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Abstract: Streptomyces chartreusis NRRL 3882 produces the polyether ionophore calcimycin and a
variety of analogs, which originate from the same biosynthetic gene cluster. The role of calcimycin
and its analogs for the producer is unknown, but calcimycin has strong antibacterial activity. Feeding
experiments were performed in chemically defined medium systematically supplemented with
proteinogenic amino acids to analyze their individual effects on calcimycin synthesis. In the cul-
ture supernatants, in addition to known calcimycin analogs, eight so far unknown analogs were
detected using LC-MS/MS. Under most conditions cezomycin was the compound produced in
highest amounts. The highest production of calcimycin was detected upon feeding with glutamine.
Supplementation of the medium with glutamic acid resulted in a decrease in calcimycin production,
and supplementation of other amino acids such as tryptophan, lysine, and valine resulted in the
decrease in the synthesis of calcimycin and of the known intermediates of the biosynthetic pathway.
We demonstrated that the production of calcimycin and its analogs is strongly dependent on amino
acid supply. Utilization of amino acids as precursors and as nitrogen sources seem to critically
influence calcimycin synthesis. Even amino acids not serving as direct precursors resulted in a
different product profile regarding the stoichiometry of calcimycin analogs. Only slight changes
in cultivation conditions can lead to major changes in the metabolic output, which highlights the
hidden potential of biosynthetic gene clusters. We emphasize the need to further study the extent
of this potential to understand the ecological role of metabolite diversity originating from single
biosynthetic gene clusters.

Keywords: metabolomics; specialized metabolite production; metabolic network

1. Introduction

The polyether ionophore calcimycin (A23187) produced by S. chartreusis NRRL 3882 acts
as antibiotic and is a well-known biochemical tool with broad use in pharmacological and
toxicological studies [1]. Since calcimycin transports divalent cations efficiently across
membranes it is used to artificially increase intracellular calcium levels for analysis of
calcium-dependent signaling in eukaryotic cells (see [2] for a recent example). Thereby,
calcimycin is able to uncouple the oxidative phosphorylation, inhibit ATPase activity, and
induce apoptosis in cells [3-5]. In the Gram-positive bacterium Bacillus subtilis disturbance
of the metal ion homeostasis was observed after treatment with calcimycin [6].

The biosynthetic pathway of calcimycin is not yet fully understood. Calcimycin is com-
posed of a pyrrole, a polyketide, and a benzoxazole moiety, and this complex structure is the
product of a sophisticated multistep biosynthesis [7]. Pyrrole derived from a proline serves
as a starter unit for the polyketide synthase [8,9]. A multi-domain enzyme then synthesizes
a polyketide chain from propionate and acetate. This chain reacts with 3-hydroxyanthranilic
acid, derived from glucose via a shikimate-type pathway, in a hitherto unknown manner
to yield the benzoxazole ring system. The emerging intermediate cezomycin is aminated
at the benzoxazole moiety to give N-demethyl calcimycin, which is further methylated at
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the amine, leading to the formation of calcimycin (Figure 1A) [7,10]. Besides calcimycin,
S. chartreusis produces structurally similar analogs utilizing the same biosynthetic path-
way [11,12]. The intermediates cezomycin and N-demethyl calcimycin possess close struc-
tural resemblance to calcimycin with minor variations in substituents at the benzoxazole
moiety [10,13]. Other calcimycin analogs differ more strongly in the benzoxazole ring
system. Among those is deoxacalcimycin, which possesses a 3-hydroxyanthranilic acid
moiety instead of the benzoxazole ring system present in calcimycin [11].

Little is known about the formation and ecological role of calcimycin and its analogs.
Previous studies described the involvement of the benzoxazole moiety in ion binding. It
was shown by crystallography that the carboxylate oxygen atom and the ring nitrogen
atom of benzoxazole together with the pyrrole oxygen play a crucial role in the binding
of the calcium ion [14]. Cezomycin, lacking the methylamino group at the benzoxazole
ring system, has a ten-times lower binding affinity to calcium than calcimycin [15]. The
semisynthetic 4-Br-calcimycin, which possesses a bromide at the benzoxazole ring, in vitro
transports calcium into phospholipid vesicles with significantly lower efficiency than
calcimycin [16]. These studies show that alterations in the ring system may lead to changes
in ion affinities and transport properties.

The production of specialized metabolites and their analogs in streptomycetes often
is highly dependent on cultivation conditions [17]. The intermediate of the calcimycin
biosynthetic pathway cezomycin was found to be the dominant analog in salt-based chem-
ically defined medium, whereas calcimycin production was not observed under these
conditions [11]. However, in complex medium, calcimycin was the main product. The cal-
cimycin analog deoxacalcimycin was detected in complex medium and chemically defined
medium supplemented with iron. It was further shown that the inhibitory concentration of
calcimycin for B. subtilis is highly dependent on the medium composition, especially the
concentrations of metal ions [6].

The screening of cultivation conditions is a method frequently used to analyze spe-
cialized metabolite production. The alteration of cultivation conditions can lead to high
variations in metabolic profiles and the discovery of new specialized metabolites in strepto-
myecetes [11,17,18]. To profile metabolomes of streptomycetes and to find new specialized
metabolites, molecular networking has emerged as a valuable tool [11,18,19]. Molecular net-
works enable the visualization of complex metabolomic datasets by clustering structurally
related metabolites [20]. This in particular facilitates the discovery of novel analogs [21].
Directed screening of media components in combination with metabolic networking helps
to exploit the potential of single biosynthetic gene clusters (BGC) [11,22].

In this study calcimycin analogs production was systematically analyzed under de-
fined conditions. We presume that specific calcimycin analogs might be preferentially
produced under certain conditions to aid in adapting to different environmental conditions.
Amino acids are important nitrogen and carbon sources. Some amino acids are direct
precursors in calcimycin biosynthesis—proline is needed for the pyrrole moiety, methion-
ine serves as methyl donor for the benzoxazole moiety. In a first attempt to unravel the
influence of amino acids on the synthesis of calcimycin and its analogs, S. chartreusis was
cultivated in chemically defined medium with all canonical amino acids supplemented
individually. The produced metabolites were extracted from the culture supernatants and
analyzed by LC-MS/MS to assess the biosynthetic output of the calcimycin biosynthetic
gene cluster.
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Figure 1. (A) Molecular structures of cezomycin, N-demethyl calcimycin and calcimycin are shown
in successive steps of their biosynthesis in S. chartreusis. (B) Molecular network of calcimycin analogs.
All calcimycin-like metabolites measured in the supernatants of 20 media, each supplemented with
one of the proteinogenic amino acids, were clustered according to their cosine similarity calculated
from their fragmentation patterns. Analogs with a similarity score of 0.7 or higher were clustered
together by a connecting line. The line thickness indicates the degree of structural similarity of the
analogs, with the score given above/beside the line. Each node in the cluster resembles one molecule,
the measured mass [M + H]" is given with two decimals places here (Table 2 provides all four decimal
places). Node size indicates the analogs” abundance. Small nodes equal 3.2 x 104, largest node equals
3.4 x 107. Abundance was calculated based on area under the curve summed across all 20 growth
conditions. Calcimycin: [M + H]* 524.27, cezomycin: [M + H]* 495.25, N-demethyl calcimycin:
[M + HJ* 510.26, others: structurally unknown. All experiments were performed in biological
triplicates, except the cultivation with glutamine supplementation, which was done in duplicate.
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2. Materials and Methods
2.1. Strains and Cultivation Conditions

S. chartreusis NRRL 3882 was cultivated in chemically defined medium [21 mM NaCl
(Carl Roth, Karlsruhe, Germany), 15 mM (NH4),SOy4 (Sigma-Aldrich, St. Louis, MO,
USA), 8 mM MgSO, (VWR International, Darmstadt, Germany), 27 mM KCl (Honeywell
International, Morristown, NJ, USA), 50 mM Tris (Sigma-Aldrich, St. Louis, MO, USA),
0.6 mM KH,PO4 (VWR International, Darmstadt, Germany), 2 mM CaCl, (Avantor, Radnor,
PA, USA), 0.01 mM MnSO4 (Honeywell International, Morristown, NJ, USA), 11 mM D-
glucose (Thermo Fisher Scientific, Waltham, MA, USA), pH 7.5]. The pH was adjusted to
7.5 with HCl. Amino acids were supplemented at a concentration of 0.78 mM. Glutamic
acid was added as mono sodium salt. Cultures were incubated for two weeks at 30 °C
and 180 rpm in an Innova orbital shaker. If not indicated otherwise, all experiments were
conducted three times independently.

2.2. Compound Extraction

After the two-week cultivation, 400 uL of the culture supernatant were harvested and
extracted with 1320 uL ethyl acetate. Organic and aqueous phases were separated and then
washed twice with 200 uL water or 200 pL ethyl acetate, respectively. The phases were
dried in vacuo and reconstituted in 100 uL methanol. All reagents used were MS grade.

2.3. LC-MS/MS Measurements

The samples were separated with a nanoACQUITY-UPLC system (Waters) with a
Mixer Assy (Waters, zirc bead, inner cross Section 1 mm, length 50 mm) and subsequently
with an AcquityUPLC HSS T3 column (Waters, pore size 100 A, particle size 1.8 um, inner
cross section dimension 1 mm, length 100 mm) with a gradient of H,O/acetonitrile (ACN)
with 0.1% formic acid (FA). The flow rate was 25 pl./min (Table 1).

Table 1. Gradient used for LC-MS/MS analysis.

Time [Min] % HpO with 0.1% FA % ACN with 0.1% FA
0 95 5
2 95 5
21 0.5 99.5
23 0.5 99.5
28 95 5
30 95 5

Masses were recorded in positive resolution mode on a Synapt G2-S HDMS (Waters)
with an ESI source and ToF detector. The mass range of 50 to 3000 m/z was measured
with 0.5 s per scan and as a reference mass, leucine encephalin was injected in intervals of
30 s. Parameters used in the measurement: lockspray capillary voltage 2.5 kV, capillary
voltage 2.5 kV, cone voltage 30 V, source temperature 120 °C, cone gas flow 60 L/h, flushing
gas flow 550 L/h, with a temperature of 150 °C. By collision-induced dissociation (CID)
with argon and a collision energy of 10-25 V, fragments were generated. Mass intensity
had to exceed 6000 counts/s to start fragmentation for maximum of 6 s and was stopped
prematurely if the intensity dropped below the threshold of 6000 counts/s. For spectral
analysis MassLynx V4.1 SCN932 (Waters) was used.

2.4. Molecular Networking

Files were converted from raw format to mzXML with Proteowizard (version 3.0.9490),
with 32-bit binary encoding precision and peak picking for upload onto the Global Natural
Products Social Molecular Networking platform (gnps.ucsd.edu) [20] to create a molecular
network based on fragmentation spectra. The METABOLOMICS_SNETS 18 workflow
was used with the following parameters: parent mass tolerance 2 Da, ion tolerance 0.5 Da,
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minimal pairs cos 0.7, network topK 10, maximum connected component size 100, mini-
mum matched peaks 6, minimum cluster size 2, run MSCluster. Each node represents a
molecule. Molecules with highly similar fragmentation spectra are connected with edges
and clustered to a subnetwork. The generated network was visualized in Cytoscape (ver-
sion 3.6.0) [23] and processed by manual dereplication. Calcimycin and known analogs
were annotated by comparing masses and fragmentation spectra with those of previous
studies [11].

2.5. Heatmap Modeling

Background signals were subtracted from peak signals. A minimum peak area of 100
in at least two out of three replicates was used as cut-off for feature inclusion. Peak areas
of features not fulfilling this criterion were recorded as nil. The means of the peak areas
across all replicates were calculated and a color gradient was generated for display in a
heatmap. Blue indicates a high area value and white an area of 100 or below cut-off.

3. Results
3.1. Amino Acid Supplementation Leads to the Detection of New Calcimycin Analogs

To analyze the influence of the medium composition on the biosynthesis of calcimycin
and its analogs we conducted a cultivation experiment in which S. chartreusis was grown
in chemically defined medium supplemented with the different proteinogenic amino
acids. The culture supernatants were analyzed by LC-MS/MS and to map the calcimycin
analogs and measure their production, a molecular network was generated (Figure 1).
Using molecular networking, all metabolites from all supernatants were clustered based
on similarity of their fragmentation patterns.

Across all 20 media, calcimycin ([M + H]" of 524.2776) was produced along with
ten analogs, which were identified by comparing masses, retention times, and fragment
spectra (Table 2). For each analog, measured masses and fragment spectra were taken
from samples in which they showed the highest abundance. Fragment spectra were
compared to a fragment spectrum of calcimycin and corresponding fragments are depicted
in black. Besides cezomycin ([M + H]* of 495.2509) and N-demethyl calcimycin ([M + H]*
of 510.2662), which are structurally known and have been described as intermediates of the
biosynthetic pathway, eight new analogs with hitherto unknown structure were detected.
Deoxacalcimycin was not detected under any condition tested here. Among the novel
calcimycin analogs were the analog with an [M + H]" of 538.26, which had the highest
similarities to cezomycin (cosine = 0.86) and N-demethyl calcimycin (cosine = 0.84). The
analog with an [M + H]" of 481.2369 was structurally most closely related to cezomycin
(cosine = 0.89). New analogs similar to calcimycin were the analogs with an [M + HJ* of
506.2727 (cosine = 0.83) and an [M + H]* of 538.2975 (cosine = 0.82). The new analogs
with the highest structural similarity to N-demethyl calcimycin were the analogs with
an [M + H]* of 496.2529 (cosine = 0.81) and an [M + H]* of 524.2822 (cosine = 0.86). Two
additional new analogs with an [M + H]* of 528.2720 and an [M + H]* of 481.2950 showed
similarity to other hitherto unknown analogs. Next, calcimycin and its ten analogs were
analyzed regarding their abundance in the culture supernatants.
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Table 2. Retention times and fragment spectra of calcimycin analogs detected by LC-MS/MS.
Measured
Mass [M + HI*/ RT [min]/SD 2 Fragment Spectrum 3
Appm 1
1.80 x 10° 195.1021 313.1622
163.1134
1.40 x 10° 302.1216
122.0825 202.0860
E— 174.0926
‘v 1.00 x
481.2369/ 21.39/ § 107.0871 213.1252
- 0.19 £ 6.00 x 10° 146.1013
200 101940305 | \
| J. womhoWl L L,
50 100 150 200 250 300 350 400 450 500 550
m/z
250 x 10° 122.0827 163.1139 318.2102 378.2315 463.2846
_ 137.0977177-1281 300.1992 396.2426
2,00 x 10° 104.0721 340.2155 14,2526
2150 % 10° 233.1567 ' 481.2950
481.2950/ 19.19/ . he8.1459
- 3.10 =
5.00 x 10° 94.0302 282.1824
ll.l RN T | |||.
50 100 150 200 250 300 350 400 450 500 550
m/z
; 421.2134
9.00 x 10° 17711%%:446 260.1659 5 4020 4032686
7.00 x 10° s 28218635 5, 3892050
: 159.1175 : :
2
Cezomvcin % 500 x 10° 137.0972
4 22.83/ 3
495.2509/ 018 £ 300 x 10°121.1022
2827 94.0298
1.00 x 10° * l
|I.L.1|J.1‘II|I.|JA.l. l L ll ' [ L L
50 100 150 200 250 300 350 400 450 500 550
m/z
122.0836 243.1169 282.1871 365.1930 423.2193
233.1570260.1695 432.2373
Ml 137.0977 383.2000
2 2.50 x 10° 159.1196
496.2529/ 2252/ 'g 300-1998
[7]
_ 0.16 2 150 10° 109.1042 77 1288
. 318.2110
5.00 x 10° 94.0306 ‘l1 88.1460 I
(| I-ll TR |I|I| 1 I
50 100 150 200 250 300 350 400 450 500 550
m/z
241.1002 383.2019 421.2183 488.2617
283.1129 :
137.0986 233.1572 470.2504/506.2727
1.40 x 10° 177.1301 256.1180'  365.1920393.2233439 2089
122.0834 ho1.1250
> 1.00 x 10° 160.1160 )
506.2727 / 24.57/ % 507.2758
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Table 2. Cont.

Measured
Mass [M + HI*/ RT [min]/SD 2 Fragment Spectrum 3
Appm 1
283.1111 325.1953 439.2263
4.50 x 10° 189.0692 257.1318301.1232 457.2369
2.50 % 10° 241.1001
20 10 350.1575
. . o 229.1368
N-demethyl-calcimycin 2343/ 2 250 x 10°
510.2662/ g 122.0833
0.19 £ 4 50 x 10°
11.367 : 104.0733
; 163.1138
5.00 x 10°94.0310 l
e 1u_.J..‘L..A...-.|uL.-J. Lo oo . ahi L
50 100 150 200 250 300 350 400 450 500 550
m/z
137.0972177.1277 233.1549 301.1204 439.2244 506.2673
160.1136/189.0670 488.2570,
1211023 257.1303  325.1561 480.2880  024.2776
14010 2831090 3952341  470.2463
calcimycin 2432/ £ 1.00 x 107 ¢21.2137
524.2776/ ' s s
2861 0.50 € 6.00 x 10° 106.0665 383.1982
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2.00 x 10° 189.0670 J l
94'030? N 4__..1.._..‘___.1L_.L.__.J..,_l..1LL.l._.|.J. h. 4 ..,l_.lll l
50 100 150 200 250 300 350 400 450 500 550
m/z
189.0686 255.1184 301.1234 401.2103 524.2822
100.1037 241.1003 357.2221 506.2718
1.40 x 10° 122.0835 2151231, 2831126 383.2008
£ 1.00x10° 413.2492
524.2822/ 23.51/ 5 ) 133.0876 327.2054 :
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Table 2. Cont.

Measured
Mass [M + HI*/ RT [min]/SD 2 Fragment Spectrum 3
Appm 1
189.0686 339.2122 365.1902 506.2713
9.00 x 10° ) 318.2106 55, 488.2601
x . 205 12611 50494 a0t 1297 | 3572206
45,00 x10° : 233.1567 383.2013
538.2975/ 24.30/ g 122.0830 405.2376
- 0.03 £ 3.00x10° 137.0986 241.1008 /
: 104.0732 421.2172
1.00 x 10° 439.2282 l
283.111
940313y, a2 28N Ll O

50 100 150 200 250 300 350 400 450 500 550
m/z

1 Representative mass measured in the sample with highest abundance. Deviation of measured mass to theoretical mass in ppm; > RT:
mean retention time, SD: standard deviation; 3 Fragment spectra obtained from representative sample with highest abundance. Fragments,
which correspond directly to fragments of calcimycin, are highlighted in black.

3.2. Cezomycin Is the Most Abundant Analog in Chemically Defined Medium

The influence of amino acids on the production of calcimycin and its analogs was
visualized in two heatmaps. To gain a global overview of analog abundance, the abundance
of each analog was calculated and set in relation to the most abundant metabolite of the
entire calcimycin metabolic network (Figure 2A). A second heatmap was generated to aid
in assessing for each analog under which condition it was produced most strongly. To this
end the abundance in each condition was set in relation to the abundance in the sample in
which the analog was most abundant (Figure 2B).

The production of calcimycin and analogs varied with media composition (Figure 2A).
Overall, calcimycin and cezomycin were the main metabolites produced from the biosyn-
thetic gene cluster. Supplementation of glutamine to the medium caused the highest
accumulation of calcimycin in any culture supernatant. Addition of asparagine and aspar-
tic acid also spurred calcimycin production resulting, however, in less than half the levels
produced with glutamine. Glutamine and asparagine were the only amino acids, which led
to higher signals for calcimycin than cezomycin. The presence of other amino acids such
as lysine, threonine, tryptophan, tyrosine, or valine resulted in lower calcimycin levels.
Cezomycin showed the highest abundance in most samples and was detected under all
conditions tested. When S. chartreusis was cultivated in medium with arginine, aspartic
acid, glutamine, phenylalanine, or serine, cezomycin production was high. In contrast, the
cultivation in medium with lysine, tryptophan, or valine suppressed the production of
cezomycin. The strongest production of N-demethyl calcimycin was observed when the
medium was supplemented with leucine or glutamine (Figure 2B). As for calcimycin and
cezomycin, N-demethyl calcimycin production was suppressed by the presence of lysine,
tryptophan, and valine. These amino acids resulted in an overall decrease in metabolite
synthesis from this biosynthetic gene cluster. In addition, methionine and proline led to a
decrease in N-demethyl calcimycin synthesis. Beside the main products, which are end
products or intermediates of the calcimycin biosynthetic pathway, new calcimycin analogs
were detected in supernatants of S. chartreusis cultures supplemented with particular
amino acids.
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Figure 2. Relative abundance of calcimycin and analogs in culture supernatants of S. chartreusis
cultivated in chemically defined medium supplemented with amino acids. (A) Mean abundance of
each analog is displayed in relation to the highest area value determined in the entire calcimycin
metabolic network. (B) Mean abundance of each analog is displayed in relation to the highest area
value measured for the given analog across all cultivation conditions. Metabolites were extracted
from the culture supernatants and analyzed by LC-MS/MS. Abundance was calculated based on
area under the curve. Background signal was subtracted and mean values were calculated from the
replicates. The relative abundance of an analog is displayed in a gradient of white to blue, with blue
representing high abundance and white representing absence (cut-off level). All experiments were
performed in biological triplicates, except the experiment with glutamine, which was performed
in duplicate. Masses are shown with two decimal places (see Table 2 for all four decimal places).
Calcimycin: [M + H]* 524.27, cezomycin: [M + H]* 495.25, N-demethyl calcimycin: [M + H]* 510.26,
others: structurally unknown.

3.3. The Presence of Canonical Amino Acids Results in the Production of New Analogs

Supplying different amino acids resulted in different amounts of analogs produced
(Figure 2B). The newly detected analog with an [M + HJ* of 538.2606 was produced in
highest amounts in arginine-supplemented medium and was also produced in the presence
of glutamine and phenylalanine. Leucine and serine caused an increased production of
the analog with an [M + HJ* of 538.2975. Addition of tyrosine to the medium gave the
highest levels of the analog with an [M + H]* of 481.2369, while arginine caused the highest
production of the analog with an [M + H]" of 481.2950. The strongest synthesis of the
analog with an [M + H]* of 506.2727 was observed upon addition of asparagine or leucine.
While the analog with an [M + H]* of 528.2720 was most abundant in phenylalanine-
supplemented medium and the analog with an [M + H]* of 496.2529 when glutamine
was added.

4. Discussion

In densely populated habitats, survival and growth of bacteria requires the competitive
securing of nutrients. Efficient uptake and processing of nutrients are key factors as are
strategies to inhibit growth of competitors. The ionophore calcimycin hinders bacterial
growth by disrupting the metal ion homeostasis, which was shown using the model soil
organism B. subtilis [6]. Upon calcimycin treatment, calcium accumulated in the cytosol
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whereas intracellular manganese and iron levels decreased. Calcimycin analogs seem
to transport metal ions with varying efficiencies. The semisynthetic 4-Br-calcimycin is
highly efficient in transporting zinc and manganese into phospholipid vesicles in vitro, but
much less efficient in transporting calcium [16]. It remains to be investigated whether the
natural analogs differ in their transport properties and whether they aid S. chartreusis in
temporarily adapting to local metal ion concentrations.

Amino acids are attractive nutrients as they act as carbon, nitrogen, and energy sources.
They further serve as precursors not only for protein biosynthesis, but also for primary
and specialized metabolites. Valine, e.g., is important as precursor of fatty acids for the
biosynthesis of macrolides in some Streptomyces species [24] and asparagine serves as
precursor for clavulanic acid in Streptomyces clavuligerus [25]. In fungi, lysine indirectly
regulates penicillin biosynthesis by inhibiting homocitrate synthase, the first enzyme of
the lysine biosynthesis pathway. This homocitrate synthase catalyzes the formation of
a-aminoadipic acid, which is the branch point of the pathways with lysine and penicillin as
end products [26,27]. Coming back to calcimycin, amino acids also influence the formation
of important building blocks. It was shown that the pyrrole moiety of calcimycin stems
from proline [8]. In an early study it was observed that addition of tryptophan to the
medium led to an inhibition of calcimycin and N-demethyl calcimycin production [9]. Our
results revealed that in the presence of tryptophan all but the analog with an [M + HJ*
of 481.2950 were produced at very low levels (Figure 2B). Isotope-labeling experiments
had revealed that tryptophan is not being incorporated into calcimycin [8]. Being elimi-
nated as a direct precursor, the role of tryptophan seems to be a regulatory one. Recent
studies have shown the similarity of the proteins CalB1 to CalB4 of the calcimycin biosyn-
thetic gene cluster to enzymes of the phenazine biosynthetic pathway, which can serve
as biosynthetic pathway for 3-hydroxyanthranilic acid [28], which is a precursor of the
benzoxazole moiety [8]. In phenazine synthesis, 3-hydroxyanthranilic acid is derived from
chorismate, synthesized via a shikimate-type pathway. The enzyme CalB4 is annotated as
a 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthase [7,28], which catalyzes
the first step in this pathway. Besides acting as precursor for 3-hydroxyanthranilic acid,
chorismate is the precursor of phenylalanine, tryptophan, and tyrosine [29]. Amino acid
synthesis is feedback-regulated by its own products [30]. When primary and specialized
metabolite biosynthesis utilize the same precursor, the feedback regulation can impact the
production of specialized metabolites. For DAHP synthase from Streptomyces coelicolor
A3(2) and Streptomyces rimosus it has already been described that they are inhibited by tryp-
tophan [31]. This mechanism of regulation is likely at play here as well, with tryptophan
inhibiting the shikimate pathway, thereby inhibiting cezomycin and calcimycin production.
Since tyrosine and phenylalanine are also products of the same chorismate/shikimate
biosynthetic pathway, one might have expected them to inhibit calcimycin and analog
synthesis as well. However, the synthesis of analogs, including cezomycin is not inhibited
by tyrosine or phenylalanine (Figure 2A,B). Many bacteria (including E. coli) are known to
possess more than one DAHP synthase, which are specific for each end-product [32,33].
This ensures that the pathway is not inhibited completely by the presence of only one of
the end products. However, in Streptomyces sp. NTK 937 all three synthases were repressed
only by one of the final products, namely tryptophan [34]. The genome of S. chartreusis also
encodes for three DAHP synthases: Basic Local Alignment Search Tool (BLAST) search
resulted in detection of two proteins with homologies to CalB4, both of which reveal simi-
larities to DAHP synthases. It is conceivable that as in Streptomyces sp. NTK 937, all three
synthases are solely repressed by tryptophan, since the other amino acids did not result in a
strong repression of calcimycin and analogs” synthesis (Figure 2A,B). In addition to DAHPs,
tryptophan is known to repress anthranilate synthases, which catalyze the conversion of
chorismate to anthranilic acid, which then serves as precursor for tryptophan. The protein
CalB1 is annotated as an anthranilate synthase and catalyzes the conversion of chorismate
to the first product of 3-hydroxyanthranilic acid synthesis, 2-amino 2-desoxyisochorismate
(ADIC) [7,28]. This dual inhibition of the same biosynthetic pathway, the repression of the



Int. J. Environ. Res. Public Health 2021, 18, 8740 11 of 14

DAHP synthase which limits chorismate availability, and the repression of the anthranilate
synthase which causes ADIC depletion, may explain the reduced production of calcimycin
and analogs in tryptophan-supplemented medium (Figure 2A,B).

Glutamine is known to serve as a nitrogen donor for purines and pyrimidines as well
as nitrogen-containing metabolites. In the first step of the benzoxazole moiety synthesis,
CalBl1 utilizes chorismate and glutamine to synthesize ADIC [28]. The addition of glu-
tamine to the medium led to the highest production of calcimycin in this study (Figure 2A).
The supply of glutamine might lead to an increased synthesis of benzoxazole, which in turn
enhances calcimycin production. During later steps of calcimycin biosynthesis, nitrogen is
needed to form the amine at the benzoxazole ring system of N-demethyl calcimycin [35].
It is conceivable that in this step glutamine serves as a nitrogen donor, tipping the stoi-
chiometry of analogs produced towards calcimycin. Like glutamine, asparagine favored
the production of calcimycin over cezomycin (Figure 2A), while glutamic acid, which also
is a common nitrogen donor in biosynthetic reactions [36], e.g., in amino acid biosynthesis,
did not lead to an enhanced production of calcimycin (Figure 2A). Bacteria are able to
utilize diverse nitrogen sources such as ammonia, glutamine, or asparagine. However, not
all nitrogen sources are equally conducive to the production of all specialized metabolites.
While ammonia favors the production of avilamycin in Streptomyces viridochromogenus and
avermectins in Streptomyces avermitilis [37], it lowers spiramycin biosynthesis in Strepto-
myces ambofaciens [38]. In Streptomyces cattleya addition of asparagine to the cultivation
medium increased cephamycin C production [39]. Little is known about the mechanisms
underlying the positive and negative effects of amino acids and the effect can vary depend-
ing on amino acid concentrations and from species to species. It was therefore difficult
to predict the influence of amino acids on calcimycin production. The supplementation
experiment shows that amino acids do have a strong modulatory effect on the product
output of the calcimycin biosynthetic gene cluster.

In the last step of calcimycin biosynthesis, N-demethyl calcimycin is transformed
to calcimycin by N-methylation [10]. This step is catalyzed by the N-methyltransferase
CalM. It has been described that S-adenosyl-L-methionine (SAM), a classical methyl donor,
provides the amine for cezomycin methylation [8,10]. One might thus expect that cal-
cimycin production increases upon addition of methionine to the medium. However, the
production of calcimycin and analogs on the whole was decreased in medium supple-
mented with methionine, and calcimycin levels in particular were very low (Figure 2A,B).
Increasing synthesis of SAM synthetase or the addition of SAM was described to enhance
the production of many antibiotics in streptomycetes [40,41]. To our knowledge it has
not been tested whether SAM supplementation also increases production of calcimycin.
Since the last biosynthetic step in SAM synthesis from methionine catalyzed by the SAM
synthetase is ATP-dependent [42], it might become a rate limiting step when methionine is
supplemented instead of SAM. Several other methyl donors can be used for methylation
of natural products [43,44]. Thus, the final methylation step in calcimycin biosynthesis
might not critically depend on methionine so that earlier biosynthetic steps such as those
requiring glutamine are more important factors with regard to determining the biosynthetic
output of the calcimycin biosynthetic pathway.

Using isotope labeling a previous study showed that some amino acids like methionine
and proline are likely building blocks in calcimycin synthesis [8]. While the present study
revealed a strong influence of amino acid availability on the production of calcimycin
and analogs, further isotope-labeling experiments need to be conducted to unravel which
amino acids act as precursors and which merely trigger different physiological responses.

LC-MS/MS-based metabolomics allows the detection of low abundant compounds.
Future efforts will be directed at utilizing the LC-MS/MS data for structure predictions of
the analogs. However, to determine the structures and to characterize the biological func-
tions will require their purification, which may be limited by the yield. Media optimization
might be needed to further enhance the production of specific calcimycin analogs.
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Some so-called silent BGCs have only been found to be active under certain cultivation
conditions [45]. This study indicates that this is true not only for the activity of an entire
BGC, but also for subsets of a biosynthetic pathway that lead to specific metabolite analogs.
This study should encourage us to test different cultivation conditions not only to activate
silent BGCs, but also to fully exploit the chemical diversity originating from BGCs.

5. Conclusions

The present study was aimed at systematically investigating the influence of amino
acid supply on the output of the calcimycin biosynthetic cluster in S. chartreusis. In chemi-
cally defined medium, the addition of different amino acids led to the production of eight
new putative calcimycin analogs. This highlights the diversity of metabolites originating
from a single BGC. The ratio of analogs produced varied depending on the amino acid
supplemented. Each amino acid fed gave a different output profile of calcimycin analogs,
regardless of whether it was a postulated precursor. While tryptophan inhibited the pro-
duction of calcimycin and analogs, glutamine, likely as precursor of 3-hydroxyanthranilic
acid and as nitrogen source, led to high calcimycin levels. This study emphasizes that slight
changes in cultivation conditions can have a huge impact on the metabolic output of a BGC.
Future studies will be directed at structure elucidation of the analogs, understanding the
regulatory mechanisms governing calcimycin and analog production in S. chartreusis and at
elucidating the biological function of calcimycin and analogs of this polyether ionophore.
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