-streptavidin technology as a model
system. We demonstrated the potential of this approach by
performing an enrichment experiment with a model library
of variants, housed in the periplasm of E. coli, and achieving
more than 68-fold enrichment of the most active variant. We
further screened a library of 400 variants using the same
periplasmic approach and identified five out of the six hits
previously identified using a MTP screening protocol.l””!
Significantly, this method requires far less time and fewer
reagents than standard methods, and the screening of much
larger libraries (>500000 variants) would not require
considerably more time for the encapsulation, incubation
and sorting (steps 2—4 in Figure 1b).

In summary, we have demonstrated that a single round
of screening enables us to enrich moderately improved
variants (i.e., ~15-fold improved activity vs WT ADAse/")
from a medium-sized library of ArMs, compartmentalized in
the periplasm of E. coli. This proof-of-concept lays the
groundwork for future microfluidics-based directed evolu-
tion campaigns of (artificial) enzymes that afford a fluores-
cent (by-)product. We anticipate that the microfluidic plat-
form presented herein will render ultra-high throughput
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screening of enzymatic activity accessible to virtually any
research laboratory with a minimal capital investment (<
30 k$) and limited microfluidic expertise.
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