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The antibiotic alaremycin (S-acetamido-4-oxo-5- NH, j\
hexenoic acid, 1), isolated from Streptomyces sp. A012304, " on H I
structurally resembles S-aminolevulinic acid (ALA), a precursor L_Serige wo”
in porphyrin biosynthesis, and inhibits porphobilinogen synthase, Succinyl-CoA CoA-SH Acetyl-CoA CoA-SH NAD+ _Alaremycin
the enzyme responsible for catalyzing the first common step of this k

pathway. In our previous study, the biosynthetic gene cluster
responsible for alaremycin production—composed of almA (ALA
synthase homologue), almB (N-acetyltransferase), almC (oxidor- (

Yy

NADH Fe3+
:&, Fe2*

5,6-Dihydroalaremycin
o]

eductase), and almE (MFS-type transporter)—was identified, and a  L-Alanine J_ R0
potential biosynthetic pathway was proposed. In this study, the /'\::/OH m
biosynthetic pathway of 1 was confirmed by detecting inter- ) I ot

mediates using the liquid chromatography—mass spectrometry/MS

(LC-MS/MS) analysis of extracts from Escherichia coli cells transformed with the biosynthetic genes, followed by in vitro
reconstitution of the biosynthetic reactions using purified enzymes. AlmA catalyzed the condensation of L-serine and succinyl-CoA
to produce S-amino-6-hydroxy-4-oxohexanoic acid (2), AlmB catalyzed the N-acetylation of 2 to produce S-acetamido-6-hydroxy-4-
oxohexanoic acid (3), and AlmC catalyzed the dehydration of 3 to form 1. The AlmC-catalyzed reaction may involve a two-step
mechanism including reduction by NADH and oxidation by Fe*". Additionally, a novel derivative of 1 was identified in the culture
broth of the producer strain, and its structure was determined as 5,6-dihydroalaremycin (S-acetamido-4-oxohexanoic acid, 4). It was
revealed that 4 is synthesized via the same biosynthetic pathway but with AImA and AlmB utilizing 1-alanine as the amino acid
precursor instead of L-serine.
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unexplored mechanisms. In a previous study, we performed
random screening using culture broths of actinomycetes

Since the discovery of penicillin by Fleming in 1928, numerous
isolated from soil samples and tested them using the blue

e .. . . . 1,2
antibiotics have been isolated from microorganisms.*~ These

antibiotics, along with their chemically modified derivatives, assay method.'® This assay is designed to detect the formation
have been widely used to treat bacterial infections and save of chromosome-less cells (anucleate cells) due to the inhibition
countless lives. Over the past century, the human lifespan has of chromosome segregation. Through this screening, we
increased by 23 years in large part due to the effectiveness of identified a new antibiotic, named alaremycin (1), in the
these treatments.” However, the recent emergence of drug- culture broth of Streptomyces sp. A012304."” The structure of
resistant pathogens poses a serious threat to human health. In compound 1 closely resembles S-aminolevulinic acid (ALA), a
particular, the increase of multidrug-resistant pathogens, key precursor in porphyrin biosynthesis. Subsequent studies
including multidrug-resistant Pseudomonas aeruginosa revealed that alaremycin inhibits porphobilinogen synthase

(MDRP),*~° vancomycin-resistant Staphylococcus aureus
(VRSA),”™ vancomycin-resistant Enterococcus (VRE),'”'!
and multidrug-resistant tuberculosis (MDR-TB),"*~"* has
become an alarming issue. It is estimated that by 2050, drug-
resistant bacterial infections could cause up to 10 million
deaths annually.'” To combat this growing threat, the
discovery and development of new antibiotics are urgently
needed.

One approach to addressing the growing issue of drug
resistance is the discovery of novel drugs that target previously

(PBGS), the enzyme that catalyzes the first common step in
porphyrin biosynthesis, by competing with its substrate, ALA.
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Figure 1. Biosynthetic gene cluster of alaremycin and its proposed biosynthetic pathway. (a) Alaremycin biosynthetic gene cluster in Streptomyces
sp. A012304. The DNA fragments cloned into plasmids for identifying biosynthetic intermediates are shown. almA (ALAS homologue), almB (N-
acetyltransferase), almC (oxidoreductase), and almE (MFS-type transporter). (b) Proposed biosynthetic pathway of alaremycin. AlmA catalyzes the
condensation of L-serine and succinyl-CoA to produce compound 2. AlmB acetylates compound 2 using acetyl-CoA to produce compound 3.

AlmC dehydrates compound 3 to produce alaremycin (compound 1).

Crystallographic analysis of alaremycin-bound PBGS from P.
aeruginosa, a human pathogen, showed that a single alaremycin
molecule occupies two distinct ALA binding sites, lysine-20S
and lysine-260."° Based on this three-dimensional (3D)
structure, chemical synthesis of alaremycin derivatives was
conducted to enhance antibiotic activity, and some of these
derivatives exhibited improved inhibitory activity against PBGS
in vitro."”

In addition, our previous studies successfully identified the
biosynthetic gene cluster responsible for alaremycin produc-
tion, consisting of the almA, almB, almC, and almE genes
(Figure 1a), and we proposed a potential biosynthetic pathway
for 1 (Figure 1b).”° The almA gene encodes a homologue of 5-
aminolevulinic acid synthase (ALAS), an enzyme that catalyzes
the condensation of glycine and succinyl-CoA to produce ALA.
Given the structural differences between alaremycin and ALA,
it was hypothesized that AlmA catalyzes the condensation of L-
serine and succinyl-CoA to generate the first intermediate, S-
amino-6-hydroxy-4-oxohexanoic acid (2). The almB gene
encodes an N-acetyltransferase, which was predicted to
catalyze the N-acetylation of 2 to form the second
intermediate, S-acetamido-6-hydroxy-4-oxohexanoic acid (3).
The almC gene encodes an oxidoreductase, suspected to
catalyze the dehydration of 3, ultimately producing 1. Finally,
the almE gene encodes an MFS-type transporter, which was
proposed to export 1 out of the cell.

In a previous study, AlmA was shown to catalyze the
condensation of L-serine and succinyl-CoA using a spectro-
photometric assay coupled with a-ketoglutarate dehydrogen-
ase, although the reaction product (compound 2) was not
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detected.”” The enzymatic activities of AlmB and AImC were

not explored in that study.

Notably, one of the biosynthetic enzymes, AlmA, which
catalyzes the first step of alaremycin biosynthesis, shares
structural and enzymological similarities with S-aminolevulinic
acid synthase (ALAS). While ALAS catalyzes the condensation
of glycine and succinyl-CoA, AImA catalyzes a similar reaction
using L-serine and succinyl-CoA. Given these similarities, an
ancestral sequence reconstruction study was performed,
suggesting that AlmA-like antibiotic-synthesizing enzymes
may have been evolutionary ancestors of ALAS.”’

In this study, we elucidated the complete biosynthetic
pathway of alaremycin (1) through the liquid chromatog-
raphy—mass spectrometry/MS (LC-MS/MS) analysis and in
vitro reconstruction of the biosynthetic enzyme reactions.
Furthermore, we identified a novel derivative of 1 in the
culture broth of the alaremycin-producing strain Streptomyces
sp. A012304. The insights gained from this work not only
enhance our understanding of the biosynthesis of this class of
antibiotics but also provide valuable information for discussing
the evolutionary origins of ALAS. Additionally, this knowledge
could be leveraged for the fermentation of novel alaremycin
derivatives through biotechnological modifications of the
biosynthetic genes.

To verify the proposed biosynthetic pathway, we first aimed to
identify the intermediate molecules using Escherichia coli cells
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transformed with the biosynthetic genes. The culture super-
natants of transformed E. coli cells were extracted with ethyl
acetate at pH 2, and the extracts were subjected to LC-MS
analysis. As shown in Figure 2a, an ion peak with a retention
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Figure 2. LC-MS/MS analysis of the culture supernatants from E. coli
cells transformed with plasmids carrying alaremycin biosynthetic
genes. (a) Total ion chromatograms of ethyl acetate extract fractions
are shown. From top to bottom: E. coli transformed with palmABCE,
palmABC, palmAB, palmA, and the vector control. Ion peaks
corresponding to compounds 1 and 3 are indicated by arrows at
the top of the chromatogram. (b) MS/MS fragment patterns of ion
species with the indicated m/z values, as shown in Supporting Figure
S1. From top to bottom: ion species with m/z = 186 derived from
authentic alaremycin, ion species with m/z = 186 from the extract of
E. coli transformed with palmABCE, ion species with m/z = 186 from
the extract of E. coli transformed with palmABC, and ion species with
m/z = 204 from the extract of E. coli transformed with palmAB.

time (RT) of 9.8 min was detected in the extract from E. coli
cells transformed with the plasmid palmABCE, which carries
the entire biosynthetic gene cluster. This peak was absent in
the control E. coli cells transformed with the empty vector
plasmid pTrc99A. In the MS spectrum of this peak, an ion
species with m/z = 186 was observed, corresponding to the
expected m/z value of the proton adduct [M + H]* of 1 (M, =
185) (Supporting Figure Sla (authentic sample) and S1b).
Additionally, an ion species with m/z = 208, corresponding to
the expected m/z value of the sodium adduct [M + Na]* of 1,
was also detected (Supporting Figure Sla (authentic sample)
and S1b). The ion species with m/z = 186 was further analyzed
by MS/MS. As shown in Figure 2b, its fragmentation pattern
was identical to that of authentic 1. Based on these results, we
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confirmed that E. coli cells transformed with palmABCE
successfully produced 1. Similarly, E. coli cells transformed with
palmABC also produced alaremycin, though in smaller
amounts compared to E. coli/palmABCE (Figure 2 and
Supporting Figure Slc). This reduced production is likely
due to AImE functioning as an exporter of 1. There are several
reports showing that exporters from Streptomyces species
functioned in E. coli cells.”"**

E. coli cells transformed with palmAB or palmA did not
produce 1. However, another ion peak with an RT of 15.5 min
was detected in the extract from E. coli/palmAB (Figure 2a).
This peak was also present in smaller amounts in the extract
from E. coli/palmABCE. In the MS spectrum of this peak, an
ion species with m/z = 204 was detected, corresponding to the
expected m/z value of the proton adduct [M + H]* of 3 (M, =
203) (Supporting Figure S1d). Additionally, an ion species
with m/z = 226, corresponding to the expected m/z value of
the sodium adduct [M + Na]* of 3, was observed (Supporting
Figure S1d). MS/MS analysis revealed that the fragmentation
pattern of the ion species with m/z = 204 closely resembled
that of 1 (Figure 2b). The ion species with m/z = 204
fragmented into an ion with m/z = 186, corresponding to
protonated 1, and other fragment ions (m/z = 168, 144, and
126) that matched those of 1. It is likely that the ion species
with m/z = 204 underwent dehydration (—H,O) to generate
the ion species with m/z = 186 (Supporting Figure S2). Based
on these results, we confirmed that E. coli/palmAB produced
the second intermediate 3.

In contrast, we were unable to detect an ion peak
corresponding to the first intermediate 2 in the ethyl acetate
extract of E. coli cells transformed with palmA (Figure 2a). We
hypothesized that 2 was not efficiently partitioned into the
ethyl acetate layer due to its higher hydrophilicity compared to
that of 1 and 3. To address this, we analyzed the supernatant
fraction after acetone precipitation of the culture supernatant
from E. coli/palmA by LC-MS. As expected, an ion peak with
an RT of 14.7 min was detected in E. coli/palmA but was
absent in the vector control (Figure 3a). In the MS spectrum,
an ion species with m/z = 162 was observed, corresponding to
the expected m/z value of the proton adduct [M + H]* of 2
(My, = 161) (Supporting Figure S3). MS/MS analysis revealed
that the fragmentation pattern of the ion species with m/z =
162 was similar to that of 1 (Figure 3b). The fragment ions
(m/z = 144, 126, and 98) closely matched those of alaremycin.
It appears that the ion species with m/z = 162 underwent
dehydration (—H,O) to generate an ion species with m/z =
144 (Supporting Figure S2). Based on these findings, we
confirmed that E. coli/palmA produced the first intermediate 2.

We then performed in vitro reconstitution of the biosynthetic
reactions by using purified enzymes. His-tagged AlmA, AlmB,
and AlmC proteins, with N-terminal tags, were expressed in E.
coli BL21(DE3) and purified using Ni-affinity resin columns
(Supporting Figure S4).

First, we investigated the initial reaction catalyzed by the
AlmA protein. AlmA belongs to the a-oxoamine synthase
family, which includes ALAS and requires pyridoxal 5'-
phosphate (PLP) as a coenzyme for activity. When AlmA
with PLP was incubated with L-serine and succinyl-CoA, LC-
MS analysis detected an ion peak with a retention time (RT)
of 15.8 min (Figure 4a). MS/MS analysis of the ion species

https://doi.org/10.1021/acsbiomedchemau.5c00045
ACS Bio Med Chem Au 2025, 5, 310-319


https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.5c00045?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.5c00045?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.5c00045?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.5c00045?fig=fig2&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.5c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

a with m/z = 162 confirmed it as the first intermediate 2 (Figure

;X 10) ; 3b and Supporting Figure SS). Even when the AlmA reaction

was carried out without the addition of PLP, the reaction

4 product was still produced. Therefore, we inferred that AlmA

>3 /\J\A__\’ palm A] was copurified with PLP. From these results, we concluded

e TIC that AImA catalyzes the condensation of L-serine and succinyl-

g2 vector, CoA in the presence of PLP to produce 2, as suggested in our

T palmA previous findings.”’

0 i vector m/z=162 Next, we investigated the second step of the reaction,

0 5 10 15 20 catalyzed by AlmB. Since AlmB is annotated as an N-

Time [min) acetyltransferase, acetyl-CoA was added to the reaction

mixture as an acetyl group donor. To generate 2 as the

b substrate for AlmB, AlmA with PLP, L-serine, and succinyl-

Inen. (100,000} paimA (m/z=162) CoA was also included in the reaction mixture. As shown in

25 162.05 Figure 4b, LC-MS analysis detected an ion peak with an RT of

98,10 114.1(1)27.00 1408 15.3 min.

00 8405 |, | | MS/MS analysis of the ion species with m/z = 204

%00 501000 A0 100 TS0 me confirmed it as the second intermediate 3 (Figure 2b and

Figure 3. LC-MS/MS analysis of the culture supernatant from E. coli Supporting Figure SS). These results indicate that AlmB

cells transformed with palmA. (a) Total ion chromatograms (TICs) catalyzes the acetylation of the amino group of 2 using acetyl-
and the extracted ion chromatograms (m/z = 162) of acetone- CoA as the acetyl group donor to produce 3.

precipitated supernatant fractions are shown. The top chromatogram Next, we examined the third step of the reaction catalyzed

represents E. coli transformed with palmA, and the bottom by AImC. AlmC is annotated as an oxidoreductase of the Gfo/

chromatogram shows the vector control. The ion peak corresponding
to compound 2 is indicated by an arrow at the top of the

I1dh/MocA family.23 A typical protein structure in this family
chromatogram. (b) MS/MS fragment pattern of the ion species C(?ns_ists of t“TO m.ain domains: an N-terminal dinu%:leotide—
with m/z = 162, derived from the extract of E. coli transformed with binding domain with a Rossmann fold and a C-terminal a/f
palm, as shown in Supporting Figure S3. domain involved in substrate binding and oligomerization.23
As expected, AlImC contains an NAD-binding motif
(GXGXXG) in its N-terminal domain;** therefore, NADH
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Figure 4. LC-MS analysis of the in vitro enzyme reaction mixtures. Total ion chromatograms of supernatant fractions from acetone precipitation
(TIC) (a) or ethyl acetate extract fractions (b—d) are shown. Ion peaks corresponding to compounds 1—3 are indicated by arrows at the top of the
chromatograms. (a) Enzymatic reactions were performed with 10 mM L-serine, 0.2 mM succinyl-CoA, and 20 4M PLP in the presence (+AlmA) or
absence (—AlmA) of 2 uM AlmA. The extracted ion chromatograms (m/z = 162) are shown below the TIC. (b) Enzymatic reactions were
performed with 10 mM v-serine, 0.2 mM succinyl-CoA, 20 uM PLP, and 0.2 mM acetyl-CoA in the presence (+AlmAB) or absence (—AlmAB) of
2 uM AlmA and 2 uM AlmB. (c) Enzymatic reactions were performed with 10 mM L-serine, 0.2 mM succinyl-CoA, 20 M PLP, and 0.2 mM
acetyl-CoA in the presence of 2 yuM AlmA and 2 M AlmB for 2 h. Subsequently, 2 uM AlmC was added to the reaction mixture either without
(+AlmABC) or with 0.2 mM NADH (+AImABC + NADH) or 0.2 mM NAD" (+AImABC + NAD"), which was incubated for an additional hour.
(d) Enzymatic reactions were performed with 10 mM L-serine, 0.2 mM succinyl-CoA, 20 uM PLP, and 0.2 mM acetyl-CoA in the presence of 2 uM
AlmA and 2 yM AlmB for 3 h (+AlmAB). Then, 2 uM AImC, 0.2 mM NADH, and 3 mM FeCl, were added to the reaction mixture, which was
further incubated for an additional 2 h (+AImABC + NADH + Fe’").
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or NAD" was included in the reaction mixture. First, the AlmA
and AlmB reactions were carried out for 2 h to accumulate the
second intermediate 3. Then, AImC was added to the reaction
mixture either without or with NADH or NAD*, and the
mixture was incubated for an additional hour. As shown in
Figure 4c, the amount of compound 3 produced by AlmA and
AlmB decreased upon the addition of AlImC and NADH. The
consumption of NADH was also suggested by a decrease in its
specific absorption at 340 nm (Supporting Figure S6).
However, unexpectedly, the anticipated product 1 was not
detected. These results suggest that AlImC used 3 as a substrate
with NADH acting as a reducing agent, leading to the
formation of an unknown intermediate that was undetectable
by this LC-MS analysis. It is possible that the unknown
intermediate was not extracted into the ethyl acetate layer or
was trapped within the enzyme’s active site. Notably, neither
AlmC alone nor the combination of AlmC and NAD" affected
the amount of 3 (Figure 4c).

To complete the AlmC-catalyzed reaction to give 1 from the
unknown intermediate produced by the reduction of 3, we
hypothesized that oxidation and dehydration of the unknown
intermediate are required. To test this, we added Fe** ions to
the AlmC reaction mixture as an electron acceptor. As
anticipated, the formation of 1 was observed when FeCl,
was included in the AImC reaction with NADH (Figure 4d and
Supporting Figure SS). However, the addition of FeCl; alone
did not facilitate the reaction in the absence of NADH
(Supporting Figure S7a). The addition of Fe** along with
NADH also facilitated the reaction to produce 1 (Supporting
Figure S7b). Since Fe** is readily oxidized to Fe®" under
atmospheric conditions but the opposite dose does not
happen, we inferred that Fe®* is required for the reaction.
Other metal ions, such as Mg®* and Ca’*, showed no effect.
From these results, we concluded that AImC catalyzes the
reduction of second intermediate 3, in the presence of NADH,
followed by an Fe**-dependent reaction that leads to the
production of 1.

Based on these findings, we conclude that alaremycin is
synthesized by AlmA, AlmB, and AlImC using L-serine and
succinyl-CoA as starting materials.

During this study, we observed that the alaremycin-producing
strain Streptomyces sp. A012304 generated an unknown
compound that could not be detected by the high-performance
liquid chromatography (HPLC) analysis monitoring the
absorption at 256 nm (A,s). As shown in Figure Sa, only 1
was detected in the ethyl acetate extract of the culture
supernatant from strain A012304 during the HPLC analysis.
However, when the same extract was analyzed by LC-MS
monitoring the total ion intensity, an additional ion peak with
an RT of 10.9 min was observed alongside the ion peak for 1
(RT = 9.2 min) (Figure Sb). In the MS spectrum of this new
ion peak (RT = 10.9 min), an ion species with m/z = 188 was
detected, which is 2 units larger than the proton adduct of 1
(Supporting Figure S8). Additionally, an ion peak with m/z =
210 was detected, corresponding to a sodium adduct, also 2
units larger than that of 1 (Supporting Figure S8). These
results suggest that the A012304 strain produces a compound
with a molecular weight 2 units larger than that of 1. Since this
compound exhibited no absorption at 256 nm, we hypothe-
sized that it is a hydrogen adduct of 1 at the C5—C6 position,
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Figure S. Identification of a new alaremycin derivative in the culture
supernatant of the alaremycin-producing strain. (a) HPLC analysis of
the culture supernatant from the alaremycin-producing strain
A012304. Chromatograms monitored at A,ss are shown. From top
to bottom: authentic alaremycin (1), extract from the culture
supernatant of A012304, and authentic $,6-dihydroalaremycin (4).
(b) LC-MS analysis of the same samples as in panel (a). Total ion
chromatograms are shown. (c) MS/MS fragment patterns of the ion
species with m/z = 188, derived from authentic 5,6-dihydroalar-
emycin (4) and the extract shown in Supporting Figure S8. Peaks
corresponding to compounds 1 and 4 are indicated by arrows at the
top of the chromatograms.

specifically S,6-dihydroalaremycin ($-acetamido-4-oxohexanoic
acid, 4). We had previously synthesized 4 during a structure—
activity relationship study of 1."” As shown in Figure Sab,
authentic 4 eluted at the same retention time as the unknown
substance in the LC-MS analysis, which was undetectable in
HPLC at A, Additionally, the MS/MS spectra of the two
compounds were a perfect match (Figure Sc). Based on this
evidence, we concluded that the A012304 strain produces both
1 and 4. Judging by their ion intensities in the LC-MS analysis,
the production level of 4 appeared to be lower than that of 1.

We next investigated the biosynthetic pathway of 4.
Considering the structural differences between 1 and 4, we
hypothesized two possible biosynthetic routes for 4 (Support-
ing Figure S9). One possibility is that 4 is formed by
hydrogenation of the C5—Cé6 bond in 1 via an unknown
enzyme. The other possibility is that compound 4 is
synthesized by AImA and AlmB using L-alanine as the amino
acid precursor instead of L-serine, proceeding through S-
amino-4-oxohexanoic acid (5). In the first scenario, all three
enzymes (AlmA, AlmB, and AImC) are required to produce 4,
whereas in the second scenario, AlImC is not necessary.

As shown in Figure 6a and Supporting Figure S10, E. coli
transformed with the palmABCE construct produced 4, though

https://doi.org/10.1021/acsbiomedchemau.5c00045
ACS Bio Med Chem Au 2025, 5, 310-319


https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.5c00045?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.5c00045?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.5c00045?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.5c00045/suppl_file/bg5c00045_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.5c00045?fig=fig5&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.5c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(x108) 4

1 3
L 2R N |

’_-J&——-——A—N——-——palmABCE

6

g’ N
6
qC) ’_JI\\VMJL/\‘/\J\__‘ e palmAB
g2/
r——J‘ ’ vector
0
0 5 10 15 20
Time [min])
b
(x108) 4
4 ¥
z° J
22 |\ +AImAB + L-Ala
2
=
1 l_\‘\r -AImAB
0
0 5 10 15 20
Time [min]
(o
(x10%) 5
6 4
Lrﬁ«,\/fJ\N o +AIMA
>
.“Z; 4 TIC
8 ’_N__/\\J\\ -AlmA
£ 2
+AImA
—14
0 AImA ] m/z=146
0 5 10 15 20
Time [min]

Figure 6. Biosynthesis of S,6-dihydroalaremycin (4) in vivo and in
vitro. Total ion chromatograms (TICs) of ethyl acetate extract
fractions are shown. Ion peaks derived from 1, 3, 4, and S are
indicated by arrows on the top of the chromatograms. (a) LC-MS
analysis of the culture supernatants of E. coli cells transformed with
plasmids carrying alaremycin biosynthetic genes. Top, E. coli
transformed with palmABCE; middle, palmAB; bottom, vector
control. (b) LC-MS analysis of the in vitro reaction mixtures.
Enzymatic reactions were performed with 200 mM L-alanine, 1 mM
succinyl-CoA, 20 yuM PLP, and 1 mM acetyl-CoA in the presence
(+AlmAB+L-Ala) or absence (—AImAB) of 2 uM AlmA and 2 uM
AlmB. (c) Enzymatic reactions were performed with 200 mM -
alanine, 1 mM succinyl-CoA, and 20 yM PLP in the presence
(+AlmA) or absence (—AlmA) of 2 yuM AlmA. The extracted ion
chromatograms (m/z = 146) are shown below the TIC.

in smaller amounts than 1, indicating that the alaremycin
biosynthetic gene cluster is involved in the formation of 4.
Additionally, E. coli transformed with the palmAB construct
also produced 4, albeit in smaller amounts than 3. This clearly
indicates that AlImA and AlmB synthesize 4 in the absence of
AlmC. This finding was further confirmed by in vitro enzyme
assays. As shown in Figure 6b, AlmA and AlmB synthesized 4
in vitro using L-alanine as the amino acid precursor instead of L-
serine. Additionally, AlmA produced intermediate 5 using L-
alanine. An ion species with m/z = 146 was detected, which
corresponds to the expected m/z value of the protonated form
of compound 5§ (M, = 145) (Figure 6¢c and Supporting Figure
S11).

As demonstrated in the in vitro enzyme reactions, 3 and 4 were
synthesized from the L-form (S-form) amino acids, L-serine and
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L-alanine, respectively. In vivo, D-serine is virtually absent in
both Streptomyces and E. coli cells, as they lack genes encoding
serine racemase. However, significant amounts of p-alanine are
present in cells, as it is utilized in peptidoglycan synthesis. We
investigated whether AlmA can accept D-form amino acids as
substrates in vitro. As shown in Figure 7a and Supporting
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Figure 7. Selectivity of L- and p-amino acids by AlmA. LC-MS
analysis of in vitro enzyme reaction mixtures. Total ion chromato-
grams of ethyl acetate extract fractions are shown. Ion peaks
corresponding to compounds 3 and 4 are indicated by arrows at
the top of the chromatograms. Enzymatic reactions were performed
with 200 mM amino acid, 1 mM succinyl-CoA, 20 M PLP, and 1
mM acetyl-CoA in the presence or absence of 2 yM AlmA and 2 uM
AlmB. (a) From top to bottom: D-serine with AImAB, L-serine with
AlmAB, and p-serine without AImAB. (b) From top to bottom: D-
alanine with AImAB, L-alanine with AImAB, and without AlImAB.

Figure S12, the production of 3 was observed when D-serine
was used as a substrate, although in smaller quantities
compared to L-serine. On the other hand, when p-alanine
was used as a substrate, the production of 4 was scarcely
detected (Figure 7b). Based on these results, it is suggested
that Streptomyces sp. A012304 and E. coli transformed with the
biosynthetic genes primarily produce 3 and 4 using L-serine
and L-alanine, respectively, as substrates.

Compounds 2—5 contain a chiral center at position CS,
derived from the a-carbon of their amino acid substrates, L-
serine or L-alanine. Based on the reaction mechanism of
ALAS,* during the AlmA-catalyzed reaction, the amino acid
substrate is transiently bound to the cofactor PLP. At this
stage, a double bond is formed between the a-carbon of the
amino acid and the amino group. Consequently, the stereo-
chemistry at the CS position appears to be independent of the
stereochemistry of the amino acid substrate.

The stereochemistry of compound 4 was determined by
using chiral column chromatography. Unexpectedly, we found
that the authentic compound 4 used in this study existed as a
racemic mixture. In contrast, compound 4 synthesized by
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AlmA and AlmB using L-alanine as the substrate was a single
enantiomer, which was coeluted with the later-eluting
enantiomer of the authentic compound 4 (Supporting Figure
13S). Since the chiral column employed tends to retain S-form
enantiomers more strongly than R-form enantiomers (https://
www.scas.co.jp/en/technical-informations/technical-news/
pdf/tn259E.pdf), it is likely that the biologically synthesized
compound 4 is the S-form enantiomer. However, further
confirmation is required in future studies.

Recently, serine palmitoyltransferase (SPT), a member of
the a-oxoamine synthase family that catalyzes the condensa-
tion of L-serine and palmitoyl-CoA, has been reported to
exhibit serine racemase activity.”® Given that AlmA can accept
both 1- and D-serine as substrates, it is possible that AlImA also
possesses racemase activity. This hypothesis should be
experimentally validated for AlmA.

In this study, we elucidated the biosynthetic pathway of
alaremycin (1) and its novel derivative, $,6-dihydroalaremycin
(4). Their chemical structures resemble that of S-amino-
levulinic acid (ALA), a precursor of porphyrins and a type of
nonproteinogenic amino acid. This is the first report detailing
the biosynthetic pathway of antibiotics containing a-oxoamine
structure.

In our previous paper, we identified the biosynthetic gene
cluster of 1, which consists of the almA, almB, almC, and almE
genes (Figure la), and groposed a possible biosynthetic
pathway for 1 (Figure 1b).”° To verify the proposed pathway,
we identified intermediate molecules using the LC-MS/MS
analysis with extracts from E. coli cells transformed with the
biosynthetic genes and performed in vitro reconstitution of
enzyme reactions using purified enzymes. As a result, we
confirmed that the proposed pathway is fundamentally correct.
The biosynthesis of 1 begins with the AlmA-catalyzed reaction,
which condenses L-serine and succinyl-CoA, using PLP as a
cofactor, to produce the first intermediate 2. Then, AlmB
catalyzes the acetylation of the amino group of 2, using acetyl-
CoA as an acetyl group donor, to produce the second
intermediate 3. Finally, AImC catalyzes the dehydration of 3 at
the C5—C6 position, using NADH and Fe* as cofactors, to
yield the final product 1.

Additionally, we discovered a novel derivative of 1 in the
culture supernatant of alaremycin-producing strain A012304.
Its chemical structure was identified as S-acetamido-4-
oxohexanoic acid (4). We also elucidated its biosynthetic
pathway through the LC-MS/MS analysis and in vitro
enzymatic reactions. 4 is synthesized using L-alanine as the
amino acid precursor, instead of L-serine, by AImA and AlmB,
without the involvement of AlmC.

The structures of compounds 2, 3, and § were determined
solely through the LC-MS/MS analysis. These should be
confirmed in future studies using the NMR analysis or by
comparison with synthetic standards.

This study revealed that AImA can accept L-alanine as an
amino acid substrate. Furthermore, in vitro enzyme reactions
showed that AlmA also accepts D-serine. These findings expand
our understanding that AlmA has a more promiscuous
substrate specificity than previously thought.”® Given that
ancestral enzymes are often associated with promiscuous
substrate specificity,””*" the ancestral form of AImA may have
had a much broader substrate range, potentially leading to the
production of various ALA analogs. This characteristic of
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substrate specificity could be valuable in the discovery of novel
bioactive molecules that affect ALA-related metabolism
including porphyrin biosynthesis. Meanwhile, SPT, which
catalyzes the PLP-dependent condensation of L-serine and
palmitoyl-CoA, is known for its promiscuous specificity toward
acyl-CoA substrates.”’ It is, therefore, possible that the acyl-
CoA substrate for AlmA is not limited to succinyl-CoA alone.
To further explore novel bioactive compounds and better
understand AlmA’s physiological role, its substrate specificity
requires additional investigation.

The AlmB protein is annotated as an N-acetyltransferase,
and it was demonstrated here that AlmB catalyzes the
acetylation of the amino group of 2, which is derived from -
serine. AlmB also accepts §, which is derived from L-alanine, as
a substrate. This suggests that AlmB, like AlmA, exhibits a
broad substrate selectivity. We are particularly interested in
whether AlImB can accept ALA, which is derived from glycine,
as a substrate. If so, the AlmB reaction could compete with
porphyrin biosynthesis by consuming intracellular ALA. This
will be investigated in a future study.

AlmC is annotated as an oxidoreductase belonging to the
Gfo/Idh/MocA family. Enzymes in this family catalyze a
variety of chemical reactions, including the oxidation and
reduction of carbohydrates, the oxidation of trans-dihydrodiols,
the reduction of biliverdin, and the hydrolysis of glycosidic
bonds.>* Interestingly, this study revealed that AImC catalyzes
the dehydration of 3 to produce 1, using NADH and Fe’* as
cofactors. It is unusual for enzymes in this family to catalyze a
dehydration reaction rather than dehydrogenation.” In the in
vitro enzymatic reaction, AlImC consumed 3 as a substrate
when only NADH was added, but no intermediate molecules
were detected. The simultaneous addition of Fe®" alongside
NADH was required to complete the AImC reaction and
produce 1. This suggests that reduction by NADH and
oxidation by Fe* occur sequentially. Identification of the
intermediate molecule formed in the presence of NADH alone
is necessary to further understand the mechanism behind this
unique dehydration reaction catalyzed by AlmC.

Naturally isolated antibiotics are often chemically modified
to enhance their antibiotic activity and fine-tune their
biophysical properties. Many clinical drugs have been
developed through semisynthesis.”’ > Recently, synthetic
biology approaches have been employed to produce new
antibiotic derivatives. In particular, bioengineering of polyke-
tide synthases (PKSs) and nonribosomal peptide synthetases
(NRPSs) has been extensively explored to modify polyketide-
type and nonribosomal peptide antibiotics. Replacing or
shuffling the modular units of PKSs or NRPSs can lead to
the biosynthesis of new derivatives with novel backbones.** ™’
Targeted mutagenesis of the substrate-binding domain is also a
promising strategy for generating new derivatives.”™”” In this
study, we demonstrated that two derivatives were synthesized
from different starting materials: 1 from L-serine and 4 from L-
alanine. Our previous study showed that amino acid
substitutions around the substrate-binding pocket of AlmA
altered its substrate selectivity. Specifically, substitutions at the
82nd and 86th amino acid residues of AlmA changed its
affinity for r-serine and glycine.”” Further substitutions in
AlmA may enable the activation of alternative substrates.

Moreover, AImA homologues are widely distributed across
the bacterial domain, not only within the Actinobacteria
phylum, to which the alaremycin-producing strain A012304
belongs, but also in other phyla, including Firmicutes and
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Proteobacteria.”’ Among the a-oxoamine synthase family, to
which AlmA belongs, there are enzymes that utilize amino
acids and acyl-CoA substrates other than L-serine and succinyl-
CoA. Examples include 8-amino-7-oxononanoate synthase
(which uses 1-alanine and pimeloyl-CoA),"~* glycine C-
acetyltransferase (which uses glycine and acetyl-CoA),” and
SPT (which uses r-serine and palmitoyl-CoA).””** Screening
for AlmA homologues with different substrate selectivities
presents an attractive strategy for discovering new derivatives
of alaremycin.

The alaremycin-producing strain Streptomyces sp. A012304 was
cultured in C4 broth (2.0% glucose, 1.0% starch [potato], 0.1%
Ehrlich extract, 0.4% yeast extract, 2.5% soybean meal, 0.2% NaCl,
0.1% KH,PO,, pH 7) at 30 °C for 6 days. E. coli JM109 was grown in
M9 minimal medium (6.8 g/L Na,HPO,, 3.0 g/L KH,PO,, 0.5 g/L
NaC], 1.0 g/L NH,C], 2 mM MgSO,, 0.1 mM CaCl,, 1% or 5%
glucose, 10 uM FeSO,) at 30 °C for 8 h to produce alaremycin and its
derivatives. E. coli BL21(DE3) was cultured in L broth (1%
polypeptone, 0.5% yeast extract, 0.5% NaCl, 0.1% glucose, pH 7)
for the purification of His-tagged proteins. Ampicillin (50 yg/mL) or
kanamycin (20 pg/mL) was added for the selection of E. coli strains
carrying plasmids, and IPTG (0.5 or 1 mM) was used to induce the
expression of alaremycin biosynthetic genes or genes encoding His-
tagged proteins.

The construction of plasmids carrying the alaremycin biosynthetic
genes (palmA, palmAB, palmABC, and palmABCE), as well as the
plasmid for AlmA purification (pET-almA), has been previously
described.”® Plasmids for the purification of AlmB or AlmC were
constructed similarly to pET-almA. Briefly, DNA fragments
containing the almB or almC gene were PCR-amplified using genomic
DNA from the A012304 strain as the template and a set of primers
(Supporting Table S1). The amplified DNA fragments were then
cloned into the pET28b(+) plasmid after digestion with the
appropriate restriction enzymes. The proper construction of these
plasmids was confirmed by sequencing. Primers used for PCR
amplification are listed in Supporting Table S1.

Compound 1 was synthesized following the method of Wang et al.,**

starting from S-hexanoic acid and proceeding through 8 steps. 'H
NMR (C,D(0S): 2.03 (s, 3H), 248 (t, ] = 6.3 Hz, 2H), 2.97 (t, ] =
6.3 Hz, 2H), 5.80 (s, 1H), 6.47 (s, 1H), 9.12 (br s, 1H), 12.16 (brs,
1H). C NMR (CD,0D): § 23.94, 29.08, 32.29, 110.71, 140.34,
172.29, 176.60, 196.94. The signals for the two olefinic protons at the
terminal position (C6) were observed as singlets at 5.80 and 6.47
ppm, despite their large coupling constant.

Compound 4 was synthesized according to the method of Iwai et
al," using r-alanine methyl ester hydrochloride as the starting
material over 6 steps. "H NMR (C,D40S): 6 1.38 (d, J = 7.0 Hz, 3H),
2.02 (s, 3H), 2.67 (t, J = 7.0 Hz, 2H), 2.86 (t, ] = 7.0 Hz, 2H), 4.65
(m, J = 7.0, 1H), 6.26 (s, 1H). *C NMR (CD;0D): § 17.1, 23.4,
28.7, 34.2, 54.7, 170.4, 174.8, 210.0.

Authentic compounds 1 and 4 were dissolved in acetonitrile or
methanol for HPLC and LC-MS/MS analyses.

Culture supernatants from the alaremycin-producing strain A012304,
E. coli strains transformed with plasmids carrying the alaremycin
biosynthetic genes, or enzyme reaction mixtures were extracted three
times with an equal volume of ethyl acetate at pH 2. The organic
layers were collected, and the ethyl acetate was evaporated. The
residues were dissolved in acetonitrile and subjected to HPLC and
LC-MS analyses.
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For the detection of compound 2, culture supernatants or enzyme
reaction mixtures were precipitated with four volumes of acetone at
—30 °C overnight. The mixtures were centrifuged at 12,000 rpm for 2
min, and the supernatants were collected. After removal of acetone by
evaporation, the supernatants were freeze-dried. The resulting
residues were dissolved in acetonitrile and analyzed by using HPLC
and LC-MS.

HPLC analysis was performed using a Nexera MP system
(Shimadzu) equipped with a COSMOSIL HILIC column (2.0 mm
ID X 150 mm, Nacalai Tesque). Metabolites were separated using an
acetonitrile/30 mM ammonium acetate (80:20, v/v) solution at a
flow rate of 0.2 mL/min, with the absorption monitored at 256 nm
(Aaso)

LC-MS analysis was conducted by using the HPLC system coupled
to a triple quadrupole mass spectrometer (LCMS-8050, Shimadzu) in
positive mode. For MS/MS analysis, selected ion monitoring was
employed in positive mode with a collision energy of —5 or =10 V
and full mass scans.

Chiral column chromatography was performed using the HPLC
system (Prominence, Shimadzu) equipped with a SUMICHIRAL
OA-4700 column (4.0 mm ID X 150 mm, Sumitomo Chemical).
Compounds were separated with a solvent mixture of hexane/
tetrahydrofuran/ethanol (70:20:10, v/v) supplemented with 0.2%
formic acid at a flow rate of 1 mL/min, with the absorption monitored
at 282 nm (A,g,).

The E. coli BL21(DE3) strain transformed with pET-almA, pET-
almB, or pET-almC was cultured in L broth at 30 °C for 2 h. Then,
0.5 mM IPTG was added, and the culture was continued for an
additional 22 h at 20 °C. The cells were harvested by centrifugation
and lysed by sonication in a buffer containing 300 mM KCl, S0 mM
KH,PO,, and S mM imidazole. The lysates were centrifuged at
15,300g for 20 min to remove insoluble materials. His-tagged proteins
were purified using a Ni-resin column on a Profinia system (Bio-Rad)
and eluted with a buffer containing 300 mM KCI, 50 mM KH,PO,,
and 250 mM imidazole. The eluted fractions were desalted using 20
or 100 mM HEPES-NaOH (pH 7.5) with 6% glycerol. Protein
concentrations were determined using the Advanced Protein Assay
Kit (Cytoskeleton). For the AlmA protein, 20 or 100 mM HEPES-
NaOH (pH 7.5), 10% glycerol, and 20 uM pyridoxal S’-phosphate
(PLP) were used for storage. The purified proteins were stored at
—30 °C. Protein purity was confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Enzymatic reactions were generally performed as described below.
The reaction mixture consisted of 20 or 100 mM HEPES-NaOH (pH
7.5), 3 mM MgCl,, and 2 uM His-tagged protein(s). Reactions were
carried out at 37 °C for 60 min.

For the AImA reaction, 10 or 200 mM amino acid and 0.2 or 1 mM
succinyl-CoA were used as substrates and 20 yuM PLP was included as
a cofactor.

For the AlmB reaction, AlmA, L-serine, succinyl-CoA, and PLP
were added to supply a substrate for AlmB, and 0.2 or 1 mM acetyl-
CoA was used as the acetyl group donor.

For the AlmC reaction, the reaction was first performed with 10
mM L-serine, 0.2 mM succinyl-CoA, 20 uM PLP, 0.2 mM acetyl-CoA,
2 yM AlmA, and 2 yM AlmB for 2 h at 30 °C to accumulate the
substrate for AlmC. Then, 2 uM AlmC, 0.2 mM NADH or NAD",
and 3 mM FeCl; were added, and the reaction mixture was further
incubated for another hour. The consumption of NADH was
monitored by measuring its specific absorption at 340 nm (As4).

Amino acids used included L- or D-serine and L- or pD-alanine. His-
tagged proteins were omitted for negative controls.
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