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Formation of a Dinuclear Copper(I) Complex from the Clostridium-
Derived Antibiotic Closthioamide**

Florian Kloss, Sacha Pidot, Helmar Goerls, Thorsten Friedrich, and Christian Hertweck*

Strictly anaerobic microorganisms, which represent the oldest
living beings on earth, are ubiquitous in the environment and
in the intestines of higher organisms. Despite their huge
impact on human health, ecology, and industrial biotech-
nology, surprisingly little is known about the natural product
chemistry of the oxygen-free world."! Until recently, no
antibiotic or any other secondary metabolite was known from
anaerobes. Bioinformatics analyses of genome sequences of
anaerobes, however, have shown a broad biosynthetic poten-
tial, in particular for polyketides and nonribosomal pep-
tides.”* A plausible explanation for the meager metabolic
profiles is that the limited energy supply under strictly
anaerobic conditions causes down-regulation or even silenc-
ing of the respective genes in the absence of a particular
trigger.”! For the soil-derived bacterium Clostridium cellulo-
Iyticum, the cues were contained in an aqueous soil extract.
Only in the presence of this complex additive, C. cellulolyti-
cum cultures produced a highly unusual metabolite, named
closthioamide (CTA, 1; Figure 1).! CTA has a unique sym-
metrical structure featuring six thioamide moieties. Apart
from its highly unusual structural characteristics, CTA exerts
a remarkable antimicrobial potential, in particular against
problematic nosocomial pathogens (including MRSA and
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Figure 1. Structure of closthioamide (CTA).

VRE) at nanomolar concentrations.*” Genetic manipulation
of the producing strain allowed the isolation and character-
ization of seven additional thioamide congeners, which
appeared to be shunt metabolites and degradation products
of CTA.*l However, the chemical function of the thioamide-
rich molecule has remained a mystery. Here we report that
CTA acts as a selective metal chelator and disclose the
unparalleled architecture of the complex.

During our efforts to optimize CTA production rates
(typically less than 0.2 mgL™"), we obtained increased yields
of isolated CTA when adding potassium cyanide to the
cultures prior to organic workup. Thus we suspected that
a portion of CTA is bound in metal complexes and that the
ligand is displaceable by cyanide. Yet, a metal complex of
CTA could not be detected in the broth, likely because of the
low production rates, poor chromatographic performance,
and strong background signals.

The structure of the symmetric polythioamide 1 strongly
suggests that this compound plays a role as a metal ion ligand,
in particular because the overall architecture is reminiscent of
biogenetic chelators such as the siderophore desferrioxami-
ne B.”) In stark contrast to siderophores that bind hard Lewis
acids (Fe*"), the occurrence of the high number of sulfur
atoms in CTA indicates a preference for soft metal ions. To
identify potential metal ions that could bind to CTA, we
screened mixtures of CTA and metal salts in methanol by
reverse-phase thin-layer chromatography (RP-TLC), taking
advantage of the strong UV absorbance of thioamides near
270 nm. By means of this assay we could narrow down the
number of potential candidates, with Cu*/Cu”* being the most
promising (Figure 2 A, series a). Only with Cu'/Cu** was
a quantitative consumption of CTA observed and recovery of
the ligand upon cyanide addition could only be observed for
Cu?" (partial) and Cu" (complete). In contrast, the bands for
Fe’'/Fe** remained unchanged, thus indicating that the
thioamide has degraded (Figure 2 A, series b).

This pre-selection was confirmed by electrospray ioniza-
tion (ESI-MS) and high-resolution (HR) mass spectrometry
(Orbitrap) measurements. Ions of CTA-metal complexes
could only be detected for the copper-containing samples.
Interestingly, for both Cu™ and Cu’" we observed two
dominant peaks, m/z =410 [CTA +2Cu]*" and m/z =757
[CTA + Cu]*, each showing the characteristic isotope pattern
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Figure 2. A) RP-TLC screening of CTA versus selected metal salts prior
(a) and subsequent (b) to potassium cyanide treatment. B) HR-ESI-MS
spectrum of CTA and [Cu(CH;CN),]CIO, in methanol.

for one and two copper nuclei, respectively (see Figure 2B
and the Supporting Information). Finally, the HRMS-derived
elemental composition (Orbitrap) strongly suggests that the
present complex is a copper(I) species in both samples.

Copper(II) reduction by thioamides has been reported in
the context of copper-catalyzed oxidations."”! Likewise, CTA
has the ability to reduce copper(II), which rationalizes the MS
data and the partial recovery of the ligand in the TLC assay. In
contrast to the low stability of CTA in the presence of
copper(II), we found that the copper(I) complex is stable in
aqueous mixtures. Even after several days of incubation, the
diagnostic peaks for the copper complex were found in the
mass spectrum. The following structural studies, however,
were performed in non-aqueous solvents because of the very
poor solubility of CTA (<2 pm) and the corresponding
complexes.

As a diamagnetic ion, copper(I) allowed NMR analyses
that provided first insights into the structural properties of the
complex. In the '"H NMR spectrum, a significant downfield
shift of the NH/OH protons of CTA was observed after
addition of copper(I) iodide (in [D¢]DMSO, DMSO =
dimethyl sulfoxide; see the Supporting Information). In
light of the poor UV/Vis spectral differences between CTA
and the respective copper(I) complex, we decided to perform
a 'HNMR titration experiment to elucidate the preferred
complex stoichiometry. To avoid partial degradation of CTA,
which takes place even under an inert atmosphere in the
presence of trace amounts of copper(Il), we added sulfur
dioxide to the freshly distilled NMR solvent ([Ds]DMSO).

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The method of continuous variation according to Job was
used to get the CTA/Cu ratio in the preferred complex.!'"! The
curve maximum was found at a mole fraction of 0.66, thus
indicating that under these conditions, two copper nuclei are
coordinated by one CTA ligand (Figure 3).
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Figure 3. A) "H NMR titration experiment of CTA against
[Cu(CH;CN),|CIO,; B) Job plot (NH (2) protons).

While these data suggested a monomolecular structure for
the CTA-Cu complex in favor of supramolecular assemblies,
the spatial structure remained a riddle. CTA provides only six
thioamide donor moieties, and copper(I) usually prefers
a tetrahedral coordination sphere, which is not compatible
with the determined ratio. As NOESY/ROESY experiments
of the complex could not provide information on the overall
structure we envisaged an X-ray analysis.

Single crystals of the copper complex were obtained with
O-TBDMS-substituted closthioamide (2), but with unsatisty-
ing morphology. We reasoned that the fert-butyl substituent
could be favorable because of slightly reduced steric effects
and synthesized analogue 3 (Scheme 1).

Out of a total number of more than 600 different inert
crystallization trials for the copper(I) complex, we finally
obtained yellow hygroscopic prisms. X-ray data analysis
showed an unexpected three-dimensional architecture of the
complex (Figure 4). In accordance with the results obtained
by the Job plot, two copper centers are involved in the
coordination (de, ¢, =4.1 A). Notably, both copper nuclei are
located in the trigonal-planar environment of the thioamide
sulfur atoms (Figure 4).
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Scheme 1. Synthesis of (tBu),CTA. a) Isobutylene, H,SO,, CH,Cl,, 0°C,
20 h; b) KOH, H,0, MeOH, reflux, 1.5 h, 53 % over two steps; c) EDC,
HOBt, Hiinig's base, DMF, RT, 15 h, 89%; d) Lawesson'’s reagent,
pyridine, 105°C, 4 h, 71%. For details, see the Supporting Information.
EDC = 3-(3-dimethylaminopropyl)-1-ethylcarbodiimide hydrochloride,
DMF = N,N-dimethylformamide, HOBt = 1-hydroxybenzotriazole.

Figure 4. X-ray structure of Cu,(tBu),CTA (one dicationic species is
shown; other views in the Supporting Information).

Trigonal planar copper(I) complexes have been found in
a series of copper-dependent metalloproteins,'? such as the
reduced form of a Cu-Zn superoxide dismutase,™ the
binding sites of the CsoR family,"™ metallothioneins,™ or
laccases.'"] In contrast, trigonal planar copper(I) centers in
secondary metabolite complexes are unprecedented. Another
unique structural characteristic of the CTA—Cu complex is the
mode of chelation. A single binding pocket for one copper ion
is provided by two thioamide moieties of two adjacent
B-thioalanine residues. The third donor atom is supplied by
the thiobenzamide moiety, however, on the other half of the
molecule. For the second copper ion, the situation is identical.
In consequence, disregarding packing effects in the crystal,
the overall structure has C, symmetry. Interestingly, the
arrangement of the CTA ligand around the two copper
centers is helix-like, and both copper ions stabilize the pitch.
Notably, in the crystal both enantiomers are found. Helical
structures of synthetic oligo B-thiopeptides in solution have
been described, albeit without any chelated metal ions.!'!’]

In line with the results from physicochemical analyses, the
observed trigonal planar architecture is most compatible with
a copper(I) oxidation state.””) We further substantiated this
finding by EPR measurements of solutions of native and O-
substituted closthioamides and [Cu(CH;CN),]CIO,. In all
cases, the complexes were nearly EPR silent, which is in full
accord with a proposed diamagnetic copper(I) complex (see
the Supporting Information).
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Copper(I) complexes have been described for only a few
natural products, such as bleomycin,?"! penicillamine, gluta-
thione,”? and halichonadin.”®) Furthermore, the peptide
metabolite methanobactin has been shown to be involved in
copper acquisition of methane-oxidizing bacteria, which
employ a copper-dependent methane monooxygenase
(PMMO).**! Despite their large molecular size and struc-
tural complexity, methanobactins capture only a single copper
nucleus in a tetrahedral manner.”*?” In contrast, the small
backbone of CTA has the ability to accommodate two copper
nuclei. Apparently, this structurally simple molecule bears
only the most essential moieties for carrying two copper
centers.

In contrast to methanotrophs, bacteria of the genus
Clostridium are not known for an excessive copper metabo-
lism and were considered as copper non-users.?**! To
evaluate the effect of CTA on copper homeostasis, we
challenged C. cellulolyticum with various copper levels. Yet,
no increased production of CTA under copper-limiting
conditions could be observed. However, a positive copper—
chromazurol S (Cu—CAS) agar-plate assay™! suggested the
potency of CTA to displace CAS from its copper complex in
aqueous media (see the Supporting Information). The high
copper affinity of CTA was further corroborated in titration
experiments under copper-limiting conditions versus the high
copper(I) affinity ligand bathocuproine disulfonate (BCS;
Figure 5A). In light of the high stability constant of
[Cu(BCS)]*~,*Y the displacement of the ligand by CTA in
aqueous solution further supports the role of CTA in copper
complexation under physiological conditions
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Figure 5. A) Titration experiment under copper-limiting conditions with
[Cu(BCS),]*" as a competitive probe. Conditions: pH 7.0, Hepes buffer
(50 mM), a) [Cu'lo=3.5 M, [CTAJgy = 0-1.5 UM, [BCS]ior=70.1 piM;
b) [Cu'liotar=3.1 UM, [CTA],ga = 0-1.5 M, [BCS]yors = 14.4 umM. Traces
shown were the best fits to equations 1 (a) and 2 (b; see the
Supporting Information). B) Antimicrobial activity of different CTA-Cu
ratios against methicillin-resistant Staphylococcus aureus strains
(MRSA; Supporting Information).

(Kp<10~5M). This fact is also supported by a decreasing
antimicrobial activity of CTA in the presence of copper
(Figure 5B). Overall, these findings indicate that CTA acts as
a strong copper(I) chelator. A plausible scenario is the
involvement of CTA in copper detoxification or selective
copper reduction in the anaerobe.

In summary, we have illustrated the potential of the
Clostridium-derived natural product closthioamide to act as
a selective copper chelator using RP-TLC and HRMS
analyses. NMR and X-ray structural studies have unveiled
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a highly compact symmetrical arrangement of a dinuclear
complex. Both copper ions are located in an unusual trigonal-
planar environment of the thioamide sulfur atoms, which is
unparalleled for natural products. Multiple lines of exper-
imental evidence, a ligand recovery assay, HRMS data of the
complex, NMR Job plot, the X-ray structure, and EPR
measurements showed the presence copper(I) nuclei in the
complex. Beyond the structural novelties, this is the first
described metal complex of a secondary metabolite from the
microbial anaerobic world. Competitive assays unequivocally
demonstrated the formation of a CTA complex under
physiological conditions and corroborated the role of CTA
as a strong copper(I) chelator. The discovery of a selective
copper(I) ligand may further serve as a lead for bio-inspired
copper-selective chelators with therapeutic potential, since
copper mis-trafficking has been implicated in various dis-
eases, such as Menkes and Wilson’s disease.*?
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