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Nucleotide second messengers regulate metabolism, development,
and environmental adaptation of actinobacteria: a review

TANG Xiaohui”, LIANG Yifan®, LI Jingqi, YOU Di’, YE Bangce"

State Key Laboratory of Bioreactor Engineering, East China University of Science and Technology, Shanghai, China

Abstract: Actinobacteria are Gram-positive bacteria of major ecological and biotechnological
importance, responsible for organic matter turnover in nature and serving as a primary source of
antibiotics and other bioactive natural products. Their complex physiological adaptation and life
cycles are regulated by sophisticated signal transduction networks. This review examines the
metabolism, signaling, and regulatory networks of nucleotide second messengers including cyclic
diadenosine monophosphate (c-di-AMP), cyclic di-guanosine monophosphate (c-di-GMP),
adenosine monophosphate (cAMP), and (p)ppGpp in the morphologically complex Streptomyces
with rich secondary metabolites and pathogenic Mycobacterium with host adaptation. We discuss
how these second messengers interact with other signaling systems, such as two-component
systems, quorum sensing, and protein acylation, to integrate environmental and developmental
cues. This coordination regulates the growth, development, secondary metabolite biosynthesis, and
environmental adaptation of actinobacteria. By synthesizing current knowledge, this review
provides reference for understanding the integrity and dynamics of the signal transduction system
of actinobacteria, as well as their potential applications in the basic research of life sciences and in
the fields of biotechnology and medicine.
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Figure 1

Schematic structures of c-di-AMP, c-di-GMP, cAMP, and (p)ppGpp.
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Figure 2 Pathways of synthesis and degradation for c-di-AMP (A), c-di-GMP (B), cAMP (C), and (p)ppGpp

(D). A-D depict the synthesis and degradation processes of their corresponding signaling molecules, with orange

circles representing the catalytic enzymes for the synthesis pathways and blue circles for the degradation

pathways.
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Figure 3  c-di-AMP signaling and regulatory network. c-di-AMP binds to receptor proteins such as DarR and
DasR to regulate the expression of genes involved in fatty acid transport, GIcNAc metabolism, secondary
metabolism, and stress responses. In addition, nutrient stress induces acetyl phosphate (AcP)-dependent protein
acetylation, which inhibits both the c-di-AMP synthase DisA and the receptor DasR, thereby perturbing

intracellular c-di-AMP synthesis and homeostasis.
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c-di-GMP - BldD signaling, thereby coordinating developmental and metabolic adaptation. In mycobacteria,

c-di-GMP modulates biofilm formation through its interaction with the nucleoid-associated protein Lsr2.
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Figure 5 cAMP signaling and regulatory network. Under nutrient deprivation and other environmental stresses,
accumulation of cAMP binds to receptor proteins such as the cAMP receptor protein (CRP) and
acetyltransferases. Through transcriptional control and posttranslational modification, cAMP thereby coordinates
the expression and activity of genes involved in stress adaptation, host-immune interactions, and bacterial

virulence, ultimately shaping mycobacterial fitness, and pathogenicity.
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Figure 6 (p)ppGpp signaling and regulatory network. (p)ppGpp cooperates with DksA to bind RNA polymerase
(RNAP), repressing ribosomal and nitrogen-assimilation genes while activating those for secondary metabolism
and morphological differentiation. This transcriptional shift reallocates cellular resources to coordinate growth,

stress responses, development, and secondary metabolism in actinobacteria.
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Table 1 Nucleotide second messengers, receptors, and functions
No. Nucleotide Receptor Organism Function References
second
messenger
1 c-di-AMP DarR, DasR M. smegmatis, DNA binding and transcriptional regulation [30-31]
S. erythraea
2 c-di-GMP  BIdD, WhiG,  Streptomyces Regulation of morphological differentiation, [37-38,44]
RsiG, Lsr2 venezuelae, secondary metabolism, and biofilm formation
S. coelicolor,
M. tuberculosis
3 cAMP CRP M. tuberculosis Regulation of bacterial environmental adaptability [45-47]

4 (p)ppGpp  DksA Streptomyces
diastatochromogenes

1628

and pathogenicity
Global regulation of resource allocation and bacterial  [66]
growth
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