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Abstract: Coenzyme A (CoA) is ubiquitous and essential for key cellular processes in any living
organism. Primary degradation of CoA occurs by enzyme-mediated pyrophosphate hydrolysis
intracellularly and extracellularly to form adenosine 3’,5’-diphosphate and 4’-phosphopantetheine
(PPanSH). The latter can be recycled for intracellular synthesis of CoA. Impairments in the CoA
biosynthetic pathway are linked to a severe form of neurodegeneration with brain iron accumula-
tion for which no disease-modifying therapy is available. Currently, exogenous administration of
PPanSH is examined as a therapeutic intervention. Here, we describe biosynthetic access to thio-
phosphate analogs of PPanSH, 3′-dephospho-CoA, and CoA. The stabilizing effect of thiophosphate
modifications toward degradation by extracellular and peroxisomal enzymes was studied in vitro.
Experiments in a CoA-deficient cell model suggest a biomimetic potential of the PPanSH thiophos-
phate analog PSPanSH (C1). According to our findings, the administration of PSPanSH may provide
an alternative approach to support intracellular CoA-dependent pathways.

Keywords: CoA; PPanSH; phosphorothioate; CoA biosynthesis; CoA degradation; Nudt7; CoA
deficiency; HoPan; PKAN; NBIA

1. Introduction

Coenzyme A (CoA) plays a pivotal role in various cellular processes related to
metabolism, biotransformation, energy production, signal transduction, epigenetics, and
redox homeostasis [1–4]. Since CoA itself is neither cell membrane permeable nor serum
stable, the molecule is mainly produced from extracellular pantothenate, also known
as vitamin B5 [5]. In mammals, pantothenate is actively absorbed into the cell via the
sodium-dependent multivitamin transporter and converted to CoA by a cascade involving
five reactions and four enzymes [6]. Mutations in the mitochondrial isoform of the first
enzyme, pantothenate kinase 2 (PANK2), result in substantial CoA deficiency associated
with brain iron accumulation and severe symptoms of neurodegeneration [7]. Three main
strategies are currently being investigated for the treatment of this genetic disorder, termed
pantothenate kinase-associated neurodegeneration (PKAN): iron chelation, activation of
alternative PANK isoforms, and supplementation with CoA or CoA precursor molecules
(see Thakur et al., 2021 for a review on current PKAN therapies) [8,9]. One promising
candidate is the PANK2-independent CoA precursor 4′-phosphopantetheine (PPanSH) that
is currently being investigated in a phase 2 clinical trial (NCT04182763) [10]. Endogenous
PPanSH is formed during pyrophosphate hydrolysis of CoA, which occurs extracellularly
but also within mitochondria and peroxisomes [5,11–13]. PPanSH is converted back to CoA
by the enzyme CoA synthase (COASY) at the outer mitochondrial membrane [14]. Passive
membrane diffusion is assumed to be the major cellular uptake mechanism of exogenous
PPanSH, despite its polarity due to the negatively charged phosphate group [5].

Oxygen-to-sulfur exchange in phosphate groups of biomolecules such as NAD+, m7G
cap structures, or in the backbone of ribonucleic acids has been shown to result in increased
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lipophilicity as well as increased stability toward nucleases and pyrophosphatases, with
a strong dependence on the stereochemical configuration of the chiral phosphorus of the
thiophosphate moiety [15–17].

In this manuscript, we test an enzymatic approach for the synthesis of thiophosphate
analogs of PPanSH as well as of its cellular successors, 3′-dephospho-CoA (dpCoA) and
CoA. Selected candidates are evaluated for their stability toward (pyro)phosphatases
in vitro and the behavior in cellulo in comparison to PPanSH.

2. Materials and Methods

All reagents were purchased from Sigma Aldrich (Schnelldorf, Germany) unless
other-wise stated. Experimental details are provided in the Supplementary Information.

2.1. Protein Expression and Purification

All proteins were expressed in Escherichia coli (E. coli) BL21(DE3) that contained plas-
mids for the respective proteins and an additional 6x His-tag. pET28a-Ec.coaA was a
gift from Erick Strauss (Addgene plasmid # 50386). pET28a-Ec.coaD (pESC106) was a
gift from Tadhg Begley and Erick Strauss (Addgene plasmid # 50388). pET28a-Ec.coaE
(pESC124) was a gift from Tadhg Begley and Erick Strauss (Addgene plasmid # 50390).
NUDT7 (NUDT7A-c002) was a gift from Nicola Burgess-Brown (Addgene plasmid # 98235).
The proteins pantothenate kinase (PanK), phosphopantetheine adenylyltransferase (PPAT),
and dpCoA kinase (DPCK) were purified by immobilized metal affinity chromatogra-
phy. Human Nudix-type hydrolase Nudt7 was additionally purified by size-exclusion
chromatography. Experimental details are described in the Supplementary Information.

2.2. Enzymatic Synthesis of Thiophosphate Analogs of PPanSH, dpCoA, and CoA

In general, substrates were incubated with tris(2-carboxyethyl)phosphine (TCEP), and
E. coli PanK, E. coli PPAT, or E. coli DPCK in 20 mM KCl, 20 mM MgCl2, 300 mM Tris HCl
(pH 7.5 or pH 8) at 37 ◦C and 300 rpm shaking for 15 h. Purification was performed by
preparative reversed-phase high-performance liquid chromatography (RP-HPLC). Prod-
ucts were obtained as triethylammonium (TEA) salts and analyzed by high-resolution
mass spectrometry (HR-MS) and 31P nuclear magnetic resonance (NMR) spectroscopy.
Compound-specific experimental details are described in the Supplementary Information.

2.3. Synthesis of Calcium Hopantenate (HoPan)

The synthesis was performed as previously published [18]. Experimental details are
described in the Supplementary Information.

2.4. Serum Stability of C1

C1 was incubated in 80% dialyzed fetal bovine serum (FBS, ThermoFisher Scientific,
Dreieich, Germany) at 37 ◦C. 31P NMR spectra were recorded every 2 h for 56 h in total.
Experimental details are described in the Supplementary Information.

2.5. Pyrophosphate Hydrolysis in Fetal Bovine Serum (FBS)

dpCoA, C2a, C3a, C3b, CoA, or C4 were incubated in 75% pre-warmed FBS (Ther-
moFisher Scientific) at 37 ◦C and 300 rpm shaking for defined time intervals. Then,
TCEP was added to reduce disulfides. After protein denaturation at 95 ◦C for 5 min
and 10 kDa cutoff-filtration, the thiol compounds were incubated with the fluorescent
dye 7-diethylamino-3-(4-maleimidophenyl)-4-methyl-coumarin (CPM, Abcam, Cambridge,
UK, stock solution in dimethyl sulfoxide). Thiol-CPM conjugates were analyzed by fluo-
rescence detection after RP-HPLC separation. Experimental details are described in the
Supplementary Information.
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2.6. Pyrophosphate Hydrolysis by Human Nudt7

dpCoA, C2a, C3a, and C3b were pre-incubated with one equivalent TCEP, then incu-
bated with Nudt7 at 37 ◦C and 300 rpm shaking for defined time intervals. After protein
denaturation at 95 ◦C for 5 min and 10 kDa cutoff-filtration, thiol compounds were in-
cubated with CPM dye (Abcam, Cambridge, UK, stock solution in dimethyl sulfoxide).
Thiol-CPM conjugates were analyzed by fluorescence detection after RP-HPLC separation.
Experimental details are described in the Supplementary Information.

2.7. HEK 293T Cell Experiments

A total of 10′000 HEK 293T cells were seeded in 100 µL medium on day 1. An amount
of 500 µM HoPan and/or varying concentrations of PPanSH or C1 were added on day 2.
Viable cells were quantified by the CellTiter 96 AQueous One Solution Cell Proliferation Assay
(Promega) on day 5. Experimental details are described in the Supplementary Information.

3. Results
3.1. Enzymatic Synthesis of Thiophosphate Analogs

The Escherichia coli (E. coli) biosynthetic enzymes pantothenate kinase (CoaA, PanK),
phosphopantetheine adenylyltransferase (CoaD, PPAT), and dpCoA kinase (CoaE, DPCK)
have been widely used to synthesize dpCoA, CoA, and several CoA derivatives with
modified cysteamine or β-alanine moiety from pantetheine (Figure 1A) [19–28]. All three
enzymes utilize adenosine triphosphate (ATP) to introduce either a phosphate group or an
adenosine monophosphate (AMP) moiety. Here, ATP was exchanged by thiophosphate
analogs of ATP, and acceptance by the enzymes was evaluated (Figure 1B). γ-S-ATP re-
placed ATP in the phosphorylation reactions catalyzed by E. coli PanK and E. coli DPCK.
One of the two possible diastereomers of α-S-ATP, (SP)-α-S-ATP or (RP)-α-S-ATP, replaced
ATP in the AMP transfer catalyzed by E. coli PPAT.

The reaction products were purified by preparative reversed-phase high-performance
liquid chromatography (RP-HPLC) and analyzed by high-resolution mass spectrometry
(HR-MS) and, if the isolated amounts were sufficient, by 31P nuclear magnetic resonance
(NMR) spectroscopy (Figure 1C,D).

The phosphorylation of pantetheine by PanK in the presence of ATP or γ-S-ATP
resulted in PPanSH or its thiophosphate analog, compound C1 (Figure 1B).

The PPAT-catalyzed reaction of PPanSH and ATP or (SP)-α-S-ATP produced dpCoA or
compound C2a. Interestingly, PPAT accepted (SP)-α-S-ATP, whereas the usage of (RP)-α-S-ATP
did not lead to any product formation. An in-line displacement mechanism was previously
proposed for the reaction between PPanSH and ATP [29]. Consequently, there should be an
inversion of the stereochemical configuration. Thus, the RP configuration at the α-phosphorus
is likely for C2a since (SP)-α-S-ATP was used in the synthesis. The PPAT-catalyzed reaction of
C1 and ATP resulted in the simultaneous formation of two thiophosphate analogs of dpCoA:
C3a and C3b. Both diastereomers were produced at a ratio of 1.4 to 1 and could be separated
by RP-HPLC. Attempts to synthesize dpCoA analogs with two sulfur substitutions by a
PPAT-catalyzed reaction from C1 and (SP)-α-S-ATP yielded no products. Thus, PPAT has
a restricted substrate tolerance for thiosubstitutions: Substitution at the acceptor (PPanSH)
produces a mixture of two diastereomers. Substitution at the α-position of the donor (ATP)
is only accepted with SP configuration, and the RP isomer is inactive. A combination of
thiosubstituted donor and acceptor is not tolerated at all (Figure 1B).

Similar to dpCoA, C2a, C3a, and C3b were also readily 3′-phosphorylated in the
presence of ATP by the enzyme DPCK, resulting in the CoA thiophosphate analogs C5a,
C6a, and C6b, which contain a modified pyrophosphate bridge. The reaction of dpCoA
with γ-S-ATP yielded the desired CoA 3′-thiophosphate analog C4 (Figure 1B). Notably, all
thiophosphate analogs exhibited increased retention times during RP-HPLC, indicating
increased lipophilicity compared to their natural counterparts (Figure 1C).
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Figure 1. Synthesis of thiophosphate analogs of PPanSH, dpCoA, and CoA starting from pantetheine.
(A,B) Reaction scheme for CoA and CoA thiophosphate analogs. The phosphorylation catalyzed
by E. coli pantothenate kinase (PanK) yields PPanSH or a thiophosphate analog of PPanSH. The
AMP transfer catalyzed by E. coli phosphopantetheine adenylyltransferase (PPAT) yields dpCoA or
thiophosphate analogs of dpCoA. The phosphorylation catalyzed by E. coli dpCoA kinase (DPCK)
yields CoA or thiophosphate analogs of CoA. (B) Colored letters in parentheses show the type of atom
(oxygen or sulfur) in position X, Y, or Z of the respective compound shown in (A). Path descriptions
display whether ATP or a thiophosphate analog of ATP was used to produce the respective compound.
Black lines show the canonical path. Green lines show the paths to accessible novel products. Red
lines show the paths to inaccessible products (n.a.: not accessible). (C) Approximate retention times
of compounds during purification by reversed-phase high-performance liquid chromatography.
(D) 31P nuclear magnetic resonance (NMR) spectra of purified molecules and commercially obtained
CoA. Obtained amounts of C6b were too low to record a 31P NMR spectrum (ppm: parts per million).

3.2. Stability of Thiophosphate Analogs

In mammals, CoA is degraded to PPanSH by ectonucleotide pyrophosphatases in serum
or by the Nudix-type hydrolases Nudt7, Nudt8, and Nudt19 intracellularly [11–13,30,31]. By
contrast, PPanSH is known to be fairly stable [5,32]. Likewise, C1 proved to be stable to
dethiophosphorylation and desulfurization in fetal bovine serum (Figure 2A,B, Figure S1).
The effect of different thiophosphate modifications on CoA pyrophosphatases was studied
subsequently (Figure 2C). Since C5a, C6a, and C6b were prepared in insufficient yield,
their precursor molecules on the dpCoA level were used instead in these experiments.
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Potential substrates were incubated with fetal bovine serum or human Nudt7, and the
conversion was analyzed after conjugation to a fluorescent dye followed by RP-HPLC
separation (Figure S2) [33].

Figure 2. Stability of thiophosphate analogs of PPanSH, dpCoA, and CoA. (A) Overview of potential
degradation pathways of C1. PanSH: pantetheine. (B) Stability of C1 in fetal bovine serum (FBS). The
sample was monitored by 31P NMR spectroscopy. The signal of C1 was integrated and normalized to
the phosphate peak arising from FBS. (C) Overview of pyrophosphate hydrolysis of dpCoA and CoA
as well as thiophosphate analogs thereof. (D) Quantification of the conversion of dpCoA and C2a to
PPanSH or C3a and C3b to C1 after incubation in FBS. (E) Quantification of the conversion of CoA
and C4 to PPanSH after incubation in FBS. (F) Quantification of the conversion of dpCoA and C2a
to PPanSH or C3a and C3b to C1 after incubation with human Nudt7. (D–F) Thiol compounds are
quantified after conjugation to the fluorescence dye 7-diethylamino-3-(4-maleimidophenyl)-4-methyl-
coumarin (CPM) and subsequent RP-HPLC separation. The peak heights of CPM conjugates were
measured at 465 nm emission, and the product-to-substrate ratio was calculated. Error bars represent
the standard deviation (n = 3).
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None of the thiophosphate modifications in the pyrophosphate bridge conferred
full stability in fetal bovine serum, even though C2a degraded somewhat more slowly
(Figure 2D). The degradation of C4 was comparable to that of CoA (Figure 2E), indi-
cating that a 3′-thiophosphate group does not confer higher stability to pyrophosphate
hydrolysis. Therefore, direct hydrolysis of CoA and C4 to PPanSH without prior 3′-
de(thio)phosphorylation is likely to dominate the degradation process.

Human Nudt7 showed a more differentiated profile in vitro (Figure 2F). C2a was
resistant to degradation, as was C3b. Interestingly, C3a, the stereoisomer of C3b, was
readily accepted and transformed into C1. As C3a and C3b differ only in the configuration
of the thiophosphate in β-position, this position appears important for the acceptance by
this peroxisomal CoA pyrophosphatase.

3.3. C1 Treatment Rescues CoA-Deficient Cells

In previous reports, supplementation with PPanSH was well-tolerated and could
restore intracellular CoA levels of mammalian cells with impaired de novo CoA biosynthesis
from pantothenate [5,10]. Since compound C3b had an increased stability against Nudt7
degradation, we investigated whether its biosynthetic precursor C1, the thiophosphate
analog of PPanSH, still exhibits comparable properties in terms of biocompatibility and
alleviation of CoA deficiency in a cell culture model. To study the cytotoxicity of C1, 10,000
human embryonic kidney (HEK 293T) cells were seeded on day 1 followed by a compound
treatment on day 2 (Figures 3A and S3A). The number of viable cells was quantified on day
5 using a cell proliferation assay. Although this assay is noted to interfere with excessive
concentrations of thiol compounds, our workflow proved to be robust [34]. Background
signals were only observed directly after the addition of PPanSH, but not for measurements
after three days of incubation (Figure S3B).

Treatment of HEK 293T cells with increasing amounts of C1 revealed no acute toxicity
at concentrations up to 250 µM (Figure 3B).

To probe the rescue potential, CoA deficiency was induced in HEK 293T cells using
500 µM calcium hopantenate (HoPan), which inhibits the conversion of pantothenate by
the enzymes PANK and phosphopantothenoylcysteine synthetase [18,35]. The treatment
reduced the viable cell count by approximately one-third (Figure 3C). To validate our
disease model, HEK 293T cells were simultaneously incubated with 500 µM HoPan and
25 µM PPanSH. As observed in previous studies, PPanSH efficiently antagonized the
negative effect of HoPan (Figure 3C) [5]. Intriguingly, comparable recovery was achieved
by supplementation with 25 µM C1 instead of PPanSH (Figure 3C). The viable cell count
was almost identical to that of control cells without HoPan treatment. Consequently, C1
supported the intracellular CoA circuit in a hitherto unknown manner.
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Figure 3. Supplementation of cell cultures with C1. (A) Experiment design overview. HEK 293T cells
were seeded on day 1 and treated with calcium hopantenate (HoPan), PPanSH, C1, or a combination
on day 2. Viable cells were quantified by a colorimetric cell proliferation assay on day 5. (B) Percentage
of viable cells after growth in the presence of varying concentrations of PPanSH or C1 relative to
untreated cells. (C) Percentage of viable cells after growth in the presence of 500 µM HoPan, 500 µM
HoPan, and 25 µM PPanSH, or 500 µM HoPan and 25 µM C1 relative to untreated cells (control). The
statistical analysis was carried out by two-sample t-test (n = 6), and double asterisks (**) represent a
p-value < 0.01. (B,C) Error bars represent the standard deviation (n = 6). (D) Simplified scheme for the
intracellular fate of C1. Red arrows indicate non-conversion. The green arrow indicates conversion.
Black arrows are still hypothetical. PanSH: pantetheine.

4. Discussion

In conclusion, we synthesized eight novel analogs of PPanSH, dpCoA, and CoA
with one oxygen-to-sulfur modification in any of the phosphate groups present using the
enzymes from the E. coli CoA biosynthesis pathway (Figure S4). In contrast to all dpCoA
and CoA thiophosphate analogs tested, compound C1 (designated PSPanSH) was stable
in serum and was able to restore normal cell proliferation after HoPan treatment. So far,
we can only speculate on its mechanism of action. Membrane diffusion, conversion to the
CoA thiophosphate analogs C6a and/or C6b by COASY, and subsequent execution of CoA-
typical tasks may provide one possible hypothesis (Figure 3D). The observed acceptance of
C3a by peroxisomal Nudt7 in vitro is likely to extend to its 3′-phosphorylated successor
C6a and could introduce the latter into an intracellular recycling pathway, just as it is
assumed for CoA (Figure 3D) [36]. On the other hand, C3b was not degraded by Nudt7
in vitro, suggesting peroxisomal accumulation of its 3′-phosphorylated successor C6b if
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formed in cellulo. Future studies should address the intracellular fate of PSPanSH and its
successors to eventually infer its therapeutic applicability for genetic disorders affecting
early CoA biosynthesis, PKAN in particular.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom12081065/s1, Experimental Details; Figure S1: Stability of C1
in fetal bovine serum (FBS); Figure S2: Detection of thiol compounds by fluorescence; Figure S3: Cell
proliferation assay optimization and validation; Figure S4: Overview of synthesized compounds.

Author Contributions: Conceptualization, C.L. and A.J.; methodology, C.L., E.T., H.B., and A.J.;
writing—original draft preparation, C.L.; writing—review and editing, C.L., E.T., H.B., and A.J.;
visualization, C.L., E.T., and H.B; supervision, C.L and A.J.; project administration, C.L. and A.J.;
funding acquisition, A.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Sarang Kim for preliminary experiments leading to this research
project. We thank Tobias Timmermann for NMR spectroscopy support and Heiko Rudy for mass
spectrometric analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pietrocola, F.; Galluzzi, L.; Bravo-San Pedro, J.M.; Madeo, F.; Kroemer, G. Acetyl Coenzyme A: A Central Metabolite and Second

Messenger. Cell Metab. 2015, 21, 805–821. [CrossRef] [PubMed]
2. Davaapil, H.; Tsuchiya, Y.; Gout, I. Signalling functions of coenzyme A and its derivatives in mammalian cells. Biochem. Soc.

Trans. 2014, 42, 1056–1062. [CrossRef]
3. Gout, I. Coenzyme A, protein CoAlation and redox regulation in mammalian cells. Biochem. Soc. Trans. 2018, 46, 721–728.

[CrossRef]
4. Trefely, S.; Lovell, C.D.; Snyder, N.W.; Wellen, K.E. Compartmentalised acyl-CoA metabolism and roles in chromatin regulation.

Mol. Metab. 2020, 38, 100941. [CrossRef]
5. Srinivasan, B.; Baratashvili, M.; van der Zwaag, M.; Kanon, B.; Colombelli, C.; Lambrechts, R.A.; Schaap, O.; Nollen, E.A.;

Podgoršek, A.; Kosec, G.; et al. Extracellular 4′-phosphopantetheine is a source for intracellular coenzyme A synthesis. Nat. Chem.
Biol. 2015, 11, 784–792. [CrossRef]

6. Martinez David, L.; Tsuchiya, Y.; Gout, I. Coenzyme A biosynthetic machinery in mammalian cells. Biochem. Soc. Trans. 2014,
42, 1112–1117. [CrossRef]

7. Zhou, B.; Westaway, S.K.; Levinson, B.; Johnson, M.A.; Gitschier, J.; Hayflick, S.J. A novel pantothenate kinase gene (PANK2) is
defective in Hallervorden-Spatz syndrome. Nat. Genet. 2001, 28, 345–349. [CrossRef] [PubMed]

8. Thakur, N.; Klopstock, T.; Jackowski, S.; Kuscer, E.; Tricta, F.; Videnovic, A.; Jinnah, H.A. Rational Design of Novel Therapies for
Pantothenate Kinase–Associated Neurodegeneration. Mov. Disord. 2021, 36, 2005–2016. [CrossRef] [PubMed]

9. Iankova, V.; Karin, I.; Klopstock, T.; Schneider, S.A. Emerging Disease-Modifying Therapies in Neurodegeneration with Brain
Iron Accumulation (NBIA) Disorders. Front. Neurol. 2021, 12, 629414. [CrossRef]

10. Jeong, S.Y.; Hogarth, P.; Placzek, A.; Gregory, A.M.; Fox, R.; Zhen, D.; Hamada, J.; van der Zwaag, M.; Lambrechts, R.; Jin, H.; et al.
4′-Phosphopantetheine corrects CoA, iron, and dopamine metabolic defects in mammalian models of PKAN. EMBO Mol. Med.
2019, 11, e10489. [CrossRef]

11. Gasmi, L.; McLennan, A.G. The mouse Nudt7 gene encodes a peroxisomal nudix hydrolase specific for coenzyme A and its
derivatives. Biochem. J. 2001, 357, 33–38. [CrossRef]

12. Ofman, R.; Speijer, D.; Leen, R.; Wanders, R.J.A. Proteomic analysis of mouse kidney peroxisomes: Identification of RP2p as a
peroxisomal nudix hydrolase with acyl-CoA diphosphatase activity. Biochem. J. 2006, 393, 537–543. [CrossRef] [PubMed]

13. Kerr, E.W.; Shumar, S.A.; Leonardi, R. Nudt8 is a novel CoA diphosphohydrolase that resides in the mitochondria. FEBS Lett.
2019, 593, 1133–1143. [CrossRef] [PubMed]

14. Zhyvoloup, A.; Nemazanyy, I.; Panasyuk, G.; Valovka, T.; Fenton, T.; Rebholz, H.; Wang, M.-L.; Foxon, R.; Lyzogubov, V.;
Usenko, V.; et al. Subcellular Localization and Regulation of Coenzyme A Synthase. J. Biol. Chem. 2003, 278, 50316–50321.
[CrossRef]

https://www.mdpi.com/article/10.3390/biom12081065/s1
https://www.mdpi.com/article/10.3390/biom12081065/s1
http://doi.org/10.1016/j.cmet.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26039447
http://doi.org/10.1042/BST20140146
http://doi.org/10.1042/BST20170506
http://doi.org/10.1016/j.molmet.2020.01.005
http://doi.org/10.1038/nchembio.1906
http://doi.org/10.1042/BST20140124
http://doi.org/10.1038/ng572
http://www.ncbi.nlm.nih.gov/pubmed/11479594
http://doi.org/10.1002/mds.28642
http://www.ncbi.nlm.nih.gov/pubmed/34002881
http://doi.org/10.3389/fneur.2021.629414
http://doi.org/10.15252/emmm.201910489
http://doi.org/10.1042/bj3570033
http://doi.org/10.1042/BJ20050893
http://www.ncbi.nlm.nih.gov/pubmed/16185196
http://doi.org/10.1002/1873-3468.13392
http://www.ncbi.nlm.nih.gov/pubmed/31004344
http://doi.org/10.1074/jbc.M307763200


Biomolecules 2022, 12, 1065 9 of 9

15. Mlynarska-Cieslak, A.; Depaix, A.; Grudzien-Nogalska, E.; Sikorski, P.J.; Warminski, M.; Kiledjian, M.; Jemielity, J.; Kowalska, J.
Nicotinamide-Containing Di- and Trinucleotides as Chemical Tools for Studies of NAD-Capped RNAs. Org. Lett. 2018,
20, 7650–7655. [CrossRef]

16. Grudzien-Nogalska, E.; Jemielity, J.; Kowalska, J.; Darzynkiewicz, E.; Rhoads, R.E. Phosphorothioate cap analogs stabilize mRNA
and increase translational efficiency in mammalian cells. RNA 2007, 13, 1745–1755. [CrossRef] [PubMed]

17. Iwamoto, N.; Butler, D.C.D.; Svrzikapa, N.; Mohapatra, S.; Zlatev, I.; Sah, D.W.Y.; Meena; Standley, S.M.; Lu, G.; Apponi, L.H.; et al.
Control of phosphorothioate stereochemistry substantially increases the efficacy of antisense oligonucleotides. Nat. Biotechnol.
2017, 35, 845–851. [CrossRef]

18. Zhang, Y.-M.; Chohnan, S.; Virga, K.G.; Stevens, R.D.; Ilkayeva, O.R.; Wenner, B.R.; Bain, J.R.; Newgard, C.B.; Lee, R.E.;
Rock, C.O.; et al. Chemical Knockout of Pantothenate Kinase Reveals the Metabolic and Genetic Program Responsible for Hepatic
Coenzyme A Homeostasis. Chem. Biol. 2007, 14, 291–302. [CrossRef]

19. Bibart, R.T.; Vogel, K.W.; Drueckhammer, D.G. Development of a Second Generation Coenzyme A Analogue Synthon. J. Org.
Chem. 1999, 64, 2903–2909. [CrossRef]

20. Nazi, I.; Koteva, K.P.; Wright, G.D. One-pot chemoenzymatic preparation of coenzyme A analogues. Anal. Biochem. 2004,
324, 100–105. [CrossRef]

21. Meier, J.L.; Mercer, A.C.; Rivera, H.; Burkart, M.D. Synthesis and Evaluation of Bioorthogonal Pantetheine Analogues for in Vivo
Protein Modification. J. Am. Chem. Soc. 2006, 128, 12174–12184. [CrossRef] [PubMed]

22. van Wyk, M.; Strauss, E. One-pot preparation of coenzyme A analogues via an improved chemo-enzymatic synthesis of pre-CoA
thioester synthons. Chem. Commun. 2007, 398–400. [CrossRef] [PubMed]

23. Strauss, E.; de Villiers, M.; Rootman, I. Biocatalytic Production of Coenzyme A Analogues. Chemcatchem 2010, 2, 929–937.
[CrossRef]

24. Rothmann, M.; Kang, M.; Villa, R.; Ntai, I.; La Clair, J.J.; Kelleher, N.L.; Chapman, E.; Burkart, M.D. Metabolic Perturbation of an
Essential Pathway: Evaluation of a Glycine Precursor of Coenzyme A. J. Am. Chem. Soc. 2013, 135, 5962–5965. [CrossRef]

25. Mouterde, L.M.M.; Stewart, J.D. An Efficient Chemoenzymatic Synthesis of Coenzyme A and Its Disulfide. Org. Process Res. Dev.
2016, 20, 954–959. [CrossRef]

26. Sapkota, K.; Huang, F. Efficient one-pot enzymatic synthesis of dephospho coenzyme A. Bioorg. Chem. 2018, 76, 23–27. [CrossRef]
27. Guan, J.; Barnard, L.; Cresson, J.; Hoegl, A.; Chang, J.H.; Strauss, E.; Auclair, K. Probing the ligand preferences of the three types

of bacterial pantothenate kinase. Bioorg. Med. Chem. 2018, 26, 5896–5902. [CrossRef]
28. Duncan, D.; Auclair, K. The coenzyme A biosynthetic pathway: A new tool for prodrug bioactivation. Arch. Biochem. Biophys.

2019, 672, 108069. [CrossRef]
29. Izard, T. The crystal structures of phosphopantetheine adenylyltransferase with bound substrates reveal the enzyme’s catalytic

mechanism11Edited by K. Nagai. J. Mol. Biol. 2002, 315, 487–495. [CrossRef]
30. Shumar, S.A.; Kerr, E.W.; Geldenhuys, W.J.; Montgomery, G.E.; Fagone, P.; Thirawatananond, P.; Saavedra, H.; Gabelli, S.B.;

Leonardi, R. Nudt19 is a renal CoA diphosphohydrolase with biochemical and regulatory properties that are distinct from the
hepatic Nudt7 isoform. J. Biol. Chem. 2018, 293, 4134–4148. [CrossRef]

31. Naquet, P.; Kerr, E.W.; Vickers, S.D.; Leonardi, R. Regulation of coenzyme A levels by degradation: The ‘Ins and Outs’. Prog. Lipid
Res. 2020, 78, 101028. [CrossRef] [PubMed]

32. Di Meo, I.; Colombelli, C.; Srinivasan, B.; de Villiers, M.; Hamada, J.; Jeong, S.Y.; Fox, R.; Woltjer, R.L.; Tepper, P.G.;
Lahaye, L.L.; et al. Acetyl-4′-phosphopantetheine is stable in serum and prevents phenotypes induced by pantothenate kinase
deficiency. Sci. Rep. 2017, 7, 11260. [CrossRef] [PubMed]

33. Goosen, R.; Strauss, E. Simultaneous quantification of coenzyme A and its salvage pathway intermediates in in vitro and whole
cell-sourced samples. Rsc. Adv. 2017, 7, 19717–19724. [CrossRef]

34. Dunigan, D.D.; Waters, S.B.; Owen, T.C. Aqueous Soluble Tetrazolium/Formazan Mts as an Indicator of Nadh-Dependent and
Nadph-Dependent Dehydrogenase-Activity. Biotechniques 1995, 19, 640–649. [PubMed]

35. Mostert, K.J.; Sharma, N.; van der Zwaag, M.; Staats, R.; Koekemoer, L.; Anand, R.; Sibon, O.C.M.; Strauss, E. The Coenzyme
A Level Modulator Hopantenate (HoPan) Inhibits Phosphopantotenoylcysteine Synthetase Activity. ACS Chem. Biol. 2021,
16, 2401–2414. [CrossRef]

36. Reilly, S.-J.; Tillander, V.; Ofman, R.; Alexson, S.E.H.; Hunt, M.C. The Nudix Hydrolase 7 is an Acyl-CoA Diphosphatase Involved
in Regulating Peroxisomal Coenzyme A Homeostasis. J. Biochem. 2008, 144, 655–663. [CrossRef]

http://doi.org/10.1021/acs.orglett.8b03386
http://doi.org/10.1261/rna.701307
http://www.ncbi.nlm.nih.gov/pubmed/17720878
http://doi.org/10.1038/nbt.3948
http://doi.org/10.1016/j.chembiol.2007.01.013
http://doi.org/10.1021/jo981758s
http://doi.org/10.1016/j.ab.2003.09.005
http://doi.org/10.1021/ja063217n
http://www.ncbi.nlm.nih.gov/pubmed/16967968
http://doi.org/10.1039/B613527G
http://www.ncbi.nlm.nih.gov/pubmed/17220983
http://doi.org/10.1002/cctc.201000139
http://doi.org/10.1021/ja400795m
http://doi.org/10.1021/acs.oprd.6b00059
http://doi.org/10.1016/j.bioorg.2017.10.012
http://doi.org/10.1016/j.bmc.2018.10.042
http://doi.org/10.1016/j.abb.2019.108069
http://doi.org/10.1006/jmbi.2001.5272
http://doi.org/10.1074/jbc.RA117.001358
http://doi.org/10.1016/j.plipres.2020.101028
http://www.ncbi.nlm.nih.gov/pubmed/32234503
http://doi.org/10.1038/s41598-017-11564-8
http://www.ncbi.nlm.nih.gov/pubmed/28900161
http://doi.org/10.1039/C7RA00192D
http://www.ncbi.nlm.nih.gov/pubmed/8777059
http://doi.org/10.1021/acschembio.1c00535
http://doi.org/10.1093/jb/mvn114

	Introduction 
	Materials and Methods 
	Protein Expression and Purification 
	Enzymatic Synthesis of Thiophosphate Analogs of PPanSH, dpCoA, and CoA 
	Synthesis of Calcium Hopantenate (HoPan) 
	Serum Stability of C1 
	Pyrophosphate Hydrolysis in Fetal Bovine Serum (FBS) 
	Pyrophosphate Hydrolysis by Human Nudt7 
	HEK 293T Cell Experiments 

	Results 
	Enzymatic Synthesis of Thiophosphate Analogs 
	Stability of Thiophosphate Analogs 
	C1 Treatment Rescues CoA-Deficient Cells 

	Discussion 
	References

