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ABSTRACT: The discovery of novel and unique target-drug pairs for the treatment of human diseases such as
cancer and bacterial infections is an urgent goal of chemical and pharmaceutical sciences. Natural products
represent an inspiring source of compounds for designing chemical biology methods with applications in
target identification and characterization. Inspired by the huge structural diversity of γ-butyrolactones, which
constitute up to 10% of all known compounds of natural origin, we extended the “activity-based protein
profiling” (ABPP) target identification technology to this promising and so far unexplored natural compound
class. We designed and synthesized a comprehensive set of natural product-derived γ-lactones and thiolactones
that varied in protein reactivity. Several important bacterial enzymes that are involved in diverse cellular
functions such as metabolism (dihydrolipoyl dehydrogenase and 6-phosphofructokinase), cell wall biosynth-
esis (MurA1 and MurA2), and protein folding (trigger factors) were obtained. Especially protein folding in
bacteria could represent a novel strategy for antibiotic intervention and requires chemical tools for char-
acterization and inhibition. Future studies that extend structural modifications to protein reactive
R-methylene-γ-butyrolactone as well as to reversible binding γ-lactones and thiolactones will reveal if this
premise holds true.

Electrophilic entities such as epoxides, β-lactam, β-lactone,
andMichael acceptor systems constitute a large fraction of natural
products with a huge diversity of biological activities. In many
cases, the biological potency is directly linked to the intrinsic
electrophilic reactivity that leads to covalent modifications of
nucleophilic active site residues such as serine, cysteine, and lysine
of many important enzyme classes, including dehydrogenases,
hydrolases, and transferases (1, 2). These enzymes play crucial
roles in diseases such as cancer and diabetes as well as bacterial
infections and are of major interest as novel drug targets. How-
ever, especially in the case of bacterial infections, new potent and
selective drugs and their corresponding novel and resistance-free
targets are lacking, which has led to a renaissance of untreatable
infectious diseases caused by multiresistant bacteria. For the
identification of these urgently needed unique target-drug pairs,
natural products represent an inspiring source of compounds for
designing chemical biology methods for target identification
(tools) and characterization (3-6). Initial studies with β-lactones
already demonstrated the power of this approach by the identi-
fication of a central regulator of virulence as a novel concept in
combatting pathogenic bacteria (5, 7). Inspired by this approach,
we extended the “activity-based protein profiling” (ABPP) (2, 8, 9)
target identification technology to the γ-butyrolactones, a struc-
tural motif found in up to 10% of all known compounds of

natural origin (10). The high abundance and structurally diverse
decoration of thismotif already suggest that evolution has selected
γ-butyrolactones for a variety of important biological applications
that could give rise to novel lead structures for potent drugs (11).
Structurally closely related γ-butyrothiolactones also exhibit inter-
esting biological activities, for example, the natural product anti-
biotic thiolactomycin (12).

To explore the full reactivity profile of five-membered cyclic
lactones and thiolactones, we synthesized a diverse set of
γ-butyrolactones and thiolactones as well as their Michael accep-
tor-activated derivatives R-methylene-γ-butyrolactones and
R-butenolides. All core scaffolds were equipped with an alkyne
handle that serves as a benign tag for the modification with
rhodamine azide and rhodamine-biotin-azide for visualization
(fluorescence scanning) and identification (mass spectrometry) of
labeled proteins, respectively, via the Huisgen, Sharpless, Meldal
click chemistry (CC) reaction (Figure 1) (13-16).

The advantages of this approach are the small size and the less
perturbed structure of the original lactone motif that is particu-
larly suitable to labeling proteins in living cells (in situ). We here
show that this approach with several five-membered lactones
reveals important insights into the reactivity and binding pre-
ferences of these natural product inspired probes. While regular
γ-butyrolactones and thiolactones exhibited only little reactivity
with proteomic samples, the Michael acceptor-based R-methy-
lene-γ-butyrolactones exhibited a strong tendency to covalently
label a series of important bacterial enzymes. To compensate for
the lack of labeling for the majority of γ-butyrolactones, we
synthesized an affinity binding probe with a photocrosslinking
moiety (17-20) (benzophenone) that revealed a remarkable
selectivity for the binding of bacterial cis-trans prolyl iso-
merases (Figure 1).
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MATERIALS AND METHODS

Syntheses of γ-Lactones. γ-Lactones were prepared as de-
scribed in the Supporting Information.
Preparation of Bacterial Proteomes. Proteomes were pre-

pared from liquid cultures harvested 1 h after transition in the

stationary phase by centrifugation.Escherichia andPseudomonas

strains were grown in LB (Luria-Bertani broth) medium, Bur-

kholderia strains in CASO (casein-soybean broth) medium, and

Staphylococcus strains in BHB (brain-heart broth) medium. The

bacterial cell pellets were washed with PBS, resuspended in PBS,

and lysed with a French press.
In Vitro Labeling of Bacterial Proteomes. Proteome sam-

ples were adjusted to a final concentration of 1 mg of protein/
mL by dilution in PBS prior to probe labeling. Experiments for
visualization by one-dimensional sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)were conducted
in a total volume of 50 μL and those for affinity enrichment in a
total volume of 2 mL. Reactions were initiated by the addition of
probe followed by incubation for 60 min at room temperature.
For labeling with the photocrosslinking probes 9 and 9c, the
reaction mixture (43 μL) was preincubated with the probe for
10 min at room temperature and then irradiated in open poly-
styrene micro well plates for 60 min at 0 �C under 366 nm UV
light (Benda UV hand lamp NU-15 W). For heat controls, the

proteome was denatured with 1% SDS at 95 �C for 6 min and
cooled to room temperature before the probe was applied. Fol-
lowing incubation, reporter-tagged azide reagents (100 μM rho-
damine azide for analytical or 15 μM rhodamine-biotin-azide for
preparative scale) were added followed by TCEP (20 or 5 μM)
and ligand (6 or 1.5 μM). The cycloaddition was initiated by the
addition of CuSO4 (20 or 5 μM). The reaction mixtures were
incubated at room temperature for 1 h. For analytical gel elec-
trophoresis, SDS loading buffer was added, the sample was
applied on the gel, and the resulting fluorescence was recorded.

Reactions for enrichment were conducted together with a con-
trol lacking the probe to compare the results of the biotin-avidin-
enriched samples with the background of unspecific protein
binding on avidin-agarose beads. After CC, proteins were pre-
cipitated using an equal volume of prechilled acetone. Samples
were stored on ice for 20 min and centrifuged. The supernatant
was discarded and the pellet washed with prechilled methanol
and resuspended by sonication. Subsequently, the pellet was dis-
solved in a PBS/0.2% SDS mixture by sonication and incubated
with avidin-agarose beads at room temperature. The beads were
washed three times with a PBS/0.2% SDS mixture, twice with
6 M urea, and three times with PBS. SDS loading buffer was
added, and the proteins were released for preparative SDS-
PAGE by incubation at 95 �C. Gel bands were isolated, washed,
and tryptically digested.

FIGURE 1: Design of γ-butyrolactone and thiolactone probes and their application in bacterial proteome profiling. Probes are directly incubated
with living bacteria to penetrate the cells and label dedicated protein targets in situ. The cells are subsequently lysed, and the labeled proteins are
“clicked” to a fluorescent rhodamine azide dye for visualization by SDS gel electrophoresis and identification by MS. In the case of
photocrosslinking, the lactone binds its target in cellular extracts and becomes covalently attached by UV irradiation at 366 nm.
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In Situ Labeling of Bacterial Proteomes. Bacteria were
grown in BHB, CASO, or LBmedium, and 2 mL of cells derived
from a culture with an OD600 of 2 were harvested 1 h after
reaching stationary phase by centrifugation for analytical studies.
The volume was increased 5-fold for preparative studies. After
being washed with PBS, the cells were resuspended in 100 μL of
PBS. Unless indicated otherwise, bacteria were incubated for 2 h
with varying concentrations of the probe at room temperature.
Subsequently, the cells were washed with PBS and lysed by
sonication. Membrane and cytosol were separated by centrifuga-
tion, and the membrane fraction was resuspended in PBS, fol-
lowed by click chemistry as described above. Reactions for
enrichment were conducted as described for the in vitro experi-
ments.
In Situ Labeling of Bacterial Proteomes with Probe 9.

Pseudomonas putida was grown to stationary phase in LB me-
dium. Then, 2 mL of the culture were centrifuged, and the pellet
was washed with PBS and resuspended in 100 μL of PBS. Probe 9
was added (final concentration of 200 μM) and the mixture
incubated for 1 h at room temperature followed by UV exposure
(366 nm) for 1 h for photoreactive probes. The cells were washed
with PBS, and the pellet was resuspended in PBS. Lysis was
performed by sonication as described previously, and the
cytosolic and membrane fractions were subjected to click
chemistry.
Mass Spectrometry and Bioinformatics. Tryptic peptides

were loaded onto a Dionex C18 Nano Trap Column (100 μm)
and subsequently eluted and separated by aDionex C18 PepMap
100 (3 μm) column for analysis by tandemMS followed by high-
resolutionMS using a coupledDionexUltimate 3000 LC-Thermo
FinniganLTQ-OrbitrapMS system. Themass spectrometry data
were searched using the SEQUEST algorithm against the corre-
sponding databases via the software “bioworks”. The search was
limited to tryptic peptides, two missed cleavage sites, monoiso-
topic precursor ions, and a peptide tolerance of<10 ppm. Filters
were set to further refine the search results. The Xcorr versus
charge state filter was set to Xcorr values of 1.5, 2.0, and 2.5 for
charge states þ1, þ2, and þ3, respectively. The number of dif-
ferent peptides has to be at least two, and the peptide probability
filter was set to <0.001.
Competitive in Vitro Labeling with Reversible Binding

γ-Lactones. In competitive assays, a 100-, 50-, or 10-fold excess
of a reversible binding γ-lactone was added to the proteome
15 min prior to addition of the photocrosslinking probe 9.
Recombinant Expression. The major hits of MS analysis

were recombinantly expressed in Escherichia coli as an internal
control of the MS results by using the Invitrogen Gateway Tech-
nology. Target genes were amplified from the corresponding
genomes by polymerase chain reaction (PCR)with anAccuPrime
PfxDNA Polymerase kit with 65 ng of genomic DNA, prepared
by standard protocols (Supporting Information).
Identification of the Binding Site of Probe 8 in Dehy-

drolipoamide Dehydrogenase. To a solution of recombinantly
expressed and purified Pseudomonas aeruginosa PAO1 dihydro-
lipoamide dehydrogenase (3.5 μg/μL in PBS) was added probe 8
(50 μM), and the mixture was incubated for 30 min at room
temperature. The buffer was exchanged with 25 mM aqueous
NH4HCO3 to wash away unbound probe. CaCl2 (1 mM) and a
chymotrypsin solution were added, and the solution was incu-
bated at room temperature overnight. Formic acid (2 μL, 1% in
H2O) was added to 18 μL of the chymotryptic digest. The sample
was measured by mass spectrometry as specified in the Mass

spectrometry and bioinformatics section of the Supporting In-
formation.
IC50 Measurement. The Pro-Phe bond of the N-succinyl-

Ala-Ala-Pro-Phe-p-nitroanilide substrate can exist in a trans or
cis (higher absorption coefficient) form. The substrate was dis-
solved in a solution of 0.5 M LiCl in trifluoroethanol [TFE
(∼50%cis peptide)], and the re-equilibration of the cis:trans ratio
during dilution into Hepes buffer (∼10% cis peptide) can be
measured by monitoring the absorption at 330 nm. Because
traces of water in the LiCl/TFE solution decrease the cis content
dramatically, LiCl was dried over P4O10 under vacuum and TFE
was dried over 4 Å molecular sieves. A solution of lactone 1, 2, 4,
or 5 (0-10 mM in DMSO, 20 μL) was added to a solution con-
taining Hepes (50 mM, pH 7.8, 1950 μL) and the E. coli trigger
factor (100 μM, 10 μL). After incubation for 10 min at 10 �C, the
substrate (20 μL of 6 mMN-succinyl-Ala-Ala-Pro-Phe-p-nitroa-
nilide in 0.5 M LiCl in trifluoroethanol) was added and the
change in absorption subsequently monitored at 330 nm for
10 min at 10 �C. The data of each measurement were fitted with
A = y0A0e

-kt as the exponential function leading to a kinetic
constant k (s-1). The mean average kinetic constants (each of
three independent experiments) versus lactone concentration
were plotted, and the concentration of 50% inhibition (IC50)
was determined.

RESULTS AND DISCUSSION

For our initial reactivity studies with cyclic five-membered ring
systems, we designed several probes that were based on a lactone
or thiolactone ring equipped with hexynoyl, leucyl-hexynoyl, or
phenylalanyl-hexynoyl peptidic side chains at position 3 (probes
1-6). Synthesis of these probes was achieved by the modification
of L-homoserine lactone and L-homocysteine thiolactone (Scheme
S1 of the Supporting Information). In addition, the initial probe
selectionwas complemented by the synthesis of a butenolide probe
7. We rationalized that this compound could have an elevated
electrophilicity because of the presence of an internal Michael
acceptor system. The probe was prepared by coupling of hexynoic
acid to commercially avialable (S)-(-)-5-(hydroxymethyl)-2(5H)-
furanone (Scheme S1 of the Supporting Information).

To test these probes with respect to their protein reactivities,
we incubated them with intact bacterial cells as well as bacte-
rial lysates derived from nonpathogenic strains such as
B. thailandensis, E. coli, and P. putida as well as pathogenic
strains such asB. cenocepacia,P. aeruginosa, and S. aureus for 1 h
at room temperature. Upon incubation, cells were lysed and a
fluorescent rhodamine azide tagwas attached viaCC. In all cases,
almost no or only weak labeling intensities were observed,
indicating that the unactivated γ-lactones and thiolactones,
including the internal Michael acceptor system, are not suffi-
ciently reactive to be attacked by nucleophilic enzyme active site
residues (Figure S1 of the Supporting Information). This result
clearly indicates that these motifs are not suitable for direct
proteome profiling and suggests that most likely many natural
products that contain these structural motifs such as homo-
serine lactones that are involved in bacterial quorum sensing most
likely exhibit their biological activities via a reversible binding
mode of their dedicated targets (21). We therefore adjusted our
initial strategy and designed two additional γ-lactone-based
probes that contained either a benzophenone photocrosslinker
(9) in the side chain to monitor reversible binding interactions
or an R-methylene-γ-butyrolactone probe (8) with elevated
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electrophilicity because of an external Michael acceptor system.
In the following, we will first discuss the profiling results for the
R-methylene-γ-butyrolactone probe and then compare these stud-
ies with those done with the photocrosslinking probe.

The R-methylene-γ-butyrolactone group is present in many
bioactive compounds of natural as well as synthetic origin. Re-
markably, ∼3% of all known natural products contain this
functional group, which emphasizes its potential role in its parent
compounds that display a diverse range of bioactivities such as
anticancer, antimalarial, antiviral, and antibacterial activity (10).
To test the proteome reactivity and dedicated target preferences
of this structural motif, we designed and synthesized an alkyne-
substituted R-methylene-γ-butyrolactone probe for global pro-
teome analysis. The synthesis startedwith oxidation of undecynol
by Dess-Martin periodinane, leading to the corresponding alde-
hyde undecynal. The aldehyde was subsequently coupled to ethyl
2-(bromomethyl)acrylate via a Reformatsky reaction, which led
to 4-hydroxy-2-methylenetetradec-13-ynoic acid ethyl ester (8c).
The cyclization of 8c was initiated by addition of a catalytic
amount of 4-toluenesulfonic acid, leading to 5-dec-9-ynyl-3-
methylenedihydrofuran-2-one (8) (Scheme S2 of the Supporting
Information). The precursor molecule (8c) of the cyclized R-
methylene-γ-butyrolactone probe (8) contains a linear Michael
acceptor system that was used as a control to investigate the
influence of the intact cyclic γ-lactone motif for reactivity and
selectivity compared to the open form.

Proteomeprofiling experiments were initiated by incubation of
probes 8 and 8cwith several pathogenic bacterial organisms such
asP. aeruginosa and S. aureus under in situ conditions with intact
cells. Subsequent CC, SDS gel analysis, and fluorescent scanning
revealed a distinct set of specific protein bands in all proteomes

investigated, emphasizing that the probe displays suitable proper-
ties for in situ studies. Concentrations of 200 μM for Gram-
negative P. aeruginosa and 40 μM for Gram-positive S. aureus as
well as an incubation time of 1 h turned out to be optimal for
saturated labeling (Figure 2 and Figure S2 of the Supporting
Information). Some targets could be labeled even at significantly
lower concentrations (g5 μM), indicating an increased sensitivity
and specificity. In addition, the control probe 8c with the open
Michael acceptor displays significantly less labeling, indicating
that the cyclic γ-lactone motif is required for the obtained target
preferences.

Subsequent target identification was conducted by mass
spectrometry using a quantitative enrichment strategy for labeled
enzymes (5). In brief, labeled proteomes were incubated with a
trifunctional rhodamine-biotin-azide tag under CC conditions,
enriched and purified on avidin beads, separated by SDS gel
electrophoresis, and fluorescent bands were isolated, digested,
and subjected to mass spectrometric (MS) analysis with an
orbitrap mass spectrometer. Fragmentation data were analyzed
with the SEQUEST algorithm, and several protein hits were
obtained that correlated at their molecular weight with the sizes
of the corresponding gel bands (Table S1 of the Supporting In-
formation). Several proteins that play important roles in the
primary metabolism of bacteria were identified, such as 6-phos-
phofructokinase (PFK) in S. aureus that is a key enzyme in
glycolysis as well as dihydrolipoamide dehydrogenase (DLDH)
in both S. aureus and P. aeruginosa that is also important for
glycolysis and the citrate cycle. Moreover, MurA1 and MurA2,
two essential enzymes for cell wall biosynthesis in S. aureus, were
identified in multiresistant S. aureus cells (MRSA). Interestingly,
these enzymes have been previously labeled by a showdomycin

FIGURE 2: In situ labelingofbacterial proteomeswith theR-methylene-γ-butyrolactoneprobe (8). (A)Fluorescent SDSgelswith labeledproteins.
The protein identity is abbreviated next to the gels: DLDH, dihydrolipoamide dehydrogenase; FAT, formate acyltransferase; MurA1 and -2,
UDP-N-acetylglucosamine 1-carboxyvinyltransferase; PFK, 6-phosphofructokinase; MW, molecular weight marker. (B) Recombinant expres-
sion and labeling of target proteins (b, before induction; a, after induction; ΔT, heat control of induced recombinant protein; p, native protein
band in the corresponding proteome). (C) Site of modification of P. aeruginosaDLDH.
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probe, which also represents a Michael acceptor natural product
emphasizing a similar reactivity and affinity profile (3).

To confirm the results of mass spectrometry by additional
independent experiments, we recombinantly expressed several of
our observed targets and labeled them subsequently with the
corresponding probes. In fact, in all cases, the probes labeled their
targets in an activity-dependent manner as confirmed by heat
denaturation controls (Figure 2B). As an example of the mode of
binding of the R-methylene-γ-butyrolactone probes to their tar-
gets, we investigated the site of modification of P. aeruginosa
DLDHwith probe 8 byMS.One cysteine residuewas found to be
modified by the probe, while no other cysteine and none of the 19
serine residues reacted with the Michael acceptor (Figure 2 and
Figure S6 of the Supporting Information).

These results emphasize the fine-tuned reactivity of the R-
methylene-γ-butyrolactone probe, demonstrate the value of this
reactive motif for proteome profiling experiments, and further
suggest that the full potential of this motif can be explored by an
increasing number of structurally diverse molecules that bind a
vast array of enzymes based on dedicated and customized affinity
features.

To broaden our knowledge of the binding preferences of
γ-lactones that are not activated by an electrophilic Michael
acceptor system, we designed and synthesized a photo-cross-
linker-functionalized lactone probe with a benzophenone moiety
and the alkyne handle embodied in a peptidic side chain [probe 9
(Figure 1)]. Because benzophenone represents a large structural
element, it could influence and direct the binding of the probe to
additional, γ-lactone-unrelated, targets. To identify only those
targets that specifically bind the γ-lactonemotif, we synthesized a
control probe 9c, in which only the benzophenone and alkyne-
containing peptidic side chain without the γ-lactone moiety are
present. All targets that are labeled by both probes are presum-
ably bound predominantly by the benzophenone peptide, whereas
targets that are labeled by only the γ-lactone probe represent
proteins with specific recognition elements for thismotif. Because
we are interested in the biological targets of reversible binding
γ-lactones, we will only focus on the identification of their cor-
responding protein bands.

The synthesis of probes 9 and 9c followed standard peptide
coupling procedures and is described inmore detail in Scheme S3
of the Supporting Information. Labeling experiments were con-
ducted in bacterial lysates of several pathogenic and nonpatho-
genic organisms such as P. aeruginosa, P. putida, B. cenocepacia,
B. thailandensis, and E. coli. Probe 9 (20 μM) and control probe
9c (20 μM) were incubated with each bacterial proteome on ice
and irradiated at 366 nm for 1 h. Proteomes were then subject to
CC and separated and visualized by SDS gel electrophoresis and
fluorescent scanning as described above. Several fluorescent
bands were observed on the gels, but only one strong band that
was present in all proteomes correlated uniquely to γ-lactone-
containing probe 9 (Figure 3A and Figure S3 of the Supporting
Information).

The band was investigated by mass spectrometry and identi-
fied as a trigger factor (TF). Trigger factors are essential bacterial
enzymes for the cis-trans isomerization of peptidyl-prolyl bonds
and represent a molecular switch for the regulation of enzyme
activity (22). The trigger factors like those found in E. coli K12
belong to the FK506 binding protein family of peptidyl-prolyl
cis-trans isomerases and assist the initial folding steps during
bacterial protein synthesis (23-25). They consist of the N-do-
main, whichmediates binding to the ribosomal tunnel exit protein,

the PPIase (peptidyl-prolyl isomerase) domain, and the C-do-
mainwith chaperone activity. The folding is assisted downstream
by the ATP-dependent DnaK/J and GroEL/ES.

The results from mass spectrometric identification were again
independently verified by recombinant expression of several
trigger factor enzymes from B. thailandensis, B. cenocepacia, P.
aeruginosa, and E. coli (Figure 3B and Figure S3 of the Sup-
porting Information). All recombinant enzymes were specifically
labeled by the corresponding lactone probe 9, whereas heat-
denatured enzymes did not reveal any labeling, indicating that
only the native and folded protein can interact with the probe.
Moreover, we were able to demonstrate trigger factor binding of
probe 9 in living cells of P. putida, emphasizing the relevance and
great utility of this probe as a tool in proteomics (Figure S5 of the
Supporting Information).

Because the labeling of the trigger factors by probe 9 is UV-
dependent, a reversible binding mode of the γ-lactone is most
likely. We therefore tested all our other reversible binding γ-
lactones and thiolactones that we used for initial screens (see
above, compounds 1-7) in competitive assays to investigate
whether they could compete for the same binding site, which
would further confirm that the γ-lactonemoiety, as a close mimic
of proline, is the central recognition element of trigger factors.
Interestingly, several γ-lactones and thiolactones were able to
compete for binding to various degrees. Probe 5, for instance,
revealed strong competition at 50- and 100-fold excesses, while all
other compounds such as structurally closely related probes 1, 2,
and 4 exhibited much weaker competition for the binding site,
indicating that a phenyl-substituted thiolactone is the most
promising motif from our initial library for binding to and
inhibiting trigger factors (Figure 3 and Figure S4 of the Support-
ing Information). To evaluate its potency for the inhibition of
PPIase (peptidyl-prolyl isomerase) activity, we used an assay
that is based on the solvent-dependent cis-trans re-equilibration
of the tetrapeptide N-succinyl-Ala-Ala-Pro-Phe-p-nitroani-
lide (Supporting Information) (26). The peptide was dissolved
in 0.5 M LiCl in TFE, which led to a cis content of the Pro-Phe
bond of∼50%.After dilution into aqueous buffer [50mMHepes
(pH 7.8)], the cis content decreased to ∼10%. Because the cis
peptide has a higher absorption coefficient, the decrease during
dilution into aqueous buffer can be measured by monitoring the
absorption at 330 nm at 10 �C for 10 min. The mean average
kinetic constant (each of three independent experiments) versus
lactone concentration was plotted, and the concentration of 50%
inhibition (IC50) was determined. Figure 4 shows the IC50 deter-
mination of the E. coli trigger factor by lactones 1, 2, 4, and 5.
Interestingly, an IC50 value of 50 μM emphasizes that the com-
pound directly targets the PPIase domain of trigger factors and
leads to a potent inhibition. On the other hand, compounds 1, 2,
and 4 exhibited weaker binding in the competition assay and
showed almost no inhibition in the assay. Although compounds
1-7 were initially designed as reactive probes, their conserved
structural lactone motifs can be utilized in combination with
cross-linking groups to identify reversible binding inhibitors for
dedicated targets.

In summary, we designed and synthesized an initial set of
γ-lactones and thiolactones that varied in their protein reactivity.
Our initial selection of nonactivated compounds did not reveal
significant protein reactivities, but one individual member turned
out to be a reversible inhibitor of the trigger factor. This result
emphasizes the potency of our chemical proteomic strategy that
utilizes protein reactive probes in combination with photoreactive
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affinity probes to identify the biological targets of γ-lactones. We
obtained several important bacterial enzymes that are involved in
diverse cellular functions such as metabolism, cell wall biosynth-
esis, and protein folding. Protein folding in bacteria could par-
ticularly represent a novel strategy for antibiotic intervention and
requires chemical tools for characterization and inhibition. In

fact, it has already been demonstrated that a dual knockout of
trigger factor and a complementary chaperone folding machin-
ery, DnaK and DnaJ, is lethal (27, 28). We here introduce novel
tools for studying trigger factors andpresent novel lead structures
based on the γ-lactone structural moiety for inhibition and
potential therapeutic application. Future studies that extend
structural modifications to protein reactive R-methylene-γ-bu-
tyrolactone as well as to reversible binding γ-lactones and
thiolactones will reveal if this premise holds true.

ACKNOWLEDGMENT

We thankMatthewNodwell for valuable comments on the
manuscript and Mona Wolff for excellent technical assis-
tance.

SUPPORTING INFORMATION AVAILABLE

Synthesis of the probes, more detailed experimental proce-
dures, mass spectrometric results, and supplementary figures.
This material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1. Drahl, C., Cravatt, B. F., and Sorensen, E. J. (2005) Protein-reactive
natural products. Angew. Chem., Int. Ed. 44, 5788–5809.

FIGURE 3: Labeling of bacterial lysates with a γ-lactone photocrosslinking probe. (A) Fluorescent SDS gels (TF, trigger factor; MW, molecular
weight marker). (B) Recombinant expression of trigger factor and labeling (b, before induction; a, after induction; ΔT, heat control of induced
recombinant protein; p, native protein band in the corresponding proteome). (C) Competitive profiling with reversible binding γ-lactones 4, 1, 5,
and 2. Lactones were preincubated in 10-, 50-, and 100-fold excess with the P. aeruginosa proteome and subsequently labeled with
photocrosslinking probe 9.

FIGURE 4: Determination of the IC50 values of the E. coli TF with
lactones 1, 2, 4, and 5.



916 Biochemistry, Vol. 50, No. 5, 2011 Kunzmann et al.

2. B€ottcher, T., Pitscheider, M., and Sieber, S. A. (2010) Natural
products and their biological targets: Proteomic and metabolomic
labeling strategies. Angew. Chem., Int. Ed. 49, 2680–2698.

3. B€ottcher, T., and Sieber, S. A. (2010) Showdomycin as a versatile
chemical tool for the detection of pathogenesis-associated enzymes in
bacteria. J. Am. Chem. Soc. 132, 6964–6972.

4. Staub, I., and Sieber, S. A. (2008) β-Lactams as selective chemical
probes for the in vivo labeling of bacterial enzymes involved in cell
wall biosynthesis, antibiotic resistance, and virulence. J. Am. Chem.
Soc. 130, 13400–13409.

5. B€ottcher, T., and Sieber, S. A. (2008) β-Lactones as privileged
structures for the active-site labeling of versatile bacterial enzyme
classes. Angew. Chem., Int. Ed. 47, 4600–4603.

6. Yang, P. Y., Liu, K., Ngai,M.H., Lear,M. J.,Wenk,M.R., andYao,
S. Q. (2010) Activity-based proteome profiling of potential cellular
targets ofOrlistat: AnFDA-approved drugwith anti-tumor activities.
J. Am. Chem. Soc. 132, 656–666.

7. B€ottcher, T., and Sieber, S. A. (2008) β-Lactones as specific inhibitors
of ClpP attenuate the production of extracellular virulence factors of
Staphylococcus aureus. J. Am. Chem. Soc. 130, 14400–14401.

8. Cravatt, B. F., Wright, A. T., and Kozarich, J. W. (2008) Activity-
based protein profiling: From enzyme chemistry to proteomic chem-
istry. Annu. Rev. Biochem. 77, 383–414.

9. Fonovic,M., andBogyo,M. (2008)Activity-based probes as a tool for
functional proteomic analysis of proteases. Expert Rev. Proteomics 5,
721–730.

10. Kitson, R. R., Millemaggi, A., and Taylor, R. J. (2009) The renais-
sance of R-methylene-γ-butyrolactones: New synthetic approaches.
Angew. Chem., Int. Ed. 48, 9426–9451.

11. Seitz, M., and Reiser, O. (2005) Synthetic approaches towards
structurally diverse γ-butyrolactone natural-product-like compounds.
Curr. Opin. Chem. Biol. 9, 285–292.

12. Machutta, C. A., Bommineni, G. R., Luckner, S. R., Kapilashrami,
K., Ruzsicska, B., Simmerling, C., Kisker, C., and Tonge, P. J. (2010)
Slow onset inhibition of bacterial β-ketoacyl-acyl carrier protein
synthases by thiolactomycin. J. Biol. Chem. 285, 6161–6169.

13. Speers, A. E., Adam, G. C., and Cravatt, B. F. (2003) Activity-based
protein profiling in vivo using a copper(I)-catalyzed azide-alkyne
[3þ2] cycloaddition. J. Am. Chem. Soc. 125, 4686–4687.

14. Huisgen, R. (1984) 1,3 Dipolar Cylcoaddition Chemistry, Wiley,
New York.

15. Rostovtsev, V. V., Green, J. G., Fokin, V. V., and Sharpless, K. B.
(2002) A stepwise Huisgen cycloaddition process: Copper(I)-cata-
lyzed regioselective “ligation” of azides and terminal alkynes. Angew.
Chem., Int. Ed. 41, 2596–2599.

16. Tornøe, C. W., Christensen, C., and Meldal, M. (2002) Peptidotria-
zoles on Solid Phase: [1,2,3]-Triazoles by Regiospecific Copper(I)-
Catalyzed 1,3-Dipolar Cycloadditions of Terminal Alkynes toAzides.
J. Org. Chem. 67, 3057–3064.

17. Qiu, W. W., Xu, J., Li, J. Y., Li, J., and Nana, F. J. (2007) Activity-
based protein profiling for type Imethionine aminopeptidase by using
photo-affinity trimodular probes. ChemBioChem 8, 1351–1358.

18. Salisbury, C. M., and Cravatt, B. F. (2007) Activity-based probes for
proteomic profiling of histone deacetylase complexes. Proc. Natl.
Acad. Sci. U.S.A. 104, 1171–1176.

19. Sieber, S. A., Niessen, S., Hoover, H. S., and Cravatt, B. F. (2006)
Proteomic profiling of metalloprotease activities with cocktails of
active-site probes. Nat. Chem. Biol. 2, 274–281.

20. Chan, E. W., Chattopadhaya, S., Panicker, R. C., Huang, X., and
Yao, S. Q. (2004) Developing photoactive affinity probes for proteo-
mic profiling: Hydroxamate-based probes for metalloproteases.
J. Am. Chem. Soc. 126, 14435–14446.

21. Dubinsky, L., Jarosz, L.M., Amara, N., Krief, P., Kravchenko, V. V.,
Krom, B. P., and Meijler, M. M. (2009) Synthesis and validation of a
probe to identify quorum sensing receptors.Chem.Commun., 7378–7380.

22. Lu, K. P., Finn, G., Lee, T. H., andNicholson, L. K. (2007) Prolyl cis-
trans isomerization as a molecular timer.Nat. Chem. Biol. 3, 619–629.

23. Kramer,G., Rutkowska, A.,Wegrzyn, R.D., Patzelt, H., Kurz, T. A.,
Merz, F., Rauch, T., Vorderwulbecke, S., Deuerling, E., and Bukau,
B. (2004) Functional dissection of Escherichia coli trigger factor:
Unraveling the function of individual domains. J. Bacteriol. 186,
3777–3784.

24. Patzelt, H., Kramer, G., Rauch, T., Schonfeld, H. J., Bukau, B., and
Deuerling, E. (2002) Three-state equilibrium of Escherichia coli
trigger factor. Biol. Chem. 383, 1611–1619.

25. Patzelt, H., Rudiger, S., Brehmer, D., Kramer, G., Vorderwulbecke,
S., Schaffitzel, E., Waitz, A., Hesterkamp, T., Dong, L., Schneider-
Mergener, J., Bukau, B., and Deuerling, E. (2001) Binding specificity
of Escherichia coli trigger factor. Proc. Natl. Acad. Sci. U.S.A. 98,
14244–14249.

26. Janowski, B., Wollner, S., Schutkowski, M., and Fischer, G. (1997) A
protease-free assay for peptidyl prolyl cis/trans isomerases using
standard peptide substrates. Anal. Biochem. 252, 299–307.

27. Deuerling, E., Schulze-Specking, A., Tomoyasu, T., Mogk, A., and
Bukau, B. (1999) Trigger factor and DnaK cooperate in folding of
newly synthesized proteins. Nature 400, 693–696.

28. Deuerling, E., Patzelt, H., Vorderwulbecke, S., Rauch, T., Kramer,
G., Schaffitzel, E., Mogk, A., Schulze-Specking, A., Langen, H., and
Bukau, B. (2003) Trigger Factor and DnaK possess overlapping sub-
strate pools and binding specificities. Mol. Microbiol. 47, 1317–1328.


