
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 1
2:

01
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Simultaneous qu
Department of Biochemistry, Stellenbosch

E-mail: estrauss@sun.ac.za

Cite this: RSC Adv., 2017, 7, 19717

Received 5th January 2017
Accepted 28th March 2017

DOI: 10.1039/c7ra00192d

rsc.li/rsc-advances

This journal is © The Royal Society of C
antification of coenzyme A and its
salvage pathway intermediates in in vitro and whole
cell-sourced samples

R. Goosen and E. Strauss *

We report a method for the simultaneous quantification of the essential metabolic cofactor coenzyme A

(CoA) and its thiol-bearing precursors—including 40-phosphopantetheine, which was recently shown to

play a potentially important role as nexus metabolite in CoA biology—with pmol sensitivity. This

sensitivity is gained by making use of an established thiol-derivatisation agent that produces

a fluorophore upon labeling, which is subsequently separated by HPLC and quantified by fluorescence

detection. While previous reports have made use of a similar strategy to quantify CoA, very few have

extended the method to the CoA biosynthetic intermediates (some of which occur at levels much lower

than CoA) or have critically evaluated its analytical performance. In this study we addressed these

shortcomings, and also overcame the difficulty associated with the independent confirmation of the

concentrations of the analytical standards used for quantification. The method's utility is showcased

through time-course analyses of in vitro reconstituted enzyme reactions and by analysis of extracts from

Escherichia coli and Staphylococcus aureus, demonstrating its potential in advancing studies of CoA

biosynthesis and CoA-dependent biology in a wide range of systems.
Introduction

Coenzyme A (CoA, 1) is an essential enzyme cofactor involved in
the transfer and activation of acyl groups, and plays a key role in
central energy and fatty acid metabolism.1 However, is also
important in other contexts.2 First, the N-substituted pan-
tothenamide antimicrobials that are active against Staphylo-
coccus aureus and the malaria parasite Plasmodium falciparum,
most likely target CoA biosynthesis—which usually occurs in
ve steps from pantothenic acid (Pan, 2, vitamin B5)
(Scheme 1)—and CoA utilization.3,4 These compounds are
metabolically activated by the truncated CoA salvage pathway
that starts from the CoA degradation product pantetheine
(PantSH, 5) and only requires three of the ve biosynthetic steps
(Scheme 1).5 Second, the rst CoA biosynthetic enzyme panto-
thenate kinase (PanK) is implicated in PKAN (pantothenate
kinase-associated neurodegeneration) a neurodegenerative
disease.6,7 Recently it was shown that extracellular 40-phospho-
pantetheine (P-PantSH, 6) can also serve as a precursor for
CoA biosynthesis in eukaryotic cells, bypassing the PanK step
and opening new treatment options for PKAN.8 The ability to
simultaneously analyse and quantify CoA and its biosynthetic
intermediates is a key requirement for advancing our knowl-
edge of both these systems.9
University, Stellenbosch, South Africa.
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The quantication of CoA in biological samples has received
wide attention as highlighted by a recent review.10 The most
practical of the CoA analysis methods usually involve separation
by HPLC followed by UV- or MS-based detection, or uorescence
detection following pre- or post-column derivatisation with
a uorophore. However, these methods cannot all be applied
with equal success to the CoA biosynthetic intermediates, and
consequently the analytical performance of these methods has
not been critically evaluated with these compounds. Careful
sample handling during analysis is also crucial, as previous
studies have reported that CoA in cell extracts were found to be
unstable.11 In this study we therefore set out to develop a prac-
tical method for the simultaneous detection of CoA and its
salvage pathway intermediates PantSH, P-PantSH, dephospho-
coenzyme A (dPCoA, 7) with pmol sensitivity, to validate its
analytical performance, and to showcase its utility in the anal-
ysis of actual samples: in vitro enzyme reaction mixtures, and
extracts from different types of bacterial cells.
Methods
General materials and methods

All chemicals and solvents were purchased from Sigma-Aldrich
and were of the highest purity. Proteins were puried on an
ӒKTAprime protein purication system. Protein determinations
were performed with the Quick Start Bradford Protein Assay Kit
(Bio-Rad) and a bovine serum albumin standard set. Chro-
matograms from the high performance liquid chromatography
RSC Adv., 2017, 7, 19717–19724 | 19717
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Scheme 1 The five-step CoA (1) biosynthetic pathway catalysed by the
sequential transformation of pantothenic acid (Pan, 2) by PanK
(pantothenate kinase), PPCS (phosphopantothenoylcysteine synthe-
tase), PPCDC (phosphopantothenoyl-cysteine decarboxylase), PPAT
(phosphopantetheine adenylyltransferase) and DPCK (dephospho-
CoA kinase). CoA salvage (grey box) takes place by means of a trun-
cated pathway that starts with phosphorylation of pantetheine
(PantSH, 5) by PanK.
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(HPLC) analyses were traced, generated, integrated and ana-
lysed using Chemstation for LC, Rev. A.10.02[1757] (Agilent). All
graphical and statistical analyses were performed with Sigma-
Plot 12.0 (Systat Soware, Inc.).

Overexpression and purication of E. coli CoA salvage
enzymes

Pure E. coli PanK, PPAT and DPCK enzymes were obtained by
overexpression from previously prepared pET-28a(+)-based
expression vectors and by purication as previously reported.12

These plasmids are available from Addgene (plasmid # 50386,
50388 and 50390). Fractions containing pure protein (as judged
by SDS-PAGE analysis) were pooled, and glycerol added to a nal
concentration of 5% before being stocked and stored at �80 �C
in 50 mL aliquots.

Reconstituting E. coli CoA salvage reactions in vitro

Reconstituting the CoA salvage pathway in vitro entailed the
addition of PantSH to a reaction mixture containing PanK, PPAT
andDPCK enzymes along with an excess of ATP. A 10mMPantSH
stock solution was prepared by reducing a 5 mM pantethine
19718 | RSC Adv., 2017, 7, 19717–19724
(PantSH disulde, obtained from Sigma-Aldrich) solution with
7.5 mM tris(2-carboxyethyl)phosphine (TCEP) for a period of
5 min. The CoA salvage pathway reaction mix contained 50 mM
Tris–HCl buffer (pH 7.6), 10 mM MgCl2, 20 mM KCl, 5 mM ATP,
1.75 mM TCEP, 0.04 U mL�1 pyruvate kinase, 1.8 mM phospho-
enolpyruvate (PEP) and 0.1 mg mL�1 each of PanK, PPAT and
DPCK respectively in a total reaction volume of 1 mL. The reac-
tion was initiated by the addition of PantSH from the stock
solution to a nal concentration of �900 mM. The reaction
mixture was incubated at 37 �C for 60 minutes on a rotary mixer.

Standardization of analyte standards

The concentration of PantSH, dPCoA and CoA standards
prepared from commercially-obtained material were deter-
mined according to the method of Lukesh et al.13 In brief,
analyte standards were rst treated with the reducing agent
dithiobutylamine (DTBA) to reduce any disuldes. The reduc-
tion reaction contained approximately 500 mM of the standard
and 500 mM DTBA in a total volume of 280 mL made up with
assay buffer (0.1 M sodium phosphate buffer, pH 8 and 1 mM
EDTA). The reaction was incubated at room temperature for 15
minutes to allow for complete disulde reduction. Oxidized and
residual reduced DTBA were removed by the addition of 7 mg
Dowex 50WX4-400 cation exchange resin (previously washed
with deionized water) to the reduction reaction. The mixture
was swirled for 5 minutes before the resin was removed by
centrifugation at 10 000 � g for 1 minute. Thiol content in the
metabolite standard was subsequently determined by treatment
with 5,50-dithiobis-(2-nitrobenzoic acid) (DTNB); 25 mL of the
reduced sample was immediately added to the DTNB assay
mixture (250 mL assay buffer and 5 mL DTNB reagent solution,
the latter prepared by the addition of 4 mg DTNB to 1 mL assay
buffer) and incubated at room temperature for 15 minutes. The
amount of yellow 2-nitro-5-thiobenzoate chromophore
produced by the reaction of DTNB with free thiols was
measured spectrophotometrically at 412 nm and quantied
using an extinction coefficient of 14 150 M�1 cm�1.14

P-PantSH standards were prepared by the phosphorylation of
a standardized solution of PantSH using E. coli PanK, followed by
dilution of the resulting P-PantSH to the appropriate standard
concentrations. Reaction mixtures contained 900 mM PantSH,
5 mM ATP, 1 mM TCEP, 0.1 mg mL�1 PanK in a total volume of 1
mL and were incubated for 20 minutes. Complete conversion of
PantSH to P-PantSH was conrmed by HPLC analysis.

Sampling, derivatisation and HPLC analysis

To perform metabolite analysis of in vitro reactions, 50 mL
aliquots were removed from the reaction mixture at set inter-
vals. Each aliquot was immediately added to 10 mL trichloro-
acetic acid (TCA) (90% w/v) to precipitate the enzymes and
quench the reaction. The 60 mL precipitation mixture, con-
taining 15% TCA, was incubated for 10 min at 4 �C. Following
acid precipitation, the mixture was neutralised by the addition
of 40 mL of 2.75 M ammonium acetate. The precipitated
proteins were removed by centrifugation at 10 000 � g for
10 min. An aliquot (7 mL) of the resulting supernatant was
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00192d


Fig. 1 Typical calibration curves obtained for CoA and its thiolated
biosynthetic intermediates. All data points represent the mean of
triplicate values, with the error bars denoting the standard deviation.
Where errors are not visible they are smaller than the symbol. Linear
regression parameters are given in Table 1.

Table 1 Linear regression parameters of typical set of calibration
curvesa

Analyte

Calibration equations (y ¼ mx + c)

m c

PantSH 32.58 � 0.39 21.91 � 40.41
P-PantSH 28.81 � 0.23 81.34 � 24.05
dPCoA 24.64 � 0.43 58.34 � 54.22
CoA 19.88 � 0.30 91.14 � 35.50

a Errors denote the standard deviation in the regression parameters
determined for at least six different concentrations, each measured in
triplicate.
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removed for derivatisation with 7-diethylamino-3-(4-mal-
eimidophenyl)-4-methyl-coumarin (CPM). The derivatisation
reaction contained 21 mL acetonitrile, 1.3 mL CPM (10 mM in
acetonitrile) and the 7 mL supernatant, made up to 70 mL with
H2O. The derivatisation mix was incubated overnight at room
temperature to ensure complete hydrolysis of the CPM deriva-
tives, aer which 5 mL was analysed by HPLC. Note that it is
important to at all times maintain a CPM concentration that is
at least 1.5 times the sum of the concentration of the thiolated
metabolites and TCEP present in the sample; the amount of
CPM should therefore be adjusted based on the total amount of
thiolated metabolites and TCEP.

HPLC analyses were performed on an Agilent 1100 series
system equipped with an in-line uorescence detector, using
a Supelcosil LC-DP (250 � 4.60 mm, 5 mm particle size) reverse
phase column protected by a Supelcosil LC-DP Supelguard
cartridge (Sigma-Aldrich). Samples (5 mL) were analysed at
a ow rate of 1 mL min�1 using a ternary solvent system that
consisted of 50 mM potassium phosphate buffer, pH 6.8
(solvent A), 60% acetonitrile (solvent B) and 100% acetonitrile
(solvent C). The method started with 50% A and 50% B; the
following elution protocol was followed to achieve separation:
5 min isocratic (50% A and 50% B); 20 min linear gradient,
ending at 40% A and 60% B; 1 min linear gradient, ending at
40% A and 60% C; 6 min isocratic (40% A and 60% C); 3 min
linear gradient ending at 10% A and 90% C; 6 min isocratic
(10% A and 90% C); 10 min linear gradient back to initial
conditions (50% A and 50% B); 5 min isocratic (50% A and 50%
B) (total analysis time of 57 minutes).

Separation was monitored using uorescence (Em 465 nm,
Ex 387 nm). Peaks of interest were integrated to determine the
peak area, which was used for quantication by comparison to
the calibration curves obtained as described below.

Obtaining calibration curves of analyte standards

To obtain calibration curves for each metabolite, the stan-
dardized analyte solutions were used to prepare a dilution series
(in triplicate) covering the concentration range of 2.5 to 45 mM.
Solutions were sampled, derivatised and analysed by HPLC as
described above (including the acid precipitation and neutral-
isation steps), to ensure that calibration curves were represen-
tative of analytes in actual samples. A typical set of calibration
curves are shown in Fig. 1, the corresponding linear regression
parameters are shown in Table 1.

Calculation of calibration data and analytical gures of merit

Variation in retention time (Rt) for each analyte was determined
by calculating the standard deviation (SD) in retention time for
at least three different concentrations (each analysed in tripli-
cate). The linearity of the response was evaluated by linear
regression analysis, which showed that in all cases the cali-
bration curves gave excellent R2 values in the range 0.995–0.999.

The analytical gures of merit were determined according to
International Conference on Harmonisation (ICH) guidelines.15

The limits of detection (LOD) and limits of quantication (LOQ)
were calculated by considering s, which is the residual SD of the
This journal is © The Royal Society of Chemistry 2017
regression line of the calibration curve. Based on a 95% con-
dence level, the LOD was calculated as 3.3s divided by the slope
of the regression line of the calibration curve, while LOQ was
calculated as 10s divided by the same slope.
Extraction and derivatisation of CoA salvage intermediates in
E. coli and S. aureus

The extraction of CoA salvage intermediates was performed
similarly for both S. aureus RN4220, E. coli K12 and E. coli JTG10
(ref. 16) (obtained from CGSC, stock # 6926) with the exception
that S. aureuswas cultured in 500mL tryptic soy broth (TSB) and
E. coli in 500 mL Luria-Bertani (LB) medium, both at 37 �C with
shaking. Cells were harvested in stationary phase (OD600� 1.75)
by the removal of 100 mL culture from the main culture, which
was then split into two 50 mL samples. One of these was used
for dry cell weight determination, while the other was used for
metabolite extraction and analysis.

Both 50 mL culture samples were centrifuged at 4500 � g
and 4 �C for 20 minutes to remove media. Cells were washed
RSC Adv., 2017, 7, 19717–19724 | 19719
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Scheme 2 Derivatisation of CoA and its thiolated biosynthetic inter-
mediates with 7-diethylamino-3-(4-maleimidophenyl)-4-methyl-
coumarin (CPM, 8).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 1
2:

01
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
twice by resuspension in 50 mL ice cold PBS followed by
centrifugation under the same conditions. The cell pellet used
for dry cell weight determination was dried on a SpeedVac
system until constant weight was recorded, normally aer 18–20
hours. Cells earmarked for metabolite extraction were resus-
pended in ice cold extraction solution consisting of 80%
acetonitrile and 0.1 M formic acid in water using a ratio of 50 mL
extraction solution per 20 mg wet cells harvested. The extraction
mixture was shaken at 4 �C for 30 minutes to complete cell lysis
and metabolite extraction. Next, cell debris was removed from
the cell extract by centrifugation at 4 �C and 10 000 � g for 15
minutes. The supernatant was then ltered by centrifugation
through Nanosep 3K membrane ltration tubes (Pall) for
10 min at 10 000 � g. The ltered cell extracts were neutralized
by taking 44.62 mL cell extract and adding 14 mL Tris buffer
(500 mM, pH 7.6) and 65.62 mL H2O. Any disuldes present were
reduced by addition of 9.46 mL of TCEP (1 mM). Aer 10
minutes, 6.3 mL CPM (10mM in 100% acetonitrile) was added to
bring the total volume up to 140 mL. The total acetonitrile
content of a sample prepared in this manner is 30%, the same
value as found in the analysis of the standards used to prepare
the calibration curves.

Results and discussion
Choosing an analysis method: advantages of derivatisation
with the thiol-reactive reagent CPM

We decided that the derivatisation with a uorescent reagent,
followed by HPLC separation and post-column uorescence
detection, presented the best strategy for developing a method
for the simultaneous detection of CoA and its salvage pathway
intermediates. Our choice of derivatisation over one of the
several MS-based detection methods that have gained popu-
larity was based on our desire to maintain a similar sensitivity
for quantication of all the analytes in spite of the variation in
their structure and ionizing potential, and to use instrumenta-
tion that would be readily available for the analysis of large
numbers of samples. Additionally, to our knowledge there have
been no reports of successful MS-based quantication of
PantSH or P-PantSH in cell extracts.

In choosing a thiol-labeling agent we decided against the
widely used monobromobimane (mBBr) as it has been reported
to have several undesirable characteristics, including back-
ground uorescence (of unreacted mBBr); non-specic binding
to amines, carboxylates and phosphates; photodegradation of
mBBr derivatisation products (requiring derivatised samples to
be protected against light until analysis); and non-baseline
separation of the mBBr-derivatives of PantSH and P-PantSH in
some cases.17

Instead, 7-diethylamino-3-(4-maleimidophenyl)-4-methyl-
coumarin (CPM, 8) was chosen as uorescent derivatisation
agent, as several studies18,19 have showed that it is highly
specic and reactive towards thiols and that the derivatisation
products are stable with a high quantum yield, allowing for the
sensitive detection of lowmolecular weight thiols in cell extracts
(Scheme 2). Ideally, it is also only weakly uorescent until
bound to a thiolated analyte. Other reagents such as the uoro-
19720 | RSC Adv., 2017, 7, 19717–19724
benzoxadiazoles ABD-F and SBD-F would most likely also be
appropriate choices (SBD-F was in fact recently used to analyse
P-PantSH and CoA levels in various extracts8).
Reactivity and specicity of CPM as labelling reagent, and
stability of the resulting adducts

Although CPM was chosen as the preferred derivatisation
reagent, various factors regarding its reactivity and specicity
and the stability of the adducts that forms need to be taken into
account.

In regards to reactivity, the pH of samples to be derivatised
was found to be of critical importance to ensure complete
derivatisation and accurate quantication. CPM does not react
with free thiols at an acidic pH but requires a near neutral
environment for optimal reactivity. At higher pH levels it has
been reported that hydrolysis of the maleimide moiety can
occur before derivatisation takes place.20 Hence the pH has to
be closely controlled in samples to be derivatised with CPM by
the incorporation of a neutralisation step into the sample
preparation workow. This is especially important in cases
(such as in our method) where acid is used for the rapid
quenching of in vitro reactions, as well as in biological extrac-
tion solutions.

In regards to specicity, we were surprised to nd that CPM
also formed uorescent products with tris(2-carboxyethyl)
phosphine (TCEP), the reducing agent used to ensure that the
thiol groups of the analytes are in the free, reduced form. At
least two different adducts were found to be formed (see below).
However, the separation method was developed in such
a manner that these peaks did not interfere with the analysis of
the analytes of interest.

Finally, in regards to stability, it is known that the maleimide
moiety of CPM-thiol adducts are unstable, undergoing hydro-
lysis to form two ring-cleaved uorophores at the N–C]O
position.21 While no effect on the uorescence quantum yield of
the coumarin signalling group has been reported following
maleimide hydrolysis, the presence of multiple adduct forms
will lead to more than one peak being observed for the metab-
olite–CPM adduct in HPLC analysis. Prolonged incubation of
derivatisation reactions were found to ensure complete hydro-
lysis and elution of CPM derivatives in a single peak.
This journal is © The Royal Society of Chemistry 2017
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Sample preparation workow and HPLC analysis method

To establish the proposed method, we devised a sample
preparation workow as schematically summarised in Fig. 2A.
First, samples are prepared from the source of interest in
the presence of the thiol reducing agent TCEP. Next, the
samples are acidied either with 15% trichloroacetic acid
(TCA) (for in vitro enzyme reaction mixes) or formic acid in
acetonitrile (for bacterial cell samples). This quenches any
enzymatic reactions by precipitating the proteins, and aids
with extraction of the analytes of interest. Third, the acidied
samples are neutralised prior to derivatisation with excess
CPM in the fourth step. Finally, the derivatised samples were
analysed by HPLC with uorescent detection.

A typical chromatogram of a sample analysed using the
optimised LC method is shown in Fig. 2B. We found that the
baseline separation of the various analyte and reagent peaks
could be obtained using a reverse phase di-phenyl column and
a gradient method with increasing amounts of acetonitrile in
a potassium phosphate buffer at pH 6.8. The total run time per
sample was less than 1 h, including the time required to re-
equilibrate the column to initial conditions.
Fig. 2 Method for the analysis of CoA and its salvage pathway
precursors by HPLC with fluorescence detection (FLD). (A) Workflow
for the preparation of samples (from cell cultures or from in vitro
enzyme reactions). (B) Typical chromatogram obtained in the
analysis of CoA and its salvage pathway metabolites using fluores-
cent detection (Em 465 nm; Ex 387 nm), with the relevant peaks
indicated and coloured according to the legend used in Scheme 1.
Note the two peaks that represent CPM–TCEP adducts (at 4.8 and
31.9 min).

This journal is © The Royal Society of Chemistry 2017
Analyte quantication: determining the concentration of
analyte standards in an independent manner

Quantication of the analytes presented a much bigger chal-
lenge than originally anticipated. Although three of the four
analytes of interest are commercially available (P-PantSH was
obtained by enzymatic phosphorylation of PantSH using exist-
ing protocols), they are not provided as analytical standards.
The concentrations of the analyte standards therefore had to be
determined by an independent method. Towards this end the
well-known thiol-reactive reagent 5,50-dithiobis-(2-nitrobenzoic
acid) (DTNB) was used for quantication of the thiol standards
aer their reduction using dithiobutylamine (DTBA).13 Since it
has an ionisable amino group, both reduced and oxidised DTBA
can be removed by acidic cation exchange prior to analysis with
DTNB.

Evaluating the analytical performance of the method

To determine the analytical performance of the method,
samples of the analyte standards in a concentration range of
�10–220 pmol were derivatised according to the standard
protocol (Fig. 2) and analysed in triplicate to obtain calibration
curves (Fig. 1 and Table 1). From these data the calibration data
and analytical gures of merit could be obtained; Table 2
summarises these values for a typical calibration curve. This
shows that the variation in retention time (Rt) was less than
0.15 min in all cases except for dPCoA, while all the calibration
curves gave excellent R2 values of 0.995–0.999.

The limit of detection (LOD) and limit of quantication
(LOQ) values were both found to be in similar ranges at low
pmol levels, the lowest LOD being that for P-PantSH at 6.33
pmol. These values compare very favourably with those ob-
tained for analysis of CoA (the only analyte in this study for
which such parameters have been published) by other
methods.10 For example, CoA has been quantied by HPLC
following derivatization with SBD-F with a reported LOD of 120
pmol,22 and with an LOD of 1.3 nmol using an LC/MS-based
technique.23 Only commercially-available ELISA kits claim
lower LODs (as low as 18.3 fmol) for the quantication of free
CoA.10 Interestingly, the quantication of the more stable acyl-
CoAs by LC-MS is similarly sensitive, with an LOD of 10 fmol
reported in one study.24 This again serves to highlight the
difficulty in measuring the levels of thiolated metabolites with
the analytical robustness of the method described here. Finally,
Table 2 Calibration data and analytical figures of merit determined
from a typical calibration curve

Parametera PantSH P-PantSH dPCoA CoA

Rt SD (min) 0.12 0.09 0.51 0.08
Linearity (R2) 0.997 0.999 0.995 0.997
LOD (pmol) 9.40 6.33 16.44 12.30
LOQ (pmol) 28.49 19.19 49.82 37.28
Precision (repeatability CV%) 1.90 1.43 1.26 1.11
Accuracy (recovery %) 99.91 98.47 100.59 99.57

a See text for detailed description of parameters and how they were
obtained.

RSC Adv., 2017, 7, 19717–19724 | 19721
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the precision and accuracy values were also found to be in the
range required for metabolite quantication.
Evaluating the robustness of the analytical method: time-
course analysis of in vitro CoA biosynthesis

Next, a set of experiments were conducted to evaluate the utility
and robustness of the analytical method under conditions
where the analytes are all present, but in varying concentra-
tions. This was done by following the time-dependent changes
in the levels of the biosynthetic intermediates of an in vitro
reconstituted CoA salvage pathway, i.e. in which PanSH is
converted to CoA by puried E. coli PanK, PPAT and DPCK with
excess ATP present. Reactions were initiated by the addition of
reduced PanSH, followed by removal of aliquots at various time
points and analysis according to the standard protocol (Fig. 2).
The analyte concentrations were determined from the calibra-
tion curves to obtain a time course-prole (Fig. 3). In a robust
method, in which the quantication of all the analytes can be
done with equal accuracy, precision and sensitivity, one would
expect the total amount of analyte measured to always add up to
the amount of PanSH introduced at the start. The prole clearly
showcases the analytical capabilities of our method; across the
time interval the total concentration measured averaged 95.2 �
4.6% of the initial amount of 900 mM PanSH added. This also
demonstrates that our method is an excellent tool for studying
the progress of CoA salvage biosynthesis.
Analysis of intracellular CoA and CoA intermediate
concentrations in E. coli and S. aureus

To demonstrate the practical utility of the method in analysing
cellular extracts, the intracellular concentration of CoA and
its biosynthetic intermediates were measured in extracts from
two bacteria, Escherichia coli and Staphylococcus aureus,
Fig. 3 Time-course analysis of the conversion of 900 mM PantSH to
CoA by an in vitro reconstituted CoA salvage pathway (i.e. PanK, PPAT
and DPCK) from E. coli at 37 �C. Symbols represent the concentration
measured for each metabolite at a time point using the standard
protocol; the total metabolite concentration at each time point is also
indicated. The dashed line shows the average total metabolite
concentration, with the grey shaded area representing one standard
deviation from that value.

19722 | RSC Adv., 2017, 7, 19717–19724
representing Gram-negative and Gram-positive organisms
respectively. Cells were harvested in stationary phase, followed
by addition of cold acidic acetonitrile to cause lysis and to
quench metabolism by precipitation of proteins. Samples were
subsequently treated as per the standard derivatisation protocol
(Fig. 2). Due to the large variation in the intracellular concen-
tration among analytes, different volumes of the derivatised
extract were analysed to ensure accurate quantication of each
analyte in the linear range of its calibration curve. The resulting
chromatograms are shown in Fig. 4.

The analyte levels determined in this manner are reported in
amount per gram cell dry weight (cdw) (Table 3). However, to
allow comparison to previous reports of studies in E. coli in
which concentration were used, the values were converted to
micromolar by using the ratio of cell volume to cell dry weight
that has previously been established for this organism.25 This
shows that the CoA concentration of �127 mM determined in E.
coli K12 (Fig. 4A) compares well to the range of between 56 and
108 mM determined for exponentially growing E. coli cultured
with different carbon sources (glucose, acetate and glycerol)
using radiolabelled precursors;26 it is also similar to the value
determined using HPLC analysis using another uorescent
label.27 However, these values are lower than the range of
1.37 mM and 4.54 mM reported in a study using LC-MS and
isotopically labeled internal standards for quantication;25 this
Fig. 4 Analysis of CoA and its biosynthetic intermediates in bacterial
cell extracts. (A) Analysis of the intracellular thiol metabolites of E. coli
K12 using CPM-derivatisation, with metabolite peaks indicated and
coloured as in A. The identity of the GSH peak was confirmed by
comparison with a standard. (B) As for A, but for E. coli JTG10, a strain
that is deficient in producing GSH. (C) As for A, but for S. aureus
RN4220. Note the peak corresponding to GSH. Note the differences in
the y-axis scale for each of the chromatograms.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Analyte levels determined in the indicated E. coli and S.
aureus strainsa

Analyte E. coli K12 E. coli JTG10b S. aureus RN4220

PantSH Value < LOQ Value < LOD 44.5 � 3.9c

P-PantSH 151.2 (�66 mM) Value < LOD 146.4 � 5.4
dPCoA NDd Value < LOD 155.6 � 1.9
CoA 293.1 (�127 mM) 548.1 (�238 mM) 658.2 � 4.3

a Analyte levels are given in nmol per gram cell dry weight (cdw); for E.
coli, these values were converted to concentrations using a ratio of
0.0023 L g�1 (a value determined in a previous study25) to correlate
cdw with cell volume. b A strain incapable of producing GSH.16 c For
S. aureus, values represent the mean of triplicate analyses with the
error representing the standard deviation. d ND, not determined due
to interference from GSH peak (see Fig. 4A).
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highlights the importance of independently verifying the
concentrations of the standards used when performing
metabolite analyses (as done in this study by using DTNB) to
ensure condence in the analyte values that are nally reported.

We found that the known major low molecular weight thiol
in E. coli, glutathione (GSH), predominates in the analysis of the
K12 strain; in fact, its levels are so high that it prevented the
accurate quantication of dPCoA (Fig. 4A).† We therefore
repeated the analysis with a mutant E. coli strain16 that is
incapable of producing GSH (Fig. 4B). Interestingly, in its case
the concentration of CoA was increased, and no CoA biosyn-
thetic intermediates could be detected. This is most likely
caused by the CoA biosynthetic ux in the stationary phase E.
coli JGT10 being modied in such a manner that it increases
CoA levels, which apparently results in the steady state of its
precursors to fall below detectable levels. The reason for the
higher than normal requirement for CoA is unclear, but the
nding raises important questions about the role of CoA as
a possible redox buffer when GSH is not present. The fact that
the measured CoA levels are similar to those found in S. aureus,
which also does not have the ability to produce GSH de novo,
supports such a hypothesis (Table 3).

Extracts of S. aureus were analysed without any interference,
allowing for the detection and quantication of all the analytes
of interest (Fig. 4C). Importantly, the amounts of PanSH, P-
PantSH and dPCoA in stationary phase S. aureus cultures are
reported here for the rst time. The detection of PanSH at levels
above the LOQ is a notable nding, as a recent study showed
that this metabolite inhibits S. aureus's PanK.5 The measured
CoA levels was in a similar range to that reported for other S.
aureus strains,27 but more than double that found in E. coli
K12—again lending support to a potential role for CoA in redox
balance maintenance in the absence of GSH.

We were surprised to nd a thiol unrelated to CoA present in
measurable amounts in the S. aureus extracts; this was identi-
ed as GSH (Rt 11.7 min) by comparison to known standards.
† For analysis by the method presented here, samples that are expected to contain
large amounts of GSH should be pre-treated to remove or reduce the GSH present;
this can be achieved by using glutathione S-transferase to conjugate
chloro-2,4-dinitro-benzene to the thiol of GSH to prevent its reaction with CPM.29

This journal is © The Royal Society of Chemistry 2017
The identication of GSH was unexpected given that it is not
produced by S. aureus. However, Pöther et al. had previously
shown that intracellular accumulation of GSH occurs in S.
aureus in the post-exponential phase with increasing levels in
the stationary phase when grown in media (such as the tryptic
soy broth used in this study) that contain GSH.28 Nonetheless,
the GSH levels measured here were lower than all the analytes of
interest except PanSH, and whether its presence is biologically
relevant remains unknown at this stage.
Conclusions

We have presented here a new analytical method for the accu-
rate and sensitive measurement of CoA—and the rst such
method also applicable to its biosynthetic intermediates
PantSH, P-PantSH and dPCoA—in in vitro enzyme reactions and
in whole cell extracts. This method bridges many of the diffi-
culties previously encountered with quantication of these
metabolites in biological samples. As such, it should prove to be
particularly useful in studies aimed at increasing our under-
standing of CoA biosynthesis and its regulation in various
systems and in various contexts—including the development of
new antimicrobial and PKAN treatment options.
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