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ARTICLE INFO ABSTRACT

Keywords: Acyl-CoAs play a significant role in numerous physiological and metabolic processes making it important to
Acyl-CoA assess their concentration levels for evaluating metabolic health. Considering the important role of acyl-CoAs, it
LC-MS is crucial to develop an analytical method that can analyze these compounds. Due to the structural variations of
:L];,I(C;z acyl-CoAs, multiple analytical methods are often required for comprehensive analysis of these compounds, which
Biomarker increases complexity and the analysis time. In this study, we have developed a method using a zwitterionic HILIC

column that enables the coverage of free CoA and short- to long-chain acyl-CoA species in one analytical run.
Initially, we developed the method using an LC-QTOF instrument for the identification of acyl-CoA species and
optimizing their chromatography. Later, a targeted HILIC-MS/MS method was created in scheduled multiple
reaction monitoring mode using a QTRAP MS detector. The performance of the method was evaluated based on
various parameters such as linearity, precision, recovery and matrix effect. This method was applied to identify
the difference in acyl-CoA profiles in HepG2 cells cultured in different conditions. Our findings revealed an
increase in levels of acetyl-CoA, medium- and long-chain acyl-CoA while a decrease in the profiles of free CoA in

the starved state, indicating a clear alteration in the fatty acid oxidation process.

1. Introduction

Acyl-CoAs are thioester compounds that have a pivotal role in
various metabolic processes such as fatty acid beta-oxidation, biosyn-
thesis of lipids, signaling, and xenobiotics metabolism [1,2]. The most
important biological function of acyl-CoAs is in the metabolism of fatty
acids via beta-oxidation. The fatty acid beta-oxidation (FAO) process in
the liver breaks down fatty acids (FA) to produce adenosine triphosphate
(ATP) in low glucose conditions [3,4]. Acyl-CoAs are formed when a FA
forms a thioester bond with Coenzyme-A (CoA) [5,6], which subse-
quently undergo FAO process inside the mitochondria. Fatty acid
oxidation disorders (FAOD) occur due to the deficient activity of the
enzymes or transporter proteins involved in the pathway, which results
in the accumulation of acyl-CoA esters [3]. The acyl-CoA accumulation
profile provides information on the type of fatty acid oxidation disorder
(FAOD). Intracellular acyl-CoA levels are important reporters of meta-
bolic health and their accumulation in case of FAOD makes them
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interesting biomarkers [7]. Apart from FAOD, these compounds are also
involved in progression of cancer [8-10], diabetes [11-14], precursors
for lipid synthesis and ketone bodies. Since acyl-CoA are involved in
numerous physiological and pathophysiological pathways, it is impor-
tant to develop analytical methods for their identification and
quantification.

Developing chromatographic methods for acyl-CoAs is challenging
due to their structural complexity. These compounds exhibit significant
variations in their physicochemical properties by factors such as carbon
chain length, degree of saturation and the presence of functional groups
[15-17]. Additionally, acyl-CoAs have low endogenous levels and are
highly unstable in aqueous solutions. Due to these reasons they are
susceptible to hydrolysis, making sample preparation challenging and
resulting in poor recovery and low signal intensity [15,18]. The quan-
tification of acyl-CoAs has previously been accomplished using a variety
of analytical techniques, such as gas chromatography, capillary elec-
trophoresis, and reversed phase liquid chromatography (RP-LC) coupled
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to UV or fluorescence detection [19-22]. However, liquid chromatog-
raphy coupled to mass spectrometry (LC-MS) is the most widely used
technique for acyl-CoA analysis due to its higher sensitivity and selec-
tivity [17-19,23-25]. On the other hand, severe peak tailing, signal
deterioration, and poor detection limits are common obstacles associ-
ated with this approach [26,27]. Various efforts have been made to
cover the full range of acyl-CoAs. In RPLC, slightly acidic mobile phases
were used for short- to medium-chain acyl-CoAs [28], while alkaline
mobile phase was used for medium- to long-chain acyl-CoAs [26]. Liu
et al. used this approach for comprehensive coverage by employing two
analytical runs [23]. The combination of RP-LC and hydrophilic inter-
action liquid chromatography (HILIC) [26] or two-dimensional (2D)
LC-MS [17] have also been used to cover short-, medium-, long-chain
acyl-CoAs. However, these approaches introduce complexity and in-
crease the analysis time due to the need for multiple chromatographic
runs and inclusion of a second dimension of separation. This complexity
and added analysis time, in turn, can impact the high throughput.
Another approach for comprehensive coverage is to use ion-pairing re-
agents such as triethylamine [29] or dimethylbutyl amine [16,25].
However, ion-pairing reagents are reported to decrease mass spec-
trometry signal intensity [30] and frequent cleaning of detectors is
required. Furthermore, a RP-LC-MS/MS technique based on phosphate
methylation after acyl-CoA derivatization has been reported [15].
Nonetheless, derivatization complicates sample preparation and re-
quires investigation for the evaluation of complete chemical conversion.

HILIC has become increasingly popular and promising for the sepa-
ration of polar compounds, as HILIC allows class-based separation by
hydrophilic interaction. Despite significant variations in chain length
polarity, the presence of a similar hydrophilic headgroup in acyl-CoAs
facilitates their elution within a relatively shorter time period. In
HILIC chromatography, the compounds are separated on a polar sta-
tionary phase by gradually increasing mobile phase polarity [31-33].
The compounds with higher polarity have enhanced affinity for the
polar stationary phase, thus resulting in prolonged retention, whereas
compounds with lower polarity tend to elute earlier.

The aim of the present study is to develop a targeted HILIC-MS/MS
method utilizing a zwitterionic HILIC column for the quantification of
free CoA and short- to long-chain acyl-CoA compounds in a single
analytical run (covering the full analyte range from high to low polarity)
and demonstrate the utility of this method in HepG2 cell application. To
achieve this, the initial method development was done on an LC coupled
to a high-resolution time-of-flight (QTOF) mass spectrometer (HRMS)
for pre-screening of species and evaluating their retention times. The
chromatography was optimized by studying the effects of different
factors such as buffer concentration and injection solvents. After opti-
mization of various LC-MS settings, a targeted method was created and
validation parameters such as linearity, sensitivity, precision, recovery
and matrix effect were examined to evaluate method performance in the
HepG2 cells. Finally, the HILIC-MS/MS method was applied to compare
the free CoA and acyl-CoA profile in HepG2 cells cultured in different
conditions.

2. Materials and methods
2.1. Chemicals and reagents

Analytical grade solvents including acetonitrile, chloroform, iso-
propanol (IPA) and methanol (MeOH) were purchased from Biosolve BV
(Valkenswaard, The Netherlands). Purified water was obtained using
the Milli-Q Advantage A10 Water Purification System manufactured by
Merck Millipore (Billerica, MA, USA). Ammonium acetate with a purity
of 99% was supplied by Sigma-Aldrich (St. Louis, MO, USA). Acyl-CoA
standards, such as acetyl-CoA (C2:0-CoA) and propionyl-CoA (C3:0-
CoA) as sodium salts, octanoyl-CoA (C8:0-CoA), pentadecanoyl-CoA
(C15:0-CoA), palmitoyl-CoA (C16:0-CoA), heptadecanoyl-CoA (C17:0-
CoA), and 11Z-octadecenoyl-CoA (C18:1(n7)-CoA) as ammonium salts,
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were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Acetyl-
1,2-13C,—CoA (€2:0(*3Cy)-CoA) and n-heptanoyl-CoA (C7:0-CoA) in the
form of lithium salts were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Additional acyl-CoA standards, including free CoA (CoA), butyryl-
CoA (C4:0), hexanoyl-CoA (C6:0), decanoyl-CoA (C10:0), lauroyl-CoA
(C12:0), myristoyl-CoA (C14:0), and stearoyl-CoA (C18:0), were pro-
vided by collaborators from University Medical Centre Groningen
(Groningen, The Netherlands).

Dulbecco’s Modified Eagle Medium (DMEM) (Product No. P04-
01500) and glucose-free DMEM (Product No. P04-01548S1) were pur-
chased from PAN Biotech™. Fetal bovine serum (FBS) and phosphate-
buffered saline (PBS) were purchased from Gibco while l-carnitine
(Product No. C0283) and palmitate (Product No. P9767) were pur-
chased from Sigma-Aldrich.

2.2. Cell culture

Wildtype HepG2 cells were maintained in DMEM with 5 mM glucose,
3.7 g L™} NaHCOs3, 1 mM sodium pyruvate and amino acids, supple-
mented with 3 mM glutamine, and 10% FBS. The cells were kept at 37 °C
and 5% COs. To test the individual and combined effects of glucose
depletion and fatty acid stimulation on the free CoA level and acyl-CoA
profile, the cells were incubated for 24 h in two different conditions. In
condition 1 the cells were cultured in DMEM (5 mM glucose, 1 mM
pyruvate supplemented with 3 mM glutamine and 10% FBS) with
additional supplements 2 mM I-carnitine and 0.5 mM BSA-bound
palmitate. Condition 2 was with glucose-free DMEM (no glucose, no
glutamine, no pyruvate, 10% FBS) supplemented with 2 mM l-carnitine
and 0.5 mM BSA-bound palmitate. After 24 h, the cells were washed
twice with ice-cold PBS and harvested for further analysis. Condition 1
cells were "supplemented cells" with multiple carbon sources, while
condition 2 cells were "starved cells" with fewer carbon sources.

2.3. Sample preparation

Acyl-CoAs from HepG2 cells were extracted by a two-step protocol
using chloroform/methanol/water based on the Bligh and Dyer
approach [34]. 10 pL of acyl-CoA internal standard (IS) containing
mixture of C2:0(*3C2)-CoA, C7:0-CoA, C15:0-CoA and C17:0-CoA with
concentration of 3 uM were spiked in the HepG2 cell extracts containing
1 x 10° cells in 100 pL of methanol. To this extract, 220 pL of cold
methanol and 100 pL of cold water was added and sonicated for 3 min.
After sonication, 320 pL of chloroform and 188 pL of cold water was
added. Samples were vortexed for 2 min, left to partition on ice for 10
min, and centrifuged at 15,800 rcf for 15 min at 4 °C. 450 pL of the upper
aqueous layer was transferred to a new Eppendorf tube. Samples were
evaporated to dryness with a Labconco CentriVap vacuum concentrator
(Kansas City, MO, USA). The dried samples were reconstituted in 100 pL
of methanol/water/isopropanol (1:1:1), vortexed and centrifuged for 10
min. The supernatant wastransferred to HPLC vial for LC-MS analysis.

2.4. HILIC—HRMS (HILIC-TOF-MS) analysis

The Waters Synapt G2-S quadrupole time-of-flight mass spectrom-
eter with an electrospray ionization (ESI) source (Milford, MA, USA) was
coupled to an Acquity UPLC system (Waters). The chromatographic
separation was performed on SeQuant® ZIC®-cHILIC (100 mm x 2.1
mm, 100 A pore size, 3 um) column. The column oven and autosampler
temperatures were set at 40 °C and 10 °C respectively. Mobile phase A
(MP-A) consisted of acetonitrile:water (9:1) containing 5 mM ammo-
nium acetate and acetonitrile:water (1:9) with 5 mM ammonium acetate
was used for mobile phase B (MP-B). The flow rate was 0.25 mL/min and
injection volume was 5 pL. The gradient program is shown in Table S1.
The autosampler injection needle was washed with a weak needle wash
consisting of acetonitrile:water (9:1, v/v) and strong needle wash con-
sisting of acetonitrile:water (1:9, v/v).
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Table 1
Gradient for HILIC-MS/MS analysis.
Time (min) Flow rate (mL min~?) MP-A (%) MP-B (%)
Initial 0.25 95 5
2.3 0.25 95 5
8.5 0.25 25 75
13.00 0.25 15 85
15.5 0.25 15 85
15.6 0.25 95 5
20 0.25 95 5

For the MS analysis, a TOF-MS scan was performed. The mass
spectrometer was set to scan a mass range from 300 to 1200 Da in both
positive and negative ESI ionization modes. To ensure accurate mass
measurement, 0.1 mg/L leucine-enkephalin in water:MeOH:formic acid
(50:50:0.1, v/v/v) was used as a lock-mass calibrant with the infusion
flow rate of 10 pL/min. The mass spectrometer was operated with the
following parameters: the capillary voltage was set at 2.50 kV in both
positive and negative mode of ionization; the sampling cone voltage was
set to 30 V and the source offset voltage was 100 V. The source tem-
perature was maintained at 125 °C, while the desolvation temperature
was set at 500 °C. Gas flows were controlled as follows: the cone gas flow
rate was set to 50 L/h; the desolvation gas flow rate was 500 L/h, and the
nebulizer gas flow rate was adjusted to 6 Bar.

2.5. HILIC-QTRAP (HILIC-MS/MS) analysis in scheduled MRM mode

The targeted HILIC-MS/MS analysis was performed on a Waters
Acquity UPLC I-class system from Waters (Milford, MA, USA) coupled to
an AB Sciex QTRAP 6500 mass spectrometer (Concord, ON, Canada).
The needle wash was acetonitrile:water (1:1,v/v). The column, mobile
phase, autosampler temperature and column oven temperature were the
same as described in Section 2.4. with a slight modification in the
gradient program as shown in Table 1.

The MS/MS experiments were conducted on a Turbo V source. The
analysis was conducted in positive ion mode and analytes were moni-
tored in scheduled multiple reaction monitoring (SMRM) mode. The
mass spectrometer was operated at the following settings: the curtain
gas (Ny) pressure was set to 25 psi, and the collision gas (N2) was
maintained at a medium level. The spray voltage was set at 4000 V in
positive ion mode. The source temperature was maintained at 325 °C.
The GS1 and GS2 pressures both were set at 60 psi. The target scan time
was of 0.35 s. The delustering potential (DP) and collision energy (CE)
were optimized to achieve maximum response.

2.6. Method validation

Method validation of the HILIC-MS/MS method was performed using
non-endogenous acyl-CoA standards- C2:0(*3Cy)-CoA, C7:0-CoA, C15:0-
CoA and C17:0-CoA. These standards were either isotopically labeled or
had odd chains to be free from interference of endogenous species.

2.6.1. Calibration curves

The calibration curves were freshly prepared on three different days
to assess the linearity of the method. For this purpose, an 8-point cali-
bration line was created by serially diluting the standards. The con-
centrations of these calibration points are presented in Table S2. Three
types of calibration lines were prepared: 1) Neat solvents; 2) Spiking
standards in HepG2 cells before performing the extraction as described
in the sample preparation section; 3) Spiking standards in HepG2 cells
after extraction. To determine the linear range, an unweighted linear
regression model was employed. The calculation of various validation
parameters was performed using cal-3 (low), cal-5 (medium), and cal-7
(high) concentration levels.
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2.6.2. Limit of detection (LOD) and Lower limit of quantitation (LLOQ)
LOD and LLOQ were calculated by using Eqs. (1) and (2)
respectively.

3 x AS‘DmchW\3 + areapiank

LOD = areacy (1)
[ Cx/:v:»}}
10 X SDyreacy)y., + aredpian
LLOQ = AR @

[ Cs/.v;z]

where SDareacs,y., T€presents the standard deviation of area of the lowest
concentration with signal-to-noise ratio greater than 3(Cs/n-3),

areacs IN>3

areapgnrare the peak area of the blank and represents the ratio

[ Cs/n-3]
between peak area and concentration at Cs/y-3 [35].

2.6.3. Precision

Precision was assessed by calculating the relative standard deviation
(RSD%). Low, medium and high concentration levels were used for this
analysis. Intraday precision was determined by conducting three
consecutive measurements on the same day. Interday precision, on the
other hand, was evaluated by measuring the samples on three different
days. The precision was calculated by Eq. (3) [36].

Standard deviation

RSD (%) = == S 100 3)

2.6.4. Extraction recovery

The response of standards at low, medium and high levels (measured
in triplicate) was calculated in the samples spiked before and after
extraction in HepG2 cells and Eq. (4) was used to calculate the recovery.

Response of standards in HepG?2 cells before extraction
Recovery(%) =

Response of standards in HepG2 cells after extraction
x 100

4

2.6.5. Matrix effect

Matrix effect is a prevalent issue encountered in mass spectrometry
measurements. It refers to a phenomenon where the response of an
analyte is suppressed or amplified due to the presence of a matrix or
other interfering components that affect the ionization process of com-
pounds. This was calculated with Eq. (5) at low, medium and high level
(measured in triplicate).

Matrix effect(%) — Response of standards in HepG2 cells after extraction

Response of standards in neat solvents
x 100

)

2.6.6. Carryover

Carryover refers to the presence of analytes in the blank samples
after injection of the highest calibration standards [37]. This was eval-
uated by comparing the peak area of standards in the blank solvents to
the peak area of standards spiked in high concentration in HepG2 cells,
analyzed before the blank solvents.

2.6.7. Repeatability

The repeatability of our method was assessed by calculating RSD (%)
of endogenous acyl-CoA species in the quality control (QC) samples
inserted at regular intervals in the batch of study samples.

2.7. Quantitation

The odd-chain or isotopic labeled non-endogenous standards were
used as internal standards for the quantitation of endogenous acyl-CoA
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2.5 mM ammonium acetate

5 mM ammonium acetate
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10 mM ammonium acetate
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Fig. 1. Extracted ion chromatograms of representative acyl-CoA standards (C2:0-CoA, C8:0-CoA, C16:0-CoA and C18:1-CoA) separated in mobile phases containing
2.5 mM ammonium acetate (A-D), 5 mM ammonium acetate (E-H) and 10 mM ammonium acetate (I-L). X-axis represents time (min) and Y-axis represents intensity.

species. C2:0(13C,)-CoA was used for the quantitation of short-chain
species, C7:0-CoA was used for the quantitation of medium-chain spe-
cies while C15:0-CoA and C17:0-CoA were used for the quantitation of
long-chain species. These standards were used for the quantitation of
both saturated and unsaturated species. In this study, we find that the
abundance of unsaturated species in the biological samples was very low
and hence their contribution to isotopic interference was less than 1%.
Therefore, we do not require any isotopic correction in this study.

2.8. Data processing

Data acquisition was performed using MassLynx (version 4.1) for the
Synapt G2-S (HILIC-TOF-MS) and Analyst (version 1.6.2) for the QTRAP
(HILIC-MS/MS). Peak integration was performed using TargetLynx
(version 4.1) and Sciex OS (version 2.1.6) for HILIC-TOF-MS and HILIC-
MS/MS respectively. The peak asymmetry factor was used to determine
the effect of different conditions during method development and was
calculated by Eq. (6) [38].

A, =b/a (6)

where Ay = peak asymmetry factor, b = half width of peak (distance
from peak midpoint to the trailing edge at 10% of the full peak height), a
= front half width (distance from peak midpoint to leading edge at 10%
of the peak height). A is lower than 1 for a fronting peak and higher than
1 for a tailing peak.

GraphPad Prism (version 9) was used to calculate statistical signifi-
cance between the groups using t-test and plot graphs.

3. Results and discussion
Representative standards C2:0-CoA (short-chain), C8:0-CoA (me-

dium-chain), C16:0-CoA and C18:1-CoA (long-chain) from each chain-
length were used for method optimization.

3.1. Mass spectrometry parameters optimization

The TOF-MS scan on the Synapt G2-S was performed in both positive
ESI mode (ESI™) and negative ESI (ESI") mode by injecting a mixture of
four representative acyl-CoA standards. Firstly, the observed mass of the
representative standards was confirmed with their accurate masses in
protonated [M+H] ", deprotonated [M-H]~ and doubly charged nega-
tive ions [M-2H]% form. The corresponding m/z values of these acyl-CoA
standards are presented in Table S3 and the sensitivity of acyl-CoA
standards in different ionization modes is shown in Figure S1. Doubly
charged ions in the negative mode [M-2H]? have slightly higher
sensitivity for these standards compared to their protonated form
[M+H]" while intensities were very low in singly negative charged ion
[M-H]'. Despite the slightly higher sensitivity observed in the doubly
charged ions in negative mode, we decided to measure protonated
species utilizing positive ionization mode for our analysis. This choice
was based on the previously reported studies [16-18] and the frag-
mentation patterns observed in positive ionization mode provide a more
straightforward approach for analyzing acyl-CoAs. Additionally, when
dealing with doubly charged negative ions, there may be greater sus-
ceptibility to background interference, which can disrupt the linearity of
the analysis. Table S4 presents the observed m/z of all the targets with
their retention times in the HILIC-TOF-MS method.

3.2. Chromatographic separation for acyl-CoAs

We started the chromatographic separation with a 20 min long
gradient elution as reported in Table S1. In order to achieve the quan-
tification of all acyl-CoA species in a single analytical run, we employed
a ZIC-cHILIC column which contains a phosphorylcholine group
(Figure S2) that consists of a negatively charged inner moiety and a
positively charged outer moiety [39]. We chose to use this ZIC-cHILIC
column for the chromatography optimization of acyl-CoA as it was re-
ported to effectively separate various compounds containing phosphate
groups like ATP, ADP, NAD, sugar phosphates, etc. [40-42]. The pres-
ence of a zwitterionic stationary phase requires lower concentrations of
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Table 2
Peak asymmetry factor of acyl-CoA standards with 2.5 mM ammonium acetate,
5 mM ammonium acetate and 10 mM ammonium acetate.

Concentration of ammonium C2:0- C8:0- C16:0- C18:1-
acetate (mM) CoA CoA CoA CoA
2.5 7.00 5.71 6.38 6.78
5 4.29 3.29 4.38 2.57
10 3.40 2.14 2.57 1.78

buffer compared to other types of stationary phases, as the zwitterionic
stationary phase contains both positive and negative charges. This
causes weak electrostatic interactions with the analytes and hence only a
low concentration of buffer is needed [39]. The peak tailing observed in
the acyl-CoA species can be attributed to the presence of the phosphate
group on CoA moiety [43]. This phenomenon might occur due to the
interactions of phosphate groups and metal surfaces in path of LC flow
[44]. Additionally, these phosphate groups have a tendency to adhere to
the stainless steel parts of the LC-MS instrumentation, further contrib-
uting to the challenges in analysis [43]. The buffer salts such as
ammonium acetate and ammonium formate, are known to maintain the
ionization of analytes and decrease the interaction between stationary
phase and analytes [31,45-47]. We have used ammonium acetate buffer
as this is one of the most commonly used buffers for metabolomics
studies employing HILIC chromatography [46-48]. In this study, we
investigated the impact of different concentrations of ammonium ace-
tate on the peak shape, separation and retention of acyl-CoAs. Mobile
phases were prepared with concentrations of 2.5 mM, 5 mM, and 10 mM
ammonium acetate and the buffer concentration was kept same in both
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acetate increased, the peak tailing of the acyl-CoAs decreased. After
evaluating different concentrations of ammonium acetate, a final con-
centration of 5 mM was chosen, as it resulted in satisfactory peak shapes.
Additionally, maintaining a lower salt concentration helps in preventing
excessive salt precipitation within the instrument, ensuring its proper
functionality and long-term stability. Furthermore, we assessed the in-
fluence of pH variation and flow rate on peak tailing but did not observe
any significant effects (data not shown). As a result, a flow rate of 0.25
mL/min was chosen for chromatographic separation with the presence
of 5 mM ammonium acetate in the mobile phases.

Further, we tested the effect of cell matrix on peak tailing by spiking
four representative acyl-CoA standards in HepG2 cells after extraction.
The ammonium acetate concentration of the mobile phase was kept at 5
mM, and peak asymmetry factor was compared between acyl-CoA
standards spiked in the cell samples and the neat standards. It was
observed that peak tailing and subsequently asymmetry factor has been
reduced due to the presence of cell matrix (Fig. 2, Table 3). One possible
explanation behind the reduction of peak tailing in the presence of cell
matrix is that the components within the cell samples can act as masking
agents, thus disrupting the secondary interactions between analytes and
LC system. As a result, the interaction between the acyl-CoA molecules
and the column is reduced, leading to a decrease in peak tailing during
chromatographic analysis. However, additional investigations are
required to confirm this hypothesis. This can also be valuable as un-
derstanding the role of the cell matrix in reducing peak tailing can

Table 3
Peak asymmetry factor of acyl-CoA standards with and without cell matrix.

mobile phases to maintain consistent ionic strength throughout the Cell matrix C2:0-CoA C8:0-CoA C16:0-CoA C18:1-CoA
gradient elution. Fig. 1 displays the peaks of the acyl-CoA standards for Absent () 232 2.00 3.50 2.28
each buffer concentration and peak asymmetry factors were calculated Present (+) 2.00 1.40 1.33 1.60
and summarized in Table 2. Notably, as the concentration of ammonium
- cell matrix + cell matrix
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Fig. 2. Extracted ion chromatograms of representative acyl-CoA standards (C2:0-CoA, C8:0-CoA, C16:0-CoA and C18:1-CoA) in 5 mM ammonium acetate, without
(A-D) and with (E-H) cell matrix. X-axis represents time (min) and Y-axis represents intensity.
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Fig. 3. Stability of representative acyl-CoA standards (C2:0 CoA, C8:0 CoA, C16:0 CoA and C18:1 CoA) in different injections solvents. (A) MeOH:Water (1:5,v/v);
(B) MeOH:Water:IPA (1:1:1,v/v/v); (C) MeOH:50 mM ammonium acetate (1:1,v/v); (D) MeOH:Water (1:1,v/v); (E) Methanol (100%).

provide valuable insights for optimizing analytical methods and can be
helpful in developing strategies to minimize peak tailing and improve
the overall performance of chromatographic analyses.

3.3. Optimization of injection solvent for sample reconstitution

Acyl-CoAs are highly unstable in alkaline and strongly acidic solu-
tions [18]. It is important to check the stability of acyl-CoAs in the in-
jection solvents to assess degradation rate and determining the time
window for stable sample analysis. As mentioned previously in litera-
ture, methanol was considered to have good stability for acyl-CoA for 24
h [18]. For this experiment, the four representative acyl-CoA standards
(C2:0-CoA, C8:0-CoA, C16:0-CoA and C18:1-CoA) were reconstituted in
5 different solutions, MeOH:Water (1:5,v/v), MeOH:Water:IPA (1:1:1,
v/v/v), MeOH:50 mM ammonium acetate (1:1,v/v), MeOH:Water (1:1,
v/v) and methanol (100%). The presence of water in the injection sol-
vents is necessary for the solubility of acyl-CoA especially for the
short-chain species. The four acyl-CoA standards were dissolved in sol-
vents, placed in the autosampler, and analyzed with the HILIC-TOF-MS
method at three different time points. O h, 6 h, and 24 h (Fig. 3).

The stability of acyl-CoAs in the various solvents was assessed by

measuring the change in response at 6 and 24 h, expressed as a per-
centage relative to the response observed at 0 h. Both MeOH:Water (1:5,
v/v) and MeOH:Water:IPA (1:1:1, v/v/v) showed acceptable stability
over time for the acyl-CoAs. The response with the injection solvent
MeOH:50 mM ammonium acetate (1:1,v/v) decreased at 6 and 24 h,
except for C2:0-CoA, which had a higher response at these time points.
MeOH:Water (1:1,v/v) and methanol (100%) showed increase in
response at 24 h as compared to 6 h especially for C2:0-CoA and C8:0-
CoA. Methanol (100%) also shows a high variation in response for
C2:0-CoA. The exact reason behind this observation is not clearly un-
derstood, however, solubility could be one of the contributing factors.
For our method, we chose methanol:water:isopropanol (1:1:1,v/v/v) as
the injection solvent as it has acceptable stability and the inclusion of
slightly less polar solvent (isopropanol) in the injection solvent can in-
crease the solubility of long-chain acyl-CoAs.

3.4. HILIC-MS/MS QTRAP analysis
Following the optimization of chromatographic and mass spec-

trometry conditions, a targeted method was created using the sMRM
mode on the QTRAP instrument in positive ion mode. We made slight



M. Singh et al.

(A)

C6:0-Co,§800
5.0e5 €8:0-CoA \ C4:0-CoA
4565
/
4068 C10:0-CoA
3.5e5 ClZ:O—CoA\
2 C2:0-CoA
& 305 C14:0-CoA s a
= 3]
2 255 (C16:0-CoA £
i) \ c
[
= 2065 \ Free CoA £
1505 C18:0-CoA
1.0e5 e
5.0e4
»
0.0e0
5.4 55 56 5.7 5.8 59 6.0 6.1
Time, min
© Fragment of m/z 428
0spOH '
% |
w/Q}N HO éb OH : i
HoN = (o] o

?, 5 1 f
N,{j\/ OH_'OH_ 1
L% O\‘F"’/O:*‘F"’/O*X;/ILN/\)LN/\/STR
\ o 'o )' on A o]

Neutral loss of 507

Fig. 4. (A) Representative chromatogram of acyl-CoA standards; (B) Mass
fragmentation.

Journal of Chromatography A 1714 (2024) 464524

(8)
1.2¢6 37315
1.1e6
1.0e6
9.0e5
8.0e5
7.0e5
6.0e5
5.0e5 428.02
4.0e5

3.0e5

880.31

471.23

Li

400
Mass/Charge, Da

2.0e5

1.0e5
>

Ll
300

0.0e0 &
100 200

500 600 700 800 900

spectrum showing fragmentation of C7:0-CoA; (C) Structural sites of acyl-CoA

Retention time pattern with number of carbon and double bonds

6.1
c
£ 5.95
Q
£
S 58
c
2
=
S
£ 565
[+=
55
o°v <,°v (9} QP‘} <,°v o°v (P} (9\? <,°v o°v c,°v (5’v (Pv (9\? <,°v (Pv &
N SN WS NS YWy S N LSS
B P P PN N S N I S G AR ¢ NV RN A A

Acyl-CoA species

Fig. 5. Retention time pattern of acyl-CoA species.

modifications and finalized the gradient program as presented in
Table 1. The formation of water-rich layer on the surface of stationary
phase is quite important for interaction with the analytes to ensure
consistent retention of compound. Hence, we specifically extended the
equilibration time as it is a critical step in HILIC for a stable chroma-
tography. Fig. 4(A) shows the representative chromatogram of acyl-CoA
standards.

The fragmentation pattern was examined for the selection of product
ion (Q3). Acyl-CoA species exhibit two important fragments [15,17-19].
The first is the neutral loss of 507 Da [M+H-507]", which occurs as a
result of the loss of the 3-phosphate-adenosine-5-diphosphate moiety
from the acyl-CoA precursor molecular ion. Additionally, m/z 428 is
another distinctive fragment present in all acyl-CoA species which is the
representative CoA moiety. These findings were confirmed in Fig. 4(B),
which presents the fragmentation pattern of C7:0-CoA. Fig. 4(C) illus-
trates the structural sites for fragmentation of acyl-CoA. The neutral loss

of 507 was chosen as the product ion (Q3) for the sMRM mode as it was
the most intense and common fragment among acyl-CoAs, as observed
in our study and supported by other publications [15,19].

In the HILIC-TOF-MS method, the focus was primarily on detecting
saturated species, however with the use of highly sensitive QTRAP in-
strument we were able to detect a few additional monounsaturated
species. The identification of these monounsaturated species was
confirmed by evaluating the pattern of their retention times (Fig. 5). The
intensity of these species was much lower compared to their saturated
form, nevertheless their detection can provide additional information
and contribute to understanding the biological context of the study
samples. The targets along with their SMRM parameters have been
mentioned in Table 4.
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Table 4

sMRM parameters for acyl-CoA targets in HILIC-MS/MS method.
Targets Q1 Q3 RT DP CE
CoA (Free CoA) 768.1 261.1 5.99 100 40
C2:0-CoA (Acetyl-CoA) 810.1 303.1 5.95 100 40
C3:0-CoA (Propionyl-CoA) 824.2 317.2 5.90 100 40
C4:1-CoA 836.2 329.2 ND 100 40
C4:0-CoA 838.2 331.2 5.88 100 40
C6:1-CoA 864.2 357.2 ND 100 40
C6:0-CoA (Hexanoyl-CoA) 866.2 359.2 5.82 100 40
C8:1-CoA 892.2 385.2 5.79 100 40
C8:0-CoA(Octanoyl-CoA) 894.2 387.2 5.76 100 40
C10:1-CoA 920.2 413.2 5.72 100 40
C10:0-CoA (Decanoyl-CoA) 922.3 415.3 5.71 100 40
C12:1-CoA 948.3 441.3 5.68 100 45
C12:0-CoA (Lauroyl-CoA) 950.3 443.3 5.65 100 45
C14:1-CoA 976.3 469.3 5.63 100 45
C14:0-CoA (Myristoyl-CoA) 978.3 471.3 5.61 100 45
C16:1-CoA 1004.3 497.3 5.59 100 45
C16:0-CoA (Palmitoyl-CoA) 1006.4 499.4 5.56 100 45
C18:1-CoA 1032.4 525.4 5.55 100 45
C18:0-CoA (Steraoyl-CoA) 1034.4 527.4 5.54 100 45
C2:0-CoA(*3C,) (Acetyl-1,2-13C,—-CoA)*  812.1 3051 5.95 100 40
C7:0-CoA (Heptanoyl-CoA)* 880.2 373.2 5.78 100 40
C15:0-CoA (Pentadecanoyl-CoA)* 992.3 485.3 5.58 100 45
C17:0-CoA (Heptadecanoyl-CoA)* 1020.4 513.4 555 100 45

* | Internal standard; ND, not detected.

3.5. Retention time pattern

The identification and confirmation of acyl-CoA species were further
supported by analyzing their retention time pattern. In HILIC chroma-
tography, the gradient initiates with an organic mobile phase and sub-
sequently transitions to a more aqueous phase. As a result, acyl-CoA
species with longer carbon chains elute first, followed by medium- and
short-chain species, as depicted in Fig. 5. Similarly, species with a higher
number of double bonds but the same number of carbon atoms elute
later compared to species with a lower number of double bonds. For
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example, C16:0-CoA elutes at 5.56, while C16:1-CoA elutes at 5.59. This
distinct retention time pattern is highly valuable for the identification
and confirmation of a wide range of acyl-CoA species.

3.6. Method validation of targeted HILIC-MS/MS method

The targeted HILIC-MS/MS method was validated for quantification
of acyl-CoA compounds in HepG2 cells. Representative non-endogenous
standards from short-(C2:0(13C2)-CoA), medium-(C7:0-CoA) and long-
chain (C15:0-CoA and C17:0-CoA) species were chosen for the valida-
tion. The calibration curves of non-endogenous standards spiked in pure
solvent and in HepG2 cells (before and after extraction) are shown in
Fig. 6. The values of linearity, LOD, LLOQ, precision, recovery, matrix
effect and carryover are reported in Table 5. The linear regression co-
efficients (Rz) were above 0.99 for all spiked standards. The LODs and
LLOQs were in the range of (1.3-12.4) pmol mL ! and (3.1-26.6) pmol
mL ™! respectively which makes our method sensitive enough to detect
the acyl-CoAs in ~1 x 10° HepG2 cells. In comparison to previous
studies, reporting LODs in the range of (0.5-2.4) pmol mL~! [26],
(3-133) pmol mL ! [7] and (1.2-4.6) pmol mL ! [15], our reported
LODs were comparable and, in some cases, even lower. It is worth noting
that in our method development, we tried to achieve sensitivity without
compromising on reliability and throughput. The intraday and interday
precisions were determined at low, medium and high concentration
levels. Almost all the classes have RSD (%) below 20% except for C15:0
CoA with slightly higher value of 22.9% at low level. The recovery was
in the range of (53-123)% for all standards. It was observed that re-
covery of long-chain acyl-CoA species is slightly lower. The reason for
this may be that long-chain acyl-CoA species have lower polarity
compared to short- and medium-chain species, which could result in
their migration to the non-polar lower layer. The matrix effect was in the
range of (85-133)%. The carryover was analyzed in the blank samples
placed right after the highest calibration point in HepG2 cells before
extraction and was below 1% for all standards. We are using
non-endogenous compounds as internal standards based on the chain
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Fig. 6. Calibration curves of non-endogenous acyl-CoA standards spiked in pure solvent, spiked in HepG2 cells before and after extraction. (A) C2:0-CoA(*3Cy): short-
chain; (B) C7:0-CoA: medium-chain; (C) C15:0-CoA: long-chain; (D) C17:0-CoA: long-chain.
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Table 5

Summary of the validation parameters.

Carryover [%]

Matrix effect [%]

Interday precision [%] Recovery [%]

Intraday precision [%]

LOD (uM) LLOQ (uM)

Linearity

Non-endogenous acyl-CoA standards

Medium High Low Medium High

Medium High Low Medium High Low

Low

0.4
0.3

85.7

101.4

114.7
124.8
129.9
133.1

92.2

88.7

100.0
123.4
73.1

2.5

3.3
17.4

4.7

1.0
5.2

4.4
3.0
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6.5
5.7
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0.0136
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0.0230

0.0013
0.0076
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length of endogenous targets. These standards elute in close proximity to
the endogenous compounds present in the sample. Hence, the issues
related to poor recovery, ion suppression and matrix effects can be
compensated as internal standards and endogenous compounds will
parallelly go through the same processing.

The repeatability evaluates the consistency and reliability of the
results, ensuring that there is minimal deviation or variability in the
analysis. The repeatability of our HILIC-MS/MS method was determined
by measuring the RSD (%) of endogenous acyl-CoA species in QC sam-
ples. It was found that out of 19 targets, 7 species show RSD below 5%.
The RSD of (5-10)% and (10-15)% was shown by 7 and 1 species
respectively while 2 species show RSD in between (15-25)%. Two spe-
cies were not detected in these samples. In total, 17 acyl-CoA species
show RSD below 25% (Figure S3). We further tested the stability of non-
endogenous acyl-CoA standards in HepG2 cells over 3 days. The
extracted samples of HepG2 cells containing these standards were
analyzed on day 1. The samples were then stored at —80 °C and analyzed
again on day 3. We compared the peak area of these standards on both
days (Table S5) and found that the deviation over 3-day period, ranges
from (5-10)%, indicating good stability during this time. However, for a
more comprehensive assessment, further experiments are required by
storing samples for longer periods under different conditions.

3.7. Acyl-CoA profile in HepG2 cells cultured in supplemented and
starved state

We applied our HILIC-MS/MS method to analyze acyl-CoA profile of
wildtype HepG2 cells cultured under two different conditions. In Con-
dition 1 (supplemented cells), the cells were cultured in a medium
containing glucose, pyruvate, glutamine with supplementation of
carnitine and palmitate. On the other hand, Condition 2 (starved cells)
involved culturing the cells in a glucose-free medium with no pyruvate
and glutamine, but with the addition of carnitine and palmitate, aiming
to simulate a state of starvation. Fig. 7(A) shows the profile of free CoA
and short- to long-chain acyl-CoAs in HepG2 cells cultured under both
supplemented (condition 1) and starved conditions (condition 2). Fig. 7
(B) displays the fold change in acyl-CoA levels between the supple-
mented and starved states. We observed a decrease in the free CoA level
(p < 0.05) during the starvation state of HepG2 cells while there has
been an increase in the acetyl-CoA (p < 0.0001) in starved cells as
compared to supplemented ones. The medium chain acyl-CoA also
showed an increase in their profile in starved conditions for C6:0-CoA (p
< 0.0021), C8:0-CoA (p < 0.05) and C10:0-CoA (p < 0.0002). Further-
more, we observed an increase in the profile of long-chain acyl-CoA such
as C12:0-CoA, C14:0-CoA and C16:0-CoA with p < 0.0001.

The change in the profile of acyl-CoAs in our study shows an acti-
vation of fatty acid oxidation. During starvation conditions, cells shift in
the survival mode due to decrease in glucose level, activating the FAO
process. In FAO, free fatty acids are activated to long-chain acyl-CoA and
enter inside the mitochondria for fatty acid oxidation process, thus
leading to an increase in the level of long-chain acyl-CoA. A study has
reported an increase in the expression of acyl-CoA synthetase (ACS) and
carnitine palmitoyltransferase-1 (CPT-1) while decrease in the level of
acetyl-CoA carboxylase (ACC) during fasting conditions [49]. ACS in-
creases the formation of fatty acyl-CoA from fatty acid and CPT-1 is
responsible for converting acyl-CoAs into acylcarnitines. The increase in
the level of both of these enzymes suggests an increase in the trans-
portation of long-chain acyl-CoA inside mitochondria. Our data also
reflects the same with increase in the profile of long-chain acyl-CoAs in
the starved state. On the contrary, ACC controls the rate-limiting step of
FAO by facilitating the formation of malonyl-CoA, an inhibitor of CPT-1.
The decrease in its level further supports the formation of long-chain
acyl-CoA. Acetyl-CoA (C2:0-CoA) is the final product of the FAO
pathway. We observed an increase in acetyl-CoA levels, indicating an
activation of the FAO pathway. This increased acetyl-CoA formation
supports ATP synthesis and promotes the production of ketone bodies
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Fig. 7. Acyl-CoAs profile in supplemented vs starved conditions in wildtype HepG2 cells.(A) Bar graph showing concentration (uM per mg of protein) of free CoA,
short-chain acyl-CoA; medium-chain acyl-CoA and long-chain acyl-CoA in supplemented and starved state (* p < 0.05; ** p < 0.0021; *** p < 0.0002; **** p <
0.0001; ns, not significant). (B) Fold change of acyl-CoAs in starved/supplemented conditions.

[50]. The activation of FAO relative to downstream Krebs cycle and
oxidative phosphorylation further contributes to the accumulation of
acetyl-CoA during the state of starvation.

Our observations also indicate a decrease in the profile of free CoA
during starvation conditions. One hypothesis to support this observation
is an increased utilization of CoA for fatty acid activation by formation of
acyl-CoA esters and subsequent FAO processes. This reduction in free
CoA levels can be associated with the higher demand for acyl-CoA for-
mation due to the observed increase of acyl-CoA thioesters in our study.
Another possible hypothesis could be the inhibition of pantothenate
kinase, an enzyme responsible for catalyzing the initial biosynthetic step
of free CoA. It is known that higher concentrations of long-chain acyl-
CoA and acetyl-CoA can inhibit this enzyme [51]. Consequently, this
inhibition of pantothenate kinase may also contribute to the decrease in
CoA biosynthesis and subsequently lead to a reduction in free CoA
levels.

4. Conclusion

We have developed a HILIC-MS/MS method utilizing a zwitterionic
ZIC-cHILIC column, covering short- to long-chain acyl-CoA species in
one analytical run with the use of lower concentration of ammonium
acetate. This HILIC-MS/MS method did not require the use of an ion-
pairing reagent, which has several disadvantages like contamination
of the MS, nor other complicated derivatization, etc. The characteriza-
tion of the analytical performance was successful and the method
appeared to be sensitive, linear and repeatable. We demonstrated the
potential of the method by evaluating the change in acyl-CoA profile in
wildtype HepG2 cells cultured in supplemented and starved state. We
observed an increase in the profile of acetyl-CoA, medium- and long-
chain acyl-CoA while decrease in the level of free CoA in HepG2 cells
cultured in starved state. These findings suggest an increase in the fatty
acid oxidation process in starved state, relative to the downstream
metabolic processes.

The comprehensive analysis of acyl-CoA species in one run is highly
beneficial for high-throughput analysis of biological samples and has the
potential for integration in clinical settings because of its simplicity and
robustness. This HILIC-MS/MS method can be further extended in the
future to cover very long-chain acyl-CoA species. However, the

10

separation and identification of isomers such as butyryl and isobutryl-
CoA, succinyl-CoA and methylmalonyl-CoA, etc., or the identification
of position of double bond in species such as C10:1-CoA or C18:1-CoA is
the current limitation associated with this method and therefore, these
species were reported by the carbon chain composition instead of their
names. Hence, in future additional research should be performed for the
separation of these isomeric species, which can involve exploring the use
of ion-mobility mass spectrometry and electron-activated dissociation
(EAD) techniques.
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