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Abstract

We have coupled 2D-NMR and infusion FT-ICR-MS with computer-assisted assignment to
profile 13C-isotopologues of glycerophospholipids (GPL) directly in crude cell extracts, resulting in
very high information throughput of >3000 isobaric molecules in a few minutes. A mass accuracy
of better than 1 ppm combined with a resolution of 100,000 at the measured m/z was required to
distinguish isotopomers from other GPL structures. Isotopologue analysis of GPLs extracted from
LCC2 breast cancer cells grown on [U-13C]-glucose provided a rich trove of information about the
biosynthesis and turnover of the GPLs. The isotopologue intensity ratios from the FT-ICR-MS were
accurate to = 1% or better based on natural abundance background, and depended on the signal-to-
nose ratio. The time course of incorporation of 13C from [U-13C]-glucose into a particular
phosphatidylcholine was analyzed in detail, to provide a quantitative measure of the sizes of glycerol,
acetyl CoA and total GPL pools in growing LCC2 cells. Independent and complementary analysis
of the positional 13C enrichment in the glycerol and fatty acyl chains obtained from high resolution
2D NMR was used to verify key aspects of the model. This technology enables simple and rapid
sample preparation, has rapid analysis, and is generally applicable to unfractionated GPLs of almost
any head group, and to mixtures of other classes of metabolites.
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1. Introduction

The biosynthesis and turnover of lipids is an essential component of maintenance and growth
of all cells, and they typically make up 10-20% of the cell dry weight [1]. In particular, dividing
cells must double their lipid content on each passage through the cell cycle, and it is well-
established that proliferating cancer cells up regulate expression or activity of both fatty acid
synthase and acetyl CoA carboxylase, two key enzymes in fatty acid biosynthesis [2-5].
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However, cells can also obtain fatty acids from the diet, and some unsaturated fatty acids are
essential in mammals [6]. Errors in lipid metabolism have serious consequences for cellular
integrity, and this has become a new area of research (“lipidomics”) [7-10]. Thus cellular
profiles of lipid turnover, and how they change in response to disease states or environmental
insults is fundamental to our understanding of cellular disorders.

Although identification and quantification of the lipids present in a biological system is critical,
itis equally important to determine their dynamic relationships, such as synthesis and turnover.
This requires the use of tracer methods to follow atoms from source to product and to determine
relative pool sizes of the precursors. Radiotracers have long been used for this purpose, but the
detection methods generally provide little information about the number of positions actually
labeled during biosynthesis [11,12]. Stable isotopes have also been used, [9,11,13,14],
especially to measure lipid biosynthesis in cells or whole organisms, thus avoiding the use of
hazardous radioisotopes [15-23].

Stable isotope tracing with MS and NMR detection has several advantages, including ease of
handling, and the ability to measure a large number of labeled positions in a mixture of
metabolites simultaneously. In particular, the ultra-high resolution and accurate mass
capabilities of Fourier transform-ion cyclotron resonance-MS (FT-ICR-MS) can provide
simultaneous determination of hundreds to thousands of lipid isotopologue and isotopomer
species without chromatographic separation. This is a logical extension of current applications
of MS [24-27] [28,29] [30] [31] and NMR [32] [33-35] on lipid profiling. By coupling with
the many choices of stable isotope-enriched precursors (e.g. 13C or 2H-glucose or fatty acids
labeled at different positions), detailed transformation pathways for a variety of lipids may be
traced. Such information may lead to improved mechanistic understanding of lipid metabolism
and how it is dysregulated in cellular disorders. However, to the best of our knowledge,
systematic application of 2D NMR-based 13C positional isotopomer with high mass resolution
FT-ICR-MS isotopologue distributions to GPL mixtures, and the required instrument
performances, have not been explored to date.

Over the last two decades, we have been using stable isotope tracer methods to follow metabolic
transformations of 13C and 1°N-labeled precursors into a variety of metabolites directly in
crude extracts using MS and NMR detection without the need to use chromatographic
separation [36-44]. Here we describe a 13C mass spectrometry isotopologue-based analytical
approach to measuring the net synthesis of GPLs in dividing breast cancer cells grown on
[U-13C]-glucose. Isotopologue distributions were determined as a function of labeling time
using direct infusion nanospray FT-ICR-MS directly on crude extracts, without
chromatographic separation, derivatization, or other chemical procedures. This analysis was
enabled by exploiting the ultra high mass resolution that can differentiate neutrons from protons
in intact, whole molecular species [30,46,47]. As [U-13C]-glucose produces [U-13C3]-glycerol
and 13C2-acetyl CoA, the incorporation of these labeled precursors into GPLs adds 3 and 2n
mass units to newly synthesized GPLs, which are readily distinguishable in the mass
isotopologue profile. The FT-ICR-MS analysis was complemented by high-resolution 2D 1H
NMR that provides independent quantitative positional isotope distributions [36,38,40] of the
glycerol and fatty acid moieties of the GPLs. This approach makes it possible to identify the
isotopologues by inspection and straightforward integration of peaks provides the desired
enrichments [40]. This combination of techniques provided both unambiguous assignment of
GPL species, and a robust estimate of precursor pool sizes.
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2. Experimental

2.1 Materials

[U-13C]-glucose (99 atom%) was purchased from Sigma Aldrich (St. Louis, MO). RPMI 1640
medium and trypsin were purchased from Hyclone (Thermo Fisher Scientific, Waltham, MA),
Biowest fetal bovine serum (FBS) from USA Scientific (Ocala, FL), and penicillin/
streptomycin from Atlanta Biologicals (Lawrenceville, GA).

Pure PC standards (DMPC, DPPC, DSPC and DOPC were obtained from Avanti Lipids
(Alabaster, AL) to verify identification and isotope ratios at natural abundance. CD30D (>99.9
atom %) was purchased from Cambridge Isotope Laboratories, MA. Other solvents were of
the highest reagent grade available.

2.2 Methods

2.2.1 Cell Culture and Treatment—The MCF7-LCC2 cell line was a generous gift of Dr.
Young-Mee Park (Roswell Park Cancer Institute). Cells were cultured in RPMI medium
containing 10% fetal bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin, 2 mM
glutamine, and 0.2% unlabeled or uniformly labeled 13C-glucose ([U-13C]-Glc, at 37°C in a
humidified growth chamber with 5% CO, atmosphere. Cells were grown for 3, 6, 11, and 24
hr before they were detached by 0.25% trypsin treatment, washed twice in excess ice-cold PBS,
and spun at 1,700 g for 5 min at 4°C to obtain firm cell pellets. After removing PBS, cell pellets
were immediately flash-frozen in liquid nitrogen and lyophilized.

GPLs were extracted using 100% methanol plus 1 mM butylated hydroxytoluene (BHT) as
antioxidant in a ball mill (MM200, Retsch, Newtown, PA) with 3 mm diameter glass beads
for 1 min. The methanolic extract was vacuum-dried in a Speedvac (Eppendorf, Westbury,
NY), redissolved in 0.5 ml methanol plus 1 mM BHT, and filtered through a 0.45 pm
regenerated cellulose membrane spin filter (Alltech Associates, Deerfield, IL). The filtrate was
diluted 100 fold with 1.65 pmol/uL reserpine as an internal standard, ImM BHT, plus 7.5 mM
ammonium acetate in methanol, and then loaded onto 96-well microtiter plates for FT-ICR MS
analysis. The undiluted extracts were used for NMR analysis (see below).

2.2.2 Mass spectrometry—Samples were analyzed on a hybrid linear ion trap - FT-ICR
mass spectrometer (Finnigan LTQ FT, Thermo Electron, Bremen, Germany) equipped with a
TriVersa NanoMate ion source (Advion BioSciences, Ithaca, NY) with an “A” electrospray
chip (nozzle inner diameter 5.5 pm). The TriVersa NanoMate was operated in positive ion
mode by applying 2.0 kV with no head pressure. MS runs were recorded over a mass range
from 150 to 1300 Da. Initially, low resolution MS scans were acquired for 1 min to ensure the
stability of ionization, after which high mass accuracy data were collected using the FT-ICR
analyzer where MS scans were acquired for 8.5 min and at the target mass resolution of 100,000
at 800 m/z. The AGC (automatic gain control) maximum ion time was set to 500 ms (but
typically utilized <10 ms) and five “uscans” were acquired for each saved spectrum; thus the
cycle time for each transformed and saved spectrum was about 10 s. The LTQ-FT was tuned
and calibrated according to the manufacturer’s default standard recommendations, which
achieved better than 1ppm mass accuracy and capable of 400,000 resolution at m/z = 400.

FT-ICR mass spectra were exported as exact mass lists into an a spreadsheet file using
QualBrowser 2.0 (Thermo Electron), typically exporting all of the observed peaks.
Glycerophospholipid species were assigned based on their accurate mass [30], by first applying
asmall (typically <0.0005) linear correction based on the observed mass of the internal standard
(reserpine), then using an in-house software tool PREMISE (PRecaculated Exact Mass
Isotopologue Search Engine) (R.M. Higashi, unpublished) which was manually validated.
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PREMISE is a straightforward routine that simply matches observed with theoretical m/z
values, subject to a selectable window that was 0.0008 Da or smaller. For GPLs, the exact
masses of a large number (>7000) of possible GPLs and their adducts (principally H and Na)
are pre-calculated into a spreadsheet lookup table. In other words, PREMISE simply automates
manual labor thousands of times per spectrum. The overall method is sufficient to assign a
GPL to a particular class, i.e. total acyl chain length and degree of saturation, and headgroup
identity.

2.2.3 NMR Analysis of GPL—Methanolic extracts of cells were freeze dried and
redissolved in 100% d4-methanol and loaded into 5 mm methanol susceptibility-matched
Shigemi tubes (Shigemi Inc, Allison Park, PA). NMR spectra were recorded at 18.8 T on a
Varian Inova spectrometer at 20°C. 1D H and 1D 13C HSQC spectra were recorded with a
recycle time of 5s. 2D TOCSY spectra were recorded with acquisition times of 0.3 s in t, and
0.042 s in t; using a 50 ms MLEV-17 spin-lock at a field strength of 9 kHz and a recycle time
of 2's. TOCSY data matrices were zerofilled once in t, to 8192 complex points and linear
predicted and zero filled to 4096 complex points in t;. Free induction decays were apodized
using an unshifted Gaussian function and a 1-Hz line broadening exponential in both
dimensions. Chemical shifts were referenced to the residual solvent methanol proton resonance
at 3.32 ppm. Final spectra were baseline corrected and carefully phased for integration. Peak
volumes were integrated using the Varian VNMR software and corrected for differential
relaxation as previously described [38,40]. Where possible, 2D integrations were compared
with 1D integrations, which showed that the accuracy of the enrichment was within +2%. This
is comparable to the analytical precision of the method for the technique. DMPC, DPPC, DSPC
and DOPC standards were recorded under identical conditions for assignment of resonances,
and to measure accurate T4 values of protons attached to 12C and 13C (satellites) using inversion
recovery.

2.3 Model Description

The carbon-skeleton of a GPL such as phosphatidylcholine (PC) comprises a 5-carbon
phosphocholine unit attached to a three carbon glycerol backbone that is esterified to two fatty
acyl chains at the 1 and 2 positions (Figure 1). In mammalian cells, the choline moiety derives
from the medium, whereas the glycerol phosphate and fatty acids can be synthesized de
novo, be obtained from the medium or by recycling existing membranes or internal stores of
triglycerides. In dividing cells, there is a net synthesis of GPLs, and glucose is a major source
of the carbon. Biosynthetically, glycerol phosphate derives from dihydroxyacetone-3-
phosphate (DHAP), a glycolytic intermediate. The fatty acids are built up from acetyl CoA,
which can be made from pyruvate deriving from numerous sources including glucose. Thus,
there are 5 components or precursors, namely glycerol phosphate, acetyl-CoA, two acyl-chains,
and choline (or other headgroup) that directly participate in each GPL biosynthesis. In the
experiments reported here, the two acyl chains were not distinguished though independent
analysis by tandem mass spectrometry showed that the fatty acids of the major GPL examined
were C16:0 and C18:1.

When cells are grown on a medium containing [U-13C]-glucose each intracellular metabolite
can be considered as a mixture of 13C-labeled and non-labeled species. However, the fraction
of 13C-labeled GPL precursors, namely glycerol-3-phosphate, fatty acids and acetyl CoA that
are synthesized directly from the labeled glucose is a priori unknown. The NMR data showed
that the glycerol moiety was either natural abundance 13C or 13C3. To a first approximation

the acetate is considered to be present either at natural abundance or 13C2 (i.e. exclusively from
glucose). Fatty acid chains are either pre-existing at natural abundance, or are synthesized de
novo from acetyl CoA. Here we have determined isotopologue and isotopomer distributions

of newly synthesized fatty acids assuming a stochastic addition from a common pool of labeled

Anal Chim Acta. Author manuscript; available in PMC 2010 October 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lane et al.

Page 5

and unlabeled acetate. Distributions at natural abundance were calculated according to the
binomial theorem as:

p(m)=(1 — H*f"n!/[m!(n —m)!] ()

Where p(m) is the probability of finding m 13C atoms, n is the total number of carbon atoms
and f is the fraction of 13C (=1.108 % at natural abundance). For the natural abundance
distribution in PC34:1, n=42. For the fatty acyl moieties, the distribution was calculated as n=8
and n=9 acetyl CoA units (assuming incorporation of two carbon units per cycle to make a
total of 16+18 = 34 carbons). Other isotopes are at sufficiently low abundance as to be
negligible, but are distinguishable at this mass resolution.

Once 13C is incorporated into the molecule, the calculation of the contributions from natural
abundance becomes more complex [48-52], and the effects depend on the actual degree of
label present at each position. Here we have implemented an iterative stripping approach to
account for the change in the natural abundance profile on incorporation of 13C atoms.

This is based on eventually decaying binomial terms (Eg. 2) that describe the multiple possible
combinations of 13C natural abundance incorporation for a particular molecule,

c
C ax n k—r C —/\'. o = N7
B(n, k)= ( Z_ " )NABF’(I — NA,; ) M ,Bsum(n)—l\ZJ;lB(n, k) "
(=n

where Cmax is the number of carbon atoms in the molecule and NA (0.01109) is the fractional
natural abundance for 13C. In the presence of 13C enrichment, the effects of the natural
abundance can be calculated using a series of decaying binomial terms as described by Eqg. (3)
representing the contributions from 13C natural abundance for each mass isotopologue.

I :IM+i.NA - ZZEE-)IMHB(X’ )
Mt 1 — Bsum(i) 3)

starting with i=0. I is the intensity of the i!" species, with B(x,i) defined in Eq. (2)
The details of the algorithm will be presented elsewhere.

Asthe cellsare dividing, it is expected and observed (see below) that the fraction of pre-existing
GPL (natural abundance) decreases with time. Thus the following species are assumed to be
present:

i. mq: natural abundance (pre-existing) GPL

ii. mg+3: unlabeled FA + labeled glycerol

iii. mg+2n: 13C-labeled FA (new synthesis) + unlabeled glycerol
iv. mg+3+2n: 13C-labeled FA + 13C-labeled glycerol

The observed intensity distribution (I) then is a linear combination of these species, 1(n) =
p1l(Mo) + p2l(Mo+3) + p3l(Mo+2n) + pal(Me+3+2n) (2) and Zp;=1

Anal Chim Acta. Author manuscript; available in PMC 2010 October 5.
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This implies that four parameters (three independent ones) are needed to describe the fractions
of the components that can be labeled. An additional parameter, the fraction of the total acetyl
CoA pool that is 13C-2, is needed to describe the distribution of 13C-2 units in the fatty acyl
chains requires, as determined by Eqg. (1).

Fatty acyl distributions were calculated using Eq. (1) as a function of the 13C-2 fraction of the
acetyl CoA pool. Estimates of p; were determined as described in the results section. Non-
linear regression data fitting and statistical analyses were carried out using Kaleidagraph
(Synergy Software, Reading, PA).

3. Results and Discussion

We have used both high resolution NMR and FT-ICR-MS to assign GPLs, and determine their
fractional enrichment in 13C from the source molecule [U-13C]-glucose. These data were in
turn used for modeling the fractional distributions of isotopologues in the example GPL.

3.1 NMR analysis of LCC2 extracts

1D NMR showed that the major GPL species present are phosphatidylcholines, with on average
two double bonds per glycerol moiety as assessed by the relative areas of the resonances at
5.35 ppm (double bond) and 5.25 ppm (glycerol C2H) (Figure 2A, C). The relative intensity
of the choline methyl resonance in the 1D HSQC and 1D proton NMR spectra (Figure 1),
showed that the choline head groups were not 13C labeled, as expected in mammalian cells
[53, 54]. In contrast, fatty acyl chains and the glycerol moieties were extensively labeled after
24 h exposure of the cells to [U-13C]-glucose. By integrating the cross peak clusters in 2D
TOCSY spectra of the GPLs extracted after 24 h labeling with [U-13C]-glucose (cf Fig. 2B),
the 13C enrichment at selected atoms was determined, as previously described [38, 40]. For
the glycerol moiety of the PC, we estimated the 13C fraction as 44 +1.2% U-13C (and thus 56
+1% unlabeled glycerol). Thus, in the 24 h period, nearly 50% of the GPL has been newly
synthesized. This is close to that estimated by mass spectrometry, and is the main means by
which the GPL have three 13C atoms (see below). The fatty acyl chains in the TOCSY spectra
also showed extensive 13C labeling. Although the bulk CH, resonances of the acyl chains are
largely degenerate, separate signals can be resolved from the w-methyl and the C2, C3, C4
position of the fatty acids, as well as the unsaturated carbons (albeit precise the position is not
determined in these spectra). The specific patterns of labeling at C2, C3 and C4 of the fatty
acids, which represent newly synthesized chains, are consistent with stochastic labeling from
a pool of 13C2 plus 12C2 acetate (see Figure A2, Supplementary Materials), with an

average 13C incorporation of 46+4%.

3.2 Mass and Intensity accuracy in FT-ICR-MS

As expected, the mass accuracy and resolution of actual GPL spectra always exceeded the tune
and calibration specifications for the Thermo LTQ-FT instrument. Currently, the analysis of
the mass isotopologue requires that the intensities of the isotope peaks are both accurate and
precise, and also that the precursor metabolite pool has the expected isotopologue distribution.

We have determined the mass spectrum intensity accuracy as follows. First, four authentic PC
standards (see Methods) were analyzed as a mixture by direct infusion FT MS, and the intensity
of the first four 13C isotopologues were measured repeatedly. The intensities were normalized
to the total out to mg+3 and were compared for repeatability and accuracy for each of the four
standards. The repeatability in terms of the coefficient of variation was 0.33% for the mg peak,
to 1.8% for my+2. The accuracy was assessed by comparing the observed fractions with those
calculated for a natural abundance of 1.107% 13C, using Eq. (1). The rms error to mg+3 was
0.0097+0.004, i.e. an average error of about 1%.
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Second, the same procedure was carried out on control LCC2 samples at 0 h treatment (natural
abundance, cf. Figure 3). For this sample the 13C isotopologue distribution can be predicted
according to Eqg. (1), with n=42. Significant intensity was observed to my+3, which corresponds
to 0.6% of the total. The rms error between the observed intensities and the calculated natural
abundance values was 0.0039, and indicates that the analytical accuracy is of the order 0.4 %.
The error increases as the intensity decreases, as expected. In practice, this implies that the
useful dynamic range of the intensity ratios under these routine conditions of sensitivity is of
the order 100:1, with the largest peak being typically 10 pmole/uL and eight minutes of
acquisition at approximately 350 nL/min. We note that this capability is enabled by the high
resolution of the FT-ICR, as each peak almost always free of intensity distortion due to ions
at very close m/z, e.g. isotopomers due to other natural abundance elements such as 2H, 1°N,
and 180, as well as other structures and their isotopologues.

3.3 FT-ICR-MS analysis of LCC2 extracts

Although the NMR spectra provided positional isotope distributions, the individual GPL
species were not resolved. Therefore only the enrichments of ensemble averages over all
significant PC species present in the mixture were determined. In contrast, high-resolution FT-
ICR-MS resolved individual GPL species and their 13C isotopologues, but not the positional
isotopomers.

As with GPL standards, the mass accuracy and resolution of the FT-ICR-MS for crude extracts
always exceeded tune and calibration specifications. Figure 3A shows a portion of a high
resolution mass spectrum of the methanolic GPL extract of LCC2 cells grown in the presence
of [U-13C]- glucose for 24 h. This mass range includes exact masses that correspond to PC
(34:1). The mg peak is at m/z=760.5860; the remaining peaks belong to the 13C isotopologues
of the GPL, as tabulated in Table Al (Supporting Information). The intensity of each
isotopologue was normalized to the total of the isotopologues, for each time point. The resulting
fractions are plotted in Fig. 3B. At t=0 the spectrum of PC(34:1) corresponds to the natural
abundance carbon (and see above), but as the incubation time increased, peaks at mg+3 and a
wide distribution of mg+2n (even mass) and mp+3+2n (odd mass) isotopologue peaks
appeared. Clearly, with increasing time, the fraction of the mg isotopologue decreased, whereas
the mg+3 fraction and the distribution of mg+2n + mp+3+2n isotopologue increased indicating
de novo incorporation of 13C from glucose. The odd number isotopologues (mg+3 and mg+3
+2n) correspond to the condensation of 13C3 glycerol with unlabeled and labeled fatty acids
(FA) whereas the even number isotopologue represent PC synthesis from that of unlabeled
glycerol with 13C-labeled FA. Similar results were observed with other GPL species (cf Fig.
Al, Supplementary Materials).

The intensity of the peaks at n=10-20 increased with time, but shifted only slightly to higher
mass from 6 to 24 h. If the FA chains were being synthesized exclusively from 13C2 acetyl
CoA, not only would the intensity increase, but also the mass number as eventually all new
chains would approach 100% 13C (cf. Supplementary Materials). As this is clearly not the case,
there must be a source of 12C2 acetate persisting to 24 h. Indeed, the maxima in the distribution
at 24 h are found at n=15,17 and 19. This corresponds to 12-16 13C atoms, out of a total of 34,
and thus the incorporation of 13C from acetyl CoA should be ca. 30-50% at 24 h.

As the degree of labeling in the glycerol moiety according to NMR was 44% (see above), these
mass peaks are expected to be roughly equal in intensity. After accounting for the natural
abundance intensity, and using the relations given in the Methods, we calculate that at 24 h,
35+2% of the GPL is unlabeled, 11+1% is labeled only in the glycerol moiety (mg+3), 35% is
labeled in the glycerol moiety and in the fatty acids, and the remainder (ca. 19%) is labeled in
the fatty acids but not the glycerol. This makes the fraction of the glycerol labeled equal to
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46%, close to the NMR estimate (see above). Similarly, the fatty acyl moieties are labeled to
approx. 44%

This is shown more clearly in Figure 3C, where the fractional intensities of these four groups,
corrected for natural abundance, are plotted as a function of labeling time. The fractional
intensity of the mg peak decreased with a lag. During this time, the cells are dividing (doubling
time < 24 h) so this represents in part a fractional decrease of the pre-existing GPLs as new
GPLs are synthesized to make new membranes. The peak at mg+3 represents PC in which the
glycerol moiety is labeled at all three carbons, as shown conclusively by the NMR (see above),
and in which the fatty acyl moieties are unlabeled. This peak approaches a steady state value
of about 11 % within 6 h with a half time of 3.6 h, indicating that de novo biosynthesis of GPL
did occur during this period, but utilized either pre-existing stores of unlabeled fatty acids (from
for example internal triglyceride stores) or fatty acid biosynthesis occurred from a pool of
unlabeled acetyl CoA replenished by sources other than glucose. However, as shown below,
the acetyl CoA pool approach 35% 13C2. As the probability of synthesizing PC(34:1) from a
natural abundance 13C acetyl CoA pool is extremely low, on the order of 4x10~7 compared
with the observed 11% after 24 h, this implies that this pool is associated with recycling of
intact fatty acids, not from fatty acid synthesis.

The fractions of the GPLs containing either labeled glycerol +labeled FA, and unlabeled
glycerol + labeled FA were calculated by summing the natural abundance —corrected intensity
of all of the even mass numbers (n>2) and all of the odd mass numbers (n>5), respectively. As
shown in Fig. 2C, these fractions increased with a lag time comparable to that observed for the
mg peak, and eventually approaching a steady state fraction of 34% for the odd number peaks
and 20% for the even number peaks.

3.4 Model Simulations

The NMR and FT-ICR-MS data support a minimal model for the GPL 13C-isotope profile as
outlined in Figure 4. [U-13C]-glucose, the sole source of 13C in these experiments, generates
both labeled glycerol-3-phosphate and acetyl CoA. Unlabeled glycerol phosphate is also
produced in part by turnover of GPL and internal triglyceride stores, which also generate free
fatty acids that can be reincorporated into GPL or be oxidized to unlabeled acetyl CoA. Both
unlabeled and labeled glycerol moieties are incorporated into GPLs stochastically, as is the
case for acetyl CoA, as shown by the NMR data. Model calculations showed that the fraction
of unlabeled GPL decreased from 100% at time 0 to 35% at 24 h. The fraction of GPL

with 13C3-glcyerol and unlabeled acyl chains increased to 11% at 24 h while those of GPL
with unlabeled glycerol + 13C-labeled acyl chains or 13C-labeled glycerol+13C-labeled acyl
chains reached 20% and 35%, respectively (cf. Fig. 3C and Supplementary Materials). The
sum of all fractions for a given time point is close to 1.

The best determined parameters are p; and p,, which are limited primarily by the analytical
errors of the intensity ratio determinations (i.e. of the order 0.5-1% for these intense peaks,
see above). Other errors include spectral overlap and relatively low intensity of mass peaks.
Overall, the errors appear to be less than 5-10%, and the parameter estimates are in good
agreement with independent NMR data for the labeling of the glycerol backbone (see above).

The remaining unknown is the distribution of 13C in the fatty acyl chains. As described above,
the simplest possible model is one in which there is a single pool of acetyl CoA that approaches
isotopic steady state at sufficiently long times, and that acetyl CoA units are stochastically
incorporated into the newly synthesized acyl chains. The expected distributions in the acetyl
CoA pool and in the GPLs are given in the Supplementary Materials. Simulations using Eq.
(1) as a function of the fraction of 13C2-acetyl CoA indicated that this pool be of the order 35—
40% of the total at 24 h, in agreement with the rough estimate obtained from the position of
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the maximum (Fig. 3A). Using this, and the values of p;-p4 given in Appendix 1, we have
simulated the distribution of PC(34:1) using stochastic incorporation of C16 and C18 chains.
This is compared with the observed distribution in Figure 5.

The general shape of the calculated distribution agrees with the experimental fractions, though
there are some quantitative disagreements that reflect in part the measurement errors as
discussed above, and deficiencies in the simple model. For example, it was assumed that the
acetyl CoA units showed no scrambling (i.e. the 13C1 acetates are at natural abundance), and
that the synthesis was strictly stochastic The former condition was not fully met, according to
the NMR data, which indicated the presence of 13C1 acetyl units at the 5% level.

A more detailed model and biological interpretation will be presented elsewhere.

4. Conclusions

We have shown that FT-ICR-MS, even under short acquisitions of <9 min of low pmol/uL
concentrations of GPLs, provides sufficient resolution and high quality intensity data for
determining 13C isotopologue distributions of individual GPL species in complex mixtures,
that result from [U-13C]-glucose as a precursor. This produces mg+3 glycerol and mg+2 acetate,
which are therefore distinguishable in the mass isotopologue distributions.

When combined with positional isotope labeling information from high resolution NMR data,
it is possible to determine the fractions of the contributing pools of the metabolites used in the
synthesis of the particular GPL species. The key facets of the FT-ICR-MS is the combination
of direct infusion with very high mass resolution which eliminates contamination from similar
m/z ions, very high mass accuracy for rapid assignments, and intensities that exhibit high
accuracy and precision of the isotopologue abundances.

Time course modeling of the fractional distribution of selected isotopologues of PC(34:1)
revealed a lag in the incorporation of acyl chains newly synthesized from glucose while the
synthesis of the glycerol moiety from glucose occurred without delay and reached a steady
state in 6 h (cf Figure 3C). The model analysis also indicated the presence of unlabeled glycerol
and acetyl CoA pools (possibly derived from pre-existing GPL stores) up to 24 h of labeling
time. Moreover, the incorporation of labeled and unlabeled glycerol and acetyl CoA into
PC16,18 was essentially stochastic. These data therefore provide a basis for analyzing the
synthesis of GPL using glucose carbon, as well as providing information about turnover of
GPLs under conditions of net growth.

We have illustrated the principles for a particular glycerophosphatidylcholine in positive ion
mode. Clearly this is applicable to any PC, but also, by extension to other GPL in either positive
or negative ion mode, including PE and PS and sphingolipids, with the proviso that additional
analysis would be needed if their headgroups were also metabolically labeled. PC(34:1) is the
most abundant GPL in these samples. However, comparable isotope distributions were
observed for other GPL species of different chain lengths in these samples (Fig. Al,
Supplementary Materials), and indeed in other breast cell lines (A.N. Lane, T. W-M. Fan and
R.M. Higashi, unpublished data).

The same approach can also be readily applied to study the synthesis and turnover of other
important metabolites such as nucleotides using labeled glucose or other labeled precursors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of a glycerophosphatidyl choline
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Figure 2. High resolution NMR spectra of a methanolic extract of LCC2 cells
Glycerophospholipids were extracted from LCC2 cells grown in the presence of 10 mM
[U-13C]- glucose for 24 h as described in the text. NMR spectra were recorded at 800 MHz,
20°C as described in the methods.

A,B. TOCSY spectrum recorded with a mixing time of 50 ms with 1D 1H NMR spectrum.
The TOCSY spectrum was recorded at 18.8 T 293 K with 50 ms mixing time at a B, field
strength of 9 kHz. The data were processed with one linear prediction and zerofilling in t; and
apodized using an unshifted Gaussian function in both dimensions.

C. 1D NMR spectra

Top: 1D 13C-edited 1H (HSQC) spectrum

Bottom: high resolution 1H NMR spectrum
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Figure 3. High-resolution FT-ICR mass spectrum of a methanolic extract of LCC2 cells

A. FT-ICR-MS profile spectrum of an LCC2 methanol extract after 24 h labeling with
[U-13C]-glucose. A close up of the m/z region from 760 to 782 is shown. The accurate masses
(better than 1 ppm) at high resolution (>100,000 at measured mass) enable assignment of the
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GPLs and their isotopologues. Masses externally calibrated, and secondarily calibrated with
respect to internal standard reserpine and intensities have been arbitrarily scaled to 100 units
for mg at m/z=760.5860.

B. Mass distribution of PC 34:1 normalized to the total intensity as a function of time. The
distribution at O h is indistinguishable from the expected natural abundance intensity. Line
graphs are used here for clarity only; there are no values implied in between the data points
C. Time courses of selected mass peaks. m mg, o mg+3, @ X(mg+2n); Q X(mg+3+2n). The
mo+3 intensities were fitted to a(1—exp(—kt)) with a= 0.11+0.008 and k=0.19 +0.04 h~1
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Figure 4. Glycerophosphatidylcholine biosynthesis model

Only carbons atoms that can become biosynthetically labeled from glucose are shown (the
choline headgroup is unlabeled, see text). Glc = glucose, Glyc = glycerol.

Filled circles represent 13C and open circles 12C. Glycerol and acetyl carbons derive from
[U-13C]-glucose or from unlabeled sources. Fatty acids are built up from labeled and unlabeled
Acetyl CoA, stochastically. For butanoate (shown) there are 4 possible isotopomers. These can
condense with either unlabeled (natural 13C abundance) glycerol, or labeled glycerol. From 4
fatty acyl isotopomers, condensation with each glycerol moiety generates 16 possible diacyl
GPL molecules, for which there are two ways of getting both chains unlabeled, two ways of
both chains fully labeled (8 13C), two ways of having two 13C, and four of having 4 13C. These
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possibilities equally exist for both forms of glycerol, leading to two peaks comprising my,
mo+2, mg+4, mp+8 and mg+3, my+5, mp+7 and mg+11. Some fraction of the total will also
correspond to pre-existing GPL that has not been turned over (i.e. only natural

abundance 13C). Only four representative dibutyl GPL isotopologues (out of 32) are shown.
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Figure 5.

Simulated isotopologue distribution at 24h

The isotopologue distribution at 24 h post 13C glucose labeling was calculated using Eq. (2)
and the appropriate values of p given in the text. The isotopologues of the fatty acyl chains
were calculated using Eq. 1 as described in the text, for a pool of acetyl CoA that was

35% 13C2 acetate.

(e) simulated distribution (Q) observed distribution.
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