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Abstract 

Prodrugs account for more than 5% of pharmaceuticals approved worldwide. Over the past 

decades several prodrug design strategies have been firmly established; however, only a few 

functional groups remain amenable to this approach. The aim of this overview is to highlight the 

use of coenzyme A (CoA) biosynthetic enzymes as a recently explored bioactivation scheme and 

provide information about its scope of utility. This emerging tool is likely to have a strong impact 

on future medicinal and biological studies as it offers promiscuity, orthogonal selectivity, and the 

capability of assembling exceptionally large molecules. 
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Abbreviations 

CoA – coenzyme A 

AcCoA – acetyl coenzyme A 

PanK – pantothenate kinase 

PPCS – 4’-phosphopantothenoylcysteine synthetase  

PPC-DC – 4’-phosphopantothenoylcysteine decarboxylase 

PPAT – phosphopantetheine adenylyltransferase 

DPCK – dephospho-CoA kinase 

ATP – adenosine triphosphate 

PanKI – pantothenate kinase Type I 

PanKII – pantothenate kinase Type II 

PanKIII – pantothenate kinase Type III 

ASKHA – acetate and sugar kinase/hsp70/actin 

SAR – structure-activity relationship 

ACP – acyl carrier protein 

AAC(6’) – aminoglycoside N-6’-acetyltransferase 

Icl – isocitrate lyase 

Ict – itaconyl-CoA transferase 

Ich – itaconyl-CoA hydratase 

Ccl – (S)-citramalyl-CoA lyase 
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Preface and coenzyme A biosynthesis 

This review is dedicated to Prof. Paul Ortiz de Montellano, whose research has had a 

tremendous impact in numerous fields, one of which is the study of prodrug bioactivation by 

monooxygenases[1-3]. Prodrugs are chemically modified versions of an active molecule that must 

undergo transformation to release the functional product, typically implicating one or more 

enzyme catalysts. The prodrug approach is useful to fine-tune the properties of a lead compound, 

clinical candidate, or drug. As previously reviewed elsewhere[4-5], the design of a prodrug may 

aim to improve solubility or bioavailability, modify the absorption, distribution, metabolism or 

excretion, reduce off-target effects, and/or increase membrane penetration of a molecule. The 

concept has also found use in chemical biology studies. 

This review focuses on bioactivation of molecules by enzymes involved in the biosynthesis 

of coenzyme A (CoA) from pantothenate (vitamin B5). CoA is an essential cofactor utilized in all 

domains of life, mainly as an organic acyl carrier (e.g. acetyl or succinyl groups in AcCoA and 

succinyl-CoA, respectively). Except for a small variation in Archaea (vide infra), the canonical 

biosynthesis of CoA from pantothenate is functionally well conserved across all domains of life, 

involving 5 enzymes (Fig. 1): pantothenate kinase (PanK), 4’-phosphopantothenoylcysteine 

synthetase (PPCS), 4’-phosphopantothenoylcysteine decarboxylase (PPC-DC), 

phosphopantetheine adenylyltransferase (PPAT), and dephospho-CoA kinase (DPCK), which are 

the gene products of coaA (or coaX), coaB, coaC, coaD, and coaE, respectively. PanK catalyzes 

the phosphorylation of pantothenate at the primary alcohol, PPCS and PPC-DC append the 

cysteamine moiety through the formation of an amide, PPAT is responsible for adding the adenosyl 

group, and DPCK phosphorylates this new moiety at the 3’-OH. The current understanding of CoA 

biosynthesis was recently reviewed in more detail elsewhere[6]. 

In some organisms, a parallel route for CoA biosynthesis, known as the CoA salvage 

pathway, starts directly from pantetheine instead of pantothenate, and thus bypasses PPCS and 

PPC-DC (Fig. 1)[7]. Existence of this pathway implies that PanK must not only accept 

pantothenate as a substrate but also tolerate substituents at the carboxylate end, as with pantetheine. 

The high tolerance of PanK, PPAT and DPCK from several microorganisms for substrates 

derivatized at the thiol end is now well established and has been exploited in various contexts, 

ranging from the chemoenzymatic synthesis of alternative substrates to probe the mechanism of 

enzymes using CoA derivatives, to the in cellulo bioactivation of inhibitors which target enzymes 

acting on acyl-CoA substrates. Although the biosynthetic steps are well conserved, enzyme 

structural and mechanistic differences exist that allow organism-specific activation, making it a 

promising new tool for prodrug bioactivation. 

Whereas there are only a few examples reported of inhibitors activated by CoA 

biosynthetic enzymes, the antimicrobial action of pantothenamides in some microorganisms has 

recently been discovered to also involve these enzymes to produce CoA antimetabolites which 

affect downstream CoA-utilising enzymes. This review aims to discuss molecules known to be 

transformed by CoA biosynthetic enzymes and to provide a scope of applicability for this 

bioactivation route. 
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Figure 1: Biosynthesis of CoA from pantothenate or pantetheine.   

General differences between PanKI, PanKII, and PanKIII  

In the design of molecules activated by the CoA biosynthetic pathway, understanding the 

nature and limits of substrate tolerance displayed by these enzymes is essential. The first step of 

CoA biosynthesis from pantothenate or pantetheine is phosphorylation by PanK. This activity is 

widely observed in the domains of Bacteria and Eukarya, but not Archaea (although a 4’-

phosphopantothenate synthetase has been described in Archaea, its substrates are 4’-

phosphopantoate and β-alanine rather than pantothenate and ATP)[8]. PanK types are typically 

classified into Type I, Type II, and Type III (PanKI, PanKII, and PanKIII)[9]. The differences 
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between these three types of PanK (summarized in Table 1) allow for development of prodrugs 

that can be tuned to a particular system. Although bacteria are known to harbor PanK enzymes 

from any of the 3 Types, so far a PanKII has only been observed in Staphylococci spp. Eukaryotes, 

on the other hand, express only PanKII[9]. Notably, there is very low identity between the bacterial 

and human PanKII[10], which may allow selective activation of molecules in bacteria for example. 

PanKI and PanKII accept a broad range of substrates, whereas PanKIII is very selective for 

pantothenate, hindering its exploitation. 

Some bacteria harbor genes for two types of PanK, but whether both types are functional 

depends on the species. For example, although the genome of Mycobacterium tuberculosis 

encodes both a PanKI and a PanKIII, only the PanKI is believed to be functional[11], whereas 

Bacillus anthracis PanKIII is functional, while its PanKII is not[12]. Interestingly, Bacillus subtilis 

produces two functional PanKs, a PanKI and a PanKIII, yet the PanKI alone is sufficient to replenish 

the CoA pool[13]. A detailed list of the types of PanK encoded by various organisms as determined 

by phylogeny was reported by Yang et al[9]. 

Table 1: Key traits of PanK enzymes depending on their type 

 PanKI (CoaA) PanKII  PanKIII (CoaX) 

Domains found in Bacteria 
Eukarya and 

Bacteria (rare) 
Bacteria 

CoA feedback inhibition Yes 
Yes (Eukarya) 

No (Bacteria) 
Varies 

Broad substrate scope Yes Yes No 

Fold superfamily P-loop kinase ASKHA ASKHA 

Ions requireda Mg2+ Mg2+ Mg2+ and K+ or 

NH4
+

  

Accepting pantothenamide substrates Yes Yes (Bacteria) No 
a For PanKIII, some organisms can utilize other monovalent cations 

 

Structure and CoA feedback within PanKI, PanKII, and PanKIII 

In bacteria, the synthesis of CoA is regulated by feedback inhibition within PanK by CoA 

and CoA thioesters[14-16], for all PanK types except PanKII[14]. In addition to recognition sites 

for both of its substrates ATP and pantothenate, Escherichia coli PanKI (EcPanKI) can also bind 

CoA to form an inhibited complex. Crystal structures of EcPanKI[17-18] show that although both 

ATP and CoA comprise an adenosyl moiety, the binding of each to the active site differ 

significantly, yet both interact with Lys101. Mutation of this residue (L101M) abrogates activity 

in EcPanKI by greatly increasing the KM of ATP[19]. The thiol of CoA interacts with a bulky 

Phe252, which explains the slightly higher affinity of the enzyme for CoA than for CoA-

thioesters[17]. The intracellular concentration of CoA (30–120 µM) is often high enough to favor 

binding of the molecule to free PanKI (Kd = 6 µM)[20]. The PanKI enzymes of Mycobacterium 

tuberculosis[21-26], Klebsiella pneumoniae[27-28] and Coxiella burnetii PanKI[29] have also 
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been crystallized. MtPanKI has high structural homology to EcPanKI, except at the quaternary 

level wherein MtPanKI is a symmetric dimer while EcPanKI is an asymmetric dimer[21]. KpPanKI, 

also displays high sequence and structural homology to EcPanKI (90% sequence identity), with 

subtle differences in the binding pocket suggesting that the design of selective substrates may be 

conceivable[27]. 

Although typically associated with eukaryotic cells, a PanKII is also produced by 

Staphylococci spp.[30] Staphylococcus aureus PanK (SaPanKII) has been crystallized both in 

complex with a non-hydrolyzable ATP derivative and in complex with a phosphorylated 

pantothenamide and ADP (following addition of the pantothenamide and ATP)[28,31-32]. 

Whereas PanKII and PanKIII belong to the same superfamily of fold, their 3D structures vary 

considerably at the dimer interface and the ligand binding locales. Interestingly, each subunit of 

the SaPanKII dimer has a loop region forming a “binding cap” which closes over the binding site 

of the adjacent subunit[28]. Furthermore, unlike PanKI, PanKIII, and eukaryotic PanKII, bacterial 

SaPanKII does not appear to be regulated by CoA or its thioesters[10,33]. This is consistent with 

results suggesting that S. aureus may use CoA as an antioxidant instead of glutathione[34], 

although subsequent literature has described bacillithiol as being involved in the redox 

homeostasis of S. aureus[35]. Sequence identity between SaPanKII and EcPanKI is only 13%, as 

expected for PanKs of different Type. Remarkably, sequence identity can be very low even within 

Type II PanKs, with 18% identity reported for the bacterial SaPanKII and the mammalian Type II 

Mus musculus PanK1β[10]. Finally, the only eukaryotic PanKs for which crystal structures have 

been reported are Homo sapiens PanK1β (the catalytic core of PanK1α)[36] and HsPanK3[37-39]. 

The first crystal structure of a PanKIII was that of Thermotoga maritima PanK (TmPanKIII) 

and revealed a drastically different fold compared to that of EcPanKI[9]. TmPanKIII is part of the 

ASKHA (acetate and sugar kinase/hsp70/actin) superfamily of fold[9], whereas EcPanKI belongs 

to the P-loop kinase superfamily[9]. Although SaPanKII also adopts the ASKHA fold, its structure 

differs significantly from those of PanKIII isoforms, with the much smaller pantothenate binding 

cavity of the latter providing a rationale for its restricted substrate scope[40]. Other unique 

biochemical traits of PanKIII include the requirement for a monovalent cation such as NH4
+ or 

K+[31], and no appreciable affinity for pantothenamides[30]. TmPanKIII was reported to 

experience negative CoA feedback, with complete inhibition at about 400 µM of CoA[41], 

whereas Helicobacter pylori PanKIII and Bacillus subtilis PanKIII are not affected by CoA or its 

thioesters[30], suggesting heterogeneity in regulation within PanK types. PanKIII isoforms can be 

found across almost all phyla of bacteria[9], and typically have a high KM for ATP (PanKIII KM: 

B. anthracis = 510 µM[42], B. subtilis = 3.1 mM[30], H. pylori = 7.9–9.6 mM[30,40], T. maritima 

= 6.0 mM at 50oC[9]), and little affinity for other phosphate donors[31]. Despite the ubiquity of 

PanKIII enzymes in bacteria, their tight substrate specificity hinders their use in prodrug 

bioactivation. 

PPAT and DPCK 

 The second and third enzymes of the CoA salvage pathway have not been as extensively 

studied as PanK. PPAT and DPCK are two separate proteins in bacteria, whereas in eukaryotes 

PPAT and DPCK are fused together into a single bifunctional enzyme called CoA Synthase 
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(CoASy)[43]. In bacterial systems, PPAT may be regulated by CoA via feedback inhibition[44-

45]. Both PPAT and DPCK were first isolated from Corynebacterium ammoniagenes (previously 

Brevibacterium ammoniagenes)[46]. Crystal structures are reported for PPAT and DPCK from E. 

coli[47-51] and from numerous other organisms[29,45,50,52-68], as well as for the M. musculus 

DPCK domain of the bifunctional PPAT/DPCK enzyme (PDB: 2F6R; no associated scientific 

publication). The mammalian PPAT/DPCK enzyme has the same function as the corresponding 

two bacterial enzymes, yet there is low homology between the bacterial and mammalian PPAT 

domains, and high homology between the bacterial and the mammalian DPCK domains[43]. 

Notably, H. sapiens PPAT/DPCK shows some tolerance for alternative substrates, as demonstrated 

by its use in biocatalytic reactions[69]. Bacterial, plant, and mammalian PPAT and DPCK have 

been described thoroughly by Leonardi et al[70]. 

The use of PanK, PPAT and DPCK in chemoenzymatic transformations 

 Examples of chemoenzymatic syntheses taking advantage of CoA biosynthetic enzymes 

abound, with the products often serving to study CoA-dependent enzymes[69,71-92]. The more 

commonly used PanK isoforms in synthetic applications are EcPanKI and SaPanKII, whereas the 

subsequent steps typically employ EcPPAT and EcDPCK. The choice of PanK used depends on 

the context. EcPanKI[69,72] catalyses the phosphorylation of various pantothenate analogues, 

sometimes even more efficiently than with its natural substrate[78], but can be inhibited by the 

CoA product when used in combination with PPAT and DPCK. In contrast, SaPanKII is not 

inhibited by CoA derivatives[10] but may be inhibited by some phosphorylated 

pantothenamides[32]. Pantothenamides are well-tolerated by both PanK isoforms (Fig. 3), whereas 

pantothenate thioesters are only accepted by SaPanKII [93]. EcPanKI and SaPanKII can 

phosphorylate substrates containing a wide assortment of amine substituents at C-1 (pantothenate 

numbering, see Fig. 1), including linear alkyl chains with or without heteroatoms[94-95], alkyl 

chains with esters/amides/ketone/amino acid functionalities[71,73-74,76-77,79,81,96-97], bulky 

aliphatic moieties[72], aromatic moieties[79,81], fluorophores such as BODIPY, coumarin, and 

dansyl[69,79-80], and even aminoglycosides[98-99]. Use of the CoA salvage pathway for 

chemoenzymatic synthesis was reviewed in 2010 by Strauss et al[78]. 

Pantothenamides as prototypical substrates of CoA biosynthetic enzymes  

First reported in 1970 by Clifton et al., N-substituted pantothenamides, or 

pantothenamides, are amides of pantothenate e.g. 1-5 (Fig. 2)[100], many of which show 

antibacterial, antifungal and/or antiplasmodial activity. Pantothenamides were discovered at a time 

when efficient antibiotics abounded and there was no incentive to pursue them all. Now that 

resistance is rapidly making antibiotics useless, there is interest in revisiting antimicrobials 

discovered long ago and abandoned. This has resulted in a rising interest for pantothenamides in 

the past two decades and significant efforts have been dedicated towards determining their 

mechanisms of action. These studies have focused mainly on three organisms, the bacteria E. coli 

and S. aureus, as well as the malaria-causing parasite Plasmodium falciparum, and have clearly 

established that pantothenamides are substrates of one or more enzymes of the CoA biosynthetic 

pathway. In general, the currently accepted mechanism of action of pantothenamides first involves 

their transformation by one or more of the CoA biosynthetic enzymes, before inhibition of one or 
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more downstream enzymes. Pantothenamides are not only recognized as potential antimicrobials 

but have also been very useful to study PanK enzymes[27-28,94,101-104]. 

 

Figure 2: Examples of pantothenamides  

In addition to mechanistic investigations, recent decades have also seen numerous 

medicinal chemistry studies of pantothenamides. Structure-activity relationships (SARs) of the 

antimicrobial activity of pantothenamides however remain complex as they must account for cell 

permeability, the enzymatic transformation by one or more enzymes and the numerous potential 

targets of the active product[105]. Pantothenamides have been modified at the primary and 

secondary alcohols[94,106], the geminal dimethyl group[101,105-109], the β-alanine 

chain[79,94,102,106,110-111], the substituents at the C-1 amide[32,79,81,94-95,100-

102,106,109,112-113], and the amide bond itself has been replaced with other groups[103,113-

114]. Minor alterations are often sufficient to completely shift the spectrum of antimicrobial 

activity or suppress all activity. 

A thorough review by Spry et al. presents pantothenate derivatives in the context of their 

interactions with various PanK isoforms as it relates to antimicrobial activity[115], while a more 

recent review by Moolman et al. discusses CoA biosynthetic enzymes as novel targets for the 

development of antimicrobials [116]. For most of the antimicrobial pantothenamides described, 

however, the mechanism of action has not been fully described and activation by CoA biosynthetic 

enzymes remains to be demonstrated. 

Substrate specificity of PanK enzymes 

To explore the substrate specificity of PanK enzymes, a variety of pantothenate derivatives 

have been synthesized and tested either for inhibition of pantothenate phosphorylation 

(competitive substrate)[94] or directly as substrates[101-103,106] (Fig. 3). These include 

numerous pantothenamides with the following C-1 amide modifications accepted by both EcPanKI 

and SaPanKII: linear or branched chain, with or without heteroatoms, aromatic groups, and bulky 

rings[94,101-102]. Substitution of either methyl group of the geminal dimethyl moiety with small 

or moderately bulky groups are also typically tolerated by EcPanKI and SaPanKII, in contrast to 

removal of the methyl groups which is not[106]. Shortening the β-alanine chain is acceptable with 

both enzymes, whereas lengthening the β-alanine chain is not productive with EcPanKI[102,106]. 

Methylation of the β-alanine chain or the C-1 amide, as well as the use of amide bioisosteres at C-

1 (e.g. thioamides, hydrazides, sulfonamides, inverted amides, and triazoles), are tolerated by both 

EcPanKI and SaPanKII[103]. In contrast, although methylation of the secondary alcohol is fine 

with EcPanKI, it is not for SaPanKII[106]. 
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Figure 3: Substrates for EcPanKI and SaPanKII based on kinetic studies of pantothenate analogues and EcPanKI or SaPanKII 

 Pantothenamides reported to date are not substrates nor inhibitors of PanKIII. In fact very 

few inhibitors and alternative substrates have been reported for PanKIII. Until recently, all 

inhibitors were competing with ATP and showed weak affinity[42,117]. The first pantothenate-

related inhibitors of a PanKIII (6-11 Fig. 4) were only reported in 2018, together with two new 

substrates (12, 13) for Pseudomonas aeruginosa PanKIII (PaPanKIII)[106,117]. The KM values are 

greater for the new substrates (KM = 12: 683 µM, 13: 64 µM, Fig. 4) than for pantothenate (KM = 

20 µM). Nevertheless, this demonstrates some substrate promiscuity remaining to be further 

exploited. 

 

 

Figure 4: Pantothenate-based inhibitors and substrates for PaPanKIII 

In summary, EcPanKI and SaPanKII show similar substrate specificity, tolerating limited 

bulk at the geminal dimethyl position, and accepting large differences in the alkyl amine chain, 

even including groups as large as aminoglycosides and fluorophores (Fig. 5). EcPanKI and 

SaPanKII differ in substrate scope where thioesters are not well tolerated by EcPanKI, but are 

accepted by SaPanKII[93], and glycine or β-alanine is required for EcPanKI whereas SaPanKII and 

PaPanKIII can tolerate a one-carbon extension to γ-aminobutyrate[106]. PaPanKIII is not known to 
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tolerate any substitutions of the carboxylate, but accepts compounds lacking the geminal dimethyl 

group, whereas EcPanKI and SaPanKII do not[106]. 

  

Figure 5: Summary of tolerated substitutions for substrates of bacterial PanK enzymes based on kinetic studies and 
chemoenzymatic transformations 

 The substrate specificity of eukaryotic PanKs has not been as thoroughly explored as that 

of bacterial isoforms. In a study by Virga et al., the PanKs from Aspergillus nidulans (AnPanKII) 

and M. musculus (MmPanK1α) were evaluated for their activity towards several 

pantothenamides[94], and found to tolerate a broad range of structural variations (Fig. 6). The 

substrate preference was evaluated as a relative inhibition of pantothenate phosphorylation with 

the assumption that the inhibition was due to the test compound behaving as a substrate. This 

remains to be confirmed as the compounds may also be inhibitors. Crystallographic structures of 

human PanK3 (another eukaryotic PanKII) have revealed that pantothenamides such as N7-Pan (2) 

are PanK3 ligands [38]. In a different study, HoPan (12) was found to inhibit MmPanK1α after 

being first phosphorylated by the enzyme[118]. A similar product-inhibition mechanism has also 

been suggested for SaPanKII, which crystallized with phosphorylated N7-Pan [32]. Overall, this 

speaks strongly in favour of further studies of eukaryotic PanK. 

 

Figure 6: Tolerated substitutions for AnPanK and MmPanK1α based on substrate competition substrates 

Mechanism of action of pantothenamides in E. coli 

In E. coli, a PanKI-expressing organism, the product of pantothenamide phosphorylation is 

further transformed by PPAT and DPCK to generate the corresponding CoA anti-metabolite[119]. 

In particular, pantothenamides N5-Pan (1) and N7-Pan (2) were shown to be converted to 
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ethyldethia-CoA (14) and butyldethia-CoA (15) (Fig. 7), respectively, faster than pantothenate is 

turned to CoA[119-120]. In E. coli, compounds 14 and 15 were demonstrated to replace CoA as 

the co-substrate of acyl carrier protein (ACP) synthase, leading to the formation of a thiol-lacking, 

inactive ACP (crypto-ACP), thereby negatively affecting fatty acid biosynthesis and bacterial 

proliferation[120]. In support of this hypothesis, supplementation of the growth medium with 

exogenous fatty acids restored viability to bacteria exposed to 1 or 2[120]. It was later established 

that the rescue of bacterial growth by fatty acids supplementation was only partial (in contrast to 

the complete rescue of growth resulting from addition of fatty acids during exposure to the fatty 

acid synthesis inhibitor cerulenin), suggesting that pantothenamides 1 and 2 may have other targets 

besides fatty acid synthesis[121]. 

 

Figure 7: N5-Pan (1) and N7-Pan (2) and their antimetabolites after bioactivation by PanKI, PPAT, and DPCK 

Further experiments were performed by Thomas and Cronan in which the nutrient supply 

was limited to tease out other effects of the CoA antimetabolites on bacterial growth[121]. These 

studies demonstrated that CoA stores were being depleted in the presence of 1, and that crypto-

ACP can be hydrolysed back to apo-ACP in cellulo[121]. To further complicate matters, not all 

pantothenamides known to yield crypto-ACP species are toxic to E. coli[95], implying again that 

other factors may be involved in the antibacterial activity of pantothenamides. Recent studies 

looking at the mode of action of 1 in E. coli suggest that its resulting CoA antimetabolite (14) may 

also affect aspartate decarboxylation by PanD (within the pantothenate biosynthetic pathway) by 

binding to its regulatory protein PanZ[122]. AcCoA is known to bind to the PanD-PanZ complex 

and inhibit the production of pantothenate; this effect may be reproduced by metabolite 14 which 

binds to PanZ with equal affinity as AcCoA[122-123]. Interestingly, replacing the E. coli wild type 

PanD with a PanD variant unable to interact with PanZ eliminates regulation by CoA or 14[122]. 

Moreover, the MIC of 1 was found to be 30-fold greater towards an E. coli strain harboring this 

PanD variant than cells expressing wild type PanD (60 µg/mL versus 2.3 µg/mL)[122]. In 

summary, the collective interferences of the CoA antimetabolites are likely what lead to the growth 

inhibition of E. coli (Fig. 8). 
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Figure 8: Antibacterial mechanism of action of pantothenamides, such as N5-Pan (1), in E. coli (a PanKI-expressing bacterium) 

Mechanism of action of pantothenamides in S. aureus 

SaPanKII is known to phosphorylate pantothenamides such as 1, leading to a bacteriostatic 

effect on S. aureus. A recent study has demonstrated that once transformed by SaPanKII, the 

corresponding phosphorylated pantothenamides have very high affinity for the enzyme, 

dramatically reducing its rate. This suggests a mechanism of action in S. aureus involving first 

phosphorylation of the pantothenamide by SaPanKII followed by product inhibition of this 

essential enzyme (Fig. 9)[32]. The study also revealed an important correlation between slow 

pantothenamide turnover and inhibition of SaPanKII. Together these results corroborate earlier 

crystallographic data suggesting that the amide substituent of pantothenamides can form additional 

interactions with the enzyme to stabilize the complex and reduce the rate of release of the 

phosphorylated pantothenamide product by SaPanKII[28]. 
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Figure 9: Proposed mode of action for bioactivated pantothenamides such as N5-Pan (1) in S. aureus (a PanKII-expressing 
bacterium) 

Mechanism of action of pantothenamides in P. falciparum 

The bioactivation of molecules via CoA biosynthetic enzymes expands beyond bacteria, 

with a few reports of pantothenate derivatives shown to be transformed by enzymes from P. 

falciparum. Recognised as essential during infection[124-128], the CoA biosynthetic pathway of 

Plasmodium spp. has been suggested as a novel target for the discovery of antimalarials[129]. In 

2013, Spry et al. demonstrated that pantothenamides can inhibit the growth of blood stage P. 

falciparum, but only when the culture medium used was aged[130]. This was explained by the 

presence of pantetheinases, also known as vanins, in fresh serum. As discussed further below, 

these enzymes produce pantothenate from pantetheine and other pantothenamides. 

Notably, P. falciparum PanK (PfPanKII) has yet to be isolated or heterologously expressed. 

PfPanKII activity and inhibition are typically measured from P. falciparum lysates with added 

[14C]pantothenate (26, Fig. 11) and monitoring the formation of [14C]4’-

phosphopantothenate[131]. This assay does not differentiate alternative substrates from inhibitors 

since molecules which act as PanK substrates by competing with pantothenate appear to inhibit 

the enzyme. Several pantothenamides (1, 16-20, Fig. 10) were found to inhibit pantothenate 

phosphorylation by PfPanKII at micromolar concentrations whereas antiplasmodial activity for the 

same compounds is observed at nanomolar concentrations[132]. This large difference between 

enzyme and growth inhibition suggests that PfPanKII may not be the main target of these 

compounds in P. falciparum.  

 

Figure 10: Structure of pantothenamides 1, 16-22. Note: 21 and 22 were tested as racemic mixtures. 

The mechanism of action was further probed using pantothenamides 23, 24, and 25 with 

varying lengths of the β-alanine chain, and radiolabelled 26-32 (Fig. 11)[132]. Interestingly, while 

27 and 28 require the pantothenic acid transporter for activity, 29-32 do not, suggesting the 

involvement of different uptake mechanisms for pantothenate derivatives in P. falciparum[132]. 

The results also suggest that pantothenamides do not interfere with pantothenate transport[132]. 
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Figure 11: Structure of compounds 23-32 with the position of 14C atoms identified (*) 

 Interestingly, whereas the deoxy-derivatives 21 and 22 (Fig. 10) were inhibitors of 

pantothenate phosphorylation (>100 µM and 11 µM respectively), they did not show significant 

antiplasmodial activity[132], further confirming that PanK inhibition may not be responsible for 

the antiplasmodial activity of pantothenamides. This is in contrast to similar experiments using 

SaPanKII where 21 was found to effectively inhibit pantothenate phosphorylation and also exhibit 

antistaphylococcal activity[103]. Overall this is consistent with the mechanism of action of 

pantothenamides differing between S. aureus and P. falciparum, and suggests that the targets of 

pantothenamides in P. falciparum are likely downstream of PanK (Fig. 12). 
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Figure 12: Proposed mode of action for pantothenamides, such as N5-Pan (1), in P. falciparum (expressing PanKII). 

In a recent report, the α-methylated pantothenamide 36 (Fig. 13) (previously reported by 

Macuamule et al.)[133] was found to compete with pantothenate for phosphorylation by Cab1 (a 

yeast PanK) at mid-micromolar concentrations, and the authors concluded that PanK inhibition 

was the cause of antiplasmodial activity, even though they reported P. falciparum growth 

inhibition at mid-nanomolar concentrations[111]. A more recent study by Tjhin et al. used a 

combination of methods including PfPanKII inhibition studies, in cellulo metabolism 

characterization and resistant mutants, to further investigate the mechanism of action of 35 and 36 

in P. falciparum (Fig. 13)[134]. The authors used pantothenol (33) and CJ-15,801 (34) to generate 

resistant strains. The antiplasmodial activity of 33 and 34 is believed to arise from the 

transformation by PanK only, or PanK and PPCS, with the product inhibiting PPCS[134-135]. 

Interestingly, the mutants resistant to 33 or 34 exhibited different sensitivity profiles towards 35 

and 36, including two mutants that became hypersensitive to 35 and one hypersensitive to 36. 

Moreover, 35 was reported to be fully transformed to the corresponding CoA derivative in P. 

falciparum[134]. The authors concluded that 35 and 36 exhibit a different mechanism of action 

than 33 and 34, with the latter two inhibiting PPCS after biotransformation, whereas the former 

two are bioactivated to the corresponding CoA derivatives, which may inhibit various CoA-

utilising enzymes. 
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Figure 13: Pantothenol (33) and CJ-15,801 (34) were used to force resistance in P. falciparum and the resistant mutants were 
challenged with the potent antiplasmodials 35 and 36 

Exploitation of CoA biosynthetic enzymes as a new strategy for the in cellulo assembly of 

enzyme inhibitors 

Whereas mechanistic studies suggest that pantothenamides are bioactivated by one or more 

of the CoA biosynthetic enzymes, at least in E. coli and in P. falciparum the resulting CoA 

antimetabolites likely have multiple targets, and hence structure-based design (i.e. inhibitor design 

using the structure of the target protein) is intangible, leaving ligand-based design as the main 

approach available. In contrast, a few examples where the CoA biosynthetic pathway is used for 

the bioactivation of inhibitors of a specific enzyme have also been reported. The first case was 

published in 2012 by Vong et al. and allowed researchers to overcome bacterial cell penetration 

issues[98]. Once the prodrugs 37-41 (Fig. 14) were transformed into the corresponding CoA 

derivatives in Enterococcus faecium, the molecules inhibited the aminoglycoside resistance-

causing enzyme aminoglycoside N-6’-acetyltransferase (AAC(6’)), and resensitized the 

intrinsically resistant bacterium to aminoglycosides[98].  

 

Figure 14: Bioactivation of pantothenate-aminoglycoside derivatives by CoA biosynthetic enzymes into bisubstrate inhibitors of 
AAC(6’). Ki values are given for inhibition of E. faecium AAC(6’). 
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A widespread mechanism of aminoglycoside antibiotic resistance involves the expression 

of N-acetyltransferases by bacteria[136]. These enzymes use AcCoA to selectively acetylate 

aminoglycosides at one or more specific sites, resulting in molecules with greatly reduced affinity 

for the ribosome 16S RNA, aminoglycoside’s target. The authors had previously identified several 

amide-linked aminoglycoside-CoA bisubstrates (42-44 among others) as nanomolar inhibitors of 

E. faecium AAC(6’)[137], and micromolar inhibitors of Salmonella enterica AAC(6’)[138]. These 

highly charged, large molecules were however not expected to penetrate bacteria, in part due to 

the CoA moiety. It was envisioned that the smaller pantothenate derivatives, compounds 37-41, 

which do not inhibit AAC(6’)[139] and have no antibacterial activity[137], might penetrate 

bacterial cells before being transformed into the corresponding bisubstrate inhibitors 42-46 by 

CoA biosynthetic enzymes in bacteria[137]. As expected, the aminoglycoside-pantothenate 

derivatives 37-41 were inactive on their own but 38-41 potentiated the activity of kanamycin A 

towards aminoglycoside-resistant E. faecium. The in cellulo activity was optimal with a two-

carbon linker (38), contrary to the trend observed with bisubstrate AAC(6’) inhibitors, which show 

similar activity for one- or two-carbon linkers (42 and 43), and decreasing activity as the length of 

the linker is increased (Fig. 14)[139]. In contrast, bioactivation by CoA biosynthetic enzymes was 

more efficient with longer linkers, and negligible when the linker was one carbon-long[98], 

suggesting that the most active molecule in cellulo may offer the best compromise between the 

rate of bioactivation and AAC(6’) inhibition potency. Compound 38 resensitized E. faecium to the 

effect of several aminoglycosides including tobramycin, kanamycin A, and ribostamycin, and was 

also effective towards an AAC(6’)-producing E coli strain, as well as clinical Enterococcus strains 

resistant to both vancomycin and aminoglycosides[98-99]. Further studies combining time-kill 

data and metabolomics established that the mechanism of action in E. faecium for compound 38 

may involve AAC(6’) inhibition by more than one intermediates along the bioactivation pathway, 

with the product of PanKI+PPAT, i.e. compound 48 (Fig. 15), contributing the larger inhibitory 

effect[99]. Although the full bisubstrate 43 (product of PanKI+PPAT+DPCK), which is the most 

potent AAC(6’) inhibitor of the series, did not accumulate over time, concentration of the 

intermediate 48, which compared to 43 only lacks one phosphate group at the ribose 3’-OH and 

shows weaker AAC(6’) inhibition, rose significantly over time. Compound 47 also accumulated 

to some extent, but due to its weaker AAC(6’) inhibitory activity, is only expected to contribute a 

minor portion of the observed overall activity. 
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Figure 15: Compound 38 and all intermediates of its bioactivation by the CoA biosynthetic enzymes PanK, PPAT and DPCK. Ki 
values are given for inhibition of E. faecium AAC(6’). 

In a second example, Hammerer et al. reported taking advantage of the CoA biosynthetic 

pathway to generate an itaconate degradation inhibitor in cellulo[97]. The molecule was found to 

resensitize Salmonella enterica serovar Typhimurium to itaconate, an important macrophage 

metabolite with antimicrobial (via inhibition of isocitrate lyase or Icl)[140-142] and 

immunomodulatory activities[143-151]. S. Typhimurium has a pathway dedicated to the 

degradation of itaconate which is required for persistence in macrophages[152], to promote 

pathogenicity[153], and for causing mammalian infections[154-155]. Itaconate degradation 

consists of three steps (Fig. 16): the coupling of itaconate to CoA to form an itaconyl-CoA thioester 

facilitated by itaconate CoA transferase (Ict), followed by regioselective water addition across the 

double bond to generate (S)-citramalyl-CoA catalyzed by itaconyl-CoA hydratase (Ich), and 

finally cleavage of the molecule into AcCoA and pyruvate by (S)-citramalyl-CoA lyase 

(Ccl)[153,156]. 
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Figure 16: Degradation of mammalian itaconate by the bacterial enzymes Ict, Ich, and Ccl 

Overall this process transforms a mammalian antimicrobial into food[153]. In the absence 

of crystal structures for any of these 3 enzymes, Hammerer et al. set out to inhibit Ich by mimicking 

its substrate itaconyl-CoA with compounds such as 50 (Fig. 17). Here again, it was envisaged to 

use the CoA biosynthetic pathway to avoid cell permeation issues generally associated with CoA 

derivatives. The corresponding precursor, compound 49 was inactive when used alone but was 

found to resensitize S. Typhimurium to the lethal effect of itaconate. The pantothenate derivative 

49 was shown to be transformed into the corresponding CoA derivative both in vitro using 

EcPanKI, EcPPAT and EcDPCK, and in S. Typhimurium cells which express a PanKI[97]. 

Together these studies demonstrate the utility of CoA biosynthetic enzymes in the bioactivation of 

inhibitors in bacteria. 

  

Figure 17: Inhibition of itaconate degradation by pantothenate derivative 49 transformed in cellulo to 50 by the CoA biosynthetic 
enzymes PanK, PPAT, and DPCK. 
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The problem of pantetheinases 

As mentioned above, amides of pantothenate are typically not stable in serum due to the 

presence of pantetheinases, or vanins, which rapidly hydrolyse the molecules to pantothenate and 

the corresponding amine. For example, N-isobutyl pantothenamide (51) was >99% hydrolysed to 

52 and 53 within approximately 4 hours of incubation in a fresh, serum-containing, growth 

medium[130] (Fig. 18). This lack of stability is a major limiting factor for use of pantothenamides 

in vivo and is also problematic when serum is used in an assay, such as for blood stage 

antiplasmodial activity measurements. In a series of experiments to estimate the intrinsic activity 

of pantothenamides towards P. falciparum, Spry et al.[130] compared the activity of blood-stage 

parasites maintained in either fresh or aged (i.e. heat-treated to denature pantetheinases) growth 

media. Most pantothenamides were found to be more potent when tested in heat-treated media 

rather than fresh media[130], whereas pantothenol (33), which lacks the labile amide, retained 

equal activity under both conditions[130].  

 

Figure 18: Hydrolysis of pantothenamide 51 by pantetheinases 

To minimize the degradation of pantothenamides during such assays, Jansen et al. reported 

a series of pantetheinase inhibitors, including 54-59 (Fig. 19)[157]. The co-incubation of 

pantetheinase inhibitors with pantothenamides was found to restore pantothenamide activity 

against S. aureus and E. coli when the bacteria were cultured in serum-containing media, thus 

demonstrating the use of pantetheinase inhibitors as a viable strategy to overcome the poor serum 

stability of most pantothenamides[158]. 

 

Figure 19: Pantetheinase inhibitors 

An alternative strategy to overcome this instability issue is to synthesize pantothenamide 

derivatives and analogs that are poor pantetheinase substrates. One modification that proved 

successful to improve the half-life of pantothenamides in serum is α-methylation of the labile 

amide bond. This significantly reduced the rate of pantothenamide hydrolysis from complete 

hydrolysis after 24 hours for the parent compound 19, to only 25% hydrolysis for the 
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corresponding α-methylated pantothenamide 36[133]. Compound 36 was stable enough to allow 

experiments in mice, which showed that the pantothenamide is non-toxic and is able to control 

plasmodial infections[111]. When administration of the pantothenamide was halted; however, the 

plasmodial infection returned and progressed rapidly, demonstrating the cytostatic – as opposed to 

cytocidal – effect of this pantothenamide derivative[111]. 

Several other alterations to the pantothenamide structure have been shown to improve 

serum stability (Fig. 20), including substitutions at the geminal dimethyl group[75,107], modifying 

the length of the β-alanine linker (e.g. 16-18, 20)[132,159], and replacing the labile amide group 

with bioisosteric moieties [103,113-114]. Swapping the labile amide with a 1,4–disubstituted-

1,2,3–triazole ring not only improved serum stability, but also dramatically enhanced 

antiplasmodial activity, and led to molecules that are non-toxic to human cells[113-114]. This is 

however not the norm, and modifications which increase stability often reduce biological activity. 

Alterations of the pantothenamide structure was further probed by Barnard et al. with the aim of 

improving stability while maintaining antibacterial activity[104]. Replacement of the labile amide 

with various bioisosteres, methylation of the amide or β-alanine chain, and deoxygenation or 

phosphorylation of the primary alcohol group, all translated into compounds stabilized against 

pantetheinases[104]. Although, when the aforementioned substitutions were made on N7-Pan, 

only reversing the amide, 4’-deoxygenation, or substitution to the 4’-amine led to compounds with 

antibacterial activity towards E. coli, while only reversing the amide, β-methylation of β-alanine, 

4’-deoxygenation, or 4’-phosphorylation yielded compounds with antistaphylococcal 

activity[103]. Modifications at the geminal dimethyl group[107-108] or replacing the labile amide 

with a triazole ring[113] both improved stability against pantetheinases while retaining or 

improving antiplasmodial activity. A recent report by Jansen et al. has shown that an inversion of 

the amide bond leads to an analog which retains some antimicrobial activity while resisting 

hydrolysis by pantotheinase[104]. 

 

Figure 20: Modifications of pantothenamides that improve stability against pantetheinases. 

 

Conclusions and perspective 
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Bioactivation of molecules by CoA biosynthetic enzymes has been demonstrated in several 

microbes including E. coli, S. aureus, P. falciparum, E. faecium and S. Typhimurium. Advantages 

of this bioactivation pathway include a high tolerance towards a broad scope of pantothenate 

analogs, a high yield, the possibility for selective activation in bacteria, and even selectivity for 

one strain over another. Importantly, this approach can provide a means to circumvent cell 

permeability issues and inhibit CoA-dependent enzymes in cellulo. For this bioactivation 

mechanism to be effective in vivo or in plasma-containing growth media, however, the molecules 

must be stable to pantetheinases. Strategies to improve serum stability include using 

pantothenamides in combination with a pantetheinase inhibitor, methylation around the amide (α-

methylation, β-methylation or N-methylation), replacing a methyl group with a larger substituent 

or substituting the labile amide with a non-hydrolysable bioisostere. Although not demonstrated 

yet, bypassing PanK by incorporating a 4’-phosphate group into the precursor, or a 4’-phospho 

ester to help with cell penetration since for example bacteria may not uptake 4’-

phosphopantetheine [160], may be a strategy to allow bioactivation in eukaryotic cells or 

microorganisms expressing a PanKIII. Although a recent report suggests that eukaryotic cells may 

transport and employ 4’-phosphopantetheine in the biosynthesis of CoA[161], the possibility of 

partial extracellular dephosphorylation has not been fully eliminated. Srinivisan et al. observed 4’-

phosphopantetheine uptake in Drosophila, C. elegans, and HEK293 cells [161], whereas Zano et 

al. did not see any uptake of 4’-phosphopantetheine in mouse embryo fibroblasts or mouse 

hepatocytes [162]. In summary, the CoA biosynthetic pathway has the typical attributes of a 

prodrug activation system: broad substrate specificity, efficient, and allowing cell-type selectivity, 

making it a promising additional tool for medicinal chemists and researchers studying CoA-

utilizing enzymes. 
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