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Targeted covalent inhibitors have become an integral part of a number of therapeutic protocols and are
the subject of intense research. The mechanism of action of these compounds involves the formation of a
covalent bond with protein nucleophiles, mostly cysteines. Given the abundance of cysteines in the
proteome, the specificity of the covalent inhibitors is of utmost importance and requires careful opti-
mization of the applied warheads. In most of the cysteine targeting covalent inhibitor programs the
design strategy involves incorporating Michael acceptors into a ligand that is already known to bind non-
covalently. In contrast, we suggest that the reactive warhead itself should be tailored to the reactivity of
the specific cysteine being targeted, and we describe a strategy to achieve this goal. Here, we have
extended and systematically explored the available organic chemistry toolbox and characterized a large
number of warheads representing different chemistries. We demonstrate that in addition to the common
Michael addition, there are other nucleophilic addition, addition-elimination, nucleophilic substitution
and oxidation reactions suitable for specific covalent protein modification. Importantly, we reveal that
warheads for these chemistries impact the reactivity and specificity of covalent fragments at both protein
and proteome levels. By integrating surrogate reactivity and selectivity models and subsequent protein
assays, we define a road map to help enable new or largely unexplored covalent chemistries for the
optimization of cysteine targeting inhibitors.

© 2018 Elsevier Masson SAS. All rights reserved.
1. Introduction

Targeted covalent inhibitors (TCIs) are typically high affinity
. Gobec), keseru.gyorgy@ttk.

served.
compounds that selectively block the activity of the targeted pro-
teins by forming covalent bonds with nucleophilic amino acid
residues [1]. The nucleophilic partner is most often cysteine;
however, other residues, such as serine, threonine, tyrosine and
lysine, can also be considered [2]. The importance of cysteine-
targeting is supported by the low occurrence of cysteine in the
human proteome (2.3%) [3] that alleviates selectivity issues and the
low conservation of non-catalytic cysteines particularly in protein
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kinases is also advantageous for selectivity and for avoiding the
development of resistance [4]. The cysteine thiol is highly reactive
due to its high electron density and polarizability. Therefore, it can
be attacked with low reactivity ligands that is preferred to mini-
mize side-effects [3,5]. Moreover, cysteines play a significant role in
a variety of functions including nucleophilic and redox catalysis,
metal binding and allosteric regulation. These functional cysteines
are found on diverse proteins such as proteases, oxidoreductases
and kinases and therefore cysteine-targeted electrophiles can be
utilized to affect the function of a wide range of proteins [6e9].
Covalent inhibitors can possess several advantages over non-
covalent, reversible compounds [10,11], including having high po-
tency combined with high biochemical efficiency due to the com-
plete and non-equilibrium-based inhibition of the target. The high
specificity and potency of the inhibitors can translate to lower and
less frequent dosing with decreased potential for off-target effects.
Covalent binding also results in long residence times on the target
[12], which manifests in extended durations of action. Covalent
binders can enhance target occupancies and maintain target en-
gagements that improve the therapeutic utility of compounds with
limited plasma levels, which can contribute to the management of
drug resistance [13]. Early phase drug discovery programs can also
benefit from a targeted covalent approach providing small mole-
cule probes and viable chemical starting points for challenging
targets of low tractability. However, irreversible inhibitors are often
systematically removed during screening cascades due to a number
of risk factors, including reactivemetabolites, drug-induced toxicity
and immunogenicity [14]. Consequently, reactivity and specificity
have major impacts on the fate of TCIs and should therefore be the
subjects of in-depth optimization studies. Optimization of non-
covalent interactions must remain in focus since non-specific
binding increases the risk of unwanted side effects. Careful evalu-
ation of the risk-benefit ratio in developing covalent inhibitors,
however, should obviously include the optimization of their
chemical reactivity. The difficulties of drug discovery research with
lead compounds that have reactive metabolites [15] suggest that
highly reactive electrophiles are not suitable warheads for covalent
inhibitors. Therefore, TCIs are typically equipped with weakly
reactive or even reversible warheads [16], which e in the case of
cysteine targeted molecules e have introduced a clear bias towards
Michael additions. A recent analysis of cysteine targeting covalent
inhibitors suggests that almost 70% of the published compounds
have Michael acceptor-type warheads, with acrylamides being the
predominant functional group (Supplementary Fig. S1) [17]. This
tendency has resulted in an actual design paradigm of putting more
emphasis on the optimization of the initial non-covalent in-
teractions and then adding warheads from known covalent in-
hibitors [18]. Following the identification of a suitable reversible
inhibitor with a known binding mode, this strategy then focuses on
the correct positioning of the selected reactive functionality. Given
the electronic crosstalk between the non-covalent scaffold and the
warhead, this approach prevents the parallel optimization of co-
valent and non-covalent interactions and keeps the discovery of
novel inhibitors biased towards already proven covalent chemis-
tries, particularly the over-represented Michael addition. A decid-
edly greater variety of electrophiles can be found, for example, in
natural products, which cover a much wider range of chemistries,
including both Michael-type (AdNM) and non-Michael (AdN)-type
nucleophilic additions, addition-elimination reactions (Ad-E),
nucleophilic substitutions (SN) and oxidations (Ox) [19]. To the best
of our knowledge, the potential to use all these chemistries in the
design of TCIs has not been investigated systematically.

Here, we use a large set of different warheads representing a
wide range of chemistries to explore their effect on reactivity and
selectivity towards cysteine, the most frequently targeted protein
nucleophile. Deciphering the impact of warhead chemistries, we
investigate covalent fragments [20e22] that typically form only a
few non-covalent interactions with a target [23]. We therefore
constructed a covalent fragment library with diverse warhead
chemistries and investigated its reactivity against glutathione
(GSH), an oligopeptide model with multiple nucleophilic residues
and intact proteins. Furthermore, our approach suggests changes in
the design strategy of TCIs, as screening covalent fragments would
allow selecting and optimizing an appropriate warhead that could
be developed further using the established methodologies of
fragment-based drug discovery [24]. Our results revealed that AdN,
Ad-E, SN, and oxidation reactions cover the same range of reactivity
in a biological environment as Michael additions and that they
perform with different levels of reactivity and selectivity in surro-
gate peptide models, in full proteins and in living cells. Further-
more, we extended the concept of reversible covalent inhibition to
new groups of electrophilic warheads. The protocols and extensive
experimental data discussed here provide a road map for the se-
lection of cysteine targeting warheads specifically tailored for the
targeted protein.

2. Results and discussion

2.1. Reactivity profiling of electrophilic warheads

Based on the available reactions of sulphur nucleophiles,
particularly thiols and thiolates, we constructed a fragment library
for covalent modification of cysteine residues in proteins. In addi-
tion to AdNM, we considered other AdN, Ad-E, SN reactions and
oxidations (Fig. 1).

Our design principles consist of diverse types of warheads that
are each represented by, on average, four examples with small but
structurally diverse fragment scaffolds. In total, we selected 137
chemical probes with 36 different warheads with an average heavy
atom count of 13± 5 and a molecular weight of 180 ± 66 Da (see
Supplementary Fig. S2 for chemical structures).

To evaluate the cysteine reactivity of the fragments, a kinetic
assay was performed using the tripeptide glutathione (GSH) as the
surrogate cysteine thiol source (see Fig. 2 and Supplementary
Table S1) [20] that is an indicator for promiscuous covalent bind-
ing [25].

Reactions were conducted with a large excess of GSH to ensure
pseudo first order kinetics, and so linearity in the consumption of
the fragments. Following ref. [20] we used the stable and non-
interfering indoprofen as an internal standard in MS analysis.
Additional control experiments were performed without GSH to
characterize the aqueous stability of the probes. The GSH assay
resulted in ln(AUC/AUC0) versus t curves (curve I on Fig. 2) deter-
mined by linear regression, where the slope was equal to
e(kGSH þ kdegradation). The blank assay provided kdegradation in a
similar way (curve II on Fig. 2), and the data, together with the time
course of fragment reactivity (curve III on Fig. 2), allowed the GSH
reactivity of a fragment to be calculated in terms of half-life t1/
2¼ ln2/kGSH.

The resulting t1/2 values were used to quantitatively characterize
the reactivity of the library members. Across all fragments, 64 were
found to be reactive, representing 22 warhead types from the five
chemistry subsets. Of those 22 warhead types, 10 reacted as
Michael acceptors (I-X, Fig. 1), 5 reacted in non-Michael additions
(XII-XVI), 1 warhead reacted in an Ad-E (XIXa), 4 warheads
participated in SN reactions (XXV-XXVIII), and 2 warheads were
reacting in oxidation reactions (XXXII and XXXIII). In the case of
Michael acceptors, sterically hindered acrylamides (IIIb) and a
halogenated a,b-unsaturated oxo compound (XI) did not react with
GSH under the applied conditions. Of the AdNwarheads, the oximes



Fig. 1. General structure of the electrophilic library sorted by warhead chemistries. Red and blue boxes indicate GSH-reactive and cysteine-selective warheads, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(XVII), aldehydes (XVIII) and sterically hindered hydrazones (XIIb)
showed no reactivity, and from the Ad-E and SN subsets, the
phthalimides (XIXb), formates (XX), formamides (XXI), imidazo-
amides (XXII), N-hydroxysuccinimide (XXIII), hydrazides (XXIV),
sulfonesters (XXIX), halothiophenes (XXX), and electron poor
chlorobenzenes (XXXI) showed no reactivity. From the set of
reactive fragments, 45 reacted in an appropriate time scale with
GSH reactivities of t1/2 < 50 h [26]; representing 17 warheads.

The GSH half-lives of some Michael acceptors, including cyclic
acrylamides (VII), acrylesters (VIII), the non-Michael type nitriles
(XIV), imino nitriles (XV) and the AdN type glyoxyl warheads (XVI),
were outside the criteria. Given the incubation time of <60min in
most of the fragment screens [27], we chose a buffer stability cri-
terion of t1/2 of degradation greater than 1 h that kicked off one
fragment and ultimately resulted in a pool of 44 fragments
representing 17 different warheads. We compared the reactivity
ranges observed and concluded that not only do Michael-additions
satisfy the appropriate reactivity criteria [26], but all of the other
four chemistries provided warheads with similar reactivity profiles
(see Supplementary Fig. S3 for GSH t1/2 values by chemistries).
Moreover, we found significant overlap of the reactivity distribu-
tions obtained for the different chemistries (Fig. 3) indicating that
other chemistries in addition to Michael additions are suitable for
the optimization of TCI reactivities against cysteines.

Detailed analysis of the results revealed that the warheads
reacting most readily with GSH (VI, X, XIII, XXV and XXXII) were
part of the AdNM, AdN, SN, and Ox subsets, and fragments with the
lowest suitable reactivity (24 h< t1/2 < 50 h) were compounds such
as the acrylic esters (I) and acrylonitriles (II), hydrazones (XIIa), N-
hydroxy(methyl)phthalimides (XIXa) and haloacetamides (XXVII),



Fig. 2. Kinetic profiling of a representative covalent fragment (9) against GSH by LC-MS. LC-MS spectra were recorded at 0, 2, 4, 8, 12, 24, 48 and 72 h time points. Curves I, II and III
show the measured fragment consumption, the measured aqueous stability of the fragment, and the calculated fragment reactivity, respectively.
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from the AdNM, AdN, Ad-E, and SN warhead groups, respectively.
After exploring their GSH reactivity and aqueous stability, we

then investigated whether the reactive fragments are selective to-
wards cysteine or also reactive to other nucleophilic residues. We
envisioned accomplishing this using an assay with an oligopeptide
(KGDYHFPIC nonapeptide, NP) designed for this particular assay
that contains lysine, tyrosine and histidine in addition to the tar-
geted cysteine. Having confirmed the covalent binding of the
fragments to the NP with LC-MS/MS measurements, it was then
possible to assess their selectivity. This study provided evidence
that 28 of the 44 fragments, representing 12 of the 17 warheads,
were cysteine selective, based on the criterion, that the electro-
philic fragment should show at least 3-fold reactivity towards
cysteine in the tested 1mM concentration as compared to any other
residue of the nonapeptide.

Warheads XVI and XIXa, which react by AdN and Ad-E,
respectively, were exclusively lysine selective. Michael acceptor
quinones (X) reacted rapidly and showed no selectivity at all.
Epoxides (XXV) labelled cysteine, but also significant lysine-
reactivity was observed. Some of the maleimides (VI) and
isothiocyanates (XIII) also appeared to showminor reactivity with
lysine, while acrylic aldehydes (IX) gave exclusively lysine ad-
ducts, presumably reacting at the aldehyde carbonyl instead of the
C¼C double bond. Some a-halogenated oxo-compounds (XXVI)
and a vinyl sulfone (IV) reacted slightly with the tyrosine residue
in addition to cysteine. Nitriles (XIV) and iminonitriles (XV)
showedmodest GSH reactivity and no reaction in the oligopeptide
assay. The conversion of reaction with the NP corresponded to
GSH half-lives (Spearman Rho¼ 0.73) within the given chemistry
and warhead subsets, which confirms the predictive power of
these early roadmap assays. The most reactive warheads were the
haloacetophenones (XXVI), epoxides (XXV), haloacetamides
(XXVII) and maleimides (VI), representing the SN and AdNM types
of reactions. In summary, starting from the large set of chemical
probes representing a diverse set of potential cysteine targeted
warheads, we identified 44 reactive and stable fragments
(constituting 17 warheads), 28 (constituting 12 warheads) of
which were found to be cysteine selective (Fig. 4, Supplementary
Tables S1 and S2). Furthermore, we have elongated NP with a
terminal Thr (TKGDYHFPIC), that is a relevant nucleophilic residue



Fig. 3. GSH reactivity distribution of different chemistries. Warheads I-X and XIIa-XVI
represent the AdNM and AdN type nucleophilic additions, respectively. Reactivity of
warheads XIXa, XXV-XXVIII and XXXI-XXXII is depicted for Ad-E, SN and Ox re-
actions, respectively. The coloured lines represent the GSH half-lives of fragments in
the corresponding warhead chemistries showing that a suitable reactivity range can be
covered by multiple chemistries.
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mainly in the proteasome field [28] and developed a decapeptide
assay for testing the cysteine selective fragents. This study
revealed that most of the cysteine selective fragments showed no
reactivity against Thr, only fragment 46 (XIII) that is strongly
activated by a nitro group, showed less than 3-fold reactivity to-
wards cysteine (Supplementary Table S1).

We showed that in addition to Michael acceptors, warheads of
AdN, SN and Ox reactions can be considered in the design of TCIs.
In addition, our results suggest that the combination of aqueous
stability, GSH reactivity and oligopeptide selectivity assays is a
feasible way to discover and optimize warheads for covalent
inhibitors.
Fig. 4. Generation of the cov
2.2. Protein level reactivity of covalent fragments

Cysteine-reactive and chemically stable covalent fragments
profiled by the GSH reactivity and the oligopeptide selectivity tests
were then evaluated in an enzyme inhibition assay against MurA
(UDP-N-acetylglucosamine enolpyruvyl transferase), an enzyme
that catalyses the first committed step of bacterial peptidoglycan
biosynthesis. MurA is generally considered a promising antibacte-
rial target since it is expressed by both Gram-positive and Gram-
negative bacteria, it has no mammalian orthologue, and it is clini-
cally validated [29]. Despite intense research, relatively few com-
pounds have been described as potent MurA inhibitors [30,31].
Fosfomycin is the only clinically available MurA inhibitor that binds
covalently to the Cys115 residue in the active site. The inhibitory
activity of the 27 GSH reactive covalent fragments showing
appropriate aqueous stability was tested at a concentration of
100 mMagainst MurA from Escherichia coli (MurAEC) in the presence
and absence of 0.1mM dithiothreitol (DTT). Since DTT reacts with
electrophilic compounds, their warheads are no longer available to
react with Cys115 of MurAEC. Without the covalent interaction, the
fragments do not inhibit the enzyme, making it possible to
decouple covalent binding from non-covalent interactions.
Comparative analysis of the results showed that most of the frag-
ments bind covalently to the target (Fig. 5).

As expected, it was found that fragments with different war-
heads performed differently. Focusing on the actives (identified as
those producing a residual enzyme activity (RA) less than 80% at
100 mM of compound), we identified warheads in all four tested
chemistry classes (AdNM, AdN, SN, and Ox) (Fig. 5).

The median activity of actives was highest for oxidations, fol-
lowed by nucleophilic substitutions and non-Michael type nucle-
ophilic conjugate additions. At the warhead level (Fig. 5 and see
Table 2 for numeric data), haloacetophenones (XXVI) and iso-
thiocyanates (XIII) were more active than haloacetamides (XXVII),
and hydrazone (XIIa). Covalent fragments equipped with Michael
acceptor warheads had varying inhibitory potencies. Maleimides
(VI) were the most reactive Michael acceptors, showing activities
similar to the best SN type warheads, followed by vinylsulfone (IV,
15) and butynoate (V, 19). Acrylesters (I), acrylonitriles (II) and
alent screening library.



Fig. 5. Characterization of the protein reactivity with covalent fragments having different warhead chemistries. Inhibition of MurAEC by covalent fragments, measured in the
presence (green) and absence (red) of DTT, presented as residual activity of the enzyme in the presence of 100 mM concentration of fragment. Chemistries are indicated with
background colours according to AdN (orange), AdNM (yellow), Ox (dark green) and SN (blue). Median potency of actives by warhead chemistries is also indicated. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Inhibitory activity and inhibition mechanism of covalent fragments against MurAa.2
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acrylamides (IIIa) showed much lower activity. The covalent frag-
ments with the best performances were then subjected to IC50
measurements and mechanistic studies with MurAEC and struc-
turally related Staphylococcus aureus MurA (MurASA) (Table 1).

The covalent binding of different warhead types was confirmed
also by MS/MS studies. Proteomics studies revealed that the mal-
eimide 22 (VI, AdNM type), the bromoacetophenone 107 (XXVI, SN
type) and the benzisothiazolone 132 (XXXII, Ox type) form cova-
lent bond with Cys115 located at the active site of MurAEC
(Supplementary Fig. S4, Table S3).



Table 2
The effect of warhead chemistries on the functional, enzyme family, species and protein specificity. Functional specificity is illustrated by comparing the activity profiles
obtained by measuring the endo- (CatB Endo) and exopeptidase (CatB Exo) functional activity of cathepsin B. The effect on enzyme family specificity is exemplified by
comparing CatB Exo and the exopeptidase activity of cathepsin X (CatX) enzymes. Species specificity is shown comparing activity profiles measured for MurAEC and MurASA.
Protein specificity is demonstrated by comparing MurAEC and cathepsin B exopeptidase activities. The activities are scaled by colours, with more active compounds (under 80%
of residual activity) being shown in deeper tones. All compounds were tested in 100 mM concentration.3
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These studies revealed that by screening only a small set of
covalent fragments, we could identify new low micromolar and
even sub-micromolar MurA inhibitors that are active on both
MurAEC and MurASA. The maleimide 22 and 1,2-benzisothiazol-
3(2H)-one 132 represent novel MurA chemotypes and were among
the most potent reversible or irreversible inhibitors of both MurAs,
with IC50 values similar to that of fosfomycin [32]. Interestingly, we
found that a number of covalent fragments showed reversibility in
binding to the MurAEC active site (Fig. 6, Supplementary Fig. S5 and
Table S4).

Reversible covalent inhibition has been described for cyanoac-
rylates, cyanoacrylamides [12,16,33], electron poor heterocyclic
Fig. 6. Reversible MurA inhibitors identified by covalent fragment screening.
acrylonitriles [34] and nitriles [35], but neither simple acrylates nor
acrylonitriles showed reversible bindingwith thiols. Based on these
studies, we concluded that electron withdrawing groups are
needed on both sides of the double bond to make the Michael
addition reversible. Here, we show that other Michael acceptor
warheads (I (1), II (5), IIIa (9), V (19) and VI (22)) were also able to
bind reversibly to MurA. In most cases, the thiol-reactive centre of
the fragment is surrounded by electronwithdrawing carbonyl (1, 9,
19, 22) or nitrile (5) groups, making them similar to the electron
deficient cyanoacryl derivatives. These observations suggest that a
more diverse set of warheads is indeed available for reversible
covalent inhibition.

Next, we investigated the predictive performance of the early
steps of the road map on the observed biological activity of the
evaluated covalent fragments. It was found that MurA inhibitory
activity follows the same trend as GSH half-life and the conversion
of the oligopeptide (Fig. 7a and b).

Taken together, these data suggest that non-enzymatic models
are valid predictive tools for the estimation of fragment reactivity
and specificity against MurA.
2.3. Warhead chemistry influences target specificity

Given the demonstrated effect of warhead chemistries on
cysteine reactivity, we next investigated whether the different
warhead types impact functional, enzyme family, species and
protein specificities. The cysteine-reactive covalent fragment set
was therefore screened against cysteine peptidases such as
cathepsin B and X and a non-cysteine peptidase thrombin. For the



Fig. 7. Trend analyses of measured oligopeptide conversion (a) and GSH half-lives (b)
as surrogates of MurAEC reactivity, respectively.

P. �Abr�anyi-Balogh et al. / European Journal of Medicinal Chemistry 160 (2018) 94e107 101
evaluation of functional specificity, we tested both endo- and
exopeptidase activity of cathepsin B. The effect on the members of
an enzyme family was estimated by comparing the exo activity
profiles of cathepsins B and X. Species and protein specificity was
analysed using the screening profiles obtained for MurAEC vs.
MurASA and MurAEC vs. cathepsin B exo activity vs. thrombin,
respectively.

Cathepsin B is a lysosomal cysteine peptidase that has important
roles in various pathological processes, including cancer, and has
been validated as a promising biomarker and therapeutic target in
various cancers [36e38]. The flexible occluding loop of cathepsin B
exists in two characteristic conformations in which the open form
is preferential for the endopeptidase activity and the closed form is
preferred for the exopeptidase activity [39]. Previous studies
revealed that Michael acceptors and halomethyl ketones are irre-
versible cathepsin inhibitors and form covalent bond with the
active site cysteine [40]. The impact of different warhead chemis-
tries on inhibitory activity and functional specificity, however, has
not yet been investigated. Testing the cysteine-reactive covalent
fragment library against both conformations revealed that the
inhibitory activities of endo- and exopeptidase functions are
dependent on the warhead chemistries (Table 2).

Our results suggest that the exopeptidase activity of cathepsin B
is more sensitive to covalent fragments than the endopeptidase.
Although Michael acceptors were found to be very weak inhibitors
of both activities, the exopeptidase activity was more effectively
inhibited by some AdN and SN reactions and by oxidation (XXXIII).
Thewarheads that weremost effective in influencing either endo or
exo activities utilize nucleophilic substitutions. Haloacetophenones
(XXVI) were the most potent inhibitors of the exopeptidase activ-
ity. Interestingly, haloacetamides (XXVII) that also act by SN
mechanisms, showed some preference for inhibiting the endo-
peptidase activity. Non-Michael-type additions have lower speci-
ficity coupled with limited endopeptidase inhibitory activity,
except for isothiocyanate (XIII, 45), which was found to be a potent
and specific exopeptidase inhibitor.

Cathepsin X is yet another member of the cysteine cathepsins
that is similar to cathepsin B and acts as a carboxypeptidase;
however, it has narrower substrate specificity and no endopepti-
dase activity. This cathepsin has been associated with immune
response, neuroinflammation, neurodegeneration and cancer
[41,42]. Analysis of the covalent fragment hits revealed that
cathepsin X is generally less sensitive to fragment electrophiles
than cathepsin B (Table 2). In fact, the enzymes do not share similar
activity profiles [43], that could be rationalized by the different
nucleophilicity of their catalytic cysteine. Unlike with cathepsin B,
the most effective cathepsin X warheads are isothiocyanates (XIII)
that bind by AdN reactions. Interestingly, chemically more reactive
SN type warheads are virtually inactive against cathepsin X. This
might suggest that cathepsin X could be more specifically targeted
by an isothiocyanate type AdN class of warheads. Again, Michael
acceptors and oxidative warheads showed very limited inhibitory
activity.

The effect of warhead chemistries on the same protein from
different species has been investigated using MurA as an
example. Analysing the sequence similarity of MurAEC and Mur-
ASA we found only 49% of identities and 66% of positives (that is
83% and 89%, respectively within the 6 Å surrounding the refer-
ence ligand fosfomycin and the substrate UNAG), which suggests
considerable differences between the proteins. Using identical
assay conditions for both MurAs we compared the corresponding
hit lists (Table 2). Although some Michael acceptors (V and VI),
SN type and oxidative warheads showed similar inhibitory ac-
tivity on MurA from both species, isothiocyanates (XIII) reacting
with AdN and acrylic type warheads (I, II, IIIa, and IV) were
typically more active on the MurAEC than MurASA, suggesting
some specificity in these warheads. This specificity can be
explained by the different surroundings of the active site cyste-
ines. In MurAEC Cys115 is followed by a Thr while the residue
next to the active cysteine in the MurASA homologue is Ala.
Furthermore, there is another structural difference in the cata-
lytic loops (Ala119 in E. coli vs. Ser123 in S. aureus). Comparison
of the MurAEC crystal structure (1HUC) to the homology model of
MurASA [44] showed that steric effects are less important. Shape
similarity of the active sites, however, suggests that the catalytic
cysteine of MurAEC might have a more nucleophilic character
than that of the MurASA. Interestingly, the other AdN type
warhead, hydrazone 38 (XIIa), was more active on MurASA,
emphasizing again the impact of warhead chemistries on the
species-specific inhibition of MurA.

To enable evaluation of the effect of warhead chemistries on
different proteins, we compared the activities found against MurA
and cathepsin B exopeptidase (Table 2). In contrast to the intra-
cellular MurA, cathepsins are extracellular and require cysteine for
their activation. To make a fair comparison, we performed the as-
says in similar conditions and analysed the hit lists obtained. This
analysis showed that covalent fragments were more active on
cathepsin B than MurA, which is in line with the lower pKa value of
cathepsin B (3.4 [45] and 8.3 [46], respectively). Although SN war-
heads, particularly haloacetophenones (XXVI), were the most
active on both proteins; for cathepsin B, we found differences for
other chemistries. Isothiocyanate-type AdN warheads (XIII) out-
performed both oxidative (XXXIII) andMichael warheads (I-V) and
showed the largest specificity for cathepsin B. Since both MurA and
cathepsin B have a catalytic cysteine in their active sites, we also
included thrombin, a serine protease, in this comparison, and it
does not have such a cysteine, but a serine that can be targeted by
covalent inhibitors [47]. Screening cysteine-selective covalent
fragments against thrombin identified no inhibitors, consistent
with the active site cysteine-specific mechanism of covalent inhi-
bition at play here.

In summary, our analysis suggests that different warhead
chemistries have a significant influence on specificity at multiple
levels, including the functional activity of the same protein, the
activity of different enzymes from the same family, the activity of
the same enzyme from different species and the activity of different
proteins. We found that these specificities are the least pronounced
for AdNM. Interestingly, it seems that other types of chemistries,
more specifically AdN and SN, provide more opportunity for specific
biological responses. On the basis of these results we propose a new
strategy in the design of TCIs, where the reactive warhead itself
should first be optimized and tailored to the reactivity of the tar-
geted cysteine, followed by optimization of non-covalent in-
teractions using established methods of fragment-based drug
discovery.
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2.4. Warhead chemistry impacts proteome level reactivity and
specificity

In a set of cysteine peptidases and transferases, we demon-
strated that warhead chemistry influences the target specificity. A
critical question is whether this observation can be validated in a
larger set of proteins, more specifically at the proteome level. The
recent dataset published by Cravatt et al. [48] makes this analysis
feasible for two types of warhead chemistries: AdNM and SN. In this
seminal paper, the authors investigated 52 electrophilic fragments
with acrylamide (III, AdNM) and chloroacetamide (XXVII, SN) war-
heads against thousands of proteins in human proteomes. By ana-
lysing the structures of covalent fragments used in this study, we
found three pairs of fragments with identical scaffolds that provide
a unique opportunity for unbiased comparison of different warhead
chemistries (9e112, 10e116, 11e117 shown in Fig. 8).

We therefore synthesized these fragments and tested them in
the GSH reactivity and oligopeptide selectivity assays (Table 3).

Our data show that chloroacetamides (112, 116, and 117) are
generally more reactive than acrylamides (9, 10, and 11) in both
assays, as demonstrated by the generally lower GSH half-lives and
higher oligopeptide conversions. Considering the chemical sur-
roundings of the warheads, it seems that the electronic effects of
the scaffolds impact both Michael additions and nucleophilic sub-
stitutions in a similar way. Fragments 112 and 9were most reactive,
followed by 116 and 10, then 117 and 11. All the fragments were
cysteine-selective. We found that 11 was non-reactive in the GSH
assay and that the fragment polymerized in the oligopeptide assay.

Next, we tested the fragments in the protein assays (Table 2,
Supplementary Table S1). Fragments were most active against
MurAEC and MurASA; they were generally much less active against
the cathepsins. Acrylamides 10 and 11 were practically inactive
against all of our protein targets, which is consistent with their
proteome reactivity [48], represented by the % of targeted proteins
(Table 3). Considering the MurA activity data, we found that SN
warheads were more active than Michael acceptor 9. MurA was
most effectively inhibited by fragment 112 followed by the two
other chloroacetamides (116 and 117), then the less active Michael
acceptor (9). In the case of SN fragments, the trend in inhibitory
activity is parallel to their GSH half-lives. However, when consid-
ering all of the probes, the inhibition potency corresponds to the
proteome reactivity (Table 3). Considering the MurA activity data,
we found that SNwarheadsweremore active thanMichael acceptor
9. MurAwasmost effectively inhibited by fragment 112 followed by
the two other chloroacetamides (116 and 117), then the less active
Fig. 8. Michael acceptors and SN type fragments with identical scaffolds investigated in
MDA-MB-231 cells [48].
Michael acceptor (9). In the case of SN fragments, the trend in
inhibitory activity is parallel to their GSH half-lives. However, when
considering all of the probes, the inhibition potency corresponds to
the proteome reactivity (Table 3). Interestingly, SN type fragments
112 and 117 showed weak inhibition on the endopeptidase activity
of cathepsin B but had no effect on the exopeptidase activity of
cathepsin B or X. The activity profile of this set of fragments fol-
lowed the general trends seen for the library. Minor alterations
could be explained by their larger scaffolds, which influence the
non-covalent interactions in the binding sites.

Proteome-level reactivity of the fragments was investigated
with a subset of the MDA-MB-231 cell proteome dataset. The
reactivity and specificity of covalent fragments depended on the
nucleophilicity of the targeted cysteine. We therefore identified
those proteins of the MDA-MB-231 dataset that were characterized
in a previous study aimed at profiling the quantitative reactivity of
functional cysteines in the same cell [7]. Taken the two datasets, we
have compiled a cysteine reactivity annotated proteome subset for
all the fragment pairs that includes 108 proteins with 124 available
cysteine residues (Supplementary Tables S5 and S6). Proteome-
level reactivities of the fragments were calculated from IsoTOP-
ABPP ratios (Isotopic Tandem Orthogonal Proteolysis-Activity-
Based Protein Profiling, R) [7]. Based on the reactivity scale used
in proteome studies, we considered proteins with R> 2 as hits
showing larger than 50% inhibition when treated with the frag-
ments. Proteome-level reactivity followed the same trend observed
for cysteine proteases, with chloroacetamides generally beingmore
active than acrylamides. Focusing on the warhead chemistries, the
proteome level data are in line with the findings in our roadmap.
Among Michael acceptors, 9 was the most reactive, followed by 10
and 11, while in the case of SN typewarheads,112 outperformed 116
and 117. Next, we checked the influence of cysteine reactivity on the
performance of covalent fragments. Cysteine reactivity was esti-
mated using the IsoTOP-ABPP ratios (R), which are lower for more
reactive cysteines [7].

Analysing the reactivity of fragments equipped with AdNM and
SN type warheads as a function of the reactivity of the targeted
cysteines, we found that the chemistries showed remarkably
distinct reactivity profiles (Supplementary Table S5). In the case of
SN type fragments, the most reactive fragment (112) hit the most
cysteines. However, the less reactive 117 outperformed 116, which
might be a consequence of steric rather than electronic effects.
Michael acceptor fragments in general were found to be much less
active; the most reactive fragment (9) targeted only four of the 50
most reactive cysteines available in the 108 proteins. More impor-
tantly, these data demonstrate that the warhead chemistry in-
fluences the reactivity and specificity of covalent fragments at the
proteome level. The present analysis therefore shows that the co-
valent modification of cysteine residues might be specific and is
dependent on the warhead chemistry, the cysteine reactivity, and
relevant steric components of the molecular recognition process.

Cysteine R values were correlated to fragment reactivity data
obtained for the same set of 108 proteins (Fig. 9).

In the case of SN reactions, we found that the reactivity of
fragments increases with increasing nucleophilicity of the targeted
cysteines. Interestingly, AdNM reactions showed a different trend; in
this case fragment reactivity does not increase with increasing
cysteine reactivity. We also demonstrated these different trends in
the reactivity of fragment pairs across the whole cysteine-reactive
annotated proteome dataset (208, 179 and 158 proteins for 112 vs
9, 116 vs 10 and 117 vs 11, respectively, see Supplementary Table S6
and Fig. S6).

One of the most important practical consequences of this
finding might be that cysteines with different nucleophilicities
could be more specifically targeted by either SN or AdNM warheads.



Table 3
The effect of warhead chemistries on reactivity and specificity at the proteome level: Reactivity differences of AdNM (yellow) and SN (blue) type fragments found in the GSH
reactivity and oligopeptide conversion assays, and at the proteome level.a.4

Fig. 9. Relationship between the proteome level reactivity and the cysteine reactivity
in the 108 target proteins.

P. �Abr�anyi-Balogh et al. / European Journal of Medicinal Chemistry 160 (2018) 94e107 103
Furthermore, we can speculate that the reactivity of such warheads
could be more effectively tailored for a specific cysteine of a given
target. There may be multiple factors behind this opportunity. First,
there are characteristic differences in the reaction mechanisms of
AdNM and SN warheads. Michael addition is a reversible reaction
having a stepwise mechanism [49], while nucleophilic sub-
stitutions are practically irreversible and inmost cases go through a
highly polarized transition state [50]. Second, the protein envi-
ronment influences the reaction between the warhead and the
targeted cysteine. The polar environment generally favours both
reactions since the high dielectric constant supports charge local-
ization at the reaction centres [51]. Given the more polarized
transition state of the SN reactions, the polar surroundings reduce
the energy barrier of the reaction more effectively for SN reactions
than for AdNM reactions. Last, we can consider the effect of water
molecules within the binding site. Hydrophobic pockets are less
suited to AdNM since the absence of both water- and mechanism-
induced polarizing effects makes the targeted cysteine more
resistant to covalent modification. In contrast, the attacking elec-
trophile of the SN reaction can polarize the cysteine more readily,
thus facilitating the formation of the covalent bond.

Post hoc analysis of proteome-level reactivity data revealed that
the warhead chemistry impacts both the reactivity and specificity
of covalent fragments. Although proteome data are only available
for two types of chemistries, the present analysis suggests that
considering the wider range of chemistries can contribute to
avoiding nonspecific covalent binding and to maximizing the value
of fragment based phenotypic screens [52] and covalent drug dis-
covery programmes [10].
3. Conclusions

Up to now covalent drug design strategies have been more
focused on optimization of non-covalent interactions and intro-
ducing awarhead from themost popular class of Michael acceptors.
This strategy has led to several FDA-approved drugs, such as afa-
tinib, tofacitinib and ibrutinib, for oncology treatments [1]. Much
less attention has been paid to tailoring the electrophilic character
of the warhead to target specific cysteines, therefore we were
inspired to perform a systematic study on a wide set of warheads
representing different chemistries. Starting from the available
organic chemistry toolbox, we compiled a covalent fragment li-
brary that was characterized by non-enzymatic reactivity and
selectivity models, and enzyme assays. Our results revealed that
similar to Michael acceptors, warheads of other nucleophilic ad-
ditions, nucleophilic substitutions and oxidations cover the same
range of reactivity. This approach allowed us to discover novel
reactive MurA inhibitor chemotypes having similar potency as the
clinically approved fosfomycin. Investigating a range of warhead
chemistries, we found that they show different profiles of



Fig. 10. Proposed road map for the selection and prioritization of warheads for TCIs.
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functional, enzyme family, species and protein specificities. These
findings have been confirmed by characterizing SN and AdNM types
of fragments and comparing their profiles to proteome-wide af-
finity data. Analysis of data for a wide range of biological targets
suggests that the covalent binding of TCIs is also influenced by the
reactivity of the target cysteine, and therefore, no chemistry or
warhead could be considered a universal solution for designing
covalent inhibitors. Based on these results, we propose a road map
for the rational selection and prioritization of warheads for TCIs
(Fig. 10).

At the initial phase, the reactivity of potential warheads is first
evaluated in the GSH assay selecting those of suitable reactivity.
Candidates are then evaluated in the new oligopeptide-based
cysteine-selectivity assay prioritizing cysteine selective warheads.
Fragments with reactive and selective warheads are next tested
against the actual protein target and corresponding off-targets.
Finally, active and specific fragment inhibitors should be investi-
gated in cell-based and proteome specificity tests to ensure their
specific target engagement. Based on the experience accumulated
in our and others labs in academia and industry we believe that the
road map suggested here could facilitate the discovery of new co-
valent inhibitors with improved activity and selectivity.
4. Experimental section

4.1. Instruments

1H NMR spectra were recorded in DMSO‑d6 or CDCl3 solution at
room temperature, on a Varian Unity Inova 500 spectrometer
(500MHz for 1H NMR spectra), with the deuterium signal of the
solvent as the lock and TMS as the internal standard. Chemical
shifts (d) and coupling constants (J) are given in ppm and Hz,
respectively.

HPLC-MS measurements were performed using a Shimadzu
LCMS-2020 device equipped with a Reprospher 100C18 (5 mm;
100� 3mm) column and positive-negative double ion source
(DUIS±) with a quadrupole MS analysator in a range of 50e1000m/
z. Sample was eluted with gradient elution using eluent A (10mM
ammonium formate in water:acetonitrile 19:1) and eluent B
(10mM ammonium formate in water:acetonitrile 1:4). Flow rate
was set to 1ml/min. The initial conditionwas 0% B eluent, followed
by a linear gradient to 100% B eluent by 1min, from 1 to 3.5min
100% B eluent was retained; and from 3.5 to 4.5min back to initial
condition with 5% B eluent and retained to 5min. The column
temperature was kept at room temperature and the injection vol-
umewas 10 ml. Purity of compounds was assessed by HPLC with UV
detection at 215 nm; all tested compounds were >95% pure.

A Sciex 6500 QTRAP triple quadrupole e linear ion trap mass
spectrometer, equipped with a Turbo V Source in electrospray
mode (Sciex, CA, USA) and a Perkin Elmer Series 200 micro LC
system (Massachusetts, USA) consisting of binary pump and an
autosampler was used for LCeMS/MS analysis. Data acquisition and
processing were performed using Analyst software version 1.6.2
(AB Sciex Instruments, CA, USA). Chromatographic separation was
achieved by Purospher STAR RP-18 endcapped (50mm� 2,1mm,
3 mm) LiChocart® 55-2 HPLC Cartridge. Sample was eluted with
gradient elution using solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in acetonitrile). Flow rate was set to
0.5ml/min. The initial condition was 5% B for 2min, followed by a
linear gradient to 95% B by 6min, from 6 to 8min 95% B was
retained; and from 8 to 8.5min back to initial condition with 5%
eluent B and retained to 14.5min. The column temperature was
kept at room temperature and the injection volume was 10 ml. Ni-
trogen was used as the nebulizer gas (GS1), heater gas (GS2), and
curtain gas with the optimum values set at 35, 45 and 45 (arbitrary
units), respectively. The source temperature was 450 �C and the ion
spray voltage set at 5000 V. Declustering potential value was set to
150 V.

4.2. GSH assay

For glutathione assay 500 mM solution of the fragment (PBS
buffer pH 7.4, 10% acetonitrile, 250 mL) with 200 mM solution of
indoprofen as internal standard was added to 10mM glutathione
solution (dissolved in PBS buffer, 250 mL) in 1:1 ratio. The final
concentration was 250 mM fragment, 100 mM indoprofen, 5mM
glutathione and 5% acetonitrile (500 mL). The final mixture was
analysed by HPLC-MS after 0,1, 2, 4, 8,12, 24, 48, 72 h time intervals.
In the case of fragments that were not detectable in a concentration
of 250 mM, the final concentrations were reversed, as 5mM for the
fragment and 250 mM for GSH. Degradation kinetic was also
investigated respectively using the previously described method,
applying pure PBS buffer instead of the glutathione solution. In this
experiment the final concentration of the mixture was 250 mM
fragment, 100 mM indoprofen and 5% acetonitrile. The AUC (area
under the curve) values were determined via integration of HPLC
spectra then corrected with internal standard. The fragments AUC
values were applied for ordinary least squares (OLS) linear regres-
sion and for computing the important parameters (kinetic rate
constant, half-life time) a programmed excel (Visual Basic for Ap-
plications) was utilized. The data are expressed as means of
duplicate determinations, and the standard deviations were within
10% of the given values.

The calculation of the kinetic rate constant for the degradation
and corrected GSH-reactivity is the following. Reaction half-life for
pseudo-first order reactions is t1/2¼ ln2/k, where k is the reaction
rate. In the case of competing reactions (reaction with GSH and
degradation), the effective rate for the consumption of the starting
compound is keff¼ kdeg þ kGSH. When measuring half-lives exper-
imentally, the t1/2(eff)¼ ln2/(keff)¼ ln2/(kdegþ kGSH). In our case, the
corrected kdeg and keff (regarding to blank and GSH containing
samples, respectively) can be calculated by linear regression of the
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datapoints of the kinetic measurements. The corrected kGSH is
calculated by keff-kdeg, and finally half-life time is determined using
the equation t1/2 ¼ ln2/k.

4.3. Oligopeptide assay

For nonapeptide assay 2mM solution of the fragment (PBS
buffer pH 7.4 with 20% acetonitrile) was added to 200 mM non-
apeptide solution (PBS buffer pH 7.4) in 1:1 ratio. The final assay
mixture contained 1mM fragment, 100 mM peptide and 10%
acetonitrile. The samples were incubated at room temperature
overnight. Based on the GSH reactivity the applied incubation time
was 16 h or 24 h (fragments with less than 12 h half-life time
against GSH were incubated for 16 h, the others for 24 h). Infor-
mation Dependent Acquisition (IDA) LC-MS/MS experiment was
used to identify if the fragment binding was specific to thiol resi-
dues or not. Enhanced MS scan was applied as survey scan and
enhanced product ion (EPI) was the dependent scan. The collision
energy in EPI experiments was set to 30eV with collision energy
spread (CES) of 10 V. The identification of the binding position of
the fragments to the nonapeptide was performed by GPMAW 4.2.
software. Relative quantitation of the nonapeptide e fragment co-
valent conjugates was calculated from the total ion chromatograms
(based on peak area of the selected ion chromatograms).

4.4. MurA assay

MurAEC and MurASA proteins were recombinant, expressed in
E. coli. [53] The inhibition of MurA was monitored with the colori-
metric malachite green method in which orthophosphate generated
during reaction is measured. MurA enzyme (E. coli or S. aureus) was
pre-incubatedwith the substrate UNAG and compound for 30min at
37 �C. The reaction was started by the addition of the second sub-
strate PEP, resulting in a mixture with final volume of 50 ml. The
mixtures contained: 50mM Hepes, pH 7.8, 0.005% Triton X-114,
200 mM UNAG, 100 mM PEP, purified MurA (diluted in 50mM Hepes,
pH 7.8, with 1mM DTT or without DTT or with 5mM cysteine) and
100 mMof each tested compound dissolved in DMSO. All compounds
were soluble in the assay mixtures containing 5% DMSO (v/v). After
incubation for 15min at 37 �C, the enzyme reaction was terminated
by adding Biomol® reagent (100 mL) and the absorbance was
measured at 650 nm after 5min. All of the experiments were run in
duplicate. Residual activities (RAs) were calculated with respect to
similar assays without the tested compounds and with 5% DMSO.
The IC50 values, the concentration of the compound at which the
residual activity was 50%, were determined by measuring the re-
sidual activities at seven different compound concentrations. The
data are expressed as means of duplicate determinations, and the
standard deviations were within 10% of the given values. Time
dependent inhibition assay was also performed. The applied time
intervals of preincubation were 0, 10, 20, 30, 40, 50, 60min. Con-
centration of each compounds was around determined IC50 values
(at 30min of preincubation). For dilution assay the practical con-
centration of the fragmentswas the IC50 value (determined at 30min
of preincubation) tenfold, in the case where concentration of in-
hibitor was lower than concentration of enzyme, the equimolar
concentrations of enzyme and inhibitor was used (25 mM). The
applied concentration of enzyme was the usual concentration in the
reactivity assays hundredfold (25 mM). After 30min of preincubation
the mixture was diluted hundredfold, then the previously described
reactivity assay was stared with PEP.

4.5. Cathepsin B assay

The protein was recombinant, expressed in E. coli. [54] For
endopeptidase reactivity assay 215 mL of cathepsin B (5 nM) was
preincubated with 11.94 mL of compound (105 mM final concen-
tration) for 30min at 37 �C with gentle shaking. 95 mL of the
mixture (100 mM final compound concentration) was added to a
black 96-well plate with 5 mL of the Z-RR-AMC (Bachem) sub-
strate (5 mM final concentration). Final concentration of DMSO in
assay mixture was 5%. As control 5% DMSO in assay buffer was
used. The reaction was continuously monitored at
460 nm ± 10 nmwith excitation at 380 nm ± 20 nm and 37 �C. The
practical assay buffer was 100mM phosphate buffer, pH 6.0 with
0.01% Triton X-100, 5mM cysteine, 1.5 mM EDTA and 0.1% PEG
8000. For exopeptidase reactivity assay 215 mL of cathepsin B
(0.5 nM) was preincubated with 11.94 mL of compound (105 mM
final concentration) for 30min at 37 �C with gentle shaking. 95 mL
of the mixture (100 mM final compound concentration) was
added to a black 96-well plate with 5 mL of the Abz-
GIVRAK(Dnp)-OH (Bachem) substrate (1 mM final concentra-
tion). Final concentration of DMSO in assay mixture was 5%. As
control 5% DMSO in assay buffer was used. The reaction was
continuously monitored at 420 nm ± 10 nm with excitation at
320 nm ± 20 nm and 37 �C. The practical assay buffer was 60mM
acetate buffer, pH 5.0 with 0.01% Triton X-100, 5mM cysteine,
1.5 mM EDTA and 0.1% PEG 8000.

4.6. Cathepsin X assay

Cathepsin X protein was recombinant, expressed in Pichia pas-
toris [55]. For the assay 215 mL of cathepsin X (20 nM) was pre-
incubated with 11.94 mL of compound (105 mM final concentration)
for 30min at 37 �C with gentle shaking. 95 mL of the mixture
(100 mM final compound concentration) was added to a black 96-
well plate with 5 mL of the Abz-FEK(Dnp)-OH [56] substrate
(3.25 mM final concentration). Final concentration of DMSO in assay
mixture was 5%. As control 5% DMSO in assay buffer was used. The
reaction was continuously monitored at 420 nm± 10 nm with
excitation at 320 nm± 20 nm and 37 �C. The practical assay buffer
was 100mM Na acetate buffer, pH 5.5 with 0.01% Triton X-100,
5mM cysteine, 1.5mM EDTA and 0.1% PEG 8000.

4.7. Thrombin assay

Spectrophotometric enzyme tests was performed in transparent
microtiter plates in a final volume of 200 mL. The reaction rates in
the absence and in the presence of the inhibitor was measured.
50 mL HEPES buffer (10mM Hepes buffer (HEPES, Sigma); 150mM
NaCl, adjustedwith 0,1MNaOH to pH 7.5), 50 mL solution (2% DMSO
in water) of different inhibitors at 400 mM (in case of measurement
without inhibitor water) and 50 mL of thrombin solution (human
thrombin, Sigma-Aldrich, 2 NIH E/mL) was pipetted into the mi-
crotiter plate. The plate was incubated for 30min at 25 �C and
subsequently 50 mL chromogenic substrate (S-2238 (H-D-Phe-Pip-
Arg-pNA�2HCl, Chromogenix),160 mM) was added. Final concen-
tration of the inhibitors was 100 mM, DMSO 0,5%, thrombin 0,5 NIH
E/mL and substrate 40 mM. The microtiter plate was put into the
spectrophotometer (Biotek H4) and the increase of absorbance at
405 nm at 25 �C was measured every 10 s. Change of absorbance
form the initial, linear part of the curve was used to determine
residual activity; measurements were carried out in triplicate in
two independent experiments. For the comparison assay, cysteine
was added to the buffer (15mM), resulting in incubation mixture
containing 5mM cysteine.

4.8. MurA proteomics MS/MS

For the MurA labelling experiment the 42 mM stock solution of
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MurAEC in 20mM Hepes at pH 7.2e7.4 with 1mM DTT was filtered
through a G25 column and the mediumwas changed to 50mM Tris
with 0.005% Triton X-100 at pH 8.0. For the activation of the
enzyme 1mg UDPNAG was added as a solid to reach 40mM con-
centration and the mixture was incubated at 37 �C for 30min.
Fragments were added from a 250mM DMSO stock diluted in the
labelling solution to 5mM. The incubation was continued at 37 �C
for additional 30min. After the labelling, the mixture was purified
on a G25 column. Briefly 40e50 mL of the sample and 10 mL 0.2% (w/
v) RapiGest SF (Waters, Milford, USA) solution bufferedwith 50mM
ammonium bicarbonate were mixed (pH¼ 7.8) and 3,3 mL of
45mMDTT in 100mMNH4HCO3were added and kept at 37.5 �C for
30min. After cooling the sample to room temperature, 4.16 mL of
100mM iodoacetamide in 100mM NH4HCO3 were added and
placed in the dark in room temperature for 30min. The reduced
and alkylated protein was then digested by 10 mL (1mgmL�1)
trypsin (the enzyme-to-protein ratio was 1: 10) (Sigma, St Louis,
MO, USA). The sample was incubated at 37 �C for overnight. To
degrade the surfactant, 7 mL of formic acid (500mM) solution was
added to the digested MurA sample to obtain the final 40mM
concentration (pHz 2) and was incubated at 37 �C for 45min. For
LC-MS analysis, the acid treated sample was centrifuged for
5min at 13 000 rpm. QTRAP 6500 triple quadruplee linear ion trap
mass spectrometer, equipped with a Turbo V source in electrospray
mode (AB Sciex, CA, USA) and a Perkin Elmer Series 200 micro LC
system (Massachusetts, USA) was used for LC-MS/MS analysis. Data
acquisition and processing were performed using Analyst software
version 1.6.2 (AB Sciex Instruments, CA, USA). Chromatographic
separation was achieved by using the Vydac 218 TP52 Protein &
Peptide C18 column (250mm� 2.1mm, 5 mm). The sample was
eluted with a gradient of solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in ACN). The flow rate was set to 0.2mL
min�1. The initial conditions for separation were 5% B for 7min,
followed by a linear gradient to 90% B by 53min, from 60 to 63min
90% B is retained; from 64 to 65min back to the initial conditions
with 5% eluent B retained to 70min. The injection volumewas 10 mL
(300 pmol on the column). Information Dependent Acquisiton
(IDA) LC-MS/MS experiment was used to identify the modified
tryptic MurA peptide fragments. Enhanced MS scan (EMS) was
applied as survey scan and enhanced product ion (EPI) was the
dependent scan. The collision energy in EPI experiments was set to
rolling collision energymode, where the actual valuewas set on the
basis of the mass and charge state of the selected ion. Further IDA
criteria: ions greater than: 400.000m/z, which exceeds106 counts,
exclude former target ions for 30 s after 2 occurrence(s). In EMS and
in EPI mode the scan rate was 1000 Da/s as well. Nitrogenwas used
as the nebulizer gas (GS1), heater gas (GS2), and curtain gas with
the optimum values set at 50, 40 and 40 (arbitrary units). The
source temperature was 350 �C and the ion spray voltage set at
5000 V. Declustering potential value was set to 150 V. GPMAW 4.2.
software and ProteinProspector (http://prospector.ucsf.edu/
prospector/mshome.htm) was used to analyse the large number
of MS/MS spectra and identify the modified tryptic MurA peptides.
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