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Hydroxymethylglutaryl coenzyme A reductase (HMGCR) catalyzes the rate limiting step in cholesterol
biosynthesis converting HMG-CoA into mevalonic acid (MVA), which equilibrates with mevalonic acid
lactone (MVL) under neutral pH conditions.

We developed a fast, sensitive, and efficient method to determine HMGCR activity in human cell lines
measuring MVL levels by ultra-performance liquid chromatography tandem mass spectrometry (UPLC-
MS/MS). Convenient prepared samples containing MVL-D- as an internal standard were injected, sepa-
rated, and eluted from an ACQUITY HSS PFP column. Measurement of MVL was performed by electro-
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Mevalonate spray ionization mass spectrometry with multiple reaction monitoring. Calibration curves were linear
Cell culture and reproducible in the range of 0.15-165 pg/l (r>0.99). Lower limit of quantification was 0.12 pg/l.

Intra- and interassay imprecision were <1.3% and <2.9%, respectively.

HMGCR enzymatic activity measurements of cells cultivated under different cell culture conditions
(with 10% FCS, with 10% lipoprotein-deficient serum and under serum starvation) revealed the applica-
bility of this test system for various experimental settings.

This efficient UPLC-MS/MS assay permits rapid and high sensitive determination of HMGCR enzyme

activity, tracing potential alterations in cholesterol biosynthesis.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Principles of cholesterol biosynthesis were discovered by Bloch
and Lynen in the 1940s, who received the Nobel Prize for Physiol-
ogy or Medicine in 1964 [1]. Multiple human disorders are linked
to enzyme defects based on genetic mutations, leading to abnor-
mal regulation and intermediate accumulation in cholesterol bio-
synthesis [2,3]. Cholesterol serves as an essential compound
giving fluidity and permeability to membranes. Furthermore, cho-
lesterol biosynthesis provides sufficient amounts of isoprenoids,
bile acids and several steroids to the human body [4]. However,
high cholesterol levels in blood are associated with an increased
risk of cardiovascular disease, including myocardial infarction
and stroke. Cholesterol biosynthesis, localized in the endoplasmic
reticulum (ER), starts with the rate limiting enzyme hydroxymeth-
ylglutaryl coenzyme A reductase (HMGCR), whose activity is

Abbreviations: UPLC-MS/MS, ultra-performance liquid chromatography tandem
mass spectrometry; LLOQ, lower limit of quantification; MVL, mevalonic acid
lactone; MVA, mevalonic acid; HMGCR, hydroxymethylglutaryl coenzyme A
reductase; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA.
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strongly controlled by several feed-back mechanisms involving
endogenous pathways and exogenous cholesterol intake by nutri-
tion [5-7]|. The reduction of 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) by HMGCR forms mevalonic acid (MVA), which equil-
ibrates with its lactone form (MVL) under neutral pH conditions
(Fig. 1). Beg et al. [8] showed that the short time regulation of
HMGCR by phosphorylation/dephosphorylation status permits a
rapid response in cholesterol biosynthesis to altered metabolic
conditions. Withdrawal of fetal calf serum (FCS) or culture
conditions in lipoprotein-deficient serum confirmed that HMGCR
activity could be quickly induced in human dermal fibroblasts
[5,9,10]. A couple of methods have been established measuring
HMG CoA reductase activities in liver slices and cell cultures, as
well as serum, plasma and urine MVA/MVL levels, using radioiso-
tope (RI) techniques [11,12], enzyme immunoassays [13] and chro-
matography coupled mass spectrometry [14]. Radioenzymatic
assays can be classified into HMGCR enzyme activity measure-
ments using *C-HMG-CoA to form '“C-mevalonic acid [15] and di-
rect measurements of 5-[>2P] phospho-MVA in plasma [11].
However, in terms of irradiation risks and raising availability of
stable isotope labeled standards, RI techniques might not compete
against improved measurement accuracies using mass spectrome-
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Fig. 1. Multiple reaction monitoring (MRM) mode of mevalonolactone (A) m/z 131 — 69 and m/z 131 — 43 for MVL. (B

standard (MVL-D5). Second mass transitions were used for analysis control.

try applications in the future. They provide accurate detection of
analytes, even for small molecular weight compounds like MVA
or MVL, scanning in multiple reaction monitoring (MRM) for spe-
cific mass transitions [16]. Anyhow, sample preparation and
clean-up procedures remained difficult and time-consuming
requiring derivatization steps [17], liquid-liquid [18], or solid
phase extractions (SPE) [16].

Here we describe for the first time a convenient, sensitive and
rapid method for the detection of mevalonic acid lactone by
UPLC-MS/MS estimating HMGCR enzyme activity in different
experimental cell culture settings.

2. Materials and methods
2.1. Reagents, internal standards, and calibrators

LC/MS-grade water, acetonitrile and methanol were purchased
from Fisher Scientific GmbH (Schwerte, Germany). MVL, hydro-
chloric and formic acid were obtained from Sigma-Aldrich (Deis-
enhofen, Germany). MVL-D; (purity > 98%) was purchased from
CDN Isotopes Inc. (Quebec, Canada).

A standard stock solution of MVL and MVL-D-, each at concen-
trations of 1 mg/ml, were prepared separately in methanol/water
and stored at —80 °C. Several calibrators (0.3125, 0.625, 1.25, 2.5,
5.0, 10.0, 20.0, 40.0, 80.0 ng/l) of MVL were prepared by dilution
of the stock solution in enzyme reaction buffer (see Section 2.3.)
containing 500 pig/ml recombinant human albumin from rice (Sig-
ma-Aldrich, Deisenhofen, Germany) as equivalent sample matrix
to cell lysates.

2.2. Cell culture

HepG2 (HB-8065), HEK-293 (ACC305) cells were purchased
from ATCC and DSMZ, NHDF (M45D) were obtained from Genlan-
tis. Cells were cultivated in a CO, incubator at 37 °C using 100-mm
cell culture dishes (Greiner bio-one, Frickenhausen, Germany) con-
taining 10 ml Dulbecco’s modified essential medium (DMEM; Gib-
co) with 10% fetal calf serum (PAN Biotech, Aidenbach, Germany),
1% 1-glutamine (200 mM) and 1% antibiotic/antimycotic solution
(PAA, Pasching, Austria). For experiments cells were grown for
24 h in 10% FCS (177 cellsymm?, BD Falcon), washed twice with
phosphate-buffered saline (PBS; Gibco), and replaced with either
10% of fetal calf serum (FCS), lipoprotein-deficient FCS (LPDS)
[10], or without serum for additional 24 h. Biological samples were
prepared in triplicates. After stated time of growth, cells were
washed twice with ice cold PBS and harvested by scraping into a
microcentrifuge tube. Cells were pelleted by centrifugation
(5 min, 3000g), whereupon the cell pellet was resuspended in
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) m/z 138 — 76 and m/z 138 — 46 for the internal

120 pl lysis buffer, containing 137.5 mM NaCl, 50 mM Tris/HCI
(pH 7.8), 8.7% Glycerin, 0.5 mM EDTA (pH 8.0), 1% Protease Inhib-
itor (P2714; Sigma-Aldrich, Deisenhofen, Germany), 1% NP-40
(Sigma-Aldrich, Deisenhofen, Germany). Cell lysates were frozen
at —80°C for 1-2h, again clarified by centrifugation (10 min,
8000g), aliquoted and stored at —80 °C prior to enzyme analysis
or assayed immediately. Total protein content of cell lysates was
estimated using bicinchoninic acid assay (BCA Kit, Sigma-Aldrich,
Deisenhofen, Germany).

2.2.1. Enzyme activity assay

Preparation of enzyme activity assay was conducted according
to Honda et al. [17] with modifications using 50 pig total protein
of cell lysates, diluted in enzyme reaction buffer up to 100 pl in a
1.5-ml polypropylene microcentrifuge tube. The initial substrate
HMG-CoA (200 uM) was diluted in enzyme reaction buffer
(100 mM potassium phosphate buffer (pH 7.4), 0.1 mM EDTA,
50 mM KCl, 10 mM DTT, containing a NADPH generating system:
2.5 mM NADPH, 15 mM glucose-6-phosphate, and 1 unit of glu-
cose-6-phosphate dehydrogenase) achieving a final reaction vol-
ume of 150 pl. Samples, blank samples or calibrators were
incubated for 30 min at 37 °C with substrate mix, whereupon reac-
tion was stopped by the addition of 20 pl HCI (6 N) to ensure the
lactonization of mevalonic acid into MVL [17].

2.3. Sample preparation for UPLC-MS/MS

Samples, blank samples or calibrators of 150 pl were treated
with 300 pl acetonitrile for protein precipitation, containing inter-
nal standard (MVL-D7, 10 pg/l). The mixture was vortex-mixed for
5 s and centrifuged at 13,000g for 10 min, whereupon supernatants
were transferred into another microcentrifuge tube and evapo-
rated in a vacuum concentrator at RT for approx. 1.5 h (S-Concen-
trator BA-VC-300H; H. Saur Laborbedarf, Reutlingen, Germany).
Residues were dissolved by vortex-mixing in 50 pl HPLC-grade
water/methanol/acetonitrile containing 0.5 N HCl (1:1:1, v/v) for
10s and centrifuged at 13,000g for 10 min. Supernatants were
transferred to the autosampler vessels, whereupon a volume of
1 pl was injected into the UPLC-MS/MS system.

2.4. UPLC-MS/MS analysis

Separation of mevalonic acid lactone by an ultra-performance
liquid chromatography (UPLC) system (Waters Acquity UPLC)
was achieved by using a 2.1 mm x 150 mm HSS PFP UPLC/MS car-
tridge (Waters, 1.8 pum ACQUITY UPLC HSS PFP Column) conducted
at 45 °C, which was directly coupled to a Quattro LC tandem mass
spectrometer equipped with Z Spray ion source (Waters Xevo™
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TQ-S). Flow rate was set at 0.2 ml/min. The gradient program was
adjusted to 93%/7% water/methanol containing 0.1% formic acid
and 2 mmol/l ammonium acetate for 2.5 min, followed by a linear
gradient of 98% methanol containing 0.1% formic acid and 2 mmol/
1 ammonium acetate. After 3.5 min, the mobile phase was read-
justed to 93%/7% water/methanol, terminating the run at 7 min.
The mass spectrometer, performed in electrospray positive ioniza-
tion mode, was controlled by using MassLynx V4.1 software, with
automated data processing by the TargetLynx program. Nitrogen
and argon were used as nebulizing and collision gas, respectively.

Instrument settings were set as follows: capillary voltage, 1 kV;
source temperature, 150 °C; desolvation temperature, 500 °C; sam-
ple cone energy for MVL and MVL-D; was adjusted at 18 eV; and
collision energy for MVL and MVL-D, at 8 eV. Multiple reaction
monitoring (MRM) mode was used for sample analysis, with mass
transitions of m/z 131 —» 69, m/z 138 — 76 for MVL and MVL-D,
respectively. Second mass transitions of MVL and its internal stan-
dard, m/z 131 - 43 and m/z 138 — 46, were used for analysis
control.

2.5. Validation

This UPLC-MS/MS assay was validated according to STARD
(Standard for Reporting of Diagnostic Accuracy) [19,20], whereby
method properties like linearity, lower limit of quantification
(LLOQ) and intra- and interday imprecisions were determined.

2.5.1. Linearity studies

A calibration curve for mevalonic acid lactone was generated
with a collection of 16 different calibrators, prepared by serial dilu-
tion in enzyme reaction buffer (see Section 2.3.) containing 500 pg/
ml of recombinant human albumin (Sigma-Aldrich, Deisenhofen,
Germany) as equivalent sample matrix to cell lysates, in a range
between 0.005 and 160 pg/l. Calibrators were analyzed in 4 repli-
cates using the arithmetic average for determination of the lower
limit of quantification (see Section 2.5.2), as well as single mea-
surement values for linearity definition.

2.5.2. Lower limit of quantification (LLOQ)

The lower limit of quantification (LLOQ) was defined as the low-
est concentration of the analyte at which the coefficient of varia-
tion (CV) was <20% (see Section 2.5.1).

2.5.3. Intra- and interday imprecision

The intraassay imprecision was ascertained by analyzing 10
replicates of samples (HepG2) with different MVL concentrations
[low (4.4 pg/l), medium (16.7 pg/l) and high (32.2 pg/l)] on the
same day. Additionally, the same samples were analyzed for inter-
assay inaccuracy on 5 different days.

2.6. Statistics

Experimental data are indicated as means + SD. Graphic data
processing and statistics were performed with GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, USA), using simple linear regres-
sion and Kruskal-Wallis test with Dunn’s post-test for statistical
data analysis.

3. Results and discussion
3.1. UPLC-MS/MS analysis

We developed a fast and sensitive method for determining lev-
els of mevalonolactone (MVL) by UPLC-MS/MS, enabling the

investigation of numerous questions regarding cholesterol biosyn-
thesis in cell culture systems.

Measurements of MVL and its deutered internal standard were
carried out in multiple reaction monitoring (MRM) mode, using the
most sensitive mass transitions for instrument adjustments and
sample analysis. Molecule fragments were analyzed applying vary-
ing amounts of collision energy. Precursor ions [M]* of MVL and
MVL-D; at m/z 131 and 138 were fragmented with a collision en-
ergy of 8 eV, obtaining the most sensitive and specific product ions
at m/z 69 and 76 respectively (Fig. 1).

Chromatographic separation of MVL and MVL-D; by UPLC was
performed using a 2.1 mm x 150 mm HSS PFP UPLC/MS cartridge,
maintained at 45 °C. A precise and clear separation was detected at
retention times of 4.86 min for MVL and MVL-D7, using an injec-
tion volume of 1 pl. Whole running-time was adjusted to 7 min.
A representative chromatogram generated from a sample contain-
ing 73 pg/l MVL, as well as the internal standard MVL-D; (at a con-
centration of 10 pg/l), is shown in (Fig. 2). Other chromatographic
options were critically monitored during our method development,
using different kinds of UPLC-columns (Waters, 1, 7 um ACQUITY
BEH Phenyl column; Waters, 1, 7 pum ACQUITY CSH Fluoro-Phenyl
column), chromatographic gradients, injection volumes or column
temperature settings.

This method permits convenient sample preparation, without
any derivatization steps or solid phase extractions, compared to
published protocols [21,16]. Derivatization procedures, as de-
scribed previously [17] or with other reagents [e.g. (2-Aminoethyl)
trimethylammonium chloride hydrochloride, p-lodo-DL-phenylal-
anine, 3-(Aminomethyl)-2-bromothiophene], achieved no higher
sensitivity in our experiments than measuring MVL itself (data
not shown). In addition, omitting derivatization steps might accel-
erate chromatographic separation due to a smaller molecule mass,
or enlarge sample reproducibility and comparability, considering
reaction efficiencies between different sample preparations. Fur-
thermore, solid phase extractions as described (IST-ENV+;
100 mg/3 ml, Agilent Technologies) [22] were tested to ensure
the best detection of MVL in samples. Nevertheless, basic protein
precipitation with acetonitrile was chosen for its highest quality
in chromatographic separation, peak constitution and sensitivity,
as well as in comparison to utilize methanol or ether extractions
(data not shown). A threefold concentration of sample superna-
tants, using vacuum dehydration, was performed to improve
detection rates, whereupon a high sample throughput can be pre-
pared contemporaneously.

3.2. Validation

Calibration curves covering 12 calibrators measured in 4 repli-
cates for the analysis of MVL were linear and reproducible in the
range of 0.15-165 pg/l (r > 0.99). The lower limit of quantification
determined by the measurement of 12 calibrators using four repli-
cates was 0.12 pg/l. Intraassay imprecisions (measured for MVL
concentrations between 4.4 ng/l and 32.2 pg/l) were <1.3%, where-
upon between-run imprecisions (measured on five different days)
were 2.9% for the lowest, 2.1% for the mean and 2.0% for the highest
MVL concentration.

3.3. HMGCR activity in various cell culture conditions

Three different cell types were tested for their HMG CoA reduc-
tase activity under different cell culture conditions, altering FCS
supplementation.

Cell lysis was performed quickly on ice to avoid protein degra-
dation, considering a high quality and entity of transmembrane
protein content. Enzyme buffer composition, adapted from Honda
et al. [17], was modified in NADPH and glucose-6-phosphate
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Fig. 2. Representative chromatograms of mevalonolactone (MVL) and its deuterated internal standard (MVL-D) in a sample of HepG2 cells converted HMG-CoA to 73 pg/l of

MVL during enzymatic reaction (monitored in MRM).
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Fig. 3. Activity measurements of HMG-CoA reductase in (A) HepG2-, (B) Hek-293-cells and (C) NHDFs (M45D) grown for 24 h under different cell culture conditions (+10%
FCS, +10% LPDS, -FCS). Data are presented in arbitrary units as means with corresponding standard error. Differences between cell culture settings were analyzed using

Kruskal-Wallis test with Dunn’s post-test (*p < 0.05; ***p < 0.0001).

concentrations. Especially high NAPDH concentrations decreased
test sensitivity due to a high impact on ion suppression. Hence,
we tested different concentrations of NADPH in the enzyme assay
(34, 15, 10, 5, 2.5, 1.25 mM), to choose the lowest amount with no
impact on enzyme activity measurements (data not shown). How-
ever, enzyme reaction systems described so far, varied remarkable
in their compositions and concentrations [17,23,24]. Substrate
reaction was carried out with 200 pM of HMG CoA, whereupon en-
zyme Kinetic studies with increasing concentrations of HMG CoA

revealed enzyme saturation under these conditions (data not
shown).

Enzyme reactions were observed in all tested cell lines, varying
in their magnitudes (Fig. 3). As shown in (Fig. 3), activity measure-
ments for HepG2 cells revealed that serum starvation had the
greatest impact on HMG CoA enzyme activity (Fig. 3a) increasing
up to 26.6 mU/l. However, lipoprotein deprivation had little effect
on cholesterol biosynthesis in HepG2 cells. HEK-293 cells exhibit
the highest enzyme activity rates under cultivation with 10% FCS,
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at which it decreased under delipidation and serum withdrawal
(Fig. 3b). A contradictory activity pattern was observed in NHDF,
which showed a 50-fold increase in HMG CoA reductase activity
under cultivation with lipoprotein-deficient serum (Fig. 3¢). In con-
trast, almost no enzyme reaction was detected under incubation
with 10% of FCS.

Cell culture settings, regarding serum supplementation, or lipo-
protein-deprivation had great impact on HMGCR activity in HepG2
and NHDF. As expected, liver cells (HepG2) exhibit the highest
activity rates, at which HMGCR can be as well strongly induced
by lipoprotein deprivation in human dermal fibroblasts, as de-
scribed before [5][9]. These measurements demonstrate the appli-
cability of this enzymatic test system for different experimental
settings.

4. Conclusion

In summary, we developed an efficient, simple and sensitive
method for measuring HMG-CoA reductase activities in different
human cell lines, monitoring MVL levels by UPLC-MS/MS. This as-
say can be applied for various cell culture settings regarding cho-
lesterol biosynthesis, e.g. investigating hypercholesterolemia,
development of atherosclerosis, or statin efficiency control. It pro-
vides a convenient and practicable tool for laboratory use and re-
search applications.
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