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Abstract: The balance between metabolism and biomass is
very important in biological systems; however, to date there has
been no quantitative method to characterize the balance. In this
methodological study, we propose to use the distribution of
amino acids in different domains to investigate this balance. It
is well known that endogenous or exogenous amino acids in
a biological system are either metabolized or incorporated into
free amino acids (FAAs) or proteome amino acids (PAAs).
Using glycine (Gly) as an example, we demonstrate a novel
method to accurately determine the amounts of amino acids in
various domains using serum, urine, and cell samples. As
expected, serum and urine had very different distributions of
FAA- and PAA-Gly. Using Tet21N human neuroblastoma
cells, we also found that Myc(oncogene)-induced metabolic
reprogramming included a higher rate of metabolizing Gly,
which provides additional evidence that the metabolism of
proliferating cells is adapted to facilitate producing new cells. It
is therefore anticipated that our method will be very valuable
for further studies of the metabolism and biomass balance that
will lead to a better understanding of human cancers.

An important question in biological systems is the balance
between metabolism and biomass. For example, depending on
the circumstance, cancer can either accumulate biomass in the
tumor during proliferation, or sometimes reduce biomass of
non-tumor tissues in the process of cachexia. Compared to
normal differentiated cells, cancer cells often switch from
producing most of their energy by the oxidation of pyruvate
through the tricarboxylic acid (TCA) cycle in mitochondria,
to lactate production in the cytosol (the Warburg effect).[1]

One possible explanation of the Warburg effect is that the
metabolism of proliferating cells adapts to facilitate the
uptake and incorporation of nutrients to produce new cells.[1c]

Amino acids play one of the most important roles in
biological processes, primarily because they are extensively
involved in metabolism and constitute the basic building
blocks of peptides and proteins. In fact, the aforementioned
Warburg effect is being re-investigated due to new findings
that show the importance of glutamine as an energy source to
replace glucose-derived carbon diverted from the TCA cycle
for proliferating cancer cells.[2] A recent study discovered that
glycine (Gly) is strongly correlated with the rate of cancer cell
proliferation and contributes directly to de novo purine
biosynthesis.[3] In addition, we showed that N-Myc-oncogene
can change the amino acid profiles and their relative
distribution in the domains of free amino acids (FAAs) and
proteome amino acids (PAAs).[4]

To date, the balance between metabolism and proteome
biomass has been overlooked, and there has been no model
developed to characterize their connections quantitatively. In
this communication, we develop a method to explore the
direct links between metabolism and the proteome biomass,
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Figure 1. The concept of using amino acids as a probe to investigate
the balance between metabolism and proteome biomass.
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and we propose to use amino acids as the probe to investigate
this balance. As shown in Figure 1, endogenous or exogenous
amino acids in a biological system are either metabolized or
incorporated into the domains of FAAs or PAAs (including
peptides). As an example, we measure the distribution of Gly
in different domains to derive a quantitative model for the
metabolism/proteome-biomass balance. In principle, meta-
bolic flux analysis can also be used; however, flux analysis
calculations are pathway dependent and often have multiple
assumptions.[5]

In this study, we used stable isotope labeled internal
standards (iSTDs) for the accurate liquid chromatography
tandem mass spectrometry (LC-MS/MS) measurements of
FAAs and PAAs, using Gly as an example. To measure PAAs
(including peptides that can produce Gly during hydrolysis),
we improved a previously reported nonlinear least-squares
extrapolation method,[6] and adapted it to our approach using
iSTDs (Supporting Information, Section 1). Briefly, biological
samples were spiked with iSTDs, and the mixtures were
hydrolyzed with 6n hydrochloric acid (HCl) at 110 8C for t =

6, 12, 24, 48, and 96 h. Figure 2 illustrates the compartment

model describing the simultaneous yield and decay processes
of PAAs during hydrolysis. A is the level of PAAs in proteins,
B is the level of MS-detectable amino acids, h is the hydrolysis
rate, and l is the degradation rate.

The MS-detectable amino acids at time t can be calculated
from Equation (1), where Ap is the original level of PAAs in
proteins prior to hydrolysis, and Ao is the amount of MS-
detectable amino acids at t = 0 (FAAs).

B tð Þ ¼
Aph
h� l

e�lt � e�ht
� �

þA0e�lt ð1Þ

We used the Monte Carlo method[7] to obtain the
numerical solutions of Ap in Equation (2) (Supporting
Information, Section 2). Io is the spiked level of iSTDs; k
and b are the slope and intercept of the calibration curve,
respectively, derived from the labeled and unlabeled stand-
ards.

Aph
h�l e�lt � e�ht
� �

þA0e�lt

I0e�lt ¼ kX þ b ð2Þ

Figure 3a shows the calibration curve between Gly and
13C2-Gly, which converts the ratios of MS intensities to the
ratios of amounts. Table 1 summarizes the concentrations of

Gly in different domains of the serum and urine samples used
in this study. From 5 mL serum, the amount of FAA-Gly was
determined to be 1.87 � 10�9 mol (concentration: 0.373�
0.002 mm, standard error, n = 3), which fits well with the
reported value from the HMDB database.[8] To obtain the
amount of PAA-Gly, 5 mL serum was mixed with 13C2-Gly, and
then the mixture was directly hydrolyzed with different time
intervals. Figure 3b shows the Monte Carlo fitting of exper-
imental data to Equation (2) (A0 = 1.87 � 10�9 mol). It can be
clearly seen that our approach has a high reproducibility, and
that the model of Equation (2) fits well with the collected data
with high R2 values. The concentration of Gly in PAAs in the
5 mL serum sample was measured to be 23.9� 0.2 mm

(Table 1).
To further investigate the distribution of Gly in proteins,

after methanol extraction we hydrolyzed the aqueous layer
and the precipitated protein pellet to obtain Gly in the soluble
protein amino acid (SPAA) and insoluble protein amino acid
(IPAA) domains, respectively. For the same 5 mL serum,
Figure 3c presents the Monte Carlo fitting curves used to

Figure 2. Schematic illustration of the compartment model describing
the processes of hydrolysis and degradation of PAAs occurring
simultaneously.

Figure 3. a) Calibration curve between Gly and 13C2-Gly; b) Monte
Carlo fitting of experimental data to Equation (2) to determine the
amount of PAAs (using Gly as an example) in 5 mL serum; c) Monte
Carlo fitting of Equation (2) to determine the amount of SPAAs in 5 mL
serum; d) fitting of Equation (2) to determine the amount of IPAAs in
5 mL serum. 1, 2, and 3 represent three replicates. *The ratio values
were multiplied by 20 fold, except at t = 0, because more iSTD was
spiked to approximately match the MS intensities of compounds (the
intensity ratios were included in Figure 3a).

Table 1: The concentrations of Gly in different domains of the serum and
urine samples analyzed in this study.

Serum [mm] Urine [mm]

FAAs 0.373�0.002 0.812�0.009
PAAs 23.9�0.2 1.62�0.01
SPAAs 2.25�0.04 1.64�0.02
IPAAs 19.2�0.3 0.0679�0.0008
SPAAs/IPAAs[a] 0.117 24.1
PAAs/FAAs[a] 64.0 1.98

[a] Average values were used in calculations; no unit.
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determine the amount of SPAA-Gly. High R2 values were
obtained, although they were lower than those in Figure 3b.
The concentration of Gly in SPAAs was found to be 2.25�
0.04 mm (Table 1) using Equation (2). In addition, from the
fitting curves in Figure 3d (Ao = 0), Gly in IPAAs in the serum
sample was measured to be 19.2� 0.3 mm. The total amount
of Gly in SPAAs and IPAAs should equal to that in PAAs. In
this study, the sum of Gly in SPAAs and IPAAs was found to
be 107.3 � 10�9 mol, which indicated that our approach had
a recovery rate of 90% for this healthy human serum (PAAs:
119 � 10�9 mol).

Similarly, we measured Gly in different domains using
a 50 mL urine sample from a healthy human volunteer, and
the results are shown in Table 1 and the Supporting Informa-
tion, Section 3. Notably, the recovery rate was determined to
be 105 % for this healthy human urine, providing additional
evidence that the protein hydrolysis method in this study is
appropriate. Our results showed that the FAA-Gly concen-
tration in the urine sample was much higher than that in the
serum sample, and that urine contained much less PAA-Gly
than serum (as anticipated, since in general urine has less total
protein). Serum had a higher amount of Gly in the IPAA
domain than the SPAA domain (SPAAs/IPAAs = 0.117);
however, this was opposite for the urine sample (SPAAs/
IPAAs = 24.1). Interestingly, the PAAs/FAAs ratio from the
urine sample was 1.98, which was much lower than that from
the serum sample (64.0).

To further demonstrate the concept of the balance
between metabolism and biomass, we used 15N-13C2-Gly as
the iSTD to construct a quantitative model describing the
distribution of spiked 13C2-Gly in all sample domains of the
Tet21N human neuroblastoma cells. We compared untreated
cells (Myc-On) and those with N-Myc repressed (Myc-Off) by
doxycycline. As is well known, Myc can cause significant
alterations in global gene and protein expression, and
activation of the oncogene Myc facilitates proliferation and
biomass accumulation required for cell division through
metabolic reprogramming.[9]

Figure 4 shows the experimental design and results.
Analytically, it is very challenging to quantify the amount of
metabolized amino acids. However, in this study we first
quantify the amounts of extracellular FAAs (B), cellular
FAAs (C), and cellular PAAs (D); if a known amount of 13C2-
Gly (A) is spiked into the cells, consumed (E) and metabo-
lized 13C2-Gly (F) can be easily calculated from the simple
equation in Figure 4a (E = A�B = C + D + F), according to
the law of conservation of matter. Notably, the D term is
calculated using the Monte Carlo fitting of Equation (2). The
amount of extracellular PAA 13C2-Gly was very small and was
ignored in the calculation.

In Figures 4a and 4b, the amount of spiked 13C2-Gly was
scaled to 100.0 (A), with a standard error of 0.4 (n = 2). After
72 hrs of incubation, extracellular FAA 13C2-Gly (B) was
measured to be 82� 1 for the Myc-On Tet21N cells. Cellular
FAA (C) and PAA (D) 13C2-Gly into the Myc-On Tet21N cells
were determined to be 0.8� 0.1 and 3.1� 0.1, respectively.
Therefore, consumed (E) and metabolized 13C2-Gly (F) in
Myc-On cells were calculated to be 18� 1 and 14� 1,
respectively. Similarly, extracellular FAA 13C2-Gly was 92�

4, cellular FAA 13C2-Gly was 0.50� 0.02, cellular PAA 13C2-
Gly was 2.3� 0.2, consumed 13C2-Gly was 8� 4, and metab-
olized 13C2-Gly was 6� 4 for the Myc-Off Tet21N cells.

As expected, Myc-On Tet21N cells consumed more 13C2-
Gly than Myc-Off cells. This fits well with the observation that
Myc-On cells have a faster (� 2 �) proliferation rate than
Myc-Off cells during the 72-hr incubation. This could also
indicate that Myc drives Gly uptake and metabolism in
a similar manner as it increases glucose and glutamine uptake
and metabolism.[9c] Myc-Off cells consumed less 13C2-Gly,
which is also an important reason for the larger relative
variation in the E and F terms than those for Myc-On cells. In
future studies, using medium without Gly or a longer
incubation time can further increase 13C2-Gly consumption
in Myc-Off cells.

It can be clearly seen in Figure 4c that our method
generated different metabolism-biomass balance models for
the Myc-On and Myc-Off cells, which could be characteristic
for tumorigenesis cells. The C/E and D/E values were lower
and a higher proportion (F/E) of consumed 13C2-Gly (E) was
metabolized (F) in Myc-On cells compared to that in Myc-Off
cells. The major domain for consumed 13C2-Gly was the
metabolized domain (F/C and F/D> 1) for both Myc-On and
Myc-Off cells. The second major domain for cellular 13C2-Gly
was the proteome (D). In addition, Myc-On cells had larger F/
C and F/D ratio values than Myc-Off cells, indicating that
Myc enhanced the conversion of incorporated glycine into
other metabolites, instead of proteome- or FAA-Gly.

Although detailed biological analysis is beyond the scope
of this study, we used 13C2-Gly as the tracer to examine major

Figure 4. The experimental design and results of a quantitative model
describing the distribution of spiked 13C2-Gly in every domain of the
Myc-On (a) and Myc-Off (b) Tet21N human neuroblastoma cells.
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metabolic pathways that could contribute to the different
behaviour of metabolizing Gly. As shown in Figure S4
(Supporting Information, Section 5), the enrichment of 13C2-
Gly into lactate and TCA metabolites was very low. The
average enrichment rate into serine was 7.9 % and 10 % for
Myc-On and Myc-Off cells, respectively, indicating that serine
synthesis is not mainly responsible for (in fact, opposite to)
the different Gly metabolism.

Gly contributes to multiple other metabolic pathways,
including the de novo synthesis of purine nucleotides and
glutathione. Figure 5a shows that 13C2-Gly in Myc-On cells

had a higher incorporation rate into AMP than that in Myc-
Off cells. Direct incorporation into the purine backbone (M +

2) was a more important mechanism for Gly to be converted
into AMP than the Gly cleavage system (GCS, M + 1).
Consistent with Figure 5a, the gene expression data in
Figure 5b shows that N-Myc in Tet21N cells causes robust
activation of all the enzymes in purine biosynthesis pathway.
This fits well with the dependency of these cells upon the
enzyme PFAS, as using siRNA against this enzyme would
selectively kill Myc-On cells.[9c] Compared to AMP, there was
no significant change induced by Myc, in terms of the reduced

and oxidized glutathione ratio (GSH/GSSG, Figure S5 a), or
enrichment of 13C2-Gly in either GSH (Figure S5 b) or GSSG
(Figure S5 c). Consistently, our gene expression analysis (Fig-
ure S5d) indicated no significant change in the expression of
the glutathione synthesis pathway.[9c] Taken together, our
results suggest that incorporation into the purine backbone to
facilitate DNA synthesis could be an important mechanism
for Myc-On cells to have a higher rate of metabolizing Gly
than Myc-Off cells.

Our approach derives a quantitative model describing the
balance between metabolism and biomass, while at the
current stage it cannot identify specific proteins/peptides.
We improved the compartment model[6] using iSTDs and
Monte Carlo fitting to measure proteome amino acids, since
in principle at any given time point the MS measured levels of
amino acids are not true hydrolysis yields (degradation occurs
simultaneously). For PAA-Gly measurements, the reprodu-
cibility of h and l is relatively poor, which is similar to the
results of previous studies.[6] To accurately measure h and l,
multiple time points are required both before and after the
levels of hydrolyzed amino acids reach their respective
maxima. However, this is challenging because sample prep-
aration includes a drying step and non-hydrolyzed proteins
can interfere with LC-MS/MS detection. Fortunately, in most
cases Ap is a more important contributor to the model than
either h or l.

In summary, we have proposed a method to use the
distribution of amino acids in different domains to character-
ize the balance between metabolism and biomass. Using Gly
as an example, we demonstrated how to accurately determine
the amounts of FAAs and PAAs (including peptides that can
produce Gly during hydrolysis) in serum, urine, and cell
samples. It was shown that our approach using iSTDs and the
compartment model fits well with the collected data, and that
it has high reliability for measuring the amounts of amino
acids in various domains. The Gly models from serum and
urine were very different. Furthermore, this work reports the
first quantitative model describing the distribution of Gly
(and amino acids more generally) in all sample domains of the
Myc-On and Myc-Off Tet21N cells. Myc-induced metabolic
reprogramming included a higher rate of metabolizing Gly,
compared to FAA- and PAA-Gly, which supports the
observation that the metabolism of fast proliferating cells is
adapted to producing new cells. Based on our results, we
expect that the relative distribution of amino acids in different
domains could be a characteristic index of biological status,
and that our method could be routinely used in biological and
medical sciences.
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Figure 5. a) The incorporation of 13C2-Gly into AMP in Myc-On and
Myc-Off cells, M + n (n =0, 1, and 2) means that n carbons are 13C-
labled in AMP; b) the N-Myc-induced changes of de novo purine
biosynthesis enzymes as measured using transcriptomic analysis.
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Quantitative Method to Investigate the
Balance between Metabolism and
Proteome Biomass: Starting from Glycine

The balance between metabolism and
biomass is very important in biological
systems, however, so far there has been
no quantitative method to characterize it.
Herein, the relative distribution of amino
acids in different domains is proposed to
indicate this balance. Using glycine as an
example, it is demonstrated that this
distribution may be a universal pheno-
type parameter that could routinely be
measured.
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