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Supervisor’s Foreword

The ubiquitin-proteasome system is of fundamental importance to many cellular
pathways and is nowadays an established target for the treatment of malignant
blood tumors in the pharmaceutical industry. Furthermore, the development of the
first immunoproteasome-specific inhibitors has recently disclosed the vast field of
immunosuppressive therapies. The numerous future applications of proteasome
inhibitors, however, decisively depend on the identification of highly selective
small molecule elicitors that modulate the proteolytic reactions of the various pro-
teasomal active sites. The release of carfilzomib, the first natural-product-based-
compound, has impressively demonstrated the advantages of these evolutionarily
optimized compounds by a vastly reduced record of side effects compared to the
first FDA-approved and fully synthetic inhibitor bortezomib. The identification of
further lead structures is therefore of vital importance to answer the urging need
for new compounds in the oncological and immunological sectors.

The outstanding Ph.D. thesis of Dr. Martin Lorenz Stein describes the estab-
lishment of a novel methodology to detect such bioactive natural products from
the highly heterogeneous matrices present in raw organic extracts or culture
broths. Compared with previously applied screening techniques, the devel-
oped tool is highly robust and produces unambiguous and reproducible read-
out. Moreover, due to the standard preparation of the peptidic substrate and the
straightforward execution of the method, it is accessible to a broad scientific com-
munity. These features allow both the analysis of samples produced by standard
protocols as well as the screening of individual environmental growth conditions
during fermentation. Due to the silencing of many biosynthesis assembly lines of
natural products in microorganisms, this is vital to determine a suitable molecu-
lar trigger to initiate biosynthesis and secretion of highly toxic, but likewise
interesting secondary metabolites. The present work depicts the identification
and isolation of applicable syrbactin proteasome inhibitors from the bacterium
Photorhabdus luminescens. Noteworthy, it was shown that the secretion of these
natural products is strictly regulated and thus only gets induced by a defined and
adequate environmental habitat, dependent on the partially symbiotic life cycle
of the producing bacteria. However, even after inducing the pathogenic phase,
the syrbactins are produced in trace amounts, which is typical for toxic second-
ary metabolites. As a consequence, the isolation of the secondary metabolites was
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X Supervisor’s Foreword

only feasible by the application of the newly developed NMR-technique both in
the screening and isolation approaches.

With regard to the rich assortment of natural proteasome inhibitors available
nowadays, the new tool will pave the way to identify even more and diverse mol-
ecules in future screening approaches. It has again proven its strengths in the first
subsequent studies in our lab by the identification of promising organisms for
further investigations. Hereby, it forms the basis of all analytical steps during our
robot-assisted automated screenings and is applied for the bioassay-guided isola-
tion of the active compounds. Hence, the transferability of the assay principle to
many other target enzymes will certainly stimulate the research on natural prod-
ucts and their distinct implementations in the near future.

Garching, March 2014 Prof. Michael Groll
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Chapter 1
Introduction

1.1 The Ubiquitin-Proteasome-System

The ubiquitin-proteasome system (UPS) is responsible for the directed disposal of
unfolded, misfolded and short-lived proteins in eukaryotic cells and is therefore a
key player in protein homeostasis. Moreover, it participates in crucial biologi-
cal pathways by the degradation of signaling factors such as cyclins or the tumor
suppressor pS3. Eventually, not only the degradation of substrate proteins, but also
the generation of peptide fragments is exploited in vertebrates for MHC-I epitope
presentation and subsequent T-cell activation. Due to the involvement in these
vital processes, the UPS is linked to diseases as diverse as cancer, autoimmunity
or neurodegeneration and has been in the limelight of pharmaceutical industry for
the last decade. Being an evolutionarily conserved target, many bacteria and fungi
have developed secondary metabolites that attenuate the activity of their host’s or
competitor’s UPS. Due to their gradual optimization over millions of years, these
compounds are highly potent and versatile in terms of binding mechanism, target
specificity and bioavailability, which makes them a treasure trove for the rational
design of new agents. Although several classes of natural proteasome inhibitors have
been discovered, the identification of novel lead structures is an ongoing challenge
especially with regard to the discrepancy between the exploited applications of the
commercially available drugs and their potential scope for various indications.

1.1.1 Ubiquitinylation

Similar to small molecule metabolites, proteins are in a permanent dynamic equi-
librium that is determined by their ribosomal synthesis rate and their degradation
by proteases such as cathepsins or the proteasome [1, 2]. Thus, the rates for their
(re-)formation and destruction can be used as a control system for various pro-
cesses just like transcriptional and translational regulation, which is exemplified

M. L. Stein, NMR-Bioassay Guided Isolation of the Natural 20S Proteasome Inhibitors 1
from Photorhabdus Luminescens, Springer Theses, DOI: 10.1007/978-3-319-07914-1_1,
© Springer International Publishing Switzerland 2014



2 1 Introduction

by the periodically fluctuating levels of cyclins during the cell cycle [3]. Generally,
the intracellular stability of a random protein in pro- and eukaryotes can be
evaluated by the so-called N-end rule [4]. It defines degradation signals, whose
detrimental effects accumulate to curtail a protein’s half-life time. Apart from
hydrophobic patches, distinct N-terminal amino acids such as lysine and arginine
lead to an accelerated recognition by the respective degradation system [5].

In eukaryotic cells, the ubiquitin-proteasome system (UPS) represents the main
non-lysosomal pathway for the selective decomposition of proteins [3]. It is struc-
tured into two successive processes, the covalent ubiquitinylation of target pro-
teins and their subsequent break down by the 26S proteasome to defined cleavage
products [6].

Ubiquitin (Ub), a comparatively small 8.5 kDa protein, can be posttranslation-
ally attached by an isopeptide bond to the e-amine moiety of surface-exposed
lysine residues via its free glycine C-terminus [7]. Further Ub molecules can then
be linked in a similar way to any of its seven lysine residues, thereby generating a
great variety of polyubiquitinylated products [8]. Although often referred to as a
black spot that dooms a protein to degradation, only K-48 linked Ub chains of at
least 4 molecules definitely lead to proteasomal digestion, while other configura-
tions have been shown to rather convey a translocational information or contrib-
ute to signaling [9, 10]. The overall ubiquitinylation of the proteome is therefore
an exceptionally dynamic process that has been compared in its complexity and
versatility with other post-translational modification like phosphorylation or gly-
cosylation [8]. It is controlled by a highly specific system of ubiquitin ligases on
the one hand and deubiquitinating enzymes on the other, thereby representing an
entire posttranslational level of regulation [4, 11].

The biochemical reaction of ubiquitinylation includes three different classes
of enzymes denominated as E1 (Ub-activating enzymes), E2 (Ub-conjugating
enzymes) and E3 (Ub-ligating enzymes), which successively activate, transmit,
and tag the Ub molecule to a substrate protein (Fig. 1.1) [11]. Resembling a pyra-
mid scheme reaction setup, there exist only two rather promiscuous E1 enzymes in
the human proteome that interact with around 50 E2 proteins, which in turn bind
to approximately 1,000 E3 ligases [13, 14]. Due to the high degree of substrate
specificity of the latter, their number also reflects the vast amount of proteins that
are thus labeled for proteolytic degradation.

In detail, Ub is ATP-dependently activated by the E1 enzyme to form a ther-
modynamically rich Ub-El thioester intermediate [19]. Subsequently, E1 hands
over its Ub moiety to an E2 protein [20], where it is again covalently bound as a
thioester. Eventually, the substrate protein is recognized by the Ub ligase, which
transfers the Ub molecule from E2 to the target protein [18]. Repeated cycles of
this process finally yield isopeptide-bridged polyubiquitin chains that can be rec-
ognized by the 19S regulatory particle of the 26S proteasome [21].
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Fig. 1.1 Ubiquitinylation involves three enzymes in a cascade-like reaction setup, which acti-
vate (El, upper) [15], hand over (E2) [16] and ligate (E3) [17] an Ub molecule to a growing
chain attached at a suitable substrate molecule. Substrate recognition can be achieved by a E3
alone or in complex with the E2 enzyme [18]. Figure adapted from Stein and Groll [12]

1.1.2 The 26S Proteasome

This huge 2.6 MDa heteroprotein complex is composed of the catalytically active
20S proteasome (core particle; CP) and the 19S regulatory particle (RP) [22, 23].
After the detection of suitably Ub-tagged substrates, the RP removes the Ub mol-
ecules and simultaneously unfolds and threads the substrate into the proteolytic
chamber of the CP [23, 24]. Although the inherent flexibility of the RP has ham-
pered attempts of crystallization to date, recent biochemical, bioinformatical and
largely electron microscopical analyses have contributed to understand the subu-
nit location, the precise function and dynamics of this macromolecular machinery
[21, 25, 26]. Gating the entry into the proteolytic CP, the RPs are perched on both
lateral sides of the barrel-shaped 20S proteasome (Fig. 1.2). Due to their ability to
hydrolyze ATP, the 19 different proteins that build up the RP were classified into
Regulatory particle ATPases (Rpt) and Regulatory particle non-ATPases (Rpn)



4 1 Introduction

Core Particles
26S Proteasome
(hybid approach model)
¥ iCP; B1i, p2i
o3 and Bs'
198 Cap 3
(RP)
20S Proteasome
- cCP: B1c, f2c
(CP); p1, B2 and B5 and B5c
19S Cap
(RP)
tCP; B1i, p2i
and (5t

Fig. 1.2 The 26S proteasome with an approximate molecular weight of 2.6 MDa is huge com-
pared to the small Ub tag (red) of marked substrate proteins. Vertebrates have developed sub-
species of the central catalytic machinery residing in the CP. In these particles, the proteolytic
subunits are exchanged to reshuffle the cleavage activities and hence adapt to the physiologi-
cal requirements. Electron microscopical model received from Morris [26]. Figure adapted from
Stein and Groll [12]

subunits [27]. Furthermore, they were historically assigned to the modules “base”
and “lid” due to biochemical association studies and their assumed location in the
macroscopic subunits present in low resolution electron microscopy data [27].
However, the lid has meanwhile been shown to not be located top of the RP but
rather on its side [28], with contact areas even to the CP subunits. Making the base
and lid categories even more superfluous, subunits that had been assigned to the
base, such as Rpn10 or Rpn13, are situated at the far side of the RP [25, 27, 29].
These two Ub-binding receptors are responsible for the selective docking of
suitably tagged substrate proteins [30-32]. After this initial recognition step, the
substrate is deubiquitinylated by the catalytically active zink-metallaprotease
Rpnll [33], which resides in the palm of the horseshoe-like setup formed by the
subunits Rpn 3, 5-7, 9 and 12 [34]. Explaining the minimum Ub chain length,
structural data have shown that only four Ub molecules are able to span the dis-
tance between the receptor proteins and Rpnl1, which is required to prevent dis-
sociation of the substrate from the RP [21]. Moreover, comparison of Rpnl1, as
well as the residual lid subunits, in the free and the bound state in complex with
the remaining RP subunits revealed the regulatory mechanism of Rpnl1, which is
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only activated by structural rearrangements in the matured form of the RP, thereby
protecting the cell from futile deubiquitinylation activity in the cytosol [29].

Subsequently, the six AAA+ ATPases Rptl-6 [35, 36], which are arranged in a
pseudohexameric spiral staircase above the outer subunits of the CP, exert tether-
ing forces on the substrate protein [26]. Recent electron microscopical studies in
complex with a substrate protein suggest that the Rpt subunits already engage with
flexible and unstructured regions of the substrate before the Ub chain is cleaved
off [21]. However, only after deubiquitinylation, which restores the Ub molecules
for attachment to other client proteins, the Rpt subunits can gradually unfold and
translocate the substrate into the hydrolytic chamber of the CP [21].

1.1.3 The Core Particle

The 20S proteasome represents the downstream end of the UPS that performs the
hydrolytic digestion of unfolded protein substrates to defined cleavage products
[12, 37, 38]. Unlike the highly dynamic 19S cap, the CP is a rigid body that is
framed by either the RP or other adapter proteins such as PA28 and BIm10, which
tune its catalytic activity (Fig. 1.2) [39—41]. Its cylinder-shaped overall structure is
composed of four heptameric rings following a Cp-symmetrical oj-781-781-70t1-7
arrangement [42].

As high resolution data is available for both the prokaryotic and eukaryotic CP,
the molecular details including the regulatory and catalytic mechanisms of this
molecular shredder have been elucidated [42, 44]. The a-subunits that form the
outer rings hold both structural and functional roles during assembly and in the
maturated particle [22]. Apart from forming the interface for binding to adapter
proteins, they seal the central longitudinal pore through the CP by a thin interdigi-
tating network composed of their N-termini, thus protecting the cell from detri-
mental self-digestion [24, 44]. As the proteolytic activity is completely unspecific
with regard to the substrate proteins, it must be strictly compartmented in vivo.
Therefore, the gate is only unlocked if a regulator such as the RP docks onto the
outer a-ring and in consequence takes over the regulatory function [24]. Hereby,
three Rpt subunits containing a C-terminus with a discrete recognition sequence
bind into pockets between the adjacent a-subunits al-02, a3-a4 and a5-a6
to trigger the movement of a lever-like structure that lifts the N-terminus of the
respective a-subunit, thus breaking the network over the central pore [44, 45].

On the other hand, the p-subunits within the equatorial rings exert the cata-
Iytic activities within the CP [46]. Whereas in prokaryotic organisms all a- and
B-subunits are equal in structure, primary sequence and function [42], they
have evolved in nucleated cells to individual proteins in order to reflect the
advanced requirements in terms of signaling and sequence specificity [43, 47].
In consequence, the human proteasome contains only three proteolytically active
subunits called 1, f2 and B5 that are endowed with distinct proteolytic specifi-
cities denominated as caspase-like (CL), trypsin-like (TL) and chymotrypsin-like
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Fig. 1.3 Schematic substrate binding channel of the active proteasomal f-subunits. The hydro-
lyzed peptide bond (violet) is initially activated by Thr-1 to form an acyl-enzyme intermediate,
which in turn is attacked by an electrophilic water molecule. Adapted from Stein [52]
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Fig. 1.4 Catalytic peptide cleavage by the proteasomal active sites. By a nucleophilic attack of
Thr-10Y on the scissile peptide bond, an acyl-enzyme intermediate is formed. Subsequently, the
ester is hydrolyzed by an activated water molecule to release the N-terminal peptide fragment

(ChTL), respectively, due to the chemical nature of the amino acids after which
they preferentially cut a primary sequence [46, 48]. However, this assignment
is misleading because not the first amino acid (P1, Fig. 1.3), but also the P3 and
even the P4 sites have been shown to specifically interact with the binding pock-
ets (S1-S4) within the substrate channels [49-51]. Moreover, with regard to the
endoproteolytic character of the proteasome, also the binding pockets beyond the
cleavage site (primed sites, S1’-S2’) have been suggested to contribute to binding
and cleavage specificity [51].

However, the interactions between a suitable primary peptide sequence and
the proteasomal binding channel eventually result in an elongated mean residence
time of the substrate [53]. In turn, the Thr-1 residue attacks the scissile peptide
bond via its electrophilic hydroxyl moiety that is activated by the basicity of the
free amino terminus, thus forming a negatively charged tetrahedral transition state
that is stabilized by the oxyanion hole formed by Gly-47N (Fig. 1.4) [43, 54].

Following the breakage of the peptide bond, the C-terminal fragment of the
substrate is released to generate an acyl-enzyme intermediate. Subsequently, an
activated water molecule that is prearranged in the Biirgi-Dunitz trajectory hydro-
lyzes the planar ester to yield the free carboxylic acid [55, 56]. With regard to the
role of the free proteasomal N-termini of the active subunits, the CP is assigned to
the class of N-terminal nucleophilic (Ntn) hydrolases [57].
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Apart from the diversification of subunits in eukaryotes, vertebrates have even
developed tissue-specific sets of B-subunits with distinct sequence specificities to
adapt to the complex physiological signaling pathways present in higher organ-
isms [53]. They are incorporated into nascent CPs, which are consequently named
constitutive (cCP), immuno- (iCP) or thymus (tCP) core particles with allusion to
their assigned function or the tissue in which they are produced [58, 59] (Fig. 1.2).
Whereas the cCP is present in all cells and majorly responsible for protein homeo-
stasis and the participation of the UPS in intracellular pathways, the iCP, which
contains the B1i, B2i and B5i subunits in exchange for their constitutive counter-
parts, is produced in immune-related cell types such as lymphocytes and also in
immunologically stimulated tissue [60, 61]. Due to the structure elucidation of
the murine cCP and the iCP in 2012, the overall shift in the catalytic properties
could be disclosed, thus offering the opportunity to specifically address the con-
stitutive and the immunological branch of the UPS by selective inhibitors [62].
Overall structural comparison of both particles revealed that their folding and
arrangement of the catalytic subunits match almost perfectly. Also, the p2c and
B2i subunits conserve the specificity for basic amino acids while still allowing for
a broad substrate tolerance and feature nearly identical substrate binding channels
[62]. Therefore, the exchange of f2c with B2i stays elusive both with regard to the
structural and functional consequences. In contrast, the cleavage preference of f1
is dramatically changed from acidic residues in $1c to small branched amino acids
[63]. As MHC-I complexes have been shown to prefer hydrophobic C-termini, this
immediately leads to an increased cell surface presentation pattern [64, 65].

Compared to the cCP and the iCP, very little is known about the tCP that is
exclusively produced in the cortical thymus and linked to the development of
various autoimmune diseases [66, 67]. Apart from B1i and B2i, it harbors another
specific B5t subunit that confers a hydrophilic character to the substrate-binding
channel due to structural simulations [62]. In agreement with initial experiments,
the activity of the subunit is hence strongly attenuated, which is supposed to lead
to a decrease of MHC-I presentation [58]. As B5t knockout mice display impaired
development of T-cells in the thymus, the subunit has been suggested to play a
pivotal role in positive CD8™ T-cell selection [58]. By decreasing the stimulus for
these cells, T-cells are proposed to slowly adapt to self-antigens instead of crossing
the threshold that eventually leads to immune response. Contrary to 5t, the immu-
noproteasomal B5i has been shown to exhibit a larger P1 binding pocket compared
to B5c, thus leading to a shift in the cleavage preference from small to large hydro-
phobic residues and hereby again to an enhanced MHC-I presentation [62, 68].

In conclusion, after the diversification of the f1i and B5i subunits, they have
again passed through a process of convergent evolution to extend the pool of suit-
able antigenic epitopes [53]. The differentiation and specialization of the UPS in
different cell types with regard to regulators, subunit composition and substrate
specificity reflects the increased complexity in higher eukaryotic organisms. In
turn, this might be exploitable by medicinal chemistry to selectively target cer-
tain pathways or specifically address either the constitutive or the immunologi-
cal branch of the UPS [53]. Although studies have suggested that several players
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within the UPS are equally “drugable”, the CP is today in the focus of pharma-
ceutical industry [69]. This is not only due to the straightforward addressable
enzymatic activity, but also to its direct involvement in inflammatory pathways,
cell cycle control and immune response. For probably the same reasons, as well
as the evolutionarily conserved character of the pathway, many microorganisms
such as bacteria and fungi produce small molecules that attenuate their competi-
tors’ or host’s UPS [70]. Due to their gradual optimization over millions of years,
they often display extraordinary properties in terms of binding strength, selectivity
and bioavailability. Hence, they pose a perfect starting point for the rational design
of the second generation of proteasome inhibitors after the admission of the syn-
thetic compound bortezomib (Velcade) by the FDA for the treatment of multiple
myeloma and mantle cell lymphoma in 2003 [71].

1.2 Principles and Applications of Synthetic Proteasome
Inhibitors

The inhibition of the UPS has been proven in numerous studies to be an effec-
tive rationale for the treatment of oncological diseases. However, the molecular
reasons that ultimately lead to apoptosis and cell cycle arrest in cancerous tissue
are difficult to determine due to the entanglement of the proteasome in so many
crucial cellular processes.

The primary indication for which bortezomib received its admission was the
altered transcription pattern due to the suppression of the inflammatory NF-«B
signaling cascade [71]. Another consequence of UPS blockage is the accumulation
of proapoptotic factors such as the Bcl-2 family as well as p53, which play a cru-
cial role for triggering apoptotic processes [72]. Also, the prevented degradation of
cyclins and the accumulation of Cdk inhibitors like p21 during the cell cycle have
been shown to lead to impaired cell proliferation, which is especially detrimental
for fast growing transformed cells [73, 74]. Eventually, the accelerated metabo-
lism and the chromosomal aberrations of these cells are also associated with an
augmented turnover and production of aberrant proteins [75]. As a consequence,
they are more affected by proteasome inhibition than benign cells, resulting in
ER-associated stress that triggers the unfolded protein response and consecutively
leads to apoptosis [76]. Although it is not clear if a single or a combination of
the described effects leads to the desired result, proteasome inhibitors are able to
exploit the generated therapeutic window to selectively address malign tumors.

To date, a dazzling amount of synthetic inhibitors have been postulated that block
the different proteasomal subunits and in turn the pathways in which the UPS is
involved [77]. Generally, they are composed of a peptide backbone endowed with a
C-terminal electrophile by which they react with the active Thr-1 residue (Fig. 1.5).
As aldehydes had been known as potent inhibitors of nucleophilic proteases before,
the tripeptide derivatives Calpain Inhibitor I (Ac-Leu-Leu-Nle-al) and MG132
(Z-Leu-Leu-Leu-al) were also among the first commercially available compounds to
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Fig. 1.5 Described and validated electrophilic warheads of peptidic proteasome inhibitors.
Bortezomib was the first prescriptive UPS inhibitor admitted by the FDA. Carfilzomib and
PR-957 represent the next generation of proteasome inhibitors that rely on lead motives derived
from natural secondary metabolites

block the proteasomal activities [78, 79]. However, the high reactivity of the alde-
hyde functional group leads to undesired cross reactivity with other enzymes [80],
oxidation to the corresponding acid [81] as well as addition reactions with somatic
nucleophiles. Hence, aldehyde compounds have stayed of limited interest for phar-
maceutical industry. As a consequence, this class of inhibitors was further refined
to yield the bivalent a-ketoaldehydes [82]. In contrast to monovalent electrophiles,
they both react with the Thr-10Y and the free N-terminus, thus reversibly generating
a six-membered heterocycle [82]. Hereby, a-ketoaldehydes are able to discriminate
against other serine, cysteine and metallaproteases and thus considerably increase
the specificity of the monovalent pharmacophore.

In contrast to aldehyde inhibitors, vinyl sulfones react irreversibly with Thr-
10Y via their activated Michael-system to produce a stable ether product [50, 83].
Compared to other pharmacophores, they are rather unreactive and inert against
decomposition by hydrolysis.



10 1 Introduction

Although vinyl esters have been described as well, their even lower electrophilic-
ity sets them far behind other inhibitor classes with regard to their exerted binding
strength [84]. Relative to the commercially available compounds, even the inhibitory
potential of vinyl sulfones is strongly diminished and despite belonging to the first
established proteasome inhibitors, they are thus limited to laboratory applications.

Although aldehydes and vinyl sulfones failed to advance to clinical trials,
their biochemical evaluation and structural characterization eventually lead to
the development of the blockbuster drug bortezomib (Velcade®). With an annual
sales volume of 2 billion dollars, it belongs to the 20 most valuable drugs distrib-
uted and has been proven to considerably prolong survival of treated patients. The
dipeptide derivative carries a highly electrophilic boronic acid as C-terminal war-
head, which binds to the Thr-10Y moiety and thereby forms a covalent tetrahe-
dral adduct that is also able to mimic the oxyanion during peptide cleavage [85].
Besides its anti-cancerous properties, bortezomib has been shown to be effective
in studies with human allograft rejections, thus also highlighting the potential of
a selective immunoproteasome specific agent and the important role of the UPS
in the genesis of the immune response [86, 87]. On the other hand, bortezomib
unexpectedly showed to be ineffective especially against solid tumors [88]. This
might be caused by the high reactivity and instability of the boronic acid, which
lead to extremely short half-life times in the blood stream [89]. In addition to the
limited tissue penetration and the low bioavailability [90-92], administration of
bortezomib often results in an upregulation of proteasome levels as well as adap-
tive resistances after prolonged treatment [93]. Furthermore, its application suf-
fers from the promiscuous character of both the pharmacophore and the peptide
backbone, which is linked to a vast record of side effects ranging from polyneu-
ropathy over thrombocytopenia to gastrointestinal disorders [90]. As it has been
shown that the proteasome harbors binding pockets up to the S4 position [50], the
dipeptide certainly does not exploit the full potential with regard to target specific-
ity. Combined with the high reactivity of the boronic acid, this leads to substantial
off-target effects especially towards other proteases with the most prominent being
cathepsin G, dipeptidyl peptidase II and HtrA2/Omi [94]. Notably, inhibition of
the mitochondrial serine protease HtrA2/Omi has been shown to be responsible for
the detrimental neurodegenerative effects [94].

Taking account of all these drawbacks of the otherwise highly potent drug has
raised the need for proteasome inhibitors with improved pharmacological proper-
ties. The admission of carfilzomib (Kyprolis®) in 2012 for the same indications
as bortezomib has heralded the era of second generation compounds [95]. Being
based on novel and orthogonal lead structures, these drugs have been identified by
searching the rich assortment of natural proteasome inhibitors [70], which have
been designed not only towards highest inhibition values, but also towards bio-
stability, selectivity and cell permeability. Similar to a-ketoaldehydes, carfilzomib
addresses both nucleophilic centers of the proteasomal Thr-1 by its bifunctional
o/, p’-epoxyketone warhead, thereby irreversibly generating a six-membered mor-
pholino heterocylce [96]. Due to the bivalent character of the pharmacophore,
carfilzomib inherently exhibits a high degree of selectivity for the few members of
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the Ntn-hydrolase family, which directly translates to decreased off-target reactivity
and a tremendously improved record of side-effects [94].

Another derivative using the o/, p’-epoxyketone pharmacophore, which is cur-
rently in the limelight of medicinal research, is the first-in-class immunoprotea-
some specific inhibitor PR-957 [97]. Recently, the molecular background for the
particle specificity of PR-957 could be elucidated [62]. Complex structure analy-
sis with murine cCP and iCP demonstrated that the size of the S1 pocket in the
B5i subunit is bigger and thus able to accommodate larger hydrophobic residues
than its constitutive counterpart [62]. This now enabled the rational design of iCP
selective inhibitors and opened the door to the pharmaceutical exploitation of this
branch of the UPS [53]. Despite the advantages of the epoxyketone warhead over
the boronic acid, its application still suffers from the highly reactive nature of the
epoxide moiety, which leads to fast hydrolysis in aqueous solution [98].

1.3 Natural Proteasome Inhibitors

Both carfilzomib and PR-957 are endowed with a lead motive derived from the
natural product epoxomicin (Fig. 1.6) that was isolated from an Actinomyces bac-
terium [99, 100]. Pronouncing its biological impact and inhibitory potency, the
epoxyketone moiety was adapted over the species barrier in cyanobacteria and
Streptomyces strains, from which the analogous compounds carmaphycin A and
eponemycin were isolated, respectively [101, 102]. Despite varying habitae and
arguably different target organisms, these species have conserved the electrophilic
warhead as the crucial determinant of the small molecule.

Apart from epoxyketones and rather unspecific peptide aldehydes, many dis-
tinct inhibitor classes have been identified (Fig. 1.6) [70]. Lactones range among
the most prominent examples of antibiotics and consequently also represent a con-
siderable share of the identified natural CP inhibitors [103, 104]. They possess a
constrained B-lactone moiety, which undergoes a nucleophilic ring-opening reac-
tion with Thr-10Y to generate a covalent acyl-enzyme adduct [43]. Yet, this reac-
tion is slowly reversible in the case of belactosin C as the ester can be hydrolyzed
similar to the intermediates in peptide turnover by an activated water molecule.

In omuralide, the reverse reaction is suppressed because the B-lactone-y-lactam
bicyclic scaffold localizes a free hydroxyl group at the very position of the water
molecule, thereby displacing it from its activated state in the Biirgi-Dunitz trajectory
[43, 85]. Beside a high degree of target specificity, omuralide was shown to cause
neurite outgrowth and cell cycle arrest by inhibition of cyclin turnover [104].

Therefore, omuralide was among the first proteasome inhibitors to which a
distinct biological function could be assigned, which put CP-modulating agents
on the agenda of pharmaceutical industry with regard to cancer treatment. The
approach utilized by omuralide is brought to perfection in the completely irrevers-
ible inhibitor salinosporamide A (Marizomib) [105], where the produced hydroxyl
group reacts further with a 2-chloroethyl tail in an SN2 reaction to yield a cyclic
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Fig. 1.6 Natural proteasome inhibitors of the 20S proteasome. a The linear peptide aldehyde
fellutamide B and b the B-lactone belactosin C were among the first identified natural proteasome
inhibitors. ¢ Omuralide and d salinosporamide A suppress the reactivation of the enzymatic func-
tions by dislocating the nucleophilic water molecule via a hydroxyl and a tetrahydrofuran moiety,
respectively. e—f The bifunctional o/, B’-epoxyketone warhead of epoxomicin and carmaphycin
A is exploited in the prescriptive drug carfilzomib and the immunoproteasome inhibitor PR-957.
The electrophilic pharmacophore reacts both with Thr-10Y and Thr-1N to form an irreversible
morpholino ring derivative. g TMC-95A is the only non-covalent natural product inhibitor identi-
fied to date. The rigid biaryl-bridged peptide scaffold carries many decorations and chiral cent-
ers that shape the compound’s three dimensional structure, thus balancing the enthalpic loss by
enhanced entropic properties. h Syringolin A and g glidobactin A are the eponymous compounds
for the group of syrbactins. The constrained 14-membered macrolactam ring contains an electro-
philic Michael system that generates an irreversible ether with the catalytically active Thr-10Y.
Figure adopted from Stein and Groll [12]

tetrahydrofuran ether product, thereby rigidly precluding the nucleophilic water
molecule [56]. Due to the high potency in vivo and in vitro as well as the elabo-
rated binding mechanism, salinosporamide A is in clinical trials for treatment of
multiple myeloma as the first non-peptidic UPS inhibitor [106].

Contrasting all synthetic and natural agents described so far, the cyclic peptide
TMC-95A, which was isolated from cultures of the fungi Apiospora montagnei,
is assigned to the group of reversible and non-covalent CP inhibitors [107, 108].
Despite the lack of an enthalpic contribution by forming connecting bonds to the pro-
teasomal subunits, its binding strength is in the range of the highly reactive boronic
acid and epoxyketone derivatives [109, 110]. This is not only caused by a tight net-
work of interactions with the binding channels, but also by the entropically favora-
ble rigidity of the cyclic scaffold [111]. Due to their dynamic binding equilibrium,
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reversible inhibitors are hypothesized to penetrate into solid tumors, which makes
TMC-95A an interesting candidate for pharmaceutical research. Yet, its highly
demanding stereochemistry has complicated attempts to synthesize the compound
[110, 112—-114]. In turn, the complex structure of TMC-95A was broken down to its
crucial functional determinants that were identified by in vitro and complex structure
analyses with the CP [115]. However, none of the generated derivatives was able to
surpass or even reach the inhibitory potential displayed by the natural product [109,
115, 116]. Moreover, TMC-95A has stayed the only representative of this intrigu-
ing class of natural inhibitors, which is partially due to the predominance of covalent
compounds but also to the lack of appropriate assay techniques for their detection.

1.4 Proteasome Inhibitors as Virulence Factors
from Pathogenic Origin

The syrbactins were the last group of secondary metabolites discovered to inhibit the
proteasome to date [117]. Named after their two most prominent representatives syrin-
golin A (SylA) [118] and glidobactin A (GIbA) [119], they share the common motive
of a twelve-membered macrolactam cycle featuring a constrained Michael system
as electrophilic pharmacophore. By reacting with Thr-10Y, they form an irreversible
ether product similar to linear vinyl esters and vinyl sulfones [117]. Yet, whereas the
ICs0 values of the synthetic compounds are in the micromolar range, syrbactins reach
low nanomolar values [117]. Analogous to TMC-95A, the rigid macrolactam cycle is
entropically favored compared to linear peptidic compounds as these loose consider-
able degrees of freedom versus their state in solution [117]. Moreover, analyses of
X-ray crystallographic structures in complex with the CP suggest that the rigid cycle
of the macrolactam scaffold prepositions the electrophilic f-carbon of the Michael
system in close proximity to the nucleophilic hydroxyl moiety, thereby lowering the
activation energy on the reaction trajectory and activating the rather inert Michael sys-
tem [117]. However, as the Michael system displays reduced chemical reactivity that
lags far behind the boronic acid or the epoxyketone, syrbactins have been shown to be
strictly target-specific and in turn exhibit only decreased detrimental side effects.

Interestingly, whereas the lead motive is conserved in SylA and GIbA, both
compounds differ considerably in their decoration pattern. By illustrating an
optimized interaction network with the proteasomal substrate binding channel,
GIbA holds enhanced potency compared to SylA and in fact even ranges among
the most potent proteasome inhibitors in general [117]. Noteworthy, the differ-
ing functional groups and layout of the molecules turned out to only reflect their
respective biological purpose for which the toxins are produced.

SylA was the first natural proteasome inhibitor to which a defined virulence
function could be assigned. The compound, which was isolated from cultures
of the bacterium Pseudomonas syringae, which causes the brown spot disease
on crop plants, is secreted during the infection process, thereby weakening the
immune response system and debilitating the host organism [117].
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Fig. 1.7 BLAST search result of the SylD gene within the SylA nonribosomal-synthase cluster.
Apart from the Burkholderiales strain K481-B101, many other Burkholderia and Photorhabdus
species possess equivalent gene clusters. Interestingly, B. mallei harbors an intron within its SylD
gene, which might be responsible for the decreased human pathogenicity of the bacterium com-
pared to B. pseudomallei

Subsequent to the discovery of SylA, comparison of the genes responsible for
its synthesis by performing BLAST searches led to the identification of a whole
array of bacteria with similar virulence clusters (Fig. 1.7) [120]. Besides the
Burkholderiales strain K481-B101 from which GIbA had been isolated, the search
yielded hits among various species within the Burkholderia and the Photorhabdus
genera, which therefore also have been suggested to produce syrbactin com-
pounds. The former even comprise human pathogenic agents like B. pseudomallei,
the causative agent of melioidosis that has been categorized as a potential biologi-
cal weapon of mass destruction [121]. Interestingly, the closely related but less
virulent B. mallei contains an inactivating transposon-mediated rearrangement in
the respective gene cluster, thereby emphasizing the importance of the small mol-
ecule and generally of the UPS during infection (Fig. 1.7) [117, 120]. With regard
to the high potency of GIbA and the incidence of syrbactin compounds in general,
it is likely that they join carfilzomib and marizomib as second generation protea-
some inhibitors in the future.

The described assortment of natural substance classes that have been utilized to
modulate the UPS of host organisms or nutrition competitors give a first glimpse
into the treasure trove of small molecule elicitors harbored by nature. Still, the
newly disclosed fields of iCP and tCP inhibition together with the vast unexploited
potential of proteasome blockage for countless cancer diseases fuel the search for
alternative substances.

However, although four out of ten best-selling drugs in the US are derived from
natural compounds, research in this field suffers from a severe dilemma nowadays.
Despite rising expenditures that often exceed economic sufficiency criteria, the
number of newly discovered substances steadily decreases, which lead to the shut-
down of many industrial screening programs [122]. Yet, due to the accessibility of
the genomes of many organisms, it has become clear that only a small proportion of
produced secondary metabolites have been isolated [123]. This can be attributed to
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the silencing of the corresponding gene clusters under common culture conditions
[124, 125]. Especially proteasome inhibitors, which belong to the cytotoxic warfare
equipment of pathogenic organisms, are only produced after being triggered by suit-
able external conditions. This environmental sensing is not only due to the sumptu-
ous production of the toxin, but also to ensure that it is specifically utilized during a
defined stage of the life-cycle [126] in order to avoid self-detrimental consequences.

1.5 Overview of Currently Applied Methods
for Proteasomal Inhibitor Detection

Due to the strict biosynthetic regulation of toxins, it is crucial to apply appropri-
ate techniques to elucidate the molecular triggers that lead to their secretion.
Subsequently, the downstream isolation can be achieved by routine extraction and
column purification strategies. Many assay techniques have been described to eval-
uate the proteasomal activity [12, 127]. However, they all act within certain bound-
aries that limit their implementation especially in crude extracts and culture broths.

One of the most frequent methods utilized today is based on unnatural pep-
tide substrates that carry an internally quenched C-terminal chromophor such as
7-amino-4-methl-coumarin (AMC) or para-naphtylamine (pNA) (Fig. 1.8). Their
amino acid scaffold is adapted to the different proteasomal activities, which cleave
off the chromogenic headgroups. In turn, these develop their absorptive or fluores-
cent properties [12, 127], thereby allowing the direct quantification of the enzy-
matic substrate turn-over. Because of their straightforward performance, UV-VIS
based assays range among the most prominent techniques for high-throughput
screenings of small molecule libraries [128]. However, they also hold a major
drawback that leads to a high rate of artifacts especially in screens of biological
samples. Due to their UV-VIS based nature, they are prone to all kinds of opti-
cal interferences including quenching and autofluorescence by colorful substances.
As most microorganisms tend to produce pigments and phenolic macromolecules
after prolonged incubation times [124, 129—-132], the background of this technique
is usually too high to reliably detect inhibitors in heterogeneous matrices.

Another common approach to evaluate the proteasomal activity is the quantifica-
tion of intracellularly accumulated proteasome substrates upon treatment of mam-
malian cells with an inhibitory compound. The read-out can be achieved by standard
western-blot analysis of either ubiquitinated proteins in general [133, 134] or distinct
proteasomal substrates such as IkB or p53 [135-137]. The methodology is capable
to detect both reversible and irreversible inhibitors of the UPS. It also benefits from
the co-evaluation of cell permeability as well as the commercial availability of all
components. Moreover, accumulation assays of select signaling substrates allows
for the evaluation of affected cellular pathways, thereby connecting UPS inhibition
with a defined biological effect such as the suppression of inflammatory cytokines
caused by the blockage of the iCP [97, 138]. Despite their significance for in vivo
characterizations, the application of these assays for screenings is largely hampered
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Fig. 1.8 The most commonly applied proteasome assays use a non-natural substrate that con-
tains a subunit-specific amino acid scaffold with a chromogenic headgroup, which is internally
quenched by the attachment to the peptide. Upon cleavage by one of the proteasomal activities,
the dye develops its absorptive or fluorescent properties

by their difficult and tedious execution. The cells have to be incubated with each
sample for at least one day, submitted to hypotonic as well as frictional lysis and
the extract must be standardized to a defined protein concentration. In turn, the blot
needs to be co-stained against reliable housekeeping factors to finally enable an only
qualitative result. In addition, the semi-quantitative data obtained by western-blots
further require that the concentrations of the analyzed marker proteins must differ
substantially in order to yield an unambiguous readout. Also, the approach suffers
from its lack of specificity for single proteasomal active sites or even the entire UPS,
as also upstream effects such as stress responses or the manifold interdependencies
within signal transduction pathways can have a significant influence on the assay
result [139-142]. Eventually, the detection limits in cell culture techniques are far
higher than in enzymatic assays. However, as the titer of toxic secondary metabolites
is very low to prevent noxious effects for the producing organism, these experiments
are not suitable for the screening of fermentation conditions for proteasome inhibit-
ing compounds. Yet, they represent valuable tools to complement other methodolo-
gies for the investigation of isolated compounds.

A more specific and direct approach that utilizes site-directed-affinity-probes
(SSAP) accounts for many of the draw-backs of intracellular substrate accumu-
lation assays (Fig. 1.9) [129, 143-145]. It relies on the specific interaction of an
established inhibitor with the CP. The compound, which desirably binds equally to
all active proteasomal subunits, is linked to a fluorescent dye. The inhibitor moiety
of the probe covalently binds to the proteolytic sites, thereby labeling them with
the chromophor [127]. After submission to an SDS-PAGE, the respective subunits
can be visualized in a fluorescent gel scanning device (Fig. 1.9).

However, if the proteasome is previously treated with a sample that also contains
proteasome-inhibiting species, the active sites are blocked from the chromogenic
label and in turn the fluorescence signal is suppressed. Due to the linear dependency,
the inhibition of each subunit can be separately quantified [145—-147]. Furthermore,
it is capable to distinguish between different proteasome particles in cells that pro-
duce iCP or tCP beside the constitutive 20S particles, thereby enabling the assess-
ment of the selectivity of the inhibitory molecule. More importantly, the technique
is not influenced by quenching or autofluorescence by components present in the
complex sample matrix [127, 146]. On the other hand, the SSAP technique suffers
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Fig. 1.9 Site-directed-affinity-probe (SSAP) methods exploit the specific interaction of an inhibi-
tor that is covalently linked to a chromophor. In this case, SylA is coupled to rhodamine via an
alkyle linker moiety. Upon binding to the active proteasomal subunits, these can be visualized by
SDS-gel separation and subsequent fluorescence detection (left lane). However, if an inhibiting
sample is added to the proteasome before staining, blocked subunits cannot be tagged with the dye
and in turn vanish on the developed gel (right lane). Figure adapted from Stein and Groll [12]

from the difficult preparation of the probe molecules. Being derived from previously
established inhibitors, their synthesis can only be accomplished by specialized labo-
ratories with organic chemistry facilities. Eventually, in order to stay attached to the
proteasomal subunits, the probe must react irreversibly [99, 143]. Thus, it inevita-
bly displaces all reversible ligands and precludes their detection, which is a serious
draw-back of the approach. This is further exemplified by TMC-95A, which is still
the only non-covalent proteasome inhibitor discovered to date. With regard to the
suggested advantages over irreversible compounds, this is a grievous drawback of
the otherwise solid methodology. In conclusion, all described techniques are valu-
able tools to characterize proteasome inhibitors both in vitro and in vivo. Yet, they
are hardly suitable for high-throughput natural product screens and especially not for
an application in crude extracts and culture broths.
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Chapter 2
Objective

Due to the silencing of many natural toxins under common growth conditions, a
robust and unambiguous technique is required to screen different fermentation
approaches and identify the defined molecular trigger for the secretion of metabo-
lites that affect biological maintenance. Once a suitable condition is established,
the downstream purification and characterization of the respective secondary
metabolite is a straightforward process. With regard to the plentitude of identified
natural proteasome inhibitor classes and the conserved character of the UPS in
various species, it is likely that the application of such a technique will yield many
novel and auspicious lead structures.

Therefore, the aim of this thesis was the development of a methodology to
unambiguously detect proteasome-inhibiting agents in crude culture broths. In
order to avoid all biochemical artifacts, the assay was intended to be based on a
natural and subunit-specific proteasome substrate. With regard to the unreliabil-
ity of common proteasome assays in heterogeneous mixtures, the substrate was
devised to enable NMR readout by regiospecific atom labeling.

After the establishment of a suitable peptide sequence, the assay was to be veri-
fied by analyzing media of P. syringae containing defined quantities of the irre-
versible syrbactin inhibitor SylA in order to probe the detection limits and analyze
the signal-to-noise ratio of the technique. In turn, the developed tool was envi-
sioned to be applied for the analyses of cultures derived from other organisms
suggested to produce syrbactins due to genetic similarities with P. syringae. As
the group of syrbactins comprises the extremely potent GIbA, it was likely that
the isolation of the respective molecules would identify other at least equally
potent compounds and grant deeper insight into their binding mechanisms. From
the list of potential organisms, it was intended to analyze cultures of P. lumines-
cens because the S1 insect pathogen can be handled easily especially compared to
the equally promising but highly virulent Burkholderia species. Moreover, it was
described that P. luminescens produces intensely colorful substances and would
therefore represent a case of hardship for the approval of the developed technique.
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Due to the silencing of the respective gene cluster in common cultures of the
bacterium, the assay was to be utilized for the identification of a suitable growth
condition to trigger the biosynthesis of the toxin. The major purpose of the
research project was to pave the way for the isolation and structural characteriza-
tion of the proteasome inhibiting compound from natural source. Subsequently, it
was aspired to investigate the molecular binding mechanism and in vivo potency
of the natural compound by the means of crystallographic complex structure anal-
ysis with the 20S proteasome as well as cell culture experiments for the evaluation
of cytotoxicity and intracellular pathway affection.

In summary, the introduction of an orthogonal methodology into the field of
proteasome assays aimed to disclose the broad range of still undiscovered inhibi-
tors by offering a methodology for their detection already during the fermentation
procedure of the organism. Exemplifying the approach on a real-case scenario, it
was envisioned to pursue the whole process from the detection to the isolation of
the inhibitor and eventually characterize its in vitro and in vivo properties by per-
forming multidisciplinary experiments.



Chapter 3
Materials and Methods

3.1 Materials

3.1.1 Chemicals

All applied compounds were acquired from the following companies: Bachem
(Bubendorf, SWI), Enzo Life Sciences (Lorrach, GER), Fluka (Neu-Ulm,
GER), Merck (Darmstadt, GER), Santa Cruz (Heidelberg, GER), Sigma-Aldrich
(Steinheim, GER), Roth (Karlsruhe, GER) and VWR (Darmstadt, GER).

3.1.2 Growth Media

LBy NaCl 1 % (w/v)
Peptone 1 % (w/v)
Yeast extract 0.5 % (w/v)
SRMf Arbutin 100 uM
FeCl3 10 uM
Fructose 0.1 % (w/v)
Glucose 1 % (w/v)
Histidine 0.4 % (wlv)
Potassium phosphate 0.8 mM
2xTY NaCl 0.5 % (w/v)
Peptone 1.6 % (wlv)
Yeast extract 1 % (w/v)
TYEA NaCl 1 % (wiv)
Tryptone 0.2 % (w/v)
Yeast extract 0.5 % (w/v)

(continued)
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(continued)
TYEB Tryptone 0.2 % (w/v)
Yeast extract 0.5 % (wlv)
YPD Glucose 2 % (wIv)
Peptone 2 % (WIv)
Yeast extract 1 % (wlv)
3.1.3 Strains
Organism Strain Genotype Source
S. cerevisiae YHeil40 WCG-4a MATa, ura3 leu2-3, 112 Heinemeyer
B5-T1A his3-11, 15 CanS GALI etal. [1]
pre2A: HIS3, pRS315-
UBI/mmpre2-T1A and
propeptide PRE2 natl A:
KanMX4
S. cerevisiae YHeil 13 WCG-4a MATa, ura3 leu2-3, 112 Heinemeyer
B2-T1A his3-11, 15 CanS GALLI etal. [1]
UBI/mmpupl-T1A
S. cerevisiae WCG-4a, Prel-1 MATq, ura3 leu2-3, 112 Heinemeyer
his3-11, 15 CanS GAL etal. [2]

S. cerevisiae

P. syringae ssp
syringae

P. luminescens ssp

laumondii

YHei032 WCG-4a,
B5-(His)e

TTO1

TTO1

Prel-1 (S142F)
MATa, ura3 leu2-3, 112

his3-11, 15 Can®

GALI pre2A: HIS3

pRS425-PRE2-C-Hisg
WT

WT

Donnation from
PD. W.
Heinemeyer

Gross et al. [3]

Fischer-Le Saux
et al. [4]

3.1.4 Fluorogenic Substrates

Suc-Leu-Leu-Val-Tyr-AMC
Z-Leu-Leu-Glu-AMC
Boc-Leu-Arg-Arg-AMC
Z-Gly-Gly-Leu-AMC

Enzo Life Science (Lorrach, GER)
Enzo Life Science (Lorrach, GER)
Enzo Life Science (Lorrach, GER)
Bachem (Bubendorf, SUT)

All substrates were dissolved in DMSO at concentrations of 20 mM and stored

at —20 °C.
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3.1.5 Instruments
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Balances

Analytical balance TE124S

Precision balance BP3100 P

Centrifuges

Biofuge Pico

SIGMA 4K15 rotor 11150/13220
and rotor 11150/13350

SIGMA 6-16 K rotor 12500

SIGMA 8 K rotor 11805
SIGMA 3-30 K rotor 12150

Crystallography

Art Robbins instruments Phoenix
Cooled incubator series 3000
Crystal Cap HT fiir CryoLoop
Crystal Cap HT Vial

Foam dewar

Magnetic Caps, Pins and Vials
MICORLAB STARIet

Micro Tool Box

Mounted CryoLoop

Quick Combi Sealer Plus
Siliconized Glass Cover Slides
Storing dewar HC20

Super Clear Pregreased 24 Well Plate
Vial clamp

Zoom stereo microscope SZX10/KL1500LCD
Electrophoresis and Blotting
Fastblot B44

Gel documentation system GBOX
Mini PROTEAN Cell

PowerPAc Basic Power Supply
Liquid chromatography
AKTAprime plus

AKTApurifier

CHT Ceramic Hydroxyapatite
HiPrep 26/10 desalting column
Ni-NTA, 5 and 1 ml

Phenyl Sepharose 6 Fast Flow
RESOURCE Q, 6 and 1 ml
Peptide Synthesis

Alpha 2-4 LD plus lyophylization device
Peptide synthesizer PS3
Rotavapor R215

Sartorius (Gottingen, GER)
Sartorius (Gottingen, GER)

Heraeus instruments (Hanau, GER)
SIGMA Laborzentrifugen
(Osterode am Harz, GER)
SIGMA Laborzentrifugen
(Osterode am Harz, GER)
SIGMA Laborzentrifugen
(Osterode am Harz, GER)
SIGMA Laborzentrifugen
(Osterode am Harz, GER)

Dunn Labortechnik (Asbach, GER)
RUMED Rubarth Apparate (Laatzen, GER)
Hampton (Aliso Viejo, USA)

Hampton (Aliso Viejo, USA)

Spearlab (San Francisco, USA)

Molecular dimensions (Newmarket, UK)
Hamilton (Reno, USA)

Molecular dimensions (Newmarket, UK)
Hampton (Aliso Viejo, USA)
HIJ-Bioanalytik (Monchengladbach, GER)
Hampton (Aliso Viejo, USA)
Taylor-Wharton Germany (Mildestedt, GER)
Crystalgen (New York, USA)

Molecular Dimensions (Newmarket, UK)
Olympus (Tokyo, JP)

Biometra (Géttingen, GER)
Syngene (Cambridge, USA)
BioRad (Hercules, USA)
BioRad (Hercules, USA)

GE Healthcare (Chalfont St. Giles, UK)
GE Healthcare (Chalfont St. Giles, UK)
BioRad (Hercules, USA)

GE Healthcare (Chalfont St. Giles, UK)
GE Healthcare (Chalfont St. Giles, UK)
GE Healthcare (Chalfont St. Giles, UK)
GE Healthcare (Chalfont St. Giles, UK)

Christ (Osterode, GER)
Protein Technologies (Tucson, USA)
Biichi (Essen, GER)

(continued)
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(continued)

3 Materials and Methods

HPLC and mass spectroscopy

Binary pump system 1525

Column selector

Flex Inject Loop

Fraction collector II

HPLC system Ultimate 3000

LCQ Fleet MS

Xbridge BEH C18, 10 mm x 250 mm
Xbridge BEH C18, 2.1 mm x 250 mm
NMR

Cryo NMR Ultrashield 500 plus

NMR Ultrashield 500

NMR Tubes 5 mm Professional
Additional equipments and materials
Cary Eclipse Fluorescence spectrometer
Constant Cell Disruption System E1061
Cold trap CT 02-50 SR

Infors HAT Multitron incubator

InoLab pH 720 pH-Meter

Laboklav 195-MV

Laboklav 25-MV

MR Hei-Standard Magentic stirrer
NanoPhotometer

Shaking incubator Multitron

Speedvac, centrifuge RVC 2-25 CO plus,
Thermomixer comfort

Vortex Genie 2

Vacuum pump MZ 2C NT

White 96 well plate NUNC

Water purification device

Waters (Eschborn, GER)

Waters (Eschborn, GER)

Waters (Eschborn, GER)

Waters (Eschborn, GER)
Dionex (Idsetin, GER)

Thermo Fisher (Schwerte, GER)
Waters (Eschborn, GER)

Waters (Eschborn, GER)

Bruker (Billerica, USA)
Bruker (Billerica, USA)
Schott (Mainz, GER)

Varian (Darmstadt, GER)

Constant Systems (Northants, UK)
Buch and Holm (Herlev, DEN)
Infors (Einsbach, GER)

WTW (Weilheim, GER)

SHP Steriltechnik AG (Detzel, GER)
SHP Steriltechnik AG (Detzel, GER)
Heidolph (Schwabach, GER)

Pearl IMPLEN (Miinchen, GER)
Infors HT (Bottmingen, SUI)

Christ, (Osterode, GER)

Eppendorf (Hamburg, GER)
Scientific Industries (New York, USA)
VacuBrand (Wertheim, GER)
Thermo scientific (Miinchen, GER)
TCA (Niederelbert, GER)

3.1.6 Computer Software and Bioinformatic Tools

Breeze Waters (Eschborn, GER)

CCP4i Software Suite
Chemdraw
Chroméleon

CorelDRAW X5
Endnote X4
Graph Pad Prism 5

MestReNova 7

www.ccp4.ac.uk [5]

Perkin Elmer (Cambridge, USA)

Dionex (Idsetin, GER)

COoOoT Emsley [6]

Corel (Ottawa, CA)

Thomson Reuters (New York, USA)

Graph Pad Sowtware (La Jolla, USA)

Main Turk [7]

Mestre Lab Research S.L. (Santiago de Compostela, SPA)

PyMOL Schrodinger, LLC [8]

(continued)
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(continued)

Sybyl Tripos (St. Luis, USA) [9]

Unicorn LC software GE Healthcare (Chalfont St. Giles, UK)
Xcalibur Thermo Scientific (Waltham, USA)
XDS programme package Kabsch (Heidelberg, Germany) [10]

3.2 Generation of Peptide Substrates

3.2.1 Solid Phase Synthesis

Two different types of Fmoc-based resins were used to create peptides of 5 to 15
amino acids. In case of free carboxylic acid C-termini, a polystyrene polymer
with a 2-chlorotrityl alcohol linker was first swollen in dry DCM for one hour in a
syringe sealed with a glass frit and a PTFE stopper. After discarding the DCM, the
first amino acid was coupled by adding a solution of 2 eq. of the Fmoc-protected
amino acid, HCTU and DIPEA in DCM for 6 h. The reaction was quenched by
first washing with DCM /MeOH /DIPEA in a 17/2/1 ratio and subsequently with
DCM, which in turn was evaporated.

In order to create amide C-termini, an Fmoc-protected Rink-amine resin was
used. After swelling the resin for 1 h in DMEF, the protection group was removed in
20 % (v/v) piperidine in DMF for 20 min and washed in DMF. The first amino acid
was then coupled by incubation again with a solution of 2 eq. of the Fmoc-protected
amino acid, HCTU and DIPEA in DMF for 3 h. The reaction solution was removed
by washing with DMF and DCM and the resin was then dried under vacuum.

The amino acid coupling steps were carried out on a peptide synthesizer PS3
(Peptide Technologies) on a 0.2 mmol scale. Briefly, the resin was swollen in
DMF for 1 h, followed by deprotection in a solution of 20 % (v/v) piperidine in
DMF for 20 min. After washing with DMF, the resin was incubated with a fresh
solution of HCTU and Fmoc-amino acid in 20 % (v/vl) N-methyl morpholine for
20-40 min and washed again with DMF. Synthesis of '3C labeled substrates used
an Fmoc-'3C(0)-phenylalanine building block (Santa Cruz). Protection groups
of amino acid side chains were as follows: Arg (Pbf), Asn (Trt), Gln (Trt), Thr
(OtBu), Ser (OtBu), Trp (Boc), Tyr (OtBu). After repeated elongation cycles, the
N-terminal Fmoc protection group was removed, followed by washing with DCM.
The resins were stored at —20 °C.

3.2.2 Resin Separation and Purification

Rink amide resins were treated with 10 % (v/v) TFA, 2.5 % (v/v) TIS in DCM for
some minutes and washed with the same mixture. The solvent was then evapo-
rated and the resulting yellow oil was dissolved in 95 % (v/v) TFA with 2.5 % (v/v)
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TIS and 2.5 % (v/v) water. This solution was stirred for at least 9 h at room temper-
ature and further 24 h at 4 °C in order to remove all side chain protection groups.
In contrast, the more stable trityl resins could directly be treated with a highly con-
centrated TFA solution and was incubated under the same conditions as the cleaved
amides. The resin was finally washed with the cleavage solution.

The TFA solutions were subsequently transferred to 50 ml Falcon tubes, cooled
on ice, and then complemented with approximately the same volume of cold die-
thyl ether. The precipitate could then be separated by centrifugation at 3,000 rpm
for 10 min. The supernatant was discarded, the peptide redissolved in a small
amount of TFA and the precipitation repeated.

Eventually, the precipitate was dried and redissolved in 5 % (v/v) ACN in 95 %
(v/v) water. This solution was applied to preparative HPLC chromatography with
a gradient of 5 % (v/v) ACN to 40 % ACN (v/v) over 100 min. Depending on their
size and chemical nature, peptides typically eluted between 20 and 30 % ACN (v/v).

HPLC fractions were analyzed by ESI-MS analysis with positive and negative
ion detection. Fractions were pooled accordingly and the solvent was removed by
lyophylization overnight. The resulting white powder was dissolved in DMSO to
concentrations of 20-100 mM, which were directly used in digestion assays and
soaking experiments.

3.3 Protein Chemistry

3.3.1 Purification of the 20S Proteasome

In order to purify wild type CP from yeast, the cells were dissolved in 2 times
the pellet weight of 50 mM potassium phosphate buffer (pH 7.5, supplemented
with DNAse I and disrupted in a French press device. The raw lysate was centri-
fuged at 41,000 g for 30 min. The supernatant could be further purified by filtra-
tion through a double layer of gossamer cloth.

The proteasome was then precipitated with a cold and saturated solution of
ammonium sulphate, which was poured into the protein extract under vigorous
stirring until the final concentration reached 40 % (w/v), which coincided with a
general clouding of the solution. This suspension was then loaded on a 100 ml col-
umn of FF phenylsepharose, which had been equilibrated with 20 mM potassium
phosphate (pH 7.5) in 1 M ammonium sulfate. The CP was then eluted in a gradi-
ent to a low salt buffer of 20 mM potassium phosphate over 400 ml. Proteasome-
containing fractions were identified by fluorescence assays. Hereby, 30 ul of
a fraction were incubated with 300 pM of a given AMC substrate at 37 °C for
20 min. The reaction was then quenched by addition of 700 ul of 20 mM Tris/HCI
buffer (pH 7.5) and measured as described under 5.4.

The fractions were pooled and applied to a 15 ml CHT ceramic hydroxyapatite
column, which was then eluted with 500 mM potassium phosphate (pH 7.5) in
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a gradient over 120 ml. Again, fractions were pooled according to their activity
profile and finally loaded on a 6 ml Resource-Q anion exchange column.

After rinsing with 20 mM Tris/HCI1 (pH 7.5), a gradient to 500 mM NaCl in
20 mM Tris/HCI (pH 7.5) was applied over 30 ml, in which the protein eluted at
approximately 450 mM NaCl. If the proteasome was to be used for crystalliza-
tion trials, a desalting step to 20 mM Tris /HCI (pH 7.5) had to be performed on a
High Prep 26/10 desalting column and the protein was concentrated to 40 mg/ml
by ultracentrifugation devices with a 300 kDa cut-off.

In case of the Pre2-(His)g yeast mutant strain, the cells were disrupted in
100 mM Tris/HCI (pH 7.5), 300 mM NaCl and 20 mM imidazole. Instead of
an ammonium sulfate precipitation, the crude extract was loaded on a 5 ml Ni-
NTA column, washed with the same buffer, and eluted in a 50 ml gradient to
500 mM Imidazol. Positive fractions were dialyzed overnight to 20 mM Tris/
HCI (pH 7.5) and then applied to anion exchange chromatography as described
above.

In contrast to the preparation steps for purifications from yeast cells, protea-
some from erythrocytes had to be purified under milder conditions. Hence, crude
blood was centrifuged at 500 g for 5 min and washed with PBS buffer contain-
ing 1 mM EDTA. The resulting pellet was resuspended in lysis buffer (155 mM
ammonium chloride, 10 mM KHCO3, 37 mg/l EDTA) and the cell debris was
again centrifuged as described above. All following steps were performed accord-
ing to the procedure for yeast proteasome purification.

3.3.2 SDS-PAGE Analysis

Beside fluorescence assays, the purification procedure was monitored by SDS-
PAGE analysis. Protein samples were mixed with Laemmli buffer [11], heated to
95 °C for 5 min and then centrifuged.

The samples, as well as a protein standard (Roti-Mark Standard, Carl Roth),
were applied to a 12 % (w/v) polyacrylamide gel, which was run at 25 mA until
the dye reached the end of the gel. The gel chamber was opened, the stacking gel
removed, and the separating gel stained in Coomassie. Destaining was performed
in boiling 10 % (v/v) acetic acid.

Substance 12 % Separating gel Stacking gel

Water (ml) 4.5 2.5

40 % Acrilamide (w/v) 3 0.5
(Acrylamid /Bisacrylamide 29/1, ml)

Separating gel buffer (ml) 2.5

Stacking gel buffer (ml) - 2

10 % (w/v) APS (ul) 50 50

TEMED (ul) 5 5
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Buffers
Separating gel buffer Tris/HCI pH 6.8 1.5M
SDS 0.4 % (wIv)
Stacking gel buffer Tris/HC1 pH6.8 0.5M
SDS 0.4 % (w/v)
Coomassie solution Acetic acid 10 % (vIv)
Coomassie brilliant blue 0.05 % (w/v)
Isopropanol 15 % (vIv)
10 x Laemmli solution Tris/HCI1 pH 6.8 60 mM
Glycerol 30 % (W)
Saccharose 10 % (w/v)
SDS 5 % (w/v)
B-mercaptoethanol 3 % (vIV)
Bromophenol blue 0.02 % (v/v)
10 x running buffer Glycine 1.92M
SDS 1 % (wlv)
Tris 0.25M

3.3.3 Determination of Protein Concentrations

In order to record the protein concentration of a crude human cell lysate, the sam-
ple was diluted 1/1000 with buffer and then mixed with a freshly prepared and
filtrated Bradford solution [12] (Biorad Protein Assay) and measured at 595 nM.
The resulting absorption was compared to a calibration curve, which was recorded
with BSA at various concentrations.

Alternatively, a defined dilution of the crude lysate was directly measured on a Pearl
Implen NanoPhotometer and the absorptions at 260 and 280 nm were determined. The
protein concentration could then be calculated using the Warburg equation.

If the measurement was performed on purified protein solutions, the absorp-
tion was directly measured at 280 nm and the protein concentration was calculated
with the Lambert-Beer equation by using a theoretical absorption coefficient gen-
erated by the ProtParam tool supplied by expasy.com.

3.4 Activity Assays

3.4.1 Artificial Fluorescent Probes and ICsy9 Measurements

Point measurements and ICsy curves of inhibitory substances were usually
recorded using CP concentrations between 1 and 50 pg/ml in 100 mM Tris/HCI
(pH 8.0), 10 % (w/v) DMSO and 0.01 % SDS (w/v). Serial dilution of inhibitors
was carried out in DMSO at equal intervals on a logarithmic scale. Incubation of
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yeast CP with inhibitors or DMSO as a control usually lasted for 1 h in a volume
of 30 pl. Three replicas of each sample was pipetted into a white and flat-bottomed
Nunc plate. AMC-substrate solutions in DMSO were pipetted to the side of the
well and then centrifuged down to start all reactions simultaneously. In order to
address the different proteolytic activities of the proteasome, either Suc-Leu-Leu-
Val-Tyr-AMC or Ac-Gly-Gly-Leu-AMC was used for monitoring the p5 subu-
nit, as well as Boc-Leu-Arg-Arg-AMC and Z-Leu-Leu-Glu-AMC for B2 and p1,
respectively. Fluorescence development was stopped by adding 300 ul of a 20 mM
Tris /HCI (pH 7.5) buffer to the wells and the plate was measured at a Varian Cary
Eclipse Fluorescence Spectrometer with excitation and emission wavelengths at
360 and 460 nm. ICs( curves were analyzed using the Graph Pad Prism 5 software
using a Dose-response inhibition fit with variable slope.

3.4.2 Native Gel Fluorescence Analysis

Reversibility and inhibition of the CP by isolated small molecules and crude
extracts were carried out by monitoring the proteasomal activity in native gels.
For this, 5-10 pg of the CP was incubated with inhibitors for a defined period of
time, mixed with a native gel loading buffer and applied to a precast 3—15 % (w/v)
gradient native gel (Bio-Rad). Gels were run at 25 mA for at least 2 h in native
gel running buffer. The gel was then soaked with a solution of AMC substrate
(200 uM in 100 mM Tris pH 8.0) for 1 min and the fluorescence was monitored
in a gel documentation system (GBOX, Syngene) at 350 nm. Fluorescent bands
indicated active proteasome, whereas weak or missing bands hinted to irreversible
blockage. In contrast, reversible inhibitors diffused out of the gel during electro-
phoresis, thus leading to a fully recovered CP activity.

Native gel loading buffer (2x) Tris 62.5 mM
Glycerol 25 % (w/v)
Bromophenol blue 1 % (wlv)

Native gel running buffer (1x) Tris 25 mM
Glycine 192 mM

3.4.3 SDS-PAGE Shift Assay

Alternatively, covalent binding was monitored using a combination of SDS-PAGE
gel shift and western blot analysis. For this purpose, 10 ug of Pre2-(His)q tagged
proteasome was incubated with inhibitors for one to 6 h and submitted to SDS-gel
electrophoresis as described in 5.3.2. In order to estimate the position of the ana-
lyzed B5 subunit, a prestained marker (Roti-Mark Standard Prestained, Carl Roth)
was used. The separated subunits were then blotted on nitrocellulose at 100 mA



34 3 Materials and Methods

for 1 h in transfer buffer and stained with Ponceau S (Sigma Aldrich). The mem-
brane was then treated with blocking solution for 1 h, followed by incubation with
a primary rabbit anit-(His)e antibody (1/5000 in blocking buffer, Sigma Aldrich)
for another hour. The membrane was then washed six times with TBS-Tween for
5 min and incubated with a secondary anti-rabbit antibody (1/10,000 in blocking
buffer, Sigma Aldrich) dilution for 1 h. After washing with TBS-tween and TBS
three times each, the membrane was laid in AP buffer and supplemented with
33 ul BCIP and 66 pul NBT for 5 min. The reaction was quenched by exchanging
the reaction solution with destilled water. Covalent and irreversible adducts with
the B5 subunit resulted in a band shift of usually 500 Da, which could clearly be
distinguished if compared with a standard. Moreover, the proportion of bound to
free subunits could be nicely followed over a certain range of inhibitor concentra-
tions by the appearance of double bands.

Blocking buffer Milk powder 5 % (wlv)
10 x TBS 10 % (vIv)
Tween 20 0.1 % (w/v)
Transfer buffer Methanol 20 % (vIv)
SDS-running buffer 80 % (vIv)
10 x TBS Tris/HC1 pH 7.4 500 mM
NaCl 1500 mM
TBS-tween 10 x TBS 10 % (vIv)
Tween 20 0.1 % (w/v)
Ponceau S solution Acetic acid 5 % (vIv)
Ponceau red 0.1 % (w/v)

3.4.4 Peptide Digestion and Product Cleavage
Pattern Analysis

In order to analyze either the cleavage pattern of a peptide or assess the protea-
somal activity, 50 pg/ml of yeast CP was incubated in 100 mM Tris /HCI pH 8.0,
0.01 % (w/v) SDS and 10 % (w/v) DMSO in which the respective peptide was
dissolved to a final concentration of 1 mM. The mixture was incubated at 37 °C
for 1-3 h, whereupon the reaction was stopped by removal of the enzyme. For
this, the solution was filtered through a Centricon Centrifugal Filter Unit with a
cutoff of 100 kDa and the filtrate was used to perform analytical HPLC runs with
UV-VIS detection or LC-MS experiments. In the first case, 50-100 pl of the fil-
trate was applied on a 150 mm C-18 Xbridge column that was eluted with a gra-
dient of 10-90 % buffer A (ACN plus 0.1 % TFA) in buffer B (water plus 0.1 %
TFA) in 45 min. Depending on the size, peptides and peptide fragments eluted
around 20 min. In order to identify the corresponding peptides, peaks of each
peptide digestion were collected and measured by electron spray ionization mass
spectrometry (ESI-MS) experiments. The reaction progress was then verified by
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integrating the respective peaks at a wavelength of 280 nm and calculating their
ratios that were corrected by the distinct extinction coefficients. Alternatively, the
reaction progress could directly be determined by LC-MS runs. Due to the semi-
quantitative character of the method, the concentration of the undigested peptide
in the buffer solution was determined by UV-VIS spectrometry at 280 nm and the
solution was then used as an external standard for all subsequent mass spectro-
metric measurements. At least three samples were taken from the digestion solu-
tion, quenched by filtration and applied to LC-MS. Hereby, 5 ul were injected on
a C18 column (3.5, 4.6, 30 mm), which was eluted with a gradient of 10-90 %
buffer A (ACN plus 0.1 % formic acid) in buffer B (water plus 0.1 % formic
acid). Mass integration of the mother peptide was performed over the whole time
period of the run and compared to the blank without digestion to monitor the
reaction progress.

3.4.5 NMR Analysis of Labeled Peptide Substrates

For all peptide digestion with NMR readout, a peptide with the sequence
REEWNNFSSYPEI that was labeled with a 13C isotope at the phenylalanine car-
bonyl position was used. The peptide sequence was derived from the digestion pat-
tern of the murine JAK-1 kinase and adapted towards specificity for the yeast CP
ChTL activity. Subunit specificity was confirmed in digestion experiments with
the B5 specific boronic acid inhibitor MG262 Enzo Life Sciences. The peptide
was either prepared by Fmoc chemistry or generously provided by Prof. Christian
Becker (University of Vienna). In order to achieve maximum sensitivity for the
screening of growth environments, the cleavage reaction was performed entirely
in the buffered supernatant of the crude culture broth. In contrast, for tracking the
progress of the purification of the metabolites, only 10 % of the reaction mixture
contained the respective samples in organic solvent to prevent denaturation of the
enzyme. In order to exclude any accumulation of detergent effects, no SDS was
added for activation of the CP. Due to the low sensitivity of NMR spectroscopy,
at least 1 mM of the '3C labeled peptide had to be added and the concentration
was verified by UV-VIS measurements at a wavelength of 280 nm. Analogous
to digestion experiments with unlabeled peptides, the reaction mixture was incu-
bated at 37 °C for 1-3 h and then ultrafiltrated to remove the proteasome and stop
the digestion. A volume of 500 ul was supplemented with 50 ul DO and inserted
into an NMR vial. Samples were measured on a 500 MHz spectrometer (Bruker
Topspin '*C-Cryo NMR) with a total number of scans between 500 and 1,000 and
the resulting spectra were evaluated using MestReNova 7. Typically, the back-
ground signals derived from media components occurred in the range between 0
and 90 ppm with few exceptions that appeared up to 150 ppm. By contrast, the
peaks originating from the '3C-labelled carbonyl amide educt and the carboxylic
acid product appeared at 173 and 177 ppm, respectively. The residual proteasome
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activity was then calculated by scaling the product to the educt peak compared to a
blank digestion.

Substance Detection in culture broth ~ Purification analysis
Tris pH 8.0 (mM) 100 100

Peptide in DMSO (mM) 1-2 1-2
Supernatant/Solution in organic solvent (%) 85 10

Water (%) - 75

Yeast CP ug/ml 50 50

3.5 Isolation of Natural Products

3.5.1 Screening of Growth Conditions

In order to elucidate a suitable molecular trigger to induce the biosynthesis of sec-
ondary metabolites in P. luminescens, various strategies were pursued. Bacteria were
grown on LBy or 2xTY agar plates at room temperature overnight. This was then used
to inoculate 3 ml cultures of various media. In one approach, standard compositions
present in LB, TB or PDB media were used and the concentrations of the different
ingredients were varied. Furthermore, additional triggers that have been described to
be important for the development for virulence, such as iron(Ill)-chloride or L-proline,
were added to the standardized culture broths. Moreover, different inorganic salts
ranging from KCI to MgSO4 were added in different amounts and both the tempera-
ture and the shaking velocities were varied. Finally, these cultures were used to inocu-
late a medium with altered parameters in order to simulate environmental changes.

Media Parameters and additives

Standard media LB, 2xTY, CY, SRM, PDB, TYEA DSMZ media 1, 54, 220

Changed parameters in these Sugar, casitone, peptone, yeast extract, and salt ingredients
media

Additives Fructose, maltose, arbutin, sucrose, lactose, L-proline,

L-arginine, Iron(IIl)-chloride, Iron(II)-chloride, soluble
and insoluble magnesium and calcium salts

Other parameters Temperature (18-34 °C in steps of 2 °C), rotation speed,
incubation time (1-10 d), inoculation density

3.5.2 Secretion and Purification of the Syrbactins Cepl
and GIbA

In order to trigger the biosynthesis of the compounds, P. [uminescens was first
grown in TYEA medium at 28 °C for 3 d under continuous shaking. The culture
was then used to inoculate TYEB medium at a ratio of 1:100, which was again
incubated under the same conditions for further 3 d. In order to enrich the toxic
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metabolites, 2 % (w/v) of hydrophobic resin beads (XAD-16) were added to the
fermentation broth. After filtration, the beads were washed with water and the
inhibitory compounds were eluted with EtOAc and MeOH.

The condensed extracts were then submitted to silica column purification
(Silica Gel 60, Merck). After washing with cyclohexane, the column was eluted
with EtOAc. All fractions were tested by proteasome assays and positive samples
were combined and concentrated by evaporation. Polishing was achieved by final
HPLC purification over a RP-C18 column to which a gradient from 10 % (v/v)
buffer A [0.1 % (v/v) TFA in ACN] in 90 % (v/v) buffer B [water plus 0.1 % (v/v)
TFA in water] to 70 % (v/v) buffer A within 60 min was applied. Fractions were
again tested by NMR proteasome assays. The two active components GIbA and
Cepl eluted at approximately 55 % (v/v) ACN as nicely separated peaks.

3.5.3 LC-MS, 1D- and 2D-NMR Structure Elucidation

After lyophylization of the solvent, the compounds were dissolved in D6-DMSO
and submitted to structure analysis. In order to determine the purity of the com-
pounds and elucidate their molecular weight, LC-MS runs were performed on a
RP-C18 column using a gradient from 10 % buffer A (0.25 % formic acid in ACN)
in buffer B (0.25 % formic acid in water) to 90 % buffer A in 10 min with ESI-MS
detection.

As X-ray crystallographic data were not sufficient to reveal the chemical struc-
ture of the compounds, 2D-NMR experiments were performed at a concentration
of 25 mM on a 500 MHz spectrometer. Proton couplings were analyzed by H,H-
COSY measurements, which were combined with C-H assignments derived from
decoupled C,H-HSQC analyses. Eventually, HMBC couplings were used to com-
bine the derived fragments. Stereochemistry could then be assigned by a combina-
tion of crystallographic data and NMR analyses applying Karplus dependency.

3.6 Protein Crystallography

3.6.1 Crystallization of the Yeast 20S Proteasome

Crystals of the yeast CP were produced in hanging drops at 20 °C using protein
concentrations in the range of 40 mg/mL in Mes /NaOH (10 mM, pH 6.8) and
EDTA (1 mM) as described previously [13, 14]. Drops contained a 1:1 mixture
of protein to reservoir solution (30 mM magnesium acetate, 100 mM morpholino-
ethane-sulfonic acid (pH 6.8) and 10 % (w/v) 2-methyl-2, 4-pentanediol). Grown
crystals reached their maximum size after 2 d and could directly be soaked
with inhibitors in DMSO at final concentrations of 2—-10 mM for at least 24 h.
Subsequently, crystal droplets were supplemented with cryoprotection buffer
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(30 % (w/v) 2-methyl-2,4-pentanediol, 20 mM magnesium acetate, 100 mM
morpholino-ethane-sulfonic acid, pH 6.9) and supercooled in liquid nitrogen for
storage.

3.6.2 Data Collection, Processing and Structure
Determination

Datasets were collected from the CP:Cepl, the CP:GIbA and the CP:SylA-GIbA
complexes with resolutions of 2.8, 3.0 and 2.8 A, respectively, by using synchro-
tron radiation (A = 1.0 A) at the X06SA-beamline (Swiss Light Source, Villingen,
Switzerland) equipped with a Pilatus 6 M detector and a 100 K nitrogen cryo-
protection system. Cell parameters in the space group P2; were determined to be
approximately a = 134 A, b = 301 A, ¢ = 144 A, and B = 112°. Assessment of
reflection intensities and data reduction were carried out with the XDS programme
package [10].

The anisotropy of diffraction was corrected by an overall anisotropic tempera-
ture factor by comparing observed and calculated structure amplitudes using the
program CNS [15]. Conventional crystallographic rigid body calculations were
carried out with CNS using the yeast CP structure as starting model (PDB acces-
sion code 1RYP), followed by positional and temperature factor refinements that
took into account the 2-fold non-crystallographic symmetry axis. Model build-
ing was performed with the programmes MAIN [7] and COOT [6] for the over-
all structure, whereas the non-peptidic ligands were built with SYBYL [9]. Water
molecules were automatically added with ARP/WARP and the overall quality of
the structure was scrutinized using PROCHECK [5]. Figures were generated by
using the programs MOLSCRIPT [16] and BOBSCRIPT [17]. The coordinates
of the published structures were deposited at the PDB under the accession codes
4FZC (Cepl), 4FZG (GIbA) and 4GK7 (SylA-GIbA).

3.7 Cell Culture Experiments

3.7.1 Cell Viability Assays and Kinetic Experiments

For cytotoxicity measurements, HeLa cells were seeded on a 24-well plate to cell
densities of 5,000 cells /well in DMEM medium supplemented with 10 % (v/v)
FBS. After incubation for 24 h, the medium was exchanged and the inhibitors
were added to various concentrations but with a final content of 1 % (v/v) DMSO.
After an additional incubation period of 48 h, the medium was again exchanged
and supplemented with 10 % (v/v) Alamar blue reagent (Sigma Aldrich). Assay
development was accomplished after approximately 2 h and the residual cell
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viability titer could be elucidated by recording the fluorescence at 575 and 585 nm
excitation and emission wavelengths, respectively.

Evaluation of the time-dependent cytotoxicity of the inhibitory compounds was
similarly performed by Alamar blue assays but with a uniform inhibitor concentra-
tion of 1 uM for all compounds. The cell viability was evaluated after various time
intervals, ranging from 6 to 48 h and standardized against an untreated culture.

3.7.2 NF-«B Pathway Analysis

For intracellular evaluation of the IkBa accumulation, HelLa cells were treated
with 40 uM of the inhibitor for 6 h and then stimulated by the addition of 30 ng/
mL IL-1 for 20 min. After washing with PBS, cells were trypsinized, washed
again and collected by centrifugation. Cells were lyzed by the addition of 40 ul of
mammalian protein extraction kit solution (M-Per). Cell debris was subsequently
removed by centrifugation at 15,000 g for 5 min and protein concentration was
determined by standard Bradford assays. A total amount of 10 ug of protein was
separated by SDS-PAGE analysis and blotted on a PVDF membrane, which was
in turn developed by the addition of IkB antibodies (Sigma Aldrich) followed by
treatment with a horseradish peroxidase-coupled secondary antibody and ECL
solution. Chemoluminescence was recorded at 430 nm on a BioMax® Light Films
device.

For standardization of the western blot, the housekeeper protein GAPDH was
co-evaluated. The PVDF membrane was stripped with Tween-20 in a solution of
5 % (w/v) milk powder overnight and treated with GAPDH antibodies. Detection
was achieved by development with horseradish peroxidase and ECL reagent.
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Chapter 4
Results

4.1 Development of a NMR-Based Proteasome Assay

4.1.1 Peptide Design and Digestion Analyses

Initially, a suitable subunit-selective peptide sequence had to be established, which
then served as a scaffold for the NMR-active substrate. Although the general
cleavage specificities of the three proteasomal activities have been determined, it
is still not possible to theoretically predict the digestion pattern of a given pep-
tide sequence. This is not only caused by the lack of information on the primed
site, but also by the complex interactions within the S1-S4 pockets. Therefore, the
sequence for the peptide substrate was not designed de novo, but deferred from
the cleavage pattern of the murine JAK-1 kinase, a well-characterized natural sub-
strate of the proteasome [1]. Furthermore, the peptide was adapted for specific-
ity towards the ChTL activity, as inhibitors of the corresponding 5 subunit exert
strong cytotoxic activities and influence the adaptive immune response by attenu-
ating the MHC-I presentation (Fig. 4.1a) [2].

In order to assess the cleavage sites and the kinetics of the substrate turnover, the
digestion pattern of the peptide was determined by LC-MS analyses. Hereby, yeast
wild type proteasome (50 pg/ml) was incubated with the substrate (1 mM) at 37 °C
for various points of time and the reaction was stopped by ultrafiltration through a
100 kDa cut-off membrane. Subsequently, a standardized amount of the filtrate was
submitted to HPLC analysis (Fig. 4.1b). Whereas fragment identification was carried
out by mass spectrometry, quantifications were usually performed by integration of
the UV-VIS signals at 280 nm using theoretical extinction coefficients.

As expected, the major cleavage site of the peptide appeared after phenyla-
lanine, which was kept conserved also in the altered sequence. Interestingly, no
cleavage was detected after tyrosine, thereby pronouncing the unpredictability of
proteasomal hydrolysis sites in the primary structure. Additionally, and in contrast
to the original peptide, cutting after tryptophan occurs as a minor side reaction that
is, however, only relevant for prolonged digestion periods.

M. L. Stein, NMR-Bioassay Guided Isolation of the Natural 20S Proteasome Inhibitors 41
from Photorhabdus Luminescens, Springer Theses, DOI: 10.1007/978-3-319-07914-1_4,
© Springer International Publishing Switzerland 2014
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Fig. 4.1 Peptide digestion analyses. a The peptide was shortened compared to the original
murine fragment and its sequence altered (region underlined) to increase subunit specificity.
Blue and red arrows indicate proteolytic cleavage sites of the proteasomal ChTL and TL activi-
ties, respectively. b Digestion experiments were evaluated by HPLC analyses and quantified by
integration of the educt and product peaks. Peptides were identified by ESI-MS measurements.
The main hydrolysis site is located after phenylalanine, whereas cleavage after tryptophan occurs
only to a minor proportion of approximately 5 %

In order to investigate the contribution of the different proteolytic activities, the
digestion was assessed with inactivated T1A mutants of both the 2 and B5 subu-
nits. Whereas p5 harbors an intrinsic specificity for hydrophobic residues, B2 has
been shown to accept a broad range of suitable substrates ranging from basic to
branched hydrophobic residues. Interestingly, both the B5-T1A and the f2-T1A
mutants exhibited an unchanged digestion pattern. As the T1A mutation of both
mutants could be confirmed by sequencing, the observed activity of the 5-T1A
mutant remains elusive.

Yet, as the corresponding yeast strain is barely viable, spontaneous mutations in
the other subunits frequently occurred during fermentation, thereby possibly alter-
ing their respective substrate specificities. Moreover, substitution of the g5-T1A
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Fig. 4.2 NMR peptide assay. a Primary sequence of the substrate with the scissile peptide bond
and the 13C-label. b NMR spectrum of substrate digestions with the uncleaved educt and the car-
boxylic acid product at 173 and 177 ppm, respectively (Upper). Product peak formation is sup-
pressed upon addition of a CP-inhibiting compound (Lower). Figure adopted from Stein et al. [4]

strain with the equally ChTL deprived Prel-1 (S142F) [3] mutant completely
prevented the digestion.

Due to slightly inconclusive data derived from proteasome mutants, the spe-
cificities were also evaluated chemically by using subunit selective inhibitors.
Addition of 100 nm of SylA, which blocks only the ChTL and TL activities at this
concentration, completely suppresses the reaction, thereby also directly excluding
the B1 subunits as potential reaction participant. Eventually, digestion of the pep-
tide is prevented in presence of the B5 specific inhibitor MG262, which carries a
boronic acid as C-terminal pharmacophore on a Z-Leu—-Leu-Leu backbone, thus
confirming the specificity of the peptide towards the ChTL activity. Additionally,
subsequent complex structure elucidation with the B5-T1A proteasome validated
binding of the peptide into the B5 subunit.

4.1.2 NMR Analysis of the Cleavage Reaction

In order to allow for an NMR based readout, the substrate was then atom-selec-
tively labeled with a '3C-probe at the scissile peptide bond (Fig. 4.2a). Thus, the
reaction progress can be qualitatively and quantitatively evaluated by a peak shift
from 173 to 177 ppm corresponding to the amide educt and the carbonic acid
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product, respectively. Due to the enrichment with the '3C-isotope, the background-
to-noise ratio is extraordinary high and the downfield range of the chemical shift
prevents interference with compounds present in the matrix (Fig. 4.2b). Large
scale chemical synthesis of the peptide could be achieved by standard Fmoc- or
Boc-based peptide solid phase chemistry using the labeled amino acid precursor
(Sigma Aldrich) with yields ranging between 30 and 50 %.

Despite the undisputed insensitivity of NMR, peptide concentrations could
be kept below 5 mM, thereby limiting the consumption of isotope-labeled mate-
rial. Digestion experiments were performed within few hours and the recording
time on a 500-MHz NMR spectrometer, equipped with an auto-sampler, was only
around 15 min per sample, thereby allowing the analysis of a typical number of 96
samples per day. Eventually, the small required volume of only 500 ul enabled the
screening of a large number of growth conditions and fermentation strategies.

4.1.3 Primary Sequence Optimization

Aiming at simplifying the sequence and accelerating the catalytic turnover of the
substrate, the peptide was further optimized by truncation and site-directed mutagen-
esis. As the interactions of the proteasomal binding channels with peptide extend
from the P1 to the P4 residue of both substrates and inhibitors, the N-terminus was
shortened accordingly. On the other hand, the C-terminus was reduced to three resi-
dues to avoid detrimental contributions by the proline residue. By this size reduc-
tion from a 13-meric peptide to a heptamer, the synthesis yield was considerably
improved. Moreover, the catalysis rate was increased by a factor of 2-3, which may
be attributed to the improved diffusion properties of the shortened construct.

Additionally, single-site mutagenesis was applied to improve binding to the B5
substrate channel. Preliminary, only the unprimed positions were altered, as these
sites have been described as the major determinants for selectivity and kinetics.
However, no significant improvements could be achieved, as the peptide sequence
obviously ranged within the previously determined optimum [5]. Interestingly,
however, further truncation of the N-terminus to three residues substantially
slowed down the digestion progress.

In contrast, mutations of the primed-site residues enhanced proteolysis both
with regard to kinetics and cleavage site selectivity (Fig. 4.3a).

Especially the P1° position turned out to be crucial for both aspects. Trying to
increase the hydrophobic character of P1’ and thus enhance interactions with the
lipophilic binding channel, SI’F and S1°'M mutations were introduced. However,
these led to a significant proteolytic frame shift to a cleavage after P1°. Contrary,
a size reduction of P1 to alanine accelerated the catalytic turnover and even pre-
vented the minor hydrolysis after tryptophan present in the untruncated substrate.
Mutations in P2, however, did not alter the regioselectivity, but still substantially
influenced the reaction kinetics. Generally, hydrophobic residues such as leucine
or tyrosine were preferred over small hydrophilic amino acids (Fig. 4.3b).
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Fig. 4.3 Kinetic measurements of substrates. The digestion progress was evaluated by LC-MS
analysis. Due to the semi-quantitative character of the technique, the produced N-terminal pep-
tide was used as a standard. a Mutagenesis of the first primed site (P1”) has a massive impact on
substrate turnover. Especially small amino acids like alanine are favored. Bulky side chains as in
methionine, phenylalanine or glutamine lead to a plentitude of side products as they change the
proteolytic frame. The final concentrations of the detected N-terminal peptides differ consider-
able due to these side reactions that yield alternative fragments. b Alteration of the P2’ residue
also influences the kinetics, but has no effect on the regioselectivity of the cleavage. Therefore,
only the initial turnover rates were monitored. The experiment clearly shows that P1’ has a
greater influence on the reaction than P2’. However, also the latter has a direct and substantial
impact on cleavage kinetics

The results gained by these experiments were surprising, as only the non-
primed sites have been described to determine the regioselectivity and kinetics
of the proteolytic cleavage. On the other hand, complex structures of the protea-
some with belactosin C have hinted at the presence of primed site binding pockets,
which can be addressed to generate considerable binding strengths of the corre-
sponding ligands [6].

4.2 Assay Verification in a Real-Case Scenario

4.2.1 Detection of SylA in Cultures of P. syringae
by Orthogonal Methodologies

For evaluation of the assay by a positive control, culture media of P. syringae, the
well-known producer of the potent proteasome inhibitor SylA [7], were analyzed.
The plant pathogenic bacteria were grown in SRMar medium containing the phe-
nolic sugar arbutin present in the leaves of its host organisms for induction of the
pathogenic phase [8, 9]. In order to pre-assess the concentration of SylA by inde-
pendent and orthogonal methods, the fermentation broth was initially tested by in-
gel fluorescence and western blot analyses.

Therefore, a native PAGE followed by subsequent fluorescence staining was
performed. In detail, 5 ug of WT proteasome were mixed with different concentra-
tions of the crude growth medium and submitted to a native gel. The gel was run
for several hours and developed by addition of a solution of the Suc-Leu—Leu—
Val-Tyr-AMC fluorescent substrate in 100 mM Tris /HCl pH 8.0. The gel was
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Fig. 4.4 Orthogonal gel assays. a Native gel with fluorescent dye development. Increasing
concentrations of SylA suppresses fluorescence. Comparison with standardized concentrations
reveals that the medium contains SylA in the micromolar range. b Gel shift assay in denaturing
SDS-PAGE using a Pre2-(His)e mutant. The f5 subunit is selectively stained in a western blot by
(His)e-antibodies. The gel shift confirms the covalent attachment of SylA to the $5 subunit and
the extent of the shift hints at an inhibitor size of approximately 0.5 kDa

incubated for 1 min and scanned with a fluorescence detection device (Fig. 4.4a).
Due to the high affinity and covalent attachment of SylA to the proteasomal subu-
nits, the inhibitor stays bound to the protein during electrophoresis and suppresses
fluorescence development. Moreover, the intensity of the bands can directly be
correlated to the residual proteasome activity, thereby permitting an estimation of
the ICsp value that ranges at an approximate dilution of 1/100 of the crude fermen-
tation broth. Alternatively, different dilutions of the growth medium were incu-
bated with a proteasome mutant carrying a C-terminal $5-(His)g tag and submitted
to a denaturing SDS-gel. After blotting to a nitrocellulose membrane and immu-
nostaining with (His)g-antibodies, a clear band shift was visible (Fig. 4.4b).

Staying attached to the denatured subunit even during electrophoresis demon-
strates the irreversible character of the inhibitor, which forms a stable ether adduct
to Thr-10Y. Interestingly, a second band corresponding to the unaltered B5-subunit
appeared at higher dilutions, thereby also allowing a semi-quantitative evaluation
of the ICsg value, which is in good agreement with the gel fluorescence technique.
As SylA inhibits the proteasome at low micromolar values, the inhibitor concen-
tration in the fermentation broth could be determined to be in the high micromolar
range. This was confirmed by isolation and subsequent quantification of the inhibi-
tor to approximately 130 uM in the lab of Prof. R. Dudler (University of Ziirich)
as described previously by Wispi et al. [7].

4.2.2 Analysis of SylA Concentrations by NMR Assays

Subsequent to the determination of the SylA concentration in the medium of P.
syringae, the NMR assay was utilized to analyse the sample in order to assess
the sensitivity and reproducibility of the newly developed technique (Fig. 4.5a).
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Fig. 4.5 Analysis of P. syringae extracts by the NMR assay. a Full 3C-NMR spectrum of an
exemplary digestion. The signal-to-noise ratio of the product and educt peaks (extreme left) is
very high and no interference occurs with components of the medium or the buffer (peaks on the
right). b The serial dilution of the medium demonstrates that the assay is able to detect even trace
amount of the inhibitor in the crude matrix

Therefore, the sterile-filtrated culture broth was added to the assay mixture con-
taining yeast CP and pre-incubated for only ten minutes. Subsequently, *C-labeld
substrate was added and the digestion was again incubated at 37 °C for few hours
and quenched by ultrafiltration.

Notably, the signal-to-noise ratio is very high even in the presence of huge con-
centrations of the raw fermentation broth. Signals derived from buffer components
or the crude sample matrix appear in the upfield region of the spectrum between
20 and 80 ppm, thereby avoiding interference with the spectral range of the educt
and the product peak. Unlike commonly applied UV-VIS-based techniques, the
readout unambiguously confirmed the presence of a strong inhibiting substance by
the complete suppression of product peak formation.

Owing to the low enzyme content of only 50 ug/ml, even final inhibitor dilu-
tions of 1/10% were nicely detectable compared to 1/10% for the orthogonal tech-
niques, thereby enabling an extremely sensitive readout. By integration of the
respective peaks and standardization to a blank sample, the assay result could be
easily quantified and the ICs( value was determined (Fig. 4.5b). In contrast to the
gel shift assays, whose execution is rather tedious and time consuming, the perfor-
mance of the NMR technique reliably yielded an unambiguous result.

Interestingly, the strong inhibition cannot be solely explained by the presence
of SylA, but might hint at the presence of other inhibiting compounds, such as
SylB, which lacks an electrophilic Michael system and would hence not be detect-
able by the techniques describe above. This was supported by the defined addition
of SylA to P. syringae medium containing no inhibitors and the subsequent analy-
sis of the mixture by the NMR assay, which resulted in a higher ICs value.

The direct comparison of the NMR technique with the gel fluorescence and the
western blot analysis therefore pronounces the high sensitivity and robustness of
the assay, which is able to detect both reversible and irreversible compounds in
extremely diverse mixtures that may contain a plethora of other substances, which
often substantially interfere especially with UV-VIS based methods.
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4.3 Induction of Proteasome Inhibitor Secretion
in P. luminescens

4.3.1 Triggering the Pathogenic Phase in Photorhabdus

Next, the NMR assay was applied for the analysis of growth media of the insect path-
ogen Photorhabdus luminescens. The bacterium was grown in SRMar medium that
induces the pathogenic phase and in turn inhibitor secretion in Pseudomonas syringae.
Harbouring a similar gene cluster as required for SylA production, Photorhabdus had
been argued to produce a member of the syrbactin family and was suggested to react to
the same molecular stimulus for the induction of its biosynthesis. However, no inhibitor
secretion could be detected by applying the established NMR assay on P. luminescens
cultures treated with SRMar medium. Moreover, also the application of the previously
described conditions for the isolation of GIbA from Burkholderia strain K481-B101
did not result in the secretion of an inhibitory molecule, thereby hinting at the divergent
evolution of the sensory systems of these species to adapt to their respective host organ-
isms, as well as the differing chemical environments during their life-cycles.

Photorhabdus obviously required a different molecular trigger present in insects
to spark off its pathogenic phase. Therefore, numerous fermentation strategies were
performed and the supernatants were evaluated by the NMR assay. Hereby, the bac-
teria were grown in a variety of standard media, such as 2xTY, TB or PDB, and
incubated for different time intervals at various temperatures. Furthermore, additives
that have been described to confer virulence to other pathogenic organisms, such as
Fe(III)-chloride, as well as L-proline, which had been shown to influence to pattern
of secondary metabolites in Photorhabdus [10] were added.

Surprisingly, no secretion of any CP-inhibiting compounds could be detected
by the NMR-based assay. Comparison with standard absorption or fluorescence
assays, however, again demonstrated the robustness of the assay especially against
pigments, whose colour ranged from dark red to marine blue (Fig. 4.6a).

Thus, successive combinations of the growth conditions described above were
analyzed with regard to the biphasic life-cycle of the bacterium. Photorhabdus
was grown for 3 d in liquid medium, whereupon this culture was used to inoculate
a second vial with a ratio of 1/100. This fermentation was incubated for another
3 d, centrifuged, sterile-filtrated and analysed by the NMR assay. Eventually, this
approach proved to be successful by the identification of an osmotic shock from
high to low salt concentrations, which sufficiently mimicked the intrusion into the
insect body and consequently induced inhibitor secretion. Interestingly, the bacte-
ria also started the excretion of red pigments, which have been described in litera-
ture as warning signal against other scavenging organisms to deter them from the
consumption of the killed insect larvae [11, 12].

Peptide digestion was completely suppressed in the assay even at higher dilu-
tions, thereby hinting at the presence of extremely powerful inhibitory compo-
nents. Inhibitor secretion was detectable already few hours after the inoculation of
the low salt medium and rose to a constant value after few days.
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Fig. 4.6 Quenching of conventional proteasome assays. a Photorhabdus produces a whole vari-
ety of intensely coloured pigments, which quench the chromogenic molecules detected in these
assay techniques [4]. b The NMR assay demonstrates its superiority over these methods by
avoiding the plenitude of false positive assay results

4.3.2 Isolation and Structure Elucidation of the Natural
Proteasome Inhibitors

The CP-inhibiting compounds were identified by establishing a procedure for their
isolation from liquid broth [13]. Despite attempts to further optimize the fermenta-
tion strategy, the CP inhibitors were only secreted in low concentrations, which
never rose above nanomolar values. Hence, a solid adsorber resin (XAD-16) was
added to the growth medium directly after the osmotic shock. Thereby, the inhibi-
tors were considerably enriched and could be easily regained by filtration of the
medium, followed by washing of the resin beads with water and elution of the
hydrophobic adsorbates with EtOAc and MeOH. The concentrated extracts were
then applied to a silica column (Silica Gel60 by Merck).

The column was washed with cyclohexane and eluted with EtOAc. Due to the co-
adsorption of many pigments, all fractions had to be tested by the NMR assay (Fig. 4.7a).
Active fractions were pooled and submitted to preparative HPLC purification (RP-C18,
150 mm, 1 cmi.d., 3.5 um) with a gradient of 1070 % (v/v) ACN within 60 min.

Again, fractions were tested by the NMR assay. Intriguingly, two inhibiting
compounds of equal amount could be separated, which eluted at approximately
55 % ACN (Fig. 4.7b) and whose yield could be augmented by the solid adsorp-
tion approach to 10 mg from 3 L culture broth each. Mass spectrometrical analyses
showed that the compounds exhibited masses of 520 and 534 g/mol, respectively.

In order to reconfirm the accuracy of our NMR assay, LC-MS runs of an
induced culture were recorded in direct comparison with a culture that was con-
tinuously grown at high salt conditions. These demonstrated that the compounds
are only secreted if the osmotic trigger is applied (Fig. 4.8). Moreover, the elution
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Fig. 4.7 Column purification of the inhibiting substances. a The growth medium of Photorhabdus
occurs as non-transparent and extremely colourful suspensions. Silica column chromatography of
the solid resin extract displays the variety of pigments produced by the bacterium, thereby mak-
ing the NMR-based assay an indispensable tool for fraction analysis [13]. b HPLC polishing of
the active fractions. Two highly potent and lipophilic substances could be separated, which corre-
sponded to the masses 520 and 534 g/mol. Figure adapted from Stein et al. [13]

profiles display an altered spectrum of secondary metabolites in the area between
20 and 40 min, thus reflecting a complete switch of the life-cycle of the bacterium
and the induction of the virulent phase.

The LC-MS runs verify that the proteasome inhibitors are only produced in
trace amounts compared to other compounds in the medium. Although the natu-
ral products were previously enriched by the solid phase adsorption method and
purified by silica column purification, their detection by mass spectrometry is
extremely difficult, whereas the NMR assay is already able to unambiguously
determine their content in the crude culture broth.

In conclusion, although a high number of growth conditions were analysed, only
an osmotic shock was able to trigger the shift from quiescence to pathogenicity, thus
demonstrating the rigidity and strict regulation of inhibitor production and secretion.
Furthermore, as there is no consensus between Burkholderia, Pseudomonas and
Photorhabdus with regard to their respective environmental stimuli, their sensory
systems reflect the adaptation of these bacteria to their different environments.

4.4 Functional and Structural Characterization of Cepl
and GIbA

4.4.1 Structure Elucidation by 2D-NMR Spectroscopy

After the successful isolation of the compounds, their respective structures were
elucidated by 2D-NMR spectroscopy. A 25 mM solution of both inhibitors in Dg-
DMSO was prepared and the H,H-COSY, H,C-HSQC and H,C-HMBC spectra were
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Fig. 4.8 Mass spectrometrical analyses of P. luminescens cultures. a Under normal growth con-
ditions, inhibitor secretion can be detected neither by the NMR assay nor by the downstream
accumulation and LC-MS analysis. b After the induction by a suitable environmental stimulus,
Photorhabdus starts to dramatically change its spectrum of secondary metabolites. Whereas the
range between 0 and 20 min stays unaltered in the chromatogram, a whole array of additional
substances can be visualized in the area between 20 and 40 min retention time. Among these, the
highly potent proteasome inhibitors are also produced in trace amounts (blue and green interval
corresponding to the masses of 521 and 535 g/mol). Even by LC-MS analysis, the compounds
can only be visualized after their enrichment by the solid resin and silica column purification
step, whereas the NMR assay is able to already detect them in the highly heterogeneous culture
broth. Figure adopted from Stein et al. [4]

recorded on a 500 MHz spectrometer. This resulted in the identification of glidobac-
tin A, which had been described to be one of the most powerful proteasome inhibi-
tors, as well as a molecule that has been named cepafungin I in literature (Fig. 4.9a)
[14-16]. NMR peak assignments of both molecules are listed in Table 4.1.

Although the inhibitors differ in only one methyl moiety, Cepl has never been
characterized with regard to its CP-modulatory activities. Both Cepl and GIbA
share the macrolactam cycle typical for syrbactin compounds, which carries the
electrophilic Michael system required for the reaction with Thr-10Y. Adjacent to
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Fig. 4.9 Structural comparison between the isolated molecules with SylA. a GIbA and Cepl
share the macrolactam cycle of syrbactin compounds containing an electrophilic Michael system.
Bot molecules only differ in their fatty acid moiety, which carries a branched terminus in the case
of Cepl, whereas it is linear in GIbA. b In contrast to the molecules produced by Photorhabdus,
SylA displays a highly hydrophilic carbonic acid tail, which is connected to the macrolactam
moiety by a urea link. Eventually, its decoration pattern slightly differs, especially with regard to
the moieties that interact with the S1 and S3 pockets. Figure adopted from Stein et al. [13]

this moiety, they carry a threonine residue, which links the macrolactam ring to a
fatty acid chain that is strained by two conjugated double bonds. In fact, the inhib-
itors only differ in one methyl group situated at the far end of the fatty acid tail.
Whereas this chain is linear in GIbA, it is terminally branched in Cepl, thereby
increasing the hydrophobic surface area. In contrast, the structure of SylA displays
a highly hydrophilic carboxylic acid terminus (Fig. 4.9b). Moreover, it features a
urea moiety that links the two valine residues head-to-head in its tail. Eventually,
the decoration pattern of both the macrolactam cycle and the adjacent amino acid
differs slightly, especially with regard to the crucial interactions with the proteaso-
mal S1 and S3 binding pockets.

In conclusion, although the three molecules are produced by bacteria with
very different habitae, their virulence relies on the same molecular lead structure,
which, however, is fine-tuned to match the respective biochemical requirements.
Interestingly, Photorhabdus has slightly shifted the product spectrum present in
the Burkholderiales strain K481-B101 towards a more hydrophobic fatty acid tail,
though still producing GIbA as well.

4.4.2 Reversibility Assays, Selectivity and I1Csg Measurements

Aiming to investigate the inhibitory potential of the compounds, ICsy measure-
ments were performed for all proteasomal activities. As the purified inhibitors
formed colourless solutions and therefore were not prone to produce any arte-
facts by quenching or autofluorescence, the experiments could be carried out by
utilizing the standard fluorescence AMC substrates. For direct comparison with
the new NMR technique, the residual ChTL activity was also evaluated with
the labelled natural peptide substrate. Both assay variants resulted in almost
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Table 4.1 NMR spectroscopic data (Dg-DMSO) for Cepl (a) and GIbA (b)

Sy, mult. [J (Hz)] d¢ Type COSY HMBC
la, 2a 0.84, d, (3.25) 23.03 CH3 3a la, 2a, 3a, 4a
3a 1.50, m 27.82 CH la, 2a, 4a la, 2a, 4a 5a
da 1.15,m 38.86 CH, 3a, 5a la, 2a, 3a, 5a, 6a
1b 0.86, t (7.0) 14.46 CHj3 3 3b, 4b
3b 1.26, m 31.68 CH, 1b 1b
4b 1.26, m 26.21 CH,
5 1.26, m 27.08 CH, 4a
6 1.26, m 29.21 CH,
7 1.39, m 28.81 CH, 8 5,6,8
8 2.13, m 32.76 CH, 7,9 7,9, 10
9 6.11, m 142.68 CH 8,10 7,8,10, 11
10 6.19, m 129.49 CH 9,11 8,9,11
11 7.00, dd (15.0, 10.0) 140.24 CH 10, 12 9,10, 12, 13
12 6.13, m 123.49 CH 11 11,13
13 - 165.88 C(0) 11,12
14 7.91,d (9.0) - NH 15 13, 15
15 4.29, m 58.49 CH 14, 16 16,17, 18
16 397, m 67.18 CH 15,17
17 1.0, d (10) 20.46 CH3 16 15,16
18 - 169.86 C(0) 15, 19
19 7.76,d (7.0) - NH 20 18, 20, 21
20 4.34, m 51.66 CH 19, 32
21 - 171.44 C(0) 19
22 8.69 - NH 23
23 4.37, m 45.21 CH 22,24,25
24 1.22, m 19.05 CH3 23 23
25 6.41,d (15.0) 143.56 CH 26
26 6.19, m 140.23 CH 25 26
27 - 168.09 C(0) 25,29
28 7.44,t(5.5) - NH 29 26, 29, 30
29 3.02, m 40.4 CH, 28, 30 27,28, 30
30 145, m 40.07 CH, 29,31 29
31 3.58, m 67.57 CH 30, 32 30
32 1.85, m 42.93 CH, 31, 32,20

1.58,d (11.5)

The peak assignments refer to the atom numbering in Fig. 4.10
d: Chemical shift in ppm

d: duplet

m: multiplet

t: triplet

identical ICsp values, thereby again pronouncing the equivalency of the NMR-
and the UV-VIS-based approach (Fig. 4.11a). Remarkably, the ChTL activity
was inhibited with an ICs¢ value of 4 nm, which was five times lower com-
pared with GIbA (19 nm). This is especially noteworthy with regard to the high
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Fig. 4.10 Structure of Cepl with atom labeling

chemical similarity of both molecules. Analysis of the stoichiometry between
Cepl and proteasome molecules in the assay mixture reveals that a complete
shut-down of the enzymatic activity occurs already at a ratio of 2:1, thereby
reaching the detection limit of the assay due to the 2-fold symmetry of the pro-
teasome particle [4].

The results gained for the ChTL activity were analogous for the TL activ-
ity, which was inhibited by Cepl and GIbA to 24 and 193 nm, respectively
(Fig. 4.11b). In contrast, the proteasomal CL was unaffected by both molecules
up to concentrations of 100 uM. The inhibition pattern can be explained by the
small hydrophobic P1 and P3 moieties of the inhibitors, which perfectly suit the
binding channel formed on the interface of f5 and $6. Furthermore, as $2 has been
shown to exhibit a wide range of acceptable substrates covering basic and small
hydrophobic residues, the inhibitors are also able to bind to this active subunit. In
contrast, B1 has a rather narrow substrate spectrum focused on acidic P1 residues
and therefore rejects both GIbA and Cepl.

The results gained for the ChTL and TL activities were surprising, because the
only minor change of an additional methyl moiety distant to the actual coupling
reaction to the active subunits influence the inhibition profile to that extent.

In order to reconfirm the binding mode of the inhibitors, gel shift experi-
ments were performed with both compounds using the Pre2-(His)e mutant
(Fig. 4.12). These verified their irreversible mechanisms by a clear increase
of the mass of the B5 subunit to the approximate extent of the size of the
inhibitors. Interestingly, no second band corresponding to the unbound subu-
nit appeared at the range of the ICsq value, thereby contrasting the findings of
SylA (Fig. 4.4b).

The broad transition from the bound to the unbound state displayed by SylA
reflects a different kinetic behaviour. Although the proteasomal binding sites are
blocked by the inhibitor, thus preventing substrate turnover in catalytic measure-
ments, SylA does not instantly undergo an irreversible reaction. In crystal struc-
ture analyses, however, the long reaction time allows for the complete coupling
reaction to take place, hence yielding only the bound adduct.
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Fig. 4.11 ICsg curves of GIbA (green) /Cepl (blue) with yeast CP. a Evaluation of the ChTL
activity shows that Cepl is far more potent than GIbA, sporting ICs( values of 4 and 19 nm,
respectively. Comparison between the data produced with fluorescence and NMR (black) assays
underlines the equivalency of both techniques also with regard to sensitivity. Error bars are too
small to be visible. b The inhibitory properties of both compounds can also be observed for the
TL activity, despite their binding preference for the f5 subunit. The ICs( value of Cepl (22 nm) is
even ten times decreased compared to GIbA (214 nm)

By contrast, even the small incubation time of few min previous to SDS gel
analysis are sufficient for Cepl and GIbA to form the stable ether bond to the 5
subunit, thereby again reflecting the optimization of the inhibitors.

4.4.3 Analysis of the Yeast 20S Proteasome: Ligand Complex
Structures

Aiming at elucidating the molecular background for the inhibitory properties of
the compounds, crystal structure analyses of Cepl and GIbA in complex with
the yeast 20S proteasome were performed. CP crystals were grown as described
previously and soaked with the inhibitors at final concentrations of 10 mM [17,
18]. Data for both Cepl and GIbA were recorded to resolutions of 2.8 and 3.0 10\,
respectively, by using synchrotron radiation at the SLS (Paul-Scherrer Institut,
Villingen, Switzerland).

Molecular replacement was carried out by using the 20S yeast proteasome
structure (IRYP) as a starting model for rigid body minimization, which was fol-
lowed by translation-liberation-screw refinements under consideration of the
2-fold NCS symmetry. Ligands were built and minimized with the molecular
modelling programme SYBYL and model building was achieved by cyclic den-
sity averaging in MAIN, which resulted in R values of 24.3 % for the Cepl and
22.7 % for the GIbA structure (Table 4.2).

Analysis of the electron densities clearly shows the covalent attachment of the
macrolactam moiety to Thr-10Y typical for syrbactin compounds, thus confirming
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Fig. 4.12 Reversibility experiment by western blot analysis of the B5 subunit using the Pre2-(His)g
mutant. A clear increase of the molecular mass of the active subunit is visible down to nanomolar
concentrations, thereby verifying the irreversible attachment of the inhibitor. In contrast to analo-
gous experiments with SylA, no double band occurs at the transition between the completely bound
and the uninhibited state, thereby hinting at enhanced kinetic properties compared to SylA

the results gained by the gel shift assays and the kinetic experiments (Fig. 4.13).
Just as SylA, the inhibitors form an antiparallel B-sheet with the proteasomal
subunits via their peptidic backbone. Interestingly, the compounds occupy the
oxyanion hole formed by Gly-47 N by their intracyclic carbonyl moiety adjacent
to the active Michael system. Structural comparison between the syrbactin com-
pounds reveals that the P1 moiety of Cepl /GIbA is diminished to a methyl moiety.
Hereby, they are able to bind into the S1 pocket without dislocating Met-45 out of
its original state, which, however, is necessary in the case of SylA to meet the spa-
tial requirements of the i-propyl group.

Furthermore, both Cepl and GIbA exhibit a threonine residue that links the
macrolactam ring to their fatty acid chain via two peptide bonds. Thereby, they
are able to undergo tight hydrogen bond interactions with Asp-1140Y both by their
Thr-OY and main chain carbonyl moieties. By contrast, SylA carries a hydrophobic
valine residue in its P3 position and is only capable to exploit one hydrogen bond
of Asp-114 with its urea moiety. Eventually, whereas SylA harbours a second
valine residue in P4 and a free carboxylic acid terminus, GIbA and Cepl possess a
highly lipophilic unsaturated fatty acid chain (Fig. 4.14).

Due to the conjugated m-electron system formed by the peptide bond and the
adjacent double bonds, the fatty acid tail adopts a linear arrangement that is sta-
bilized and pre-oriented by van-der-Waals interactions with a forceps-like setup
formed by Pro-115 and Val-116. Thus, the aliphatic termini of Cepl and GIbA point
directly towards a lipophilic patch in f6 adjacent to the catalytically active 5 subu-
nit formed by Tyr-(-5), Pro-94 and Tyr-96. Due to the flexibility of the distal part of
the fatty acid chains, they are able to perfectly bend and interact with this site that
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Table 4.2 Crystallographic data and refinement statistics

Crystallographic data CP: Cepl® CP: GIbA?
Crystal parameters
Space group P2 P2,
Cell constants (A/°) a=1357 134.8
(dataset was collected from 1 crystal/1 CP per AU b=301.0 300.4
c=144.8 144.5
B=112.9 112.7
Data collection
Beamline X06SA, SLS 1.0
Wavelength, A 1.0 15-3.0
Resolution range, AP 25-2.8 724,190
No. observations 837,332 209,581
No. unique reflections® 256,455 99.3 (99.7)
Completeness, %P 97.8 (99.0)
Rolge 7.7 (61.4) 6,7 (47.2)
/o (P 13.0 (2.4) 152 (3.2)
Refinement
Resolution range, A 15-2.8 15-3.0
No. reflections working set 242,408 197,883
No. reflections test set 12,718 10,363
No. nonhydrogen 49,548 49,548
No. of ligand atoms 140 136
Water 1,320 1,290
Ruyork/Rree % 21.3/24.3 19.8/22.7
Rmsd bond (A)/(°)¢ 0.007/1.32 0.007/1.32
Ramachandran plot, %t 95.0/4.7/0.3 94.7/4.8/0.5

Despite the existing structural information of the CP:GIbA complex (PDB ID code 3BDM), we
performed crystal structure analysis also with the isolated natural compound from Photorhabdus
for direct comparison because the crystallization conditions were slightly modified

“Dataset has been collected on a single crystal

bValues in parentheses of resolution range, completeness, Rmerge, and I/ (I) correspond to the
last resolution shell

“Friedel pairs were treated as identical reflections

dRmerge (D) = ki Zj I[(hkl)j—I(hk1)]l/Zhk Ihk, where I(hkl); is the measurement of the inten-
sity of reflection hkl and < I(hkl) > is the average intensity

R = ZpallFopsl — IFcalcll/ ZnkilFobsl, where R is calculated without a sigma cut off for a ran-
domly chosen 5 % of reflections, which were not used for structure refinement, and Ry is cal-
culated for the remaining reflections

“Deviations from ideal bond lengths/angles

fNumber of residues in favored region/allowed region/outlier region

resides at the end of a concave proteasomal setup (Fig. 4.13a). The increased hydro-
phobic surface area of the branched i-propyl side chain present in Cepl enhances the
interactions exploited by GIbA, thereby explaining the surprisingly differing in vitro
inhibition properties of the chemically highly similar molecules (Fig. 4.13b).
Inspection of the other subunits reveals that Cepl /GIbA only occupy the B2
subunit, whereas $1 is completely empty, thus confirming the results gained by the
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Fig. 4.13 Stereo view of the 2Fp-Fc omit electron density map (grey mesh, 1o) of Cepl in
complex with the proteasomal ChTL active site. Hydrogen bonds are indicated by dashed lines,
whereas the arrow underlines the accurate fitting of the P1 methyl moiety into the binding pocket
without displacing Met-45 out of its original state. Cepl is able to occupy the oxyanion hole
formed by Gly-47 N via its intracyclic peptide carbonyl moiety. Due to the rigidity of their fatty
acid tails and the alignment by Asp-114, the termini of the inhibitors point towards a hydropho-
bic patch formed by the $6 subunit. The increased hydrophobic surface of Cepl compared to
GIbA enhances the van-der-Waals interactions with this groove and are thus responsible for the
improved binding properties of Cepl. Figure adopted from Stein et al. [4]

Fig. 4.14 a Surface representation of Cepl in the binding channel formed by 5 and 6. Surface
colours indicate the positive (red) and negative (blue) electrostatic potential contoured from
—30 kT/e to 430 kT/e. The aliphatic tail follows the curvature formed by f6 and tightly interacts
with the hydrophobic patch at its distal end. b Superposition of GIbA and Cepl derived from
their respective complex crystal structures to the yeast CP. The structures perfectly match with
the exception of the additional methyl moiety in Cepl, which is indicated by a red arrow. Figure
adopted from Stein et al. [4]

inhibition assays. Interestingly, the 81 binding channel does not contain an Asp-114
residue from the adjacent subunit and is thus not able to stabilize Cepl and GIbA. In
contrast, SylA binds to all proteasomal subunits as it does not benefit from the addi-
tional hydrophobic interactions at the distant pocket and in turn does not necessarily
require the additional interaction with the Asp-Pro-Val (DPV) motive for binding.

As a conclusion, Cepl displays the most sophisticated and in turn most pow-
erful binding mechanism of all syrbactin inhibitors. However, despite originating
from very different species, all compounds have conserved their macrolactam lead
structures and only display altered decoration patterns, which arguably enhance
binding to their respective host organisms.
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4.4.4 Target Specific Adaptations of Syrbactins

Aiming to understand the different functionalization of the syrbactin compounds,
the B5 and B6 subunit sequences of Saccharomyces cerevisiae, Homo sapiens,
Phaseolus vulgaris (bean plant) and Drosophila melanogaster were aligned to
allow a direct comparison of the interacting loops and residues within the pro-
teasomal binding channel (Fig. 4.15). Although belonging to different biological
kingdoms, both subunits are highly conserved between the species with regard to
the catalytically active residues. Intriguingly, however, they differ exactly at the
crucial positions that interact with the syrbactin inhibitors.

First, the S1 binding site in yeast, human and bean plants contains a Met-45
residue lining the bottom of the hydrophobic grove, which directly interacts with
Ile-35 and confers a considerable degree of plasticity to the size of the binding
pocket. Insects, however, display both an M45L as well as a I35 V exchange.
Although the exact biochemical implications of the displacement of Met-45 are
not yet fully understood, this variance is highly interesting with regard to the dif-
ferently sized P1 residues of the corresponding inhibitors Cepl and GIbA that con-
sist of only a small methyl moiety. SylA with its i-propyl side chain on the other
hand side is still able to affect the plant proteasome that contains the flexible Met-
45 residue equally present in yeast and human. Therefore, the evolutionary adapta-
tion of Cepl /GIbA may originate from the lack of structural plasticity of the S1
pocket in insects host organisms.

Apart from the P1 side group, the second major difference between SylA
and Cepl /GIbA is the exchange of valine to threonine adjacent to the mac-
rolactam scaffold, which is able to bind to the Asp-114 residue in a loop of
the 6 subunit. Both the loop and Asp-114 are conserved in yeast, human and
insects, thus enabling the hydrogen bonds and also the hydrophobic interac-
tions between Pro-115, Val-116 and the fatty acid chain. By contrast, the loop is
truncated in bean plants, thus possibly explaining the reduction of threonine to
valine in SylA.

The hydrophobic patch formed by f6 is conserved in all target species.
Therefore, the biochemical background for the carbonic acid tail of SylA remains
elusive. Yet, a possible explanation might be that only the stabilization conferred
by the DPV motive enables the alignment of the fatty acid chain in order to stretch
out and reach the hydrophobic patch. Hence, the exchange of a highly hydropho-
bic tail in favour of a charged carbonic acid in SylA enhances the solubility of the
compound whereas the inhibition properties against the plant proteasome arguably
stay unaffected. By contrast, Cepl and GIbA are perfectly suited to bind to the
structurally similar human and yeast CP, as the inhibitors are able to engage in all
major interactions present in their natural target particles.

Yet, as the human proteasome is endowed with a flexible S1 pocket, it remains
an open and highly interesting question whether a human pathogen such as
B. pseudomallei sports a methyl moiety in P1 or has conserved the i-propyl group
in SylA due to the lack of evolutionary selection. As shown in the complex crystal
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Fig. 4.15 Sequence alignment of different syrbactin target organisms: Homo sapiens,
Saccharomyces cerevisiae (baker’s yeast), Phaseolus vulgaris (bean plant) and Drosophila mela-
nogaster (fruit fly). Residues that are necessary for the proteolytic activity are coloured in blue,
whereas amino acids that form the proteasomal binding pockets are displayed in green (S1),
violet (S3) and yellow (S1°). Amino acids that are crucial for interaction with Cepl /GIbA are
shown in red. Interestingly, insects possess an alternative S1 pocket with an M45L and a I35 V
exchange, thereby explaining the reduction of the P1 residue in Cepl /GIbA. Although the lipo-
philic patch is conserved in all 6 subunits (Tyr-(-5), Pro-94 to Tyr-96), the loop region Ser-111
to Glu-123 (black bars) is deleted in bean plants, thus arguably preventing the stabilization and
pre-orientation of the inhibitor towards this binding site. The amino acid numbering is according
to the Thermoplasma acidophilum proteasome [19]

structure of the murine iCP and cCP with the immunoproteasome-specific inhib-
itor PR-957, both particles and consequently the related pathways can be selec-
tively addressed by the spatial requirements of an altered P1 residue. This might
also be exploitable by Burkholderia in order to directly and specifically affect the
human secondary defence system by a down regulation of the MHC I presentation.

In order to chemically analyse the effect of the P1 side group exchange, a
hybrid of SylA and GIbA was synthesized and evaluated with regard to its inhibi-
tory strength towards the human CP (Fig. 4.16) [20].

Furthermore, crystallographic measurements of the inhibitors in complex
with the yeast proteasome were performed to investigate the structural implica-
tions. Datasets were recorded at a final resolution of 2.8 A and refined similarly
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Fig. 4.16 SylA-GIbA hybrid molecule. a The chimera of SylA and GIbA is mostly derived from
GIbA, but carries an i-propyl moiety in P1. b Electron density map (1 o) of the inhibitor in com-
plex with the proteasomal B5 and B6 subunits. Hydrogen bonds are indicated by dashed lines. All
interactions present in the structure of GIbA can also be observed in case of the chimera. Due to the
higher spatial requirements of the i-propyl moiety, M45 is dislocated to enlarge the S1 pocket [21]

as described for the complex structure elucidation of the natural inhibitors to yield
an Ryee value of 24.4 9% (Table 4.3) [22]. The molecule is mainly based on GIbA,
but carries the SylA P1 side group. In vitro evaluation of the compound had pre-
viously shown that the inhibitory potency of the SylA-GIbA chimera is slightly
diminished compared to GIbA [20].

Crystal structure analysis reveals that the inhibitor binds to the $5 subunits analo-
gous to GIbA and exploits all interactions present in the original inhibitor. However,
the i-propyl moiety forces Met-45 out of its native state to extend the binding pocket
in the yeast proteasome structure. Therefore, the energy required for this dislocation
is directly responsible for the deteriorated ICs( value of the compound.

As a conclusion, the three natural inhibitors reflect a directed evolution of
the syrbactin inhibitors. Albeit perfectly suited for plant proteasomes, both the
charged and highly polar carbonic acid tail as well as the unfavourable decora-
tion pattern in SylA had to be optimized to enable binding to mammalian or insect
proteasomes. By contrast, GIbA is able to exploit the distant lipophilic patch and
displays enhanced interactions with the P1 and P3 binding pockets. The gradual
optimization yielded Cepl with increased binding affinities due to the enhanced
hydrophobic interactions.

4.5 Cell Viability and Pathway Specific Protein
Accumulation Assays

4.5.1 Cell Cytotoxicity Measurements

In order to assess the in vivo effects of the inhibitors, their inhibition properties
were evaluated in cell culture assays using Hel.a tumor cells. Initially, their cyto-
toxicities were evaluated by standard Alamar blue assays (Fig. 4.17a). In short,
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Table 4.3 Crystallographic data and refinement statistics

4  Results

Crystallographic data CP:SylA-GIbA*?
Crystal parameters
Space group P2,
Cell constants (A/") 134.9
(dataset was collected from 1 crystal/1 CP per AU 298.4

145.3

112.6
Data collection
Beamline SLS, X06SA
Wavelength, A 1.0
Resolution range, AP 15-2.8
No. observations 961, 261
No. unique reflections® 255, 488
Completeness, %P 97.7 (89.8)
Rolge 12.5(61.2)
/o ()P 8.6 (2.0)
Refinement
Resolution range, A 15-2.8
No. reflections working set 241,310
No. reflections test set 12,662
No. nonhydrogen 49,548
No. of ligand atoms 228
Water 1,333
Ruwork/Rree % 21.3/24.4
Rmsd bond (A)/(°)¢ 0.007 /1.3
Ramachandran plot, %" 94.7/4.5/0.8

4Dataset has been collected on a single crystal

bValues in parentheses of resolution range, completeness, Rmerge, and I/ (I) correspond to the
last resolution shell

“Friedel pairs were treated as identical reflections

dRmerge (D) = ki Zj I(hkl)j—I(hkD)]l/Zhk Ihki, where I(hkl); is the measurement of the inten-
sity of reflection hkl and < I(hkl) > is the average intensity

R = ZpallFopsl — IFcalell/ ZnkilFobsl, where R is calculated without a sigma cut off for a ran-
domly chosen 5 % of reflections, which were not used for structure refinement, and Ry is cal-
culated for the remaining reflections

®Deviations from ideal bond lengths/angles

fNumber of residues in favored region/allowed region/outlier region

cells were seeded on a 24 well plate to final densities of 5000 cells per well and
left to attach for 24 h. Subsequently, the medium was exchanged and the inhibitors
were added at various concentrations. After another 48 h, the residual cell viability
was assessed by adding Alamar blue reagent to the medium. Development of the
assay was finished after approximately 2 h and the fluorescence could be recorded
and standardized to a blank sample.

For comparison with a standard proteasome inhibitor, the highly potent peptide
aldehyde MG132 was added as a control compound. Intriguingly, both syrbactin
inhibitors display strongly increased cytotoxicity compared to the synthetic aldehyde.
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Fig. 4.17 Cytotoxic properties of Cepl and GIbA towards HeLa cancer cells in comparison with
the standard aldehyde inhibitor MG132 (Z-Leu—Leu—Leu-al). a LDs( curves were recorded after
approximately 48 h, when the inhibitors reached their maximum cytotoxicity. Both natural com-
pounds are far more potent than MG132 with Cepl being even slightly stronger than GIbA. b
The kinetic evaluation of the inhibitors was performed at final inhibitor concentrations of 1 pM.
Whereas MG132 almost does not have any effect on lethality in accordance with the LD5y meas-
urements, the syrbactin inhibitors quantitatively kill the cells within 48 h. Again, Cepl is slightly
more efficient than GIbA, thus reflecting their in vitro characterization. Figure adapted from
Stein et al. [4]

Although MG132 has been shown to inhibit a whole array of nucleophilic
enzymes and inhibits the proteasomal ChTL activity in vitro with a nanomolar
ICsp value [23], it is not able to compete with the far less reactive but highly opti-
mized natural products. Notably, the results gained in vitro can be confirmed by
the cell culture measurements, as Cepl is also slightly more effective in vivo than
GIbA featuring LD5( values of 48 and 90 nm, respectively.

For evaluation of the temporal dependence of cytotoxicity, HeLa cells were
alternatively treated with 1 uM of all inhibitors and the residual cell titre was
determined after various time intervals by Alamar blue assays (Fig. 4.17b).
Hereby, the natural products achieved complete depletion of all cancer cells
already after 48 h even at this low compound concentration. Compared to the
synthetic aldehyde inhibitor MG132, the natural products exert their cytotoxic
properties far quicker, with slight advantages for Cepl over GIbA. Therefore,
the rather unreactive Michael system in syrbactins is perfectly able to compete
and even surpass the chemically reactive aldehyde compound. In consequence,
the electrophilic moiety may not be the crucial determinant for biological
activity, but can be outperformed by superior binding affinities of the whole
molecule.

Both experiments nicely reflect the results gained by the in vitro measurements,
thereby demonstrating that even a small change such as an additional methyl moi-
ety results in altered in vivo properties. Furthermore, although it has been shown
that inhibition of only the ChTL activity is sufficient to cause cell cytotoxicity, it
is decisively enhanced if also a second subunit is affected [24]. As both Cepl and
GIbA effectively inhibit the ChTL and the TL activity, this explains their impres-
sively enhanced effects against cancer cells.
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Fig. 4.18 Intracellular accumulation assay. a The NF-kB signalling cascade is triggered by
extracellular signals such as IL-1 and leads to the proteasomal degradation of IkBa, which inac-
tively sequesters NF-kB in the cytosol of quiescent cells [25]. b Western blot analysis of IkBa
accumulation upon treatment with 40 uM of the inhibitors followed by IL-1 stimulation. Both the
standard inhibitor MG132 and the natural products successfully prevent IkBa degradation in the
cytosol, thus demonstrating their cell permeability as well as the intracellular proteasome inhibi-
tion. Figure adapted from Stein et al. [13]

4.5.2 Pathway Selective Accumulation Assay

For assessment of the intracellular CP inhibition, the accumulation of the natural
proteasomal substrate protein IkB upon treatment of the cells with the proteasome
inhibitors was monitored. In quiescent cells, the inflammatory transcription factor
NF-kB is inactively sequestered in the cytosol by binding to the inhibitory pro-
tein complex IkB (Fig. 4.18a). Upon recognition of extracellular signalling factors
such as TFNa, IL-1 or bacterial lipopolysaccharides by various receptors, IkB is
phosphorylated by the activated IkB kinase.

Subsequently, IkB is ubiquitinated and subjected to proteasomal degradation,
thereby ceasing the inhibition of NF-kB. The latter is then translocated into the
nucleus to start transcription of a whole array of genes that are linked to immune
response and cancer development.

In order to evaluate the affection of this pathway, cells were treated with a sur-
plus of 40 uM of the inhibitors for 6 h, followed by stimulation with IL-1 for fur-
ther 20 min. Quantification was achieved by western blot analysis towards IkBa
and the protein concentration was standardized by co-staining of the housekeeper
protein GAPDH (Fig. 4.18b). Again, MG132 was introduced as standard protea-
some inhibitor. Both the natural syrbactin compounds and the artificial MG132
inhibitor prevented the degradation of IkBa, thereby demonstrating their cell per-
meability and intracellular CP inhibition. Since the blockbuster drug bortezomib
also received its primary admission by the FDA for the inhibition of the NF-kB
signalling cascade, this experiments underlines the high pharmaceutical potential
of GIbA and Cepl and the applicability of the class of syrbactin compounds with
regard to inflammatory and cancerous diseases in general.
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Chapter 5
Discussion

5.1 Development of a Tool for the Identification of CP
Inhibitors from Natural Sources

The present thesis has led to the establishment of a new tool for the detection of
proteasome inhibitors in highly heterogeneous matrices. Due to the NMR-based
nature of the assay, it is not prone to common artefacts caused by quenching or
autofluorescence that are responsible for the plenitude of false positive and equally
negative results in high-throughput screenings conducted with UV-VIS assays.
Contrary to artificial probe molecules, the assay relies on a natural proteasomal
substrate peptide, whose sequence was adapted to generate both high enzyme
affinity as well as subunit specificity. Despite the insensitivity of NMR in general,
the assay requires only very limited amounts of the peptide, which can be easily
prepared by standard solid phase chemistry. Furthermore, comparison with routine
fluorescence assays confirms its equivalence to common techniques for the analy-
sis of isolated compounds. Due to the strong affinity of the peptide to the proteaso-
mal 5 subunit, the catalytic turnover is extremely high even in correlation to the
optimized fluorescent substrates. Therefore, only a small amount of proteasome is
necessary, which in turn is responsible for the low response limits that are crucial
for the detection of trace amounts of toxins.

By the atom-selective '3C-isotope labelling of the peptide, the novel methodol-
ogy features a high signal-to-noise ratio even in crude mixtures. Furthermore, its
robust character, high sensitivity and unambiguous readout qualify the technique
for the detection of natural product inhibitors already during the fermentation pro-
cess as well as in raw extracts and secretions. Once the presence of an inhibitor
is confirmed, its subsequent isolation and characterization is a straightforward
process as demonstrated by the purification of Cepl and GIbA from cultures of
Photorhabdus luminescens.

Therefore, the developed methodology represents a valuable tool to extend the
range of natural product discovery to the vast pool of hitherto undiscovered com-
pounds whose biosynthesis is silenced under common fermentation techniques.

M. L. Stein, NMR-Bioassay Guided Isolation of the Natural 20S Proteasome Inhibitors 67
from Photorhabdus Luminescens, Springer Theses, DOI: 10.1007/978-3-319-07914-1_5,
© Springer International Publishing Switzerland 2014
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The nematodes infect the larvae and
release the bacteria

H. bacteriophora searches
the soil for insect larvae

After killing the insect, both organisms
multiply and together leave the carcass

Fig. 5.1 The bipolar life-cycle of P. luminescens is separated into a symbiotic phase during
which the bacterium inactively abides in the intestine of a nematode (H. bacteriophora) and a
pathogenic phase in the insect larva where it secretes toxic compounds as well as colourful pig-
ments to deter other scavenging organisms. After killing the insect and multiplying in its carcass,
the nematodes again swallows the bacteria and both leave the insect body to search for more prey

Hereby, it can be utilized for the screening of different cultivation approaches to
eventually unveil the molecular triggers that are able to stimulate the crucial tran-
sition to the relevant life stage of the organism. This was exemplified by the identi-
fication of an osmotic shock in the case of P. luminescens that initiates the virulent
phase in the life-cycle of the insect pathogenic bacterium.

As shown by the extensive screening of growth conditions, only a very defined
molecular trigger is suitable to mimic the natural environmental changes dur-
ing the life-cycle of the bacterium and lead to its transition to the virulent phase.
This again pronounces the significance of the new methodology, as the extraction
of commonly grown cultures would have been without any chances of success.
Notably, the growth conditions that are suitable to initiate the secretion of SylA
from P. syringae or GIbA from cultures of Burkholderiales strain K481-B101
were not able to induce inhibitor biosynthesis in Photorhabdus. Thus, the three
organisms have adapted their sensory system towards their respective host organ-
isms, whereas they have conserved the lead motive and inhibition mechanisms of
their virulence eliciting small molecules.

Interestingly, Photorhabdus displays a highly complicated biphasic life-cycle,
which, is typical for many pathogenic microorganisms (Fig. 5.1).

In its stationary phase, it populates the intestine of the nematode Heterorhabditis
bacteriophora, which is closely related to the model organisms C. elegans. The
worm searches the soil for insect larvae and, once detected, penetrates into the body
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of its prey, where it regurgitates the symbiotic bacteria [1, 2]. Whereas Photorhabdus
is rather inactive in its hibernating symbiotic stage, it immediately starts with the
biosynthesis and secretion of antibiotic agents as well as toxins after the release into
the insect lumen, thereby killing it in a concerted action with the nematodes [3-5].
Both organisms then feed on its tissue and multiply within its carcass [6].

Apparently an osmotic shock sufficiently simulates the environmental shift
from the nematode intestine to the insect body to initiate the pathogenic phase in
Photorhabdus. In order to then deter other scavenging organisms from the dead
larvae, the bacteria start to produce a whole array of intensely colourful pigments
[3, 7]. After the complete consumption of the insect tissue, the nematodes finally
reabsorb the bacteria and both organisms eventually leave the insect to search for
new prey. This biphasic life-cycle, which consists of a symbiotic and an aggressive
pathogenic phase, can also be observed in vitro cultures, but especially the produc-
tion of coloured secretions has thwarted previous attempts to isolate the syrbactin
compounds that were expected from comparative genetic analyses.

Due to the high potency of the inhibitors, their secretion is strictly controlled
in order to selectively address the insect host while leaving the symbiotic nema-
todes unharmed. In conclusion, due to the strict biosynthetic regulation of inhibi-
tor production, the elucidation of the osmotic shock stimulus was only feasible by
the new NMR technique. The straightforward detection of both inhibitors and a
suitable fermentation strategy demonstrates that the developed assay holds a great
potential for the analysis of other organisms and also in high-throughput screen-
ings. With regard to the versatility of already identified natural CP inhibitors as
well as to the biological conservation of the UPS in general, it is likely that the
novel tool will identify a plethora of other interesting lead structures with novel
binding mechanisms. Due to the easy adaptability of the assay also to other pro-
teases and more remote enzymes, it can also be applied for the target directed
search of other secondary metabolites. Therefore, its establishment is going to
have an impact on natural product discovery also in other fields of research.

5.2 Isolation and Characterization of Cepl and GIbA

Besides the establishment of the novel technique, the purification, structure
elucidation and biochemical characterization of the elicitor molecules from
Photorhabdus could be accomplished. Hereby, the NMR-based methodology
again proved to be a valuable tool for the assay-guided optimization of the isola-
tion process, as the inhibitors are only produced in trace amounts that can even
hardly be detected by mass spectrometry after the penultimate purification step.
The NMR structure elucidation surprisingly showed that both molecules differ
only in their fatty acid tail distant from the electrophilic warheads, which bind to
the proteasomal active sites.

Unexpectedly, however, this minor modification proved to efficiently influence
the inhibition properties of the compounds. Although GIbA has been listed as one
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of the most potent proteasome inhibitory compounds described to date with and
ICsp value ranging in the low nanomolar region, the closely related homologue
Cepl turned out to be even four to five times more effective. Structure elucida-
tion of both compounds with the yeast CP led to the identification of a hydropho-
bic patch formed by the catalytically inactive subunits adjacent to the proteasomal
active sites. This finding once again pronounces the unpredictability of complex
biological systems. Despite the available structural data, it is hardly imaginable
that a computational approach could have predicted the extent of the effect or even
identified the additional binding motive.

Furthermore, although P. luminescens is genetically sequenced and even the
gene clusters responsible for the synthesis of the inhibitors are assigned, it is still
not possible to reliably predict the small molecule produced by the huge and com-
plex non-ribosomal peptide synthetases and fatty acid synthase clusters. Yet, the
results gained by the comparative analysis of the syrbactins also emphasizes that
even though the lead structure is conserved between the species, the decoration
pattern has a major influence on the binding properties of the molecule and is
obviously optimized for the target enzyme. Despite the similarity of the respective
gene clusters, it is therefore of crucial importance for natural product research to
eventually isolate and characterize the respective secondary metabolites by con-
ventional chemical and biochemical methods. As a consequence, the isolation of
the small molecule toxins from the human pathogen Burkholderia pseudomallei,
as well as the elucidation of the molecular trigger for its secretion would be a nec-
essary and substantial leap forward for the understanding of the biological involve-
ment of the compound in virulence and may even yield a molecule that has been
further optimized for the human proteasome particles.

Although Cepl could be shown to be the most effective CP inhibitor, it has
essentially been fine-tuned for the insect CP in terms of subunit selectivity and
interactions with the binding channel. Especially alterations in the P1 site, how-
ever, are likely to influence the specificities towards the distinct human cCP, iCP
as well as tCP and therefore convey differing biological implications. Notably,
Photorhabdus has been shown to produce Cepl and GIbA to the same quantity,
whereas the other syrbactin producing organisms only secrete one compound. This
ambivalence again demonstrates the slight adaptational shifts in the decoration
pattern, but may also explain the flexibility and broad spectrum of host organisms
of the genus Photorhabdus.

However, after the successful characterization of SylA, the isolated compounds
are among the first proteasome inhibitors to which a biological function could be
assigned. Importantly, they are also the first examples of CP inhibitors, which are
not only applied to debilitate the host organism but also to foster the next gen-
eration of symbionts. Furthermore, the conservation of the lead structure over the
species barrier, ranging from plants over nematodes to men, emphasizes the uni-
versal applicability of this group of natural products also in terms of pharmaceuti-
cal applications.

After the in vitro characterization of the compounds, the inhibition proper-
ties of Cepl and GIbA could also be observed in cell culture experiments. Both
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substances displayed extreme cytotoxicity against cancerous cells even in com-
parison with established standard proteasome inhibitors. Intriguingly, the path-
way-specific inhibition of the NF-kB signalling cascade could be confirmed. As
this is also the primary reason for the admission of the first FDA-approved pro-
teasome inhibitor bortezomib, this thesis will further promote the pharmaceutical
implementation of the hitherto unexploited group of the syrbactins. Furthermore,
the elucidation of the new binding motive will contribute to the rational design of
novel synthetic compounds. After the successful introduction of the natural prod-
uct derivatives of the epoxyketones for the next generation of medically applied
CP inhibitors and immunoproteasome modulating agents, the highly promising
syrbactins are likely to join the group of medically utilized agents and may con-
tribute to expand the range of proteasome inhibitors to other diseases as well.
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