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Abstract

as with elemental analysis and ESI-MS.

work and provides copper-free methanobactin.

Background: The isolation of highly pure copper-free methanobactin is a prerequisite for the investigation of the
biogeochemical functions of this chalkophore molecule produced by methane oxidizing bacteria. Here, we report a
purification method for methanobactin from Methylosinus trichosporium OB3b cultures based on reversed-phase
HPLC fractionation used in combination with a previously reported resin extraction. HPLC eluent fractions of the
resin extracted product were collected and characterized with UV-vis, FT-IR, and C-1s NEXAFS spectroscopy, as well

Results: The results showed that numerous compounds other than methanobactin were present in the isolate
obtained with resin extraction. Molar C/N ratios, mass spectrometry measurements, and UV-vis spectra indicated
that methanobactin was only present in one of the HPLC fractions. On a mass basis, methanobactin carbon
contributed only 32% to the total organic carbon isolated with resin extraction. Our spectroscopic results implied
that besides methanobactin, the organic compounds in the resin extract comprised breakdown products of
methanobactin as well as polysaccharide-like substances.

Conclusion: Our results demonstrate that a purification step is indispensable in addition to resin extraction in
order to obtain pure methanobactin. The proposed HPLC purification procedure is suitable for semi-preparative

Introduction

Aerobic methanotrophic microorganisms are Gram-
negative bacteria that have the unique ability to use
methane as their only source of carbon and energy [1].
In a first step of their metabolic pathway, methano-
trophs oxidize methane to methanol, a reaction cata-
lyzed by methane monooxygenase (MMO). Whereas
most aerobic methanotrophs produce a membrane-
bound, or particulate MMO (pMMO), some strains also
produce a cytoplasmic, or soluble MMO (sMMO) under
copper-limiting conditions [1,2]. Both types of MMO
contain metal atoms which are involved in the electron
transfer to the substrate. pMMO contains several copper
atoms [3,4] and possibly a diiron center [3], whereas
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sMMO holds a diiron active site [5,6]. Copper has been
found to play a key role in the regulation of pMMO and
sMMO expression as well as in the regulation of other
metabolic enzymes of methanotrophs [4,5,7,8]. Further-
more, methane oxidation by pMMO critically depends
on copper availability [9]. Due to their high copper
requirement, methanotrophs necessitate an efficient
copper mobilization and uptake system.

Studies conducted in the 1990s provided the first evi-
dence for the production of copper binding compounds
(CBC) or copper binding ligands (CBL) released by metha-
notrophic bacteria under copper-depleted conditions
[10-13]. Such copper binding ligands are termed chalko-
phores, in analogy to siderophores involved in the iron
uptake in many organisms. Only recently, researchers have
succeeded in isolating and elucidating the structure of a
chalkophore from the methanotroph Methylosinus trichos-
porium OB3b, a small chromopeptide showing high affi-
nity for copper that was named methanobactin [14-16].
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Copper-bound methanobactin isolated from Methylo-
sinus trichosporium OB3b has a molecular mass of 1215
Da and is composed of seven amino acids and two chro-
mophoric residues involved in copper binding [14].
Upon binding to methanobactin, Cu(II) is immediately
reduced to Cu(I) [17,18]. Initially, Kim et al. [14] sug-
gested that Cu(I) coordination is associated with two
hydroxyimidazolates, each contributing with one N and
one S atom to copper binding. Behling et al. [16], how-
ever, proposed a revised structure of the oligopeptide
methanobactin containing oxazolone rings instead of
hydroxyimidazolate rings responsible for copper binding.
The structure of the copper-bound methanobactin is
shown in Figure 1.

The copper binding peptide methanobactin is not only
suspected to be involved in copper acquisition from the
extracellular phase [10,17], but it may also function as
copper chaperone for pMMO [8,10,19], be responsible
for the electron flow to pMMO [19-21], and regulate
PMMO expression [10,20]. Furthermore, in vitro studies
indicated that methanobactin can act as an oxygen radi-
cal scavenger [19,20]. Recent studies revealed the influ-
ence of methanobactin in natural systems by effectively
mobilizing copper from mineral sources and soils [22].
Additionally, methanobactin was found to promote dis-
solution of copper-doped silicate [23].

Copper-bound methanobactin has been successfully
isolated and purified for characterization and structural
elucidation by a two-step purification method
[14-16,18]. According to the protocols of the two-step
purification method, methanobactin is stabilized with
copper and isolated by a solid phase extraction followed
by a reversed-phase high-performance liquid chromato-
graphy (HPLC) purification step.
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Figure 1 Structure of methanobactin. Schematic drawing of
copper-bound methanobactin modified from Behling et al. [16].
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Methanobactin obtained by these procedures is suita-
ble for characterization purposes. Sufficient amounts of
copper-free methanobactin, devoid of buffers such as
phosphate, are prerequisite to further investigations of
the biogeochemical functions of chalkophores. Choi
et al. [21] described a one-step purification method to
gain copper-free methanobactin. The one-step purifica-
tion method consists of a resin extraction and has been
applied in several studies [22-24].

From the analysis of exudates released by Methylosi-
nus trichosporium OB3b and isolated following the one-
step purification protocol published by Choi et al. [21],
however, we found that the elemental composition
(mainly C, N, and S) diverges largely from the theoreti-
cal composition of methanobactin according to the
structure proposed by Behling et al. [16].

Here, we report an improved method yielding highly
pure, copper-free methanobactin extending the
published one-step resin extraction method with a sub-
sequent purification step with HPLC using a reversed-
phase C18 column. Different fractions were collected
from HPLC effluent and analyzed in order to separate
pure methanobactin and to characterize other com-
pounds that were present in the product of the one-
step resin extraction method. Characterization methods
included various spectroscopic techniques, such as UV-
vis, C-1s near-edge X-ray absorption fine structure
(NEXAFS), and Fourier transform infrared (FT-IR) spec-
troscopy, as well as electrospray ionization mass spec-
trometry (ESI-MS).

Materials and methods

Materials

All reagents used were at least analytical or liquid chro-
matography grade and purchased from Fluka, Merck, or
Sigma-Aldrich. All solutions were prepared with high-
purity deionized water (MilliQ, Millipore, 218.2 MQ
cm). Glassware was washed in 1 M NaOH and 1 M HCl
for 24 hours and rinsed with deionized water. Either
amber glassware was used or glassware was wrapped in
aluminum foil to exclude light.

Methanobactin production and purification

Methylosinus trichosporium OB3b cells were cultured in
nitrate minimal salts medium (NMS) amended with
0.2 uM CuCl, using a BIOSTAT® A plus bioreactor sys-
tem (Sartorius) as previously described [15,21]. The cul-
tures were grown in batch mode at 30°C and
continuously purged with a mixture of air and methane
in a ratio of 2:1 (v/v) at a flow rate of 60 mL min".
When the cultures reached an optical density of 0.8-1 at
a wavelength of 600 nm, 90% of the culture was har-
vested and replaced by fresh medium. The harvested
medium was centrifuged twice at 9000 g for 30 min and
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immediately vacuum-filtered through a 0.2 pym PTFE fil-
ter (Millipore) combined with a glass microfiber pre-fil-
ter (Whatman®™) to remove the cells. The filtrate was
then loaded onto a 4 x 30 cm Diaion HP-20 column
(Supelco). Subsequently, the column was washed with
two column volumes of deionized water prior to elution
with 60% methanol. The eluate was freeze-dried
immediately.

After this resin extraction, the obtained isolates were
dissolved in deionized water in amber glass vials and ana-
lyzed by reversed-phase chromatography on a HPLC sys-
tem (Agilent 1100 Series) with a diode array UV-vis
detector. To analyze the different components of the iso-
lates, chromatography was first performed on an analytical
ProntoSil 120-5-C18aq column (4 x 250 mm, 5 um, BIS-
CHOFF Chromatography) with a K2 (4.0 x 20 mm, 5 pm)
precolumn. Fractions were then separated using a semi-
preparative ProntoSil 120-5-C18aq column (10 x 250 mm,
5 pm, BISCHOFF Chromatography) and a ProntoSil pre-
column (8 x 33 mm, 5 pum) in series at a flow rate of
4.4 mL min ", with 10 mM NaCl (solvent A) and methanol
(solvent B) as mobile phases. Prior to injection, the col-
umn was equilibrated with 40% solvent B and a linear gra-
dient consisting of an initial solvent B concentration of
40% to 50% at 10 min and 100% at 15 min was used. UV-
vis absorption of the eluate was monitored at wavelengths
of 220, 254, 280, and 390 nm, which is characteristic for
methanobactin. Additionally, the absorption spectra ran-
ging from 220 to 600 nm were recorded for each peak.
Eluate fractions were collected and freeze-dried for further
characterization. Samples were stored at -20°C in the dark
to avoid degradation [15].

Elemental analysis and molecular mass determination

To determine the molar C/N ratio of the collected frac-
tions as well as of the resin extract isolated from the
cultures, total organic carbon (TOC) and total nitrogen
(TN) were measured with a TOC and TNb analyzer
(DIMATOC®2000, DIMATEC Analysentechnik GmbH).
Total Cu concentrations were determined by graphite
furnace atomic absorption spectrometry (GF-AAS) with
Zeeman background correction (GTA 120 AA240Z,
Varian).

Mass spectra were obtained with a Waters nanoAC-
QUITY UPLC coupled to a Thermo Exactive Orbitrap
mass spectrometer using electrospray ionization (ESI-
MS) operated in negative ion mode. Freeze-dried mate-
rial was diluted in deionized water, followed by addition
of CuCl,. Sample solutions were injected to a nanoAC-
QUITY UPLC trap column (180 pm x 20 mm, 5 pm)
for 30 s with 100% 5 mM formic acid at 15 pL min™
and an analytical Atlantis dC18 column (300 pm x
150 mm, 3 pm) with 30% 5 mM formic acid and 70%
acetonitrile at 5 puL min ™.
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UV-vis spectroscopy

UV-vis absorption spectra of the resin extract and of the
fractions collected during the following HPLC purifica-
tion step were recorded with a UV-vis spectrometer
(Cary50 Bio, Varian). All samples were diluted with
deionized water, which was also used as the blank and
measured in a 1.0 cm quartz cell between 220 and
600 nm. TOC concentrations of all samples were mea-
sured and the absorption spectra of were normalized to
the relative carbon content of each fraction.

C-1s NEXAFS spectroscopy

C-1s near-edge X-ray absorption fine structure (NEX-
AFS) spectra were collected using the scanning trans-
mission X-ray microscope (STXM) at beamline X-1A of
the National Synchrotron Light Source (NSLS), Upton,
NY. Sample solutions were freshly prepared by dissol-
ving freeze-dried material in deionized water. Air-dried
specimens were prepared by placing a 2 pL droplet of
each solution onto an X-ray transparent Si3N, window
(Silson Ltd., Northampton, UK). For each dry film speci-
men, spectra were recorded at 15 different spots from
280 to 310 eV in steps of 0.1 eV. The recorded absor-
bance spectra were background corrected and normal-
ized to the absorbance at 310 eV according to Christl
and Kretzschmar [25].

Fourier transform infrared (FT-IR) spectroscopy

FT-IR absorbance spectra were recorded on a Perkin
Elmer Spectrum One FT-IR spectrophotometer equipped
with a MIR TGS detector. The spectra were collected in
transmission mode in the range of 4000-450 cm™ with a
spectral resolution of 4 cm™. For the analysis, 0.2-0.5 mg
of freeze-dried sample material were mixed with 300 mg
dried KBr, homogenized with pestle and mortar, and
pressed into a pellet under vacuum and under a pressure
of 7.5.10° kPa for 3 min. A background spectrum was
recorded with a pellet containing 300 mg KBr. Sample pel-
lets were freshly prepared prior to recording of the spectra.
The recorded spectra were background corrected and a
linear baseline was subtracted using MATLAB 7.8.0.

Results and Discussion

Reserved-phase HPLC analysis

The product of the previously published resin extraction
method [21] was first analyzed with a reversed-phase
C18 HPLC procedure. The resin extraction was ulti-
mately developed for routine purification of preparative
amounts of high-purity copper-free methanobactin.
Here, we used the chromatographic separation to ana-
lyze the product obtained from the resin extraction for
possible impurities. The chromatogram revealed several
peaks at a detection wavelength of 390 nm, with one
major peak eluted after 8 min (Figure 2). Detection at a
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Figure 2 HPLC elution spectra. Reserved-phase chromatography of the resin extract isolated from Methylosinus trichosporium OB3b cultures
was performed with a 10 mM NaCl/Methanol gradient. Absorbance was monitored at 390 nm (top) and 254 nm (bottom).

lower wavelength of 254 nm, however, displayed intense
signals of fractions eluted with the void volume of the
column. The detection of multiple peaks indicates the
presence of a number of substances other than metha-
nobactin in the isolate obtained from the cultures. Con-
sequently, the one-step resin extraction procedure is
insufficient to obtain pure methanobactin. Four frac-
tions, marked as 1, 2, 3, and 4 in Figure 2, were
collected for further characterization using the semi-pre-
parative column with a maximal load of 0.3 mg of the
isolate per injection. Fraction 1 mainly consisted of sub-
stances with higher absorbance at 254 nm, but lower
absorbance at higher wavelengths, whereas fractions 2
and 4 are composed of substances with higher absor-
bance at 390 nm. Fraction 3 comprises only the peak
exhibiting the most intense absorbance at 390 nm.

C/N ratio

The molar carbon to nitrogen (C/N) ratios of the four
HPLC fractions and of the resin extract are shown in
Table 1. The theoretical C/N ratio of methanobactin is
4.5 according to the molecular structure proposed by
Behling et al. [16] (Figure 1). The mean C/N ratio of the
product isolated from 10 separate cultivation and extrac-
tion cycles was 7.9 + 2.4. Total carbon measurements
(not shown) revealed that the carbon content was
approximately equal between the isolates from different
harvests. Nitrogen content, however, was always much
lower than the concentrations expected from the molecu-
lar structure of methanobactin and varied considerably
between the isolates. Thus, a substantial amount of

organic impurities are present in the isolates obtained
with a single resin extraction.

The C/N ratios of the four fractions shown in Table 1
represent triplicate measurements. Fraction 1 showed
the highest C concentrations with a C/N ratio of 8.7,
followed by fraction 2 and 4 with C/N ratios of 6.3 and
6.1, respectively. All three fractions exhibited higher C
carbon content as expected for methanobactin. Only the
C/N ratio of fraction 3 approximately corresponded to
the C/N ratio according to structure of methanobactin.

Mass calculations showed that fraction 3 contributed
only to about one third of the total carbon content of
the product isolated with resin extraction (Table 1).
Thus, most of the organic carbon of the product of the

Table 1 Molar C/N ratios

C/N Relative C Relative N

content content
Resin extract 79 £ 24 100% 100%
Fraction 1 87+ 15 35% 23%
Fraction 2 63 +02 13% 14%
Fraction 3 47 + 0.1 32% 42%
Fraction 4 6.1 £03 20% 21%
Molecular structure of 4.5

methanobactin

Molar C/N ratios of the product isolated from Methylosinus trichosporium OB3b
cultures with resin extraction and of the four fractions collected during the
following HPLC fractionation procedure as well as the molar C/N ratio of
methanobactin according to the molecular structure proposed by Behling et
al. [16]. Additionally, the relative C and N contribution of fractions 1-4 to the
total content of the resin extract is shown.
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one-step resin extraction procedure did not originate
from methanobactin.

Since reversed-phase HPLC analysis and C/N ratios
revealed the presence of numerous substances other
than methanobactin, the composition of the four frac-
tions collection during the second purification step
was further characterized by means of spectroscopic
techniques.

UV-vis

UV-vis absorption spectra of the four fractions, as well
as of the isolate obtained from the cultures, are depicted
in Figure 3. The product obtained from the resin extract
showed absorption maxima at 275, 342, and 392 nm
and a shoulder at 298 nm. The spectra were similar to
the UV-vis spectra of copper-free methanobactin as pre-
viously published [15,17]. The absorption maxima at
342 and 392 nm may be assigned to the two chromo-
phoric functional groups of methanobactin involved in
Cu binding [15]. According to the revised structure of
methanobactin postulated by Behling et al. [16], Cu
binding is associated with two alkylidene oxazolone
rings, whereof one has a longer conjugated system lead-
ing to an absorption maximum at higher wavelengths
[17]. Fractions 1-4 showed clearly different spectro-
scopic properties. Similar to the isolate obtained after
the first purification step, fraction 3 exhibited character-
istic major peaks at 275, 342 and 392 nm, but the
shoulder at 298 nm developed into a peak. Higher

1.5 5
—— Resin extract
------ Fraction 1
e Fraction 2
Fraction 3
- ---Fraction 4

Normalized absorbance

0.0

— T T T T T T T T
250 300 350 400 450 500 550 600
Wavelength (nm)
Figure 3 UV-vis spectra. UV-vis spectra of the isolate obtained
with resin extraction and of fractions 1-4 collected during HPLC

fractionation (see Figure 2). Absorbances were normalized to the
relative carbon content of each fraction.
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intensities of the two peaks at 342 and 392 nm com-
pared to the absorption in the 245-315 nm region were
observed for fraction 3. The absorption spectrum of
fraction 4 was similar as shown for metal-free methano-
bactin after methanolysis due to the loss of one oxazo-
lone group [16], leading to the conclusion that fraction
4 is composed of breakdown products of methanobactin
and possibly precursor molecules from lysed cells. Ana-
logously, fractions 1 and 2 may consist of breakdown
products or by-product produced by Methylosinus tri-
chosporium OB3b.

Therefore, UV-vis spectroscopy suggested that metha-
nobactin was eluted with fraction 3. Due to their low
absorbance in the range above 300 nm, fractions 1, 2
and 4 contributed only marginally to the absorption
spectra of the isolate obtained with resin extraction,
even though these fractions contain two third of its
organic carbon. Thus, UV-vis spectroscopy is not a sui-
table tool to detect impurities in partially purified
methanobactin.

C-1s NEXAFS

The C-1s NEXAFS spectra of the product isolated from
Methylosinus trichosporium OB3b cultures and of the
fractions collected with HPLC are shown in Figure 4.
The spectrum of fraction 1 differed clearly from the spec-
tra of fractions 2-4. Fraction 1 showed an intense peak at
289.3 eV, but lower resonance at 288.2 eV. In contrast,
fraction 3 revealed an intense absorbance at 288.2 eV.
Furthermore, the spectrum of fraction 3 showed peaks at
285.1 eV, 285.4 eV, and 287.0 eV as well as at 286.6 eV
and 287.7 eV. Fractions 2 and 4 showed similar spectro-
scopic properties as did fraction 3.

Resonances ranging from 288.6 to around 289 eV have
been previously reported for the C-1s — m*c_o transi-
tion of carboxyl carbon of amino acids [26-29]. The
position of the carboxyl peak may be lowered by an
energy shift of up to 0.4 eV towards 288.2 eV due to the
formation of peptide bonds [26,30]. Therefore, the
intense signal at 288.2 eV indicates the presence of pep-
tides in fraction 3. Peaks at 285.1 eV and 285.4 eV may
be assigned to m*c_c states of aromatic carbon
connected to C or H [26,27,29], whereas the peak at
287.0 eV may be attributed to C-1s — m*c_c transition
of aromatic carbon bound to an O atom [28]. Thus, all
three peaks can be ascribed to the tyrosine group of
methanobactin. The peak at 287.0 eV may also result
from m* transitions of C=N bonds [26] present in the
two oxazolone rings of methanobactin. The absorption
band at 286.6 eV may result from C-1s — m*c_c transi-
tion from ring structure substituted to N of the oxazo-
lone binding group. Kaznacheyev et al. [27] reported
similar resonances for imidazol and histidine amino
acids groups. The resonance at 287.7 eV may be related
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Figure 4 C-1s NEXAFS spectra. C-1s NEXAFS spectra of the isolate
obtained with resin extraction and of fractions 1-4 collected during
HPLC fractionation (see Figure 2). All spectra represent averages of

15 measurements collected on different spots on dry film
specimens.

to the C-1s — o*c_y transition or to the C-1s — o*c.g
transition, thus, indicating the presence of pyrrolidine,
cysteine and methionine units. All absorption bands of
the C-1s NEXAFS spectrum of fraction 3 can be
assigned to functional groups of methanobactin. Com-
parison of fractions 2 and 4 with fraction 3 showed that
these fractions are also peptide-like material. Together
with UV spectroscopic results discussed above, this sug-
gests that fractions 2 and 4 contain breakdown products
of methanobactin.

The major part of fraction 1, however, is clearly not
peptide-like organic material because the C-1s NEXAFS
spectrum showed only a weak peak at 288.2 eV. C-OH
moieties, indicated by the strong resonance at 289.3 eV
[29], may be partly polysaccharide-like compounds,
which are not retained by the C18 column used for frac-
tionation of resin extracts. Similar C-1s NEXAFS spectra
were reported for L-(1)-arabinose [29] and xanthan [31].
Polysaccharides are known to contribute to a large
extent to microbial extracellular polymeric substances
[32]. Likewise, methanotrophic bacteria, including
Methylosinus trichosporium OB3b, are known to pro-
duce extracellular polysaccharides [33]. As a conse-
quence, we conclude that fraction 1 contains mainly
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polysaccharides, e.g. exopolysaccharides released by
Methylosinus trichosporium OB3b during cultivation or
dissolved decomposition products of lysed cell material.

Principle component analysis of C-1s NEXAFS spectra
of the product isolated with resin extraction from
Methylosinus trichosporium OB3b cultures revealed the
presence of two main components, namely a polysac-
charide-like and a peptide-like component. Estimations
with all recorded C-1s NEXAFS spectra indicated that
fraction 1 contributed one third to the total carbon con-
tent of the product isolated with resin extraction. This
finding is in accordance with the organic carbon mass
balance as given in Table 1.

FT-IR spectroscopy

FT-IR spectra of all fractions collected during the purifi-
cation of copper-free methanobactin are shown in
Figure 5. Peak assignments are based on values pub-
lished by Bellamy [34] and Parker [35]. A broad intense
band at about 3380 cm™ results from stretch vibrations
of H-bonded hydroxyl (OH) groups and N-H stretch of
secondary amides. Weaker bands at 2940 and 2840 cm™
can be attributed to C-H stretching of aliphatic CHjy
and CH,. A weak shoulder at 1760 cm™' may result

1660 cm™
1516 om”
1030 cm™

Fraction 1

Fraction 2

Absorbance

Fraction 3

Fraction 4

NN N YN

T T T T T T T T T T T ‘ 'I T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm ™)

Figure 5 FT-IR spectra. FT-IR spectra of fractions 1-4 collected
during HPLC fractionation (see Figure 2) of the resin extract. Spectra

were recorded in transmission mode from KBr pellets containing
0.2-0.5 mg of freeze-dried sample material.
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from C=0O stretching of COOH and ketones. The
intense band at 1660 cm™' can be assigned to C=0
stretching of amides (amide I band). Bands at 1540 and
1516 cm™* can be ascribed to the amide II band of sec-
ondary amides found at 1570-1510 cm’! in solids, which
result from a mixed vibration involving N-H bending
and C-N stretching [35]. Peaks around 1410 cm™ can
be attributed to O-H deformation, CH; bending, C-O
stretching of phenolic OH and COO" antisymmetric
stretching. The small band at around 1245 cm™ can be
assigned to C-O stretching and OH deformation of
COOH. The intense peak at 1030 cm™, however, results
from C-O stretching as present, e.g., in aliphatic esters
or polysaccharide-like substances.

The comparison of the different fractions demonstrated
that the IR spectra were dominated by absorption bands at
1660, 1540, 1516, and 1030 cm™ with varying intensities.
The intensity ratio calculated for the bands at 1660 cm™
and 1030 cm™ revealed a stronger absorption at 1660 cm™
relative to the absorption at 1030 cm™ for fraction 3 than
for fractions 1, 2, and 4 (Table 2). Similar results were
obtained for the intensities of absorption bands at 1540
and 1516 cm” relative to the absorption at 1030 cm™. The
sum of the absorption bands characteristic for amides
(1660, 1540, and 1516 cm’l) relative to the absorption at
1030 cm™* was clearly higher for fraction 3 compared to
fractions 1, 2, and 4, thus indicating a more pronounced
peptide-like character for fraction 3. Fractions 2 und 4
showed similar absorption properties as did fraction 3 in
the region from 1500-1200 cm™, but lower absorption at
1660 cm™ compared to the absorption at 1030 cm™. Frac-
tions 2 and 4 may therefore consist of degradation pro-
ducts of methanobactin. Likewise, fraction 1, containing
mainly polysaccharide-like material according to C-1s
NEXAFS spectroscopy (vide supra), might also include
peptides, originating for example from degradation of lysed
cells. Accordingly, FT-IR spectra confirmed the results
shown with C-1s NEXAFS spectroscopy. NEXAFS spectra
as well as the relative intensities of the FT-IR absorption
bands can be used as a reference for future investigations.

Purity and stability of isolated methanobactin
To further support the conclusion that methanobactin
was eluted in fraction 3, this fraction was also analyzed
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with ESI-MS after copper addition for stabilization.
ESI-MS analysis showed an intense signal at m/z 1215
[M - 2H + Cu']", thus confirming the presence of
methanobactin in fraction 3 (Figure 6). Furthermore, the
spectra exhibited a molecular ion at m/z 1237, resulting
from Cu-bound methanobactin with one Na atom
adduct.

Copper analysis of fraction 3 (conducted with GF-AAS
prior to copper addition) revealed a molar copper-to-
methanobactin ratio of 0.0027. Methanobactin concentra-
tion was calculated from the carbon content of fraction 3.
Consequently, methanobactin obtained with the combined
resin extraction-HPLC procedure is virtually copper-free.
To determine the stability of copper-free methanobactin
after purification and storage, freeze-dried samples of frac-
tion 3 were dissolved in deionized water and re-chromato-
graphed using the HPLC procedure which was used for
fractionation of resin extracts. Re-injection of copper-free
methanobactin showed that a minor contribution of
breakdown products was formed. An addition of CuCl, to
the very same sample led to a chromatogram with a single
peak (for chromatograms see Additional file 1: Figure S1).
These results indicate that the small amounts of break-
down products are formed during chromatography and
that methanobactin can be stabilized by Cu addition.

Conclusions

The analysis of resin extracts of harvested Methylosinus
trichosporium OB3b culture medium revealed that
methanobactin was present in the extract, but it contrib-
uted only 32% to the total isolated organic carbon of the
extract. The extracted organic substances other than
methanobactin were found to be peptide compounds as
well as more polar compounds exhibiting primarily a
polysaccharide-like character. We suggest based on our
spectroscopic results that the peptide-like organic impu-
rities represented mainly degradation products of
methanobactin, whereas the polysaccharide-like material
originated from exopolysaccharides or the decomposi-
tion of dead cells. The large variety of organic impurities
detected with HPLC as well as the high quantity of
these impurities present in the resin extract clearly
demonstrated the need for a follow-up purification
procedure in order to isolate pure methanobactin

Table 2 Relative intensities of the FT-IR absorption bands of fractions 1-4 collected during the HPLC fractionation

procedure
1660 cm ™" 1540 cm”" 1516 cm™" (1660 +1540 +1516) cm "
1030 cm™! 1030 cm™! 1030 cm ™" 1030 cm™!
Fraction 1 082 0.36 0.30 149
Fraction 2 0.73 0.37 037 147
Fraction 3 153 0.92 1.05 3.50
Fraction 4 0.56 0.30 0.34 1.21
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Figure 6 Negative ion ESI-MS spectrum of copper-bound
methanobactin (m/z 1215.18).

appropriate for experimental research on methanobac-
tin. The presented HPLC fractionation using a C18 col-
umn was proven suitable for purification. We propose
using a two-step procedure consisting of resin extraction
followed by HPLC fractionation to isolate and purify
methanobactin from Methylosinus trichosporium
OB3b cultures. This procedure can be used for semi-
preparative work. The isolated methanobactin obtained
with this two-step procedure is virtually copper-free and
thus well-suited for studies investigating copper binding
properties of methanobactin as well as the role of
methanobactin for copper acquisition of methanotrophs
from organic and mineral sources.

Additional material

Additional file 1: Figure S1 Chromatograms of isolated
methanobactin. HPLC elution spectra recorded at 390 nm and 280 nm
are shown for isolated copper-free and copper-stabilized methanobactin.
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