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Abstract
Precise measurement of low enrichment of stable isotope labeled amino-acid tracers in tissue
samples is a prerequisite in measuring tissue protein synthesis rates. The challenge of this analysis
is augmented when small sample size is a critical factor. Muscle samples from human participants
following an 8 hour intravenous infusion of L-[ring-13C6]phenylalanine and a bolus dose of L-
[ring-13C6]phenylalanine in a mouse were utilized. Liquid Chromatography tandem mass
spectrometry (LC/MS/MS), Gas Chromatography tandem mass spectrometry (GC/MS/MS) and
Gas Chromatography/Mass spectrometry (GC/MS) were compared to the Gas Chromatography-
Combustion-Isotope Ratio mass spectrometry (GC/C/IRMS), to measure mixed muscle protein
enrichment of [ring13C6]phenylalanine enrichment. The sample isotope enrichment ranged from
0.0091 to 0.1312 Molar Percent excess (MPE). As compared with GC/C/IRMS, LC/MS/MS, GC/
MS/MS and GC/MS showed coefficients of determination of R2 = 0.9962 and R2 = 0.9942, and
0.9217 respectively. However, the precision of measurements (coefficients of variation) for intra-
assay are 13.0%, 1.7%, 6.3% and 13.5% and for inter-assay are 9.2%, 3.2%, 10.2% and 25% for
GC/C/IRMS, LC/MS/MS, GC/MS/MS and GC/MS respectively. The muscle sample sizes
required to obtain these results were 8μg, 0.8μg, 3μg and 3μg for GC/C/IRMS, LC/MS/MS, GC/
MS/MS, and GC/MS respectively. We conclude that LC/MS/MS is optimally suited for precise
measurements of L-[ring-13C6]phenylalanine tracer enrichment in low abundance and in small
quantity samples.
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INTRODUCTION
Skeletal muscle wasting or sarcopenia occurs in many conditions including older people that
contributes to many age related disabilities and metabolic problems. In order to understand
the underlying mechanisms of sarcopenia and metabolic abnormalities of skeletal muscle,
stable isotope tracers of amino acids have been extensively used 1,2,3,4. The advent of stable
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isotope labeled tracer techniques, together with the availability of sensitive mass
spectrometers, has permitted the direct measurement of muscle fractional protein synthesis
rates. This has made it possible to study the impact of exercise 5, hormones 6 and aging 7 on
human muscle protein metabolism. The direct observation of stable isotope tracer
incorporation into muscle proteins during a continuous infusion of 13C or 15N labeled
aminoacids (AA) was first achieved using isotope ratio magnetic sector mass spectrometry
(IRMS)1. This technique has been considered as a gold standard in tracer studies of muscle
protein metabolism 7. Muscle tissue possesses one of the most metabolically stable protein
matrices, with overall slow turnover rate of cellular proteins, as compared to other tissues.
Tracer incorporation is extremely low, even after several hours of the tracer AA infusion.
The use of dual inlet IRMS systems coupled with isolation of the AA via preparative LC or
GC allowed measurement of very low tracer to tracee ratios (TTR) in tissues of
interest 8,9,10,11, but had certain drawbacks. These included: 1) large sample requirements
(20-50mg tissue) and hence collection of the amino acid via preparative techniques, 2)
positional requirements of the 13C-label in the tracer i.e. the 1-carbon position in the amino
acid was necessary to allow liberation of C as CO2 via the ninhydrin reaction 12. The advent
of in-line gas chromatography-combustion-isotope ratio mass spectrometers (GC/C/IRMS)
brought higher throughput and lower sample requirements with at least comparable mass
sensitivity (especially when multi-labeled amino acids such as L-[ring-13C6]phenylalanine,
L[13C6]leucine, etc., are employed). GC/MS systems have also been employed for many
years to measure low enrichments of amino acids by utilizing multiple labeled stable isotope
tracers such as [2H5]phenylalanine or [2H5]lysine 11, 13, 14. In this approach rather than
monitor the m0 to m+5 ratio for [2H5]phenylalanine, for example, the natural isotope signal
at m+2 to labeled m+5 is monitored. The tracer to tracee ratio is reduced by several orders of
magnitude leading to better precision at levels of enrichment in the 0.005 – 0.1% ranges.
This can only be accomplished by injecting at least 40μg-100μg of muscle tissue equivalent.
The new generation of triple-quadrupole mass spectrometers connected to Gas or Liquid
chromatographs (GC/MS/MS or LC/MS/MS respectively) extends the performance of single
quadrupole instruments by offering better selectivity and sensitivity, albeit at an increased
cost, and can approach the isotopic performance offered by GC/C/IRMS when multiple
labeled stable isotope tracers are employed. The use of LC/MS as a replacement for GC/C/
IRMS in the analysis of free fatty acid metabolism utilizing [U-13C]palmitate as a tracer has
been shown that the LC based tandem instrument was able to match the precision and
accuracy of low level enrichment measurements of the IRMS15. The amount of sample
required was substantially less with much shorter run times. The use of GC/ or LC/MS/MS
in the study of tracer incorporation into muscle proteins also purports to offer these
advantages.

Metabolism studies of individual proteins are of great importance and are the focus of many
investigators. High enrichment of precursor amino acids present in plasma or tissue fluid
during tracer infusions can be precisely measured with the use of single quad mass
spectrometers connected to GC or HPLC. Low enrichment encountered in individual muscle
proteins such as myosin heavy chain (MHC) requires the use of highly sensitive mass
spectrometers or GC/C/IRMS. Purification of multiple plasma and muscle proteins by
multidimensional chromatography16 and 2-dimensional electrophoresis17 allow
measurement of synthesis rate of multiple proteins. However small sample size is a
limitation that requires a sensitive technique. Although tandem quadrupole mass
spectrometers connected to GC or LC and GC/C/IRMS are extensively used it has never
been demonstrated the relative merits of any of these approaches. Thus the aim of present
study was to compare the measurement of tracer enrichment of a small sample (<10mg
tissue) using GC/C/IRMS, LC/MS/MS, GC/MS/MS and GC/MS techniques, in mixed
muscle proteins (MMP) after a bolus tracer dose or a continuous tracer infusion. We used L-
[ring-13C6]phenylalanine, as this amino-acid quickly equilibrates between plasma and tissue
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fluid compartments during both the continuous infusion and bolus dose experiments. We
studied both human (primed, continuous infusion) and rat tissues (bolus dose of tracer)
samples for the analysis.

MATERIALS AND METHODS
Samples

Studies were approved by the Institutional Animal Care and Use Committee (IACUC) and
the Mayo Clinic Institutional Review Board. Mixed muscle protein samples were obtained
from two independent studies. In the first study, healthy volunteers received a primed
continuous infusion of L-[ring-13C6]phenylalanine (0.75 mg/kg/h with 0.75 mg/kg priming
dose) 18. Muscle samples were obtained by percutaneous needle biopsy from the vastus
lateralis muscle 8. In the second study, male rats were injected with a flooding dose of L-
[ring-13C6]phenylalanine (15 mg/kg). Final sample set taken for analysis included muscle
tissues from both experiments and with mixed-muscle-protein enrichment values ranging
from 0.0091 molar percent excess (MPE) to 0.1321MPE (as measured by GC/C/IRMS).
MPE represents [13C] label above the background (MPE=13C/12C +13C)×100). All samples
were prepared as follows. Tissue samples weighing approximately 10mg were taken. Mixed
muscle proteins were isolated as previously described 19. The mixed muscle proteins
precipitate from the isolation was hydrolyzed overnight at 110°C using 6M HCl. Liberated
amino acids were purified using Biorad AG-50W×8 cation exchange resin. The final column
eluent containing the amino acids was evaporated to dryness using a SpeedVac (Thermo,
USA) and subsequently dissolved in 100μl of 0.1M HCL.

Preparation of the calibration curve
One calibration curve was prepared, and then divided into 4 different aliquots for subsequent
use on each of the mass spectrometers in this proposed comparison. Appropriate amounts of
cold (unlabeled) phenylalanine (Sigma-Aldrich, St. Louis, MO) and L-
[ring-13C6]phenylalanine (Cambridge Isotopes, Andover, MA) were mixed together to
obtain different enrichment points spanning from 0 to 0.1 MPE. For GC/C/IRMS
measurements, amino acids were prepared as their trimethyl acetyl, methyl esters according
to the method of Metges et al 20 and the residues dissolved in ethyl acetate. For LC/MS/MS
samples were prepared as the isobutyl ester derivative according to a method by Ford et al 21

and dissolved in running buffer A. For both the GC/MS and GC/MS/MS analyses,
heptafluorobutyryl isobutyl esters of the amino acids were used.

GC/C/IRMS analysis
The level of enrichment of L-[ring-13C6]phenylalanine derived from 5% of the hydrolyzed
mixed-muscle-protein sample was analyzed using a ThermoFisher DeltaPlus Isotope Ratio
mass spectrometer (IRMS) (Bremen, Germany) fitted with an Agilent 5890 Series II GC
with on-line oxidation and reduction furnaces. One μl of sample was injected in splitless
mode at an injection port temperature of 250°C. The peaks were resolved on a 60m ×
0.32mm ID × 1μm film J&W DB-5MS capillary column. Temperature program ramp was
set from 60 to 300°C at 15°C/min. Helium was used as the carrier gas with a constant flow
of 1ml/min. Any amino acid eluting from the gas chromatograph was converted to CO2 and
N2 prior to entry into the IRMS. The enrichment of the tracer was measured by monitoring
the ratio of 13CO2 to 12CO2 in the IRMS and referenced to a calibration curve, prepared as
described in paragraph 2.2. Values of delta per mil given by the IRMS were transformed
into MPE for final comparison with other methods. The amount of sample injected per run
was comparable with phenylalanine contained in 8μg of muscle tissue. Figure 1 shows a
GC/C/IRMS chromatogram of a mixed muscle protein sample with 0.0091 MPE.
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LC/MS/MS analysis
For LC/MS/MS analysis, 2.5 μl of the original MMP extract (2.5%) was taken and the
isobutyl ester was prepared. The sample was then analyzed using an Applied Biosystems
API 5000 triple quadrupole mass spectrometer with Turbospray ion source (Applied
Biosystems, Boston, MA). Samples were resolved on an Ascentis C18 Xpress, 15cm ×
2.1mm × 2.7μm HPLC column (Supelco, St. Louis, MO) using a Cohesive TX2 HPLC
system (Cohesive Technologies, Franklin, MA). Solvent A consisted of 99% 0.1% formic
acid 1% acetonitrile, whereas solvent B composition was 100% Acetonitrile/0.1% formic.
Gradient was set as 20% B from 0 – 5.75 min., 70% B to 6.75min., 90% to 8.75min.
Selected reaction monitoring conditions were used to monitor transitions of m/z 222.4 >
121.6 and 226.4 > 125.6 for the m+2 and m+6 fragments of phenylalanine and L-
[ring-13C6]phenylalanine respectively. The MPE of the unknowns were calculated against
the calibration curve (MPE vs. m+6/m+2 ratios) described in section 2.2 above. The amount
of phenylalanine injected per run was comparable to that contained in 0.8μg of tissue.
Figure 2, upper two panels, shows extracted ion chromatograms of the two species (m+2, m
+6) monitored from a sample with an enrichment of 0.0091MPE.

The isobutyl ester of phenylalanine was used as a derivative because it gave a better peak
shape and sensitivity in comparison with the underivatized condition. Although amino acids
can be analyzed in underivatized state the derivatization gave a superior performance,
especially when using the low levels as in the current study.

GC/MS/MS
A total of 2.5% of the sample was used for GC/MS/MS analysis. The heptafluorobutyryl
isobutyl ester was dissolved in ethyl acetate and analyzed using a Waters Micromass Quattro
Micro triple quadrupole GC/MS/MS system (Waters, Milford, MA) operating under
negative ion chemical ionization conditions using isobutane as reactant gas. One microliter
of the sample was injected in splitless mode (injector temp. 280°C). Peaks were resolved
using an Agilent 6890N chromatograph fitted with an Rtx-1701 30m × 0.25mm ID ×
0.25μm capillary column (Restek, Bellefonte, PA). Helium was used as carrier gas at 1.2ml/
min constant flow rate. The temperature ramp was set from 80 – 165°C at 15°C/min, then to
280°C at 25°C/min and transfer line temperature set at 280°C. Selected ion recording
conditions were used to monitor transitions m/z 399.1 > 238.1 and 403.1 > 262.1 for the m
+2 and m+6 fragments of phenylalanine and L-[ring-13C6]phenylalanine respectively. The
unknown MPE were calculated against the calibration curve described above in section 2.2.
Amount of sample injected per run was comparable to phenylalanine from 3μg of muscle
tissue. Figure 2, middle 2 panels show extracted ion chromatograms of the two species
monitored from a sample with enrichment of 0.009MPE.

GC/MS
The same samples that were run under the GC/MS/MS conditions described above were also
run under selected ion monitoring conditions using the same GC conditions and mass
spectrometric ionization parameters. The fragments at m/z 399.2 and 403.2 corresponding to
the [M-HF]- of phenylalanine and L-[ring-13C6]phenylalanine, respectively, were
monitored. The unknown MPE were again calculated against the same calibration curve.
The same amount of sample was injected on GC/MS as on GC/MS/MS. Figure 2, lower two
panels show extracted ion chromatograms of the two species monitored of the same sample
with enrichment of 0.009MPE.
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RESULTS AND DISCUSSION
Samples were analyzed on four different conditions that included GC/C/IRMS and three
different GC-based mass spectrometers, GC/MS, GC/MS/MS, and LC/MS/MS. Enrichment
curve and samples for each instrument were aliquots from the same sample preparation. The
constructed enrichment curve was first analyzed by GC/C/IRMS, using 3 injections per
point. Figure 3 shows the observed values plotted against theoretical enrichment. We have
chosen this as a reference point because historically IRMS has been used to measure very
low levels of isotopic enrichment 22. This curve was used in all subsequent analyses on each
of the mass spectrometers, but was derivatized differently for each instrument as described
in materials and methods section.

To establish the correlation between GC/C/IRMS enrichment values to those from other
analytical instruments, we ran 18 mixed muscle protein samples with various enrichment as
well as the enrichment standard curves in triplicate on each of the mass spectrometers. Mean
values were plotted against those obtained by GC/C/IRMS. Linear regression fitting without
point weighting was used and the resulting graphs, together with equations of the curves
plus linear regression scores are shown in Figure 4. Enrichment values of the mixed-muscle-
protein samples measured by LC/MS/MS and by GC/MS/MS showed good correlation with
those by GC/C/IRMS, with linear regression scores of R2 = 0.9962 for LC/MS/MS (Fig. 4A)
and R2 = 0.9964 for GC/MS/MS (Fig. 4B), and with p<2.5e-7 and p<1.07e-7, respectively.
The LC/MS/MS enrichment values almost ideally reflected those obtained by GC/C/IRMS,
with fitted curve equation of LC/MS/MS MPE =0.9949 GC/C/IRMS MPE +0.0014 (as
compared to y=0.9402x+0.0017 for GC/MS/MS and y=0.8769x-0.0035 for GC/MS). The
LC/MS/MS also displayed the lowest standard deviation of the enrichment values within
each triplicate, as showed in Fig. 4A (vertical error bars) especially at low levels of
enrichment. In contrast, enrichment values obtained by GC/MS did not correlate as well
with those obtained by GC/C/IRMS especially for lower enriched samples. This translated to
high vertical error bars in Fig. 4C.

To test intra-assay and inter-assay variation of the four different methods, 8 samples were
chosen with enrichment values ranging from 0.0091 to 0.0481MPE and were analyzed on 5
consecutive days on each instrument. Each day, the full sample preparation procedure was
performed then each sample was split into 3 aliquots for the 3 different instruments. The 8
samples were analyzed 5 times each day in all systems except GC/C/IRMS(only 3 times) to
collect data for intra-assay variation. For clarity, only the data of one sample is shown in
Table 1. LC/MS/MS showed the lowest intra-assay variation of 1.7 %, whereas GC/MS
analysis showed the highest intra-assay variation (13.5%). Similarly, the highest inter-assay
variation was observed in GC/MS (CV% of 25.4). LC/MS/MS also displayed lowest day to
day variability than that of GC/C/IRMS, GC/MS/MS, CV% of 3.2 vs. 9.2 and 10.2,
respectively.

To test how the level of enrichment affects precision of the assay, we divided the sample set
into 2 subgroups: 1) Low-MPE group which consisting of samples of relatively “low”
enrichment (0.0091MPE - 0.0194MPE by IRMS, n=8) and 2) High-MPE group with “high”
enrichment (0.0339MPE - 0.1312MPE by IRMS, n=10). All samples in a given set were
analyzed in triplicate in a single sequence. Table 2 shows the mean coefficient of variation
(CV%) of the samples from both sample sets as measured by the different instruments. Each
instrument showed an increase in CV% with decreasing MPE. GC/MS analysis gave the
highest values in both sets (11.51% low-MPE, 31.64% high-MPE). In comparison, the GC/
MS/MS values showing less variability as presented by lower CV% for the same samples
(9.39 and 5.08 for low- and high-MPE sets respectively). A single quadrupole instrument
working in a selective ion monitoring (SIM) mode does not have the same specificity as a
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triple quadrupole operating in selective reaction monitoring (SRM) mode and therefore
cannot effectively filter all interfering ions. This leads to decrease signal to noise ratio,
which is a crucial factor in analysis of low enrichment samples. The superior specificity
offered by MS/MS spectrometers does not apply to GC/C/IRMS systems, where all organic
compounds entering the combustion furnace are converted to CO2 and N2. Therefore the
initial chromatographic separation of the compounds of interest is of highest importance in
isotope ratio analysis. GC/C/IRMS showed the second best precision in both sets, being
outperformed only by LC/MS/MS (CV% 8.16 and 1.85 vs. 3.06 and 1.30). LC/MS/MS also
displayed the lowest CV% of measured enrichment in both low and high sets.

Our comparison of different mass spectrometry techniques showed that modern LC/MS/MS
mass spectrometers can match the precision and reproducibility of GC/C/IRMS systems,
when mixed muscle protein enrichment in the order of 0.0091MPE L-[ring-13C6]-Phe is
measured. To our knowledge, the only method employing an LC/MS/MS approach in the
measurement of amino-acid enrichment has been presented by Meesters et al 23, for the
estimation of plasma free L-[ring-2H5]phenylalanine, L-[ring-2H4] and L-[ring-2H2]tyrosine
under continuous tracer infusion. The authors demonstrated that tracer-to-tracee ratios
(TTR) can be measured reproducibly in a calibration curve prepared in ovalbumin solution
for the range of 0.01%-5.0%. The authors also advised that this technique should only be
used in situation where TTR is at least 0.01% or higher. The plasma enrichment presented in
the article had enrichment of 3.33%, 2.40% and 0.3% for L-[ring-2H5]phenylalanine, L-
[ring-2H4] and L-[ring-2H2]tyrosine, respectively. All these levels are well above the “high”
enrichment in our experiments. The current study was designed to measure low MPE
usually encountered in muscle protein measurements and demonstrated that the LC/MS/MS
approach is ideally suited for this type of studies especially when only small sample sizes
are available. Time required for analysis is also an important consideration while comparing
different approaches. LC/MS/MS analysis of mixed muscle protein is the least time
consuming amongst all of the techniques compared, requiring only a single-step
derivatization of phenylalanine combined with a shorter HPLC run time, 7 minutes as
compared to 14 minutes for GC/MS and GC/MS/MS runs. Higher sample dilution prior to
injection and the ability to divert the majority of column flow to waste (except for the time
window where the compound of interest elutes from the column) ensures lower maintenance
effort and longer instrument lifetime. An example of the use of LC/MS/MS and GC/MS/MS
has been their ability to precisely measure low L-[ring-13C6]-Phenylalanine enrichment in
samples with low protein concentration obtained from individual protein gel spots via two-
dimensional gel electrophoresis (2DGE). This technique was used recently to establish
individual synthesis rates of rat muscle mitochondrial proteins 24 and human plasma proteins
in type I diabetic, insulin deprived patients 17. Application of tandem mass spectrometry in
the analysis of 2DGE protein maps after L-[ring-13C6]Phenylalanine tracer infusion also
made it possible to differentiate newly synthesized and relatively old, oxidatively damaged
proteins (different isoforms of the sample protein) in human plasma samples 18. The above
application would not be possible to achieve by GC/C/IRMS and GC/MS techniques
because of the small sample quantities present in 2DGE spots unless of course protein spots
from multiple 2DGE are collected.

When sample size is much larger than has been used in the current study the GC/MS
approach11,13,14 is a viable approach to measure the differences in proteins. For
measurement of mixed muscle protein fractional synthesis rate of isotopic enrichment the
GC/MS approach has been extensively used because the large sample size reduces noise to
signal ratio. However, as has been shown in the current experiment when sample size is
small such as for the measurement of isotopic enrichment in individual muscle proteins GC/
MS approach is suboptimal due to its low precision. The tandem mass spectrometry as in the
case of GC/MC/MS and LC/MS/MS by monitoring daughter ions of the initial fragments
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which are more specific to the components of interest achieves superior precision by
reducing interfering peaks and background. Moreover, despite its superior ability to detect
low isotopic abundance, the requirement of higher (above 10 fold higher than LC/MS/MS)
sample size limits the use of GC/I/IRMS for measuring the isotopic enrichment of individual
protein samples.

CONCLUSIONS
In summary, we have shown that LC/MS/MS offers the highest overall reproducibility,
lowest inter- and intra-assay variation, shortest time of analysis and best precision for
measuring very low-enrichment samples. LC/MS/MS analysis also required the lowest
amount of sample, and had the highest signal/noise ratio of the m+6 trace ion. We conclude
that the LC/MS/MS technique is best suited for precise measurements of low L-
[ring-13C6]Phenylalanine tracer enrichments in protein samples especially where only low
amounts of sample are available, such as individual proteins purified by multi or 2
dimensional electrophoresis or chromatography.
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Figure 1.
GC/C/IRMS chromatogram of 12CO2 (m/z 44 trace) and 13C/12C ratio from a mmp sample
with 0.0091 MPE.
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Figure 2.
LC/MS/MS, GC/MS/MS and GC/MS chromatograms of m+2 (left panels) and m+6 (right
panels) ions of a mmp sample with 0.009 MPE.
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Figure 3.
[ring-13C6]phenylalanine enrichment curve measured by GC/C/IRMS.
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Figure 4.
Comparison of 18 mixed muscle protein samples’ mean MPE between GC/C/IRMS and LC/
MS/MS(A), GC/MS/MS(B) and GC/MS(C) respectively. Horizontal and vertical
barsrepresent standard deviation of the GC/C/IRMS measurements and compared assay,
respectively.
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Table 1

Intra-assay and inter-assay variations of a muscle sample in 4 platforms. Intra-assay values derived from 5
analysis in the same day for all platforms except in GC/C/IRMS where only 3 analysis were performed. Inter-
assay values were calculated using data obtained over 5 days. Values are presented as mean enrichment (MPE
average), standard deviation (SD) and percent coefficient of variation (CV%).

GC/C/IRMS LC/MS/MS GC/MS/MS GC/MS

intra-assay (1 day)

MPE average 0.0091 0.0093 0.0111 0.0105

SD 0.0012 0.0002 0.0007 0.0014

CV% 13.0 1.7 6.3 13.5

inter-assay (5 days)

MPE average 0.0089 0.0097 0.0099 0.0100

SD 0.0008 0.0003 0.0010 0.0025

CV% 9.2 3.2 10.2 25.4

tissue equiv. injected 8μg 0.8μg 3μg 3μg
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Table 2

Mean percent coefficient of variation (CV%) of low enrichment (low MPE, 0.0091-0.0194, n=8) and high
enrichment (high MPE, 0.0339-0.1312, n= 10) sets. All platfoms except GC/MS showed an increase in CV%
with decreasing MPE.

Mean percent coefficient of variation (CV%)

GC/C/IRMS LC/MS/MS GC/MS/MS GC/MS

low MPE 8.16 3.06 9.39 11.51

high MPE 1.85 1.30 5.08 31.64
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