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ABSTRACT: Directed evolution is an enzyme engineering approach based on the generation and screening of large muta-
genesis libraries, with a view to discovering enzymes with improved properties such as activity, specificity or stability.
Recently, droplet-based microfluidics has emerged as a powerful technology enabling ultra-high throughput screening of
enzyme libraries and the effective identification and isolation of novel, improved enzyme variants, outperforming conven-
tional enzyme screening platforms by several orders of magnitude in terms of speed and chemical consumption. When
using droplet-based platforms fluorescence remains the predominant choice for detection of enzymatic activity due to its
high sensitivity and low limits of detection. However, this approach often requires the use of labeled, non-natural sub-
strates, which are typically not commercially available. In addition, fluorescence detection is only suitable for a few enzyme
classes such as hydrolases or oxidases, whose reactions can often lead to a fluorescent signal. Herein, we describe an assay
that enables fluorescence detection of enzymatic activity through a reaction cascade for the industrially important enzyme
subclass of dehydrogenases. By applying a hydrogen peroxide-forming NADH oxidase coupled with peroxidase-catalyzed
fluorescence generation, quantification of NADH and dehydrogenase activity becomes possible. We explored the utility of
this assay in the evolution of a low performing alcohol dehydrogenase from Sphingomonas species A1 (SpsADH). A fluores-
cence-activated droplet sorting (FADS) platform was utilized for the screening of a 50,000 variant SpsADH library towards
the non-native substrate L-guluronate, a primary component of macroalgae, with the potential to serve as raw material for
the bio-based production of chemicals. Significantly, we found an enzyme variant with a 2.6-fold improvement in catalytic
efficiency kcat/Km towards the non-native substrate, with only a single round of mutagenesis. The screening of SpsADH

libraries confirms the ability of the developed method to enrich active enzyme variants.
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Biocatalysis is an important aspect in the development of
new sustainable chemical processes. It utilizes single en-
zymes, enzyme cascades and entire metabolic networks
within cells.1-3 A key challenge in the development of a bi-
ocatalytic process is the identification of suitable enzymes.
As naturally occurring enzymes are often suboptimal for
technical use, enzyme engineering is invaluable in enhanc-
ing their properties and tailoring them to the require-
ments of a specific biotechnological application.#7 En-
zyme engineering approaches, such as in silico supported
rational design have succeeded in improving protein sta-
bility and binding affinity of substrates. To this end,
Google’s Alpha Fold holds much promise for substantially
accelerating enzyme engineering through its ability to
generate structural data at high speed.8-12 In addition,
other computational predictive algorithms based on ma-
chine learning have shown to efficiently generate genetic
diversity in directed evolution campaigns.!314 However,
adoption of these approaches cannot lead to candidates
with high turnover numbers ke, since this requires

complex simulations, not only of the transition state of the
catalyzed reaction, but also of the dynamics of the active
site and the entire enzyme. To overcome this limitation,
directed evolution (DE) is still the method of choice to cre-
ate enzymes with desired properties. In directed evolu-
tion, thousands to millions of variants of a single protein
are created, with those showing improved traits being se-
lected for further study.'> The larger the number of vari-
ants generated, the larger the proportion of the sequence
space that is sampled and the higher the probability of ob-
taining an enzyme variant with sufficiently improved
properties.

Unfortunately, traditional screening platforms that moni-
tor mutant activity on agar or in microwell plates are la-
borious and low throughput (between 10* and 105 screens
per day at best).1¢ In the past few years, droplet-based mi-
crofluidic technologies have emerged as a powerful tool
for high-throughput enzyme engineering and other appli-
cations.1718 Such approaches are exceptionally well suited
for performing large numbers of discrete experiments on



small sample volumes. The adoption of a segmented flow
regime allows the compartmentalization of an analyte
within pL-volume droplets that reside within a continuous
and immiscible carrier fluid. In addition, such platforms
enable the processing of monodisperse droplets at kilo-
hertz rates and provide for precise control over each drop-
let in terms of its size and chemical payload. Specifically,
substrate and bacteria containing protein(s) of interest
and their coding gene(s) are co-compartmentalized
within a droplet, allowing genotype and phenotype to be-
come linked in a simple manner. Custom-built droplet-
based microfluidic sorting devices based on fluorescence
signals have been applied successfully for screening large
enzyme variant libraries.1?-21 One of the early attempts to
implement this technology in screening large populations
of enzyme was in the directed evolution of horseradish pe-
roxidase (HRP). The HRP gene encoded on a plasmid as a
fusion to Aga2 gene allowed its surface display on yeast
cells. For screening peroxidase activity, the conversion of
the substrate (Amplex UltraRed) using H20, to a fluores-
cent product (resorufin) was observed.2? Specifically, pL-
volume droplets containing single yeast cells were formed
and dielectrophoretically sorted at kilohertz frequencies
to yield a population of droplets containing the most ac-
tive enzymes. The sorting strategy referred to as “Fluores-
cence Activated Droplet Sorting” (FADS) involves as-
sessing enzymatic efficiency through measurement of the
time-integrated fluorescence signal originating from indi-
vidual droplets.

To date, FADS has been utilized for the directed evolution
of enzymes of the enzyme commission (EC) class of hydro-
lases?123-25 and the EC subclass of oxidases.20:2226 The lat-
ter form hydrogen peroxide that generates a fluorescence
signal via oxidation of a precursor (as described in the ex-
ample above).22 For the former, several fluorogenic surro-
gate substrates have been synthesized?’-3% and applied in
metagenomic mining of promiscuous hydrolases, or been
used for the validation of DE methods in FADS plat-
forms.213132 However, since surrogate substrates usually
differ from those of the actual target reaction in DE, the
aforementioned FADS approaches are limited to a “proof
of concept” studies, going as far as “making important
what’s measurable” instead of “making measurable what’s
important.”

As an alternative to FADS, an absorbance-activated drop-
let sorting (AADS) platform was recently reported and ap-
plied to a subclass of dehydrogenases.3* Enzymes of this
subclass have found wide application in the synthesis of
chiral alcohols or amines and in the utilization of biogenic
resources.3>36 About 90 % of industrially applied dehydro-
genases use NADH or NADPH as a cofactor, whose absorb-
ance can be monitored at 340 nm.37 Accordingly, NAD(P)H
has long been utilized as a detection probe for a multitude
of enzymatic reactions as well as analytes. By simply cou-
pling several highly specific enzyme reactions to the for-
mation or conversion of NAD(P)H, the concentration of an
analyte or the activity of the enzyme of interest can be
monitored. The universality of this approach led to the de-
velopment of the “Boehringer Mannheim Methods of Anal-
ysis”, that became the key component of numerous com-
mercial kits for analyzing several organic and inorganic
compounds (Figure 1A).3839 Accordingly, the detection of
NAD(P)H formation or its conversion has been widely

used in enzyme engineering, not only for oxidoreductases
but also, in coupled assays for other enzymes classes.*0-43
Whilst the extinction coefficient of NADH (6220 M1 cm?)
provides a good basis for absorbance detection in cuvette
and microplate spectrophotometers, its detection in mi-
crofluidic systems is hindered by the short optical path-
lengths associated with pL-volume droplets.** By oxidiz-
ing NADH with water-soluble tetrazolium salts (WST-1)
using an electron mediator, brightly colored formazans
are formed with high extinction coefficients in the visible
light spectrum (Figure 1B, left).*5> To overcome limita-
tions in absorbance sensitivity, Gielen et al. implemented
such an approach in their AADS platform, allowing the
screening of improved phenylalanine dehydrogenase var-
iants at a rate of 300 droplets per second.3* Given that the
concentration limit of detection of WST-1 in AADS is 10
uM34 and assuming an incubation time of one hour, AADS
is best suited for dehydrogenases with specific activities
of about 10 U mg?! and above (for details, see Section
§2).46 Therefore, for screening low-performing enzymes
highly sensitive fluorescence-based assays are re-
quired.*7-49

Recently we identified a promiscuous enzyme that is ca-
pable of oxidizing L-guluronic acids to glucaric acid
(Scheme 1) in Sphingomonas species A1 (SpsADH). Its na-
tive reaction is the reduction of 4-deoxy-L-erythro-5-hex-
oseulose uronic acid to 2-keto-3-deoxy-D-gluconate.>? L-
guluronic acid is a major constituent of seaweeds,>! while
glucaric acid is among the U.S. Department of Energy’s top
12 biobased chemicals and an interconversion would be
desirable.>2 Several uronate dehydrogenases have been
previously reported for their potential to oxidize several
D-uronic acids such as b-mannuronic, D-glucuronic, and b-
galacturonic acid.5®* However, to our knowledge, no en-
zyme has been reported that sufficiently accepts L-gulu-
ronic acid as a substrate for oxidation to glucaric acid.
With a specific activity of about 15 mU mg-! against L-gulu-
ronic acid (Figure S1), utilization AADS for optimizing
SpsADH activity is not suitable. On the other hand, neither
the product nor the produced NADH of the catalyzed reac-
tion exhibit high fluorescence. Accordingly, we sought to
combine NAD(P)H formation with a fluorescence signal
that is bright enough to increase the sensitivity of FADS
measurements.

Scheme 1: Aldehyde dehydrogenase side activity of
SpsADH in the oxidation of L-guluronic acid to d-glucaric
acid
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Herein, we first describe a fluorescence-based assay for
measuring the activity of NADH-producing enzymes in pL-
volume droplets. It is based on the oxidation of Amplex Ul-
traRed by HRP using H202 produced by an NADH-oxidase
(Figure 1B). It can be applied for enzymes with specific
activities as low as 0.06 mU mL-1. We tested the applicabil-
ity of this assay for DE experiments utilizing FADS. More
specifically, a random mutagenesis library of the whole
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gene with 50,000 enzyme variants of SpsADH was ex-
pressed in Escherichia coli and single bacterial cells were
encapsulated in microfluidic droplets. After one round of
screening, an enzyme variant with a 2.6-fold improvement
in catalytic efficiency kcat/Km towards the non-native sub-
strate, L-guluronic acid, was identified compared to the
template enzyme. Since the detection and quantification of
NAD(P)H is the basis for many reactions and analytes
(Figure 1), we believe that the current detection assay
will significantly broaden the applicability of FADS in
screening large mutagenic libraries beyond hydrolases
and oxidoreductases.

RESULTS AND DISCUSSION
Characterization of a suitable NADH oxidase

For the generation of a fluorescent signal based on NADH
formation from the enzyme of interest, a subsequent cas-
cade reaction based on peroxidase-catalyzed oxidation of
Amplex UltraRed to Resorufin with H202 was used (Figure
1B right panel). A key element of such an assay is an NADH
oxidase (NOX) that produces hydrogen peroxide. Interest-
ingly, even though many NADH oxidases have been char-
acterized and used widely for the regeneration of the oxi-
dized cofactor in biotechnological processes, most of them
have an intrinsic catalase activity, which prohibits them
from producing H202.5 In addition, many commonly used
NADH oxidases typically do not operate at their favorable

pH when participating in coupled reactions, are thermally
unstable and require an excess of externally supplied di-
thiothreitol and redox active coenzymes like FAD to oper-
ate.55 These traits can render this class of enzymes unat-
tractive for enzymatic assays toward enzyme engineering.
Therefore, we first had to identify a suitable NADH oxidase
with high stability and without catalase activity. To do so,
we tested three previously published NADH oxidases from
Thermus thermophilus, Archaeoglobus fulgidus or Strepto-
coccus mutans.>¢-38 The NADH oxidase from T. thermophi-
lus HB8 (TtNOx) is an H202 producing oxidase with low en-
zymatic activity at room temperature but with high ther-
mostability up to 80°C58 while the NADH oxidase from the
hyperthermophilic sulfate-reducing anaerobe A. fulgidus
(AfNOX), when expressed in E. coli, leads to a thermostable
NADH oxidase with maximal catalytic activity at 80°C.57
Higuchi et al. have identified two distinct NADH oxidases
from S. mutans, with one of them being able to produce
H02 with a maximal activity at 45°C (SmNOX).56

Herein, we expressed all three genes for these NADH oxi-
dases using a C- or N-terminal 6x poly-histidine tag in E.
coli BL21(DE3) and analyzed the purified enzymes for
their suitability in enzymatic assays. Their H202 produc-
tion rate was measured and their activity was quantified
at room temperature by coupling formation to the oxida-
tion of ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) catalyzed by horseradish peroxidase.5® Surpris-
ingly, TtNOX and A/NOX did not show any H202 production
(data not shown), probably due to their thermophilic
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NH, + Al y
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Figure 1. A) Examples of detection reactions via NADH production from the Boehringer Mannheim Methods of Analysis.3839 Glc
stands for glucose, Glc-3-P for glucose-3-phosphate and Glc-6-P for glucose-6-phosphate. NADH production can be achieved by
either one step reactions directly, intertwined reactions when the reaction from malate to oxalacetate is on the side of the malate
and three step reactions. B) Systems for enhanced and more sensitive NADH detection. Left - WST-1 based absorption, right
- resorufin based fluorescence. The enzyme of interest reduces NAD+ to NADH while performing its main reaction. Subse-
quently, NADH oxidase regenerates NADH to NAD+ and produces hydrogen peroxide. HRP uses hydrogen peroxide to reduce

Amplex UltraRed and thereby produce a fluorescence signal.
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Figure 2. A microtiter plate optimization experiment as-
sessing assay performance at varying SpsADH concentra-
tions. The composition in the plate corresponds to a scaled
up, occupied droplet. The transparent shading and error
bars represent the standard deviation to the data measured
in triplicate. A) Assay performance at varying levels of puri-
fied enzyme. The enzyme was not added to the control. B)
The end-point fluorescence signal after 2 hours of incuba-
tion at lower enzymatic concentrations.

origin that leads to low activity at room temperature or to
a previously unknown catalase activity. Therefore, these
enzymes were not considered further. On the contrary,
SmNOX was able to produce Hz0: at different concentra-
tions of NADH (Figure S2A). Interestingly, immediate for-
mation of the oxidized form of the ABTS colorimetric dye
could only be observed at low NADH concentrations due
to the competing oxidation reaction of NADH by HRP (see
Section S3). In light of this inhibition phenomenon, and to
ensure the applicability of SMNOX, we determined its ki-
netic data (Km=12.79 + 2.78 pM, Vimax=0.35 + 0.015 U mg-
1) (Figure S3). The relatively low K value is beneficial
since the immediate conversion of NADH to NAD+ after its
formation is important for its regeneration as well as
avoiding the potentially competing oxidation of NADH by
HRP.

Construction and optimization of the assay for
monitoring enzymatic activity in droplets.

As described previously, the presented assay works by de-
tecting the hydrogen peroxide by-product of an oxidase
reaction (SmNOX oxidizes NADH to NAD+) using a cascade
reaction catalyzed by HRP (Figure 1B right panel). Since
in a typical droplet-based enzyme evolution experiment,
both cell lysis and the enzymatic assay take place in the
same environment, several additional components of the
cascade reaction are required (Table S1) and none must
interfere with the assay.¢ First, we determined the sensi-
tivity of the assay in bulk experiments that were designed
to imitate single droplets (for details, see Section S4). In
short, the number of cells contained in a 100 pL reaction

mix (lysis solution, assay components) is a scaled-up
equivalent to a pL-volume droplet that contains a maxi-
mum of one cell. The background signal of lysed cells, pre-
sent in droplet-based experiments, was imitated by add-
ing E. coli cells that carried an empty pET28a vector and
underwent the same expression protocol. Different activi-
ties of presumably expressed enzymatic variants were
simulated by adding varying concentrations of purified
SpsADH, keeping the assay composition as close as possi-
ble to a droplet-based microfluidic experiment.

Since the assay is performed in the presence of lysed cells,
NAD+ is not only reduced by the enzyme of interest, but
also by the native enzymes of the cell. This leads to a back-
ground signal that increases over time. Therefore, low ac-
tivity enzyme variants need to be sufficiently distinguish-
able from the background signal to avoid sorting false neg-
atives. Figure 2A shows that a stable linear increase of ar-
bitrary fluorescence units (AFU) at low enzyme activities
can be obtained. Therefore, a sufficiently long incubation
time improves the signal with respect to the background
fluorescence. At the same time, overoxidation of Amplex
UltraRed to the non-fluorescent resazurin can occur due
to a high initial or accumulated enzymatic activity over
time. This phenomenon depicted in Figure S4 demon-
strates that at an enzymatic activity of 116 mU mL-!, the
fluorescence signal increases rapidly within 5 minutes.
However, due to over-oxidation, it collapses and eventu-
ally saturates at AFU of about 3500. Meanwhile, at an en-
zymatic activity of 23.3 mU mL-1, the fluorescent signal ex-
hibits a saturation curve (without overoxidation), where
saturation is reached at about 5000 AFU. Because of this
overoxidation phenomenon, the proposed assay is best
suited for enzymatic activities that are below 20 mU mL-1.
In FADS-based experiments using 5 pL droplets and based
on estimations described in Section S2, this translates to
about 31 mU mg!. Figure 2B shows the end point fluores-
cence signal at lower enzymatic activities after 2 hours of
incubation time. The Z’-factor, an indicator of the applica-
bility of an assay for high throughput screening®?, is 0.822
(more details in Section S5), indicating that the assay is
suitable for activities as low as 0.06 mU mL-1. According to
the calculations presented in Section S2, this corresponds
to about 0.1 mU mg! for a 5 pL droplet. As a final valida-
tion of the functionality of the assay we replicated the
droplet screening process by lysing cells that expressed
two enzyme variants with different specific activities in
the assay mix instead of spiking with purified enzyme. De-
spite the low difference in activity (of approximately 3 mU
mg1), there is no overlapping fluorescence signal after 10
minutes (for details, see Section S6 and Figure S5). In ad-
dition, the preparation of the assay was performed in fro-
zen single use aliquots, since it was observed that fluores-
cence sensitivity decreases with repeated freeze-thaw cy-
cles (more information in Section S7).
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Figure 3. Overview of the experimental procedure using the droplet-based microfluidic platform. A) A library of mutant SpsADH
was created and plasmids used to transform E. coli cells. Subsequently, droplets with individual cells, lysis buffer (LB) and substrate
(S) were generated, incubated off-chip and then reinjected into the sorting chip. Droplets emitting fluorescence signals above a
user-defined threshold were sorted and used for gene recovery. B) Schematic of the detection strategy for fluorescence-activated
droplet sorting of ADH. C) Schematic representation of a typical microfluidic sorting chip.

Validation of the developed assay for the screen- present in E. coli NEB 10-beta and an average mutagenesis
ing of mutant libraries in microdroplets rate of 2.8 nucleotide exchanges per gene as determined
by sequencing 10 variants. FADS experiments were then
performed on this library, after transformation of E. coli
BL21(DE3) cells and subsequent expression of the en-
Zyme variants.

Considering the aforementioned optimization, we next
used the assay to optimise the alcohol dehydrogenase
SpsADH, towards the non-native substrate L-guluronate
(Scheme 1). To showcase that the assay is suitable even

for very low activity enzymes, SpsADH1, an engineered The entire FADS screening process is depicted in Figure
variant of SpsADH with a specific activity of about 6 mU 3. Droplets with a volume of approximately 5 pL were
mg?!at 10 mM l-guluronate (Figure S2) was taken as the formed at frequencies between 10 and15 kHz using a flow
template for the generation of the random mutagenesis focusing geometry. A master mix containing the assay
library using error-prone PCR (epPCR) over the whole components and lysis agents was co-encapsulated with
gene. This led to a gene library of about 5 x 104 variants single cells expressing SpsADH variants, adjusted to the

cell concentration to yield a single cell occupancy of ap-

: . proximately 10%. After production, droplets were col-
M 35 mins lected in an Eppendorf tube for varying incubation times

y 00 I ] at room temperature. The collected emulsion was then
| ! L reinjected into a second microfluidic device (sorting chip),

B 50 mins where droplets generating a fluorescence signal that ex-
ceeds a defined threshold were dielectrophoretically
1071 TN . 1 sorted and collected. As they moved downstream, fluores-
. cence emission at 605 nm from each droplet was recorded

I 65 mins using a photomultiplier tube (PMT) and excitation with a
10 L ] 532 nm laser (Figure S6). Figure 4 shows the fluores-
cence intensity distribution of 20,000 individual droplets
0 0.5 1 1.5 2 2.5 obtained at the corresponding time points. As the incuba-
PMT Voltage (V) tion time increases from 35 to 65 minutes, the average flu-
orescence intensity of the population increases gradually,

Figure 4. Characterization of the assay using the droplet-based defining the optimal incubation time range for the enzyme
microfluidic platform. The histograms show the fluorescent in- reaction prior to droplet sorting.

tensity of 20,000 screened droplets at different incubation times
(36, 50 and 65 minutes). The appropriate incubation time of the
assay can be chosen in any time-regime where the signal from the
droplets shows an upward trend in fluorescence intensity.

2%10° - '

Number of Droplets

Since the average PMT voltage was constantly rising due
to increase of the fluorescence product by catalysis of lysis
components, the signal threshold for sorting was gradu-
ally adjusted during the entire sorting process, to avoid an
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accumulation of false positives (Figure S7). Sorting was
performed within a period of 30 minutes at a frequency of
between 1 and 1.2 kHz. Considering that only 10 % of the
droplets contained cells, 180,000 to 200,000 variants
were screened within this period, leading to more than 3
times coverage of the whole library.

Hit validation and characterization

DNA from the positively sorted droplets were PCR ampli-
fied, cloned into an expression vector, inserted into the ex-
pression strain and subjected to a rescreen on a microtiter
plate scale. Seven mutants could be confirmed as true pos-
itives with increased activity compared to SpsADH1. All of
them showed only a single nucleotide exchange, which in-
terestingly were all in the 235% codon, (TTT to CTT and
TTT to TTA), both leading to the amino acid exchange
Phe235Leu. Compared to SpsADH1, the enzymatic activity
in the lysate based rescreen of the CTT mutant was in-
creased 2.55-fold, while in the case of the TTA mutant the
increase was 2.26-fold. Therefore, the improved variant
CTT was selected for further kinetic characterization. The
mutant was recombinantly expressed in E. coli BL21(DE3)
and kinetic analysis (using a Michaelis Menten kinetic
model) showed a minimal increase of ket by a factor of 1.1,
while the Kim decreased by a factor of 2.3, leading to a 2.6-
fold improvement in catalytic efficiency of the identified
mutant compared to SpsADH1 (Figure S8).

Based on the crystal structure of SpsADH (PDB ID: 4TKM),
the binding site is partially made up of an unresolved loop
between amino acid 197 und 213 (Figure S9, dashed
line).62 Position 235 is located about 20 A away on an al-
pha helix leading directly to this unresolved loop. Based
on these observations, we can speculate that exchange of
a phenylalanine residue with a leucine could potentially
increase the stability of the helix®3, which in turn might
stabilize the loop in a conformation that is beneficial for
catalysis. Further studies are needed to validate this hy-
pothesis.

CONCLUSION

In this work, we have described the development of an en-
zymatic fluorescence-based assay, for measuring activi-
ties of NAD*-dependent enzymes, amenable to high-
throughput enzyme engineering in FADS platforms. Com-
pared to AADS platforms which rely on WST-1 absorbance
detection, the presented assay benefits from the higher
throughput and sensitivity of FADS systems. Bulk experi-
ments showed that in the presence of a lysed cell back-
ground, the assay is capable of reliably detecting enzymes
with activities as low as 0.06 mU mL-1, while in 5 pL drop-
lets used in FADS experiments, this corresponds to about
0.1 mU mg! (see Section S2).

We validated the utility of the assay by performing a DE
experiment of an alcohol dehydrogenase from Sphingo-
monas species Al towards the non-native catalysis of L-
guluronate to D-glucarate. Although glucarate is consid-
ered to be one of the top value-added chemicals®?, its bio-
catalytic production has not yet been demonstrated by
any enzyme despite the abundance of L-guluronate in
macro algae as a suitable precursor. Our FADS platform

was applied to a random mutagenesis library of 50,000
variants and identified two different variants with a syn-
onymous mutation and having a 2.6-fold increase in cata-
lytic efficiency with only a single round of mutagenesis
and selection.

By detecting NADH formation, the use of this assay can be
extended far beyond the screening and engineering of de-
hydrogenases to any reactions that can be coupled to a de-
hydrogenation step (Figure 1)3839, Since the detection re-
action converts NADH back to NAD*, the oxidation step is
irreversible and thus the assay even allows screening of
enzymatic activities against the thermodynamic equilib-
rium of the reaction. The high sensitivity, however, comes
with the drawback of fluorescence signal loss, as observed
in the bulk experiments, when the initial activity of the tar-
get enzyme is too high due to further oxidation of the
resorufin. Thus, when performing enzyme engineering,
these bulk experiments can serve as a guide of how to ad-
just the assay to the properties of the target enzyme be-
fore conducting enzyme engineering in the FADS platform.

EXPERIMENTAL SECTION

Cells transformed with a library of SpsADH variants, were
expressed in E. coli. The master mix for the assay as well
as all other components used are provided in Table S1. A
droplet-based microfluidic device was used for single cell
encapsulation in a lysis-assay mixed solution. Droplets
were incubated in a reaction tube at room temperature for
one hour before reinjection into a FADS device. Fluores-
cence was measured at an excitation wavelength of 532
nm. When the fluorescence signal surpassed a user-de-
fined threshold, the corresponding droplet was sorted and
collected in a reaction tube. PCR was performed on the
positively sorted droplets by adding a NEB Q5 polymerase
master mix into the reaction tube. The PCR products were
ligated into expression vectors and subsequently cells
were transformed using these vectors. Protein expression
was performed in deep well plates. Using a liquid handling
station, cells were lysed and the supernatant inspected for
enzymatic activity using the WST-1 assay. Detailed infor-
mation of all experimental procedures can be found in
Section S1.
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