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Fluorescence-based pH-shift assay with wide
application scope for high-throughput
determination of enzymatic activity in enzyme
mining and engineeringyi
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A number of enzymes important for biocatalyst development or as drug targets are associated with a pH shift
during their catalytic reaction, owing to the concommitant release or uptake of protons. Here, we show that
an enzyme assay developed using the fluorescent pH indicator HPTS can be adapted for reliable and
continuous activity determination of representative enzymes from multiple EC classes that operate in the
viable pH range 5.5-8.5, using ratiometric measurement (F4gs/F40s). Kinetic measurements obtained with this
method closely match literature values determined using other assay types. Further, the assay was employed
to screen variants of transketolase from Geobacillus stearothermophilus (TK4s) aimed at engineering substrate
promiscuity and remote enantioselectivity for 3-hydroxyaldehydes. The fluorescence-based assay displayed
70-fold improved sensitivity in comparison to an absorption-based assay for transketolase screening, with a
limit of detection of 0.044 mM and Z-factor of 0.52. Double-site mutagenesis at the G264 and S385 positions
yielded variants with 5-15-fold increased activity on the tested 3-hydroxyaldehydes compared to the TKgg
(L382F) base variant. Although the directed evolution engineering strategy did not achieve significant remote
enantioselectivity in this first round of mutagenesis, the simple fluorescence-based pH-shift assay was shown
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Introduction

Monitoring enzyme activity is of fundamental importance in
enabling drug development and accelerating industrial
biocatalysis." Activity assays play an important role in
facilitating the discovery of new enzymes, profiling substrate
or inhibitor scope, and rapid screening of directed evolution
libraries to identify improved enzyme variants.” It is therefore
essential to develop simple and convenient methods that
enable continuous monitoring of enzyme activity with high-
throughput parallelization.”> In particular, a generic assay
principle can facilitate application of the assay to a wide
range of enzymes and alternative substrates. Several
enzymatic reactions are accompanied by the release or uptake
of protons, thereby leading to a change in pH of the reaction
medium.* The use of a pH indicator in a weakly buffered
reaction medium therefore offers a rapid and convenient
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to be useful as a versatile primary high-throughput screen for in vitro enzyme engineering.

means of monitoring enzyme activity continuously by using a
general-purpose pH-shift assay. Most importantly, employing
such a generic chemical reaction principle for analysis
uncouples the assay from structural requirements concerning
the substrate/product or inhibitor, thereby allowing the direct
use of unmodified native probes for the screening of enzyme
variants.> Indeed, several reports have detailed the
development of pH-shift assays to monitor the activity of
esterases,’ lipases,® nitrilases,” dehalogenases,®
decarboxylases,’ transketolases,'® kinases,"" nucleotidyl-,"*
and glycosyltransferases'® in the presence of colorimetric pH
indicators.

However, fluorescence-based methods allow for lower
background, higher sensitivity and greater dynamic range of
an assay in comparison to conventional absorption
measurements.’® Development of an intensive signal can be
achieved despite a low concentration of the fluorescent dye,
yet from very low substrate conversion under initial rate
conditions where enzyme activity is usually measured.'” In a
recent report, a derivative of the fluorescent pH indicator
8-hydroxypyrene-1,3,6-trisulfonate (HPTS, pyranine) has been
employed in the determination of activity of haloalkane
dehalogenases.'® HPTS has several favourable properties
including a high fluorescence quantum yield, dual excitation
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nature facilitating ratiometric measurements, and pH
sensitivity in the near neutral region,”” which makes it
attractive for the development of a generic enzyme assay
system (Scheme 1).

Therefore, in this study we have evaluated the suitability
of HPTS as a general fluorescence indicator in pH-shift assays
for the rapid quantitative activity determination of several
representative enzymes from different EC classes, including
esterase, decarboxylase, kinase, nucleotidyltransferase, and
glycosyltransferase. In particular, we have focused on
transketolase, a thiamine diphosphate (ThDP) dependent
enzyme involved in carboligation of aldehyde substrates.'® In
vivo, transketolases catalyse the reversible transfer of a
2-carbon hydroxyacetyl unit from a donor ketose sugar
phosphate to an acceptor aldose phosphate.’® However, they
have garnered significant attention in synthetic biocatalysis
in recent years with respect to their broad substrate scope.
Transketolases from E. coli or Geobacillus stearothermophilus
(TKgs) have been modified by semi-rational engineering to
facilitate the binding of non-hydroxylated aliphatic***' and
aromatic aldehydes,*?* stereoinverted 2-hydroxyaldehydes,**
and diastereomeric aldoses® for carboligation by using
hydroxypyruvate as a carbonyl donor to drive an irreversible
conversion. Transketolases have also been engineered for
acceptance of alternative carbonyl donors such as pyruvate>®
or non-native acceptors such as nitrosoarenes.”’ In this
context, we have herewith evaluated the alternative
fluorescent pH-shift assay with HPTS in high-throughput
screening format to screen a small TK,g, mutagenesis library
against chiral 3-hydroxyaldehydes in an attempt to further
engineer substrate promiscuity and remote enantioselectivity.

Results and discussion
Use of a fluorescent pH indicator to measure enzyme activity

The estimation of enzyme activity by measuring a pH shift
during the catalytic reaction requires the use of a sensitive
and facile pH indicator. Most enzymes relevant for
preparative applications are active under neutral to slightly
alkaline physiological conditions (pH 7.0-8.5), and the
quantification of reaction progress requires dyes with
compatible pK, for optimal sensitivity, In addition,
fluorescence measurements offer better dynamic range and
sensitivity with low background as compared to reading
absorbance. HPTS is a fluorescent pH indicator that has been
extensively applied in the preparation of immobilized pH

S —— p)+w
l L' \|:

Scheme 1 Generic principle of a pH-shift assay; exemplary illustration
for dissociable product formation (S, substrate; E, enzyme; P, product;
I, pH-responsive indicator dye).
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sensors.”® Besides being inexpensive, non-toxic, and water
soluble, HPTS displays a very high quantum yield and
photostability. The two excitation maxima of HPTS at 1 = 405
and 450 nm facilitate ratiometric measurements, with
emission in the fluorescein range allowing the use of a basic
filter set for readout. More importantly, the pH sensitivity
range of HPTS matches that of HEPES buffer (6.8-8.2),
allowing the use of a single indicator/buffer system for
application to multiple enzymes that operate within this pH
range. Indeed, the use of a HPTS derivative has been recently
demonstrated in the measurement of haloalkane
dehalogenase activity.'® Although other fluorescent indicators
are commercially available or have been synthesized,” these
are either expensive, limited to an acidic pH range or show
poor water-solubility and quantum yield when compared to
HPTS. Although we observed that fluorescent dyes like
carboxyfluorescein or 4-methylumbelliferone also
suitable to monitor enzyme activity in the desired pH range,
they did not lead to significant change in fluorescence
intensity nor offered the advantage of ratiometric
measurement (data not shown). We therefore attempted to
extend the utility of HPTS to enable the development of a
general-purpose assay suitable for activity measurement in
multiple enzyme classes.

The presence of three sulfonate groups makes the pK, of
HPTS dependent on the chemical composition of the
molecular environment and the ionic strength (IS)."” In our
measurements in HEPES buffer (pH 5.5-9.5), the pK, of
HPTS was determined to be 7.46 at 30 mM IS (Fig. 1), which
matches that of HEPES buffer (pK, 7.48 at 25 °C). This can
be easily maintained in the enzyme assay either by adjusting
the concentration of required cofactors (e.g., MgCl, or NTPs)
or the addition of NaCl. At 100 mM IS the HPTS pK,
decreased to 7.26 (at 25 °C), in which case MOPS buffer (pK,
7.2 at 25 °C) could be used to measure enzyme activity,
extending the usable pH range for the assay.

Further, the change in HPTS pK,, upon temperature increase
to 37 °C closely followed the change in buffer pK,, confirming
that the assay can be utilized in the biologically relevant
temperature range. Interestingly, we observed that increase in
HPTS concentration from 0.4 to 40 uM in 20 mM HEPES buffer
of uniform IS did not significantly alter its pK,. This is in
contrast to a previous report,*® where the pK,, of soluble HPTS
was found to change with increased dye concentration (up to
380 uM in phosphate buffer; however, we did not check such
rather high concentrations), while immobilized or ion-paired
HPTS did not show altered pH sensitivity."®

were

Transketolase activity and substrate scope

We initially investigated the assay protocol to monitor the
progress of the transketolase reaction in an attempt to
improve the sensitivity of the established chromogenic assay,
which is based on phenol red as an indicator dye. The use of
hydroxypyruvate (HPA) as ketol donor with glycolaldehyde as
the most reactive acceptor in the TK catalytic reaction

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) HPTS structure (inset) and fluorescence excitation spectra,
Jem = 511 nm. (b) Dependence of fluorescence intensity (485 nm) of
HPTS on pH at 25 °C. Inset: pK, estimates for HPTS under different
reaction conditions. Fluorescence measurements were made as
described in methods. pK, values are given as mean * SD (n = 3).

releases CO,, in turn leading to an increase in pH that allows
the continuous measurement of TK activity.'® Because CO, is
involved in an equilibrium with bicarbonate, and the
corresponding partial consumption of hydroxide causes a
damped response, this rendered a sensitive fluorescent signal
more attractive. A buffer concentration of 2 mM HEPES was
used as the reaction medium to provide a balance between
sensitivity and accuracy. The starting pH was set at 7.0, as
TKg can maintain maximum activity over a broad pH range
(7-8).>° The enzyme reaction with glycolaldehyde as the
model acceptor showed a significant increase in fluorescence
intensity ratio (lex 485 nm/l.x 405 nm) over time, compared
to blanks with substrate or enzyme omitted (Fig. 2). A slight
increase (2%) in signal intensity was observed in the control
measurements compared to those with only buffer, which
could be attributed to slow thermal degradation of
hydroxypyruvate in HEPES buffer.>® The assay calibration
curve (Fig. 2) showed good linearity over 0-1 mM HCO; ", and
was used to calculate the increase in HCO; concentration
over the course of the enzyme reaction. Extrapolation gave a
specific activity of 6.11 U mg™ with 20 mM glycolaldehyde
(Table 1), which was in good agreement with values obtained
from the earlier colorimetric pH assay utilizing phenol red in
2 mM TEA buffer."”*® The limit of detection (LOD) and limit

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Transketolase reaction with pH shift. (b) Calibration curve of

fluorescence intensity ratio (lex 485 nm/(lex 405 nm) with NaHCOs
standard (0-1 mM). All measurements were performed in triplicate. (c)
Progress of transketolase reaction with 20 mM glycolaldehyde and 50
mM LiHPA. Error bars represent SD from triplicate measurements.

of quantification (LOQ) values derived from the calibration
curve were 0.044 and 0.14 mM HCO; ", respectively. These are

Table 1 Transketolase (wild-type TKg) substrate specificity. Activity
values are given as mean * SD from triplicate assays

Aldehyde acceptor [S] (mM) TKg (ug) Specific activity (U mg ™)

Glycolaldehyde 20 4.8 6.11 + 0.20
p-Glyceraldehyde 20 12 5.14 + 0.06
p-Lactaldehyde 20 27 0.63 + 0.02
p-Erythrose 50 27 0.76 + 0.03
p-Ribose 200 54 0.37 + 0.005
Propanal 200 54 0.63 + 0.005
4-Hydroxybutanal 200 81 0.12 £ 0.002
rac-3-Hydroxybutanal 20 54 0.18 + 0.004
1-Glyceraldehyde 20 81 0.10 + 0.003
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Table 2 Specific activities of different enzymes measured by the fluorescent pH assay. Activity and Ky values are presented as mean * SD from

triplicate assays

EC Fluorimetric pH-shift Specific activity Absorption assay Specific
Enzyme” class assay conditions” (Umg™) reference® activity’ (U mg™) Ref.
Transketolase (Geobacillus EC 2 mM HEPES 6.1 +0.1 pH assay (phenol red, 4.4+0.2 10
stearothermophilus) 2.2.1.1 pH7.0 2 mM TEA, pH 7.5)
25 °C
pH assay (phenol red, 5.8 + 0.2
2 mM TEA, pH 7.0)
Hexokinase (Saccharomyces cerevisiae) EC 2 mM HEPES 28.7 £ 1.2 G6PDH coupled assay 25° 11
2.7.1.1 pH8.2 (NADH oxidation)
25 °C
Acetylcholinesterase (electric eel) EC 2 mM HEPES 1530 + 110 Ellman's assay 1527¢ —
3.1.1.7 30 mM NacCl
pH 8.0
37 °C
Pyruvate decarboxylase EC 2 mM MOPS 26.1 + 0.4 ADH coupled assay 19.2 £ 0.2 31
(Zymobacter palmae) 4.1.1.1 100 mM NacCl Ky =1.85 + Ky =2.5+0.2
pH 6.5 0.02 mM mM
25 °C
N-Acylneuraminate cytidylyltransferase EC 2 mM HEPES 29.1+2.5 pH assay (cresol red, 32.6 +2.7 12
(Neisseria meningitidis) 2.7.7.43 pH 8.2 2 mM Tris, pH 8.6)
37 °C
2,3-Sialyl transferase’ EC 2 mM HEPES 2.6 £ 0.1 pH assay (phenol red, 1.9 £ 0.03 13
(Photobacterium phosphoreum) 2.4.99.6 30 mM NaCl (transferase) 2 mM Tris, pH 8.0) (5 mM lactose)
pH 8.0 1.4 £ 0.07 1.03 £ 0.02
30 °C (hydrolysis) (hydrolysis)

¢ Enzyme was expressed in E. coli with C-terminal His tag as described in ESI{ and desalted or diluted into the corresponding buffer before
assay. ” Details of substrate and cofactors in the assay mixture are included in text and in ESL} ° Other components and conditions were used
as mentioned in literature. ¢ Specific activity was measured using the reference assays for enzyme preparations that were produced and purified
in our lab. ¢ Specific activity as specified in product information of commercial lyophilized enzyme preparations obtained from Merck (Sigma-
Aldrich; Germany). No reference assays were performed for hexokinase and AChE. / Activity was measured in the absence (CMP-Neu5Ac
hydrolysis) or presence (sialyl transfer) of 5 mM lactose in the catalytic reaction.

comparable to the corresponding values of 0.04 and 0.11 mM
HCO;~ obtained with 28 pM phenol red.'® The higher
susceptibility, and lower interference from background
effects, of the fluorimetric measurement allows reducing the
dye concentration (0.4 puM) significantly, which provides
adequate sensitivity with a 70-fold lower concentration of
indicator compared to the colorimetric assay using phenol
red (28 uM).

Next, we used the assay to determine the substrate scope
and specific activity of wt TK,g, against a set of aldehyde
acceptors with varying hydroxylation (Table 1). As expected
from its natural specificity, TKg showed a preference for
(2R)-hydroxylated aldehydes. The highest activity was
observed with glycolaldehyde and b-glyceraldehyde, and
significantly lower activity with 1-glyceraldehyde. The
quantitative activity data obtained using the fluorescent pH
assay were similar to those from earlier reports.”>*° TKgq
showed lower activity (5-10% relative to glycolaldehyde) with
poly-hydroxylated sugars such as p-ribose and p-erythrose and
aliphatic aldehydes such as propanal, even at higher
substrate concentrations (50-200 mM).

Kinetic constants were also determined for the acceptors
p-glyceraldehyde, glycolaldehyde, and donor LiHPA (Table
S2t). Respective Ky values of 7.36 mM, 4.5 mM, and 1.8 mM
were obtained, which were in conformity with reported

5378 | Catal. Sci. Technol, 2024, 14, 5375-5384

values.?® Although the values for k., were slightly lower than
reported, this can be explained by a difference in purity of
the enzyme sample or changes in the reaction environment
that could have interfered with the pH measurement.

Versatility of the assay with enzymes from other EC classes

To explore the versatility of the HPTS-based pH assay, we
further investigated a broad range of enzymes from different
EC classes (Table 2 and Fig. S17) that have been extensively
developed for industrial biocatalysis or pharmaceutical drug
development; most of these enzymes are also active in the
HTPS relevant 5.5-8.5 pH range.§

Similar to transketolase, the assay fared well in the
detection of hexokinase activity on p-glucose, showing good
correlation with the coupled assay employing glucose-6-
phosphate dehydrogenase and a commercial hexokinase
preparation. Hexokinase is a well-studied metabolic kinase
that phosphorylates sugars, where the transfer of a
phosphate group from ATP to the terminal hydroxyl group is
accompanied by the release of a proton. Hexokinase finds
application both in the screening of kinase inhibitors and in
biocatalysis for the synthesis of sugar phosphates. The

§ Data reported in BRENDA database (https://www.brenda-enzymes.org).

This journal is © The Royal Society of Chemistry 2024
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activity of yeast hexokinase on different sugar substrates was
examined using the fluorimetric pH assay (Fig. S2t). In
conformity with literature reports,'"*> the enzyme was most
active on p-fructose, p-glucose (28.7 U mg™"), and 2-deoxy-p-
glucose, with 50% activity on p-mannose (relative to
p-glucose) and 15% activity on sucrose."’ The assay also
showed adequate sensitivity to discern a low activity on
p-arabinose (0.1 U mg ™).

Acetylcholinesterase is an important representative of
hydrolase enzymes, with therapeutic applications in treatment
of neurodegenerative disorders.’> Employing the fluorimetric
pH assay, AChE specific activity could be quantified with a
detection limit of 5 mU mL™", using 1 mM acetylcholine
chloride as the substrate and acetic acid as the calibration
standard (Fig. S3t). The ionic strength of the assay mixture was
adjusted by the addition of 30 mM NaCl. Further, using the
assay an ICs, value of 1.9 pM could be determined for the
known AChE inhibitor galantamine hydrobromide,* which
was similar to reported values.** Although the standard Ellman
assay uses acetylthiocholine as substrate,
comparable AChE specific activity using the fluorimetric assay
with acetylcholine (Table 2), because both substrates have been
shown to have similar Ky and k., using microcalorimetric
assays.’ It is therefore evident that the fluorescence assay has
good potential for utilization in the screening and
identification of kinase and AChE inhibitors.

Similar to kinases, the assay could also be used for other
enzymes that catalyse phosphoryl transfer reactions that are
important for preparative biocatalysis, such as in the
synthesis of oligosaccharides. For instance, CMP-sialate
synthetase (CSS) and 2,3-sialyl transferase (SiaT) are
employed in the synthesis of sialylated glycoconjugates that
are associated with the regulation of several developmental
and immunological processes, as well as microbial
pathogenesis.*® In both cases, laborious or discontinuous
methods are required to follow the enzyme reaction.
However, alternative colorimetric pH-shift assays have been
developed recently (using cresol red or phenol red with Tris
buffer) that are simple and advantageous for continuous
activity measurement of these enzymes.">"?  Activity
using the fluorescent pH assay gave
quantitatively comparable values for CSS, 2,3-SiaT from
Photobacterium phosphoreum (with lactose as acceptor) and
mechanistically related sialidase activities (Table 2 and Fig.
S4 and S57).

Yet another enzyme studied was pyruvate decarboxylase
(PDC), an enzyme that has been extensively employed in
biofuel production as well as carboligation in biocatalytic
synthesis.*! As the majority of PDCs are most active at acidic
pH with a significant decrease in activity beyond pH 7.5,
MOPS buffer was employed for the assay at a starting pH of
6.5 (Fig. S6T). The ionic strength was adjusted by the
inclusion of 100 mM NaCl to match the pK, of HPTS and
buffer. Specific activity and Ky, values obtained with pyruvate
(Table 2) for the PDC from Zymobacter palmae were
comparable to measurements made using the alcohol

we assume

measurements
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dehydrogenase-coupled assay,®" attesting to the versatility of
the fluorimetric pH assay.

Application of the assay for engineering remote
enantioselectivity in TKy

We further applied the fluorescent assay in the screening of a
TKg variant library in an attempt to engineer selectivity for
enantiomers  of  3-hydroxyaldehyde  acceptors.  The
carboligation products are deoxysugars having interesting
bioactivity,’” and the resultant structural 1,3-diol motifs are
frequently found in various natural products including
polyketides.”® As noted above, transketolases have been
engineered to accept aldehyde acceptors structurally lacking
or containing a stereoinverted 2-hydroxyl group, but
modifying the TK specificity and selectivity on the more
remote 3-hydroxyl group has not been studied so far. In the
TK, active site, several amino acid residues that form a
channel for substrate entrance to the catalytic core at the
ThDP cofactor are highly conserved. These residues (H462,
R521, D470, H28, G264, H263, 1191, 1382, and $385) bind
the aldehyde acceptor and position the electrophilic carbonyl
group toward a nucleophilic attack. In order to generate a TK
variant library for 3-hydroxyaldehydes, we used the L382F
variant as the starting template, because it is known to accept
aliphatic aldehydes missing a 2-hydroxyl group.?' The $385
residue particularly interacts with and stabilizes a (3R)-
configurated hydroxyl moiety in aldose phosphate acceptors
via hydrogen bonding (Fig. 3). Therefore, we reasoned that a
modification at S385 should modify (improve or even cancel)
the preference for the (3R)-hydroxyl substrate. The G264
residue is situated opposite to S385, and therefore could be
modified to serve as a potential complementary hydrogen-
bonding donor when attempting to invert the stereoselectivity
toward the (35)-hydroxyl configuration. Accordingly, the G264
residue was first mutated to the amino acids Ala, Val or Ser,

Fig. 3 Acceptor binding site of TKg L382F with bound erythrose-4-
phosphate (purple) illustrating the residues involved in substrate
interaction. Structure model was constructed based on the X-ray
structure of TK from Bacillus anthracis (PDB 3M49). Graphic was
produced with PyMOL.*°
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so as to induce a change in substrate orientation without
causing steric hindrance for substrate binding. The final
TKg library was generated from the L382F/G264(A,S,V)
variants, by mutating S385 using NNK codon degeneracy.

Assays employed to screen enzyme variants generated by
directed evolution require adequate sensitivity,
reproducibility, robustness, and accuracy, in order to enable
fast high-throughput identification of improved hits. The
nature of the fluorescent pH assay makes it advantageous as
a primary screening technique to discern active variants over
a broad substrate range, while also allowing the relatively
accurate determination of specific activity, selectivity, or
kinetic parameters. To screen the new TKg variant library,
we adapted an optimized method for cell growth in
microplates as reported earlier’® and lysis using only
lysozyme and nuclease in 2 mM HEPES buffer. First, the
screening protocol was validated using statistic parameters
like coefficient of variance (CV) and Z-factor.*® A CV of 14.6%
was achieved for the whole process involving cell growth and
lysis, protein estimation, and fluorescent assay, with 10.5%
CV for the assay alone. A CV value <15% enhances the
sensitivity of hit detection by the screening system, allowing
identification of variants with at least 2-fold improved
activity.”! We also determined the Z-factor by analysing
control samples of wild-type TK, and E. coli host with the
empty vector, assaying them using 5 mM glycolaldehyde and
LiHPA (Fig. S71). Negligible activity was observed with the E.
coli background from low expression of its native
transketolase. A Z-factor of 0.64 was observed for the assay
alone and 0.52 for the complete process, which is in the
range for an “excellent” assay even with the rate-limiting
concentration of glycolaldehyde; implying that the assay
fulfils requirements for use in HTS.

Following assay validation, the L382F/G264X/S385X variant
library was first subject to preliminary screening to detect
variants displaying enhanced activity with 10 mM rac-3-
hydroxybutanal. While several variants exhibited higher
specific activity of up to 5-fold compared to the L382F base
variant, a considerable fraction of such variants belonged to
the G264V sub-library (Fig. 4). On the other hand, many
inactive variants were observed when the G264 residue was
either left unchanged or modified to Ala or Ser. Regardless,
the top 10% active mutants from each sub-library were
chosen and subjected to a second round of screening using 5
mM enantiomerically pure (3R)- or (3S)-hydroxybutanal (Fig.
S8t),"* with the specific activity ratio used to evaluate
potential improvement in enantioselectivity. Unfortunately,
significant enhancement in selectivity was not observed, with
only 15% of the mutants showing slight improvement in
selectivity for (3S)-hydroxybutanal (specific activity ratio (S/R)
> 2; Fig. 5a).

It is plausible that 3-hydroxybutanal, being a relatively
small and flexible substrate, has a greater freedom of
movement in the TK active site, consequently reducing the
potential for selective binding of the enantiomers. Similar
observations have been made in studies directed at an
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enantioselectivity switch for 2-hydroxylated aldehydes upon
screening libraries with p- or i-glyceraldehyde, which both
may productively bind in more than one alternative
orientations.> The innate low stability of small chain
aliphatic aldehydes might also interfere with the
measurements. To address this potential lacuna, we further
tested the TKgq hit plate against enantiomers of an arylated
3-hydroxyaldehyde (3-hydroxy-5-phenylpentanal, HPP; Fig. 5
and S$8%).*> We hypothesized that the addition of the bulky
phenyl moiety should enforce an extended-chain binding
orientation of the isomers, thereby improving distinctive
substrate-enzyme interactions and thus better discrimination
of the 3-hydroxyl configuration. Rescreening of the
3-hydroxybutanal hit plate using the fluorescent assay
revealed that HPP indeed was accommodated by 16 variants.
The most active variants exhibited up to 15-fold improved
activity over TKy (L382F), indicating that the beneficial
effects of G264X/S385X mutations are amplified by the use of
a bulky substrate. However, only minor improvement in
enantioselectivity was observed even with this substrate,
where all the active variants exhibited a specific activity ratio
in the range 0.5-3.2 only. Sequencing revealed that the
favoured mutations were changes to Ala or Val at both the
264 and 385 positions. The S385V mutation resulted in a
slightly higher selectivity for (3R)-HPP. An analytical scale
reaction using 15 mM rac-HPP and the active variant L382F/
G264A/S385A (heat-purified enzyme) verified formation of the
carboligated adduct according to TLC control (see ESIf).

Although the introduction of remote enantioselectivity
could not be successfully completed in this initial study,
the mutations at G264 and S385 were able to improve
enantiocomplementary binding of 3-hydroxyaldehydes in
the active site and their acceptance by transketolase,
leading to higher activity. We expect that construction and
screening of larger libraries by including further residues
with  substrate contact should provide enhanced
stereoselectivity.

Experimental
Materials and methods

HPTS and aldehyde acceptors for TK were purchased from
Sigma-Aldrich, and used freshly as supplied. Hydroxypyruvate
(LiHPA) was prepared according to the literature procedure.**
Enantiomers of 3-hydroxybutanal were synthesized from
4,4-dimethoxybutanone,*> and  3-hydroxy-5-phenylpentanal
from hydrocinnamaldehyde.*® Transketolase from Geobacillus
thermophilus (TKgy) was expressed and purified as reported
earlier™ and stored as lyophilized powder until use. Expression
and purification protocols for other enzymes used in the study
are provided in the ESLf Fluorescence measurements were
performed using a BMG Labtech FLUOstar instrument
equipped with 485 nm and 405 nm excitation and 520 nm
emission filters. All fluorescence measurements and enzyme
assays were performed in 200 pL final volume using flat bottom
Nunc Immuno 96-well black microplates.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Characterization of the fluorescent indicator

HPTS fluorescence excitation spectra were measured in 20
mM HEPES buffers of varying pH (5.0-9.5), with emission at
511 nm, on a microtiter plate reader (Infinite F200; Tecan,
Crailsheim, Germany). The pH sensitivity of HPTS was
determined by measuring fluorescence in 20 mM HEPES
buffers of varying pH (5.0-9.5) and constant ionic strength
(30 mM or 100 mM). A Knick 761 Calimatic pH meter with a
double pore pH electrode calibrated using reference buffers
(pH 4.01 and pH 7.00; Carl Roth, Germany) was used for pH
measurements. The pK, values were determined from the
inflection point of a sigmoidal fit to fluorescence intensity
(485 nm) versus pH using Origin 8.5 (OriginLab, USA).

Determination of enzyme activity

For activity determination with pure enzymes, the respective
enzyme was desalted into 2 mM buffer of corresponding pH
and ionic strength (Table 2, ESIT) before the assay.

TK,, activity. Transketolase assay mixture (200 pL)
contained TK,, aldehyde acceptor (such as 20 mM
glycolaldehyde), TPP (2.4 mM), MgCl, (9 mM) and HPTS (0.4
pM) in 2 mM HEPES buffer pH 7.0. LiHPA (50 mM) was
added to start the reaction. The change in fluorescence
intensity of HPTS was measured over 30 min at 25 °C. The
intensity ratio (485 nm/405 nm) was converted to HCO;~
concentration using the calibration curve, and specific
activity was calculated from the initial linear region.

Assay calibration. Calibration curve was determined by
using a series of concentrations of NaHCO; (0-1 mM) in the
reaction mixture containing 12 pg TKgy, but with the
aldehyde acceptor omitted. The relationship between product
determined by
rationalizing the measured fluorescence (485 nm/405 nm).
The limit of detection (LOD) for the assay was measured from
deviation and slope of the calibration curve.

Assay mixtures for other enzymes were set up as given in
the ESIT and Table 2.

Statistics. All enzyme assays were performed in triplicates

concentration and fluorescence was

and results are expressed as mean + SD. Assay limit of
detection (LOD) was measured as 3.3 x SD/slope from the
calibration curve. For evaluation of the assay method for
high-throughput screening, Z-factor and coefficient of
variance (CV) were calculated according to the published
method.”® A total of 48 samples each of wt TKy and E. coli
BL21 host cells containing empty plasmid were used for the
Z-factor calculation.

TK,y variant library construction and screening

Library construction. The TKg variant library was
generated using the L382F mutant as the starting template
(for details of primer sequences and PCR conditions see
ESIt). The G264 residue was first modified to A, V or S via
site-directed mutagenesis. The S385 single site saturation
library was then created using NNK codon degeneracy with
each variant as the base (L382F and L382F/G264A,V,S). 190
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colonies were randomly picked from each sub-library (L382F/
S385X, G264A/L382F/S385X, G264V/L382F/S385X, and G264S/
L382F/S385X) to ensure adequate coverage.

Enzyme expression. The final TK variant library (ca. 800
clones) was subjected to preliminary screening using the
fluorimetric pH assay. For the preparation of enzyme samples,
5 uL from a glycerol stock of each clone was transferred to
individual wells in 96-well round bottom microtitre plates
containing 130 uL LB growth medium (supplemented with 50
pg mL™ kanamycin). In each plate E. coli BL21 (DE3) cells were
included as negative control and the TKq (L382F) variant to
measure baseline activity. Plates were covered with sealing foil
to avoid evaporation and incubated at 37 °C and 900 rpm
shaking for 8-10 h. Then the cultures were transferred (100 pL)
from each well to 96-well deep well plates containing 400 pL
LB-kan medium with 0.1 mM IPTG. Plates were covered and
incubated for 16 h at 30 °C with 1200 rpm shaking. Cells were
harvested by centrifugation (2250 x g for 30 min at 4 °C) and
washed with 2 mM HEPES buffer pH 7.0. Cell lysis was
performed in 2 mM HEPES buffer pH 7.0 containing 0.5 mg
mL ™" lysozyme and 4 U mL™" benzonase (nuclease) at 37 °C for
1 h, followed by incubation at 50 °C for 30 min to enable heat-
purification of TKqg.

Library screening. Following centrifugation of cell lysate
(2250 x g for 30 min at 4 °C), 50 pL of the supernatant was
transferred to a new Nunc Immuno black 96-well microplate.
To each well, 130 pL substrate solution (10 mM rac-3-
hydroxybutanal, 9 mM MgCl,, 2.4 mM TPP, 0.4 uM HPTS in 2
mM HEPES at pH 7.0) was added and the reaction was
started at 25 °C by the addition of 20 uL LiHPA (final
concentration 50 mM). The change in pH accompanying the
release of CO, during the assay reaction was measured as a
function of HPTS fluorescence. The top 10% variants from
each G264 sub-library showing higher activity than the TKgq
(L382F) control were selected for the next round of screening
with individual 5 mM (3R)- or (3S)-hydroxybutanal isomers,
in order to evaluate the enantioselectivity. The same variants
were also screened with 5 mM (3R)- or (3S)-3-hydroxy-5-
phenylpentanal isomers, with the addition of 10% DMSO to
the assay mixture for substrate solubility. Protein
concentration in the cell lysates was measured by means of a
bicinchonic acid (BCA) assay kit (ThermoScientific, USA).

Conclusions

The fluorimetric pH-shift assay using HPTS is a practical,
efficient and reliable method that can be applied to measure
activities of a wide range of enzymes that are important for
advanced applications in biocatalysis. Its generic chemical
reaction principle renders the assay particularly suitable to
evaluate an enzyme's substrate (or inhibitor) scope under
consistent reaction conditions. The method is also useful
for high-throughput screening of enzyme libraries from
enzyme engineering by directed evolution in vitro (as
demonstrated here for transketolase) or from metagenomic
prospecting.
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While our results demonstrate its versatility, limitations
of the assay include (i) a workable pH range of 5.5-8.5 for
direct continuous activity monitoring due to the nature of
the pH-shift principle; (ii) a need for measurements at two
distinct excitation wavelengths to render a single ratiometric
data point, thereby not allowing a direct readout; and (iii) a
sensitivity limit when using filter-based plate readers if the
available filters do not match the HTPS maxima. However,
we expect that these limitations can be tackled with
advanced instrumentation and the identification of
modified fluorescent dyes having lower or higher pK, values
for use in more acidic or more alkaline ranges,
respectively."”>? Additionally, the presence of buffering
substrates or co-factors, and multiple products that may
cause pH changes, may limit the applicability of the assay.
Therefore, it is important to maintain uniform starting
conditions including pH, temperature, and ionic strength to
obtain reliable data from kinetic parameter measurements.
Although the assay can be efficiently performed using a
standard microtitre plate protocol, we suggest that the high
responsiveness and excellent water solubility of HPTS
should qualify even as a potential detection system in
microfluidic systems for monitoring pH-sensitive reactions
under uHTS conditions.
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Dedication

It is with great pleasure that we dedicate this paper to George
M. Whitesides on the occurrence of his 85th anniversary.
George was my (WDF) postdoctoral advisor from 1986 to
1987 for working on enzymatic asymmetric C-C bond
formation by using aldolase catalysis, a topic of major
promise for synthetic organic chemistry. After completing my
PhD in hardcore hydrocarbon chemistry on realizing the first
non-Paquette dodecahedrane synthesis via the C,oH,, isomer
“pagodane”, the transition to enzyme catalysis in aqueous
solution, carbohydrate stereochemistry and sugar phosphate
analysis posed quite some challenge. For some years the
Whitesides group pioneered the field of enzymatic
carboligation with a number of key developments in

This journal is © The Royal Society of Chemistry 2024
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NANG®

Contact Printing

Fig. 6 lllustration of “nano-contact printing” technology on the
occasion of George M. Whitesides receiving the Emanuel-Merck
Lecureship award 2005 at the Technical University of Darmstadt.

asymmetric aldol and acyloin synthesis (e.g., ref. 18), but
George's interest soon became captured by other important
problems that awaited his fundamental insights and
visionary impact. I myself returned to Germany to start my
independent research program on enzyme catalysis (guess
the topic? carboligation!).

Thus, we needed some special reason to get in touch
again. At the Technical University of Darmstadt I headed the
academic selection committee for the biennial Emanuel-
Merck Lectureship Award (https://en.wikipedia.org/wiki/
Emanuel_Merck_Lectureship) from 2000 to 2022, and George
was selected as the recipient of the 2005 award. In my
laudatio speech, I addressed many facets of George's
impressive achievements, but since the president of our
university was attending as well, I then posed the challenge
that we at a Technical University should have the courage to
do even better engineering work than the ingenious micro-
contact printing technology developed by George's group in
an academic setting at Harvard. Why not scale down by
another order of magnitude: nano-contact printing? In my
office I had carved a mirror-image stamp out of a big potato
and was therefore able to stamp the letters “NANO” on some
index cards using a large ink bath! The problem was solved
(Fig. 6), and George played along nicely by kindly hand-
signing a few of these cards for us.

Needless to mention that George then presented three
excellent award lectures on highly stimulating topics, as
diverse as on microfluidic technology, soft lithography, and
protein ligand design. Happy Anniversary, George!
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