University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Foletta, VC;Palmieri, M;Kloehn, J;Mason, S;Previs, SF;McConville, MJ;Sieber, OM;Bruce,
CR;Kowalski, GM

Title:
Analysis of mammalian cell proliferation and macromolecule synthesis using
deuteratedwater and gas chromatography-mass spectrometry

Date:
2016-12-01

Citation:

Foletta, V. C., Palmieri, M., Kloehn, J., Mason, S., Previs, S. F., McConville, M. J., Sieber,
0. M., Bruce, C. R. & Kowalski, G. M. (2016). Analysis of mammalian cell proliferation
and macromolecule synthesis using deuteratedwater and gas chromatography-mass
spectrometry. Metabolites, 6 (4), https://doi.org/10.3390/metabo6040034.

Persistent Link:
https://hdl.handle.net/11343/145361

License:
ccBY


CC%20BY

H

m metabolites m\py

Article

Analysis of Mammalian Cell Proliferation and
Macromolecule Synthesis Using Deuterated Water
and Gas Chromatography-Mass Spectrometry

Victoria C. Foletta !, Michelle Palmieri 23, Joachim Kloehn 4, Shaun Mason !, Stephen F. Previs °,
Malcolm J. McConville %, Oliver M. Sieber 27, Clinton R. Bruce ! and Greg M. Kowalski »*

1 TInstitute for Physical Activity and Nutrition Research, School of Exercise and Nutrition Sciences,

Deakin University, Geelong 3216, Victoria, Australia; victoria.foletta@deakin.edu.au (V.C.E);
s.mason@deakin.edu.au (S.M.); clinton.bruce@deakin.edu.au (C.R.B.)

Systems Biology and Personalised Medicine Division, The Walter and Eliza Hall Institute of Medical
Research, Parkville 3052, Victoria, Australia; palmieri.m@wehi.edu.au (M.P.); sieber.o@wehi.edu.au (O.M.S.)
Department of Medical Biology, University of Melbourne, Parkville 3052, Victoria, Australia

Department of Biochemistry and Molecular Biology, Bio21 Molecular Science and Biotechnology Institute,
University of Melbourne, Parkville 3052, Victoria, Australia; j.kloehn@student.unimelb.edu.au (J.K.);
malcolmm@unimelb.edu.au (M.].M.)

MRL, Merck & Co. Inc., Kenilworth, NJ 07033, USA; stephen_previs@merck.com

Department of Surgery, University of Melbourne, Parkville 3052, Victoria, Australia

School of Biomedical Sciences, Monash University, Clayton 3168, Victoria, Australia

*  Correspondence: greg.kowalski@deakin.edu.au; Tel.: +61-3-9244-6882

5
6
7

Academic Editors: Devin Benheim, Farhana R. Pinu, Konstantinos A. Kouremenos, Damien L. Callahan and
David P. De Souza
Received: 2 September 2016; Accepted: 10 October 2016; Published: 13 October 2016

Abstract: Deuterated water (*H,0), a stable isotopic tracer, provides a convenient and reliable way
to label multiple cellular biomass components (macromolecules), thus permitting the calculation
of their synthesis rates. Here, we have combined 2H,O labelling, GC-MS analysis and a novel cell
fractionation method to extract multiple biomass components (DNA, protein and lipids) from the
one biological sample, thus permitting the simultaneous measurement of DNA (cell proliferation),
protein and lipid synthesis rates. We have used this approach to characterize the turnover rates and
metabolism of a panel of mammalian cells in vitro (muscle C2C12 and colon cancer cell lines). Our
data show that in actively-proliferating cells, biomass synthesis rates are strongly linked to the rate
of cell division. Furthermore, in both proliferating and non-proliferating cells, it is the lipid pool
that undergoes the most rapid turnover when compared to DNA and protein. Finally, our data in
human colon cancer cell lines reveal a marked heterogeneity in the reliance on the de novo lipogenic
pathway, with the cells being dependent on both ‘self-made’ and exogenously-derived fatty acid.

Keywords: deuterated water; biomass; GC-MS; stable isotopes; C2C12; colon cancer; protein
synthesis; lipogenesis; DNA synthesis

1. Introduction

The use of radioactive and stable isotope tracers to measure metabolic processes has underpinned
many fundamental discoveries in biochemistry and physiology [1]. Unlike ‘static’ measurements of
metabolite concentration, the use of tracers adds the dimension of time, allowing inferences to be
made about reaction rates and metabolic fluxes [1-3]. This kinetic feature permits the observation and
quantification of biochemical networks and biological processes, thus providing a detailed functional
readout of the behavior of the biological system [2,3]. In essence, metabolic pathway fluxes represent
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the functional output of multiple nonlinear regulatory layers that include gene, protein and metabolite
interactions [4].

To gain the most insight out of any experiment, it is ideal to be able to probe multiple pathways
simultaneously, thus allowing a broad assessment of cellular behavior. To do this, one would ideally
use a near-universal tracer that simultaneously labels multiple cellular metabolites (which can be
detected as free metabolites or constituents of macromolecules). In this regard, deuterated ‘heavy’
water (?H,0) is a particularly useful metabolic tracer [2,3]. Over 70 years ago, it was discovered
that introduction of low concentrations of 2H,O into biological systems results in the incorporation
of deuterium (*H) into a wide range of cellular metabolites and corresponding macromolecules
containing these metabolites [5-14]. Following the administration of >H,0 into the body water
pool in vivo or into cell culture media in vitro, °H atoms become stably incorporated via enzyme
catalyzed reactions into C-H bonds of nonessential amino acids, glycerol-3-phosphate, fatty acids,
cholesterol, hexoses and pentoses (ribose and deoxyribose). Subsequent analysis of 2H labelling of these
constituents in macromolecules provides a highly sensitive measure of the rates of synthesis/turnover
of lipids [15-27], proteins [15,28-34], DNA [15,35,36], RNA [15] and glucose/glycogen [25,26,37—43]
and an objective assessment of fundamental cellular processes that include, but are not limited to,
rates of cell and organelle proliferation, cell and tissue biomass turnover, de novo lipogenesis and
gluconeogenesis. Such measurements have tremendous application to researchers in the field of cancer,
immunology, cardiovascular disease, metabolism, diabetes, obesity, developmental biology, as well
as the biotechnology and agricultural sectors. In addition to measuring multiple metabolic processes
simultaneously, 2H,0 labelling is advantageous because: (1) the even distribution of the 2H,0 in
the total body/cellular pool makes it simple to determine the precursor:product labelling ratios that
are required to calculate synthetic flux with confidence; (2) the 2H,0 tracer can be easily and safely
administered for long periods of time in vivo and in vitro, permitting flux measurements in free living
conditions or long-term culture experiments; and (3) the capacity to label for extended periods of
time leads to efficient labelling of total cellular biomass, increasing the sensitivity of the analysis and
reducing artefacts that are sometimes associated with incomplete quenching of cells/tissues during
harvesting [3,24,32,35].

In most published studies, 2H,O labelling protocols generally focus on measuring *H
incorporation into a single class of macromolecules, and/or replicate samples are prepared for
parallel extractions of different classes of macromolecules. However, the latter approach is not always
possible if sample is limiting. We therefore present here a simple method that simultaneously extracts
nucleic acid, protein, lipid and polar metabolite fractions from a single sample, enabling simultaneous
measurement of synthetic rates of different biomass components using >H,O and gas chromatography
coupled to mass spectrometry (GC-MS). We have used this method to characterize cellular biomass
synthetic fluxes in a panel of mammalian cells in vitro, thus demonstrating the utility of this approach.

2. Methods

We have developed a method for sequentially extracting the major classes of macromolecules
from mammalian cells, although this method can be readily adapted to other eukaryotic cells that lack
a cell wall (Figure 1). We have found this method to be easily scalable depending on sample availability
and instrument sensitivity. The method is based on that described by Sapcariu et al. [44], but generates
a pellet containing protein and DNA /RNA after the initial organic solvent extraction, rather than an
interphase precipitate [44], facilitating the separation of protein/nucleic acid from polar and non-polar
metabolites. Furthermore, the method exploits a simple cell quenching protocol involving rapid
chilling of cultures/tissues on ice, which is sufficient to prevent the turnover of macromolecules of
interest during the initial extraction.

2.1. Cell Culture

The mouse C2C12 myoblast cell line was obtained from ATCC (Manassass, VA, USA). Human
cancer cell lines (colon carcinoma: DLD1, SW480, SKCO1 and LOVO) were obtained from ATCC
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and genetically validated at the Australian Genome Research Facility at the Walter and Eliza Hall
Institute of Medical Research. Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), horse serum, Dulbecco’s phosphate-buffered saline without calcium or magnesium (DPBS) and
cell trypsinizing agent TrypLE™ were from Life Technologies (ThermoFisher Scientific, Bayswater,
VIC, Australia). Corning tissue culture plastic-ware was purchased from In Vitro Technologies (Noble
Park, VIC, Australia). Deuterated water (deuterium oxide; 2H,0) was obtained from Sigma-Aldrich
(St. Louis, MO, USA). C2C12 myoblasts and colon carcinoma lines were cultured in 25 mM D-glucose
(high glucose, 4.5 g/L) DMEM containing glutamine, sodium pyruvate and HEPES (Life Technologies;
11995-073) supplemented with 10% v/v FBS (growth medium). All experiments were performed
on myoblasts cultured between Passages 4-10. To differentiate the myoblasts, cells were grown to
confluence, and the medium was changed to high glucose DMEM supplemented with 2% v /v horse
serum (differentiation medium). Growth and differentiation media were replenished every 48 h.

2.2. 2H,0 Labelling

Experiment 1: C2C12 myoblasts were initially plated at 2 x 10* cells/mL in a 6-well plate in
duplicate before being suspended in growth medium containing 4% 2H,O and harvested at 12, 24,
48, 72, 96 and 120 h (with fresh 2H,O media replacement at the 48- and 96-h time-points). Note:
after reaching the 72 h time-point, the cells destined for the 96 and 120 h treatment were subcultured
(replated) at a lower density in the 4% ’H,0 containing media in order to remain subconfluent and
hence in a proliferative state. Duplicate wells containing no cells were also filled with 4% 2H,O
labelled media and harvested at 96 h to provide extraction blank samples in order to determine if any
contamination was present (particularly with lipids). A parallel plate was also prepared in which
cells were incubated in standard growth media (non-2H,0) allowing for correction of natural isotopic
background abundance in the different macromolecular constituents. Experiment 1 was used to
initially establish the time course required to achieve plateau 2H enrichments in DNA and protein in
the C2C12 myoblasts, thus permitting the calculation of proliferation and protein turnover rates.

Experiment 2: An independent 2H,O labelling experiment was undertaken to assess the
reproducibility of the method and to detect fundamentally different biological behaviors in the same
cell type. Specifically, actively dividing C2C12 cells (proliferating myoblasts) and post-mitotic C2C12
cells that had been terminally differentiated into myotubes were labelled as described in Experiment
1 (although only including 12-, 24-, 48- and 96-h time-points). For labelling of the C2C12 myotubes,
myoblasts were plated as before; however, upon reaching confluence, myoblast cells were allowed to
differentiate for two days prior to the addition of 4% 2H,0 differentiation medium to commence the
12-96-h labelling experiment. Macromolecular turnover was assessed by measuring >H enrichment in
DNA-derived deoxyribose (proxy for cell proliferation rate), protein-derived alanine (proxy for protein
synthesis/turnover rates), total cellular palmitate (proxy for de novo lipogenesis) and lipid-derived
glycerol in the total lipid pool (proxy for membrane turnover).

Experiment 3: Triplicate wells were plated with DLD1, SW480, SKCO1 and LOVO cells
(1 x 10* cells/well) in DMEM with 10% FBS. Seventy-two hours post plating, 2H,O media (DMEM
with 5% 2HZO) were added over a time course of 8, 24, 48, 72 and 96 h with the same extraction blank
and ‘no labelling” controls as described in Experiment 1.

2.3. Biomass Fractionation

The general workflow for this procedure is described and schematically depicted in Figure 1.
All solvents were analytical grade, and ultra-pure H,O was used. Culture plates were placed on
ice-water slurry and the media rapidly aspirated, prior to washing of the cell monolayers with ice
cold 0.154 M NacCl (0.9% w/v). Cells were subsequently covered in ice-cold methanol/H,0O (1:1 v/v,
800 nL) then scraped and transferred to Eppendorf tubes. Protein and nucleic acids in the suspension
were precipitated by the addition of ice-cold isopropanol (400 nL) to generate a single phase solution
(methanol/H,O/isopropanol; ~1:1:1 v/v). At this stage, the samples were frozen at —80 °C (optional).
The suspension, containing flocculent material, was centrifuged for 10 min at 20,000 x g and the clear
supernatant (containing polar and non-polar metabolites) transferred to a clean glass screw cap tube
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(100 x 13 mm Kimax® Test Tube). The single phase supernatant was converted to a two-phase system
by the addition of 400 uL chloroform. Following gentle centrifugation, the upper phase containing
polar metabolites was removed and discarded, while the bottom organic layer (isopropanol and
chloroform) was transferred to another clean glass tube and evaporated to complete dryness in a speed
vacuum (Labconco, Kansas, MO, USA) for analysis of total lipids. The presence of polar metabolites
in the upper phase of the cell supernatant was confirmed via GC-MS using previously published
methods [45,46] (Figure S1).

The first pellet fraction generated in the Eppendorf tube was gently washed by adding ice
cold methanol/H,0O/isopropanol (1:1:1 v/v 600 uL) and centrifuged for 5 min at 20,000x g. The
supernatant was removed by gentle decanting and the pellet dried by leaving the tubes open in a fume
cupboard for 15-30 min; to ensure the supernatant is removed gently, as the pellet can be unstable.
After drying, the pellet was resuspended in ultra-pure HyO (50 puL), heated at 60 °C for 10 min followed
by thorough vortexing. Note: heating is required to resuspend the pellet, and this can be further
enhanced by immediate vortexing and or pipette mixing. The larger the pellet, the greater the volume
of H,O that could be required for resuspension (i.e., add extra H,O in 25 pL increments till the pellet
is resuspended). An aliquot (20 pL) of the suspension was transferred to a clean safety lock Eppendorf
tube (for measurement of protein synthesis), while the remaining 30 uL of the mixture was used for
the analysis of DNA synthesis.

- Quench cell plates on ice - Gently decant superatant into glass tube leaving pellet undisturbed
- Wash cells in ice cold 0.9% w/v NaCl - Organic solvent such as chloroform is added to glass tube containing supernatant for
- Scrape in ice cold 1:1 Methanol: ultra-pure H,0 biphasic separation of polar and non-polar metabolites
- Collect into 1.5-2 mL safety lock tubes - Remaining pellet containing protein and nucleic acid is gently washed by adding ice
- Add 1 part volume ice cold isopropanol to tube cold methanol/H,O/isopropanol (1:1:1 v/v) in order to remove any free metabolites
- Vortex thoroughly - Centrifuge at ~20,000x g for 5 min at 4 °C, gently decant and discard supernatant
- Store at -80 °C or continue with extraction - Pellet should be briefly dried to evaporate remaining alcohol
- *Note: If same day extraction performed on cells with low biomass yield, let tubes - Resuspend pellet in ultra-pure H,O: typically 20-100 puL will suffice, depending on
sit in -20 °C for 1 hr to aid nucleic acid precipitation the size of pellet
- Centrifuge at ~20.000x g for 10 min at 4 °C - The resuspended pellet is then split into two aliquots, one for protein and the other for
- White pellet containing protein and nucleic acid should be visible in bottom of the DNA synthesis analyses.
tube
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Figure 1. Schematic representation and general steps for the single sample biomass
fractionation/extraction method.

2.4. Analysis of Deuterium Incorporation into Protein

The protein sample (20 uL) was diluted with 400 uL of 6 M HCl and hydrolyzed by incubation at
110 °C overnight. Following the acid hydrolysis, the samples were evaporated to complete dryness in
an acid-resistant speed vacuum (Labconco, Kansas, MO, USA) at 60 °C. The released amino acids were
derivatized by the addition of pyridine (50 uL, Sigma) and MTBSTFA + 1% TBDMCS (50 uL, Sigma),
and incubated at 60 °C for 30 min. The mixture was transferred into 250-pL glass inserts (Agilent) in
2-mL glass vials and analyzed by GC-MS. The ?H incorporation into protein-derived alanine was used
to determine the protein synthesis rates.
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2.5. Analysis of Deuterium Incorporation into DNA

The nucleic acid sample (30 pL) was suspended in 250 uL proteinase K solution (0.2 mg/mL) and
incubated at 55 °C overnight. The proteinase K solution was made from a 1-mg/mL H,O stock of
proteinase K (Sigma) mixed with VIAGEN Direct PCR Tail Lysis Reagent (1:4 v/v proteinase K: lysis
buffer). The protein-free solution was diluted with isopropanol (250 uL), and samples were centrifuged
at 20,000x g for 5 min at room temperature, to precipitate DNA. The supernatant was carefully
discarded, the DNA pellet washed with 70% ethanol (500 pL, 2 min) and the supernatant removed after
centrifugation at 20,000 x g for 5 min. The DNA pellet was left to dry for ~15 min, then resuspended in
H,0 (200 pL) with heating at 55 °C for 10 min followed by vortexing. The resuspended DNA samples
were hydrolysed and dephosphorylated by the addition of 50 uL of 5x hydrolysis buffer containing S1
nuclease (Sigma; N5661; 50 kU) and potato acid phosphatase (Merck Millipore /Calbiochem; 524529;
1 kU) and incubated overnight at 37 °C [15,35]. The complete (enzyme containing) 5x hydrolysis
buffer was prepared by initially making a 100-mL 5x buffer stock containing 0.375 M of sodium acetate
(pH 5.0; adjusted with glacial acetic acid) and 1 M ZnSO4.7H,O. The potato acid phosphatase was then
resuspended in 1 mL of ultra-pure H,O while the S1 nuclease in 2 mL of 1x hydrolysis buffer (diluted
ZnSOy containing 5x hydrolysis buffer). Following reconstitution, both enzymes were completely
transferred from their original containers into 37 mL of 5x ZnSO4 containing hydrolysis buffer, making
a final volume of ~40 mL. This complete 5x hydrolysis buffer was aliquoted into Eppendorf tubes
(1 mL each) and stored at —20 °C for subsequent use, with each 1-mL aliquot providing ~20 reactions.
After DNA hydrolysis, the deoxyribose moiety was derivatized in a two-step reaction. First, 0.184 M
HCI (100 pL) was added to the 250 pL hydrolysed sample followed by the addition of 10 uL of 50 mM
0-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine hydrochloride (PFHBA, 12.5 mg/mL H,O; Sigma)
and the reaction incubated at 90 °C for 3 h. The oxime of deoxyribose was extracted by the addition
of ~20 mg of NaCl (aids biphasic partitioning) and 1 mL of ethyl acetate/hexane mix (1:1 v/v) to
each tube. The samples were vigorously vortexed and centrifuged at 2500x g for 2 min. A portion
(600 pL) of the top organic phase was carefully transferred to a new 12 x 75-mm glass Kimble tube.
A second extraction was then performed on the original sample by the addition of 800 uL of pure ethyl
acetate followed by vortexing and centrifugation, as in the previous step. In the second extraction
750 pL of the top organic phase was carefully transferred to the previously extracted sample in the
corresponding Kimble tube. The pooled samples were then dried in a speed vacuum at 30 °C. Once
dry, samples were resuspended in 50 pL of pyridine and 50 pL acetic anhydride (Sigma), thoroughly
vortexed and the mixture transferred into 2-mL GC vials with 250-uL inserts and heated at 60 °C for
30 min. This derivatization method forms the perfluorotriacetyl derivative of deoxyribose and permits
analysis via GC-MS in the negative chemical ionization (NCI) mode [35]. Analysis in the NCI mode
increases analytical sensitivity and allows DNA synthesis rates to be performed in the presence of
relatively low yields of DNA [35]. The deuterium incorporation into DNA-derived deoxyribose was
used to quantify DNA synthesis rates and hence cell doubling times [35].

2.6. Analysis of Deuterium Incorporation into Lipids

The dried organic phase (total cellular lipids) was transesterified by the addition of 3N methanolic
HC1 (250 pL, Sigma) and incubation at 60 °C for 1 h. This reaction releases all esterified fatty acids,
with the formation of the corresponding fatty acid methyl esters (FAME) that are amenable to analysis
by GC-MS. The methanolic HCl was evaporated to dryness under a gentle stream of nitrogen gas and
samples resuspended in pyridine (50 puL) and acetic anhydride (50 pL), vortex mixed and transferred
into 250-uL glass inserts in 2-mL GC vials and heated at 60 °C for 30 min. This second reaction
was used to convert lipid-derived glycerol molecules obtained from the transesterification process
into the glycerol triacetate derivative. Total lipid synthesis/turnover rates and de novo lipogenesis
(DNL) were measured by measuring the incorporation of 2H into lipid-derived glycerol and palmitate
(C16:0), respectively. Palmitate labelling is used for DNL measurements, as it is the major product
of the fatty acid synthase reaction in mammals, with labelling in fatty acids that are >16 carbons
in length resulting from chain elongation, not DNL [22,27]. The major advantage of using 2H,0O to
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measure DNL is that it accounts for all substrate sources used to make fatty acids (all source DNL),
as opposed to providing a readout of the contribution of only one specific substrate (precursor) to
the newly-synthesized fatty acid, as is the case with other tracers, such as glucose and glutamine,
etc. Note: palmitate contamination is a common occurrence, particularly if plastic consumables are
used with solvents. One should ensure glassware is used where possible and multiple extraction
blanks incorporated into each experiment. The use of multiple extraction blanks can determine the
degree of palmitate contamination. A high palmitate background will lead to an underestimation of
palmitate enrichment in biological samples and may introduce a high variability in labelling between
biological replicates.

2.7. GC-MS

Total protein synthesis/turnover data were generated using an Agilent 6890N GC system and an
Agilent 5975C MSD (Agilent Technologies, Santa Clara, CA, USA) in electron ionization (EI) mode,
with helium as the carrier gas. Specifically the 260 mz (M), 261 mz (M;) and 262 mz (M) ions of the
alanine tert-butyldimethylsilyl (t-BDMS) derivative were analyzed in selective ion monitoring mode
(SIM). These specific ions retain the entire molecular structure of the alanine molecule, permitting
every possible deuterium enrichment in the available alanine C-H bonds to be measured. A VF-5
capillary column with a 10-m inert EZ-guard (] & W Scientific, 30 m, 0.25 mm, 0.25 pm) was used,
and the front inlet and transfer line temperatures were both set to 270 °C, while the quadrupole and
source temperatures were set to 150 °C and 230 °C, respectively. The oven temperature gradient was
set to: 100 °C (2 min); 100 °C-320 °C at 25 °C/min with a 3-min hold time at 320 °C. The sample
(1 pL) was injected with a 20:1 split ratio. Note: for GC-MS tracer isotopic enrichment analysis,
the split ratio setting should be modified accordingly to the intensity of the chromatographic peak,
ensuring that the GC column or MSD are not overloaded (within linear dynamic range) and that the
chromatogram shape is sharp, symmetrical and front or back end tailing not present, as a high quality
chromatographic separation and peak shape are required for accurate tracer enrichment analysis.
Performing an analysis with unlabeled chemical standards over a range of concentrations can easily
determine the dynamic linear range for the specific molecule of interest.

DNA synthesis data were generated using an Agilent 7890B GC system and an Agilent 5977B
MSD in NCI mode, with helium as the carrier and methane as the reagent gas. The perfluorotriacetyl
derivative of deoxyribose was analyzed by monitoring the 435 mz (My), 436 mz (M;) and 437 mz
(My) ions in the SIM mode. Note: this derivative results in the formation of two deoxyribose peaks
(cis-, and trans- isomers); typically the larger later eluting peak is used for quantification, although
if chromatogram peaks are of high quality, both should yield near identical enrichments [35]. These
specific ions retain all available deoxyribose C-H bonds [35]. A VF-5 capillary column with a 10-m
inert EZ-guard (J&W Scientific, 30 m, 0.25 mm, 0.25 pm) was used, and the front inlet and transfer
line temperatures were set to 280 °C and 250 °C, respectively, while the quadrupole and source
temperatures were both set to 150 °C. The oven temperature gradient was set to: 50 °C (2.25 min);
50 °C-320 °C at 40 °C/min with a 3-min hold time at 320 °C. The sample (1 uL) was injected with a 10:1
split ratio. Note: As discussed above for alanine analysis, the split ratio setting should be optimized for
the peak shape and avoidance of overloaded chromatograms. Analysis in the NCI mode is particularly
sensitive, thus high DNA yields will require greater split ratio settings and or sample dilution.

Lipid synthesis data were generated using the same instrument and column as for DNA synthesis;
however, the analysis was performed in positive chemical ionization (PCI) mode. Glycerol triacetate
was analyzed by monitoring the 159 mz (My), 160 mz (M;) and 161 mz (M;) ions and methyl palmitate
using the 299 mz (My), 300 mz (M) and 301 mz (M3) ions. Both glycerol triacetate and methyl palmitate
were analyzed within the one single run in the SIM mode. These specific ions retain all available C-H
bonds within the glycerol and palmitate molecules. The front inlet and transfer line temperatures were
set to 275 °C and 250 °C, respectively, while the quadrupole and source temperatures were set to 150 °C
and 300 °C, respectively. The oven temperature gradient was set to: 60 °C (1.5 min); 60 °C-320 °C at
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35 °C/min with a 3-min hold time at 320 °C. The sample (1 puL) was injected with a 10:1 split ratio.
Again, as discussed earlier, the split ratio should be optimized for each experiment.

2.8. Calculations

The abundance of each chromatographic peak was calculated by integrating the area under the
curve (AUC) for each specific ion using Agilent Mass Hunter Quantitative analysis software. To
calculate sample enrichment, the natural isotopic background abundance of each sample needs to
be subtracted. Therefore, sample enrichment in excess of background enrichment was calculated by
applying the following equation to the calculated AUC values:

EM; [Excess molar enrichment (%)] = [Mi/(Mp + Ml)(biologicalsample) - My/Mp + Ml)(unlabeled sample)] x 100 (1)

The cells not treated with 2H,O served as the reference unlabeled background control samples.
To ensure there was no unexpected ion contamination in the biological samples (matrix effect), an
unlabeled set of chemical standards for each metabolite was measured alongside each run. The natural
isotopic background abundance of each chemical standard was equal to that of the corresponding
unlabeled biological background control, such that:

[M1/(Mo + Mi)lunlabeled sampley = [M1/(Mo + Mi)](chemical standard) )

On the occasion that the percentage of turnover was shown, the calculation was made as follows:
Turnover (%) = EMjsample)/ EMimax * 100 3)

where EM(mayx) represents the excess My isotopomer enrichment in the fully-labelled (turned over)
metabolite pool, also known as the asymptotic or maximal/plateau value.

To determine the fractional synthesis rate constant (k) and half-life (¢, /») of each specific biomass
pool, rise-to-plateau kinetics were used, whereby non-linear (exponential precursor-product equation)
least squares fitting plots were applied to the enrichment data over time:

Fy= fmay x 1 — e k), or this can be expressed as EMyp = EMjpmay x (1 — ) 4)

where F) or EMy;) represent the fractional or percent ’H enrichment in a specific metabolite (i.e.,
alanine, glycerol, deoxyribose or palmitate) at a specific time during the labelling period (), f(max)
or EMj(may) Tepresents the asymptotic (maximal or plateau) value in fractional or percentage units
and k is the mathematically-predicted fractional synthesis rate constant (expressed in units of time™1).
In these specific experiments, the culture times were measured in hours; thus, k was expressed as h~1.

Half-life (t1 ) represents the time taken for the specific metabolite pool to be half turned over,
i.e., the time taken to achieve 50% of EMjay). In the case of DNA synthesis, the t; /, of enrichment
in DNA-derived deoxyribose represents the cell doubling time, i.e., after one cell division event, two
DNA strands have been duplicated, resulting in two original DNA strands and two new ones (50%
unlabelled and 50% labelled) [35]. Thus, the lower the half-life, the more rapid the rate of synthesis is.
The half-life is calculated by the following equation:

Half-life (t; ) = 0.693/k (5)

To determine what proportion or percentage of the total esterified palmitate pool was derived
from DNL, it is necessary to perform mass isotopomer distribution analysis (MIDA). MIDA, is a
combinatorial method (binomial distribution model) used to determine the maximum number of
exchangeable carbon bound hydrogens (N) in a specific molecule [16-18,22,23,47]. While beyond a
detailed discussion here, the requirement to perform MIDA on the palmitate data (and many other
lipid classes also) results from the fact that in the presence of 2H,0, the total intracellular palmitate
pool is a combination (mixture) of both labelled ‘self-made’” palmitate molecules and unlabeled
pre-existing (exogenous) ones derived from the serum in the cell culture media. Thus, unlike in the
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other biomass pools analyzed here (i.e., protein-derived alanine, DNA-derived deoxyribose, etc.),
the experimentally-obtained maximal (plateau) >H enrichment values in palmitate do not necessarily
correspond to the theoretical EMymay) [16-18,22,23,48]. The experimentally-determined plateau
enrichment values indicate that the DNL-derived palmitate pool is fully turned over (replaced).
However, the specific enrichments have not reached their absolute theoretical maximum as the uptake
and esterification of unlabeled media-derived exogenous palmitate continually dilute the labelled
‘self-made’ pool. To determine the N value and hence true theoretical EMj(may) for labelled palmitate
from the experimental data, one can use the ratio of consecutive isotopomers (M/M;) and the
enrichment of 2H,O in the culture media (or body water pool in vivo). However, prior to calculating
N, the raw M; and M, palmitate isotopomer values obtained from the GC-MS must be corrected
for natural isotopic background abundance skew. Corrections were made using the matrix method
described by Lee et al. [23]. The corrected data are expressed in the mole percent excess (MPE) form,
whereby My + M + M; = 100% or 1 if expressed in the fractional form. N was calculated using the
following equation:

M,/M; = [(N-1)/2]/[media *H,O enrichment/(1 — media ?H,O enrichment] 6)

Once N was calculated for each experimental time point, the maximal theoretical enrichment,
EM(max) Was calculated as follows:

Theoretical EMjmayx) = N X media ’H,0 enrichment (7)

Culture media ?H,O enrichment in C2C12 experiments was 4% (0.04), while in colon cancer cell
experiments, it was 5% (0.05).

Finally, with the theoretical EMynay) solved, the percentage of newly-synthesized palmitate was
then calculated by comparing the experimentally-observed total enrichment at each specific time point
MPE; (1) to the theoretical EM 4y, such that:

Newly synthesized palmitate (%) = MPEyy /theoretical EMymay) x 100 (8)

MPEtotal(t) =M1 x 1 + M2 X 2 (9)

Given the low amount of 2H,O (precursor) used in this study, Mz enrichments were negligible,
and therefore, only M; and M, enrichments were used in the calculation of MPEyt,1()- The MPEqa1(p)
is analogous to a specific activity in radiolabeled tracer terms and represents the observed total number
of 2H atoms incorporated per palmitate molecule at any given experimental time.

3. Results and Discussion

3.1. Establishing a DNA and Protein H Labelling Time Course in C2C12 Myoblasts

Experiment 1 validated the biomass fractionation procedure (Figure 1) and the use of 2H,O
labelling combined with the rise to plateau kinetics to simultaneously determine DNA and protein
synthesis rates in rapidly-dividing cells in vitro. The murine C2C12 myoblast line rapidly proliferates
under serum stimulated conditions, but can also be induced to undergo terminal differentiation.
Differentiation is induced by replacing 10% FBS with 2% horse serum (mild serum starvation) when
myoblasts reach confluence, which causes rapidly dividing C2C12 myoblasts to exit the cell cycle and
fuse together to form multinucleated myotubes, a form of immature muscle fiber [48]. To initially
establish the speed at which DNA and protein turnover were occurring under rapidly dividing
conditions (10% FBS), we performed a broad labelling time course whereby subconfluent C2C12
myoblasts were treated with media containing 10% FBS in the presence of 4% 2H,O for a 12-120-h
period. As seen in Figure 2A, 2H enrichment in DNA-derived deoxyribose and protein-derived
alanine occurred rapidly, and while the absolute amount of labelling differed between the two
molecules, the rate of rise in enrichment, referred to as the rise to plateau, was remarkably similar
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and occurred within 72 h. Accordingly, using non-linear least squares fitting of plots, the calculated
DNA (k =0.044 h~1) and protein (0.043 h~1) turnover constants were very similar. The t; /, for protein,
which represents the time taken to achieve 50% turnover, was 16.16 h. In the case of DNA labelling,
the t1 /5, which represents the cell doubling time, was calculated to be 15.69 h, which is consistent
with previously published C2C12 doubling times of 15.2-19.7 h [49], as assessed using manual cell
counting. The maximum level of 2H—labeling in deoxyribose was higher than in alanine (Figure 2A),
because there are more opportunities for 2H to be incorporated into deoxyribose (through the pentose
phosphate pathway, hexose phosphate isomerization) [35], compared to alanine (transamination
of pyruvate) [30-32]. The synthesis rate is therefore determined by empirically measuring the
time taken to achieve the unique maximal (plateau) labelling value, known as the rise to plateau.
The enrichment data in Figure 2A can be rearranged and presented in terms of the relative turnover,
whereby the enrichment at each experimental time point is made relative to the experimental plateau
enrichment value(s) achieved (Figure 2B), resulting in identical k and ¢; /, calculations, as in Figure 2A.
Importantly, from a biological perspective, the near identical DNA and protein synthesis rates seen in
rapidly-proliferating C2C12 myoblasts (t; /, ~16 h) strongly suggests that protein synthesis is largely
driven by cell division. This seems like a logical finding as the stimulation of cell division requires
both DNA and proteome duplication; thus, these two critical processes need to be highly coordinated.
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t;,,=15.69h
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~ 41
=
=
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2 k=0.043 !
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R*=10.99
0_
0 12 24 36 48 60 72 84 96 108 120
time (h)
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z
£ 754
b
>
=
g <
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Figure 2. Time course for 2H-incorporation into DNA-derived deoxyribose and protein-derived
alanine in C2C12 myoblasts following incubation in 4% *H,O over 120 h 2H,O treatment. Excess molar
enrichment in the M; isotopomer (EM;) over time in DNA-derived deoxyribose and protein-derived
alanine (A); the percent turnover of the cellular DNA and protein pools over time (B). Inset: fractional
synthesis rate constant (k), half-life (¢;,,) and goodness-of-fit (R?) from non-linear curve fitting.
Two replicates were performed for each time point. Error bars represent the standard error of the
mean (SEM).
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Figure 3. Comparison of H-incorporation into DNA-derived deoxyribose and protein-derived
alanine in C2C12 myoblasts and myotubes following incubation in 4% 2H,O treatment over 96 h.
Representative images of myoblast and differentiating myotubes (A); excess molar enrichment in the
M; isotopomer (EM) over time in DNA-derived deoxyribose (B) and protein-derived alanine (C) in
myoblasts and myotubes. Inset: fractional synthesis rate constant (k), half-life (t; /;) and goodness-of-fit
(R?) from non-linear curve fitting. Two replicates were performed for each time point. Error bars
represent the standard error of the mean (SEM).

3.2. Comparison of Biomass Synthesis Rates under Mitotic and Post-Mitotic Conditions in C2C12 Cells

To further validate the fractionation procedure and analytical methodology, we next determined
how biomass synthetic rates differ under different growth/physiological conditions. Therefore,
we compared 2H,O labelling kinetics in both C2C12 myoblasts and myotubes (Figure 3A). Unlike
myoblasts, which undergo rapid proliferation and accordingly have high biomass synthetic rates,
myotubes are non-dividing. As expected, near identical myoblast DNA synthesis/cell proliferation
rates were measured in both experiments (Figure 3B: k = 0.047 h™1; t;, = 14.77 h vs. Figure 2A:
k =0.044 h™1; t;, = 15.69), highlighting the high degree of reproducibility between experiments
(Figures 3 and 4). In contrast, myotubes displayed a dramatic reduction in DNA synthetic rates, with
no labelling detected in the first 12 h of 2H,O treatment (Figure 3B). This indicates that in the first 12 h
of experimentation, no new cells could be detected in the myotube cultures, while in the myoblast
cultures ~45% of cells were newly formed. However, when looking across the entire time course
(Figure 3B), it could be clearly seen that the myotube cultures did display a small degree of DNA
synthesis, indicating the presence of a minor population of cells that were actively dividing. Since
the myotube DNA 2H enrichment pattern displayed linear kinetics and was far from reaching the
plateau (Figure 3B), it was not possible to perform non-linear curve fitting to determine k. However,
it can be seen that DNA 2H enrichment at the final time point (96 h) in the myotube cultures was
approximately equal to that seen in the myoblasts at the 12-h time point (Figure 3B), thus indicating
that on average, myoblast DNA synthesis proceeded ~8-times more rapidly than in the myotubes. It is
important to note that a large body of literature has shown that when proliferating C2C12 myoblast
cultures are induced to differentiate through serum withdrawal, a significant proportion of these cells
escapes terminal differentiation and, thus, does not fuse to form myotubes [50-52]. These cells have
been referred to as ‘reserve cells’, are thought to be quiescent and closely related to satellite stem cells
found in skeletal muscle, which are involved in the regeneration of adult muscle in vivo [50-52]. Thus,
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the persistence of DNA synthetic activity, albeit at profoundly low rates in the myotube cultures is
entirely consistent with the existence of these ‘reserve cells’; however, our data suggest that this unique
cell population is not quiescent, but rather slowly dividing.

We also compared the protein synthetic activity between cultured myoblasts and myotubes.
Rapidly proliferating myoblasts displayed two-fold higher rates of protein synthesis than the myotubes
(Figure 3C: myoblast k = 0.031 h-1, t1/2 = 22.35 h; myotube k = 0.017 h—1; t1/2 = 41.55 h). These data
show that myotubes are metabolically active and continue to actively turn over their proteome despite
being largely post-mitotic.

Simultaneous measurement of 2H labelling in the glycerol and fatty acid moieties of total lipid
extracts provided additional insight into the physiological /metabolic state of myoblasts and myotubes.
2H incorporation into the glycerol backbone of esterified lipids (phospholipids and glycerides) provides
a measure of the rate of synthesis or turnover of the lipid pool, which largely resides in the plasma
and organelle membranes of most cells. As seen in Figure 4A, the labelling kinetics of lipid-derived
glycerol showed that lipid synthesis was more rapid in both myoblasts and myotubes than when
compared to the other biomass components. Specifically, plateau labelling was achieved within the
96-h labelling period in both cell types (Figure 4A). Consistent with their rapid proliferation, myoblast
lipid synthesis occurred almost three-fold more rapidly than in the myotube cultures (Figure 4A:
myoblast k = 0.064 h—1, t1/2 = 10.8 h; myotube k = 0.025 h—1; t1/2 = 28.02 h). These data further
demonstrate that non-dividing C2C12 myotubes are metabolically active and replace the equivalent of
their entire membrane lipid pool every 96 h.

Additionally, analysis of 2H-labelling of total cellular palmitate provides an indication of de novo
lipogenesis (DNL). In myoblasts, 2H-palmitate labelling rapidly reached a plateau after 48 h. In contrast,
2H-labeling in myotubes increased more slowly and had not plateaued over 96 h (Figure 4B).
The calculation of DNL is complicated by the fact that most cells can also take up fatty acids from
the medium (as discussed in the Methods Section), resulting in a lower maximum labelling than
expected if all of the cellular fatty acid needs of the cell were generated by de novo synthesis [22,23].
This can be addressed by performing MIDA to determine experimentally the true theoretical maximum
enrichment in palmitate and, therefore, to determine what portion of palmitate was newly synthesized.
As has been the case in all other biomass components measured, the myoblasts synthesized palmitate
more rapidly than did the myotubes (Figure 4C: myoblast k = 0.026 h™!, t; , = 26.43 h; myotube
k=0.008h~1; t; /2 = 83.84 h). In the myoblasts, the experimentally-determined maximum (plateau),
also referred to as the equilibrium level of labelling, was ~56% and occurred within 48 h of 2H,O
treatment (Figure 4C). This indicates that ~56% of the total palmitate pool was ‘de novo synthesized’,
and the rest (~44%) was derived from the culture media. Since the 2H enrichment kinetics did not
reach equilibrium levels in the myotubes, we determined the equation predicted maximum value
(Figure 4C; ~77%; R? = 0.99). Thus, it appears the myotubes were more dependent on the DNL pathway
than the myoblasts, with ~77% of the palmitate being ‘self-made” and ~23% taken up from media.
These differences may be hardwired into the metabolic networks of each cell type or it could reflect
differences in the fatty acid content of the media. Specifically, myoblasts are grown in serum-rich
medium containing 10% FBS, while myotubes are formed and maintained under serum-deprived
conditions (2% horse serum). Myotubes may therefore be more reliant on the DNL pathway to
supply fatty acids for vital functions, such as membrane synthesis/remodelling. Additionally, having
performed MIDA analysis, we calculated the N values for palmitate under our experimental conditions.
As can be seen in Figure 4D, myoblast and myotube N values did not differ and were remarkably
consistent over the entire experimental time course. Given N was consistent over time, the data
strongly suggest that the precursor pools for palmitate synthesis (HyO, NADPH and acetyl-CoA)
were rapidly labelled and in equilibrium with 2H,0 [22,27]. The N values shown in the legend of
Figure 4D are the average of those determined at the 48- and 96-h time points, as these reflect the most
accurate calculations possible due to the high degree of palmitate ?H enrichment at these time points.
Since the calculation of N requires the use of consecutive isotopomer ratios (M, /M), it is necessary
that sufficient labelling (particularly in the M, isotopomer) is achieved in the molecule of interest
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in order to attain reliable calculations [47]. The finding that palmitate N values in our C2C12 cells
experiments ranged from 14-15 is similar to that previously reported in the literature in HepG2 and
MCA cancer cells (N = 16-18) [23]. Interestingly, a common feature and advantage of using 2H,O to
label endogenously-synthesized molecules, such as DNA, protein and lipids, lies in the amplification
effect between precursor and product enrichments [16,17,24,30,31,35]. Specifically, the amount of 2H
enrichment (EM) in various molecules can exceed the 2H,O level, thus enhancing analytical accuracy.
The reason for such an amplification results from the fact that several 2H atoms can incorporate into
the analyte (i.e., multiple C-H bonds within a molecule) [16,17,24,30,31,35]. This is particularly evident
in molecules with a large number of C-H bonds, such as fatty acids, as seen in the myoblast palmitate
data (Figure 4B) where the plateau EM; values reached ~15.6% while the 2H,0 enrichment was only
4%. It is also worthy to mention that the amplification effect appears to be more pronounced in vivo
in animals/humans than in the in vitro cell culture setting, likely due to the existence of additional
pathways for incorporating ?H into product molecules in a multi-organ system [21]. This highlights
the importance of performing rise to plateau experiments (at least initially) in order to establish the
maximal labelling that can be achieved under the specific experimental conditions being performed.
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Figure 4. Comparison of 2H-incorporation into lipid-derived glycerol and total palmitate in C2C12
myoblasts and myotubes following incubation in the presence of 4% 2H,O. Excess molar enrichment in
the M; isotopomer (EM;) over time in lipid-derived glycerol (A) and total intracellular palmitate (B) in
myoblasts and myotubes. Percentage of newly-synthesized palmitate in myoblasts and myotubes (C).
The experimental maximum (plateau) value represents the percentage of the total intracellular palmitate
pool that was de novo derived. For myotubes, given that plateau values were not experimentally
achieved, this value was equation predicted. The maximum number of exchangeable carbon bound
hydrogens (N) in palmitate as determined using mass isotopomer distribution analysis (MIDA) (D).
Inset: fractional synthesis rate constant (k), half-life (t; /2) and goodness-of-fit (R?) from non-linear
curve fitting. N values seen in the brackets of the legend (D) are an average of those obtained at the 48-
and 96-h time points; these exhibited the greatest amount of labelling and, therefore, permit the most
accurate calculation of N using MIDA. Two replicates were performed for each time point. Error bars
represent the standard error of the mean (SEM).
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3.3. Comparison of Biomass Synthesis Rates in Colon Cancer Cell Lines

Determining the rates at which cells grow and turnover is fundamentally important in cancer
research. Therefore, we wanted to validate our biomass fractionation method to characterize the
growth and turnover characteristics of a panel of human cancer cell lines using >H,O labelling. We
selected a panel of adherent human colon cancer cell lines; DLD1, SW480, SKCO1 and LOVO [53].
In order to compare the biomass synthesis kinetics of these cells directly to one another, all of the
cell lines were cultured using the same culture media conditions (DMEM in 10% FBS). The H
labelling of DNA-derived deoxyribose revealed substantial differences in DNA synthesis rates (k) and
calculated cell doubling times (t; /») between the various cell lines (Figure 5B). In particular, SW480
cells were found to proliferate almost three-times faster than SKCO1, with the other cells lines having
intermediate replication rates. To validate the cell doubling times obtained using 2H,O labelling and
non-linear curve fitting (¢1/»), we additionally performed manual hemocytometer-based cell counting
experiments with the DLD1 and SW480 cell lines grown in the same culture media, but in the absence
of 2H,0. Importantly, manual cell counting yielded near identical cell doubling times to that obtained
using t1 /5 values (DLD1: ¢/ ~25.6 h, manual ~24 h; SW480: t; ,, ~19.8 h, manual ~20 h), indicating
that the 2H,0 method was accurate and did not have any growth-impeding effects. Interestingly, we
observed a high correlation between the rate of protein synthesis and DNA synthesis across this panel
of cancer cells (Figure 5B,C). For example, similarly to DNA synthesis, SW480 had ~2.5-fold higher
protein synthetic rates than SKCOL. It is worth noting, however, unlike that seen in the proliferating
C2C12 myoblasts, where rates of DNA and protein were similar (Figures 2 and 3), all of the cancer
cell lines displayed higher rates of protein turnover than DNA replication (i.e., lower t1,/, values in
protein compared to that in DNA). This was most evident in the SKCO1 cell line (Figure 5A,B: DNA
t1/» = 55.7 h; protein t1 ;, = 27.7 h; two-fold difference). This indicates that cancer cells may exhibit a
high degree of protein remodelling consistent with enhanced autophagy and proteasome activity [54].
Lipid biosynthesis, as revealed by 2H labelling of lipid-derived glycerol, also reflected overall rates of
cell division, but occurred at a higher rate than DNA replication in these cancer cells (average ¢, /, for
DNA across all four lines = 34.4 h; average t; /, for lipid-glycerol = 11.6 h). Thus, it can be estimated
that on average, during the course of one cell division event, the esterified (stored) lipid pool turned
over three times, indicating a large degree of membrane remodelling. Such rapid lipid turnover was
not evident in the non-malignant C2C12 myoblast cell line (Figures 3A and 4A: DNA t;,, = 14.8 h;
lipid-glycerol t; /, = 10.8 h).

As with the C2C12 analysis, we also determined ?H labelling levels and kinetics in the total
intracellular palmitate pool in the colon cancer cell lines. As depicted in Figure 6B,C, 2H enrichment
was rapidly achieved, with plateau (steady) levels occurring within 48 h in all four cell lines. Consistent
with the other biomass components, the most rapidly dividing colon cancer cells displayed the most
rapid palmitate labelling (Figure 6C). Interestingly, there was a pronounced difference in the reliance
on the DNL pathway between the SKCOL cells and that of the other lines. Specifically, the SKCO1 cells
displayed markedly lower >H enrichment than the other lines, with ~22% of the cellular palmitate
pool being DNL derived (Figure 6C), whereas DNL contributions were markedly higher in the other
cell lines (Figure 6C: DLD1 ~61%; SW480 ~53%; LOVO ~66%). Furthermore, as with the C2C12
myoblasts and myotubes, upon performing MIDA analysis of palmitate enrichment, N values were
highly stable in each colon cancer cell line over time, indicating rapid and consistent precursor labelling
(Figure 6D). However, the measured palmitate N values in all four colon cancer cell lines (~10 on
average) were substantially lower than that which we had measured in the non-malignant C2C12 cells
(~14.5) or to that found by others in HepG2 and MCA cancer cells (N = 16-18) [23]. This suggests
that the colon cancer lines display a reduction in hydrogen atom exchange rates between cellular
H,0O and the NADPH and/or acetyl-CoA precursor pools. The reason for this remains unclear. It is
worthy to mention that our findings of varied reliance on the DNL pathway between different colon
cancer cell lines in vitro do not support the commonly accepted notion in the literature that cancer
cells (and proliferating cells in general) are predominantly dependent on the de novo synthesis of
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fatty acids [55-57]. It is clear from our data that in the colon cancer cell lines and also in the rapidly
proliferating C2C12 myoblasts that quantitatively significant amounts of the stored (esterified) fatty
acid pool was serum and not de novo derived. In fact, in the case of the SKCO1 cancer cell line,
the vast majority (~78%) of intracellular palmitate was exogenously derived. This capacity to use
exogenous extracellular fatty acids for complex lipid synthesis has also been recently demonstrated
by others in a range of rapidly dividing cell lines in vitro [58]. Conversely, in our predominantly
non-dividing C2C12 myotube cultures, the reliance on the DNL pathway was relatively high (~77%
palmitate was ‘self-made’), thus indicating the reliance on the DNL pathway is unlikely related to
cell proliferation. The 2H,O labelling technique and extraction method described here could easily
be applied to 3D culture systems and is also ideally suited for studying in vivo tumor growth and
metabolism in pre-clinical animal models [59,60] and human clinical settings [36,61].
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Figure 5. Comparison of 2H-incorporation into DNA-bound deoxyribose and protein-derived alanine
in colon cancer cell lines following incubation in the presence of 5% 2H,O over 96 h. Representative
images of colon cancer cell lines (A). Excess molar enrichment in the M; isotopomer (EM;) over time
in DNA-derived deoxyribose (B) and protein-derived alanine (C) in human colon cancer cell lines
grown under identical conditions. Inset: fractional synthesis rate constant (k), half-life (¢; ;) and
goodness-of-fit (R?) from non-linear curve fitting. Three replicates were performed for each time point.
Error bars represent the standard error of the mean (SEM).
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Figure 6. Comparison of 2H-incorporation into lipid-derived glycerol and total palmitate in colon
cancer cell lines following incubation in 5% 2H,0 for 96 h. Excess molar enrichment in the M;
isotopomer (EM; ) over time in lipid-derived glycerol (A) and total intracellular palmitate (B) in human
colon cancer cell lines grown under identical conditions. Percentage of newly-synthesized palmitate in
colon cancer cell lines (C). The experimental maximum (plateau) value represents the percentage of the
total intracellular palmitate pool that was de novo derived. The maximum number of exchangeable
carbon bound hydrogens (N) in palmitate as determined using MIDA (D). Inset: fractional synthesis
rate constant (k), half-life (¢, /;) and goodness-of-fit (R?) from non-linear curve fitting. N values seen
in the brackets of the legend (D) are an average of those obtained at the 48-, 72- and 96-h time points;
these exhibited the greatest amount of labelling and, therefore, permit the most accurate calculation of
N using MIDA. Three replicates were performed for each time point. Error bars represent the standard
error of the mean (SEM).

4. Conclusions

Taken together, we present here a cell fractionation/extraction method to combine with 2H,0
labelling and GC-MS analysis in order to simultaneously measure different cellular biomass synthesis
rates from the one sample. Using this method, we were able to validate that in actively-proliferating
mammalian cells, biomass synthesis rates are strongly linked to the rate of cell division, thus
demonstrating the utility of the approach. Furthermore, in both proliferating and non-proliferating
cells, compared to DNA and protein, it is the lipid pools that undergo the most rapid turnover. Finally,
our data reveal a marked heterogeneity in the reliance on the DNL pathway in a panel of different
human colon cancer cell lines.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/6/4/34/s1.

Acknowledgments: This work was supported by the following grants: Diabetes Australia Research Trust (G.M.K.)
and the Ludwig Institute for Cancer Research, and the Victorian Government’s Operational Infrastructure Support
Program (O.M.S.). M.J.M. is an NHMRC Principal Research Fellow (APP1059530). G.M.K. is supported by an
Alfred Deakin Post-Doctoral Fellowship (Deakin University). O.M.S. is an NHMRC R.D. Wright Biomedical


http://www.mdpi.com/2218-1989/6/4/34/s1

Metabolites 2016, 6, 34 16 of 19

Fellow (APP1062226). G.M.K. is the guarantor of this work and, as such, has full access to all the data in the study
and takes responsibility for the integrity of the data and the accuracy of the data analysis.

Author Contributions: G.M.K., V.C.FE. and M.P. designed the research and performed experimentation. G.M.K.,
V.CE.M.P, ] K. and S.M. performed laboratory analysis. G.M.K., C.R.B., O.M.S. and M.].M. wrote the manuscript.
C.R.B.,, O.M.S. and M.].M. also contributed analytical reagents and cells and were involved in data interpretation.
S.EP. assisted in the calculations and data interpretation.

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

References

1.  Wolfe, R.R.; Chinkes, D.L. Isotope Tracers in Metabolic Research: Principles and Practice of Kinetic Analysis,
2nd ed.; Wiley-Liss: Hoboken, NJ, USA, 2005.

2. Hellerstein, M.K. In vivo measurement of fluxes through metabolic pathways: The missing link in functional
genomics and pharmaceutical research. Annu. Rev. Nutr. 2003, 23, 379-402. [CrossRef] [PubMed]

3.  McCabe, BJ.; Previs, S.F. Using isotope tracers to study metabolism: Application in mouse models.
Metab. Eng. 2004, 6, 25-35. [CrossRef] [PubMed]

4. Sauer, U. Metabolic networks in motion: 13c-based flux analysis. Mol. Syst. Biol. 2006, 2, 62. [CrossRef]
[PubMed]

5. Schoenheimer, R.; Rittenberg, D. Deuterium as an indicator in the study of intermediary metabolism. Science
1935, 82, 156-157. [CrossRef] [PubMed]

6. Rittenberg, D.; Keston, A.S.; Schoenheimer, R.; Foster, G.L. Deuterium as an indicator in the study of
intermediary metabolism xiii. The stability of hydrogen in amino acids. J. Biol. Chem. 1938, 125, 0001-0012.

7. Foster, G.L.; Keston, A.S.; Rittenberg, D.; Schoenheimer, R. Deuterium as an indicator in the study of
intermediary metabolism xii. The action of proteolytic enzymes on peptides in heavy water. J. Biol. Chem.
1938, 124, 159-161.

8.  Schoenheimer, R.; Rittenberg, D. Deuterium as an indicator in the study of intermediary metabolism ix.
The conversion of stearic acid into palmitic acid in the organism. J. Biol. Chem. 1937, 120, 155-165.

9. Rittenberg, D.; Schoenheimer, R. Deuterium as an indicator in the study of intermediary metabolism viii.
Hydrogenation of fatty acids in the animal organism. J. Biol. Chem. 1937, 117, 485-490.

10. Schoenheimer, R.; Rittenberg, D. Deuterium as an indicator in the study of intermediary metabolism vi.
Synthesis and destruction of fatty acids in the organism. J. Biol. Chem. 1936, 114, 381-396.

11.  Schoenheimer, R.; Rittenberg, D. Deuterium as an indicator in the study of intermediary metabolism iii.
The role of the fat tissues. J. Biol. Chem. 1935, 111, 175-181.

12.  Ussing, H.H. The glycogen-formation in the liver, studied by means of heavy hydrogen. Skand. Arch. Physiol.
1937, 77, 85-86.

13. Ussing, H.H. The rate of protein renewal in mice and rats studied by means of heavy hydrogen.
Acta Physiol. Scand. 1941, 2, 209-221. [CrossRef]

14. Foster, G.L.; Rittenberg, D.; Schoenheimer, R. Deuterium as an indicator in the study of intermediary
metabolism: Xiv. Biological formation of deuteroamino acids. J. Biol. Chem. 1938, 125, 13-22.

15.  Kloehn, J.; Saunders, E.C.; O’Callaghan, S.; Dagley, M.].; McConville, M.]. Characterization of metabolically
quiescent leishmania parasites in murine lesions using heavy water labeling. PLoS Pathog. 2015, 11, e1004683.
[CrossRef] [PubMed]

16. Turner, S.M.; Murphy, E.J.; Neese, R.A.; Antelo, F; Thomas, T.; Agarwal, A.; Go, C.; Hellerstein, M.K.
Measurement of tg synthesis and turnover in vivo by 2H,O incorporation into the glycerol moiety and
application of mida. Am. J. Physiol. Endocrinol. Metab. 2003, 285, E790-E803. [CrossRef] [PubMed]

17.  Bederman, L.R; Foy, S.; Chandramouli, V.; Alexander, J.C.; Previs, S.E. Triglyceride synthesis in epididymal
adipose tissue: Contribution of glucose and non-glucose carbon sources. J. Biol. Chem. 2009, 284, 6101-6108.
[CrossRef] [PubMed]

18. Previs, S.F,; Mahsut, A.; Kulick, A.; Dunn, K.; Andrews-Kelly, G.; Johnson, C.; Bhat, G.; Herath, K.; Miller, P.L.;
Wang, S.P; et al. Quantifying cholesterol synthesis in vivo using (2)h(2)o: Enabling back-to-back studies in
the same subject. J. Lipid Res. 2011, 52, 1420-1428. [CrossRef] [PubMed]

19. Lowenstein, ].M.; Brunengraber, H.; Wadke, M. Measurement of rates of lipogenesis with deuterated and

tritiated water. Methods Enzymol. 1975, 35, 279-287. [PubMed]


http://dx.doi.org/10.1146/annurev.nutr.23.011702.073045
http://www.ncbi.nlm.nih.gov/pubmed/12704218
http://dx.doi.org/10.1016/j.ymben.2003.09.003
http://www.ncbi.nlm.nih.gov/pubmed/14734253
http://dx.doi.org/10.1038/msb4100109
http://www.ncbi.nlm.nih.gov/pubmed/17102807
http://dx.doi.org/10.1126/science.82.2120.156
http://www.ncbi.nlm.nih.gov/pubmed/17811948
http://dx.doi.org/10.1111/j.1748-1716.1941.tb00658.x
http://dx.doi.org/10.1371/journal.ppat.1004683
http://www.ncbi.nlm.nih.gov/pubmed/25714830
http://dx.doi.org/10.1152/ajpendo.00402.2002
http://www.ncbi.nlm.nih.gov/pubmed/12824084
http://dx.doi.org/10.1074/jbc.M808668200
http://www.ncbi.nlm.nih.gov/pubmed/19114707
http://dx.doi.org/10.1194/jlr.D014993
http://www.ncbi.nlm.nih.gov/pubmed/21498887
http://www.ncbi.nlm.nih.gov/pubmed/1121283

Metabolites 2016, 6, 34 17 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Diraison, E; Pachiaudi, C.; Beylot, M. Measuring lipogenesis and cholesterol synthesis in humans with
deuterated water: Use of simple gas chromatographic/mass spectrometric techniques. J. Mass Spectrom. JMS
1997, 32, 81-86. [CrossRef]

Diraison, F; Pachiaudi, C.; Beylot, M. Invivo measurement of plasma cholesterol and fatty acid
synthesis with deuterated water: Determination of the average number of deuterium atoms incorporated.
Metab. Clin. Exp. 1996, 45, 817-821. [CrossRef]

Lee, W.N.; Bassilian, S.; Ajie, H.O.; Schoeller, D.A.; Edmond, J.; Bergner, E.A.; Byerley, L.O. In vivo
measurement of fatty acids and cholesterol synthesis using d2o and mass isotopomer analysis. Am. |. Physiol.
1994, 266, E699-E708. [PubMed]

Lee, W.N,; Bassilian, S.; Guo, Z.; Schoeller, D.; Edmond, J.; Bergner, E.A.; Byerley, L.O. Measurement of
fractional lipid synthesis using deuterated water (?H,0) and mass isotopomer analysis. Am. J. Physiol. 1994,
266, E372-E383. [PubMed]

Previs, S.F.; McLaren, D.G.; Wang, S.P,; Stout, S.J.; Zhou, H.; Herath, K.; Shah, V.; Miller, P.L.; Wilsie, L.;
Castro-Perez, J.; et al. New methodologies for studying lipid synthesis and turnover: Looking backwards to
enable moving forwards. Biochim. Biophys. Acta 2014, 1842, 402-413. [CrossRef] [PubMed]

Kowalski, G.M.; Hamley, S.; Selathurai, A.; Kloehn, J.; De Souza, D.P.; O’Callaghan, S.; Nijagal, B.; Tull, D.L.;
McConville, M.]J.; Bruce, C.R. Reversing diet-induced metabolic dysregulation by diet switching leads to
altered hepatic de novo lipogenesis and glycerolipid synthesis. Sci. Rep. 2016, 6, 27541. [CrossRef] [PubMed]
Kowalski, G.M.; Kloehn, J.; Burch, M.L.; Selathurai, A.; Hamley, S.; Bayol, S.A.; Lamon, S.; Watt, M.].;
Lee-Young, R.S.; McConville, M.].; et al. Overexpression of sphingosine kinase 1 in liver reduces triglyceride
content in mice fed a low but not high-fat diet. Biochim. Biophys. Acta 2015, 1851, 210-219. [CrossRef]
[PubMed]

Duarte, J.A.; Carvalho, F,; Pearson, M.; Horton, ].D.; Browning, ].D.; Jones, ].G.; Burgess, S.C. A hfd suppresses
de novo lipogenesis and desaturation, but not elongation and triglyceride synthesis in mice. J. Lipid Res.
2014, 55, 2541-2543. [CrossRef] [PubMed]

Dufner, D.A.; Bederman, LR.; Brunengraber, D.Z.; Rachdaoui, N.; Ismail-Beigi, F; Siegfried, B.A,;
Kimball, S.R.; Previs, S.F. Using 2H,0 to study the influence of feeding on protein synthesis: Effect of
isotope equilibration in vivo vs. In cell culture. Am. J. Physiol. Endocrinol. Metab. 2005, 288, E1277-E1283.
[CrossRef] [PubMed]

Previs, S.F,; Fatica, R.; Chandramouli, V.; Alexander, ].C.; Brunengraber, H.; Landau, B.R. Quantifying rates
of protein synthesis in humans by use of 2H,O: Application to patients with end-stage renal disease. Am. J.
Physiol. Endocrinol. Metab. 2004, 286, E665-E672. [CrossRef] [PubMed]

Belloto, E.; Diraison, F.; Basset, A.; Allain, G.; Abdallah, P.; Beylot, M. Determination of protein replacement
rates by deuterated water: Validation of underlying assumptions. Am. . Physiol. Endocrinol. Metab. 2007,
292, E1340-E1347. [CrossRef] [PubMed]

Busch, R.; Kim, Y.K.; Neese, R.A.; Schade-Serin, V.; Collins, M.; Awada, M.; Gardner, J.L.; Beysen, C.;
Marino, M.E.; Misell, L.M.; et al. Measurement of protein turnover rates by heavy water labeling of
nonessential amino acids. Biochim. Biophys. Acta 2006, 1760, 730-744. [CrossRef] [PubMed]

Gasier, H.G.; Fluckey, ].D.; Previs, S.F. The application of 2H,0 to measure skeletal muscle protein synthesis.
Nutr. Metab. 2010, 7, 31. [CrossRef] [PubMed]

Holmes, W.E.; Angel, T.E.; Li, KW.; Hellerstein, M.K. Dynamic proteomics: In vivo proteome-wide
measurement of protein kinetics using metabolic labeling. Methods Enzymol. 2015, 561, 219-276. [PubMed]
Chan, X.C,; Black, CM,; Lin, A.J.; Ping, P.; Lau, E. Mitochondrial protein turnover: Methods to measure
turnover rates on a large scale. J. Mol. Cell. Cardiol. 2015, 78, 54—61. [CrossRef] [PubMed]

Busch, R.; Neese, R.A.; Awada, M.; Hayes, G.M.; Hellerstein, M.K. Measurement of cell proliferation by
heavy water labeling. Nat. Protoc. 2007, 2, 3045-3057. [CrossRef] [PubMed]

Hayes, G.M.; Simko, J.; Holochwost, D.; Kuchinsky, K.; Busch, R.; Misell, L.; Murphy, E.J.; Carroll, P; Chan, J.;
Shinohara, K.; et al. Regional cell proliferation in microdissected human prostate specimens after heavy
water labeling in vivo: Correlation with prostate epithelial cells isolated from seminal fluid. Clin. Cancer Res.
2012, 18, 3250-3260. [CrossRef] [PubMed]

Landau, B.R.; Wahren, J.; Chandramouli, V.; Schumann, W.C.; Ekberg, K.; Kalhan, S.C. Use of 2HZO for
estimating rates of gluconeogenesis. Application to the fasted state. J. Clin. Investig. 1995, 95, 172-178.
[CrossRef] [PubMed]


http://dx.doi.org/10.1002/(SICI)1096-9888(199701)32:1&lt;81::AID-JMS454&gt;3.0.CO;2-2
http://dx.doi.org/10.1016/S0026-0495(96)90152-3
http://www.ncbi.nlm.nih.gov/pubmed/8203508
http://www.ncbi.nlm.nih.gov/pubmed/8166257
http://dx.doi.org/10.1016/j.bbadis.2013.05.019
http://www.ncbi.nlm.nih.gov/pubmed/23707557
http://dx.doi.org/10.1038/srep27541
http://www.ncbi.nlm.nih.gov/pubmed/27273128
http://dx.doi.org/10.1016/j.bbalip.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25490466
http://dx.doi.org/10.1194/jlr.M052308
http://www.ncbi.nlm.nih.gov/pubmed/25271296
http://dx.doi.org/10.1152/ajpendo.00580.2004
http://www.ncbi.nlm.nih.gov/pubmed/15671077
http://dx.doi.org/10.1152/ajpendo.00271.2003
http://www.ncbi.nlm.nih.gov/pubmed/14693509
http://dx.doi.org/10.1152/ajpendo.00488.2006
http://www.ncbi.nlm.nih.gov/pubmed/17227960
http://dx.doi.org/10.1016/j.bbagen.2005.12.023
http://www.ncbi.nlm.nih.gov/pubmed/16567052
http://dx.doi.org/10.1186/1743-7075-7-31
http://www.ncbi.nlm.nih.gov/pubmed/20409307
http://www.ncbi.nlm.nih.gov/pubmed/26358907
http://dx.doi.org/10.1016/j.yjmcc.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25451168
http://dx.doi.org/10.1038/nprot.2007.420
http://www.ncbi.nlm.nih.gov/pubmed/18079703
http://dx.doi.org/10.1158/1078-0432.CCR-11-2988
http://www.ncbi.nlm.nih.gov/pubmed/22553345
http://dx.doi.org/10.1172/JCI117635
http://www.ncbi.nlm.nih.gov/pubmed/7814612

Metabolites 2016, 6, 34 18 of 19

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Landau, B.R.; Wahren, J.; Chandramouli, V.; Schumann, W.C.; Ekberg, K.; Kalhan, S.C. Contributions of
gluconeogenesis to glucose production in the fasted state. J. Clin. Investig. 1996, 98, 378-385. [CrossRef]
[PubMed]

Nuttall, EQ.; Ngo, A.; Gannon, M.C. Regulation of hepatic glucose production and the role of
gluconeogenesis in humans: Is the rate of gluconeogenesis constant? Diabetes Metab. Res. Rev. 2008,
24, 438-458. [CrossRef] [PubMed]

Previs, S.F,; Brunengraber, H. Methods for measuring gluconeogenesis in vivo. Curr. Opin. Clin. Nutr.
Metab. Care 1998, 1, 461-465. [CrossRef] [PubMed]

Delgado, T.C.; Martins, FO.; Carvalho, F.; Goncalves, A.; Scott, D.K.; O’Doherty, R.; Macedo, M.P; Jones, ].G.
(2)h enrichment distribution of hepatic glycogen from >H,O reveals the contribution of dietary fructose to
glycogen synthesis. Am. J. Physiol. Endocrinol. Metab. 2013, 304, E384-E391. [CrossRef] [PubMed]

Soares, A.F,; Carvalho, R.A.; Veiga, FJ.; Alves, M.G.; Martins, F.O.; Viegas, I.; Gonzalez, ].D.; Meton, I;
Baanante, I.V.; Jones, J.G. Restoration of direct pathway glycogen synthesis flux in the stz-diabetes rat model
by insulin administration. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E875-E885. [CrossRef] [PubMed]
Viegas, L; Rito, J.; Jarak, I.; Leston, S.; Carvalho, R.A.; Meton, I; Pardal, M.A.; Baanante, I.V.; Jones, ].G.
Hepatic glycogen synthesis in farmed European seabass (dicentrarchus labrax 1.) is dominated by indirect
pathway fluxes. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2012, 163, 22-29. [CrossRef] [PubMed]
Sapcariu, S.C.; Kanashova, T.; Weindl, D.; Ghelfi, ].; Dittmar, G.; Hiller, K. Simultaneous extraction of proteins
and metabolites from cells in culture. MethodsX 2014, 1, 74-80. [CrossRef] [PubMed]

Kowalski, G.M.; De Souza, D.P; Burch, M.L.; Hamley, S.; Kloehn, ].; Selathurai, A.; Tull, D.; O’Callaghan, S.;
McConville, M.J.; Bruce, C.R. Application of dynamic metabolomics to examine in vivo skeletal muscle
glucose metabolism in the chronically high-fat fed mouse. Biochem. Biophys. Res. Commun. 2015, 462, 27-32.
[CrossRef] [PubMed]

Kowalski, G.M.; De Souza, D.P; Risis, S.; Burch, M.L.; Hamley, S.; Kloehn, J.; Selathurai, A.; Lee-Young, R.S.;
Tull, D.; O’Callaghan, S.; et al. In vivo cardiac glucose metabolism in the high-fat fed mouse: Comparison of
euglycemic-hyperinsulinemic clamp derived measures of glucose uptake with a dynamic metabolomic flux
profiling approach. Biochem. Biophys. Res. Commun. 2015, 463, 818-824. [CrossRef] [PubMed]

Hellerstein, M.K.; Neese, R.A. Mass isotopomer distribution analysis at eight years: Theoretical, analytic,
and experimental considerations. Am. J. Physiol. 1999, 276, E1146-E1170. [PubMed]

Burattini, S.; Ferri, P,; Battistelli, M.; Curci, R.; Luchetti, F; Falcieri, E. C2¢12 murine myoblasts as a model of
skeletal muscle development: Morpho-functional characterization. Eur. |. Histochem. EJH 2004, 48, 223-233.
[PubMed]

Elkalaf, M.; Andel, M.; Trnka, J. Low glucose but not galactose enhances oxidative mitochondrial metabolism
in c2c12 myoblasts and myotubes. PLoS ONE 2013, 8, e70772. [CrossRef] [PubMed]

Yoshida, N.; Yoshida, S.; Koishi, K.; Masuda, K.; Nabeshima, Y. Cell heterogeneity upon myogenic
differentiation: Down-regulation of myod and myf-5 generates ‘reserve cells’. J. Cell Sci. 1998, 111 Pt 6,
769-779. [PubMed]

Stuelsatz, P.; Pouzoulet, F.; Lamarre, Y.; Dargelos, E.; Poussard, S.; Leibovitch, S.; Cottin, P.; Veschambre, P.
Down-regulation of myod by calpain 3 promotes generation of reserve cells in c2c12 myoblasts. J. Biol. Chem.
2010, 285, 12670-12683. [CrossRef] [PubMed]

Friday, B.B.; Pavlath, G.K. A calcineurin- and nfat-dependent pathway regulates myf5 gene expression in
skeletal muscle reserve cells. J. Cell Sci. 2001, 114, 303-310. [PubMed]

Mouradov, D.; Sloggett, C.; Jorissen, R.N.; Love, C.G; Li, S.; Burgess, A.W.; Arango, D.; Strausberg, R.L.;
Buchanan, D.; Wormald, S.; et al. Colorectal cancer cell lines are representative models of the main molecular
subtypes of primary cancer. Cancer Res. 2014, 74, 3238-3247. [CrossRef] [PubMed]

Wojcik, S. Crosstalk between autophagy and proteasome protein degradation systems: Possible implications
for cancer therapy. Folia Histochem. Cytobiol. 2013, 51, 249-264. [CrossRef] [PubMed]

DeBerardinis, R.J.; Lum, ].J.; Hatzivassiliou, G.; Thompson, C.B. The biology of cancer: Metabolic
reprogramming fuels cell growth and proliferation. Cell Metab. 2008, 7, 11-20. [CrossRef] [PubMed]
Swinnen, J.V.; Brusselmans, K.; Verhoeven, G. Increased lipogenesis in cancer cells: New players, novel
targets. Curr. Opin. Clin. Nutr. Metab. Care 2006, 9, 358-365. [CrossRef] [PubMed]

Menendez, J.A.; Lupu, R. Fatty acid synthase and the lipogenic phenotype in cancer pathogenesis.
Nat. Rev. Cancer 2007, 7, 763-777. [CrossRef]| [PubMed]


http://dx.doi.org/10.1172/JCI118803
http://www.ncbi.nlm.nih.gov/pubmed/8755648
http://dx.doi.org/10.1002/dmrr.863
http://www.ncbi.nlm.nih.gov/pubmed/18561209
http://dx.doi.org/10.1097/00075197-199809000-00016
http://www.ncbi.nlm.nih.gov/pubmed/10565394
http://dx.doi.org/10.1152/ajpendo.00185.2012
http://www.ncbi.nlm.nih.gov/pubmed/23211519
http://dx.doi.org/10.1152/ajpendo.00161.2012
http://www.ncbi.nlm.nih.gov/pubmed/22850684
http://dx.doi.org/10.1016/j.cbpa.2012.04.023
http://www.ncbi.nlm.nih.gov/pubmed/22561667
http://dx.doi.org/10.1016/j.mex.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26150938
http://dx.doi.org/10.1016/j.bbrc.2015.04.096
http://www.ncbi.nlm.nih.gov/pubmed/25930998
http://dx.doi.org/10.1016/j.bbrc.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26086096
http://www.ncbi.nlm.nih.gov/pubmed/10362629
http://www.ncbi.nlm.nih.gov/pubmed/15596414
http://dx.doi.org/10.1371/journal.pone.0070772
http://www.ncbi.nlm.nih.gov/pubmed/23940640
http://www.ncbi.nlm.nih.gov/pubmed/9472005
http://dx.doi.org/10.1074/jbc.M109.063966
http://www.ncbi.nlm.nih.gov/pubmed/20139084
http://www.ncbi.nlm.nih.gov/pubmed/11148132
http://dx.doi.org/10.1158/0008-5472.CAN-14-0013
http://www.ncbi.nlm.nih.gov/pubmed/24755471
http://dx.doi.org/10.5603/FHC.2013.0036
http://www.ncbi.nlm.nih.gov/pubmed/24497130
http://dx.doi.org/10.1016/j.cmet.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18177721
http://dx.doi.org/10.1097/01.mco.0000232894.28674.30
http://www.ncbi.nlm.nih.gov/pubmed/16778563
http://dx.doi.org/10.1038/nrc2222
http://www.ncbi.nlm.nih.gov/pubmed/17882277

Metabolites 2016, 6, 34 19 of 19

58.  Yao, C.H.; Fowle-Grider, R.; Mahieu, N.G.; Liu, G.Y,; Chen, Y].; Wang, R.; Singh, M.; Potter, G.S.; Gross, RW.;
Schaefer, J.; et al. Exogenous fatty acids are the preferred source of membrane lipids in proliferating
fibroblasts. Cell Chem. Biol. 2016, 23, 483-493. [CrossRef] [PubMed]

59. Kim, S.J.; Turner, S.; Killion, S.; Hellerstein, M.K. In vivo measurement of DNA synthesis rates of colon
epithelial cells in carcinogenesis. Biochem. Biophys. Res. Commun. 2005, 331, 203-209. [CrossRef] [PubMed]

60. Louie, K.B.; Bowen, B.P; McAlhany, S.; Huang, Y.; Price, J.C.; Mao, ].H.; Hellerstein, M.; Northen, T.R. Mass
spectrometry imaging for in situ kinetic histochemistry. Sci. Rep. 2013, 3, 1656. [CrossRef] [PubMed]

61. Messmer, B.T.; Messmer, D.; Allen, S.L.; Kolitz, J.E.; Kudalkar, P.; Cesar, D.; Murphy, E.J.; Koduru, P;
Ferrarini, M.; Zupo, S.; et al. In vivo measurements document the dynamic cellular kinetics of chronic
lymphocytic leukemia b cells. J. Clin. Investig. 2005, 115, 755-764. [CrossRef] [PubMed]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.chembiol.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/27049668
http://dx.doi.org/10.1016/j.bbrc.2005.02.195
http://www.ncbi.nlm.nih.gov/pubmed/15845379
http://dx.doi.org/10.1038/srep01656
http://www.ncbi.nlm.nih.gov/pubmed/23584513
http://dx.doi.org/10.1172/JCI23409
http://www.ncbi.nlm.nih.gov/pubmed/15711642
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Cell Culture 
	2H2O Labelling 
	Biomass Fractionation 
	Analysis of Deuterium Incorporation into Protein 
	Analysis of Deuterium Incorporation into DNA 
	Analysis of Deuterium Incorporation into Lipids 
	GC-MS 
	Calculations 

	Results and Discussion 
	Establishing a DNA and Protein 2H Labelling Time Course in C2C12 Myoblasts 
	Comparison of Biomass Synthesis Rates under Mitotic and Post-Mitotic Conditions in C2C12 Cells 
	Comparison of Biomass Synthesis Rates in Colon Cancer Cell Lines 

	Conclusions 

