
Tailored Cofactor Traps for the Detection of
Hemithioacetal-Forming Pyridoxal Kinases.

Item Type Article

Authors Hübner, Ines; Dienemann, Jan-Niklas; Friederich, Julia;
Schneider, Sabine; Sieber, Stephan A

Citation ACS Chem Biol. 2020 Dec 18;15(12):3227-3234. doi: 10.1021/
acschembio.0c00787. Epub 2020 Dec 3.

DOI 10.1021/acschembio.0c00787

Publisher American Society for Chemistry (ACS)

Journal ACS chemical biology

Rights Attribution-NonCommercial-ShareAlike 4.0 International

Download date 26/05/2023 10:25:56

Item License http://creativecommons.org/licenses/by-nc-sa/4.0/

Link to Item http://hdl.handle.net/10033/622675

http://dx.doi.org/10.1021/acschembio.0c00787
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://hdl.handle.net/10033/622675


1 

Tailored cofactor traps for the in situ detection of hemithioacetal-
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ABSTRACT: Pyridoxal kinases (PLK) are crucial enzymes for 
the biosynthesis of pyridoxal phosphate, an important cofactor 
in a plethora of enzymatic reactions. The evolution of these en-
zymes resulted in different catalytic designs. In addition to the 
active site, the importance of a cysteine, embedded within a dis-
tant flexible lid region, was recently demonstrated. This cyste-
ine forms a hemithioacetal with the pyridoxal aldehyde and is 
essential for catalysis. Despite the prevalence of these enzymes 
in various organisms, no tools were yet available to study the 
relevance of this lid residue. Here, we introduce pyridoxal 
probes, each equipped with an electrophilic trapping group in 
place of the aldehyde to target PLK reactive lid cysteines as a mimic of hemithioacetal formation. The addition of alkyne 
handles placed at two different positions within the pyridoxal structure facilitates enrichment of PLKs from living cells. 
Interestingly, depending on the position, the probes displayed a preference for either Gram-positive or Gram-negative PLK 
enrichment. By applying the cofactor traps, we were able to validate not only previously investigated Staphylococcus aureus 
and Enterococcus faecalis PLKs but also Escherichia coli and Pseudomonas aeruginosa PLKs, unravelling a crucial role of 
the lid cysteine for catalysis. Overall, our tailored probes facilitated a reliable readout of lid cysteine containing PLKs, qual-
ifying them as chemical tools for mining further diverse proteomes for this important enzyme class. 

INTRODUCTION 

Pyridoxal phosphate (PLP) is an essential enzyme cofac-
tor which is highly conserved throughout all domains of 
life. PLP-dependent enzymes account for 4% of all known 
catalytic activities and are involved in various chemical 
transformations including racemization, transamination, 
decarboxylation, and carbon-carbon bond cleavage and 
formation. Due to the importance of PLP in e.g. glucose, 
lipid and amino acid metabolism,1–4 numerous PLP-
dependent enzymes have been identified as drug targets4–6 
including alanine racemase7,8 for the treatment of bacterial 
infections. Pyridoxal (PL), the precursor of PLP, is either 
synthesized de novo or taken up from the extracellular mi-
lieu via specialized transport systems. While many micro-
organisms are capable of both biosynthesis and uptake, eu-
karyotic cells rely solely on the uptake of PL and subse-
quent phosphorylation to PLP. This phosphorylation step 
of ingested PL as well as of the corresponding B6 vitamers 
pyridoxine (PN) and pyridoxamine (PM) is catalyzed by 
pyridoxal kinase (PLK).9,10 This enzyme plays a crucial role 

in cellular PLP metabolism as corresponding cofactor de-
ficiency results in human neurological disorders6 as well as 
impairs virulence and survival of pathogenic bacteria.11 

While PLK was believed for a long time to be the sole 
source of PL phosphorylation, discoveries in e.g. Esche-
richia coli as well as Staphylococcus aureus challenged this 
assumption. An E. coli strain with a mutation in the corre-
sponding PLK gene (pdxK) and an inactivated de novo bio-
synthesis pathway could still grow on PL,12–14 which led to 
the discovery of a second kinase encoded by the pdxY gene, 
which was able to catalyze this transformation.14 In fact, 
pdxY was also found in several other bacteria indicating a 
more general role in prokaryotic PLP biosynthesis. Coinci-
dentally, target identification studies with the natural 
product rugulactone led to the identification of an addi-
tional PLK encoded by thiD (ThiD1, UniProt ID: 
A0A0H2XGZ0).15 ThiD1 was predicted to be involved in thi-
amine biosynthesis, however, this enzyme did not cluster 
with any of the thiamine biosynthesis genes and a closer 
inspection of the S. aureus genome revealed an additional 



2 

 
Scheme 1. Synthesis of inhibitors A-PM-I and Cl-PM-I as well as the corresponding probes A-PM-P1, Cl-PM-P1 and A-PM-
P2. (A) A-PM-I and Cl-PM-I were synthesized by acylation of PM as has already been described by Ueda et al.16 and Cravatt,17 
respectively. Probes A-PM-P1 and Cl-PM-P1 were synthesized by propargylation of inhibitors A-PM-I and Cl-PM-I, respectively. 

(B) Synthesis of A-PM-P2. Compound 1 was synthesized as described by Hoegl et al.18 Compound 1 was converted to ox-
ime 2,19 which was subsequently reduced by LiAlH4 and acylated using acrylic acid to yield A-PM-P2.20

protein encoded by thiD (ThiD2, UniProt ID: 
A0A0H2XGE7), which is located in the thiamine biosyn-
thesis operon. The uncharacterized ThiD1 enzyme was ex-
pressed recombinantly and revealed significant activity not 
only in the phosphorylation of 4-amino-5-hydroxymethyl-
2-methyl-pyrimidine (HMP, the substrate of ThiD2 in the 
thiamine pathway) but also of PL and PN.21 Indeed, metab-
olomic studies with a ThiD1 transposon mutant showed in-
creased extracellular PL levels suggesting that the designa-
tion as a thiamine biosynthesis enzyme could be expanded 
to include PL phosphorylation. We therefore re-assigned 
the protein ThiD1 as SaPLK and investigated the mecha-
nism of PL phosphorylation by SaPLK in more detail.15,21 
This enzyme contains a nucleophilic cysteine residue 
(Cys110) in its flexible lid region forming a covalent he-
mithioacetal with the PL 4´-aldehyde group. Co-crystal 
structures demonstrated that the lid shields the substrate 
pocket and the corresponding hemithioacetal intermedi-
ate precisely positions the cofactor for deprotonation of 
the 5´-alcohol. This is facilitated via an active site cysteine 
(Cys214) which enables the deprotonated alcohol to per-

form an in-line attack onto the -phosphate of ATP. Muta-
tion of the lid cysteine (C110A) completely abolished activ-
ity emphasizing the importance of covalent catalysis for 
this enzyme. A BLAST search revealed that Cys110 is con-
served in a large number of homologous enzymes includ-
ing Enterococcus faecalis, where the same C110A mutation 
resulted in a loss of PL turnover. This data implies that 
PLKs operating with two cysteine residues are common 
within Gram-positive bacteria and have been re-classified 
as a new class of dual cysteine (one in the lid, one in the 
active site) PLKs (CC-PLKs).21 As Gram-negative lid cyste-
ine containing PLKs, e.g. pdxY in Escherichia coli (EcPLK) 
or Pseudomonas aeruginosa (PaPLK), bear an Asp in the 

active site instead of a Cys, the class of lid cysteine contain-
ing PLKs was expanded to CD-PLK (Cys in the lid, Asp in 
the active site) (Supplementary Figure S1). So far, the func-
tion and distribution of these enzymes in bacteria is un-
known. Studies with EcPLK indicated that the cysteine res-
idue located five residues upstream compared to SaPLK 
also forms a hemithioacetal, which suggests that this inter-
mediate could be more common in PL catalysis.12 Surpris-
ingly, investigations on the catalytic mechanism of PaPLK 
revealed the lid cysteine residue as not being directly in-
volved in PL phosphorylation.22 Thus, sequence align-
ments of putative PLKs seem insufficient to predict the cat-
alytic mechanism of these enzymes without in-depth bio-
chemical studies.22,23 

We here introduce a complementary tool for unbiased 
mining of the inventory of PLKs using hemithioacetal as 
intermediate in catalysis. These tools employ the pyridoxal 
core structure equipped with an electrophilic trapping 
group in place of the aldehyde. PLKs with a reactive lid cys-
teine attack the warhead and become irreversibly trapped. 
Further functionalization of the cofactor trap with an al-
kyne group allowed whole proteome mining for lid cyste-
ine containing PLKs in Gram-positive and Gram-negative 
bacteria. 

 

RESULTS AND DISCUSSION 

Design and synthesis of PLK traps. Given the pres-
ence of a mechanistically important cysteine in the lid loop 
of CC- and CD-PLKs we considered the design of tailored 
electrophilic PL traps to irreversibly engage with this sig-
nature residue. Although SaPLK tolerates PL derivatives,18 
we chose a stepwise approach for the synthesis and corre-
sponding biological evaluation. 
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Figure 1. Design and validation of PL cofactor traps to target SaPLK. (A) Molecular structures of inhibitors (A-PM-I and Cl-
PM-I) and corresponding probes (A-PM-P1, A-PM-P2, Cl-PM-P1). (B) Mass spectra of intact SaPLK wt and mutant after incuba-
tion with A-PM-P1 (100 eq.) for 24 h. (C) Schematic experimental workflow for target identification by activity-based protein pro-
filing (ABPP). After incubation of intact cells with a probe or DMSO, cells were lysed and samples subjected to copper-catalyzed 
azide-alkyne cycloaddition (CuAAC) to attach rhodamine (analytical labeling) or biotin (preparative labeling) for downstream 
analysis. For analytical labeling, samples were analyzed via SDS-PAGE. For preparative studies, labeled proteins were enriched on 
avidin beads, enzymatically digested and analyzed by LC-MS/MS. (D) Gel-based labeling of recombinant SaPLK. Wild type enzyme 
was incubated with probes (10 eq.) for 24 h and analyzed via SDS-PAGE. (E) Comparison of probes in spike-in studies with recom-

binant SaPLK (1 M) in S. aureus lysate after 2 h and 24 h incubation time. Samples were analyzed via SDS-PAGE. (F) Comparison 

of in situ labeling of intact S. aureus cells using all probes (200 M, 24 h) visualized by SDS-PAGE and fluorescence detection. (G) 

Intact S. aureus wt and S. aureus transposon mutants, SAUSA300_0562 (SaPLK) and SAUSA300_2631 (putative N-acetyltrans-

ferase), were treated with A-PM-P1 and A-PM-P2 (200 M, 24 h), lysed and the samples analyzed via SDS-PAGE.
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First, we selected the PL core scaffold and replaced the 
4´-aldehyde with an electrophilic Michael acceptor moiety 
(Figure 1A). The synthesis started with the acylation of PM 
using acryloyl chloride to yield A-PM-I (Scheme 1A).16 The 
ability of A-PM-I to covalently modify recombinant SaPLK 
was confirmed via intact protein mass spectrometry 
(IPMS) (Figure 1B), which reached completion overnight 
(Supplementary Figure S2A), while treatment of the lid 
C110A mutant under the same conditions (100 eq. A-PM-I) 
led to only 25% labeling, validating Cys110 as the primary 
binding site. As expected, human PLK (hPLK) was not 
modified by A-PM-I confirming the lack of a cysteine in 
the lid (Supplementary Figure 2B). 

Tailored probes for PLK labeling. Encouraged by the 
IPMS data, we designed corresponding probe molecules by 
appending a small alkyne linker either via the 3´-alcohol 
(A-PM-P1) or the 2´-methyl group (A-PM-P2) (Figure 1A). 
Upon protein binding, these probes can be functionalized 
with either rhodamine or biotin azide via click chemistry 
to facilitate visualization and identification of targeted 
proteins (Figure 1C). For A-PM-P1, the 3’-alcohol of A-PM-
I was alkylated using propargyl bromide (Scheme 1A). For 
A-PM-P2, we used the alkylation strategy implemented by 
Hoegl et al. to synthesize compound 1,18 which was subse-
quently treated with an excess of hydroxylamine to yield 
the respective oxime 2.19 Reduction using LiAlH4 followed 
by coupling to acrylic acid afforded A-PM-P2 
(Scheme 1B).20 

Subjecting recombinant wt and C110A mutant SaPLKs to 
probe labeling, click to rhodamine azide and SDS-PAGE re-
vealed more efficient labeling of SaPLK wt by A-PM-P1 
than A-PM-P2 (Figure 1D, Supplementary Figure S3). This 
observation can be rationalized utilizing the co-crystal 
structure of SaPLK in complex with the native PL cofactor 
(PDB: 4C5L)21 as basis for computational modeling. Fitting 
the probes into the structure revealed an open space at the 
3’-hydroxyl group to accommodate the alkyne handle of A-

PM-P1 next to the -hairpin and Val142. In contrast, steric 

clashes with the first -strand and the propargylated 2’-
substituent of A-PM-P2 were predicted (Supplementary 
Figure S4A). In line with the IPMS data, the C110A mutant 
showed significantly weaker labeling for A-PM-P1, which 
was independent of protein heat inactivation, suggesting a 
nonspecific probe binding (Supplementary Figure S3). 
Based on these results, we decided to expand our set of 
probes by replacing the acrylamide warhead of A-PM-P1 to 
the more reactive chloroacetamide. Inhibitor Cl-PM-I was 
synthesized by acylation of PM using chloroacetic anhy-
dride which was subsequently alkylated by propargyl bro-
mide yielding probe Cl-PM-P1 (Scheme 1A). Next, we eval-
uated the selectivity of all probes by labeling lysates of 
S. aureus with spiked-in SaPLK wt (Figure 1E). A compari-
son between all probes revealed a strongly elevated num-
ber of protein bands labeled by the chloroacetamide probe 
Cl-PM-P1 as compared to the Michael acceptor-based 
probes (A-PM-P1/P2) which almost exclusively labeled the 
spiked-in SaPLK. In addition, both Michael acceptor 

probes revealed very few protein bands upon incubation of 
intact S. aureus wt cells (Figure 1F). Interestingly, labeling 
in an intact SaPLK transposon mutant strain showed that 
the 29 kDa band for SaPLK only vanished with A-PM-P1 
but remained with A-PM-P2, which supports our previous 
findings that only A-PM-P1 is able to bind to SaPLK but 
not A-PM-P2 (Figure 1G). In contrast, Cl-PM-P1 incuba-
tion with intact S. aureus cells resulted in high background 
labeling (Figure 1F), suggesting an enhanced but nonspe-
cific reactivity. Similar results were obtained via gel-based 
labeling experiments for recombinant E. faecalis PLK 
(EfPLK), another confirmed CC-PLK (Supplementary Fig-
ure S5A).21 

In situ profiling in Gram-positive bacteria reveals 
CC-PLKs. To decipher the in situ selectivity of A-PM-P1, 
A-PM-P2 and Cl-PM-P1 for CC-PLKs in Gram-positive 
bacteria, intact S. aureus and E. faecalis cells were incu-
bated with individual probes for 24 h, lysed, clicked to bi-
otin azide and enriched on avidin beads. Subsequent pro-
tein digest, LC-MS/MS analysis and label-free quantifica-
tion (LFQ) of peptide spectra resulted in volcano plots with 
the most significant hits (fold-change > log2 = 1, signifi-
cance > -log10 = 2) depicted in the upper right corner (Fig-
ure 2A–C, Supplementary Figure S5B–C). Strikingly, A-
PM-P1 strongly labeled SaPLK (Figure 2A) and EfPLK 
(Supplementary Figure S5B) with only few other off-tar-
gets. Profile plots of the LFQ data reveal concentration-de-
pendent enrichment of both proteins SaPLK (Figure 2D) 
and EfPLK (Supplementary Figure S5D). These proteomic 
data show that A-PM-P1 is able to enrich SaPLK as well as 
EfPLK in situ by covalent attachment to the lid cysteine 
Cys110, which has previously been proven as the primary 
binding site by gel-based labeling experiments of recombi-
nant wt and mutant proteins. These findings confirm this 
probe as a reliable in situ tool for the detection of Gram-
positive PLKs containing a lid cysteine relevant for PL ca-
talysis. 

As expected from the crystal structure and in vitro label-
ing studies, A-PM-P2 did not enrich the respective CC-
PLKs (Supplementary Figure S4A, Figure 2B, Supplemen-
tary Figure S5C). Instead, a putative N-acetyltransferase 
was enriched and this target was validated with an in situ 
gel-based labeling study using the corresponding trans-
poson mutant (Figure 1G). The elevated reactivity of Cl-
PM-P1 resulted in high background labeling (Figure 2C), 
confirming results from gel-based spike-in studies with re-
combinant SaPLK. A closer analysis of the corresponding 
off-targets revealed a large fraction (>58%) of proteins with 
medium or high reactive cysteine residues, explaining their 
binding to the chloroacetamide probe.24 In agreement with 
the proteomic results, concentration-dependent inhibition 
of recombinant SaPLK and EfPLK with A-PM-I and Cl-PM-
I was observed (Figure 2E, Supplementary Figure S5E). In 
contrast, ginkgotoxin (4'-O-methylpyridoxine), a hPLK in-
hibitor, did not inhibit SaPLK highlighting a different 
binding mode in bacterial enzymes.
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Figure 2. Target identification by chemical proteomic profiling and target validation. The volcano plots show enrichment 

of proteins after treatment (24 h) of S. aureus cells with (A) A-PM-P1 (10 M), (B) A-PM-P2 (10 M) and (C) Cl-PM-P1 (10 M) on 
a log2 scale. The vertical and horizontal threshold lines represent a log2 enrichment ratio of 1 and a -log10 P value of 2 (two-sided 
two-sample t-test, n = 4 independent experiments per group), respectively. (D) Profile plot representation of proteomic data show-

ing LFQ intensities of SaPLK after treatment of intact S. aureus with Cl-PM-P1 (1 M and 10 M), A-PM-P1 (10 M and 50 M) 

and A-PM-P2 (10 M and 50 M) (n = 4 independent experiments per group). (E) Influence of compounds A-PM-I, Cl-PM-I and 
ginkgotoxin on SaPLK phosphorylation activity. Activity was measured after incubation for 2 h at 25 °C (n = 3 independent exper-
iments per group; data represent the mean ± SEM).

The importance of the lid cysteine in Gram-negative 
CD-PLKs. With a validated method for monitoring CC-
PLKs using A-PM-P1 in Gram-positive bacteria, we next in-
vestigated Gram-negative E. coli and P. aeruginosa. Both 
bacteria encode PLKs with a Cys in the lid region and an 
Asp in the active site (Supplementary Figure S1). However, 
contradictory data exists regarding the function of these 
cysteines. A co-crystal structure of the E. coli enzyme 
showed covalent engagement of the lid cysteine by PL.12 

Notably, the structure revealed the hemithioacetal 
bound PL in only one monomer of the EcPLK homodimer, 
raising the question of whether it plays an essential role in 
enzyme turnover similar to CC-PLKs. Contrarily, a P. aeru-
ginosa lid cysteine mutant remained active in phosphory-
lation assays suggesting that it is dispensable for catalysis.22 

To experimentally consolidate these diverging reports 
about CD-PLKs, we investigated the reactivity and accessi-
bility of the lid cysteines with our probes. Starting with 
EcPLK, we incubated the recombinant wt as well as cyste-
ine to alanine mutant proteins with the two probes A-PM-
P1 and A-PM-P2 and analyzed labeling via fluorescent 
SDS-PAGE. Surprisingly, while A-PM-P1, the probe tai-
lored for CC-PLK, failed to label either protein, A-PM-P2 
revealed a clear signal solely for the wt (Figure 3A). A closer 
inspection of the E. coli co-crystal structure with bound PL 
(PDB: 1TD2)12 revealed different preferences for the probes 
compared to SaPLK after computational modeling with A-
PM-P1 and A-PM-P2: While collision of the 3’-alkyne han-
dle of A-PM-P1 with Thr45 located at the small-helix-loop 
secondary structural element was predicted, A-PM-P2 can 
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Figure 3. Labeling Gram-negative PLKs and target identification by chemical proteomic profiling. (A) Gel-based labeling 
experiments using recombinant EcPLK and PaPLK. Wild type and mutant enzymes were incubated with probes (10 eq.) for 24 h 

and analyzed via SDS-PAGE. () PL phosphorylation activity assay of Gram-negative PLKs was performed in cell lysate of an E. coli 
expression strain after overexpression of proteins (n = 3; data represent the mean ± SEM). (C) The volcano plot shows enrichment 

of proteins after treatment (24 h) of E. coli cells with A-PM-P2 (10 M) on a log2 scale. The vertical and horizontal threshold lines 
represent a log2 enrichment ratio of 1 and a -log10 P value of 2 (two-sided two-sample t-test, n = 4 independent experiments per 
group), respectively. The green dot represents the target protein, EcPLK. Black dots represent PLP associated enzymes and blue 
dots represent proteins of the thioredoxin-like superfamily (assignment according to UniProtKB).25 (D) Profile plot representation 

of proteomic data showing LFQ intensities of EcPLK after treatment of intact E. coli cells with A-PM-P2 (10 M and 50 M) (n = 4 
independent experiments per group).

be accommodated into the binding pocket and subse-
quently react with Cys122 (Supplementary Figure S4B). 
Next, enzymatic activity was assessed, however, in line 
with previous literature reports, the turnover of the puri-
fied protein in buffer was slow, indicating a requirement 
for cellular components for enhanced activity.26 We thus 
utilized the lysate of E. coli expressing the recombinant 
protein and obtained a significantly higher phosphoryla-

tion activity with a catalytic turnover of 57 M PLP/h (Fig-
ure 3B). E. coli cells lacking recombinant PLK expression 
were used as a control to subtract the basal PLK activity 
level. While the lid cysteine to alanine mutant still dis-
played activity, it was reduced by approximately 50%. A 
previous co-crystal structure of PL bound EcPLK showed 
the cysteine hemithioacetal formation only in every other 

subunit which could provide a rational for the observed ac-
tivity data.12 

Similarly, we assessed probe binding to recombinant 
CD-PLK of P. aeruginosa, PaPLK, and again obtained 
strong labeling solely by the A-PM-P2 probe, highlighting 
its better performance in engaging Gram-negative CD-
PLKs (Figure 3A). As anticipated, the corresponding lid 
mutant lacked labeling. As with previous literature reports, 
assays with recombinant wt enzyme showed very limited 
activity.22 Thus, we tested the PaPLK wt expression lysate 
which again revealed improved activity albeit with a 3-fold 
reduced turnover compared to the E. coli wt enzyme. Im-
portantly, the corresponding PaPLK lid mutant lacked en-
zymatic activity, indicating the importance of this residue 
for catalysis (Figure 3B). 
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For assessing E. coli labeling, intact cells were treated 
with A-PM-P2 followed by proteome enrichment. LC-
MS/MS data analysis revealed several proteins rich in reac-
tive cysteines such as thioredoxin-like superfamily pro-
teins (Figure 3C, blue). Furthermore, several enzymes 
known for PL or PLP binding (Figure 3C, black) were 
among these hits, e.g. aromatic-amino-acid aminotransfer-
ase (tyrB) and E. coli PLK (pdxK), the kinase lacking a re-
active lid residue.13 Importantly, EcPLK (pdxY), bearing the 
lid cysteine, exhibited strong enrichment in the A-PM-P2 
treated samples (Figure 3C). A LFQ intensity profile plot 
further demonstrated the selectivity of EcPLK labeling by 
a concentration-dependent enrichment of the protein 
(Figure 3D). These results show that our pyridoxal inspired 
cofactor traps, combined with sequence alignments, are re-
liable tools in the correct assignment of catalytically rele-
vant lid cysteines in the large and diverse class of PLKs. 

 

CONCLUSION 

Pyridoxal kinases are crucial enzymes for maintaining 
sufficient levels of the essential PLP cofactor in eukaryotic 
and prokaryotic cells. During evolution, several different 
enzyme classes evolved which all bear a similar structural 
fold but differ in the active site base as well as lid compo-
sition. While sequence alignments predict the existence of 
lid cysteines in Gram-positive and Gram-negative bacteria, 
their reactivity for hemithioacetal formation and relevance 
for catalytic turnover was largely unknown. Chemical co-
factor probes with tailored electrophiles are able to solve 
this issue by monitoring the reactive lid cysteine. We ra-
tionalize that cysteines with relevance in catalysis attack 
the pyridoxal aldehyde forming a hemithioacetal. This is 
trapped by the probe and thus enabling a reliable readout 
for CC- and CD-PLKs in vitro as well as in situ. We were 
able to further customize this strategy with two comple-
mentary probes, A-PM-P1 fitting into Gram-positive CC-
PLKs and A-PM-P2 binding into Gram-negative CD-PLKs. 
The lid cysteines of all wt enzymes in this study were mod-
ified by our tailored probes highlighting their important 
role in catalysis. The probes thus represent suitable tools 
to further decipher these PLK subclasses in other bacterial 
cells with yet unknown function.  
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