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Abstract

Background: Pamamycins are macrodiolides of polyketide origin which form a family of differently large homo-
logues with molecular weights between 579 and 663. They offer promising biological activity against pathogenic
fungi and gram-positive bacteria. Admittedly, production titers are very low, and pamamycins are typically formed as
crude mixture of mainly smaller derivatives, leaving larger derivatives rather unexplored so far. Therefore, strategies
that enable a more efficient production of pamamycins and provide increased fractions of the rare large derivatives
are highly desired. Here we took a systems biology approach, integrating transcription profiling by RNA sequencing
and intracellular metabolite analysis, to enhance pamamycin production in the heterologous host S. albus J1074/R2.

Results: Supplemented with 1-valine, the recombinant producer S. albus J1074/R2 achieved a threefold increased
pamamycin titer of 3.5 mg L~" and elevated fractions of larger derivatives: Pam 649 was strongly increased, and Pam
663 was newly formed. These beneficial effects were driven by increased availability of intracellular CoA thioesters,
the building blocks for the polyketide, resulting from t-valine catabolism. Unfavorably, 1-valine impaired growth of the
strain, repressed genes of mannitol uptake and glycolysis, and suppressed pamamycin formation, despite the biosyn-
thetic gene cluster was transcriptionally activated, restricting production to the post L-valine phase. A deletion mutant
of the transcriptional regulator bkdR, controlling a branched-chain amino acid dehydrogenase complex, revealed
decoupled pamamycin biosynthesis. The regulator mutant accumulated the polyketide independent of the nutrient
status. Supplemented with (-valine, the novel strain enabled the biosynthesis of pamamycin mixtures with up to 55%
of the heavy derivatives Pam 635, Pam 649, and Pam 663: almost 20-fold more than the wild type.

Conclusions: Our findings open the door to provide rare heavy pamamycins at markedly increased efficiency and
facilitate studies to assess their specific biological activities and explore this important polyketide further.

Keywords: Polyketide, Transcriptome, Metabolome, bkdR, 1-valine, CoA thioester, Ethylmalonyl-CoA, Methylmalonyl
CoA, Malonyl-CoA

Background

Pamamycins, polyketide natural products with molecu-

lar weights between 579 and 663 (Fig. 1), were first iso-

lated from the actinomycete S. alboniger ATCC 21461
. : : : [1], which accumulated Pam 621 as major component.
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Fig. 1 Biosynthesis of the polyketide pamamycin in Streptomyces [11]. Succinyl-CoA displays the starter unit for biosynthesis. Malonyl-CoA,
methylmalonyl-CoA, and ethylmalonyl-CoA represent alternative extender units, which lead to the different derivatives of the polyketide. The
incorporation of the CoA thioesters results in the two hydroxy acids L and S, which are finally assembled to yield pamamycin

homologues between 593 and 649 Da which differed in
number and position of methyl and ethyl group substit-
uents [3]. From an application viewpoint, pamamycins
exhibit a range of interesting pharmacological activities.
In actinomycetes, they induce the switch from substrate
to aerial mycelium [2, 4, 5]. Moreover, they act against
pathogenic fungi and gram-positive bacteria, including
Staphylococcus aureus and multi-resistant clinical iso-
lates of Mycobacterium tuberculosis [6], among the top
ten causes of death worldwide with more than 1 million
people that died from corresponding infections in 2019
[7]. These promising properties have raised the interest
in pamamycins and stimulated a number of follow-up
studies on physicochemical properties [3, 8, 9], mode-
of-action [6, 10], and also synthetic routes over the past
decades [9, 11]. Due to the high complexity and labori-
ousness, it was not feasible to use chemical synthesis for
pamamycin production. On the other hand, fermenta-
tion methods were limited by low production levels and
extraordinarily complex mixtures with up to 16 deriva-
tives, mainly small ones [11-13]. Therefore, most of the
biological activity studies were performed with the most
abundant low-weight variants Pam 607 and Pam 621.
Hereby, it was discovered that pamamycin derivatives
differ in biological activity [3]. Because of inaccessibility,
larger pamamycins have escaped further evaluation but
remain highly interesting to be studied. In this regard,
the development of strategies that (i) generally enable a
more efficient formation of pamamycins and (ii) pro-
vide increased fractions of large derivatives for facili-
tated follow-up studies appears as promising direction of
research.

Biochemically, pamamycin biosynthesis requires suc-
cinyl-CoA as the starter unit. The different pamamycin

variants then result from promiscuous incorporation of
malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-
CoA as alternative extender units [11, 13], whereby the
intracellular availability of the three CoA thioesters influ-
ences the formed spectrum [12, 13]. Interestingly, malo-
nyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA
are provided from the degradation of branched-chain
amino acids (BCAAs, i.e., L-valine, L-leucine, L-isoleu-
cine). Following initial transamination of BCAAs into
a-keto acids, decarboxylation, and dehydrogenation,
catalyzed by the branched-chain amino acid dehydroge-
nase (BCDH) complex, yield the corresponding acyl-CoA
derivatives [14]. Subsequently, these are converted into
acetyl-CoA, propionyl-CoA, and succinyl-CoA, inter alia
potentially leading to the pamamycin precursors malo-
nyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA,
respectively [15—17]. The genome of S. albus contains the
entire catabolic route for degradation of all three BCAAs
[18] and the incorporation of r-valine-derived carbon
into pamamycin has been experimentally shown [19].
Here, we modulated the branched-chain amino acid
metabolism to improve the performance of the recom-
binant pamamycin producer S. albus J1074/R2. Supple-
mentation of the medium with L-valine increased total
pamamycin production and shifted the polyketide spec-
trum to heavier homologues, whereas L-isoleucine was
found detrimental and L-leucine, like other amino acids
did not result in a significant change. Systems-wide anal-
ysis of the L-valine-related effects, combining global tran-
scription profiling and quantification of intracellular CoA
thioesters revealed surprising dynamics: excess L-valine
suppressed pamamycin biosynthesis but pre-conditioned
S. albus towards a 3.5-fold increased production after
L-valine depletion. On the transcriptional level, L-valine
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simultaneously perturbed primary and secondary meta-
bolic pathways. This observation inspired the construc-
tion of a mutant that mimicked the L-valine effect on the
genetic level. A bkdR deletion mutant, lacking a key regu-
lator of the BCDH complex that presumably acted at the
crossroad of primary and secondary metabolic pathways,
provided a novel mode of decoupled pamamycin synthe-
sis, apparently independent of the growth and nutrient
status. The regulator mutant enabled the biosynthesis of
pamamycin mixtures with up to 55% of the heavy-weight
derivatives Pam 635, Pam 649, and Pam 663, almost
20-fold more than the wild type.
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Results

L-Valine enhances pamamycin production in recombinant
S. albus and shifts the spectrum to larger derivatives

To assess its performance, the pamamycin producer
Streptomyces albus J1074/R2 was cultivated in a mini-
mal medium using 10 g L~! mannitol as sole carbon
source. The sugar alcohol is a frequently chosen car-
bon source to produce secondary metabolites [20-22].
The strain, harboring the pamamycin cluster from S.
alboniger [11], accumulated pamamycin to a total titer
of 1.3 mg L~! after 48 h, whereby different derivatives
between 579 and 649 Da were formed (Fig. 2a). The
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Fig. 2 Impact of the nutrient environment on pamamycin production in S. albus J1074/R2. The strain was grown on a mineral mannitol-based

' (55 mM) of the sugar alcohol as sole carbon source (J1074/R2 Control), supplemented with different amino acid
mixtures, containing three to five amino acids (designated by the one letter code) at a concentration of 3 mM each (a, b). The strain was grown

on a mineral mannitol-based medium containing 10 g L~" (55 mM) of the sugar alcohol as sole carbon source (J1074/R2 Control), supplemented
individually with branched-chain amino acids (I, L, and V) at a concentration of 3 mM each (c, d). The data comprise the total pamamycin titer after
96 h (a, ), and the final pamamycin spectrum (b, d). Statistical significance was assessed by a t-test (p <0.05, *; p<0.01, **). n=3
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mid-weight pamamycins 607 and 621 were the dominant
ones (Fig. 2b). They made up approximately 89%. The
low weight pamamycins 579 and 593 contributed 7% to
the total pool, whereas the fractions of the heavy-weight
derivatives Pam 635 and Pam 649 were around 4%,
respectively, and Pam 663, the largest derivative, was not
observed (limit of detection <1 pg L™"). A doubling of the
mannitol content to 20 g L™ did not affect production.
The use of glucose as alternative carbon source resulted
in a pamamycin titer of 0.9 mg L™! (30% less than on
mannitol), potentially due to negative effects of glucose-
mediated carbon catabolite repression [23-25]. The addi-
tion of a casamino acid mixture (8 g L™!) increased the
pamamycin titer after 48 h almost three-fold to 3.7 mg
L~L. This observation indicated that nutrient specific
effects rather than general carbon availability impacted
polyketide production. Next, the influence of different
amino acids was studied systematically. For this purpose,
pamamycin production was compared for mixtures of
three to five amino acids, each added at equimolar con-
centration (Fig. 2).

Among all experiments, only the BCAA mixture with
L-valine, L-leucine, and L-isoleucine revealed a posi-
tive effect. The final pamamycin titer was increased to
4 mg L™, whereby 20% of the product was composed of
the heavy derivatives Pam 635, Pam 649, and Pam 663,
whereby the latter variant was newly observed (Fig. 2a,
b). The addition of acidic (D, E), basic (H, K, R), and neu-
tral (C, G, S) amino acids did not affect the pamamycin
level amount but slightly affected the product spectrum.
A mixture of hydrophobic amino acids (A, M, E, P, W)
and the second group of neutral amino acids (N, Q, T,
Y) unfavorably decreased production to below 1 mg L.
The branched-chain amino acids were now evaluated
individually. Only the supplementation with L-valine
revealed a positive effect: the total pamamycin level was
increased to approximately 3.5 mg L™! and the product
spectrum was shifted towards heavier pamamycins of
635 to 663 Da (23%) (Fig. 2¢, d). The addition of L-leucine
did not significantly enhance production, whereas L-iso-
leucine was found even detrimental (Fig. 2c).

The L-valine effect is complex and dynamic: L-valine
suppresses pamamycin biosynthesis but primes S. albus

to a production boost after its depletion

Given the ability of L-valine to stimulate pamamycin pro-
duction, the effect of the amino acid on S. albus J1074/
R2 was studied in more detail. First, we investigated the
dynamics of production (Fig. 3). The control culture,
containing only mannitol as carbon source, revealed a
growth-coupled accumulation of pamamycin. The pol-
yketide was formed from early on and reached a final titer
of 1.3 mg L~! after 21 h, when mannitol was depleted
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(Fig. 3a), and there was no further accumulation later.
The pamamycin spectrum was constant over time and
revealed Pam 607 (41%) and Pam 621 (48%) as dominant
variants (Fig. 3d, g). During the process, S. albus J1074/
R2 grew at a maximum specific growth rate of 0.13 h™.

The addition of L-valine to the medium caused sev-
eral effects (Fig. 3b). First, extracellular L-valine surpris-
ingly suppressed pamamycin biosynthesis. Production
of the polyketide was very weak if traces of the amino
acid were still present, far below that of the control. Sec-
ond, L-valine was co-consumed with mannitol, whereby
it strongly suppressed the uptake of the sugar alco-
hol and reduced the maximum specific growth rate of
the microbe by more than half to 0.05 h™!. This inhibi-
tion resulted in a pro-longed cultivation time of finally
35 h until all carbon was depleted, almost 70% more
than in the control. Third, when L-valine had been com-
pletely consumed and mannitol remained as the sole
carbon source, the cells switched to a highly productive
mode and formed 3.5 (mg pamamycin) L™! within only
16 h. The pamamycin space time yield during this phase
(0.21 mg L™' h™') was 3.5-fold higher than that of the
control (0.06 mg L™' h™!), although the nutrient envi-
ronment during this phase was apparently the same for
both cultures. Fourth, regarding the pamamycin spec-
trum, the culture revealed two phases. The initial phase
of weak production (12-18 h) formed high fractions of
heavy pamamycins (Fig. 3h). Unfortunately, this had only
a minor effect on the final spectrum due to the minute
amounts formed during this period. After L-valine deple-
tion, the product spectrum shifted to some extent from
heavy to mid and light weight variants (Fig. 3e, h). Nev-
ertheless, the relative (and absolute) production of the
heavy pamamycins (Pam 635, Pam 649, Pam 663) was
higher than in the control.

L-Valine creates a memory effect on the metabolic level:
CoA thioester availability is modulated even hours
after the amino acid is depleted
Pamamycin biosynthesis and L-valine degradation
share CoA thioesters as pathway intermediates [12, 13].
To characterize the two routes and study their poten-
tial interaction, the CoA thioester spectrum in S. albus
was quantified at three different time points during the
L-valine supplemented process: growth under co-utiliza-
tion of excess L-valine and mannitol (7 h, timepoint 1),
weak pamamycin production in the presence of L-valine
traces (18 h, timepoint 2), and strong production, 8 h
after L-valine depletion (26 h, timepoint 3) (Fig. 3a, b, and
Fig. 4a—c). A culture without L-valine addition was ana-
lyzed as control at the same time points.

Generally, L-valine supplementation strongly affected
the CoA ester metabolism. During early growth (7 h),
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Fig. 3 Influence of genetic and environmental perturbation on growth and pamamycin production in Streptomyces albus J1074/R2. The data
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butyryl-/isobutyryl-CoA and hydroxybutyryl-/hydrox-
yisobutyryl-CoA, catabolic intermediates of L-valine
degradation, were increased up to more than 100-fold
as compared to the control and reached levels above
2000 nmol g~! (Fig. 4a, d). In addition, several interme-
diates of the ethylmalonyl-CoA pathway, such as cro-
tonyl-CoA, ethylmalonyl-CoA, methylsuccinyl-CoA,
and propionyl-CoA were accumulated up to more than
30-fold, whereas malonyl-CoA was reduced by 50%.
Interestingly, several of the increased CoA thioester
pools remained high even hours after L-valine had been
depleted. As an example, the level of butyryl-/isobu-
tyryl-CoA remained above 500 nmol g~! and displayed
the dominant CoA thioester even 8 h after L-valine had
been consumed (Fig. 4b, c). The pool of ethylmalonyl-
CoA sharply dropped from 30 to below 5 nmol g~* but
was still slightly higher than in the control, whereas

malonyl-CoA remained low. The observed changes
substantially affected the ratio between the alternative
extender units for pamamycin synthesis. In the L-valine
supplemented process the ratio between malonyl-
CoA, methylmalonyl-CoA, and ethylmalonyl-CoA was
100:65:97 during growth (7 h), 100:68:9 during weak pro-
duction (18 h), and 100:64:14 in the major production
phase (26 h), while it was 100:20:1, 100:28:2, and 100:29:2
at the corresponding time points in the control (Fig. 4).

L-valine induces global transcriptional changes in S. albus

The recombinant producer was now studied on the tran-
scriptional level. Using RNA sequencing, we analyzed
the transcriptome of S. albus J1074/R2 in a L-valine sup-
plemented process during initial growth (7 h) and strong
pamamycin production (26 h) and sampled a process
without L-valine addition as control. Sample-level quality
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1,2,3),and

control revealed excellent reproducibility (Additional
file 1: Fig. S11, Additional file 1: Fig. S12). The individual
replicates of all samples closely clustered together so that
the observed expression differences could be fully attrib-
uted to the different experimental conditions. Various
genes were significantly changed in expression by addi-
tion of L-valine during growth (7 h) (Additional file 1: Fig.
S5). Interestingly, the gene expression pattern was still
largely perturbed in the later process, although L-valine
had been depleted approximately 8 h before and the
resulting nutrient status (only mannitol present as car-
bon source), was the same for both processes at this time

point.

Surprisingly, L-valine triggered the overexpression of
almost the entire pamamycin cluster (log,-fold change up
to 3.2) (Fig. 5). This effect was observed for the growth
phase (when pamamycin biosynthesis was strongly sup-
pressed) and the production phase (when L-valine had
long been depleted). As an exception, the pamamycin
exporter (pamW) and its regulator pamR2 were not
affected. XNRR2_0579, XNRR2_1238, and XNRR2_5716,
encoding phosphopantetheinyl transferases (PPTases)
for initial activation of the acyl-carrier protein (pamC)
during pamamycin synthesis, were found unchanged
in expression (Additional file 1: Table S5). The catabolic
L-valine route was strongly activated (Fig. 5), whereby
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BCDH II was identified as major complex catalyzing the
initial step, and these changes remained over a period of
8 h after rL-valine depletion. The genes XNRR2_0150 to
XNRR2_0154, encoding for r-valine degradation from
isobutyryl-CoA to methylmalonate semialdehyde, were
among the 20 most upregulated genes (Table 1). Notably,
excess L-valine did not inhibit expression of L-valine bio-
synthesis but rather upregulated certain steps of the ana-
bolic route (Additional file 1: Table S3).

Complex changes were observed for central carbon
metabolism. As response to excess L-valine, cells exhib-
ited a down-regulation of sugar transport genes encoding:

the fructose-specific IIA/B/C component (XNRR2_0028)
and the phosphor carrier protein HPr (XNRR2_0029) of
the phosphotransferase system (PTS), and a sugar trans-
porter with presumed function as mannitol permease
(XNRR2_0970) (Additional file 1: Table S3). Additionally,
two glycolytic genes, i. e. NADPH-dependent glyceral-
dehyde-3-phosphate dehydrogenase (XNRR2_0959) and
pyruvate kinase (XNRR2_4449) were down-regulated
(Additional file 1: Table S3). Slight expression changes
resulted for reactions around the pools of acetyl-CoA
and malonyl-CoA. As example, the fatty acid biosyn-
thetic machinery, competing with pamamycin formation
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Table 1 Most pronounced gene expression changes in Streptomyces albus J1074/R2 and Streptomyces albus AbkdR/R2 caused by
supplementation of the minimal mannitol-based medium with t-valine

J1074/R2 AbkdRIR2
Gene Annotation + L-valine + L-valine Function

Early Late Early Late
XNRR2_0839 Pyruvate dehydrogenase E1 component 71 6.9 6.7 6.4 [ )
XNRR2_0151 3-hydroxyisobutyrate dehydrogenase 5.4 5.2 5.6 5.7 [ )
XNRR2_0153 Butyryl-CoA dehydrogenase 52 5.4 59 5.7 [ )
XNRR2_1417 Isobutyryl-CoA mutase 5.1 5.1 52 4.9 [ )
XNRR2_0152 3-hydroxyisobutyryl-CoA hydrolase 5.1 52 55 5.6 ()
XNRR2_0131 Integral membrane protein 5.0 5.3 55 5.2
XNRR2_0154 Methylmalonate-semialdehyde dehydrogenase 5.0 5.3 5.9 5.5 [ )
XNRR2_0150 Enoyl-CoA hydratase [valine degradation] 4.6 4.5 51 5.1 ()
XNRR2_2027 Lantibiotic protein 4.4 3.5 7.0 55
XNRR2_5094 DUF402 domain containing protein 4.4 4.2 3.5 1.9
XNRR2_5095 Acetyltransferase 4.4 3.9 3.2 1.8 [ )
XNRR2_4266 Acetyltransferase 4.2 3.8 3.1 2.5 o
XNRR2_5673 Hypothetical protein 4.1 2.6 26 0.0
XNRR2_5027 Endonuclease 3.9 3.1 22 1.1 [ )
XNRR2_3147 Hypothetical protein 3.7 21 6.7 2.3
XNRR2_3848 Amino acid transporter 3.7 0.0 0.0 0.0 [ )
XNRR2_4052 Aminoglycoside phosphotransferase 3.6 2.8 22 0.0 [ )
XNRR2_4209 Cyclohexanecarboxyl-CoA dehydrogenase 3.6 3.6 53 4.0 o
XNRR2_5626 Alkylhydroperoxidase AhpD 3.6 3.4 23 1.0
XNRR2_2781 Hypothetical protein 3.5 3.4 2.6 1.5
XNRR2_3219 Alanyl-tRNA synthetase -3.8 -2.8 -2.6 -1.9 o
XNRR2_4152 Hypothetical protein -3.6 0.0 0.0 0.0
XNRR2_5088 Secreted serine protease -3.5 -4.3 -3.3 -3.8 [ )
XNRR2_0230 Beta-1,3-glucanase -3.5 -2.5 -2.8 2.7 o
XNRR2_4311 Superoxide dismutase [Fe-Zn] -3.4 2.2 -1.7 0.0 o
XNRR2_2401 ABC transporter solute-binding protein -3.4 -4.5 -6.9 -2.8 o
XNRR2_3220 Metal-dependent protease -3.4 -2.8 -3.3 -1.9 o
XNRR2_5821 Transport permease -3.2 -1.9 -1.7 0.0
XNRR2_5825 Hypothetical protein -2.9 -5.9 0.0 0.0
XNRR2_5822 Transport permease -2.8 -1.3 0.0 0.0

® Valine metabolism

® Cellular processes

The data show the twenty most upregulated and the ten most downregulated genes Samples were taken from all cultures after 7 h (Early) and 18 h (Late). The

expression level of the control culture J1074/R2 after 7 h was set as a reference. n=3

for malonyl-CoA was unchanged (Additional file 1:
Table S3). However, other genes of CoA metabolism
revealed a more pronounced expression change. Isobu-
tyryl-CoA mutase was strongly activated (XNRR2_1417,

Unknown

@® CoA metabolism

Secondary metabolism

log,-fold 5.2), and the initial steps of the ethylmalo-
nyl-CoA pathway, involving acetyl-CoA carboxylase
(XNRR2_1438, XNRR2_1987) and acetyl-/propionyl-
CoA carboxylase (XNRR2_4211), were up-regulated too
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(Fig. 5). In contrast, crotonyl-CoA carboxylase/reductase
(XNRR2_5889) revealed decreased expression (log,-fold
-2.1). Regarding higher levels of cellular control, the addi-
tion of L-valine caused decreased gene expression of pro-
tein PII uridylyl transferase (XNRR2_1222 log,-fold-2.1),
the nitrogen regulator protein P-II (XNRR2_1223,
log,-fold change up to -2.1), an ammonium transporter
(XNRR2_1224, log,-fold-2.3) and glutamine synthetase
(XNRR2_4658, log,-fold-1.8), important genes of the
nitrogen regulation system in Streptomyces [26, 27]
(Additional file 1: Table S4). Furthermore, up to nine
genes encoding sigma-factors and morphology regula-
tors exhibited significantly changed expression (Addi-
tional file 1: Table S4). Finally, L-valine affected a range
of pathways of secondary metabolism. In addition to the
effects on pamamycin, the cluster encoding for the bio-
synthetic pathway paulomycin, a glycosylated antibiotic,
was upregulated, whereas the clusters for the macrolide
candicidin and the nine-membered bis-lactone antimy-
cin were found decreased in expression (Additional file 1:
Fig. S7).

A null mutant of the bkdR regulator reveals decoupled
pamamycin biosynthesis, apparently independent
of the nutrient status
As shown, L-valine supplementation increased the final
pamamycin titer. Despite this improvement, the set-up
appeared suboptimal to some extent, because the amino
acid caused poor growth of S. albus and the production
of the polyketide was restricted to a short, post-L-valine
phase so that the initial phase with high levels of meth-
ylmalonyl-CoA and ethylmalonyl-CoA as building blocks
for the desired heavy pamamycins could not be exploited.
For optimization, we now aimed to break the (at least
partly unfavorable) regulatory interactions. The tran-
scriptome changes were too complex and provided too
many targets to be systematically tackled within reasona-
ble time, considering the demanding genetics of S. albus.
Therefore, we were inspired to create a mutant that mim-
icked the promising L-valine effect on the genetic level
and perturbed the crossroad between primary and sec-
ondary metabolic pathways. We decided to dissect cellu-
lar control at the level of bkdR, a transcriptional regulator
of a branched-chain amino acid dehydrogenase complex
which controls branched-chain amino acid metabolism,
antibiotic production, and morphogenesis in Streptomy-
ces [14, 28], presumably acting at the crossroad between
the perturbed primary and secondary metabolic path-
ways. Therefore, we searched the genome of S. albus for
a homolog of the known bkdR gene (SCO3832) from S.
coelicolor [14]. The gene XNRR2_3053 showed 83% iden-
tity to SCO3832 (E-value 2E7'%%) and was assigned as
the corresponding regulator bkdR in S. albus (Additional
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file 1: Figure S1). It turned out that bkdR was actively
transcribed in the L-valine supplemented cultures and in
the control cultures, whereby the expression level (10-20
sequencing reads in the different samples) was gener-
ally low. Subsequently, we deleted bkdR (XNRR2_3053)
from the genome of S. albus J1074/R2. To this end, the
linearized pKG1132hyg suicide vector was assembled
in vitro with two 2000 bp fragments, containing the
upstream and downstream flanking regions of the gene,
respectively, using the primers 3053_HomA_Fw, 3053_
HomA_Rev and 3053_HomB_Fw, and 3053_HomB_Rev
(Additional file 1: Table S2). The plasmid was then trans-
formed into S. albus using intergenic conjugation. The
obtained S. albus exconjugants were evaluated by PCR
using the primers 3053_ch_Fw and 3053_ch_Rev (Addi-
tional file 1: Table S2). Clones, which carried the desired
deletion, revealed a shortened PCR fragment (739 bp),
as compared to wildtype (1198 bp). One clone, addition-
ally validated by sequencing for the desired deletion, was
designated S. albus AbkdR/R2 and studied further (Addi-
tional file 1: Figure S2).

The AbkdR regulator mutant revealed substantially
improved growth and production performance (Fig. 3).
The formation of pamamycin occurred during all cul-
ture phases. It was no longer suppressed by L-valine but
started immediately after inoculation, and it also was
maintained during the stationary phase, when all carbon
in the medium was exhausted. The final pamamycin level
(4.5 mg L") was 1.5-fold higher than that of the wildtype
with L-valine supplementation and almost fourfold
higher than that of the wildtype without L-valine. The
fraction of heavy pamamycins in the mixture (Pam 635,
Pam 649, and Pam 663) was increased to 35%. During the
stationary phase, the cells even formed a mixture with
55% of these large pamamycins (Additional file 1: Fig. S4).
Notably, the AbkdR strain exhibited a 60% higher specific
growth rate (4 =0.08 h™?), than the wildtype.

The deletion of bkdR beneficially activates the expression
of genes related to pamamycin biosynthesis and sugar
utilization

The AbkdR mutant revealed a drastic upregulation of
the pamamycin cluster during the early growth phase
(7 h, log,-fold up to 5.6) and the expression of the clus-
ter remained much higher than in the parent producer
during later stages, although it slightly dropped as com-
pared to the start phase (Fig. 5). Notably, the repress-
ing effects of L-valine on sugar uptake was diminished.
The PTS genes (XNRR2_0028, XNRR2_0029), and the
mannitol permease encoding gene (XNRR2_0970) were
not downregulated in AbkdR, different to the wild type.
In addition, other PTS components (XNRR2_5450,
XNRR2_5451) were slightly upregulated (Additional
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file 1: Table S3). Genes associated to L-valine degradation
showed no major difference in expression, matching the
similar L-valine degradation rate in both strains (Fig. 5,
Table 1). Related to morphogenesis, the mutant revealed
modulated expression of several regulators, includ-
ing XNRR2_1044 (sporulation transcription factor),
XNRR2_3527 (BIdN, RNA polymerase sigma-factor),
XNRR2_2306 (Factor C protein), and different sigma
factors (XNRR2_4476, XNRR2_5283) (Additional file 1:
Table S4). Furthermore, the deletion of bkdR had signifi-
cant effects on the expression of the clusters for paulo-
mycin (no upregulation during later stages), candicidin
and antimycin (no downregulation during later stages),
and additionally it activated the expression of a lantibi-
otic cluster and a cluster, encoding for a so far unknown
polyketide, during early growth (Additional file 1: Fig. S7,
Cluster 12 and 26).

Regarding intracellular CoA thioesters, pools for acetyl-
CoA, malonyl-CoA, propionyl-CoA, 3-hydroxy(iso-)
butyryl-CoA, crotonyl-CoA (Additional file 1: Fig. S3),
and ethylmalonyl-CoA were reduced during L-valine
degradation, compared to J1074/R2, whereas the other
esters remained unaffected. After rL-valine had been
depleted, acetyl-CoA and methylmalonyl-CoA exhib-
ited slightly increased levels. The ratio between malonyl-
CoA, methylmalonyl-CoA, and ethylmalonyl-CoA was
100:198:43 during L-valine degradation and 100:94:4 dur-
ing later production.

Discussion

The feeding of L-valine enhances the production of rare
heavy pamamycins: the formation of Pam 649 is increased
up to sevenfold and Pam 663 appears as a newly formed
derivative

Using S. albus J1074/R2 on a mannitol-based medium
in this work (the defined medium was chosen to enable
a clear monitoring of the medium supplementation
effects), yielded a pamamycin mixture that well matched
previous observations [1, 2, 11-13]: lower and mid
weight pamamycins were dominating (95.7% Pam 579 to
Pam 621), larger derivatives were contained only in low
amount (4% Pam 635, 0.3% Pam 649), and the largest one
Pam 663 was even absent (<0.1%) (Figs. 2, 3). Remark-
ably, L-valine stimulated the formation of the larger
pamamycins (Pam 635-Pam 663). The total production
of Pam 649 was enhanced sevenfold (in J1074/R2) and
16-fold (in AbkdR/R2), as compared to the non-supple-
mented wild type. Considering the period of maximum
formation (AbkdR/R2 during stationary phase), the frac-
tion of this rare derivative was even increased 40-fold.
Pam 663 was only formed, when L-valine was added. This
shift of the product spectrum appears promising. It will
help to overproduce rare heavy pamamycins, opening
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opportunities to study their so far uncharacterized spe-
cific biological activity to further explore this important
polyketide [3, 6, 29].

The deletion of bkdR improves the growth of S. albus
J1074/R2 in the presence of L-valine and decouples
pamamycin production from the nutrient status

As shown, the feeding of L-valine increased the final
pamamycin titer but also revealed undesired side effects:
impaired growth and suppression of pamamycin biosyn-
thesis if the amino acid was present (Fig. 2, Fig. 3). It is
interesting to note that such negative effects have been
also observed in S. ambofaciens and S. venezuelae, where
excess L-valine reduced cell growth and the production of
spiramycin [30] and pikromycin [15]. Here, the reduced
growth of S. albus obviously resulted from transcriptional
repression of the mannitol PTS-mediated uptake and the
glycolysis (Fig. 3b, Additional file 1: Table S3), similar to
the L-valine related downregulation of glycolytic activity,
observed in B. subtilis [15, 31]. Interestingly, the knock-
out of bkdR restored the PTS expression to high level and
thereby eliminated the growth limitation, indicating at
least an indirect connection between the regulator and
the PTS. This link is rather unexplored in Streptomyces.
Interestingly, previous studies of Eubacterium limosum
and Tepidanaerobacter acetatoxydans suggest a possi-
ble regulatory function of bkdR on the PTS system: their
Fis-family transcriptional regulators contain a HPr-like
domain with significant homology to bkdR of B. subtilis
[32]. Most importantly, the deletion of bkdR apparently
impaired the control of pamamycin biosynthesis, ena-
bling continuous polyketide formation, even after sub-
strate depletion (Fig. 3, Fig. 5, Additional file 1: Fig. S4).
Normally, secondary metabolism starts on the onset of
aerial growth when nutrients become scarce [33] and
branched-chain amino acids such as L-valine indicate a
rich nutrient environment [34], and this control circuit
is obviously destroyed by the bkdR deletion in S. albus.
Simultaneously, the deletion of bkdR activated other sec-
ondary metabolite clusters in the presence of L-valine,
(Additional file 1: Fig. S7), underlining the global role
of this regulator, besides its well-known control of the
BCDH cluster during amino acid degradation [14].

The degradation of L-valine builds up a huge storage

of intracellular CoA thioesters which lasts for a couple

of hours after L-valine depletion and tunes the pamamycin

spectrum

L-Valine catabolism occurs via methylmalonate semial-
dehyde and methylmalonyl-CoA as central intermediates
[13, 18] which well explains the elevated methylmalonyl-
CoA pool, when L-valine was present (Fig. 6). The stimu-
lating effect of L-valine on the pool of ethylmalonyl-CoA
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was not such obvious on a first glance. It seemed to  based the transcriptome and metabolome data, which
involve the ethylmalonyl-CoA pathway, at least con- formed the CoA thioester from the catabolic L-valine
sidering the increased abundance of the pathway inter- intermediate isobutyryl-CoA via isomerization into
mediate crotonyl-CoA (Fig. 6) [13, 17]. In addition, we  butyryl-CoA and subsequent carboxylation into ethyl-
propose a second route for ethylmalonyl CoA supply malonyl-CoA (Fig. 6). The two CoA thioester pools were
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strongly increased (Fig. 4, Fig. 6), and the expression of
genes encoding for enzymes of this by-pass, isobutyryl-
CoA mutase (XNRR2_1417, log,-fold 5.1) [35] and pro-
miscuous acetyl-/propionyl-CoA carboxylases (e.g.
XNRR2_4211/4212, log,-fold up to 4.7) was increased
too (Fig. 6, Table 1). It was interesting to note that
butyryl- and isobutyryl-CoA remained high, even hours
after L-valine had been depleted and displayed a continu-
ous reservoir to supply ethylmalonyl CoA. The increased
abundance of methylsuccinyl-CoA under L-valine excess
indicated significant loss of ethylmalonyl-CoA, caused
by ethylmalonyl-CoA mutase (meaA). A deletion of this
gene might enhance the ethylmalonyl-CoA pool even
further, as previously shown for other polyketides in
S. venezuelae [17]. In contrast, the exact reason of the
reduced the malonyl-CoA pool under L-valine remains
rather unclear. As recently discovered, the transcriptional
regulator AccR controls several acetyl-CoA carboxy-
lases and affects the levels of malonyl-CoA and meth-
ylmalonyl-CoA in S. avermitilis [36]. S. albus exhibits a
homolog to this regulator: XNRR2 4213, annotated as
TetR-family transcriptional regulator, exhibits a high
similarity to AccR (E-value 2E7'%°) and the transcrip-
tional regulator PccD from Saccharopolyspora erythraea
which directly controls the BCDH operon [37]. Notably,
the gene showed increased expression when L-valine was
supplemented to the wildtype but remained unaffected in
the bkdR mutant (Additional file Table S6). This observa-
tion can be taken as a first hint for a link between BCAA
degradation, bkdR and the level of short-chain acyl-CoA
esters but more work is needed in the future to fully
resolve this picture in S. albus.

Clearly, the effects of L-valine were global and affected
(i) morphology regulation and morphogenesis (Addi-
tional file 1: Table S4) [38], (ii) nitrogen assimilation and
its control (Additional file 1: Table S4) [26, 27, 39, 40],
and (iii) XNRR2_1071 (RelA) as part of the stringent
response system [41, 42] (Additional file 1: Table S4). In
addition, secondary metabolism was changed at the level
of the clusters for paulomycin [43], candicidin [44], and
antimycin [45] (Additional file 1: Fig. S7). Altogether, this
indicates a complex regulatory network around L-valine
[15, 46].

The biosynthesis of pamamycin in S. albus involves L-valine
mediated post-transcriptional control

Interestingly, L-valine activated the expression of the
pamamycin biosynthetic gene cluster in S. albus J1074/
R2, but simultaneously suppressed biosynthesis of the
polyketide (Fig. 3, Fig. 5). These diametral effects indi-
cate post-transcriptional control of pamamycin biosyn-
thesis in the heterologous host. A possible mechanism
could involve suppressed activation of the acyl-carrier
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protein pamC, the initial step of the pamamycin assem-
bly, by phosphopantetheinyl transferase (PPtase) activity
[47, 48]. The heterologous pamamycin cluster does not
encode such an enzyme so that native PPtases appar-
ently catalyzed the activation. The genome of S. albus
contains three PPtase encoding genes, XNRR2_0579,
XNRR2 1238, and XNRR2 5716. None of them was
significantly affected in expression (Additional file 1:
Table S5), so that we cannot provide a clear conclusion
at this stage. However, pamC has been shown decisive
for pamamycin synthesis [11]. The deletion of this gene
S. albus J1074/R2 resulted in a dramatic reduction of
pamamycin production, especially heavy ones. Remark-
ably, pamC was by far the strongest expressed gene of the
pamamycin cluster in the bkdR deletion mutant (Fig. 6),
eventually overriding the control so that the mutant
accumulated pamamycin in the presence of L-valine
(with a substantial fraction of large derivatives).

Materials and methods

Microorganisms and plasmids

The pamamycin producing strain S. albus J1074/R2 was
obtained from previous work [11]. The amplification of
transformation vectors during molecular cloning was
conducted using Escherichia coli DH5a (Invitrogen,
Carlsbad, USA). The methylation-sensitive strain E. coli
ET12567 (dam-13::Tn9, dcm-6, hsdM, hsdS), containing
the plasmid pUZ8002, was used as donor strain to con-
jugate DNA into S. albus [49]. Plasmid pKG1132, exhib-
iting B-glucuronidase reporter activity [50], was used to
generate the integrative plasmid pKG1132hyg. All strains
were maintained as glycerol stocks at — 80 °C.

Molecular design and genetic engineering

First, DNA fragments from genomic DNA of S. albus
J1074/R2 were amplified by PCR (2 x Phusion High-
Fidelity PCR Master Mix with GC Buffer, Thermo Sci-
entific, Waltham, MA, USA) using sequence specific
primers (Additional file 1: Table S3). To clone the frag-
ments into a linearized vector, homologous overlaps were
created by fusing the forward and reverse primers with 20
nucleotide long sequences at their 5’ end. Subsequently,
the fragments of interest were purified (Wizard SV Gel,
PCR Clean-Up System, Promega, Mannheim, Germany)
and assembled in vitro [51]. The vector backbone was lin-
earized by EcoRV (FastDigest, Thermo Fisher Scientific,
St. Leon-Roth, Germany) involving concomitant alkaline
phosphatase treatment (Thermo Fischer Scientific). The
reaction mixture for subsequent assembly of fragments
and linearized vector contained 157.5 mM Tris-HCl
(pH 7.5), 15.75 mM MgCl,, 15.75 mM DTT, 42 mg pL ™!
PEG-800, 0.6 mg pL ™' NAD, 25 mU pL~! Phusion High-
Fidelity DNA Polymerase (Thermo Fisher Scientific),
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75 mU pL™! T5 exonuclease (Epicentre, Madison,
USA), 4 U uL™! Taq Ligase (Thermo Fisher Scientific),
and 0.3 mM dNTPs. The obtained plasmid (Additional
file 1: Table S2) was transferred into E. coli DH5a com-
petent cells using heat shock, multiplied in the cloning
host, isolated, and verified by restriction digestion. Sub-
sequently, electrocompetent cells of E. coli ET12567/
pUZ8002 were transformed with the correct plasmid and
then used to transfer it into S. albus J1074/R2 by inter-
genic conjugation. For this purpose, the recipient strain
was grown for four days for sporulation. Spores were
washed off using sterile water, heat shocked for 10 min at
50 °C, mixed with E. coli ET12567/pUZ8002 (containing
the recombinant plasmid) and plated on MS agar. After
overnight incubation at 30 °C, plates were overlayed with
phosphomycin (200 pg mL™!) and apramycin/hygro-
mycin (50/100 pg mL™!). After four days of incubation
at 30 °C, exconjugants were sprinkled with 3 pL X-Gluc
(100 mg mL™"), incubated for 20-30 min at 30 °C, and
evaluated for blue coloration. Blue stained exconjugants
were passaged on MS agar plates containing phospho-
mycin. Spores were again washed off, diluted serially, and
plated onto MS agar, supplemented with X-Gluc. White
colonies, that had obviously undergone a second crosso-
ver, were evaluated by PCR to differentiate between the
desired mutants and wild type. The software SnapGene
(GSL Biotech LLC, San Diego, USA) was used for molec-
ular strain, plasmid, and primer design.

Media

For genetic engineering purposes, E. coli was grown in
liquid Luria—Bertani medium (LB, Sigma-Aldrich, Darm-
stadt, Germany) or on solid LB medium containing 20 g
L' agar (Becton Dickinson, Heidelberg, Germany),
whereas S. albus J1074/R2 and its derivative strains were
grown in liquid LB medium. To facilitate sporulation, S.
albus was grown on mannitol-soy flour MS solid media
containing per liter: 20 g mannitol (Sigma-Aldrich),
20 g soy flour (Schoenenberger Hensel, Magstadt, Ger-
many) and 20 g agar (Becton Dickinson) [49]. For plas-
mid maintenance and selection, apramycin (50 pg mL™Y),
hygromycin (50 ug mL™, S. albus, 100 ug mL™", E. coli)
and phosphomycin (200 ug mL™!) were added to the
medium when needed. Additionally, for blue-white-
screening, 5-Bromo-4-chloro-1H-indol-3-yl B-D-
glucopyranosiduronic acid (X-Gluc) was supplemented
to selection agar plates (40 pg mL™") [52].

For pamamycin production, liquid pre-cultures of S.
albus were grown in LB broth (20 g L™!) and main cul-
tures were grown in basic minimal medium [12], which
contained per liter: 10 g mannitol, 200 mM potas-
sium phosphate buffer (pH 7.8), 15 g (NH,),SO,, 1 g
NaCl, 550 mg MgCl,*7H,0, 200 mg CaCl,, 30 mg
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3,4-dihydroxybenzoic acid, 20 mg FeSO, 2 mg
FeCl;*6H,0, 2 mg MnSO,*H,0, 0.5 mg ZnSO,*H,0,
0.2 mg CuCl,*2H,0, 0.2 mg Na,B,0,*10H,O, 0.1 mg
(NH,)¢Mo,0,,*4H,0, 1 mg nicotinamide, 1 mg ribofla-
vin, 0.5 mg thiamine hydrochloride, 0.5 mg pyridoxine
hydrochloride, 0.2 mg biotin, and 0.1 mg p-aminobenzoic
acid. In addition, liquid media were amended with 30 g
L~! glass beads (soda-lime glass, 5 mm, Sigma-Aldrich)
to avoid cell agglomeration. In selected experiments, sin-
gle amino acids or mixtures of amino acids were added
from filter sterilized stocks to the minimal medium, as
stated above.

Cultivation in shake flasks

Liquid cultures were incubated in baffled shake flasks
(500 mL, 10% filling volume) on an orbital shaker (Mul-
titron, Infors AG, Bottmingen, Switzerland, 5 cm shaking
diameter, 230 rpm, 75% relative humidity), and at 28 °C.
S. albus was incubated on MS agar at 28 °C for three days
until sporulation occurred. Spores of a single colony were
collected to inoculate the pre-culture, which was incu-
bated overnight in LB medium. Afterwards, cells were
collected (5,000 xg, 25 °C, 6 min), resuspended in main
culture medium, and used to inoculate the main culture.
All growth experiments were conducted as biological
triplicate.

Determination of cell concentration

The cell dry weight of the cultures was obtained by meas-
uring the optical density at 600 nm, using the previ-
ously obtained correlation factor for S. albus of CDW (g
L™1)=0.62 x ODy, [12].

Quantification of substrates

Mannitol was quantified by HPLC (1260 Infinity Series,
Agilent, Darmstadt, Germany) using a Metacarb 87C
column (300 x 7.8 mm, Agilent), a Metacarb 87C guard
column (50x7.8 mm, Agilent), a desalting column
(Microguard Deashing Cartridge, Bio-Rad, Munich, Ger-
many), and demineralized water as mobile phase (85 °C,
0.6 mL min~!). Refraction index measurement was used
for detection, and external standards were used for quan-
tification [53, 54].

Quantification of amino acids

The amino acids were quantified using HPLC with pre-
column derivatization and fluorescence detection as
described before [55]. For quantification, a-aminobutyric
acid was used as internal standard [54].

Extraction and quantification of pamamycins
Pamamycin analysis was performed following the proto-
col previously described [12]. In short, pamamycins were
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extracted with acetone and ethyl acetate, organic phase
evaporated under nitrogen and the obtained extracts
resolved in methanol. The filtered extracts were ana-
lyzed using LC-ESI-MS/MS (QTRAP 6500", AB Sciex,
Darmstadt, Germany) coupled to an HPLC system (Agi-
lent Infinity 1290 System). Analytes were separated on a
C18 column (Vision HT C18 HighLoad, 100 mm x 2 mm,
1.5 um, Dr. Maisch, Ammerbuch-Entringen, Germany) at
45 °C and a flow rate of 300 pL min~! (§ mM ammonium
formate in 92% acetonitrile). Detection was carried out in
positive selected ion monitoring (SIM) mode, using the
[M+H]" ion for each pamamycin derivative.

Extraction of intracellular CoA thioesters

CoA thioesters were extracted using the previously
established protocol [12]. In short, a broth sample
(approximately 8 mg CDW) was collected and imme-
diately transferred into a pre-cooled extraction and
quenching buffer (95% acetonitrile, 25 mM formic acid,
—20 °C). Simultaneously a fully *C-enriched CoA thi-
oester standard was added during harvesting for later
absolute quantification. The volume ratio was 1:4. The
obtained solution was thoroughly mixed while cooled on
ice for 10 min, and then clarified from debris (15,000x g,
4 °C, 10 min). The obtained supernatant was mixed with
10 mL super cooled deionized water (—2 °C). The cell
pellet was twice washed with 8 mL super cooled deion-
ized water. Afterwards, all supernatants were combined,
frozen with liquid nitrogen, freeze-dried, and then re-dis-
solved in 500 pL pre-cooled resuspension buffer (25 mM
ammonium formate, pH 3.0, 2% MeOH, 4 °C). The buft-
ered extract was filtered (Ultrafree-MC 0.22 um, Merck,
Millipore, Germany) prior to analysis.

Quantification of CoA thioesters using LC-ESI-MS/MS

Analysis of the CoA thioesters were performed as
described before [12]. Therefore, the extracts were ana-
lyzed on a core—shell reversed phase column (Kinetex
XB-C18, 100 x 2.1 mm, 2.6 y, 100 A, Phenomenex) was
applied at 40 °C, using a gradient of formic acid (50 mM,
adjusted to pH 8.1 with ammonium hydroxide 25% in
H,0, eluent A) and methanol (eluent B) at a flow rate of
300 pL min~!. The fraction of eluent B was as follows:
0-7 min, 0-10% B; 7-10 min, 10-100% B; 10—11 min,
100% B; 11-12 min, 100—0% B; 12—15 min, 0% B. Dur-
ing the first 3 min of the analysis, the outflow from the
chromatographic column was discharged to minimize
the entry of salts from samples into the mass spectrom-
eter. The individual CoA thioesters were detected using
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multiple reaction monitoring (MRM), involving the cor-
responding parent ion and its respective daughter ion.

Transcriptomic analysis

Cells were collected by centrifugation (20,000xg, 4 °C,
1 min), and the obtained pellet was immediately fro-
zen in liquid nitrogen. Total RNA was isolated from
3 biological replicates per strain using a Quick-RNA
Miniprep Plus kit according to the manufacturer’s
instructions (Zymo Research). After additional DNase
treatment, RNA samples were purified with an RNA
Clean&Concentrator-5 kit (Zymo Research) and quan-
tified with a DropSense 16 (Trinean NV). The quality
of total RNA was controlled with an RNA 6000 Nano
kit in an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies). To construct whole transcriptome cDNA librar-
ies, 2.5 pg total RNA each (RIN>9) was used for the
depletion of rRNA with a Ribo-Zero rRNA Removal
Kit (Bacteria) according to manufacturer’s instructions
(Ilumina). The rRNA removal was checked with an
Agilent RNA Pico 6000 kit and the Agilent 2100 Bioan-
alyzer (Agilent Technologies). The mRNA obtained was
converted to a cDNA library according to the TruSeq
Stranded mRNA Sample Preparation guide (Illumina).
The quality and quantity of the cDNA library was
checked with an Agilent High Sensitivity DNA kit and
the Agilent 2100 Bioanalyzer (Agilent Technologies).
Sequencing was performed on an Illumina NextSeq 500
using 75 bases read length (Illumina).

Reads were mapped to the S. albus J1074/R2 genome
sequence (CP059254.1) with Bowtie2 using standard
settings [56] except for increasing the maximal allowed
distance for paired reads to 600 bases. For visualization
of read alignments, ReadXplorer 2.2.3 [57] was used.
For counting of reads mapping to gene features, Fea-
tureCounts v.2.0.0 [58] was applied using the param-
eters -M -O and -s 1. Using the resulting data, DESeq2
[59] was used to QC the datasets via, among others, cal-
culation of the sample-to-sample distances (Additional
file 1: Fig. S11) and PCA (Additional file 1: Fig. S12). In
addition, DESeq2 was used to calculate DGE datasets.
Raw datasets (sequenced reads) as well as processed
datasets (input matrix and normalized read counts
from DESeq2) are available from GEO (GSE168592).
For statistical analysis, Student’s t test was carried out
and the data were filtered for genes with a log2-fold
change>1 (p<0.05). Data analysis and visualization
was conducted using the software package gplots [60,
61].

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-021-01602-6.


https://doi.org/10.1186/s12934-021-01602-6
https://doi.org/10.1186/s12934-021-01602-6

Glaser et al. Microb Cell Fact (2021) 20:111

[ Additional file T: Additional figures ST to ST2 and tables 5T to S6. }

Acknowledgements

This work is dedicated to the memory of Dr. Judith Becker (2.2.1981-
27.4.2021), our close and cherished colleague at the Institute of Systems
Biotechnology, Saarland University, and our true friend.

Authors’ contributions

CW designed and supervised the study. LG carried out the cultivation experi-
ments and performed the CoA thioester analysis. LG and MK conducted
pamamycin analysis. JS and MM performed genetic engineering. CR and JK
performed RNA sequencing and data processing. LG und CW analyzed the
data, drew the figures, and wrote the first draft of the manuscript. All authors
critically commented and improved the manuscript. All authors read and
approved the final manuscript.

Funding

The authors acknowledge funding from the German Ministry of Education
and Research (BMBF) through the grant MyBio (031B034). Christoph Wittmann
acknowledges funding from the German Research Foundation (INST 256/418-
1). The funding body did not contribute to the design of the study, data
collection, analysis, and interpretation, or writing of the manuscript.

Availability of data and materials
The dataset(s) supporting the conclusions of this article are all included within
the article.

Declarations

Ethics approval and consent to participate
Not applicable. The manuscript does not contain data collected from humans
or animals.

Consent for publication
Not applicable.

Competing interests
AL has submitted a patent application to produce pamamycin in S. albus. All
other authors declare no competing interests.

Author details

'Institute of Systems Biotechnology, Saarland University, Saarbriicken,
Germany. “Center for Biotechnology, Bielefeld University, Bielefeld, Germany.
3Department of Pharmacy, Pharmaceutical Biotechnology, Saarland University,
Saarbriicken, Germany.

Received: 16 March 2021 Accepted: 27 May 2021
Published online: 03 June 2021

References

1. McCann PA, Pogell BM. Pamamycin: a new antibiotic and stimulator of
aerial mycelia formation. J Antibiot. 1979;32:673-8.

2. Natsume M, Kondo S, Marumo S: The absolute stereochemistry of
pamamycin-607, an aerial mycelium-inducing substance of Streptomyces
alboniger. J Chem Soc Chem Commun. 1989:1911-1913.

3. Natsume M, Tazawa J, Yagi K, Abe H, Kondo S, Marumo S. Structure-activ-
ity relationship of pamamycins: effects of alkyl substituents. J Antibiot.
1995;48:1159-64.

4. Hashimoto M, Kondo T, Kozone |, Kawaide H, Abe H, Natsume M. Rela-
tionship between response to and production of the aerial mycelium-
inducing substances pamamycin-607 and A-factor. Biosci Biotechnol
Biochem. 2003;67:803-8.

5. Hashimoto M, Katsura H, Kato R, Kawaide H, Natsume M. Effect of
pamamycin-607 on secondary metabolite production by Streptomyces
spp. Biosci Biotechnol Biochem. 2011;75:1722-6.

20.

21.

22.

23.

24,

25.

Page 150f 16

Lefevre P, Peirs P, Braibant M, Fauville-Dufaux M, Vanhoof R, Huygen K,
Wang X-M, Pogell B, Wang Y, Fischer P. Antimycobacterial activity of
synthetic pamamycins. J Antimicrob Chemother. 2004,54:824-7.

WHQO: Global tuberculosis report 2020. Geneva: World Health Organiza-
tion; 2020. License: CC BY-NC-SA 3.0 IGO.

Natsume M, Yasui K, Kondo S, Marumo S. The structure of four new
pamamycin homologues isolated from Streptomyces alboniger. Tetrahe-
dron Lett. 1991;32:3087-90.

Hashimoto M, Komatsu H, Kozone |, Kawaide H, Abe H, Natsume M. Bio-
synthetic origin of the carbon skeleton and nitrogen atom of pamamy-
cin-607, a nitrogen-containing polyketide. Biosci Biotechnol Biochem.
2005;69:315-20.

Chou WG, Pogell BM. Mode of action of pamamycin in Staphylococcus
aureus. Antimicrob Agents Chemother. 1981;20:443-54.

. Rebets Y, Brotz E, Manderscheid N, Tokovenko B, Myronovskyi M, Metz P,

Petzke L, Luzhetskyy A. Insights into the pamamycin biosynthesis. Angew
Chem. 2015;54:2280-4.

Glaser L, Kuhl M, Jovanovic S, Fritz M, Vogeli B, Erb TJ, Becker J, Wittmann
C. A common approach for absolute quantification of short chain CoA
thioesters in prokaryotic and eukaryotic microbes. Microb Cell Fact.
2020;19:160.

Kuhl M, Glaser L, Rebets Y, Ruickert C, Sarkar N, Hartsch T, Kalinowksi

J, Luzhetskyy A, Wittmann C. Microparticles globally reprogram the
metabolism of Streptomyces albus towards accelerated morphogen-
esis, streamlined carbon core metabolism and enhanced production

of the antituberculosis polyketide pamamycin. Biotechnol Bioeng.
2020;117(12):3858-75.

Sprusansky O, Stirrett K, Skinner D, Denoya C, Westpheling J. The bkdR
gene of Streptomyces coelicolor is required for morphogenesis and antibi-
otic production and encodes a transcriptional regulator of a branched-
chain amino acid dehydrogenase complex. J Bacteriol. 2005;187:664-71.
Yi JS, Kim M, Kim EJ, Kim BG. Production of pikromycin using branched
chain amino acid catabolism in Streptomyces venezuelae ATCC 15439. J
Ind Microbiol Biotechnol. 2018;45:293-303.

Stirrett K, Denoya C, Westpheling J. Branched-chain amino acid catabo-
lism provides precursors for the Type Il polyketide antibiotic, actinorho-
din, via pathways that are nutrient dependent. J Ind Microbiol Biotechnol.
2009;36:129-37.

Jung WS, Kim E, Yoo YJ, Ban YH, Kim EJ, Yoon YJ. Characterization and
engineering of the ethylmalonyl-CoA pathway towards the improved
heterologous production of polyketides in Streptomyces venezuelae. Appl
Microbiol Biotechnol. 2014;98:3701-13.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28:27-30.

Manderscheid N. Strain development for heterologous expression of
secondary metabolite clusters in actinobacteria. 2015. Doctoral Thesis,
Saarland University, Germany. https://doi.org/10.22028/D291-23119.
Schrader KK, Blevins WT. Effects of carbon source, phosphorus concentra-
tion, and several micronutrients on biomass and geosmin production by
Streptomyces halstedii. ) Ind Microbiol Biotechnol. 2001;26:241-7.
Veelken M, Pape H. Production of nikkomycin by immobilized Strep-
tomyces cells—Physiological properties. Appl Microbiol Biotechnol.
1984;19:146-52.

Zhang Z, Du C, de Barsy F, Liem M, Liakopoulos A, van Wezel GP, Choi YH,
Claessen D, Rozen DE. Antibiotic production in Streptomyces is organized
by a division of labor through terminal genomic differentiation. Sci Adv.
2020;6:5781.

Gubbens J, Janus MM, Florea BI, Overkleeft HS, van Wezel GP. Identifi-
cation of glucose kinase-dependent and -independent pathways for
carbon control of primary metabolism, development and antibiotic
production in Streptomyces coelicolor by quantitative proteomics. Mol
Microbiol. 2012;86:1490-507.

Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Meier-Kolthoff
JP, Klenk HP, Clement C, Ouhdouch Y, van Wezel GP. Taxonomy, physiol-
ogy, and natural products of Actinobacteria. Microbiol Mol Biol Rev.
2016;80:1-43.

Romero-Rodriguez A, Rocha D, Ruiz-Villafan B, Guzman-Trampe S,
Maldonado-Carmona N, Vazquez-Hernandez M, Zelarayan A, Rodriguez-
Sanoja R, Sanchez S. Carbon catabolite regulation in Streptomyces: new
insights and lessons learned. World J Microbiol Biotechnol. 2017,33:162.


https://doi.org/10.22028/D291-23119

Glaser et al. Microb Cell Fact

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2021) 20:111

Waldvogel E, Herbig A, Battke F, Amin R, Nentwich M, Nieselt K, Ellingsen
TE, Wentzel A, Hodgson DA, Wohlleben W, Mast Y. The Pl protein GInK'is
a pleiotropic regulator for morphological differentiation and second-

ary metabolism in Streptomyces coelicolor. Appl Microbiol Biotechnol.
2011;92:1219-36.

Reuther J, Wohlleben W. Nitrogen metabolism in Streptomyces coelicolor:
transcriptional and post-translational regulation. J Mol Microbiol Biotech-
nol. 2007;12:139-46.

Luo S, Chen XA, Mao XM, Li YQ. Regulatory and biosynthetic effects of
the bkd gene clusters on the production of daptomycin and its analogs
A21978C1-3.J Ind Microbiol Biotechnol. 2018;45:271-9.

Kozone |, Hashimoto M, Grafe U, Kawaide H, Abe H, Natsume M.
Structure-activity relationship of pamamycins: effect of side chain length
on aerial mycelium-inducing activity. J Antibiot. 2008;61:98-102.

Lounes A, Lebrihi A, Benslimane C, Lefebvre G, Germain P. Regulation of
valine catabolism by ammonium in Streptomyces ambofaciens, producer
of spiramycin. Can J Microbiol. 1995;41:800-8.

Ye BC, Zhang Y, Yu H, Yu WB, Liu BH, Yin BC, Yin CY, Li YY, Chu J, Zhang SL.
Time-resolved transcriptome analysis of Bacillus subtilis responding to
valine, glutamate, and glutamine. PLoS ONE. 2009;4:€7073.

Deutscher J, Ake FM, Derkaoui M, Zebre AC, Cao TN, Bouraoui H, Ken-
tache T, Mokhtari A, Milohanic E, Joyet P. The bacterial phosphoenolpy
ruvate:carbohydrate phosphotransferase system: regulation by protein
phosphorylation and phosphorylation-dependent protein-protein inter-
actions. Microbiol Mol Biol Rev. 2014;78:231-56.

Cihak M, Kamenik Z, Smidova K, Bergman N, Benada O, Kofronova O,
Petrickova K, Bobek J. Secondary Metabolites Produced during the Ger-
mination of Streptomyces coelicolor. Front Microbiol. 2017;8:2495.

Yague P, Lopez-Garcia MT, Rioseras B, Sanchez J, Manteca A. New insights
on the development of Streptomyces and their relationships with second-
ary metabolite production. Curr Trends Microbiol. 2012,8:65-73.
Vrijbloed JW, Zerbe-Burkhardt K, Ratnatilleke A, Grubelnik-Leiser A,
Robinson JA. Insertional inactivation of methylmalonyl coenzyme A
(CoA) mutase and isobutyryl-CoA mutase genes in Streptomyces cin-
namonensis: influence on polyketide antibiotic biosynthesis. J Bacteriol.
1999;181:5600-5.

Lyu M, Cheng Y, Han X, Wen'Y, Song Y, Li J, Chen Z. AccR, a TetR fam-

ily transcriptional repressor, coordinates short-chain acyl coenzyme

A homeostasis in Streptomyces avermitilis. Appl Environ Microbiol.
2020;86:€00508.

Xu Z, LiuY, Ye BC. PccD regulates branched-chain amino acid degradation
and exerts a negative effect on erythromycin production in Saccharopol-
yspora erythraea. Appl Environ Microbiol. 2018;84:e00049.

van Wezel GP, McDowall KJ. The regulation of the secondary metabolism
of Streptomyces: new links and experimental advances. Nat Prod Rep.
2011;28:1311-33.

Pullan ST, Chandra G, Bibb MJ, Merrick M. Genome-wide analysis of the
role of GInR in Streptomyces venezuelae provides new insights into
global nitrogen regulation in actinomycetes. BMC Genom. 2011;12:175.
Fink D, Weissschuh N, Reuther J, Wohlleben W, Engels A. Two tran-
scriptional regulators GInR and GInRll are involved in regulation of
nitrogen metabolism in Streptomyces coelicolor A3(2). Mol Microbiol.
2002;46:331-47.

Birko Z, Bialek S, Buzas K, Szajli E, Traag BA, Medzihradszky KF, Rigali S,
Vijgenboom E, Penyige A, Kele Z, et al. The secreted signaling protein
factor C triggers the A-factor response regulon in Streptomyces griseus:
overlapping signaling routes. Mol Cell Proteom. 2007;6:1248-56.

Strauch E, Takano E, Baylis HA, Bibb MJ. The stringent response in Strepto-
myces coelicolor A3(2). Mol Microbiol. 1991;5:289-98.

Marshall VP, Cialdella JI, Fox JA, Laborde AL. Precursor directed biosyn-
thesis of paulomycins A and B. The effects of valine, isoleucine, isobutyric
acid and 2-methylbutyric acid. J Antibiotics. 1984;37:923-5.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 16 of 16

Gil JA, Campelo-Diez AB. Candicidin biosynthesis in Streptomyces griseus.
Appl Microbiol Biotechnol. 2003;60:633-42.

Ward AC, Allenby NE. Genome mining for the search and discovery of
bicactive compounds: the Streptomyces paradigm. FEMS Microbiol Lett.
2018;365:fny240.

Li ZL, Wang YH, Chu J, Zhuang YP, Zhang SL. Effect of branched-chain
amino acids, valine, isoleucine and leucine on the biosythesis of
bitespiramycin 4"-O-acylspiramycins. Brazil) Microbiol. 2009;40:734-46.
Walsh CT, Gehring AM, Weinreb PH, Quadri LE, Flugel RS. Post-transla-
tional modification of polyketide and nonribosomal peptide synthases.
Curr Opin Chem Biol. 1997;1:309-15.

Zhang B, Tian W, Wang S, Yan X, Jia X, Pierens GK, Chen W, Ma H, Deng Z,
Qu X. Activation of natural products biosynthetic pathways via a protein
modification level regulation. ACS Chem Biol. 2017;12:1732-6.

Kieser T, Bibb M, Buttner M, Chater K, Hopwood D. Practical Streptomyces
Genetics. Norwich: John Innes Foundation; 2000.

Barton N, Horbal L, Starck S, Kohlstedt M, Luzhetskyy A, Wittmann C.
Enabling the valorization of guaiacol-based lignin: Integrated chemical
and biochemical production of cis, cis-muconic acid using metabolically
engineered Amycolatopsis sp ATCC 39116. Metab Eng. 2018;45:200-10.
Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith HO.
Enzymatic assembly of DNA molecules up to several hundred kilobases.
Nat Methods. 2009;6:343-5.

Myronovskyi M, Welle E, Fedorenko V, Luzhetskyy A. Beta-glucuronidase
as a sensitive and versatile reporter in actinomycetes. Appl Environ Micro-
biol. 2011,77:5370-83.

Rohles CM, Glaser L, Kohlstedt M, Giesselmann G, Pearson S, del Campo
A, Becker J, Wittmann C. A bio-based route to the carbon-5 chemical glu-
taric acid and to bionylon-6,5 using metabolically engineered Corynebac-
terium glutamicum. The Royal Society of Chemistry, Green Chemistry.
2018;20:4662-74.

Hoffmann SL, Jungmann L, Schiefelbein S, Peyriga L, Cahoreau E, Portais
JC, Becker J, Wittmann C. Lysine production from the sugar alcohol
mannitol: Design of the cell factory Corynebacterium glutamicum SEA-3
through integrated analysis and engineering of metabolic pathway
fluxes. Metab Eng. 2018;47:475-87.

Kromer JO, Fritz M, Heinzle E, Wittmann C. In vivo quantification of
intracellular amino acids and intermediates of the methionine pathway
in Corynebacterium glutamicum. Anal Biochem. 2005;340:171-3.
Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9:357-9.

Hilker R, Stadermann KB, Schwengers O, Anisiforov E, Jaenicke S, Weis-
shaar B, Zimmermann T, Goesmann A. ReadXplorer 2-detailed read map-
ping analysis and visualization from one single source. Bioinformatics.
2016;32:3702-8.

LiaoY, Smyth GK, Shi W. FeatureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformat-
ics. 2014;30:923-30.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

R Core Team. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2013. http://www.R-proje
ctorg/.

Warnes MGR, Bolker B, Bonebakker L, Gentleman R. Package ‘gplots. Vari-
ous R programming tools for plotting data. 2016.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


http://www.R-project.org/
http://www.R-project.org/

	Superior production of heavy pamamycin derivatives using a bkdR deletion mutant of Streptomyces albus J1074R2
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	l-Valine enhances pamamycin production in recombinant S. albus and shifts the spectrum to larger derivatives
	The l-valine effect is complex and dynamic: l-valine suppresses pamamycin biosynthesis but primes S. albus to a production boost after its depletion
	l-Valine creates a memory effect on the metabolic level: CoA thioester availability is modulated even hours after the amino acid is depleted
	l-valine induces global transcriptional changes in S. albus
	A null mutant of the bkdR regulator reveals decoupled pamamycin biosynthesis, apparently independent of the nutrient status
	The deletion of bkdR beneficially activates the expression of genes related to pamamycin biosynthesis and sugar utilization

	Discussion
	The feeding of l-valine enhances the production of rare heavy pamamycins: the formation of Pam 649 is increased up to sevenfold and Pam 663 appears as a newly formed derivative
	The deletion of bkdR improves the growth of S. albus J1074R2 in the presence of l-valine and decouples pamamycin production from the nutrient status
	The degradation of l-valine builds up a huge storage of intracellular CoA thioesters which lasts for a couple of hours after l-valine depletion and tunes the pamamycin spectrum
	The biosynthesis of pamamycin in S. albus involves l-valine mediated post-transcriptional control

	Materials and methods
	Microorganisms and plasmids
	Molecular design and genetic engineering
	Media
	Cultivation in shake flasks
	Determination of cell concentration
	Quantification of substrates
	Quantification of amino acids
	Extraction and quantification of pamamycins
	Extraction of intracellular CoA thioesters
	Quantification of CoA thioesters using LC–ESI–MSMS
	Transcriptomic analysis

	Acknowledgements
	References




