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Chemical probes for bacterial glycosyltransferases are of interest for applications such as tracking of
expression levels, and strain profiling and identification. Existing probes for glycosyltransferases are
typically based on sugar-nucleotides, whose charged nature limits their applicability in intact cells. We
report the development of an uncharged covalent probe for the bacterial galactosyltransferase LgtC,
and its application for the fluorescent labelling of this enzyme in recombinant form, cell lysates, and
intact cells. The probe was designed by equipping a previously reported covalent LgtC inhibitor based
on a pyrazol-3-one scaffold with a 7-hydroxycoumarin fluorophore. We show that this pyrazol-3-ones
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scaffold is surprisingly stable in aqueous media, which may have wider implications for the use of
pyrazol-3-ones as chemical probes. We also show that the 7-hydroxycoumarin fluorophore leads to an
unexpected improvement in activity, which could be exploited for the development of second
generation analogues. These results will provide a basis for the development of LgtC-specific probes for
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Introduction

Glycosyltransferases (GTs) are a large family of carbohydrate-
active enzymes that are involved in the biosynthesis of complex
carbohydrates and glycoconjugates in all domains of life." GTs
catalyse the stereospecific transfer of a mono- or oligosaccharide
from a glycosyl donor to an acceptor molecule." In bacteria,
many of the resulting glycosylation products contribute directly
to bacterial viability and/or virulence.”> Chemical probes for the
labelling of bacterial GTs are therefore of great interest to study
the role of these enzymes in infection processes and as potential
diagnostic tools.

For other carbohydrate-active enzymes such as glycosidases, a
considerable number of covalent probes and labelling reagents
have been reported, which have found wide application e.g., for
proteomics-based profiling and live cell labelling and imaging.’
For GTs on the other hand, only a limited number of affinity
probes have been reported to date, most of which are substrate
analogues based on the UDP-sugar donor.* This lack of chemical
probes is particularly striking for bacterial GTs.

LgtC is a retaining o-1,4-galactosyltransferase that catalyses,
in certain Gram-negative strains, the formation of a digalactoside
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the detection of LgtC-expressing bacterial strains.

motif in the lipooligosaccharide (LOS) portion of the cell
envelope.” The resulting digalactoside structures have been
associated with bacterial virulence mechanisms in mucosal
pathogens, such as increased serum resistance In Haemophilus
influenzae.® LgtC is therefore an interesting diagnostic and, poten-
tially, therapeutic target for anti-virulence drug discovery.” In
contrast to other bacterial GTs, LgtC is structurally and mechan-
istically well characterised,”® which may facilitate the develop-
ment of chemical probes and inhibitors.

We have recently discovered a novel class of non-substrate-
like covalent inhibitors of LgtC based on a pyrazol-3-one scaf-
fold (Fig. 1).° These inhibitors, exemplified by compounds 1
and 2, react with the non-catalytic cysteine residue at position
246 in the LgtC active site via a Michael addition at the
exocyclic double bond.® We subsequently exploited their cova-
lent mode of action and developed these inhibitors into
chemical probes for the fluorescent labelling of LgtC via a
two-step Click ligation protocol (Fig. 1, compound 3).* Although
LgtC has been successfully labelled via this two-step approach,
the two-step protocol is time consuming, requires relatively
large amounts of material, and cannot be readily applied to
live cells.

In order to address these limitations and broaden the
applicability of our general approach, we have designed a
new fluorescent probe for the labelling of LgtC in a single step.
Herein, we describe the rational design of the new probe, based
on established structure-activity relationships (SAR) around
the pyrazol-3-one scaffold, its chemical synthesis, activity
towards recombinant LgtC, and successful application for the
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Fig.1 Covalent LgtC inhibitors and probes.

labelling of recombinant LgtC in vitro and in intact cells.
We also report results from reactivity and stability tests with
prototype inhibitor 1 that address potential concerns around
the use of pyrazol-3-ones as chemical tools. Taken together, our
findings will provide a basis for the application of this probe to
study e.g., expression of LgtC in wild-type strains, mixed
cultures, and infection models.

Results and discussion
Chemical reactivity and stability of prototype inhibitor 1

Pyrazol-3-ones have previously been reported as PAINS'® com-
pounds and may be potentially unstable in aqueous buffers, which
raises concerns about their suitability as tool compounds.'
To address this concern, we carried out experiments to establish
the chemical reactivity and stability of our 5-CF;-substituted proto-
type inhibitor 1.

We first assessed the stability of 1 in protic solvents by thin
layer chromatography (TLC) and LC-MS. When a stock solution
of 1 in DMSO (50 mM) was diluted in HEPES buffer (pH 7.0)
and incubated at room temperature for 10 min, two main spots
were observed by TLC. Analysis by LC-MS showed m/z ratios of
425.9 and 443.9, which correspond closely to the predicted m/z
ratios for, respectively, 1 and its addition product with water
(Fig. 2). This suggests that not unexpectedly, 1 can react readily
with polar protic solvents, most likely through addition at the
Michael acceptor system. Interestingly, when the solvents were
evaporated and the crude residue analysed by 'H-NMR, the
main species was 1, with only a trace amount of the addition
product. We therefore hypothesised that the addition reaction
of 1 with polar protic solvents is reversible.

To further investigate the reversibility of this putative
Michael addition, we used a previously reported NMR-based
protocol.'* 1 was dissolved in CDCl; and the "H-NMR spectrum
recorded before and after addition of CD;OD (Fig. 2a and b).
Upon addition of CD;0D, the singlet for the methine proton in
1 shifted from 7.65 to 5.15 ppm, and the signal for the
4-methoxy substituent, previously a single singlet at 4.05 ppm,
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Fig. 2 Reversible addition of water or CDzOD at the Michael acceptor
system of 1. Protons responsible for diagnostic peaks are shown in red.
(a) *H-NMR spectrum of 1 in CDCls, (b) after addition of several drops of
CDsOD, and (c) after dilution (1:10) of sample (b) with CDCls. NB that the
preferred tautomer upon addition of CDzOD to 1 appears to be the enol
form (b). All spectra were recorded at 400 MHz.

now appeared as two singlets at 3.8 and 3.6 ppm. These
changes are diagnostic for the formation of both diastereomers
upon addition of CD;OD at the double bond in 1 (Fig. 2).

Next, 50 pL of the NMR sample were diluted in 500 pL of
CDCl;. This resulted in the disappearance of the singlets at 3.6,
3.8, and 5.15 ppm, and the reappearance of the singlets at 4.05
and 7.65 ppm. These results demonstrate that the addition of
CD;OD at the Michael acceptor system of 1 is indeed reversible.

Equally importantly, no degradation products were observed
during these stability experiments. It has been shown pre-
viously that under basic conditions, 5-methyl pyrazol-3-ones
can undergo a retro-Knoevenagel reaction.”® No such reaction
was observed for 1 in aqueous buffer. This may be due at least
in part to the electron-withdrawing effect of the 5-CF; substi-
tuent, which appears to favourably modulate both the stability
and reactivity of the pyrazol-3-one scaffold in 1. Importantly for
potential protein labelling applications, the reversibility of the
Michael addition reaction towards aqueous solvent allows
further reaction with alternative nucleophiles such as cysteine.
A similar kind of reversible Michael addition has previously
also been reported in pyrrolobenzodiazepines (PBDs).'* Taken
together, these results suggested that 1 is a suitable scaffold for
the development of labelling reagents for LgtC.

Probe design and synthesis

Previous SAR around the pyrazol-3-one scaffold showed that a
substituent at the meta position of the 2-phenyl ring does not
disrupt the covalent interaction with LgtC (Fig. 1).>° We there-
fore chose this position for installation of a linker and reporter

© 2024 The Author(s). Published by the Royal Society of Chemistry
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group, while retaining the 5-CF; and 4-(3-bromo-4-methoxy-
benzyl) substituents present in our most potent inhibitors
(Fig. 1). This flexible design also allowed us to readily vary the
length of the linker and the nature of the reporter group.
Target molecules 7 were prepared in three steps from
pyrazol-3-one 4 (Scheme 1). Installation of a short linker via
amide coupling at the carboxy group gave 5a and 5b as
previously reported.® Attempts to react these intermediates in a
Knoevenagel condensation with 3-bromo-4-methoxybenzaldehyde
remained unsuccessful. Instead, different groups (substituents R,
Scheme 1 and Table 1) were introduced directly at 5a and 5b by
copper()-catalyzed cycloaddition'® of the terminal alkyne with the
requisite azides under standard conditions. The required azides
were readily synthesised using established chemistry (ESIt). In the
final step of our synthesis, our primary targets 7a and 7b as well as
two analogues 7c and 7d were obtained by microwave-assisted
condensation of 6a-d with 3-bromo-4-methoxybenzaldehyde. Sev-
eral rounds of precipitation and crystallization from hexane/ethyl
acetate delivered the final compounds in yields of 31-71%. To
study the role of the Michael acceptor system for probe activity, we
also synthesised congener 8, which is lacking the exocyclic double
bond, as a control compound (Table 1 and ESL1 Scheme S2).

Fluorescence emission of 7a

As our primary reporter group we had chosen the commonly
used fluorophore 7-hydroxycoumarin.'® In order to understand
if covalent addition of a nucleophile at the Michael acceptor
system of our probes or, potentially, at 7-hydroxycoumarin
itself may impact fluorescence emission, we recorded fluores-
cence emission spectra of 7a in aqueous solution, with
and without preincubation with cysteine (ESLt Fig. S1). While
maximum fluorescence emission was observed at 477 nm in
both cases, interestingly, addition of cysteine resulted in a
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qualitatively stronger signal. This suggested that disruption of
the Michael acceptor system does not adversely affect fluores-
cence emission.

In vitro inhibition of LgtC

The inhibitory activity of the new pyrazol-3-ones 7 and 8
towards recombinant LgtC was evaluated in a previously estab-
lished enzyme-coupled assay.'” LgtC catalyses the transfer of
a-p-galactose from a UDP-o-p-galactose donor to lactose accep-
tor, with concomitant release of UDP as a secondary product.’
The assay uses calf intestinal phosphatase (CIP) to cleave
inorganic phosphate from UDP, which is then detected color-
imetrically with Malachite Green. LgtC activity is kept at
20-50% to ensure comparability across different assay runs.'”

Upon preincubation with LgtC for 30 min, the new fluor-
escent probe 7a showed 30-fold better inhibitory activity in this
assay than prototype inhibitor 1 (Table 1 and ESL, Fig. S2). This
result was unexpected, as previous results had suggested that a
linker in the meta position does not affect inhibitory activity.
To ensure this surprising result was not an assay artefact, we
carried out the requisite control experiments, which confirmed
that 7a does neither inhibit CIP, nor interfere with the absor-
bance readings of the Malachite Green complex (ESL Fig. S3).

Next, we tested analogues 7b-d, which differ from 7a in the
length of the linker (7b) or the nature of the reporter group (7c, 7d).
Interestingly, the length of the linker had no effect on inhibitory
activity, whereas replacement of the 7-hydroxycoumarin fluoro-
phore in 7a with a phenyl (7c) or simple coumarin (7d) substituent
led to a drop in activity to the levels observed for the parent
inhibitor 1 (Table 1). Taken together, these results suggest that
the 7-hydroxycoumarin fluorophore, and in particular the 7-hydroxy
substituent, contributes to the sub-micromolar activity of the new
LgtC probes, whereas the length of linker is of lesser importance.

CF3 CF3 CF, CF,
’Tl/ N= N= ’Tl/
| —
N / [lj / N / N
(i) (ii) (iii) Br
OH ? OH ——————> OH ————————> o]
= N:N\N o OMe
OV /{’\/OW ~R /{/\/
N
0% “OH o H{'\/ S 07N S o~ °N n
N \
4 5a(n=1) 6a-d 7a-d \
5b (n=2) N—N_
R
HO 0 o (o) o
Reportr groups C[I; ©; @[I;
6a,7a (n=2) - =
6b,7b (n= 1) 6c,7¢c (n=1) 6d,7d (n = 2)
Scheme 1 Synthesis of target molecules. Reagents & conditions: (i) 2-(prop-2-yn-1-yloxy)ethan-1-amine (5a) or 2-(2-(prop-2-yn-1-

yloxy)ethoxy)ethan-1-amine (5b), HBTU, DIEA, DMF, rt, overnight, 5a (65%) or 5b (64%); (ii) azide, CuSOy,, sodium ascorbate, t-BuOH/water (1:1), rt,
overnight, 6a (30%), 6b (44%), 6¢ (63%), or 6d (68%); (iii) 3-bromo-4-methoxybenzaldehyde, 160 °C/microwave, 15 min, 7a (31%), 7b (71%), 7c (60%), or 7d

(47%). For synthesis of reporter group azides see ESI.
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“ Conditions: LgtC was pre-incubated with test compound, UDP-Gal
(28 uM), MnCl, (5 mM), CIP (10 U mL™ '), CEL (1 mg mL™ "), Triton
(0.01%) for 30 min at 30 °C in 13 mM HEPES buffer (pH 7.0). Lactose
(2 mM) was added, and the reactions were incubated for 20 min at
30 °C. Each experiment was carried out in triplicate.

This is consistent with the activity observed for control compound 8
(Table 1 and ESI,T Scheme S2) which is lacking the exocyclic
double bond but is otherwise identical to 7a. While 8 is more
than 80-fold less active than 7a, it retains similar activity to
parent inhibitor 1, despite the absence of the Michael acceptor
system. This result suggests that the 7-hydroxycoumarin sub-
stituent makes an important non-covalent binding interaction
with LgtC, and that both the pyrazol-3-one scaffold and the
7-hydroxycoumarin reporter group are crucial features for the
potent activity observed for probes 7a and 7b.

Structurally, these activities can be rationalised with a binding
mode that positions the 7-hydroxycoumarin portion in the donor
binding site of LgtC, and the Michael acceptor in the proximity of
Cys246 (ESI,+ Fig. S4), which as previously shown® is the target
residue for covalent addition of inhibitors in this series. In this
orientation, 7a and 7b can mimic critical interactions between
LgtC and a donor analogue in the crystal structure,” including
hydrogen bonding with Asp8 and n-m stacking with Tyr11.
Analogues lacking the 7-hydroxy group (7d, 7c, 8) can engage in
some, but not all of these interactions, which may explain their
reduced activity. This interpretation is also consistent with our
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previous finding that inhibitory activity of LgtC inhibitors such as
1 is driven by non-covalent interaction rather than covalent
inactivation.>

Labelling of recombinant LgtC with 7a

Although attachment of the fluorophore was not originally
expected to affect the interaction of the probe with LgtC, we
reasoned that the enhanced binding affinity for LgtC may
actually be an advantage for labelling applications. To examine
the labelling of recombinant LgtC by 7a, the enzyme was
incubated with the probe at 30 °C for 30 min, unbound probe
was removed by centrifugation, and the residue was washed
with HEPES buffer (13 mM, pH 7.0). The labelled protein was
quantified, serially diluted (0.06-2.3 mg mL™"), denatured, and
analysed by gel electrophoresis (Fig. 3). Visualisation by in-gel
fluorescence and Coomassie staining showed a band at 32 kDa,
as expected for LgtC. At 0.5 mg mL ', the minimal concen-
tration of LgtC that could be detected was about 10-fold higher
by fluorescence emission than by staining (0.06 mg mL ™). We
attributed the limited sensitivity to the harsh denaturing con-
ditions, which may have resulted in the cleavage of the covalent
bond between protein and probe.

To avoid cleavage of LgtC-7a conjugates, we next investigated
milder denaturation conditions. Since the reaction mixture of
LgtC and 7a was incubated at 30 °C, we chose this temperature as
a starting point. Pleasingly, preliminary results under these con-
ditions showed significantly improved sensitivity and allowed us
to determine the LgtC detection limit of 7a as well as the optimal
probe concentration. When LgtC at different concentrations
(0-2.0 mg mL™") was incubated with 7a (50 uM) under these
milder conditions, the minimal concentration of LgtC that could
be visualised by fluorescence scanning was 0.03 mg mL~" (Fig. 4,
top). Next, a fixed amount of LgtC (0.25 mg mL ') was incubated
with various concentrations of 7a (0.5-100 uM) for 20 min,
showing detectable levels of LgtC down to a concentration
of 2 uM 7a (Fig. 4, bottom).

In these experiments, we also further simplified the labelling
protocol by avoiding the concentration step and leaving
unbound probe in the sample during gel electrophoresis.

LgtC 2.3 2.0 1..5 1.0 0.5 0.25 0.13 0.06 LgtC 2.3 2.0 1..51.0 0.5 0.25 0.13 0.06

LgtC
(mg/ml)
kDa =

170 .
130
b
55
a3

R ]

b4
'

»
R
'
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10

Fig. 3 Labelling of recombinant LgtC with 7a. Conditions: 7a (50 pM) was
incubated with LgtC for 30 min at 30 °C. Unbound probe was removed by
Vivaspin concentrators (cut-off: 10 kDa). The protein sample was quanti-
fied by Bradford assay, serially diluted, and denatured at 100 °C for 10 min.

Samples were analysed by 12% SDS-PAGE and visualised by Coomassie
staining (left) and in-gel fluorescence scanning (right).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Optimisation of labelling protocol for recombinant LgtC with 7a.
Conditions: Top row: 7a (50 pM) was incubated with variable concentra-
tions of LgtC (0-2.0 mg mL™%). Bottom row: variable concentrations of 7a
(0.5-100 uM) were incubated with LgtC (0.25 mg mL™%). Samples were
analysed by 12% SDS-PAGE and visualised by Coomassie staining (left) and
in-gel fluorescence scanning (right).

This adjustment is advantageous as it allows the labelling
experiment to be miniaturised to a total volume of 10 pL or
even less, while a larger amount of protein sample is necessary
for the protocol with centrifugation. Taken together, these
experiments demonstrated not only the concentration-depen-
dency of LgtC labelling with 7a, but also established a robust
protocol for labelling experiments in more complex samples,
including information about relevant detection limits.

Labelling of LgtC in cell lysates and intact cells with 7a

Having established that probe 7a can label purified recombi-
nant LgtC, we examined its capacity to label cell lysates from a
LgtC-expressing E. coli clone. This clone has previously been
transformed with a plasmid containing sequences encoding
His-tagged LgtC and ampicillin resistance.'® LgtC expression in
cells was induced with isopropyl-p-b-thiogalactopyranoside
(control: no induction). After cell disruption, cell lysates were
centrifuged, and the supernatant was collected and incubated
with 7a at final concentrations of 10, 25, and 50 puM.

Analysis by SDS-PAGE and visualisation by fluorescence
emission showed successful labelling of LgtC at all three
concentrations of 7a (Fig. 5). Not unexpectedly, labelling of a
small number of additional proteins was also observed (lane 5
& lane 7), which may be due to a certain degree of promiscuous
reactivity of the Michael acceptor system. The strongest off-
target band was observed at ~ 45 kDa. Preliminary results from
protein mass spectrometry suggest that this band may corre-
spond to the bacterial elongation factor Ef-Tu (unpublished
results). This is not surprising, as Ef-Tu is the most abundant
protein in bacterial cells and possesses a non-catalytic cysteine
in the substrate binding site, which is capable of reacting with
7a. It is notable, however, that in lysates from non-IPTG-
induced cells (lane 5), labelling was observed of a ~32 kDa

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Labelling of LgtC in cell lysates with 7a. Conditions: the soluble
proteome from E. coli clone NMC-41 following induction with IPTG (lanes
"IPTG") or no induction (lanes “control”) was incubated with 7a at 10, 25 or
50 pM. Samples were analysed by 12% SDS-PAGE and bands were
visualised by Coomassie Blue staining (left) and in-gel fluorescence scanning
(right). The asterisk indicates the LgtC band; the arrow indicates the putative
Ef-Tu band. Recombinant LgtC was included for reference (lanes “LgtC").
Experiments were carried out in duplicate, representative results are shown.

protein band, which presumably is due to leaky expression of
LgtC. This shows that 7a was still able to label LgtC even though
it was not the most abundant protein in this sample, indicating
that labelling capacity is driven not only by protein abundance
but also by at least a certain degree of specificity.

Finally, we investigated the applicability of 7a for labelling of
LgtC in intact cells. Most existing probes for GTs are based on a
sugar-nucleotide scaffold, whose negatively charged dipho-
sphate moiety limits penetration of the bacterial membrane.*
We speculated that due to its uncharged nature, 7a may in
contrast be able to penetrate into bacterial cells.

To identify any potential effect of 7a on bacterial viability, we
first monitored growth of a E. coli DH5a. culture in the presence
or absence of probe. No significant effect on bacterial growth
was observed at both concentrations tested (25 uM, 50 uM) over
a period of 6 h (ESLt Fig. S5). These results suggest that the

RSC Chem. Biol., 2024, 5, 55-62 | 59


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00092c

Open Access Article. Published on 19 October 2023. Downloaded on 1/17/2026 12:10:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

C
) QO
na o7
o O < o O <
Probe NEEFg N EE
100pM) ¢ o oS S oo e
wa B EEE FTS O

<

Fig. 6 Labelling of LgtC in intact E. coli cells with 7a. (a) The supernatant
of cells treated with 7a shows progressively weaker fluorescence emission
(Aex 366 nm) after 1 h incubation (A), 1st wash with DMSO (10%) in HEPES
buffer (B), 2nd wash with HEPES buffer (C), and 3rd wash with HEPES
buffer. (b) Strong fluorescence emission (Lex 366 nm) was observed in
lysates of intact E. coli cells incubated with 7a (100 puM) with (4) and
without (2) prior IPTG induction of LgtC expression, but not in control
samples treated with DMSO (3: with IPTG, 1: without IPTG) or HEPES buffer
(5: with IPTG) instead of 7a. (c) The supernatant of the five samples in (b)
was analysed by 12% SDS-PAGE and bands visualised by Coomassie Blue
staining (left) and in-gel fluorescence scanning (right). The asterisk
indicates the LgtC band.

probe does not affect bacterial viability and is indeed suitable
for labelling of intact cells.

Next, frozen cell samples that had been induced with IPTG
(control: no IPTG induction) were suspended in HEPES buffer
and incubated with 7a (control: DMSO only) for 1h at 30 °C,
with gentle shaking every 10 min. To remove any unbound
probe, cells were washed consecutively with DMSO (10%) in
HEPES bulffer (1x) and HEPES buffer only (2x) and centrifuged.
No residual fluorescence was observed in the supernatant
following these wash steps (Fig. 6a). To lyse the cells, the cell
pellet was re-suspended in BugBuster Buffer, shaken on a
rotating mixer, and centrifuged. Supernatant from samples
incubated with 7a showed very strong fluorescence emission
(Fig. 6b, samples 2 and 4), whereas control samples did not
(Fig. 6b, samples 1, 3 and 5), which suggests that 7a can indeed
penetrate the bacterial membrane.

To confirm that 7a can label LgtC in intact cells under these
conditions, samples 1-4 were separated by SDS-PAGE and
analysed by Coomassie blue staining and in-gel fluorescence
scanning (Fig. 6¢). Pleasingly, the labelling profiles obtained
from this experiment with intact cells was similar to those
observed with cell lysates. Fluorescent labelling of the LgtC
band is evident in both samples that had been treated with 7a.
As expected, the fluorescent band is particularly strong where
LgtC expression had been induced with IPTG (Fig. 6c, lane 5).
However, as in the cell lysate experiments, it is also visible in
the control sample without IPTG induction, which can be
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attributed to leaky expression of LgtC (Fig. 6¢, lane 3). While
LgtC was not the only protein labelled under these conditions,
these results confirm that 7a can label LgtC even at low levels
not only in cell lysates, but also in intact cells.

Experimental
Chemistry

Detailed synthetic procedures and compound characterisation
data are reported in the supplementary information.

Reversible Michael addition at compound 1

1 (10 mg, 0.023 mmol) was dissolved in CDCl; in a standard
NMR tube. The 'H NMR spectrum was acquired before and
after addition of several drops of CD;OD. An aliquot (50 pL) of
the solution was combined with CDCl; (500 pL) in another
NMR tube and the "H NMR spectrum was recorded again on a
Bruker BioSpin at 400 MHz.

Protein expression

LgtC was expressed and purified as previously described."®
Recombinant LgtC was activated with DTT (10 mM in HEPES
buffer) in a 1:1 ratio for 30 min at 30 °C prior to each
experiment, unless otherwise stated.

LgtC inhibition assays

Enzyme activity and inhibition experiments were carried out
using a previously reported colorimetric assay protocol."”
Unless otherwise stated, all assays were carried out in Nunc
clear, flat-bottom 96 well microplates on a Polarstar Optima
microplate reader (BMG Labtech). For IC5, experiments, LgtC
activity was adjusted to 20-50% turnover of UDP-Gal donor.
We have previously shown that within this turnover range ICs,
values are obtained reproducibly.”” All concentrations for the
assay components are final concentrations. Aliquots (15 pL
each) of activated LgtC, MnCl, (5 mM), CEL (1 mg mL™"), CIP
(10 U mL ), Triton (0.01%) and HEPES buffer (13 mM, pH 7.0)
were combined with inhibitor at various concentrations in
DMSO (15 pL, 10% final DMSO concentration) or DMSO only
(15 pL, control) in the requisite microplate wells. UDP-Gal
donor (15 pL, 28 uM) was added, and the mixtures were pre-
incubated for 30 min at 30 °C. Lactose acceptor (30 pL, 2 mM)
or HEPES buffer (30 pL, control) were added, and the reactions
were incubated for 20 min at 30 °C. Reactions were stopped by
addition of Malachite Green reagent A (30 uL). The microplate
was shaken carefully, and Malachite Green Reagent B (30 puL)
was added. The colour was allowed to develop over 20 min, and
the absorbance in each well was recorded at 620 nm. Absor-
bance measurements were used to calculate enzyme activity as
previously described."”

Labelling of recombinant LgtC

Probe 7a (500 uM in DMSO, 100 pL) was incubated with LgtC
(0-2.0 mg mL ™", 900 pL) at 30 °C for 30 min. Loading buffer
(2.5 uL)® was added to each sample and incubated for another

© 2024 The Author(s). Published by the Royal Society of Chemistry
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15 min at 30 °C. Samples were separated on a 12% tris-glycine
SDS-polyacrylamide electrophoresis gel. Upon completion, the
gel was washed quickly with pure water. Protein bands were
visualised by in-gel fluorescence scanning on a GE Amersham
Imager 600, and by Coomassie staining.

Labelling of LgtC in cell lysates

1'® was cultured as

E. coli LgtC-overexpression clone NMC-4
previous described® and cells were harvested by centrifugation
(4000 rpm, 4 °C, 10 min). The cell pellet was resuspended in
disruption buffer and lysed by sonication. The cell suspension
was centrifuged (15 000 rpm, 4 °C, 1 h) and the supernatant was
collected and stored at —80 °C prior to the labelling experiment.

Probe 7a (100, 250, and 500 pM in DMSO, 1 pL) was
incubated with cell lysate (9 pL) at 30 °C for 30 min. Loading
buffer (2.5 pL) was added to each sample and incubated for
another 15 min at 30 °C. Samples were separated on a 12% tris-
glycine SDS-polyacrylamide electrophoresis gel. Upon comple-
tion, the gel was washed quickly with pure water. Protein bands
were visualised by in-gel fluorescence scanning on a GE Amer-
sham Imager 600, and by Coomassie staining. Experiments
were carried out in duplicate with reproducible results.

Labelling of intact cells

E. coli LgtC-overexpression clone NMC-41'® was cultured as
previous described® and cells were harvested by centrifugation
(4000 rpm, 4 °C, 10 min). The cell pellet was stored at —80 °C
until further use. The frozen cells were re-suspended in HEPES
buffer (13 mM, pH 7.0) and diluted to an ODg, of 10-15. 7a
(1 mM in DMSO, 100 pL) was added to the cell suspension
(900 pL) and incubated at 30 °C for 1 h. Samples were
centrifuged (4000 rpm, 4 °C). The cell pellet was washed
consecutively with DMSO (10%) in HEPES buffer (1x) and
HEPES buffer (2x) to remove unbound probe. 1x BugBuster
(300 pL, diluted from 10x BugBuster stock with HEPES buffer)
was added into each sample. The cell suspension was incu-
bated on a rotating mixer at a slow setting for 20 min at room
temperature. Samples were centrifuged (12000 rpm, 4 °C) for
10 min. The clear supernatant was collected and separated on a
12% tris-glycine SDS-polyacrylamide electrophoresis gel. Upon
completion, the gel was washed quickly with pure water.
Protein bands were visualised by in-gel fluorescence scanning
on a GE Amersham Imager 600, and by Coomassie staining.

Conclusions

Our results show that pyrazol-3-one 7a can be used as a
chemical probe for the fluorescent labelling of the bacterial
glycosyltransferase LgtC in recombinant form, cell lysates, and
in intact cells. The suitability of pyrazol-3-ones as chemical
probes has sometimes been regarded with scepticism.'® We
show that through judicious choice of the 5-substituent, an
appropriate balance of stability and reactivity can be achieved
for such applications even in complex mixtures.
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To the best of our knowledge, our results represent the first
example for the successful labelling of a bacterial glycosyltrans-
ferase in intact cells. In contrast to glycosidases, only very few
such probes have been reported for glycosyltransferases.® The
labelling profile of 7a indicates that the probe is not entirely
selective for LgtC, its primary target. However, our insights into
the SAR for LgtC inhibition provide a sound basis for further
rational optimisation of target selectivity in this new class of
chemical probes for glycosyltransferases. Our results suggest
that the 7-hydroxycoumarin fluorophore directly contributes to
binding at the LgtC active site, most likely by acting as a mimic
of the sugar-nucleotide donor. Efforts at further optimisation
will be facilitated by our flexible synthetic route, which also
allows the rapid variation of the reporter group, including e.g.,
the introduction of more sensitive commercial fluorophores or
pull-down reagents.

Non-catalytic cysteines are a common feature in bacterial
glycosyltransferases.”” The results from this study therefore
also provide an excellent template for the development of
similar chemical probes for other bacterial glycosyltrans-
ferases. Such probes, including 7a, will be powerful tools to
study the role of LgtC and related enzymes for bacterial
virulence and pathogenicity.

Author contributions

G. K. W. conceived and supervised the research and carried out
molecular docking experiments; Y. X. performed all other
experiments; G. K. W. and Y. X. analysed the data and wrote
the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank King’s College London for a King’s China Award
(to Y. X.) and the EPSRC UK National Mass Spectrometry
Facility at Swansea University for the recording of mass spectra.
The E. coli NMC-41 clone was a generous gift from Dr Warren
Wakarchuk (Toronto).

Notes and references

1 (@) K. W. Moremen and R. S. Haltiwanger, Nat. Chem. Biol.,
2019, 15, 853-864; (b) L. L. Lairson, B. Henrissat, G. J. Davies
and S. G. Withers, Annu. Rev. Biochem., 2008, 77, 521-555.

2 H. L. P. Tytgat and S. Lebeer, Microbiol. Mol. Biol. Rev., 2014,
78, 372-417.

3 Y. Xu, N. Uddin and G. K. Wagner, Covalent Probes for
Carbohydrate-Active Enzymes: From Glycosidases to Glyco-
syltransferases, in Methods in Enzymology, ed. B. Imperiali,
Academic Press, 2018, ch. 9, pp. 237-265.

RSC Chem. Biol., 2024, 5, 55-62 | 61


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00092c

Open Access Article. Published on 19 October 2023. Downloaded on 1/17/2026 12:10:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

4 (a) A. Cioce, S. A. Malaker and B. Schumann, Curr. Opin.
Chem. Biol., 2021, 60, 66-78; (b) C.-H. Hu, M. Worth, D. Fan,
B. Li, H. Li, X. Zhong, Z. Lin, L. Wei, Y. Ge, L. Li and J. Jiang,
Nat. Chem. Biol., 2017, 13, 1267-1276; (c) K. A. Stubbs,
Carbohydr. Res., 2014, 390, 9-19; (d) Y. Zeng, Y. Shabalin,
T. Szumilo, I. Pastuszak, R. R. Drake and A. D. Elbein, Anal.
Biochem., 1996, 239, 99-106.

5 K. Persson, H. D. Ly, M. Dieckelmann, W. W. Wakarchuk,
S. G. Withers and N. C. J. Strynadka, Nat. Struct. Biol., 2001,
8, 166-175.

6 (a) S. E. Clark, K. R. Eichelberger and J. N. Weiser, Mol
Microbiol., 2013, 88, 603-618; (b) A. L. Erwin, S. Allen,
D. K. Ho, P. ]J. Bonthius, ]J. Jarisch, K. L. Nelson,
D. L. Tsao, W. C. T. Unrath, M. E. Watson, B. W. Gibson,
M. A. Apicella and A. L. Smith, Infect. Immun., 2006, 74,
6226-6235; (¢) R. Griffin, C. D. Bayliss, M. A. Herbert,
A. D. Cox, K. Makepeace, J. C. Richards, D. W. Hood and
E. R. Moxon, Infect. Immun., 2005, 73, 7022-7026.

7 R. C. Allen, R. Popat, S. P. Diggle and S. P. Brown, Nat. Rev.
Microbiol., 2014, 12, 300-308.

8 (a) P. H. W. Chan, A. H. Cheung, M. Okon, H-M. Chen, S. G.
Withers and L. P. Mclntosh, Biochemistry, 2013, 52, 320-332;
(b) P. H. W. Chan, S. Weissbach, M. Okon, S. G. Withers and
L. P. McIntosh, Biochemistry, 2012, 51, 8278-8292.

9 (@) Y. Xu, J. Cuccui, C. Denman, T. Maharjan, B. W. Wren and
G. K. Wagner, Biorg. Med. Chem., 2018, 26, 2973-2983; (b) Y. Xu,
R. Smith, M. Vivoli, M. Ema, N. G00s, S. Gehrke, N. J. Harmer
and G. K. Wagner, Biorg. Med. Chem., 2017, 25, 3182-3194.

62 | RSC Chem. Biol., 2024, 5, 55-62

10

11

12

13

14
15

16

17

18

19

View Article Online

RSC Chemical Biology

(a)J. B. Baell and J. W. M. Nissink, ACS Chem. Biol., 2018, 13,
36-44; (b) ]. B. Baell and G. A. Holloway, J. Med. Chem., 2010,
53, 2719-2740.

J. Stefaniak, A. M. Lewis, D. Conole, S. R. G. Galan,
C. J. R. Bataille, G. M. Wynne, M. P. Castaldi,
T. Lundbdck, A. J. Russell and K. V. M. Huber, ACS Chem.
Biol., 2018, 13, 2849-2854.

C. Avonto, O. Taglialatela-Scafati, F. Pollastro, A. Minassi,
V. Di Marzo, L. De Petrocellis and G. Appendino, Angew.
Chem., Int. Ed., 2011, 50, 467-471.

(@) D. Li, L. Song, S. Song and S. Zhu, J. Fluor. Chem., 2007,
128, 952-957; (b) X.-L. Li, Y.-M. Wang, B. Tian, T. Matsuura
and J.-B. Meng, J. Heterocycl. Chem., 1998, 35, 129-134.

B. Gerratana, Med. Res. Rev., 2012, 32, 254-293.

V. V. Rostovtsev, L. G. Green, V. V. Fokin and
K. B. Sharpless, Angew. Chem., Int. Ed., 2002, 114,
2708-2711.

for recent examples see e.g., (a) W. Zhang, Z. Ma, W. Li,
G. Li, L. Chen, Z. Liu, L. Du and M. Li, ACS Med. Chem. Lett.,
2015, 6, 502-506; (b) L. Du, N. Ni, M. Li and B. Wang,
Tetrahedron Lett., 2010, 51, 1152-1154.

L. Tedaldi, A. Evitt, N. G00s, J. Jiang and G. K. Wagner,
MedChemComm, 2014, 5, 1193-1201.

W. W. Wakarchuk, A. Cunningham, D. C. Watson and
N. M. Young, Protein Eng., 1998, 11, 295-302.

K. Descroix, T. Pesnot, Y. Yoshimura, S. S. Gehrke,
W. Wakarchuk, M. M. Palcic and G. K. Wagner, J. Med.
Chem., 2012, 55, 2015-2024.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00092c



