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SUMMARY

Cells must duplicate their mass in order to prolifer-
ate. Glucose and glutamine are the major nutrients
consumed by proliferating mammalian cells, but the
extent to which these and other nutrients contribute
to cell mass is unknown. We quantified the fraction
of cell mass derived from different nutrients and
found that the majority of carbon mass in cells is
derived from other amino acids, which are consumed
at much lower rates than glucose and glutamine.
While glucose carbon has diverse fates, glutamine
contributes most to protein, suggesting that gluta-
mine’s ability to replenish tricarboxylic acid cycle in-
termediates (anaplerosis) is primarily used for amino
acid biosynthesis. These findings demonstrate that
rates of nutrient consumption are indirectly associ-
ated with mass accumulation and suggest that high
rates of glucose and glutamine consumption support
rapid cell proliferation beyond providing carbon for
biosynthesis.

INTRODUCTION

Rapidly proliferating cells have different metabolic needs from

non-proliferating cells. During each cell cycle, proliferating cells

must synthesize all of the components needed to duplicate cell

mass (Lunt and Vander Heiden, 2011). One metabolic feature

common to many proliferating cells is high glycolytic flux to

lactate in the presence of oxygen, a phenomenon referred to

as aerobic glycolysis or the Warburg effect. Why proliferating

cells, including cancer cells, consume large quantities of glucose

only to excrete the majority of this carbon as lactate is a subject

of debate (Brand, 1985; Brand et al., 1986; DeBerardinis et al.,

2008; Gatenby and Gillies, 2004; Hsu and Sabatini, 2008;
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Hume et al., 1978; Jiang and Deberardinis, 2012; Koppenol

et al., 2011; Lunt and Vander Heiden, 2011; Newsholme et al.,

1985; Vander Heiden et al., 2009; Vazquez et al., 2010). One

widely held hypothesis is that high glycolytic flux allows interme-

diates to be shunted into anabolic pathways to support biomass

accumulation (Brand, 1985; Chaneton et al., 2012; Faubert et al.,

2013; Hsu and Sabatini, 2008; Hume et al., 1978; Jiang and De-

berardinis, 2012; Jiang et al., 2011; Lunt and Vander Heiden,

2011; Newsholme et al., 1985; Shestov et al., 2014; Vander Hei-

den et al., 2009; Wang and Green, 2012). Many proliferating

mammalian cells also consume substantial quantities of gluta-

mine, and glutamine is also hypothesized to provide material

for biosynthesis (Brand, 1985; Brand et al., 1986; Daye and

Wellen, 2012; DeBerardinis et al., 2007; Hsu and Sabatini,

2008; Wang and Green, 2012). Glutamine or other carbon sour-

ces can add new carbon to the tricarboxylic acid (TCA) cycle

(anaplerosis) in order for TCA-cycle intermediates to be removed

from the cycle and used for the production of new macromole-

cules in cells (Daye and Wellen, 2012; DeBerardinis and Cheng,

2010; DeBerardinis et al., 2007; Lunt and Vander Heiden, 2011;

Newsholme et al., 1985; Wang and Green, 2012), although the

extent to which glutamine or other nutrients contribute to

biomass has not been determined.

Implicit in these hypotheses is the notion that the most

consumed nutrients are also the major contributors to biosyn-

thesis and, therefore, cell mass. This hypothesis has not been

rigorously tested, yet forms the basis for modeling efforts to un-

derstand cancer metabolism (Cascante et al., 2002; Shestov

et al., 2014; Shlomi et al., 2011). In Escherichia coli, the sources

of cell mass and their fates have been carefully quantified (Rob-

erts et al., 1955), and for prototrophic strains grown in defined

minimal media, medium composition constrains the nutrients

available to produce new biomass. This is not the case for

mammalian cells; in both tissues and cell culture mammalian

cells are exposed to diverse metabolic substrates. While the

relative uptake of various nutrients has been examined in several

systems (Jain et al., 2012; Paredes et al., 1998), the extent to

which any contributes to biomass is unknown.
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Figure 1. Rapidly Proliferating Mammalian

Cells in Culture Consume Glucose and

Glutamine in Excess of Other Nutrients

Consumption and excretion rates of glucose,

lactate, and amino acids by H1299 and A549 cells.

Nutrients are ranked in descending order by abso-

lute magnitude of their fluxes. Each bar represents

the slope from a linear fit of n = 3 replicates ± SE.

Standard three-letter abbreviations are used for

amino acids. Glc, glucose; Lac, lactate.
Various qualitative fates of glucose and glutamine in prolifer-

ating cells have been extensively studied, and recent work has

suggested that metabolism of other nutrients can be important

for proliferation, although net contribution of these alternative

fuels to cell mass has not been quantified (Comerford et al.,

2014; Kamphorst et al., 2013; Labuschagne et al., 2014; Mad-

docks et al., 2013; Schoors et al., 2015; Schug et al., 2015). In

this study, we quantitatively determined the sources of cell

mass in rapidly proliferating mammalian cells. Surprisingly, we

found that glucose and glutamine, the two nutrients with the

highest consumption rates, are not themajor contributors of car-

bon to cell mass. Instead, other amino acids, which are

consumed atmuch lower rates, together account for themajority

of carbon in cells. Examining the biosynthetic fates of these nu-

trients for mass acquisition provides a framework for considering

how metabolism supports cell proliferation.

RESULTS

To begin examining the contribution of nutrients to mammalian

cell mass, we measured the consumption and excretion rates

of glucose, lactate, and amino acids in H1299 and A549 non-

small cell lung cancer cell lines, cells that have been shown pre-

viously to rely on aerobic glycolysis for proliferation (Christofk

et al., 2008) (Figure 1). Similar to other mammalian cell lines (Fig-

ure S1A) (Jain et al., 2012), glucose, followed by glutamine, was

the most consumed nutrient, and consumption of both ex-

ceeded that of serine, the third most consumed metabolite by

several fold. Consistent with high aerobic glycolysis in these

cells, glucose was consumed at approximately half the rate

that lactate was excreted. Most lactate is derived from glucose

(Figure S1B) (Brand, 1985; Hume et al., 1978), and two lactate

molecules can be derived from one glucose molecule. Since

the difference between glucose uptake and lactate excretion

equals the maximum possible rate of glucose contribution to

cell mass, the rate of new mass addition from glucose must be

small relative to the rate of glycolysis.

To determine how different nutrients contribute carbon to cell

mass, we grew H1299 and A549 cells in the presence of glucose

uniformly labeled with carbon-14 ([U-14C]glucose, i.e. all carbon

atoms substituted with carbon-14) until >95% of cell mass had

turned over, allowing the proportion of cell dry mass derived

from glucose carbon to be determined (Figure S2; see Supple-

mental Experimental Procedures). Surprisingly, glucose carbon

only contributed to around 10% of cell mass even though cells

are approximately 50% carbon by dry weight (Figures 2A, 2B,

and S2B). To confirm that this method is capable of accounting

for the contribution of glucose to cell mass, we repeated this
Devel
approach in prototrophic Saccharomyces cerevisiae strain

SK1. The dry mass of this strain is also approximately 50% car-

bon, and when SK1 yeast was cultured in minimal medium con-

taining glucose as the sole carbon source, this carbon could be

accounted for using carbon-14 incorporation from [U-14C]

glucose (Figure 2C).

Glutamine is the most abundant amino acid in plasma

(McMenamy et al., 1957), and, like glucose, can be rapidly

consumed by proliferating cells. To measure the contribution

of glutamine to cell mass, we assessed carbon-14 labeling

from [U-14C]glutamine (Figures 2A and 2B). Like glucose, gluta-

mine carbon did not contribute to more than 10% of cell mass,

suggesting that the majority of cellular carbon is not derived

from glucose or glutamine. To ensure that low incorporation of

glucose and glutamine carbon was not influenced by base me-

dium choice, we compared carbon-14 labeling of cells cultured

in RPMI 1640 and DMEM, and observed no differences (Fig-

ure S2C). We also confirmed that labeling was saturated during

these experiments; as subsequent passaging in medium with

labeled glucose or glutamine did not increase the fraction of

cell mass labeled by these nutrients (Figures S2D and S2E).

To confirm these findings using an orthogonal approach, we

grew cells in medium containing [U-13C]glucose or [U-13C]gluta-

mine, such that none of the carbon in either nutrient was unla-

beled. After culturing cells in this media until >95% of cell

mass was produced de novo, the fraction of cellular carbon

labeled by carbon-13wasmeasured by isotope ratiomass spec-

trometry (IRMS), and the fractional labeling observed was

consistent with values derived from carbon-14 incorporation

(Figure S2F).

Other cell lines representing different tissues of origin, onco-

genic drivers, and species also incorporated glucose and gluta-

mine carbon to a similar extent as H1299 and A549 cells (Table

S1, Figure 2D). This finding suggests that many immortalized

cells derive substantial cell mass from a source other than

glucose and glutamine. To determine whether cell mass is

acquired similarly by normal proliferating mammalian cells, we

examined both primary embryonic fibroblasts (MEFs) and

primary T cells derived from mice. Both MEFs and activated

proliferating T cells exhibited comparable levels of carbon incor-

poration from glucose and glutamine, suggesting that a large

proportion of cell mass is also derived from other nutrients in

these cells (Figures 2D and 2E).

Mammalian cells are thought to consist largely of protein

(Alberts et al., 2008; Bonarius et al., 1996; Mourant et al.,

2005), so we hypothesized that amino acids could be a major

contributor to cell mass. Mammalian cells cannot synthesize

many amino acids, and often have access to both essential
opmental Cell 36, 540–549, March 7, 2016 ª2016 Elsevier Inc. 541
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Figure 2. Neither Glucose nor Glutamine

Contributes the Majority of Carbon Present

in Proliferating Mammalian Cells

(A and B) The fraction of cell dry mass consisting of

carbon in (A) H1299 and (B) A549 cancer cells ex-

ceeds the fraction of cell mass labeled by glucose

or glutamine.

(C) In SK1 prototrophic yeast, the fraction of cell

mass labeled by glucose as the sole carbon source

is equal to the fraction of cell mass composed of

carbon.

(D) The contributions of glucose and glutamine to

cell mass are similar across mammalian cells.

(E) The fraction of cellular carbon derived from

glucose or glutamine in activated primary mouse

T cells.

Each bar represents the average of n = 3

replicates ± SD.
and non-essential amino acids in their environment. For

example, valine, an essential amino acid, must be taken up

from the environment, but serine, a non-essential amino acid,

may be synthesized de novo. Carbon from these amino acids,

which have different fates in central carbon metabolism and a

different ability to contribute to non-protein biomass, each

labeled 2%–4% of cell mass (Figure 3A). To examine how amino

acids in general contribute to cell mass, we grew several

mammalian cell lines and primary MEFs in medium containing

a pool of 15 [U-14C]-labeled amino acids (which did not include

glutamine). This medium was modified from RPMI 1640 in a

manner that supported normal cell proliferation to facilitate

quantitative determination of cell labeling by these amino acids

(see Supplemental Experimental Procedures; Figures S3A and

S3B). Together, amino acids were found to label the majority of

carbon in cells and, together with the carbon derived from

glucose and glutamine, can account for most of the carbon

mass in mammalian cells (Figure 3B).

In addition to providing carbon, glutamine contains two nitro-

gen atoms and can be a nitrogen source for cultured cells

(DeBerardinis and Cheng, 2010). The amide-nitrogen can be

transferred to asparagine and nucleotides, and the a (amino) ni-

trogen can be transaminated to non-essential amino acids. Both

nitrogen atoms can also be incorporated into protein as gluta-

mine, and hydrolysis reactions allow either to be excreted as

ammonia. To determine the extent to which glutamine contrib-

utes nitrogen to biomass of H1299 and A549 cells, we cultured

cells in the presence of either [amide-15N]glutamine or [a-15N]

glutamine, and measured the contribution of each to cellular

nitrogen by IRMS after labeling had reached steady state (Fig-

ures 3C, S3C, and S3D). The amide- and a-nitrogen atoms,
542 Developmental Cell 36, 540–549, March 7, 2016 ª2016 Elsevier Inc.
respectively, accounted for approximately

11% and 17% of cellular nitrogen. Inter-

estingly, glutamine nitrogen altogether

contributed less than half of the nitrogen

in each of the cell lines analyzed, suggest-

ing that the rest is derived from other sour-

ces such as amino acids.

We next sought to determine the extent

to which glucose and amino acids
contribute carbon mass to non-proliferating cells. These cells

do not have the biosynthetic demand to duplicate cell mass,

but are not thought to be metabolically quiescent (Lemons

et al., 2010) and likely turn over some proportion of cell mass.

To determine themass contribution to quiescent cells, we exam-

ined non-transformed human mammary epithelial cells (HMECs)

that reversibly arrest when epidermal growth factor is withdrawn

(Figure S4A) (Stampfer et al., 1993). Proliferating HMECs incor-

porate carbon from glucose, glutamine, and valine to an extent

comparable with other proliferating cells, and interestingly, label-

ing of non-proliferating HMECs approached similar steady-state

values, suggesting that most of their cell mass turns over after

several weeks (Figures 4A and 4B). We also determined the con-

tributions of these nutrients to carbon cell mass of post-mitotic

cells: primary hepatocytes cultured ex vivo, and myocytes and

adipocytes differentiated in vitro from C2C12 and 3T3-L1 cells,

respectively. Similar to HMECs, hepatocytes, myocytes, and

adipocytes were labeled by each of the tracers used, indicating

some cell mass turnover (Figures 4C–4G and S4B–S4E). How-

ever, in most cases labeling approached steady-state values

lower than those observed for proliferating cells. This suggests

that, in contrast to the HMECs, only a fraction of cell mass

in these differentiated cells is turned over. Importantly, undiffer-

entiated C2C12 myoblasts and undifferentiated 3T3-L1 pre-adi-

pocytes incorporated glucose and amino acids to an extent

similar to other proliferating cells (Figures 4D and 4F). Like hepa-

tocytes and myocytes, adipocytes incorporated amino acids

at levels lower than proliferating cells (Figure 4G). Glucose, how-

ever, labeled a substantial portion of adipocyte cell mass,

consistent with its role in lipid storage (Figure S4E). The non-

proliferating cells analyzed illustrate that different cell types
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BA Figure 3. Amino Acids Contribute the Major-

ity of Cell Mass for Proliferating Mammalian

Cells

(A) Serine and valine carbon each contribute 2%–

4% of cell dry mass in mammalian cells.

(B) A pooled mixture of 15 amino acids can label

the majority of cellular carbon in proliferating

mammalian cells. Amino acid mass contribution

was determined by culturing cells in modified RPMI

(Table S2 and Figure S3A) with [U-14C]-labeled

amino acids. Mass contribution of glucose and

glutamine in this modified medium are also pre-

sented for comparison.

(C) The fraction of cellular nitrogen derived from

glutamine a- and amide-nitrogen atoms.

(D) Acetate carbon is a minor contributor to cell

mass, and the net contribution is dependent on

acetate concentration.

(E) Contribution of serum palmitate to cell mass as

determined by incorporation of [U-14C]palmitate.

Each bar represents the average of n = 3 repli-

cates ± SD.
use different metabolic programs. Hepatocytes and myocytes

partially turn over cell mass, using glucose and amino acids to

similar extents. Adipocytes are metabolically specialized, incor-

porating large amounts of glucose carbon, and HMECs abun-

dantly incorporate amino acids into cell mass regardless of their

proliferation status.

The large contribution of amino acids to cell mass despite rela-

tively low uptake suggests that other nutrients consumed at low

rates might contribute to cell mass. For instance, acetate can

play a role in fueling cell proliferation (Comerford et al., 2014;

Schug et al., 2015). Acetate is absent from tissue culture base

media, so we measured acetate levels in fetal bovine serum

(FBS) and in the dialyzed FBS used in our labeling studies (Fig-

ure S3E). In bovine serum, acetate was approximately 400 mM,

and in tissue culture medium containing 10% FBS or 10% dia-

lyzed FBS, acetate levels were approximately 40 mM or 4 mM,

respectively. Carbon from acetate did not label cells appreciably

when cultured in media with 10% serum, but began to approach

1%of cell drymass when 400 mMacetate was present in theme-

dium (Figure 3D), a concentration higher than that typically

observed in human serum (Richards et al., 1976; Tollinger

et al., 1979).

Cells can also scavenge serum fatty acids as another potential

source of mass (Bailey et al., 1972; Kamphorst et al., 2013;

Schoors et al., 2015). Quantitative assessment of total fatty

acid contribution is complicated by the fact that the fatty acid

composition of serum is complex and cannot be recapitulated

using isotope labeled tracers. However, to assess themagnitude

of individual fatty acid contribution, we examined the incorpora-

tion of palmitate (C16:0) into cell mass. Palmitate is the most

abundant fatty acid in both serum and cell membranes (Kilsdonk

et al., 1992; Raatz et al., 2001; Vajreswari et al., 1990). Palmitate

is present at around 260 mM in FBS (Figure S3F); however, this

value includes both free fatty acid and esterified palmitate in

lipids. [U-14C]Palmitate provided as a free fatty acid labeled

approximately 5% of H1299 and A549 cell mass when consid-

ered in relation to total palmitate (free fatty acid and esterified)

in media (Figure 3E). These data indicate that exogenous lipids
Devel
can also be a contributor to mass; however, this assessment

may overestimate the contribution because most serum fatty

acids are esterified in lipids such as triglycerides (Raatz et al.,

2001). Esterified fatty acids taken up by cells are first hydrolyzed

by lipases to generate free fatty acids that mix with free fatty acid

pools in cells (Walther and Farese, 2012). However, the amount

of carbon incorporated from [1-14C]palmitate was one-sixteenth

of that incorporated from [U-14C]palmitate (Figure S3G).

Because the labeled carbon atom in [1-14C]palmitate is the first

carbon lost during fatty acid oxidation, these data suggest that

eachmolecule of palmitate acquired by cells is either completely

catabolized or completely incorporated into cell mass. Based on

similar assumptions, carbon from [1-14C]oleate (C18:1), the sec-

ond most abundant serum fatty acid (Figure S3F) (Raatz et al.,

2001), also could account for approximately 5% of cell mass

(Figure S3G).

Lipids can be scavenged from the environment or synthesized

de novo, with glucose and glutamine serving as potential sub-

strates for de novo biosynthesis (Kamphorst et al., 2013; Metallo

et al., 2012; Mullen et al., 2012). To understand the contributions

of glucose and glutamine specifically to lipids, we adapted a

biphasic extraction protocol to separate and recover lipids

(and other non-polar compounds) as well as the other major

macromolecule classes: RNA, DNA, protein, and polar metabo-

lites (Figure 5A). This approach can quantitatively recover these

macromolecules from a cell lysate with high purity, as validated

using radioactive standards that were isolated by orthogonal

means (Figures 5B and 5C). Fractionation of radiolabeled cells

using this approach also yields full recovery of input radioactivity

(Figure S5A). Consistent with previous studies (Kamphorst et al.,

2013; Metallo et al., 2012; Mullen et al., 2012), carbon-14 from

both glucose and glutamine was recovered in the lipid fraction

of H1299, A549, and A172 cells, with greater glucose contribu-

tion to lipids than glutamine (Figure 5D). Substantial amounts

of glucose carbon were recovered in each of the macromolecule

fractions investigated, but the largest proportion of glucose was

diverted to the non-polar fraction, suggesting that glucose is a

major source of material for de novo lipogenesis.
opmental Cell 36, 540–549, March 7, 2016 ª2016 Elsevier Inc. 543
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Figure 4. Carbon Contribution to Non-proliferating Cell Mass

Using carbon-14 tracers, carbon from glucose (Glc), glutamine (Gln), serine (Ser), and valine (Val) was traced into cell mass of: (A) proliferating human mammary

epithelial cells (HMEC), (B) arrested HMEC, (C) primary hepatocytes, (D) proliferating C2C12 myoblasts, (E) differentiated C2C12 myocytes, (F) proliferating

3T3-L1 fibroblasts, and (G) 3T3-L1 differentiated into adipocytes. Carbon incorporation into proliferating cells is shown at steady state, whereas incorporation

over time is shown for non-proliferating cells. Each bar represents the average of n = 3 replicates ± SD.
To assess the contribution of lipid biosynthesis from glucose

relative to lipid scavenging from the environment, we measured

the increase in glucose incorporation into the lipid fraction when

proliferating cells were deprived of exogenous lipids. Cells were

cultured in serum stripped of lipids by non-denaturing organic

extraction (Figure S3F). Any increase in glucose contribution to

fatty acids under these conditions should reflect the contribution

of exogenous lipids to mass when cells are cultured in lipid-

replete conditions. Importantly, cell mass was not significantly

changed when cells were cultured in medium containing fatty-

acid-stripped serum (Figure S6A). Substantially more glucose

carbon was incorporated into cell mass when cells were cultured

without lipids, such that approximately half of the carbon from

glucose was diverted to the non-polar fraction under these con-

ditions (Figures 6A and 6B). These data are consistent with cells

obtaining substantial lipid mass from their environment when

available (Figures 5E and S5B), and also consistent with the

observed equal contributions of [U-14C]palmitate and [1-14C]

palmitate to cell mass (Figure S3G). No detectable change in

net glutamine carbon contribution to cell mass was observed

when cells were cultured in the absence of lipids; however, the

relative incorporation of glutamine carbon into non-polar mate-

rial approximately doubled in this condition. Finally, the differ-

ence in the proportion of cell mass derived from glucose when

cells are grown with or without serum fatty acids corresponds

well with the measured contribution of palmitate and oleate car-

bon to cell mass when these fatty acids are present (Figures 3E

and S3G). This corroborates the notion that these two fatty acids

are the predominant mass contributors from exogenous lipids

and argues that lipid mass in these cells is obtained from a com-
544 Developmental Cell 36, 540–549, March 7, 2016 ª2016 Elsevier
bination of scavenging and de novo synthesis from glucose.

Assuming that cellular lipids are derived from only glucose,

glutamine, and extracellular lipids, the above data suggest that

60%–70% of lipid carbon is derived from exogenous sources,

while 20%–30% is derived from glucose and �5% from

glutamine.

Glucose carbon can enter many biosynthetic pathways (Hume

et al., 1978; Lunt and Vander Heiden, 2011), and glucose contrib-

utes to all macromolecular fractions (Figure 5D). One non-redun-

dant function of glucose is to provide ribose for nucleotide

biosynthesis, and a quarter of glucose carbon was traced to

RNA and DNA. Some amino acids might also contribute to path-

ways beyond protein synthesis. To understand how cells utilize

amino acids, we traced glutamine, serine, and valine carbon

into macromolecules (Figure 5D). Both glutamine and serine

can be metabolized to other biosynthetic precursors. Although

glutamine anaplerosis for the TCA cycle is hypothesized to pro-

vide material that can satisfy biosynthetic demands beyond pro-

tein biosynthesis (Daye and Wellen, 2012; DeBerardinis and

Cheng, 2010; DeBerardinis et al., 2007; Lunt and Vander Heiden,

2011; Metallo et al., 2012; Mullen et al., 2012), protein was by far

the major fate of glutamine carbon. Apart from a small contribu-

tion to the non-polar fraction, minor amounts of glutamine car-

bon were also recovered in nucleic acids. Glutamine carbon

incorporation was three to four times greater than serine or valine

carbon incorporation (Figures 2 and 3), but nonetheless most

glutamine carbon was recovered with the protein fraction.

Because glutamine is not overrepresented in cell protein (Bonar-

ius et al., 1996), this finding suggests that glutamine anaplerosis

provides carbon for other TCA-cycle-derived amino acids.
Inc.
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Figure 5. Glucose, Glutamine, and Other

Amino Acids Have Diverse Biosynthetic

Fates

(A) Scheme used to fractionate cells into different

macromolecular classes based on differential sol-

ubility. Material not precipitated from the aqueous

phase is referred to as the polar fraction, and ma-

terial not precipitated from the organic phase is

referred to as the non-polar fraction.

(B) Radioactive macromolecules were indepen-

dently synthesized and purified from HEK293 cells

and then used to assess yield and purity of the

fractions resulting from the scheme in (A).

(C) Radioactive small molecules derived from

different nutrients were extracted from HEK293

cells and used to assess yield and purity of the

polar fraction resulting from the scheme in (A).

(D and E) The relative contributions of (D) glucose,

glutamine, serine, and valine, and (E) exogenous

palmitate to different macromolecule fractions

were determined for H1299, A549, and A172 cells.

Each bar represents the average of n = 3

replicates ± SD.
Serine carbon exhibited relative incorporation into cell mass

similar to that of glutamine carbon. While the majority of serine

carbon was found in protein, serine carbon was also recovered

in nucleic acids, in agreement with the known role of serine in

providing both one-carbon units and glycine for nucleotide

biosynthesis (Labuschagne et al., 2014; Lunt and Vander Hei-

den, 2011). Valine carbon was traced exclusively into protein. If

glucose, glutamine, and serine are assumed to be the sole car-

bon sources for nucleic acids (glycine is likely aminor contributor

as it is excreted by these cells, see Figure 1), these data suggest

that glucose supplies 60%–80% of nucleotide carbon, and

glutamine and serine supply 10%–20%and�15%, respectively.

It is possible that under some conditions glucose and/or gluta-

mine carbon contribute more to cell mass. Several amino acids

are non-essential for cells, and cells cultured without those

amino acids may become more dependent on glucose, gluta-

mine, or other nutrients. To identify which amino acids or combi-

nations or amino acids are non-essential for cells in culture, we

cultivated H1299 and A549 cells in media lacking combinations

of non-essential amino acids (Figures S6B and S6C). Two amino

acids that can be derived from glycolysis, serine and glycine, and

four amino acids that can be derived from the TCA cycle, aspar-

agine, aspartate, glutamate, and proline, can be removed from

medium without stopping proliferation of these cells. Removal

of glycine or the TCA-cycle amino acids had a minimal effect

on doubling times of the cells tested (Figures S6B and S6C),

and removal of either the TCA-cycle amino acids or both serine

and glycine did not significantly alter cell mass (Figure S6A). In

the absence of serine and glycine, cells incorporate more

glucose carbon (Figure 6C), and the increase in incorporation

is approximately two times greater than the amount of carbon

incorporated from serine. More glucose carbon also contributes

to protein in this condition (Figure 6D), but the relative fate of

glucose carbon does not differ much from serine-/glycine-

replete conditions, most likely because serine and glycine also

contribute to nucleotides and lipids (Lunt and Vander Heiden,

2011). Since serine and glycine are synthesized from glycolytic

intermediates, glutamine incorporation and utilization are not
Devel
changed when cells are cultured in the absence of these amino

acids (Figure 6D).

Without the TCA-cycle amino acids asparagine, aspartate,

glutamate, and proline, neither glucose nor glutamine carbon

incorporation into cell mass changes (Figure 6E), and their rela-

tive biosynthetic fates are not altered (Figure 6F). This suggests

that independent of the presence or absence of these four TCA-

derived amino acids, glutamine provides much of the carbon for

these amino acids even when they are available in the media.

Because glutamine carbon mostly contributes to protein and

because its incorporation into cell mass is three to four times

greater than that of serine or valine, these data are consistent

with TCA-cycle anaplerosis from glutamine producing these

amino acids in greater quantities than othermacromolecular pre-

cursors. Consistent with this hypothesis, based on known path-

ways, the contribution of glutamine carbon to RNA and DNA only

occurs via glutamine-generated aspartate.

Glucose and glutamine utilization is altered in hypoxia:

glucose contributes less carbon and glutamine contributes

more carbon to lipogenic acetyl-coenzyme A, and cells become

increasingly dependent on scavenged lipids (Kamphorst et al.,

2013; Metallo et al., 2012). In H1299 cells, glucose and glutamine

incorporation was not altered when cells were cultured in 1%

oxygen, whereas incorporation of both was decreased in A549

cells while serine and valine incorporation were relatively un-

changed in hypoxia (Figures S6D and S6E). Importantly, HIF1a

was stabilized in cells cultured in 1% oxygen, confirming a

normal response to low oxygen (Figure S6F), These results sug-

gest that although metabolic specific pathways are regulated by

hypoxia, the incorporation of glucose and glutamine carbon into

cell mass is not grossly altered.

DISCUSSION

The finding that mammalian cells derive the majority of their

mass from exogenously supplied amino acids provides a model

for efficient cell growth. By utilizing biosynthetic end products

available in the environment rather than synthesizing them de
opmental Cell 36, 540–549, March 7, 2016 ª2016 Elsevier Inc. 545
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Figure 6. Glucose Carbon Incorporation into

Cell Mass Is Increased When Non-essential

Nutrients Are Absent

Glucose and glutamine incorporation (A, C, and E)

and utilization (B, D, and F) in H1299 and A549 cells

grown in RPMI 1640 (A and B) containing normal

serum or serum stripped of lipids; (C and D) with or

without serine and glycine; or (E and F) with or

without asparagine, aspartate, proline, and gluta-

mate. Each bar represents the average of n = 3

replicates ± SD.
novo, cells will require less ATP, redox equivalents, and carbon

to support cell proliferation. Consistent with this hypothesis, car-

bon from available fatty acids is used exclusively to generate

non-polar material, and any fatty acid oxidation does not appear

to provide carbon to non-lipid biomass. In some cell types, fatty

acid carbon has been traced into dinucleotide triphosphates, but

the net contribution of this carbon source has not been quanti-

fied (Schoors et al., 2015). In this study valine carbon was only

found in protein, with no evidence that catabolism of this amino

acid provides carbon for non-protein biomass. Whole protein

can also be scavenged as an alternative source of amino acids

for cells (Commisso et al., 2013). Because we can account for

protein mass in the cells from the uptake of free amino acids,

protein scavenging does not appear to be a major contributor

to cell carbon under the conditions tested. Nevertheless, in con-

ditions where free amino acids are limiting, mobilizing amino

acids from bulk protein may be important (Commisso et al.,

2013), particularly if minimizing de novo amino acid biosynthesis

is favored in proliferating cells.

The finding that amino acids together contribute the majority

of cell mass is in agreement with the notion that cells are

composed primarily of protein (Alberts et al., 2008; Dolfi et al.,

2013; Mourant et al., 2005), and is consistent with genomic

models of mammalian metabolism (Thiele et al., 2013). The nutri-

ents used to support the growth of other organisms also argues

that direct use of amino acids is a common means to support

cell proliferation. Both fertilized bird eggs and germinating plant

seeds are examples of closed systems composed primarily of

protein, amino acid, and lipid stores that support rapid gains in

organismal mass in the absence of other exogenous nutrients
546 Developmental Cell 36, 540–549, March 7, 2016 ª2016 Elsevier Inc.
(Boulter and Barber, 1963; Moran, 2007;

Willems et al., 2014). Rapid cell prolifera-

tion in these systems is also consistent

with the notion that proliferating cells

avoid de novo biosynthesis where

possible. Glycolytic flux is also crucial to

development, but it may be more impor-

tant for ATP and redox balance than for

direct production of biosynthetic carbon

(Ku�cera et al., 1984), and the sugar re-

serves found in seeds contribute primarily

to polysaccharides in seedlings (Abdul-

Baki, 1969).

The observation that glucose incor-

poration can be increased to compen-

sate for the absence of some nutrients
implies that there is a degree of modularity in macromolecular

biosynthesis. Cells are known to have increased dependence

on glucose-derived serine when serine is limiting (Chaneton

et al., 2012; Labuschagne et al., 2014), and when cells are

grown without serine and glycine the increase in glucose in-

corporation is roughly twice the amount of carbon derived

from serine. Similarly, the increase in glucose incorporation

in the absence of lipids corresponded closely to the con-

tributions of palmitate and oleate to cell mass. These findings

argue that cell composition and the biosynthetic compo-

nents required for proliferation do not change across these

conditions.

Modeling efforts have sought to explain rapid glucose and

glutamine consumption by maximizing the efficiency of

consumed carbon incorporation into biomass (Cascante et al.,

2002; Shestov et al., 2014; Shlomi et al., 2011). However, rapid

consumption of a particular nutrient need not correlate with

cell mass incorporation, and it appears that the large fluxes

through glycolysis and glutaminolysis support proliferation in

ways other than supplying carbon. Although the contribution of

glucose carbon to cell mass is small, both glucose carbon and

glucose metabolism are still important for proliferation. For

instance, duplication of nucleic acids is needed for cell prolifer-

ation, and this requires ribose from glucose or another bioavail-

able carbohydrate. Glucose and glutamine metabolism also

have important roles in contributing non-carbon material to

biosynthesis, including energy and reducing equivalents, as

well as nitrogen. Inmany cell lines and in some tumors, glutamine

is a major source of nitrogen and can provide anaplerotic

TCA-cycle carbon. Both glutamine nitrogen atoms contributed



abundantly to cellular nitrogen, with the a-nitrogen contributing

slightly more. Because the a-nitrogen is used for de novo amino

acid synthesis that contributes to both protein and nucleic acids,

while the amide-nitrogen contributes primarily to nucleic acids,

the increased abundance of proteins in cells likely accounts for

this difference.

The primary contribution of glutamine to biomass production

in proliferating cells is to the protein fraction. Although non-

glutamine amino acids are the dominant source of protein car-

bon mass, the contribution of glutamine is in excess of that

expected of glutamine salvage alone because glutamine atoms

are incorporated into other amino acids and TCA-cycle inter-

mediates. Indeed, while glutamine may not be utilized as a

TCA-cycle substrate in all cells in vivo (Davidson et al., 2016;

Marin-Valencia et al., 2012; Tardito et al., 2015; Yuneva et al.,

2012), our data suggest important incorporation of glutamine-

derived carbon in TCA-cycle intermediates regardless of

whether they are freely available in the media. Aspartate, for

example, is poorly transported by cells outside of the prostate

and the nervous system (Lao et al., 1993; Storck et al., 1992),

and therefore must be synthesized. Glutamine is by far the

most abundant amino acid in tissue culture media; facile trans-

port of this amino acid and high glutaminase activity observed

in cultured cells (DeBerardinis and Cheng, 2010) yield a rapid

influx of glutamine carbon to generate glutamate and proline,

which are both excreted by the cells studied. High concentra-

tions of glutamate can enable cell growth in the absence of

glutamine, indicating that, relative to glutamine, glutamate

import is limited (Eagle et al., 1956). Alternatively, de novo syn-

thesis of TCA-cycle amino acids may provide some benefit to

proliferating mammalian cells that exceeds the cost of their

synthesis. Collectively, our data argue that the importance of

rapid glycolysis and glutaminolysis for proliferating cells lies in

an ability to generate metabolic products beyond biomass

carbon.

EXPERIMENTAL PROCEDURES

Cell Culture

Cells were maintained in RPMI 1640 or DMEM (without pyruvate) supple-

mented with 10% heat-inactivated FBS, penicillin (100 U/ml), and strepto-

mycin (100 mg/ml) using standard tissue culture techniques. When cells were

grown in the absence of specific amino acids, RPMI 1640 lacking these amino

acids was supplemented with 10% heat-inactivated dialyzed FBS, and all

other medium components did not differ relative to normal RPMI 1640.

RPMI containing modified amino acids was prepared by dissolving glucose

and amino acids into RPMI 1640 base. The composition of this medium is

detailed in Table S2 and Figure S3A. Medium lacking lipids was RPMI 1640

supplemented with 10% lipid-stripped heat-inactivated FBS (see Supple-

mental Experimental Procedures). Prototrophic SK1 S. cerevisiae were grown

in liquid cultures of synthetic dextrose minimal medium (0.67% yeast nitrogen

base without amino acids, 2% glucose) containing glucose as the sole carbon

source. All experiments involving mice were approved by the MIT Committee

on Animal Care.

Measurement of Nutrient Consumption and Excretion

Cell numbers were monitored and medium collected from cultures of expo-

nentially proliferating cells. Glucose, glutamine, and lactate concentrations

were measured on a YSI-7100 MBS (Yellow Springs Instruments). Medium

amino acids were quantified by gas chromatography-mass spectrometry

(GC-MS). Consumption was normalized to the area under the curve of a

growth curve.
Devel
Mass Spectrometry Analysis

Samples were analyzed by GC-MS as described previously (Lewis et al.,

2014). Samples were derivatized with MOX reagent (Thermo Scientific) and

N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-butyldime-

thylchlorosilane (Sigma-Aldrich). Fatty acids were derivatized to fatty acid

methyl esters in methanol with 2% sulfuric acid. After derivatization, samples

were analyzed by GC-MS using a DB-35MS column (Agilent Technologies) in

an Agilent 7890A gas chromatograph coupled to an Agilent 5975Cmass spec-

trometer. Data were analyzed using in-house software described previously

(Lewis et al., 2014).

Carbon-14 Labeling Studies

Unless otherwise indicated, mammalian cells were grown in RPMI 1640 con-

taining 10% dialyzed heat-inactivated FBS supplemented with carbon-14

tracer. Media were supplemented with tracers purchased from American

Radiolabeled Chemicals or PerkinElmer (see Supplemental Experimental Pro-

cedures). To ensure the labeling steady statewas reached, we grew cells in the

presence of carbon-14 until >95% of cellular material had turned over. Cells

were washed three times with PBS to remove unincorporated carbon-14,

and collected by trypsinization, and incorporated carbon-14 was quantified

by liquid scintillation counting. To determine the fraction of cell dry mass

derived from a specific nutrient, we adjusted carbon-14 incorporated into cells

by the molar ratio of the carbon-14 tracer to the corresponding carbon-12

nutrient in the media. The mass of incorporated carbon was normalized to

the culture mass (cell number multiplied by single cell mass, see Supplemental

Experimental Procedures).

Stable Isotope Labeling Studies

Cells were cultured in RPMI 1640 supplemented with 10% heat-inactivated

dialyzed FBS and containing either [U-13C]glucose or [U-13C]glutamine (Cam-

bridge Isotopes Laboratories) in place of the corresponding unlabeled nutrient.

Contribution of glucose or glutamine to total cellular carbon was measured

after multiple passages in medium containing carbon-13. Contribution of

glutamine to total cellular nitrogen was measured for cells grown in RPMI

1640 supplemented as above but containing [amide-15N]glutamine or [a-15N]

glutamine (supplemented at 4% of total glutamine). Carbon-13 and nitrogen-

15 enrichment (i.e. 13C:12C and 15N:14N) were measured by IRMS (see Supple-

mental Experimental Procedures).

Cell Fractionation

Cells were lysed using the TRIzol reagent (Life Technologies), and RNA, DNA,

and protein were extracted and purified by biphasic extraction according to

the manufacturer’s instructions (Chomczynski, 1993). In brief, following initial

lysis, insoluble material was considered to be DNA; RNA was precipitated

from the aqueous phase, and the remaining soluble material was termed the

‘‘polar fraction’’; protein was precipitated from the organic phase, and the re-

maining soluble material was termed the ‘‘non-polar fraction.’’ Radioactivity in

each fraction was quantified by liquid scintillation counting. To evaluate the ef-

ficacy of this purification scheme, we spiked radioactive molecules of a

defined macromolecular class into a TRIzol lysate of unlabeled HEK293 cells

prior to fractionation (see Supplemental Experimental Procedures), and radio-

activity in the resulting fractions was measured. Yield from fractionation was

assessed by comparing the sums of the quantities of radioactivity in each frac-

tion to the amount of input radioactive tracer (Figures 2B and 2C).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and two tables and can be found with this article online at http://

dx.doi.org/10.1016/j.devcel.2016.02.012.
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