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Definition
Cyclic nucleotides are important signaling molecules involved in cellular events in pro- and
eukaryotes, and analogues of this type of molecules are promising drug candidates.

1. Introduction
Since the discovery of the ﬁrst so-called second messenger molecules by Earl Sutherland and coworkers
[1][2],

namely, “3′,5′-cyclic adenosine monophosphate” (cAMP; Figure 1, compound 1) and “3′,5′-cyclic

guanosine monophosphate” (cGMP; Figure 1,

compound 2), vast knowledge to understand their

chemistry, mechanisms of action and their physiological functions has been accumulated.

Figure 1. Selected structures of cyclic nucleotides (1) cAMP (Adenosine-3′,5′-cyclic monophosphate synconformation), (2) cGMP (Guanosine-3′,5′-cyclic monophosphate), (3) Rp-cAMPS (Adenosine-3′,5′-cyclic
monophosphorothioate, Rp-isomer;

PKA

antagonist),

(4)

Sp-cAMPS

(Adenosine-3′,5′-cyclic

monophosphorothioate, Sp-isomer; PKA agonist), (5) 8-pCPT-2′-O-Me-cAMP (8-(4-Chlorophenylthio)-2′-Omethyladenosine-3′,5′-cyclic monophosphate; EPAC activator), (6) cGAMP(2′-5′)/2′3′-cGAMP/2′,5′-3′,5′cGAMP (Cyclic (guanosine-(2′ − 5′)-monophosphate-adenosine-3′ − 5′)- monophosphate)STING ligand),
(7) 7-CH-cAMP/cTuMP (7-Deazaadenosine-3′,5′-cyclic monophosphate; HCN
(Adenosine-2′,3′-cyclic

monophosphate),

(9)

7-PS(O)2E-8-T-cGMP

ligand), (8)

2′,3′-cAMP

(7-[2-(Phenylsulfonyl)ethyl]-8-

thioguanosine-3′,5′-cyclic monophosphate; selective CNGolf/ret ligand), (10) 8-[Fluo]-cGMP/8-[Fluo]-AETcGMP (8-(2-[Fluoresceinyl]aminoethylthio)guanosine-3′,5′-cyclic monophosphate PKG ligand, general
cGMP-like binding ﬂuorescence tool), (11) c-hexa-AMP; cyclic hexaadenylate (Cyclic hexa-adenosine
monophosphate; CRISPR-CAS III ligand).
For the ﬁnding that cAMP and cGMP bind to and activate certain protein kinases (which are nowadays
called cAMP- or cGMP-dependent protein kinases, PKA and PKG), Edwin Krebs and Edwin Fisher were
honored by receiving the Nobel Prize for Medicine or Physiology in 1992

[3]

.

Soon after their discovery, it became evident that the membrane permeability of cAMP or cGMP is too low
to pass through cellular plasma membranes

[4][5],

one line of research became the synthesis of variants

of cyclic nucleotides (cyclic nucleotide analogues/cNMPs) that maintain their principal functions while
becoming more cell membrane permeable and thus applicable for use in living systems

[6].

Soon cNMPs

modiﬁed at various positions, which made them more (or less) potent, more target speciﬁc, or, while

maintaining the principal function, less toxic in vitro or in vivo and provided higher cell membrane
permeability,

became

available

[5].

Moreover, analogues of the non-canonical cyclic nucleotides

cCMP/cUMP and 2′,3′-cAMP (Figure 1, compound 8) have been made [7] and analyzed for their occurrence
and potential biological role [8][9].

2. Practical Considerations for the Use of cNMP Analogues in
Biological Systems
Despite vast accumulated and conﬁrmed knowledge about cNMPs and their abilities (including
advantages and disadvantages), cNMP analogues are often used inappropriately or at least not in an
optimal manner for the biological system of interest. Below is a list of points worth considering before
using certain cNMP analogues to investigate (or modulate) cNMP-regulated pathways.

2.1. Cell Permeability/Membrane Passage
It is well established that unmodiﬁed cNMPs do not notably enter a cell if applied extracellularly [4]. Purine
ring modiﬁed analogues (like 8-Br-cAMP or N6,O2′-dibutyryl-cAMP short db-cAMP) are more lipophilic and
enter cells more eﬃciently but are often prone to degradation processes (see below). An extended
analysis of the hydrophobicity (lipophilicity) of cNMPs and sources for the chromatographic retention
parameters used for the determination of lipophilicity can be found in

[10]

.

2.2. Metabolism/Degradation of the Analog
Many 8-substituted-cAMP analogues are degraded by phosphodiesterase (PDE) activity present in animal
sera like fetal bovine serum which many cell culture systems contain [11]. The analogue metabolites may
have unwanted activities like binding to adenosine receptors

[12]

or being transformed via the salvage

pathway, thereby interfering with RNA and DNA metabolism. Although, for example, db-cAMP ideally
hydrolyzes after cell entry into the butyrate molecules and mono- or non-butyrylated cAMP, the resulting
butyrates may interfere with other cellular pathways. Moreover, db-cAMP may hydrolyze before entering
the cell and release one or two butyrates thereby posing potential other, extracellular, side eﬀects. On
the other hand, in biological systems where butyrate and cAMP act in an additive manner (for example in
nerve cell- or adipocyte-diﬀerentiation) this butyrate eﬀect may be desirable. Under such conditions, dbcAMP acts as the “trojan horse” carrying several biologically active components into the cells.
In case the abovementioned eﬀects and side eﬀects are not desired, PDE-dependent hydrolysis by 3′,5′cyclic phosphodiesterases can be avoided by using the PDE-resistant cNMP-phosphorothioate analogues
like Sp- and Rp-cAMPS and their derivatives. Phosphorothioate analogues are also more lipophilic and thus
enter cells easier. However, in the case of the presence of high-aﬃnity adenosine receptors (KD in the
nanomolar range), it may be necessary to add the enzyme adenosine deaminase to the cell culture
medium to convert the minute amounts (0.05%) of adenosine that may be present in Rp-cAMPS
preparations to its inactive metabolite inosine

[12]

.

2.3. Target Selectivity
As outlined above, cNMPs bind with high aﬃnity to cAMP/cGMP-dependent protein kinases, 3′,5′-cyclic
phosphodiesterases, EPAC/GEF proteins, ion channels (CNG; HCN), organic anion exchangers (OAG) and
other target proteins. Each of the binding sites for cNMPs on these cNMP target molecules are diﬀerent in
terms of space, charge and ﬂexibility so that in principle every modiﬁcation that provides a gain of
function on one of the target molecules may alter binding to another one thereby reducing the selectivity
of the compound. An expression analysis of which cNMP target protein is present in a given biological
system may help with the selection of the appropriate cNMP analog.
Taken together, the choice for the “ideal” cNMP analog for a certain experiment takes into account the
nature of the investigated organism and/or the intended cell type targeted, combining good and fast
permeability through the plasma membrane, stability against PDE hydrolysis and other enzymatic

modiﬁcations outside and inside the cell with a high target selectivity and no or low toxicity.
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