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Natural products represent valuable lead structures for drug dis-
covery. However, for most bioactive compounds no cellular target
is yet identified and many substances predicted from genome
analysis are inaccessible due to their life stage-dependent bio-
synthesis, which is not reflected in common isolation procedures.
In response to these issues, an NMR-based and target-directed pro-
tease assay for inhibitor detection of the proteasome was de-
veloped. The methodology is suitable for one-shot identification
of inhibitors in conglomerates and crude culture broths. The
technique was applied for analysis of the different life stages of
the bacterium Photorhabdus luminescens, which resulted in the iso-
lation and characterization of cepafungin | (Cepl), the strongest
proteasome inhibitor described to date. Its biosynthesis is strictly
regulated and solely induced by the specific environmental condi-
tions determined by our methodology. The transferability of the
developed technique to other drug targets may disclose an abun-
dance of novel compounds applicable for drug development.
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he eukaryotic proteasome core particle (CP) is a 720-kDa

multicatalytic protein degradation machinery and constitutes
the main nonlysosomal protein degradation system in cells (1, 2).
Its structure is composed of four stacked heptameric rings which
contain the active subunits $1, p2, and 5 with an electrophilic
Thr-107 at their N-termini (3-5). They exhibit the proteolytic
activities denominated caspase-like (CL), trypsin-like (TL), and
chymotrypsin-like (ChTL) according to the chemical nature of
their specificity pockets (6). Being involved in many cellular pro-
cesses such as cell proliferation and antigen presentation, the CP
is a potential target for the treatment of diseases as diverse as
cancer or autoimmunity (7). The blockbuster drug Velcade, a
synthetic dipeptide boronic acid, was the first proteasome in-
hibitor approved for cancer therapy (8). However, because of its
severe side effects (9) and the vast potential of proteasome
inhibitors with regard to other diseases (7), there is a high demand
for the development of novel agents. Lead structures for new
drugs are often deduced from natural compounds, as they are
evolutionarily optimized (10). A current and highly prominent
example is carfilzomib, a proteasome inhibitor in clinical phase III
trials (11), which was derived from the natural product inhibitor
epoxomicin (12, 13). Although other natural compounds have
been elucidated in past decades (10), a persistent challenge for
the identification of potent proteasome inhibitors still remains.
However, in our days, natural product research suffers generally
from two major limitations. First, for most compounds described
in the literature, no cellular target has been identified so far,
which generally complicates the rational application of bioactive
compounds. Second, the life stage-dependent metabolite pattern
of many organisms is not reflected by commonly applied growth
conditions, thus leading to a severely limited accessibility within
the huge spectrum of natural substances.

www.pnas.org/cgi/doi/10.1073/pnas.1211423109

Results

Development of an NMR-Based Proteasome Assay. Addressing both
issues, we have developed a proteasome assay for screening of
inhibitor secretion under various growth conditions. It uses a
peptide substrate of the CP, which was atom-selectively labeled
for NMR spectroscopy and derived from the digestion pattern of
the murine JAKI tyrosine kinase, a well characterized natural
substrate of the 20S proteasome (14). The peptide sequence is
adapted toward specificity for the ChTL activity as inhibitors
against the corresponding p5 subunit exert high cytotoxicity and
strongly influence adaptive immune response by MHC I presen-
tation. By introducing a carbonyl >C probe at the scissile bond,
hydrolysis can be qualitatively and quantitatively evaluated by a
peak shift in the ">*C-NMR spectrum from 173 to 177 ppm, cor-
responding to the amide educt and the carboxylic acid product,
respectively (Fig. 1). Synthesis of the substrate was achieved by
standard Boc-based solid-phase peptide chemistry, whereas the
peptide cleavage site was determined by liquid chromatography—
mass spectrometry (LC-MS) analysis of the digestion products in
an in vitro assay. Confirming the specificity of the probe molecule
toward the p5 subunit, the hydrolysis was prevented in the same
assay after addition of the synthetic boronic acid inhibitor MG262
(15), which exhibits inhibition merely of the ChTL activity.

The assay displays the superiority of NMR techniques over
common UV-VIS and fluorescence-based methods by overcom-
ing color quenching artifacts, which produce a plentitude of false-
positive or -negative results in high-throughput arrays. In contrast,
the developed approach yields unambiguous readout information
and is applicable to extremely heterogeneous and colored con-
glomerates present, for example, in culture media. The technique
is suitable for high-throughput analysis, as the recording time in a
standard 500-MHz NMR machine, equipped with an autosam-
pler, is only about 15 min per assay. Thus, a typical sample number
of 96 experiments can be processed within 1 d. With a volume of
~500 pL, the methodology allows to screen a large number of small
cultures at different growth conditions in short periods.

Application of the Technique in a Real-Case Scenario. For evaluation
of the NMR assay by a positive control, we analyzed secretions of
Pseudomonas syringae, which causes the brown spot disease in
common bean plants and whose virulence is decisively determined
by the proteasome inhibitor syringolin A (SylA), a member of the
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Fig. 1. NMR peptide assay. (A) Primary sequence of the substrate with the scissile peptide bond and the '3C label. (B) NMR spectrum of substrate digestions
with the uncleaved educt and the carboxylic acid product at 173 and 177 ppm, respectively (Upper). Product peak formation is suppressed upon addition of

a CP-inhibiting culture broth (Lower).

syrbactin family. The bacteria were grown in SRMar medium,
which contains the phenolic sugar arbutin present in plant leaves
for induction of the pathogenic phase (16). The crude broth was
then added to the assay mixture containing yeast CP. After an
incubation period of only 10 min, '*C-labeled peptide substrate
was added. NMR analysis of the digestion showed complete sup-
pression of product formation, thus demonstrating the presence of
proteasome-inhibiting substances. Despite the high chemical het-
erogeneity covering all types of biomolecules present in culture
broth, the signal-to-noise ratio in the decisive spectral range from
173 to 177 ppm was unaffected by interference. Confirming the
univocal results gained by our method, SylA was purified from the
respective culture broth and analyzed by HPLC as described (16).

Identification of Candidate Organisms for Analysis. Next, we aimed
to identify other organisms producing inhibitors against the CP.
SylA is produced in vivo by a nonribosomal peptide synthetase,
which is constituted by an array of enzymes responsible for at-
tachment of amino acid building blocks and introduction of
chemical modifications. SylD, a 460-kDa multidomain enzyme,
represents the major part of this assembly line and was chosen for
BLAST alignment (17, 18). The search yielded hits among various
Photorhabdus and Burkholderia species, which can therefore be
suggested to produce analogous natural products. This group also
comprises Burkholderia pseudomallei, the causative agent of me-
lioidosis (19). Intriguingly, the related but less human pathogenic
bacterium Burkholderia mallei, carries an analogous gene cluster,
which is inactivated by transposon-mediated rearrangement,
hence suggesting a significant contribution to virulence of the
respective proteasome inhibiting compound (17). From this group
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of organisms, we chose the insect parasite bacterium Photorhabdus
luminescens, as this S1 pathogen can be handled easily. The or-
ganism secretes intensely red-colored compounds (20, 21) not
suitable for analysis with common assay types (Fig. S1), hence
representing a perfect candidate for a proof of concept of our
detection method.

Induction of the Pathogenic Phase in P. luminescens. Photorhabdus was
grown in SRMr medium containing the phenolic sugar arbutin
present in leaves, which induces secretion of the SylA virulence
factor from the plant pathogen P. syringae (16). However, no
inhibitor production was detected by using our NMR assay, thus
implying a divergent evolution of the sensory system of both
species to adapt to their respective host organisms. P. lumines-
cens obviously requires a different molecular trigger present in
insects to start its pathogenic phase. Screening of diverse growth
media with our NMR-based methodology revealed that an os-
motic shock is necessary to mimic the environmental changes
upon intrusion into the insect body and in turn to initiate in-
hibitor secretion (SI Text, Table S1). Proteolytic processing of
the substrate peptide was completely precluded under these
conditions, indicating the presence of at least one highly potent
CP inhibitor.

Isolation and Structure Elucidation of the Inhibitors. To identify the
CP-inhibiting compounds from Photorhabdus, we have established
an isolation procedure from liquid broth (SI Materials and Meth-
ods). Intriguingly, from 3-L culture broth we received two CP
inhibitors with a final yield of 10 mg each, exhibiting molecular
masses of 520 and 534 g-mol™. Comparison of the LC-MS profile
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In vitro functional and structural characterization of GIbA and Cepl. (A) NMR-deduced structures of GIbA/Cepl with the proteasome binding sites S1

and S3 as well as the hydrophobic patch S,. (B) SylA, featuring a hydrophilic carboxylic acid tail. (C) ICso curves for the ChTL activity measured for GIbA (green)
and Cepl (blue) with '*C-labeled peptide substrate; black curves depict equivalent measurements with the fluorogenic Suc-Leu-Leu-Val-Tyr-AMC substrate
(error bars are too small to be visible). (D) Western blot on a #5-(His)e yeast CP mutant with or without treatment with Cepl. The gel shift indicates an in-
creased molecular mass by covalent and irreversible binding. (E) Structural superposition of GIbA and Cepl bound to yeast CP; the differing methyl moiety is
indicated by a red arrow. (F) Surface representation of Cepl in the 5 substrate binding channel. Colors indicate positive and negative electrostatic potentials
contoured from —30 kT/e (bright red) to +30 kT/e (bright blue). (G) Stereoview of the 2F, — F. omit electron density map (gray mesh, 1) for the p5 active site.
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with a Photorhabdus culture exclusively grown at high salt condi-
tion revealed that the spectrum of secondary metabolites changed
dramatically, thus reflecting a complete switch of life stages in-
cluding the production of proteasome inhibitors (SI Text, Fig. S2
and Table S2).

Structure elucidation of the two compounds by 2D-NMR anal-
ysis resulted in the molecules glidobactin A (GlbA), which had
been known to be the strongest proteasome inhibitor identified so
far (22, 23), as well as a molecule that has been named cepafungin
I (Cepl) in literature (24) (Fig. 24 and Fig. S3). Despite the high
similarity of the isolated molecules, Cepl has never been in-
vestigated with respect to its properties as a proteasome in-
hibitor. Both Cepl and GIbA share a 12-membered macrolactam
ring system that is linked to a fatty acid tail. As the only differ-
ence, this apolar chain is terminally branched and carries an
additional methyl moiety in the case of Cepl, whereas it is linear
in GIbA.

In Vitro Functional and Structural Characterization of GIbA and Cepl.
Investigating the inhibitory potential of both compounds, we
performed ICsy measurements with yeast CP using the estab-
lished NMR assay for the ChTL activities. Remarkably, the I1Cs,
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value for Cepl (4 nM) was five times lower compared with GIbA
(19 nM; Fig. 2C). Evaluation of the stoichiometry between Cepl
and CP reveals that 100% inhibition is already observed at a
ratio of 2:1, thus reaching the detection limit of the assay with
regard to the twofold symmetry of the proteasomal subunits.
These results could be verified by established fluorescence-based
assays, as the isolated compounds were uncolored and therefore
did not cause quenching effects compared with the crude culture
broth. Moreover, the high consistency between the data gained
from both recording techniques confirms the equivalence of the
NMR approach, using a natural and active-site specific protea-
some substrate, in contrast to common assay types. In addition,
measurements were expanded on evaluation of the TL and CL
sites. The TL activity was inhibited to 24 nM for Cepl and 193
nM for GIbA, respectively, thus exhibiting the same tendency as
observed for the B5 subunit (Fig. S4). The proteasomal CL ac-
tivity was not affected by either compound up to concentrations
as high as 100 pM. These results were surprising because only a
minor change such as a methyl group at the distal end from the
active proteasomal Thr-10" residue has such an impact on the
binding affinity.
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Fig. 3. Cell culture assays. (A) Cytotoxicity is measured by performing the Alamar Blue assay with HeLa cells after 6, 10, 24, and 48 h for MG132 (black), GIbA
(green), and Cepl (blue) at 1 uM concentration. (B) Western blot on IkB with or without IL-1 induction in HeLa cells, which were treated for 6 h with 50 uM
MG132, GIbA, Cepl, or DMSO. Proteasomal IkB degradation is initiated by IL-1 signaling, whereas it is prevented after addition of the cell-penetrating CP
inhibitors. The GADPH housekeeping protein was costained for quantification.

Therefore, we performed crystal structure analysis of Cepl and
GIbA in complex with the yeast CP at 2.8-A (Riree = 24.3%) and
3.0-A (Rgree = 22.7%) resolution for characterizing both inhib-
itors at the molecular level (SI Text, Table S3). Electron densities
display covalent and irreversible binding of Thr-10” to the mac-
rolactam ring via ether bond formation, which was confirmed by
a gel shift assay (Fig. 2 D and E). Intriguingly, the aliphatic fatty
acid chains of GIbA and Cepl point toward a hydrophobic patch
formed by subunit p6 adjacent to the catalytically active pS5 sub-
unit. However, in contrast to the linear aliphatic chain of GIbA,
the branched isopropyl side chain of Cepl is further stabilized
in a lipophilic pocket by strong van der Waals interactions (Fig. 2
E-G). In conclusion, structural evaluation of SylA, GIbA, and
Cepl suggests a directed evolution: starting from a charged and
highly polar moiety adjacent to the macrolactam scaffold with
impaired binding affinity, continuing with enhanced decoration
as well as exploitation of the distant hydrophobic pocket in GIbA
by an aliphatic linker, and eventually yielding an optimized so-
lution with maximum inhibition values for Cepl. Analysis of the
other active proteasomal subunits reveals that the B2 active site
is occupied, whereas 1 was found empty, hereby confirming the
in vitro results. Equivalently to 5, the enhanced inhibitory
strength of Cepl versus GIbA against the TL activity can be
explained by apolar interactions with a distal lipophilic patch via
its branched fatty acid tail.

Cell Culture Experiments. To investigate cytotoxic effects on HeLa
cancer cells upon treatment with GlIbA/Cepl, we determined the
time-dependent viability at a final compound concentration of
1 pM (Fig. 34). Both compounds, GIbA and Cepl, exhibit sig-
nificantly increased cytotoxicity versus the standard proteasome
inhibitor MG132, an artificial and cell-penetrating aldehyde pep-
tide (26). This finding is also in agreement with their superior
binding strength over MG132, which features an ICsy value of
270 nM against the ChTL activity in vitro. Although it has been
shown that inhibition of 5 alone is sufficient for cytotoxicity of
a compound, it is considerably increased if also a second subunit
is affected (27). This furthermore explains the enhanced effects
of the syrbactin compounds, which bind both to the p5 and the
B2 subunits. Comparison between Cepl and GIbA reveals that
cancer cells treated with Cepl displayed increased lethality
versus GIbA, again reflecting the results received by the in
vitro experiments.

Assessing intracellular proteasome inhibition upon treatment
with both natural compounds, we analyzed degradation of the
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natural proteasome substrate IkB. In most human cells, the nu-
clear NF«B transcription factor is inactively sequestered in the
cytosol by the inhibitory IkB protein, whose ubiquitin-mediated
degradation is initiated by the inflammatory cytokine IL-1 (28).
By incubation with GIbA or Cepl before addition of IL-1, how-
ever, the digestion of IkB is prevented, hence demonstrating the
cell penetration and intracellular proteasome inhibition by the
natural compounds (Fig. 3B).

Discussion

The results gained by our experiments are promising and make
Cepl a candidate for further drug development. Being the most
powerful proteasome inhibitor described to date, its secretion is
strictly controlled in Photorhabdus (SI Text). The bacterium, which
lives in the gut of the nematode Heterorhabditis, presumably sus-
pends production of GIbA and Cepl until it is released into the
hemocoel of an insect larva, whereupon they kill their mutual prey
in a concerted action to reproduce new bacteria and nematodes
(29). Hence, GIbA and Cepl are proteasome inhibitors to which
a biological function could be assigned. Despite the rigid envi-
ronmental regulation, the discovery of the two natural compounds
from Photorhabdus was feasible due to the approach established
in this work. The determination of the appropriate stimuli for
pathogenic organisms to enter the virulent life stages, when most
secondary metabolites are produced, is of crucial importance,
because the majority of all genes involved in production of natural
compounds are usually found silent under common growth con-
ditions. Because many other organisms, like the human pathogen
Burkholderia pseudomallei, carry gene clusters for putative pro-
teasome inhibitors, the application of the developed methodology
for screening of such triggers will identify promising new natural
products, which may lead to the development of new drugs for
treatment of various diseases. Eventually, we anticipate that a
transfer of the established screening procedure to other targets
of pharmaceutical interest will facilitate the identification of
natural inhibitory compounds for these enzymes.

Materials and Methods

NMR Proteasome Assay. Purification of the 20S proteasome from Saccharo-
myces cerevisiae was performed as described previously (3). The assay mixture
containing 10 pg/mL yeast CP, 100 mM Tris (pH 8.0), 0.01% SDS, and 300 pL of
sterile filtrated culture broth was incubated for 10 min at room temperature.
Labeled peptide was added to a final concentration of 2 mM and incubated
for 6 h. The assay was quenched by ultrafiltration, completed with D,0, and
recorded in a 500-MHz spectrometer (Bruker Topspin '*C-Cryo NMR). ICso
measurements were carried out accordingly with the purified compounds

Stein et al.
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dissolved in DMSO. Remaining activity was calculated by scaling the ratio of
the product to the educt peak and compared with a blank sample.

Secretion and Purification of GIbA/Cepl. A preculture of P. luminescens subsp.
laumondii (DSM no. 15139) was grown at high osmolarity [0.2% (wt/vol)
tryptone, 0.5% (wt/vol) yeast extract, 1% (wt/vol) NaCl] for 3 d at 28 °C,
which was then used to inoculate medium without NaCl in a 1:100 ratio.
During further incubation for 3 d, a hydrophobic resin (XAD-16) was added
to the culture broth, which was afterward extracted with methanol. The
extract was subjected to a silica column, which was washed with cyclohexane
and eluted with ethyl acetate. Fractions containing inhibitors were identi-
fied by the proteasome assay and applied to RP-C18 HPLC chromatography.
GIbA and Cepl eluted at ~55% (vol/vol) acetonitrile in a 10-70% (vol/vol)
gradient over 1 h on a 250/10-mm column.
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Cell Culture Assay. Viability measurements with Hela cells were performed at
a final inhibitor concentration of 1 pM at 6, 10, 24, and 48 h by Alamar Blue
assays as described previously (30); MG132 was purchased from Bachem. For
Western blot analysis of IkB accumulation, HelLa cells were incubated with
40 pM inhibitors for 6 h and then stimulated by addition of IL-1 at a con-
centration of 30 ng/mL for 20 min before harvesting. After cell lysis, 10 ug of
protein was applied to 15% (wt/vol) SDS/PAGE. Western blot analysis of kB
was standardized by comparison with the GADPH housekeeping protein.
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