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Dereplication of Streptomyces sp. AMC 23
polyether ionophore antibiotics by accurate-
mass electrospray tandem mass spectrometry

Eduardo J. Crevelin,® Anténio E. M. Crotti,® Tiago D. Zucchi,®
Itamar S. Melo® and Luiz A. B. Moraes®*

Actinomycetes, especially those belonging to the genus Streptomyces, are economically important from a biotechnological
standpoint: they produce antibiotics, anticancer compounds and a variety of bioactive substances that are potentially
applicable in the agrochemical and pharmaceutical industries. This paper combined accurate-mass electrospray tandem mass
spectrometry in the full scan and product ion scan modes with compounds library data to identify the major compounds in the
crude extract produced by Streptomyces sp. AMC 23; it also investigated how sodiated nonactin ([M + Na]*) fragmented. Most
product ions resulted from elimination of 184 mass units due to consecutive McLafferty-type rearrangements. The data
allowed identification of four macrotetrolides homologous to nonactin (monactin, isodinactin, isotrinactin/trinactin and
tetranactin) as well as three related linear dimer compounds (nonactyl nonactoate, nonactyl homononactoate and
homononactyl homononactoate). The major product ions of the sodiated molecules of these compounds also originated from
elimination of 184 and 198 mass units. UPLC-MS/MS in the neutral loss scan mode helped to identify these compounds on the
basis of the elimination of 184 and 198 mass units. This method aided monitoring of the relative production of these
compounds for 32days and revealed that the biosynthetic process began with increased production of linear dimers as
compared with macrotetrolides. These data could facilitate dereplication and identification of these compounds in other

microbial crude extracts. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Actinomycetes produce about 10 000 bioactive compounds from
microbial sources; such compounds are interesting for the
agrochemical and pharmaceutical industries.”’ Actinomycetes
consist of Gram-positive bacteria with high guanine and cytosine
content.” They act as a key biocontrol agent in the management
of many phytopathogenic fungi.”) Moreover, these microorgan-
isms, especially those belonging to the genus Streptomyces, are
economically important from the biotechnological standpoint:
they produce antibiotics, anticancer compounds, melanins,
enzymes, enzyme inhibitors and single cell protein; they also
function as probiotics in aquaculture.”*® In addition, actinomy-
cetes can exclusively produce polyether ionophores,”! such as
nonactin, which belongs to the class of macrotetrolides and
occurs in different Streptomyces species.®=1%

Over the last two decades, researchers have employed classic
and time-consuming strategies to isolate natural products from
various biological matrices produced by microorganisms, marine
organisms and plants; they have also used several chromatographic
techniques as well as spectroscopic [infrared (IR), ultraviolet (UV),
1D and 2D nuclear magnetic resonance (NMR) and mass spectrom-
etry (MS)] data for further elucidation of chemical structures.!'"

Dereplication is the process that differentiates between crude
extracts containing known natural products and crude extracts
that possess novel metabolites of interest. This process repre-
sents an important step in drug discovery programs, because it

enables early structural determination of known secondary
metabolites and helps to rationalize and optimize bioguided
isolation procedures.'>'®! As for MS, dereplication constitutes a
fast and reliable strategy to screen crude extracts for the
presence of known compounds before the start of isolation and
purification efforts.!™ In this scenario, dereplication has been a
crucial stage in the search for novel bioactive secondary metabo-
lites."™ Dereplication strategies exclusively combine chromato-
graphic [usually high-performance liquid chromatography (HPLC)
or gas chromatography (GC)] and spectroscopic (especially UV,
MS or NMR) data with database (Dictionary of Natural Products,
MassBank, NAPRALERT, Marinlit, and, with some restriction,
SciFinder Scholar) searching."®!

MS has been the most suitable technique to dereplicate
compounds that do not bear useful chromophore groups in their
structures, e.g. macrotetrolides that Streptomyces species produce.
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Macrotetrolides are a class of little polar compounds that exhibit
ionophoric properties; they originate from nonactic acid and
homononactic acid and form a large tetralactone that can insert
tetrahydrofuran moieties."”! Linear dimer derivatives of non-
actic and homononactic acids have been isolated from a
Streptomyces globisporus strain.'® These compounds exhibit a
wide range of biological activities including antimicrobial,
insecticidal, acaricidal (miticidal), antiprotozoan (coccidiostatic),
antiparasitic  (anthelminthic)"® and  immunosuppressive
actions."® According to the literature, the biological activity of
ionophores stems from their strong affinity for alkali metals
and their ability to solubilize and transport metals across cell
membranes as either undissociated acids or neutral com-
plexes.”® However, ionophores such as macrotetrolides do
not contain useful chromophore groups, which limits the use
of HPLC-UV or high-performance liquid chromatography with
a diode-array detector (HPLC-DAD) to dereplicate these
compounds.?" High-resolution mass separation and accurate
mass measurements using quadrupole time-of-flight (QTOF),
Orbitrap or Fourier transform ion cyclotron resonance (FTICR)
mass analyzers as well as tandem (MS/MS) and sequential
(MS™) techniques have furnished data concerning the molecular
formulas and the fragmentation patterns of ionophores like
salinomycin, monensin, lasalocid, maduramicin, narasin and
semduramicin.?272

This paper reports on a simple, fast and effective MS-based
dereplication method to identify macrotetrolides and some
related linear dimer compounds in the crude extract produced
by a Streptomyces sp. AMC 23 strain. This method helped to
monitor production of these metabolites for a period of 32 days.

Materials and methods
Chemicals and reagents

Dextrose was used to prepare the microbial culture media. Methanol
(CH3OH, HPLC grade) was purchased from Merck (Darmstadt,
Germany). Formic acid (FA) and standard nonactin sample were
acquired from Sigma-Aldrich. Deionized water (Milli-Q) was used
throughout the study.

Strains and culture conditions

The Streptomyces sp. AMC 23 strain was recovered from starch—
casein agar (SCA)®* plate supplemented with cycloheximide
and nystatin (50 pgml™") previously inoculated with soil suspen-
sion and incubated at —28 °C for seven days. The soil sample had
been collected from Rhizophora mangle rhizosphere in a well-
preserved mangrove at llha do Cardoso (25°7'S 47°58'W, State
of Sdo Paulo, Brazil). The soil that adhered to the roots was
diluted in sterilized saline water (0.85%). The organism was
maintained on SCA plates and as a mixture of mycelial fragments
and spores in 10% (v/v) glycerol at —20°C.

Cultivation of actinomycete and sample preparation for
dereplication analysis

Prior to inoculation in 300ml of potato dextrose (PD), a pre-
inoculum of Streptomyces sp. AMC 23 was cultured in 50 ml of
PD broth at 130 rpm and 30 °C for 2 days, using a rotatory shaker.
The inoculum was also grown for 2 days before its transfer to 4 ml
of PD and was then incubated for 7 days under the previously

described conditions. Next, the fermentation broth was
centrifuged at 10000 rpm for 10 min at 4 °C, to separate the my-
celium. The crude extract was removed with ethyl acetate,
followed by solvent elimination in a rotary evaporator (Bichi®
Waterbath B-480) at 40°C. The procedure afforded 210 mg of the
crude extract”® A CH;OH standard stock solution of nonactin
(1.0mgml~") was prepared before the MS analyses.

ESI-QTOF-MS analysis

A sample (1 mg) of the crude extract was dissolved in a CH;OH/
H,O 80:20 (v/v) solution containing 0.1% FA, filtered through a
Millipore filter (0.45 um), and analyzed by electrospray ionization
(ESI) mass spectrometry in the positive ion mode using a QTOF I
(Micromass, Manchester, UK) mass spectrometer. The ESI
interface conditions were as follows: capillary voltage=3.0kV,
cone voltage =40V, source temperature = 100 °C and desolvation
temperature (N,) =200 °C (mass range from m/z 150 to 1200). The
sample was introduced into the mass spectrometer with the aid
of a syringe pump (Harvard, Holliston, MA, USA) operating at a
flow rate of 5 ulmin~'. Tandem mass spectrometry experiments
(MS/MS)  with  collision-induced dissociation (CID) were
conducted using argon as collision gas on the selected precursor
jons ([M+Nal*) at collision energy values ranging from 20 to
60 eV. The mass analyzer was calibrated using a mixture of 0.1%
phosphoric acid and CH3zOH 1:1 (v/v), to achieve a resolution of
approximately 10000. Accurate masses observed in all the
experiments were within 1x10% (from 1 to 7 ppm depending
on the mass) of the theoretical masses of the ions. Mass data
were processed by the MassLynx V4.1 software.

UPLC-MS/MS analysis

Neutral loss scan of the crude extract produced by Streptomyces
sp. AMC 23 strain via UPLC-MS/MS was recorded using a Waters
ACQUITY UPLC H-Class system coupled to the Xevo® TQ-S
tandem quadrupole (Waters Corporation, Milford, MA, USA) mass
spectrometer with a Z-spray source operating in the positive
mode. Three microliters of the sample was injected into an
ACQUITY-BEH Cyg column (2.1 x50 mm, 1.7 um) from Waters;
the mobile phase used for gradient elution consisted of H,0 as
system A and CHsOH (0.1% FA) as system B. The flow rate was
0.3mlmin~". The gradient elution program started with 30% B,
raised B to 100% in the following 20 min, remained at 100% B
for 5min, and returned to the initial condition (30% B) within
the following 5 min. Neutral loss scans were recorded between
300 and 900 mass units; the system was operated in the positive
ion mode. The source and operating parameters were optimized
as: capillary voltage =3.2 kV, cone voltage =40V, source offset =
60V, Z-spray source temperature =150 °C, desolvation tempera-
ture (Ny) =350°C, desolvation gas flow=5001h"", collision gas
flow=0.15mlImin"" and collision energies=32eV (neutral loss
of 198 mass units) and 34 eV (neutral loss of 184 mass units) for
UPLC-MS/MS analysis.

Compounds monitoring during strain development

The AMC 23 species was grown in 50ml of PD broth under
constant agitation (130rpm) at 30°C for 32days. The relative
production of the compounds was evaluated by sampling 1 ml
aliquots of the culture medium at 0, 3, 4, 5, 6, 7, 10, 11, 12, 13,
14,15,17,19, 21, 26, 29 and 32 days. The aqueous phase of each
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aliquot was submitted to liquid-liquid extraction in microtubes
using ethyl acetate. Then, the aqueous portion was discarded,
and the organic phase (ethyl acetate) was evaporated to dryness
in a centrifugal evaporator (Speed Vac, Univapo 100 ECH®). The
resulting crude extracts were re-suspended in 1ml of CHs;OH
and analyzed by mass spectrometry in the selective ion monitor-
ing (SIM) mode employing UPLC-MS. The ions of m/z 409, 423,
437, 773, 787, 801 and 815 were selected for this experiment.
The compounds production curves were built by relating the area
intensity ratio with the culture period.

Results and discussion
ESI-MS/MS of nonactin (1)

Investigation of the fragmentation profile of nonactin (1, Fig. 1), a
macrotetrolide identified in many crude extracts of Streptomyces
species, helped to identify possible diagnostic ions of macro-
tetrolides.'®?772% The peak corresponding to the protonated
nonactin ([M+HI1*) of m/z 737 did not appear even after FA
addition, as described for other ionophores.*® Peaks correspond-
ing to the nonactin cationized with sodium ([M + Nal*, m/z 759),
ammonium ([M+NH,I*, m/z 754) and potassium (IM+K]*, m/z
775) were observed in the full scan MS spectrum (data not
shown). According to the literature, four oxygen atoms from the
tetrahydrofuran rings and four carbonyl oxygen atoms surround
the metal ion in macrotetrolides, whereas the methyl and other
R substituents and the methylene groups of the tetrahydrofuran
rings lie on the outside.®" Because it had the highest relative
intensity in the full scan MS spectrum, the sodiated nonactin
(IM+Na]*, m/z 759) served as precursor ion in MS/MS
experiments employing collision energy values ranging from 20
to 60eV (with step up to 10eV each time). Collision energy of
50eV was the optimal value to record the product ion mass
spectrum of the compound of m/z 759, in which the number of
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1: R;=R,=R3=R,=Me - MW = 736.93 u

2: Ry=R;=R,=Me, R,=Et - MW = 750.96 u
3: Ry=R,=Me, Ry=R,=Et - MW = 764.98 u
4: R;=R,=R,=Et, R;=Me - MW = 779.01 u
5: R;=R,=R;=R,=Et - MW = 793.04 u

o)
HO% o) OH
Ry OW R,
6: Ry=R,=Me - MW = 386.48 u

7: Ry=Me, R,=Et - MW = 400.51 u
8: Ry=R,=Et - MW = 414.53 u

Figure 1. Chemical structures of nonactin (1), its homologous
macrotetrolides 2-5, and the linear dimer derivatives of nonactic and
homononactic acids (6-8).

product ions with relative intensity higher than 5% was maxi-
mum (Fig. 2). Figure 3a depicts the product ion mass spectrum
of nonactin obtained at collision energy of 50 eV.

Table 1 lists the main product ions from sodiated nonactin
(m/z 759, [1+Na]") and their relative intensities for the product
ion mass spectrum acquired at 50 eV. Product ions displaying
relative intensity higher than 5% were included here. At 50eV,
the ions of m/z 575, 391 and 207 were the main product ions
from sodiated nonactin. Accurate-mass measurements revealed
that these fragments derived from losses of one, two and three
CioH1603 (184 mass units) molecules from the precursor ion
(IM+NaJ*), respectively, via consecutive Mclafferty-type
rearrangements (Scheme 1).2% These reactions had been
previously described for other polyether ionophores, such as
lasalocid™®¥ and tetronasin.?% In principle, the first McLafferty-
type rearrangement results in opening of the tetralactonic ring
of nonactin, to give an undissociated carboxyl group, which
could involve any carbonyl oxygen. Here, we referred to the
retro-ene reaction as ‘McLafferty-type rearrangement’, because
the lone pair of the carbonyl oxygen abstracts the y-hydrogen,
which also occurs in the classic McLafferty rearrangement in
aliphatic ketones and their analogs, to culminate in multiple
bond cleavage under electron ionization (EI-MS) conditions.*
However, McLafferty rearrangements are typical of odd-electron
ions (OE™) and violate the Odd-Electron Rule, whereas the
McLafferty-type rearrangement involves even-electron ions
(EE™), such as protonated ([M+H]*) and sodiated molecules
(IM+Na]*), which obey the Even-Electron Rule.** The
McLafferty-type rearrangement has been also observed for
complexes formed between alkali metal acceptor ions and
Lewis bases containing carbonyl functions such as formalde-
hyde complexes bearing Na and Li.** According to the litera-
ture, the n—nx* transition believed to be involved in
McLafferty-type hydrogen rearrangement processes is energet-
ically favorable.* Hence, we decided to use R;, Ry, Rs and Ry
to distinguish between the four methyl groups in the nonactin
structure, which consequently helped to identify the different
fragmentations processes that could generate the main product
ions of its sodiated molecule (m/z 759). Assuming that the first
McLafferty-type rearrangements culminated in cleavage of the
C-0 bond of the nonactic acid residues containing R, and R3
(Scheme 1), it was possible to compare the nonactin
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Figure 2. Percentages of the product ions of sodiated nonactin (m/z
759) relative to the total ion count versus collision energy on the ESI-QTOF
equipment. Argon was used as the collision gas.
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Figure 3. Product ion mass spectra of sodiated compounds 1 (a, m/z 759), 3 (b, m/z 787) and 5 (¢, m/z 815).

fragmentation profile with those of homologous macrotetrolides.
In this way, the product ion of m/z 575 could originate from
CoH1405R3 or CgHy403R; eliminations following pathways | and I,
respectively. Further elimination of 184 mass units from B (loss of
CoH1405R5 or CgHq405R, molecules) and C (loss of CoH,,03R; or
CoH1405R; molecules) should yield the isobaric ions D, E and F.
Thus, the product ion of m/z 391, which is the base peak in the
MS/MS spectrum of sodiated nonactin, could result from three
different pathways. Similarly, loss of 184 mass units from D
(elimination of CgH;,03R, or CgH;,03R;), E (elimination of
CoH1405R; or CgHq403R,) or F (elimination of CoH;4,0sR3 or
CoH1403R4) should afford the isobaric ions G, H, 1 and J (m/z
207). In this paper, we will use the fragmentation pathways
followed by nonactin to distinguish between the sequence of
groups Ry, Ry, Rs and R, in other homologous macrotetrolides.

ESI-TOF-MS/MS analysis of the dereplication of macrotetrolide
ionophores and linear dimers of nonactic and homononactic
acids in the crude extract produced by Streptomyces sp. AMC 23

ESI-QTOF-MS in the full scan mode helped to investigate
dereplication of nonactin and other macrotetrolides in the
crude extract produced by Streptomyces sp. AMC 23. The mass
spectrum (Fig. 4) displayed two major groups of peaks, from
m/z 750 to 850 and from m/z 350 to 450. The first group of
peaks had high relative intensity, and the difference between
the peaks was equal to 14 mass units. This difference indicated
the presence of homologous compounds belonging to the
same class of chemical compounds. Peaks that differed by 5
and 16 mass units from each other also emerged, which might
be due to the mass differences between the ions [M+NH,]*
and [M +NaJ]* and the ions [M+Na]* and [M +K]*, respectively.
Similarly, group of peaks of m/z between 350 and 450 also
differed by 14 and 16 mass units from each other. Together,
these data suggested the existence of compounds with
ionophoric character, which have high chemical affinity for
metal cations and commonly originated due to action of
Streptomyces species.

Next, the mass units relative to NHi, Na* and K" were
subtracted from the group of peaks of m/z between 750 and

850. Then, to search for possible chemical structures, the
resulting mass values and the chemotaxonomic information of
the microorganism were entered in the updated Dictionary of
Natural Products (DNP, online version). These input data resulted
in a hit list of potential structures, with emphasis on a series of
macrotetrolides homologous to nonactin. Tandem mass
spectrometry was carried out with the sodiated molecules
(IM+Nal]*) of these compounds as precursor ions using argon
as the collision gas at 50eV. Table 1 shows the major product
ions; product ions with relative intensity higher than 5% are
discussed here.

The product ion mass spectrum of the compound of m/z 773
[2+Na]" revealed peaks corresponding to product ions originat-
ing from consecutive eliminations of 184 and 198 mass units
(Supplementary Fig. Sla, see Supplementary Material). As
discussed for nonactin, the former referred to elimination of a
Cq0H1603 molecule, suggesting that this compound consisted of
a macrotetrolide ionophore. On the other hand, elimination of
198 mass units (C;,H;505) from [2+Na]* and the difference of
14 mass units as compared with the sodiated nonactin indicated
that an ethyl group existed in the structure. In combination
with the presence of the fragment ions of m/z 207 (R=Me) and
m/z 221 (R=Et), the data evidenced that compound 2 was the
macrotetrolide monactin, also identified in extracts produced
by Streptomyces.'>%3"!

As for compound 3 (Fig. 3b), the product ions from [3 + Na]*
(m/z 787) displayed mass difference of 28 mass units as
compared with the peaks of the product ions from sodiated
nonactin (m/z 759), which pointed to the presence of two
additional ethyl groups or one isopropyl group. However, the
main fragment ions of the product ion mass spectrum of
sodiated 3 (m/z 787) resulted from eliminations of 184
(Ci0H1603) or 198 (C;1H;505) mass units (Table 1). These data
indicated the presence of two ethyl and two methyl groups in
the structure and excluded the existence of an isopropyl group,
which would imply elimination of 212 mass units. According to
the literature, both dinactin and its regioisomer isodinactin are
nonactin homologs bearing two ethyl groups in their structures.
A detailed analysis of the fragmentation routes that led to the
sequential eliminations of 184 and 198 mass units helped to
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Table 1. ESI-QTOF-MS/MS data of macrotetrolides and linear dimers of nonactic and homononactic acid types identified in the crude extract pro-

duced by Streptomyces sp. AMC 23 (collision energy =50 eV)

Observed m/z*? Calculated m/z Error (ppm) Formula of the ion Assignment

1

759.4278 (22) 759.4290 -16 CaoHsaNaO7, A (IM+Na] )

575.1895(30) 575.1910 —2.6 C3oH4gNaO3 B or C (A - CyoH1605)

391.2099 (100) 391.2091 +2.0 C20H32Na02 D (B — CyoH1603), E (B or C - C;oH;505)
or F (C - CyoH1603)

207.0984 (85) 207.0992 -39 CyoH16NaO3 G (D - CyoHq603), H (D or E — C;4H;6053),
I (E or F — CyoHq603) or J (F — CyoH;605)

2

773.4468 (36) 773.4446 +2.8 Ca1HesNaO1, A (IM+Na] ")

589.3354 (33) 589.3347 +1.2 C31HsoNaO3 B (A - CioH1603)

5753179 (23) 5753191 —2.1 C3oHagNaOg C (A - Cq1H4505)

4052261 (75) 405.2248 432 Cy1H34NaO} D (B - C;oH1603)

391.2104 (100) 391.2091 +3.3 C5oH32NaOg E (B — C;1Hg03 or € — CyoH;403) or F (€ — CyoH1603)

221.1151 (35) 221.1148 +14 C11H18NaO§ G (D - CyoH1603)

207.0988 (86) 207.0992 -1.9 CyoH16NaO3 H (D - Cy1H;g05 or E = C40H1603), |
(E or F = Cy0H4603) or J (F = C40H;603)

3

787.4080 (15) 787.4063 +2.2 C4oHggNaO7, A (IM+Na] ")

603.3518 (12) 603.3504 +2.3 C3,Hs,NaOg C (A - CyoH1603)

589.3340 (17) 589.3347 —-1.2 C31HsoNaOg B (A - C;1H;503)

419.2415 (8) 419.2404 +2.6 C5,H36NaOg F (C - CioH1603)

405.2255 (100) 405.2248 +1.7 Cy1H34NaOg E (B — CyoH1603 or € — Cq1Hq503)

221.1156 (44) 221.1148 +3.6 C11H18Na0§ I (E - C4oH1603 or F — C;1H;505)

207.1005 (39) 207.0992 +6.3 CyoH16NaO3 G (D - CygH1603), H (D - C;oH1603
or E - C;1H;g03) or J (F — Cy;1H,505)

4

801.4790 (28) 801.4759 +3.9 C43H7oNa07, A (M+Na] ")

617.3644 (11) 617.3660 —2.6 C33Hs4NaO5 B (A - CioH1603)

603.3517 (40) 603.3504 +2.1 C3,Hs,NaO} C (A - Cy;1H,503)

419.2424 (83) 419.2404 +4.8 C5,H36NaOg D (B - C;;H;g03) or E (B - C;1H;g05
or € - CyoH1605)

405.2237 (100) 405.2248 —-2.7 C51H34NaOg F (C - Cy1H;503)

221.1162 (97) 221.1148 +6.3 Cy4H,gNa03 G (D - Cy1H1503), H (D - Cy1H4505 ou
E - Cy1H1503) or J (F - C41H,505)

207.1003 (37) 207.0992 +5.4 CioH16NaO3 I (E - Cy1H,503 or F = CyoH1603)

5

815.4940 (16) 815.4916 +29 CaqH7oNa07, A (IM+Na] )

617.3638 (25) 617.3660 -3.6 C33HssNaOg B or C (A - Cy1H505)

419.2420 (100) 419.2404 +3.8 CyoH36NaOg D (B - C;1H;g03), E (B or C — Cy1H;505) or
F (C - Cy1Hy503)

221.1159 (67) 221.1148 +5.2 Cy1H;sNaO3 G (D - Cy4;1H;03), H (D or E - C;;H;5053),
I (E or F - Cy1H;03) or J (F - Cq1H;505)

6

409.2206 (100) 409.2197 +22 CaH34Na07 A (IM+Nal")

225.1105 (72) 225.1097 +3.7 CyoH15NaO; K or M (A - CyoH;605)

207.1003 (10) 207.0992 +5.5 CyoH16NaO3 L (A - CyoHq504) or N (M - H,0)

7

423.2361 (7) 423.2353 +1.8 C51H36NaO5 A ([M+NaJ")

239.1260 (100) 239.1254 425 Cy1H20NaO} K (A = CioH1603)

225.1090 (10) 225.1097 —-33 C10H18NaOX M (A - C;1H;505)

207.1005 (9) 207.0992 +6.2 CyoH16NaO3 L (A - C;1H»004) or N (M - H,0)

8

437.2525 (45) 437.2510 +3.5 C5,H3gNaO5 A (IM+NaJ")

239.1264 (100) 239.1254 +4.1 Cy1H20NaO} Kor M (A - C;;H;505)

221.1142 (13) 221.1148 -2.7 Cy1H;sNaO3 L (A - C;1H»004) or N (M - H,0)

Relative intensities are provided in parentheses.

bOnly ions with relative intensities higher than 5% are reported.
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Scheme 1. Fragmentation pathways proposed for the sodiated macrotetrolides 1-5.

differentiate between these two compounds on the basis of
MS/MS data. The product ions B (m/z 589) and C (m/z 603),
originating directly from the sodiated molecule by elimination
of 198 and 184 mass units, respectively, suggested that open-
ing of the matrotetrolide ring involved a carbonyl adjacent to
nonactic acid moieties containing an ethyl and a methyl
group, respectively. Further elimination of 184 mass units
from C furnished the product ion F (m/z 419), indicating the
presence of two adjacent nonactic acid moieties with methyl
groups in their structures. Similarly, further elimination of
198 mass units from B led to D (m/z 391). These data were
consistent with the structure of isodinactin (3, Fig. 1). In the
case of dinactin (R, =R3=Me, R,=R4=Et), the corresponding
product ions D and F should have m/z 405, whereas the
product ions of m/z 419 and 391 should not arise from any
fragmentation routes depicted in Scheme 1.

The sodiated compound 4 (m/z 801) was 42 mass units higher
than the corresponding sodiated nonactin (m/z 759). The main
product ions observed in the product ion mass spectrum of
the precursor ion [4+Na]* resulted from eliminations of 184
(CyoH1603) and 198 units (C;;1H;g03), thus excluding the
presence of an isopropyl group in its structure (Supplementary
Fig. S1b, see Supplementary Material). Considering that elimina-
tion of 184 mass units would require a nonactic acid moiety
bearing at least one methyl group, three ethyl groups should
exist at the other R positions. These data indicated that

compound 4 might be one of the diasteroisomers trinactin
and isotrinactin. However, MS/MS data did not allow us to
differentiate between these compounds. Finally, sodiated
compound 5 (m/z 815) was 56 mass units higher than the corre-
sponding sodiated nonactin (m/z 759). According to Table 1 and
Fig. 3¢, all the main product ions resulted from consecutive
eliminations of 198 mass units from [4 + Na]", thereby excluding
the presence of methyl or isopropyl groups in the R positions.
The product ions of m/z 221 (G, H, I and J) and the absence of
an ion of m/z 207 corroborated with the presence of four ethyl
groups in the homononactic acid moieties, showing that com-
pound 4 was tetranactin. Literature studies have also identified
trinactin, isotrinactin and tetranactin in crude extracts produced
by Streptomyces species.2%37!

The same strategy employed for macrotetrolides (e.g.
subtracting the mass units relative to NH;, Na* and K" and
entering the resulting molecular formula and chemotaxonomic
information of the microorganism in the updated DNP to search
for possible chemical structures) helped to identify the minor
compounds detected in the low mass range (from m/z 350 to
450). These input data resulted in a homologous series of linear
dimers of nonactic and homononactic acids. Next, we used
the corresponding sodiated molecule of compounds 6, 7 and 8
(m/z 409, 423 and 437, respectively) as precursor ions in product
ion experiments that employed argon at a collision energy of
50eV (Fig. 5a-c). Table 1 contains the major product ions of these
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Figure 4. Full scan mass spectrum of the crude extract obtained from Streptomyces sp. AMC 23.
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Figure 5. Product ion mass spectra of sodiated 6 (a, m/z 409), 7 (b, m/z 423) and 8 (¢, m/z 437).

using APCI as ionization source had already aided identification
of these linear dimer derivatives in crude extracts produced by
S. globisporus."® Elimination of 184 and 198 mass units from
the precursor ion ([M +Nal*) should result from McLafferty-type
rearrangements similar to those proposed for macrotetrolides

compounds. Similarly to macrotetrolides, elimination of 184
mass units (for 6 and 7) and 198 mass units (for 7 and 8) from
the precursor ion ([M+Na]") took place. In addition, two main
product ions of m/z 225 (for 1 and 2) and m/z 239 (for 2 and

3) that differed by 14 mass units evidenced structural moieties
with an ethyl or methyl substituent. Together, the data helped  1-5 (Scheme 2). On the other hand, only 6-8 gave the product

to identify nonactyl nonactoate ([6 + Nal* of m/z 409), nonactyl  ions M (A-CgH,305R;) and N (M-H,0), which stemmed from
homononactoate ([7+Na]* of m/z 423) and homononactyl abstraction of the a-carbonyl hydrogen by the heteroatom
homononactoate ([8+Na]* of m/z 437) (Fig. 1). LC-MS data  oxygen of the ester following a four-centered transition state
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Scheme 2. Fragmentation pathways proposed for the linear dimer
derivatives of nonactic and homononactic acids (6-8).

with consequent ketene elimination (CgH;305R;) and further water
elimination.

Finally, analysis of the crude extracts produced by Streptomyces
sp. AMC 23 using UPLC-MS/MS in the neutral loss scan mode
(Fig. 6 and Fig. S2a-b, see Supplementary Material) helped to
identify seven different compounds after the scan of neutral
losses of 184 (CyoH;605) and 198 (C;1H;503) mass units in the
positive ion mode. The linear dimers of the nonactic and

a)
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O T mlz
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homononactic acid types eluted at retention times ranging from
10 to 12 min; macrotetrolides, which are less polar compounds,
eluted at retention times between 18 and 20 min. The neutral loss
scans of 184 and 198 mass units were sensitive enough to detect
these compounds efficiently; therefore, this analytical methodol-
ogy could specifically detect this class of metabolites in
dereplication studies of microbial natural products.

UPLC-MS monitoring of the relative production of
compounds 2-8

Streptomyces sp. AMC 23 strain growth and monitoring in PD
medium for 32days helped to assess production of the target
compounds. Maximum production of 6 occurred at day seven;
17days of cultivation was necessary to achieve maximum
production of 7 and 8 (Supplementary Fig. S3, see Supplementary
Material). With regard to macrotetrolides, considerable production
of these compounds started at day 10, with maximum production
of 2 and 4 at day 26. On the other hand, maximum production of
3 and 5 took place at day 29 (Supplementary Fig. S4, see
Supplementary Material). Hence, early production of linear dimers
of the nonactic and homononactic acid type in relation to
macrotetrolides may be associated with consumption of these
compounds, to subsequently form the tetralactones during the
biosynthetic process. Indeed, a literature study reported that com-
pound 6 could originate from the biosynthesis of 1 or even from a
biosynthetic intermediate.*® Statistical analysis of the data showed
a relative standard deviation (RSD) between 5 and 10% for all the
monitored compounds. Furthermore, on the days when the pro-
duction of the compounds was higher, the RSD was around 5 to
7% (Supplementary Table ST and S2, see Supplementary Material).
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Figure 6. (a) Chromatograms of neutral loss (TIC) and extracted neutral loss of 184 u. (b) Chromatograms of neutral loss and extracted neutral loss of
198 u. Chromatograms show the mass spectra of macrotetrolides sodium adducts of m/z 773 (monactin), 787 (isodinactin), 801 (trinactin/isotrinactin)

and 815 (tetranactin).
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Conclusions

The use of accurate-mass electrospray tandem mass spectrometry
allowed identification of three known linear dimers of the nonactic
and homononactic acid type and four cyclic tetralactones
(monactin, isodinactin, trinactin/isotrinactin and tetranactin) in
the crude extract produced by the Streptomyces sp. AMC 23 strain
derived from R. mangle rhizosphere. By combining the full scan
mode, the search for structures in DNP, chemotaxonomic data
and MS/MS data, it was possible to rapidly identify compounds
2-8 directly from the crude extract. This strategy enabled analysis
of macrotetrolides and linear dimers of the nonactic and
homononactic acids. These compounds are difficult to detect in
conventional HPLC systems, because they do not bear useful
chromophores. Moreover, the neutral loss scan of 184 and 198
mass units using UPLC-ESI-MS/MS as well as the fragmentation
routes proposed here were efficient for the screening and
preliminary identification of these classes of compounds. There-
fore, the data reported herein could be useful to dereplicate and
rapidly identify these compounds in microbial crude extracts.
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