
 
 

Delft University of Technology

In vivo analysis of NH4 + transport and central nitrogen metabolism in Saccharomyces
cerevisiae during aerobic nitrogen-limited growth

Cueto-Rojas, H. F.; Maleki Seifar, R.; ten Pierick, A.; van Helmond, W.; Pieterse, M. M.; Heijnen, J. J.; Wahl,
S. A.
DOI
10.1128/AEM.01547-16
Publication date
2016
Document Version
Final published version
Published in
Applied and Environmental Microbiology

Citation (APA)
Cueto-Rojas, H. F., Maleki Seifar, R., ten Pierick, A., van Helmond, W., Pieterse, M. M., Heijnen, J. J., &
Wahl, S. A. (2016). In vivo analysis of NH

4
 + transport and central nitrogen metabolism in Saccharomyces

cerevisiae during aerobic nitrogen-limited growth. Applied and Environmental Microbiology, 82(23), 6831-
6845. https://doi.org/10.1128/AEM.01547-16
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1128/AEM.01547-16
https://doi.org/10.1128/AEM.01547-16


In Vivo Analysis of NH4
� Transport and Central Nitrogen

Metabolism in Saccharomyces cerevisiae during Aerobic
Nitrogen-Limited Growth

H. F. Cueto-Rojas, R. Maleki Seifar, A. ten Pierick, W. van Helmond, M. M. Pieterse, J. J. Heijnen, S. A. Wahl

Cell Systems Engineering Group, Department of Biotechnology, Delft University of Technology, Delft, The Netherlands

ABSTRACT

Ammonium is the most common N source for yeast fermentations. Although its transport and assimilation mechanisms are well
documented, there have been only a few attempts to measure the in vivo intracellular concentration of ammonium and assess its
impact on gene expression. Using an isotope dilution mass spectrometry (IDMS)-based method, we were able to measure the
intracellular ammonium concentration in N-limited aerobic chemostat cultivations using three different N sources (ammo-
nium, urea, and glutamate) at the same growth rate (0.05 h�1). The experimental results suggest that, at this growth rate, a simi-
lar concentration of intracellular (IC) ammonium, about 3.6 mmol NH4

�/literIC, is required to supply the reactions in the cen-
tral N metabolism, independent of the N source. Based on the experimental results and different assumptions, the vacuolar and
cytosolic ammonium concentrations were estimated. Furthermore, we identified a futile cycle caused by NH3 leakage into the
extracellular space, which can cost up to 30% of the ATP production of the cell under N-limited conditions, and a futile redox
cycle between Gdh1 and Gdh2 reactions. Finally, using shotgun proteomics with protein expression determined relative to a la-
beled reference, differences between the various environmental conditions were identified and correlated with previously identi-
fied N compound-sensing mechanisms.

IMPORTANCE

In our work, we studied central N metabolism using quantitative approaches. First, intracellular ammonium was measured un-
der different N sources. The results suggest that Saccharomyces cerevisiae cells maintain a constant NH4

� concentration (around
3 mmol NH4

�/literIC), independent of the applied nitrogen source. We hypothesize that this amount of intracellular ammonium
is required to obtain sufficient thermodynamic driving force. Furthermore, our calculations based on thermodynamic analysis
of the transport mechanisms of ammonium suggest that ammonium is not equally distributed, indicating a high degree of com-
partmentalization in the vacuole. Additionally, metabolomic analysis results were used to calculate the thermodynamic driving
forces in the central N metabolism reactions, revealing that the main reactions in the central N metabolism are far from equilib-
rium. Using proteomics approaches, we were able to identify major changes, not only in N metabolism, but also in C metabolism
and regulation.

Saccharomyces cerevisiae is a versatile organism that can grow on
a large variety of N sources, namely, ammonium (NH4

�),
urea, citrulline, ornithine, gamma aminobutyric acid (GABA), al-
latoin, allantoate, and all proteinogenic L-amino acids, with the
exceptions of L-lysine, L-histidine, and L-cysteine (1, 2). Therefore,
S. cerevisiae cells require complex machinery to achieve metabolic
regulation for efficient uptake and anabolic and catabolic process-
ing of N compounds.

In particular, S. cerevisiae can differentiate between preferred
and nonpreferred N sources using the nitrogen catabolite repres-
sion (NCR) pathway. This system allows yeast cells to first use N
sources that promote a high growth rate, such as ammonium and
glutamine, in preference to compounds that sustain low growth
rates, such as isoleucine and methionine (1–3). Although nitro-
gen-sensing mechanisms have still not been completely eluci-
dated, several regulatory proteins, including Ure2, Gln3, Gzf3,
Tor1, Tor2, and Dal80, are known to influence the expression of
NCR-sensitive genes.

One of the most relevant preferred N sources for S. cerevisiae is
ammonia/ammonium, which is the second most common N
compound on earth and a common N source for many organisms
from the three kingdoms of life (4, 5). In aqueous solution, am-

monia (NH3) is protonated, producing the ammonium (NH4
�)

ion (equation 1).

NH4(aq)
�↔

pKa � 9.25

NH3(aq) � H(aq)
� (1)

The sum of both species, NH3 and NH4
�, is referred to below

as total ammonium. It is widely accepted that NH3 can diffuse
through cell membranes, with a permeability coefficient of 48 �
10�3 cm/s (1.73 m/h) in synthetic bilayer lipid membranes (6) and
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53 � 10�3 cm/s (1.91 m/h) in erythrocyte membranes (7). In
contrast, there is an ongoing debate about the particularities of the
protein-mediated transport mechanism for NH4

� (8–11). In par-
ticular, in S. cerevisiae, Mep proteins (methylamine and ammo-
nium permeases) are responsible for ammonium transport (12)
and sensing (13). The available experimental evidence (14, 15)
suggests that ammonium is transported against the NH3 concen-
tration gradient but in favor of an electrochemical gradient,
meaning that the mechanism must be membrane potential driven
(4, 16). The three known Mep proteins are Mep1p, Mep2p, and
Mep3p, with reported Km values of 5 to 10 �M, 1 to 2 �M, and 1.4
to 2.1 mM, respectively (17).

Assuming that ammonium is transported via a uniport mech-
anism dependent on the electrochemical gradient of ammonium
ions across the cell membrane (16), it is possible to calculate the
cytosolic/extracellular (Cyt/EC) ratio of total ammonium at ther-
modynamic equilibrium using equation 2 (a full derivation of the
equation is shown in Fig. S1 in the supplemental material).

�NH3 � NH4
��total,Cyt

�NH3 � NH4
��total,EC

� �1 � 10pHCyt-pKa

1 � 10pHEC-pKa � � exp �z � F � ��m

R � T � (2)

Under common cultivation conditions for S. cerevisiae (pHEC �
5; temperature [T] � 303 K) with a cytosolic pH (pHCyt) of 6.5, the
membrane potential (��m) is equal to 110 mV (with the inside
negative), and the proton motive force value (PMF) is equal to 200

mV (inside negative). The maximum Cyt/EC ratio of total ammo-
nium then equals 67, which indicates that the intracellular (IC)
ammonium concentration is higher than in the extracellular space
(Fig. 1). Thus, it is clear that the electrochemically driven Mep-
dependent mechanism is advantageous for S. cerevisiae to trans-
port and accumulate intracellular ammonium, particularly when
ammonium concentrations are low, which is typically the case in
grape juice (18) and other ecologically relevant environments for
S. cerevisiae, such as fruit juices and fermentation musts, which are
rich in fermentable sugars (19).

Urea is another industrially relevant nitrogen source for S.
cerevisiae cultivations, particularly due to its safety, low cost, and
high availability. Urea can be transported into the intracellular
space using either (i) passive diffusion/facilitated uniport uptake
at urea concentrations above 0.5 mmol urea/liter (20) or (ii) an
H� symport protein (Dur3) with an apparent Km of 14 �mol/liter
(20) when extracellular concentrations of urea are lower than 0.25
mmol/liter (21). In the intracellular space, urea is metabolized via
an ATP-dependent urea amidolyase (Dur1,2) (22), producing two
molecules of ammonia and one molecule of CO2 at the cost of the
hydrolysis of one ATP molecule. Although urea can sustain a high
growth rate, similar to ammonium conditions, it is a nonrepres-
sive N source; as such, NCR-controlled genes are not repressed.
Furthermore, the SPS sensor of extracellular amino acids is not
activated (3). Consequently, urea is one of the most interesting N
sources for the study of nitrogen-controlled metabolism. Gluta-
mate is another preferred N source, which is imported through a
specific transporter. Several genome scale stoichiometric models

FIG 1 Thermodynamic equilibrium whole-cell (IC)/EC ratios of the ammonium transporter—if a uniport mechanism is considered—at different values of
pHCyt and PMF. (A) Values if it is assumed that ammonium is evenly distributed in the whole cell (no compartmentalization). (B) NH3 diffusion from the cytosol
into an acidic compartment (vacuole) significantly increases the IC/EC ratios. Whole-cell concentrations were calculated using the intracellular mass balance for
ammonium (equation 8), NH3 diffusion between the cytosol and the vacuole is considered to be an equilibrium process; the cytosol/vacuole ratio was calculated
using equation 9. The following assumptions were made: pHVac � 4.5, VCyt � 0.7 VCell, VVac � 0.14 VCell, and pHEC � 5.
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consider that the transport mechanism is a Glu�/H� symport
(23–25); the thermodynamic equilibrium Cyt/EC ratio of this
mechanism at pH 5 can be calculated to be around 28 (see Fig. S1
in the supplemental material). It is known that amino acids pro-
mote the expression of their own specific transporters; for in-
stance, several amino acids trigger the response of the SPS-sensing
mechanism that leads to the expression of certain amino acid per-
meases (1, 2). Glutamate in particular, being the central point of N
metabolism, is expected to affect the expression of proteins related
to C and N metabolism.

In the cytosol of S. cerevisiae, glutamate and glutamine are used
to produce other amino acids. Nevertheless, all N sources are con-
verted into free ammonium, particularly for the production of
glutamine if it is not present in the medium. Ammonium is assim-
ilated using two main pathways to produce glutamate and glu-
tamine. The first pathway involves the enzyme glutamate dehy-
drogenase (Gdh) NADPH dependent (equation 3), which uses
2-oxo-glutarate (	KG) as the substrate.

NH4
� � NADPH � �KG→

Gdh
L-glutamate � H2O

� NADP �rG
0�

� �30.5 kJ ⁄ mol (3)

The second pathway is catalyzed by two enzymes, glutamine
synthase (equation 4) and glutamine 2-oxo-glutarate amino
transferase (equation 5); this pathway is also called the GS-
GOGAT system (equation 6). The amino group from gluta-
mate is reported to be the source of 80% of the cellular nitrogen
(26), with the amido group from glutamine being the source of
the remaining 20% (26).

NH4
� � ATP � L-glutamate→

GS
L-glutamine � ADP � Pi

� H� �rG
0�

� �5.6 kJ ⁄ mol (4)

NADH � �KG � L-glutamine � H�→
GOGAT

2 � L-glutamate

� NAD� �rG
0�

� �56.2 kJ ⁄ mol (5)

NH4
� � NADH � �KG � ATP→

GS�GOGAT
L-glutamate � ADP

� Pi � NAD� �rG
0�

� �61.8 kJ ⁄ mol (6)

Comparing equations 6 and 3 shows that the GS-GOGAT sys-
tem differs from Gdh by using NADH instead of NADPH, with
concomitant consumption of one ATP molecule. Although the
transporters and reactions by which ammonium and other N
sources are assimilated in the cell are well known, the impact of the
intracellular ammonium concentration on the regulatory ma-
chinery of S. cerevisiae is still unclear. For S. cerevisiae, many stud-
ies have described how central nitrogen metabolism is tightly reg-
ulated by the presence of ammonium, glutamate, glutamine, and
other nitrogenous compounds (1, 27–29). It has been shown that
a pulse of ammonium leads to significant changes in the expres-
sion of its own transporters and genes related to N assimilation
and central carbon metabolism, among others (28).

The aim of this work was to study in vivo the transport and
central N metabolism of S. cerevisiae for different N sources under
aerobic N-limited conditions and the role of NH4

� in the trans-
port and central N metabolism of S. cerevisiae, focusing particu-
larly on the effects of the N source on the intracellular ammonium
concentration and the expression levels of different proteins. The
methods already available for the quantification of glutamate and
glutamine (30), together with new isotope dilution mass spec-

trometry (IDMS)-based methods for ammonium (31) and urea,
were applied to study, for three N sources (NH4

�, urea, and glu-
tamate), compartmentalization and the thermodynamic status of
central N metabolism. Furthermore, a large proteomic survey was
carried out to obtain data to elucidate the potential effects of these
three N sources on protein expression. The experiments were per-
formed with S. cerevisiae in aerobic chemostats, using glucose as
the C source under N source limitation to avoid excessive extra-
cellular N sources; to facilitate the study of N source transport;
and, more specifically, to increase the accuracy of the intracellular
NH4

� quantification.

MATERIALS AND METHODS
Strain and culture conditions. The prototrophic strain S. cerevisiae
CEN.PK 113-7D was obtained from the Centraalbureau voor Schimmel-
cultures (Fungal Biodiversity Center, Utrecht, The Netherlands) and was
cultivated in aerobic glucose-fed N-limited chemostats (dilution rate
[D] 
 0.05 h�1) using three different nitrogen sources: ammonium, urea,
and L-glutamic acid. The media used for inoculum preparation and for
batch and chemostat experiments were modifications of the N-limiting
medium reported by Boer et al. (32). The medium contained 130 g/liter
glucose monohydrate (656.56 mM), 1.14 g/liter MgSO4 · 7H2O (4.62
mM), 6.9 g/liter KH2PO4 (50.7 mM), 2 ml/liter trace elements, 2 ml/liter
vitamin solution, and 0.3 g/liter antifoam C. At a low dilution rate under
aerobic N-limiting conditions, metabolic oscillations (33) were observed,
which are detrimental to steady-state studies. It was found empirically
that supplementation of the medium with ethanol (as suggested by Su-
arez-Mendez et al. [34]) to a final concentration of 25 g/liter (543.48 mM)
avoided these metabolic oscillations; thus, all the media contained that
ethanol concentration. The N sources used were NH4H2PO4 (3.48 g/li-
ter), urea (0.9 g/liter), and L-glutamic acid (4.44 g/liter). All the N sources
were added to a final concentration of 30.26 mmol N/liter, which is suffi-
cient to produce about 8 g cell dry weight (gCDW)/liter. All media were
adjusted before use to a final pH of 5 using KOH as a titrant.

To start the NH4
�-limited culture, two 500-ml Erlenmeyer flasks con-

taining 200 ml of ammonium-limited medium each were inoculated with
1-ml cryovials (glycerol; �80°C) of yeast cells and incubated at 30°C and
200 rpm for 12 h. After morphological inspection to check the purity of
the culture, one of the flasks was used to inoculate a 7-liter bioreactor
(Applikon, Schiedam, The Netherlands) with a working volume of 4 liters.
The reactor temperature was kept constant at 30°C; the dissolved oxygen
tension (DOT) was monitored in line using an oxygen probe (Mettler-
Toledo, Tiel, The Netherlands). A stirring speed of 500 rpm, overpressure
of 3 � 104 Pa, and an aeration rate of 0.5 vol/vol/min (vvm) were used to
keep the dissolved oxygen level above 80%. The fractions of CO2 and O2 in
the dry off-gas were measured on line using a combined paramagnetic-
infrared analyzer (NGA 2000; Fisher-Rosemount, Hasselroth, Germany).
The pH was kept at 5 with automatic additions of 4 M KOH or 2 M H2SO4.

Once the batch phase was finished, fresh ammonium-limited medium
was fed to the reactor at a dilution rate of �0.05 h�1. After reaching steady
state and taking the samples, the medium was switched to urea-limited
medium, keeping the dilution rate constant; the same operation was per-
formed to switch the N source from urea to L-glutamic acid.

All samples were taken at each steady state after stable values of DOT
and off-gas CO2 and O2 were obtained, between three and seven volume
changes after switching the medium. To obtain biomass-specific uptake
and production rates, extracellular concentration measurements, flow
rates, and volumes were used, together with the appropriate fermentor
balance equations for broth components (glucose, ammonium, biomass,
ethanol, glycerol, and acetate) and for gas components (O2, CO2, and
ethanol). Ethanol evaporation has a large impact on the ethanol balance
and C recovery; the ethanol evaporation constant (kevap) was experimen-
tally determined (see Fig. S2 in the supplemental material).

Analysis of N Metabolism in Saccharomyces cerevisiae
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Internal standards. (i) Ammonium. Since our in-house-prepared
U-13C-labeled yeast cell extract contained a high concentration of
14NH4

�, samples for intracellular ammonium quantification were pre-
pared separately using as the internal standard a solution of 15NH4Cl (98
atom% 15N; lot number TA0525V; Sigma-Aldrich) dissolved in Milli-Q
water to a concentration of 500 �mol/liter.

(ii) Urea. [13C, 15N2]urea (99 atom% 13C, 98 atom% 15N; lot number
SZ0618V; Sigma-Aldrich) was dissolved in Milli-Q water and added to the
in-house-prepared uniformly 13C-labeled yeast cell extract to a final con-
centration in the sample of 20 �mol/liter (the concentration in the extract
equaled 100 �mol/liter). Previously, it was experimentally observed that
this cell extract did not contain any labeled or nonlabeled urea; the mix-
ture of U-13C-labeled yeast cell extract and [13C, 15N2]urea was used as an
internal standard in samples selected for analysis of intracellular metabo-
lites and urea.

Sampling and sample preparation. (i) Samples for extracellular me-
tabolites and ammonium analysis. Samples of approximately 1 ml of
broth for quantification of extracellular metabolites and ammonium were
quenched using cold steel beads in a syringe, as described by Mashego et
al. (35), and filtered using 0.45-�m disc filters (Millipore). The filtrate (80
�l) was mixed with 20 �l of internal standard (500 �mol/liter 15NH4Cl)
and derivatized according to the protocol used for ammonium quantifi-
cation by liquid chromatography-mass spectrometry (LC-MS). The rest
of the filtrate was stored at �80°C until further analysis of the extracellular
metabolites.

(ii) Rapid sampling and biomass extraction for intracellular metab-
olites and intracellular ammonium. Samples of approximately 1.2 g of
broth were taken with a dedicated rapid-sampling setup (36) and
quenched in 6 ml of �40°C methanol (100%), and after weighing to
determine the mass of the sample, they were centrifuged for 5 min at
10,000 � g and �19°C. For biomass washing, the pellet was recovered and
resuspended in 6 ml �40°C methanol (100%) and centrifuged again for 5
min at 10,000 � g and �19°C.

(iii) Cold nonbuffered chloroform-methanol (CM) extraction of the
biomass pellet. The biomass pellet obtained from rapid sampling for
intracellular metabolites and intracellular ammonium was recovered, and
3.5 ml of methanol–Milli-Q water (50% [vol/vol]) prechilled at �40°C
was added, followed by 120 �l of U-13C-labeled cell extract with labeled
urea. Afterward, 3.5 ml of chloroform (100%) prechilled at �40°C was
added in order to extract intracellular metabolites according to the
method of Canelas et al. (37). This method was used to extract intracellu-
lar metabolites, excluding ammonium, particularly to protect acid-unsta-
ble metabolites, e.g., NADH and NADPH.

(iv) Cold chloroform-methanol buffered at pH 5 (CM5) extraction
of the biomass pellet. The biomass pellet obtained from rapid sampling
for intracellular metabolites and intracellular ammonium was recovered,
3.5 ml of 10 mM methanol-acetate buffer (pH 5) (50% [vol/vol])
prechilled at �40°C was added, and then 120 �l of U-13C-labeled cell
extract with labeled urea (intracellular metabolite samples) or 120 �l of
15NH4Cl (500 �mol/liter) (intracellular ammonium samples) was added
as an internal standard. Afterward, 3.5 ml of chloroform (100%)
prechilled at �40°C was added in order to extract intracellular metabo-
lites according to the method of Cueto-Rojas et al. (31). Samples for quan-
tification of intracellular ammonium were extracted using this method
exclusively.

Analytical methods. (i) Dry weight, cell count, size distribution, and
average cell volume. Determination of cell dry weight was performed
gravimetrically using preweighted 0.45-�m filters (Millipore). The broth
was removed by filtration, and the cell pellet in the filter was washed with
Milli-Q water. The filters were dried at 70°C until a constant weight was
reached (approximately 72 h).

To calculate the intracellular concentrations (millimoles per liter IC)
from the intracellular amounts (micromoles per gram CDW), the cell
volume was measured as described by Bisschops et al. (38) using a Coulter
counter with a 50-�m orifice (Multisizer II; Beckman, Fullerton, CA); the

average cell volume (in milliliters IC per gram CDW) was estimated using
equation 7.

Vcell� mlIC
gCDW

� �

average particle volume �fl� � average number of
particles �particles ⁄ liter�
dry weight �gCDW/liter�

� 10�12 (7)

(ii) Metabolite quantification (other than ammonium). One hun-
dred microliters of extracellular samples was used to quantify glucose,
ethanol, glycerol, and acetate using high-performance liquid chromatog-
raphy (HPLC) as described by Cruz et al. (39). Quantification of 	KG,
pyruvate, and trehalose was performed using gas chromatography-tan-
dem MS (GC–MS-MS) as described by Niedenfuhr et al. (40). The con-
centrations of the coenzymes NAD, NADH, NADP, and NADPH were
measured using LC–MS-MS as described by Maleki Seifar et al. (41) and
nucleotides according to the method of Maleki Seifar et al. (42). Amino
acids and urea were measured using GC-MS according to the method of
de Jonge et al. (30). Finally, intra- and extracellular ammonium levels
were quantified according to the mehod of Cueto-Rojas et al. (31).

(iii) Protein quantification. U-13C-labeled S. cerevisiae biomass was
prepared as described by Wu et al. (43) and used as an internal standard
for relative protein quantification. Cell suspensions of the sample biomass
and internal standard were mixed 1:1 based on the optical density at 600
nm (OD600), washed with Milli-Q water, and freeze-dried. Proteins were
extracted by grinding the freeze-dried biomass with a pestle and mortar
and were precooled with liquid nitrogen. After grinding, 2 ml of 50 mM
phosphate-buffered saline (PBS) with 200 mM NaOH was added to ex-
tract proteins. The soluble-protein fraction was separated from the cell
debris by centrifugation at 13,300 rpm for 15 min. The proteins were
precipitated overnight in cold acetone at �20°C by adding 4 parts cold
acetone to 1 part protein solution. After washing and drying, the protein
pellet was dissolved in 400 �l of 100 mM ammonium bicarbonate (ABC)
with 6 M urea. Of this solution, 20 �l was further processed; proteins were
reduced by addition of tris(2-carboxyethyl)phosphine (TCEP) to a final
concentration of 10 mM and incubating for 60 min at room temperature.
The proteins were alkylated by addition of iodoacetamide (IAM) to a final
concentration of 10 mM and incubating for 60 min at room temperature.
Prior to digestion, the protein solution was 6-fold diluted by addition of
100 �l of 100 mM ABC to dilute the urea concentration to 1 M. The
proteins were digested by addition of trypsin (trypsin singles, proteomics
grade; Sigma-Aldrich) at a 1:100 ratio and incubating at 37°C for 16 h. The
digested protein mixture was purified and concentrated using an in-
house-made solid-phase-extraction (SPE) pipette tip with 5-�m particles
of Reprosil-Pur C18-Aq reversed-phase (RP) material (Maisch GmbH,
Ammerbuch-Entringen, Germany).

Digested peptides were separated using nanoflow chromatography
performed with a vented column system essentially as described by Meir-
ing et al. (44) and a 2-dimensional precolumn (RP-strong cation ex-
change [SCX]-RP). Analytical columns (50-�m inside diameter [i.d.])
were prepared with a 1-mm potassium silicate (Kasil) frit and packed with
5-�m particles of Reprosil-Pur C18-Aq reversed-phase material to a
length of 40 cm. The capillary RP-SCX-RP precolumn (150-�m i.d.) was
prepared with a 1-mm Kasil frit and packed with 5-�m particles of Re-
prosil-Pur C18-Aq reversed-phase material to a length of 17 mm; with
5-�m particles of the strong cation exchange material Polysulfoethyl A
(PolyLC, Columbia, MD, USA) for 60 mm; and again with 5-�m particles
of Reprosil-Pur C18-Aq reversed-phase material for 17 mm (total length,
94 mm). The different column materials were kept separate from each
other by insertion of a piece of glass wool. The LC equipment and solvents
used were similar to those used by Finoulst et al. (45). Each sample anal-
ysis consisted of six fractionations. In the first fractionation, the peptides
were injected and trapped on the precolumn by applying 100% solvent A
for 10 min. Then, a first linear gradient from 4 to 35% B in 75 min was
applied. After this, a linear gradient to 80% B was followed for 6 min and
then 3 min of 80% B. Finally, the column was reconditioned for 26 min
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with 100% A. In the following 5 fractionations, peptides were eluted by
injection of 10 �l 5, 10, 50, 250, or 1,000 mM ammonium formate, pH 2.6,
respectively, from the autosampler (followed by 100% A for 10 min).
Again, a first linear gradient from 4 to 35% B in 75 min was applied,
followed by a second linear gradient to 80% B for 6 min and then 3 min of
80% B. After each fractionation, the column was reconditioned for 26 min
with 100% A. This resulted in six fractionations per sample, with a total
run time of 12 h per sample. For each analysis, �10 �g of protein was
injected.

Mass spectrometry was performed using a protocol derived from that
of Finoulst et al. (45). Full-scan MS spectra (from m/z 400 to 1,500; charge
states 2 and higher) were acquired at a resolution of 30,000 at m/z 400 after
accumulation to a target value of 106 ions (automatic gain control). Nine
data-dependent MS-MS scans (higher-energy collisional dissociation
[HCD] spectra; resolution, 7,500 at m/z 400) were acquired using the 9
most intense ions with a charge state of 2� or higher and an ion count of
10,000 or higher. The maximum injection time was set to 500 ms for the
MS scans and 200 ms for the MS-MS scan (accumulation for MS-MS was
set to a target value of 5 � 104). Dynamic exclusion was applied, using a
maximum-exclusion list of 50, one repeat count, a repeat duration of 10 s,
and an exclusion duration of 45 s. The exclusion window was set from
�10 to �10 ppm relative to the selected precursor mass.

Data processing and analysis were performed similarly to the method
of Finoulst et al. (45). Briefly, MS-MS spectra were converted to Mascot
generic files (MGFs) using Proteome Discoverer 1.4 (ThermoFisher Sci-
entific) and DTASuperCharge version 2.0b1 (46). MGFs from the 6 SCX
fractions of the same sample were combined using MGFcombiner version
1.10 (46). The samples were analyzed with the Mascot v2.2.02 search
engine (Matrix Science, Boston, MA, USA). As the reference proteome,
the Uniprot (47) proteome of S. cerevisiae strain ATCC 204508/288c
(UniProt identifier UP000002311; 6,634 sequences) was used.

Carbamidomethyl cysteine was set as a fixed modification and oxidized
methionine as a variable modification. Trypsin was specified as the proteo-
lytic enzyme, and up to three missed cleavages were accepted. Mass tolerance
for fragment ions was set at 0.05 Da and for precursor peptide ions at 10 ppm.
Peptides with a Mascot score of �10 were removed, and only the highest-
scoring peptide matches for each query listed under the highest-scoring pro-
tein were selected. Proteins were quantified using MSQuant version 2.0b7

(46) by importing the html file of the Mascot results with the corresponding
raw mass spectrometric data files. MSQuant automatically calculated peptide
and protein ratios by using a 13C quantitation method (in quantitationmod-
es.xml) containing 7 modifications based on the number of carbon atoms
each amino acid contains. The difference in mass between 12C and 13C is
1.00335 Da, resulting in mass shifts of 2 (glycine), 3 (ASC), 4 (NDT), 5
(EQMPV), 6 (RHILK), 9 (FY), or 11 (W) carbon atoms. Quantification was
restricted to peptides with a Mascot score of 	25.

RESULTS
Overview of the q rates found under N-limited aerobic cultiva-
tions. Table 1 shows the experimental results of the N-limited
cultures, and q rates (biomass specific conversion rates) are shown
for the different N sources. As expected, they were very similar,
because the same growth rate was used. The residual glucose con-
centration was much higher than with a glucose-limited chemo-
stat, which was 0.07 mM (34), showing that N source limitation
was achieved.

There was also high ethanol production and a high trehalose
content (approximately 10% [wt/wt]), which was to be expected
under N source limitation (48, 49). Finally, the N source limita-
tion was confirmed by the low extracellular concentrations of the
N sources used. The N uptake rate (in micromoles of N per gram
CDW per hour) was the same for each N source used and shows
that the biomasses for the three N sources had N contents ranging
between 5.92% and 6.23%, which was also as expected. Using the
q values, it is possible to estimate the ATP production rate, assum-
ing that 1 mol ATP is produced per mol ethanol and 1.90 mol ATP
is produced per mol O2 consumed (50); this results in almost
exactly the same value of qATP (about 7.8 mmol ATP/gCDW/h) for
each of the three N sources. Under aerobic glucose-limited con-
ditions, it is known that 1 mol ATP allows the synthesis of 16 gCDW

(51), which at a � value (i.e., specific growth rate) of 0.05 h�1

results in a qATP value of 3.12 mmol ATP/gCDW/h. On the other
hand, under aerobic N-limited conditions, 1 mol ATP could pro-

TABLE 1 Overview of the main experimental results for different N sources

Experimental variable

Valuea for N source:

NH4
� Urea L-Glutamate

Biomass concn (CX) (gCDW/liter) 7.4  0.1 7.6  0.1 7.1  0.0
Residual glucose (CS) (mmol/liter) 117.5  3.6 113.1  4.9 144.7  2.2
Residual N source (CN) (mmol/liter) 0.008  0.002 0.024  0.010 0.467  0.021
� (h�1) 0.0517  0.0002 0.0525  0.0002 0.0501  0.0002
�qN source (�mol N/gCDW/h) 226  12 222  2 223  2
�qO2 (mmol/gCDW/h) 1.52  0.02 1.43  0.01 0.98  0.01
qCO2 (mmol/gCDW/h) 7.16  0.08 7.25  0.07 7.21  0.03
�qS (mmol/gCDW/h) 3.70  0.05 3.91  0.06 4.03  0.02
qEtOH (mmol/gCDW/h) 5.00  0.10 5.15  0.25 5.87  0.05
qATP (mmol/gCDW/h)b 7.88  0.10 7.86  0.25 7.73  0.05
N content (% [wt/wt])c 6.1  0.3 5.9  0.2 6.2  0.0
Avg cell vol (mlIC/gCDW) 2.13  0.07 1.97  0.03 1.88  0.05
Intracellular trehalose (�mol/gCDW) 266.1  5.4 249.2  37.7 252.9  14.9
Intracellular glutamate (�mol/gCDW) 83.8  2.8 71.7  8.2 151.2  11.2
Intracellular ammonium (�mol/gCDW) 6.9  2.3 7.4  0.7 7.2  2.2
Extracellular ammonium (�mol/literEC) 7.6  0.5 7.6  4.0 9.1  1.4
a Values for experimentally measured concentrations and cell volume are averages  standard deviations (SD) of three independent samples from the same steady state. The N
contents and q rates are reported as mean values  SD calculated assuming linear error propagation.
b Calculated as the sum of ATP produced through alcoholic fermentation and complete substrate oxidation. Assuming 1 mol ATP/mol ethanol and a P/O ratio of 0.95 (50), this
leads to the following equation: qATP � qEtOH � 2 � 0.95 � �qO2.
c Calculated from the values of qN and � reported here.
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duce 6.5 gCDW. This comparison shows that, under N-limited con-
ditions and independent of the N source, there is extra ATP dissi-
pation of 4.7 mmol/ATP/gCDW/h with respect to glucose
limitation.

Intracellular and extracellular concentrations of N sources
under N-limited conditions. The intracellular and extracellular
NH4

� analysis produced surprising results. (i) NH4
� was trans-

ported from inside to outside when urea or glutamate was used as
the N source. This was deduced from the presence of extracellular
ammonium. A similar phenomenon was observed by Marini et al.
(17) and Boeckstaens et al. (52). (ii) For the three N sources, the
intracellular and extracellular NH4

� concentrations were very
similar. This suggests that the NH4

�-scavenging/uptake mecha-
nisms have similar affinity and equilibrium constants in all cases,
implying a common NH4

� transport mechanism. (iii) The intra-
cellular total-ammonium concentrations for the three N sources
were almost the same. Using the measured average cell volumes,
the intracellular total-ammonium concentrations were 3.24, 3.76,
and 3.82 mmol/literIC. For urea, which is hydrolyzed to ammo-
nium and CO2, a similar intracellular concentration was expected.
For L-glutamate as the N source, we expected a lower concentra-
tion, given that nitrogen is already provided as an amino acid and
ammonium is required only for L-glutamine synthesis. The nearly
constant level points to an important role for intracellular NH4

�

in the regulation of N metabolism. (iv) Under the test conditions,
more than 85% of total broth ammonium was inside the cells and
the remainder was found in the extracellular space. (v) The total
intracellular/extracellular (IC/EC) concentration ratio of NH4

�

was about 475 for the three N sources. This is far higher than the
Cyt/EC equilibrium ratio of 67 expected for the assumed NH4

�

uniporter. One hypothesis, elaborated below, is that there is
strong compartmentalization of NH4

� between the cytosol and
vacuole (Fig. 2).

For the urea-limited culture, the intracellular and extracellular
urea concentrations showed that, in contrast with NH4

� as the N
source, the majority (80%) of the total broth urea was found in the
extracellular space. The intracellular urea concentration (151
�mol/literIC) was higher than the extracellular concentration (23
�mol/literEC), and the IC/EC ratio of 6 differs from the expecta-
tion based on urea uniport, which sets a maximum Cyt/EC ratio of
1. From the glutamate-limited culture, it follows that around 70%
of the glutamate is found in the intracellular space. The IC/EC
ratio is �200, also higher than the ratio of 28 expected from a
Glu�/H� symporter equilibrium.

Intracellular metabolites and large proteomics survey. As
well as the intracellular concentrations of the N sources, different
metabolites were also measured (Table 2) to determine the ther-
modynamic status of the most relevant reactions involved in the
central N metabolism. It is particularly interesting to analyze the
glutamate dehydrogenase NAPDH-dependent (Gdh1) reaction,
as it is the main N-assimilating reaction in S. cerevisiae. Table 3
shows the most relevant N metabolism reactions under NH4

�-,
urea-, and glutamate-limiting conditions.

Finally, the experimental design was set up so that the different
N sources would allow identification of the differences in expres-
sion of key proteins of the central nitrogen metabolism; in partic-
ular, it was aimed at covering a large number of proteins from the
proteome of S. cerevisiae to identify regulators, transcription fac-
tors, and key pathway enzymes (see Fig. 4A for a summary of the
main results of our proteomic survey, showing that more than 500

proteins were identified with more than 3 confidence peptides
[characteristic peptides resulting from protein hydrolysis]). From
this analysis, only the main findings are discussed; the bulk of the
results can be found in Data Set S1 in the supplemental material.

DISCUSSION
NH4

� compartmentalization model of S. cerevisiae. From our
NH4

� experimental results, it appears that the measured intracel-
lular/extracellular ratio of 475 is far higher than the equilibrium
value of 67 (Fig. 2) calculated for the assumed uniport mecha-
nism. Nevertheless, the IC/EC ratio does point to a membrane
potential-driven mechanism. This counters the conclusions
reached by Soupene et al. (53), who suggested that Mep proteins
transport NH3. From our experimental results, it is clear that Mep
proteins transport NH4

�/NH3 against the concentration gradient
of NH3 but in favor of an electrochemical gradient. A possible
explanation for such high IC/EC ratios is the presence of an
NH4

�/H� symporter; it is highly unlikely that such a transporter
is active in yeast. As discussed by many authors, the Mep/Amt
protein family transports ammonium, probably by uniport of
NH4

� (5, 16, 54) or a thermodynamically equivalent (14) mech-
anism. Currently, there is no further evidence to support the hy-
pothesis of a symporter mechanism. An NH4

� symport was re-
ported by Ritchie (55), who described an Na�/NH4

� symporter
mechanism in cyanobacteria at extracellular pH 7.5.

Wood et al. (15) argued that, in the cytosol of plant cells, am-
monium (NH4

�) deprotonates into ammonia (NH3) and this un-
charged species diffuses into the vacuole, where it is protonated
once again due to the acidic pH of the compartment. It is reason-
able to assume that a similar mechanism occurs in yeast. First,
ammonia (NH3) diffuses from the slightly acidic environment of
the cytosol (pHCyt 6.5) into the much more acidic vacuolar space,
with pHVac between 4 and 5 (56). If no other transporter removes
ammonium from the vacuole, an equilibrium ratio of ammonium
across the vacuolar membrane where [NH4

�]Vac is much greater
than [NH4

�]Cyt can be obtained.
It has been estimated that the vacuolar volume is close to 14%

of the total cell volume. On the other hand, the mitochondrial
volume is around 1%, and cytosol accounts for 70% of the entire
cell volume (57). Using these compartment volumes, a feasible
ammonium distribution (cytosol, mitochondria, and vacuole)
can be estimated. (i) The balance of intracellular ammonium and
compartment volumes relative to the whole cell is given by equa-
tion 8.

�NH3 � NH4
��IC � 0.7 � �NH3 � NH4

��Cyt � 0.14

� �NH3 � NH4
��Vac � 0.01 � �NH3 � NH4

��Mit (8)

(ii) The ammonium vacuole/cytosol and mitochondria/cytosol
equilibrium ratios can be calculated by assuming that NH3 diffu-
sion is the only transport mechanism between these compart-
ments. These equilibrium ratios are dependent on the pH differ-
ence between compartments (e.g., pHCyt 6.5, pHMit 7.5, and pHVac

4.5). The vacuole is the most relevant NH4
� storage compart-

ment, and the equilibration assumption of NH3 is relevant for
discussion. To calculate the NH3 flux to the vacuole, its area is
needed; assuming a large spherical vacuole per cell with a diameter
of 0.77 �m (a sphere that occupies 14% of the cell volume, on
average 34 fl/cell as measured in this study) results in a vacuolar
area (aVac) of 0.11 m2/gCDW. From the measured intracellular
NH4

� concentration (3.24 mmol/literIC) (Table 1), it is possible to
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estimate the intracellular NH3 at cytosolic pH (pHCyt 6.5) as 0.006
mol/mIC

3. Assuming that all intracellular ammonium is cytosolic
results in a maximum NH3 flux into the vacuole of 1.2 mmol
NH3/gCDW/h NH3 fluxVac � P1a � aVac � [NH3]Cyt [where P1a is
the permeability coefficient of ammonia {NH3} over the cell mem-
brane] considering a permeability of 1.73 m/h (6). This illustrates
that the maximum flux over the membrane could be more than
five times higher than the N uptake rate (0.226 mmol/gCDW/h)
(Table 1) and shows that the cytosol/vacuole equilibrium assump-
tion is realistic due to the potentially high NH3 diffusion rate

between the compartments. In contrast, NH3 diffusion over the
cell membrane into the cytosol is much slower due to the low
extracellular pH (pHEC 5) and total ammonium concentration
(7.6 �mol/literEC) and results in very low (NH3)EC concentrations
and also very low NH3 diffusion fluxes into the cytosol. (iii) The
vacuolar and mitochondrial pHs are variables needed in the sys-
tem of algebraic equations, but it is assumed that the cytosolic and
mitochondrial pHs remain the same as previously measured in
exponentially growing cells: 6.5 (58) and 7.5 (59), respectively
(equations 9 and 10):

FIG 2 (A) Different mechanisms proposed for ammonium, urea, and L-glutamate uptake and potential mechanisms for intracellular compartmentalization of
L-glutamate and ammonium. (B) Estimated pHVac and intracellular distribution of ammonium, urea, and L-glutamate for S. cerevisiae growing under aerobic
N-limited conditions (D � 0.05 h�1) using different N sources.
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�NH3 � NH4
��Vac

�NH3 � NH4
��Cyt

� �1 � 10pKa�pHVac

1 � 10pKa�pHCyt� � 97.2 (9)

�NH3 � NH4
��Mit

�NH3 � NH4
��Cyt

� �1 � 10pKa�pHMit

1 � 10pKa�pHCyt� � 0.1 (10)

Using a pKa of 9.25 and a pHVac of 4.5, it was observed that the
vacuole can indeed store a substantial amount of ammonium, but
the mitochondrion does not function as an NH4

� storage com-
partment, given its small volume and high pH. (iv) Finally, the
kinetic parameters (Vmax and Km) for the different transmem-
brane ammonium transporters were estimated by Marini and co-
workers (17, 60). Here, it is assumed that only Mep2 is relevant as

the main ammonium transporter, as suggested by previous tran-
scriptomics data obtained from N-limited cultivations (49). The
values found were Vmax, 600 �mol/gCDW/h (equivalent to 20
nmol/min/mgProtein [17], assuming 0.5 gProtein/gCDW), and Km, 2
�mol/liter (17), while the kinetic expression (61) that describes
ammonium uptake under N-limiting conditions is as follows:

�qN � �Vmax � � �NH3 � NH4
��EC

�NH3 � NH4
��EC � Km

�
� �1 �

�NH3 � NH4
��Cyt

�NH3 � NH4
��EC

Keq
	 (11)

Equation 11 is a q-linear expression (61) that can be used to
model the specific nitrogen source uptake rate (�qN source) based
on the maximum ammonium uptake rate (Vmax), the thermody-
namic driving force {1 � Q/Keq � 1 � ([NH3 � NH4

�]Cyt/
[NH3 � NH4

�]EC)/Keq} (where Q is the reaction quotient and Keq

is the thermodynamic equilibrium constant), and the mecha-
nism-specific nonlinear function of the extracellular concentra-
tions and affinity {[NH3 � NH4

�]EC/([NH3 � NH4
�]EC � Km)}

(Km) of the main transporter.
Given that �qN and total intracellular and extracellular am-

monium are measured experimentally, the system of four alge-
braic equations (equations 8 to 11) can be solved using any
conventional solver (for instance, fsolve in Matlab) to calculate
pHVac, [NH4

�]Cyt, [NH4
�]Mit, and [NH4

�]Vac. These calcula-
tions (Fig. 2B) do indeed show that most of the intracellular
ammonium is compartmentalized in the vacuole (around 95%
of the total intracellular pool) and that the cytosolic NH4

�

concentration is very low. This result is consistent with the
experimental observations using the analogue molecule meth-
ylamine, which suggested that most of the methylamine is com-
partmentalized (15, 53). Figure 2B also shows that, with the
very low [NH4

�]Cyt, the [NH4
�]Cyt/[NH4

�]EC ratio is 30,
which is about 50% of the thermodynamic equilibrium value
for the uniport mechanism. This in turn shows that the NH4

�

TABLE 2 Measured intracellular metabolite concentrations under
N-limited chemostat cultivation of S. cerevisiae (D � 0.05 h�1)

Metabolite

Concna (mmol/literIC)

NH4
� Urea Glutamate

Ammonium 3.2  1.1 3.8  0.3 3.8  1.2
Urea BQL 0.151  0.083 BQL
Glutamate 39.4  1.3 36.4  4.2 80.5  5.9
Glutamine 14.1  0.6 13.1  1.6 15. 3  0.9
Alanine 18.8  0.6 16.6  2.3 21.4  1.4
Pyruvate 3.6  0.2 3.7  0.7 2.9  0.2
	KG 0.33  0.01 0.52  0.06 3.07  0.05
NAD 0.82  0.09 0.92  0.08 1.18  0.12
NADH 0.01  0.01 0.02  0.01 0.05  0.03
NADP 0.21  0.03 0.24  0.01 0.22  0.02
NADPH 0.02  0.01 0.02  0.00 0.02  0.00
AMP 0.29  0.03 0.33  0.03 0.38  0.04
ADP 0.69  0.02 0.78  0.04 0.97  0.04
ATP 2.2  0.1 2.3  0.1 2.8  0.1
a D is equal to 0.05 h�1. The results shown are averages  SD of three independent
samples from the same steady state. BQL, below the quantification limit. Urea steady-
state samples were concentrated twice for higher analytical accuracy; ammonium and
glutamate steady-state samples were not measured with larger biomass amounts. The
energy charges were 0.80  0.03, 0.79  0.03, and 0.80  0.03 for ammonium, urea,
and glutamate, respectively.

TABLE 3 Experimental Gibbs free energy of reaction (�rG=) of selected central N metabolism reactions in S. cerevisiae using whole-cell
concentrations

Reaction Direction

�rG= (kJ/mol)a

CommentbNH4
� Urea Glutamate

Gdh1 (cytosolic; NADPH dependent) L-Glutamate synthesis �7.4 �8.3 �11.6 Whole cell
�13.9 �15.6 �18.0 Excluding NH4

� compartmentalization
�7.3 �9.0 �11.5 Compartmentalization (including NH4

�)
Gdh2 (cytosolic; NADH dependent) L-Glutamate degradation �3.0 �4.8 �9.3 Whole cell

�8.2 �6.5 �4.1 Excluding NH4
� compartmentalization

�14.8 �13.1 �10.7 Compartmentalization (including NH4
�)

Glutamine synthetase (cytosolic) L-Glutamate synthesis �11.1 �11.3 �12.8 Whole cellc

�19.8 �20.0 �21.6 Compartmentalization (including NH4
�)c

GOGAT (cytosolic; NADH dependent) L-Glutamate synthesis �26.4 �27.9 �30.8 Whole cell
�10.6 �11.9 �12.7 Compartmentalization (including NH4

�)
Alanine aminotransferase L-Alanine synthesis �7.8 �7.0 �3.3 Whole cell
a Calculations were performed using the online tool eQuilibrator (86, 87); in all cases, pHCyt was equal to 6.5 and I was equal to 0.25 M.
b In cases excluding NH4

� compartmentalization, all metabolites except ammonium were considered, compartmentalized as follows: 5% of the total 	KG was considered cytosolic
(	KGCyt � 0.05 � 	KGIC/0.7), similar to other eukaryotic systems (88); 90% of the glutamate was cytosolic (GluCyt � 0.90 � GluIC/0.7) (88); and 13.6% of the intracellular
glutamine was assumed to be cytosolic, based on the thermodynamic equilibrium of the known Gln/H� vacuolar antiporters (89). A cytosolic NADPH/NADP ratio of 22 was used,
as estimated by Zhang et al. (72); a cytosolic NAD/NADH ratio of 320 was used, as estimated by Canelas et al. (73).
c The intracellular phosphate content was assumed to be 106.22 �mol/gCDW, as reported by Zhang et al. (90) for phosphate excess conditions. Cytosolic phosphate was assumed to
be 25.02 �mol/gCDW (90), which is the value reported for phosphate excess conditions. The energy of phosphorylation assumed was �45 kJ/molATP (91).
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transporter operates not far from thermodynamic equilibrium,
if it is an NH4

� uniporter or a thermodynamically equivalent
mechanism.

The results shown in Fig. 2B depend on the assumption of
pHCyt. Experimental evidence shows that pHVac could take values
between 4 and 5 and pHCyt is 6 to 7. Figure 3 shows a sensitivity
analysis for the effect of pHCyt on the intracellular ammonium
distribution. It can be seen that the previous result, where the
majority of NH4

� is present in the vacuole, is not very sensitive to
the assumed pHCyt.

Our results show that the cytosolic pool of ammonium has a
high turnover rate; given the measured ammonium consumption
in this experiment (�qN) of 226 �mol/gCDW/h and the calculated
cytosolic ammonium content of 0.345 �mol/gCDW, it is possible to
calculate the turnover time of the cytosolic ammonium as on the
order of 5.5 s. The turnover time of the entire intracellular ammo-
nium pool will be 20 times longer: 110 s. This short turnover time
shows that, for reliable intracellular NH4

� measurements, rapid
sampling is indeed required.

NH3/NH4
� futile cycling under N limitation in S. cerevisiae.

From the calculated intracellular ammonium distribution (Fig.
2B), we observed an outward concentration gradient for the neu-
tral species NH3. This gradient leads to leakage of NH3 from the
intracellular space into the extracellular environment.

Combined with the uptake of NH4
�, which dissociates into

intracellular NH3 (the species that leaks out of the cell) and H�,

this requires H� export by H�-ATPase, leading to a futile cycle
where, for each mole of NH3 leaked out, there is dissipation of
1 mol ATP. The NH3 futile-cycling rate follows from the per-
meability of NH3 (P1a � 1.73 m/h [6]), the specific cell mem-
brane area (am [in square meters] per gram CDW), and the
NH3 concentration difference ([NH3]Cyt � [NH3]EC) (Fig. 2)
as follows:

�qNefflux
� P1a � am � ��NH3�cyt � �NH3�EC�

� �1.73
m

h � � �3.22
m2

gCDW
� � �402


mol

m3 � 0.3

mol

m3 �
� 2,236


mol

gCDW � h
(12)

This means that the total Mep-based ammonium influx should
equal �(qN � qNefflux), which is equal to �2,462 �mol/gCDW/h.
Most of the studies of NH4

� and methylamine transport mea-
sured a Vmax for Mep transporters between 600 and 2,100 �mol/
gCDW/h (equivalent to 20 and 70 nmol/min/mgProtein [17], respec-
tively, assuming 0.5 gProtein/gCDW). However, the value measured
in previous studies has always been the net flux into the cell, which
is the real total ammonium uptake rate minus the rate of NH3

leakage. This implies that the Mep-facilitated transport velocity
may have been underestimated at least 2-fold. Every mole of NH3

leaked out requires a mole of ATP to excrete one H� in order to
maintain a constant intracellular charge and pH, resulting in an

FIG 3 Sensitivity analysis of [NH4
�]Cyt, [NH4

�]Vac, percent total NH4
� in the vacuole, pHVac, and [NH4

�]Mit values with respect to pHCyt. The greatest
impact was observed in [NH4

�]Cyt and percent total NH4
� in the vacuole, whereas in pHVac and [NH4

�]Vac, the impact was less than 10%; pHCyt had no
impact on [NH4

�]Mit.
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ATP dissipation rate of about 2.24 mmol ATP/gCDW/h (see equa-
tion 12 above).

The extra ATP consumption resulting from the futile cycling of
NH3/NH4

� across the cell membrane likely accounts for the extra
4.7 mmol ATP/gCDW/h consumed under N-limited compared to
glucose-limited conditions. It is important to note that futile cy-
cling is insignificant under glucose-limiting conditions, where the
extracellular NH4

� is present at far higher levels than in the cyto-
sol. Furthermore, the inherent leakiness of biological membranes
to NH3 points up an important feature of the vacuole, namely,
that eukaryotic cells create and use an acidic compartment to ac-
cumulate large amounts of NH4

� without a requirement for spe-
cific transporters. In the absence of vacuolar compartmentaliza-
tion, the cytosolic levels of NH3 could lead to a higher NH3 efflux
rate and enhanced futile cycling, necessitating an increased de-
mand for ATP to maintain proper cytosolic NH4

�/NH3 homeo-
stasis.

Wood et al. (15) have derived similar conclusions based on
studies with vma-deficient yeasts incubated with methylamine.

Urea transport in S. cerevisiae. In contrast to the experimental
observations for ammonium, the extracellular urea represents a
bigger fraction (�80%) of the total broth urea than the intracel-
lular urea. The concentration is higher in the intracellular space
(151.3  83.6 �mol/literIC) than in the extracellular space (23.7 
9.9 �mol/liter), which indicates active urea transport (Fig. 2B). It
was suggested by ElBerry et al. (62) that at low urea concentra-
tions, a special urea transporter (Dur3) is expressed; according to
Sanguinetti et al. (63), this urea transporter uses a proton symport
mechanism to take up urea, and it is expressed when the extracel-
lular concentrations of urea are below 0.25 mM (62). The ex-
pected equilibrium Cyt/EC ratio of urea for this type of trans-
porter is expressed mathematically as follows:

�Urea�Cyt

�Urea�EC
� exp �z � F � pmf

R � T � � 2,117 (13)

In this case, z is equal to �1 (symport of urea plus one proton)
and PMF is equal to 200 mV. Thus, the equilibrium Cyt/EC ratio
is 2,117. There are no reports of urea being compartmentalized in
S. cerevisiae, so it is assumed that all intracellular urea is found in
the cytosol. Experimentally, the urea concentration ratio was 6,
and the [urea]Cyt/[urea]EC ratio was equal to 6/0.7, which is equal
to 9; unlike the ammonium transporter, the urea symporter is
working at far from equilibrium conditions (Q/Keq 
 0.004). The
cytosolic urea concentration (0.15/0.7 � 0.21 mM) is close to the
reported Km value for the urea amidolyase reaction (0.1 and 0.39
mM [64]) and allophanate hydrolase reactions. The high thermo-
dynamic driving force for the urea transporter is probably main-
tained by high activity of the enzyme urea amidolyase, which
quickly metabolizes the intracellular urea.

L-Glutamate transport in S. cerevisiae. Glutamate and glu-
tamine are the central metabolites of nitrogen metabolism in
yeast. Any other amino acid can be synthesized from these two by
means of various reactions, usually involving transaminases (65).
Amino acids control the expression of their specific transporters;
in the case of glutamate, there are specific dicarboxylic acid per-
meases (65), particularly Dip5 (66). In the presence of poor nitro-
gen sources or nitrogen limitation, however, most of these specific
permeases are replaced by general amino acid permeases (1); for
instance, Gap1 is derepressed under nitrogen-limited conditions
(49, 67). There is a general consensus that amino acid permeases

work using an electrochemical gradient, by means of H� symport
(2, 68). Various widely used genome scale stoichiometric models
(23–25) assume that the cotransported amino acid species is the
zero-charged species in the case of neutral amino acids, the �1
species for acidic amino acids, and the �1 species for basic amino
acids; for the particular case of glutamate, however, early experi-
mental evidence from Cockburn et al. (69) showed that glutamate
uptake requires cotransport of 2 mol of H� per mol of glutamate.

From our experimental results (Fig. 2B), the IC/EC ratio equals
180. Because glutamate is reported not to be strongly compart-
mentalized and is expected to be mainly cytosolic (70), the Cyt/EC
ratio (180/0.7 � 221) follows. This ratio corresponds to a Glu0/H�

symport, which has an equilibrium Cyt/EC ratio of 6,017 (see Fig.
S1 in the supplemental material), in agreement with the experi-
mental findings of Cockburn et al. (69) but not with the generally
assumed Glu�/H� symport (Cyt/EC ratio � 28) (23–25). This
suggests that, under glutamate limitation, a different, more active
transport is present. However, a Glu0/H� symport mechanism
yields a higher Cyt/EC ratio at the cost of ATP expenditure higher
than that of Glu�/H� symport. Based on our proteomics analysis,
we hypothesize that Agp1, which is known to transport neutral
amino acids (71), could be the transporter used by yeast to take up
Glu0, together with one H�.

Thermodynamic state of central N metabolism reactions.
The thermodynamic analysis of the central N metabolism also
reinforces the hypothesis of NH4

� compartmentalization. When
the whole-cell metabolite amounts are used to calculate �rG= for
the glutamate dehydrogenase NADH-dependent (Gdh2) reac-
tion, the values indicate that the reaction is unfeasible toward
glutamate conversion into NH4

�, even when glutamate is used as
the N source. Given that Gdh2 is arguably the main source of
intracellular NH4

� when cells grow using L-glutamate as the N
source, the estimation of �rG= using whole-cell amounts is in con-
flict with experimental evidence. On the other hand, when metab-
olite compartmentalization is considered, �rG= for Gdh2 becomes
negative, so the reaction is feasible. In this case, it is assumed that
NH4

�, glutamate, 	KG (this study), NADP/NADPH (72), and
NAD/NADH (73) are compartmentalized. This results in higher
concentrations of substrates than of products, leading to a nega-
tive �rG=.

Additionally, the GS-GOGAT system is far from equilibrium,
favoring the direction of glutamate production. Our thermody-
namic analysis of the central N metabolism points to the possible
presence of some futile redox cycles generating unnecessary waste
of ATP, for instance, glutamate synthesis by the NADPH-depen-
dent enzyme Gdh1 (Km for ammonium, 10 mM [64]) and con-
comitant glutamate degradation by Gdh2 (NAD dependent). Be-
cause both enzymes were expressed under ammonium-limited
conditions (49), as observed in the proteomics results (see Data
Set S1 in the supplemental material), this evidence also supports
previous reports of a necessary tight control of the expression of
the enzymes involved in the central N metabolism (65).

Protein abundance under different N sources. Our pro-
teomic analysis revealed N source-dependent differences in the
abundances and sets of proteins identified, indicating that N-lim-
ited growth does not result in a common proteome composition.
In cells grown using urea as the sole N source, more than 150
proteins (�3 confidence peptides) that were not found in cells
grown using the other two N sources were identified. Among the
unique set of urea-specific proteins were Crh1, Dur1 and -2, Dur3,
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Dal5, and Dal8. The higher levels of Crh1 are consistent with pre-
vious transcriptomics analysis (3): Crh1 expression is enhanced in
urea-grown cells. The Dur and Dal genes, which encode proteins
related to urea and allantoin metabolism, are known to be nitro-

gen regulated and consequently not repressed during growth on
urea (74). Also, consistent with urea being a nonrepressive N
source, levels of Gap1, Car2, and Glt1 were higher by �50% than
in NH4

�-grown cells (Fig. 4B).

FIG 4 (A) Summary of the large proteomic survey for S. cerevisiae at steady state (D � 0.05 h�1) under aerobic N-limiting conditions using different N sources.
In this study, it is considered that unique proteins are those proteins that have an expression level high enough to be identified with 3 or more confidence peptides
but not identified under other environmental conditions. (B and C) Comparison of protein expression patterns between urea and ammonium steady states (B)
and glutamate and ammonium steady states (C). Overexpressed proteins are highlighted in green, repressed proteins are shown in red, and proteins with no
changes in expression pattern (�10% difference with respect to the reference steady state) are displayed in black.
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Interestingly, other urea-specific proteins found in our analysis
include Tor1, Npr1, and Ure2, proteins required for proper con-
trol of NCR-regulated gene expression (1, 2, 75). Based on previ-
ous findings, in urea-grown cells, Npr1 and Ure2 should not be
(hyper)phosphorylated (1, 76, 77) and the Tor1 kinase is expected
to be inactive (1, 78). Consequently, our finding these proteins
only in urea-grown cells was presumably due to the experimental
procedure used; apparently, phosphorylation interferes with the
proper identification of peptides derived from these proteins in
cells grown using glutamate or NH4

�. An alternative experimental
protocol, e.g., TiO2-based separation of phosphoproteins, will be
required to identify and quantify proteins with posttranslational
modifications (79).

Agp1 and Vba1 were among the five proteins uniquely found
in glutamate-grown cells. Agp1 encodes a low-affinity broad-sub-
strate-range amino acid permease that is expressed under the con-
trol of the SPS amino acid sensing system (71, 80–82). The higher
levels of Agp1 are consistent with transcriptomic analysis (3); in
comparison to urea- or NH4

�-grown cells, Agp1expression is in-
duced. Little is known regarding Vba4 function and expression
(74), but it is thought to function as a basic amino acid transporter
localized to the vacuolar membrane (83).

We also observed a major shift in the levels of carbon metabo-
lism-related proteins. This is likely due to glutamate, in addition
to being an N source, being consumed as a C source. Consistent
with previous reports (3, 75), we found that the levels of several
proteins of the tricarboxylic acid (TCA) cycle, such as Cit1, Aco1,
and Idh1 and -2, were low. So, too, the levels of key enzymes of the
central nitrogen metabolism, Gdh2 and Glt1, were low. In the case
of Glt1, it is known that its expression is repressed during growth
on glutamate (84); glutamate does not need to be synthesized
when it is supplied in the medium.

When glutamate is the sole N source, the rest of the amino
acids are synthesized using transamination reactions and ammo-
nium is needed only for glutamine synthesis, so Gdh2 is necessary
as the main intracellular ammonium-producing reaction. The ex-
pression of Gdh2 is regulated by many factors, including the in-
tracellular ammonium concentration and NCR (3, 75), and it is
particularly sensitive to the presence of ammonium under batch
conditions (75) but upregulated under N limitation (85). It is
expected, then, that overexpression of Gdh2 means higher enzy-
matic activity and hence higher intracellular ammonium concen-
trations when glutamate is the N source. We therefore hypothesize
that the repression of Gdh2 is related to intracellular ammonium
homeostasis to avoid accumulation of large quantities of intracel-
lular ammonium, perhaps by means of a feedback inhibition
mechanism.

Conclusions. Our experimental measurements suggest that, in
aerobic NH4

�-limited cultivations, most (about 85%) of the am-
monium is found in the intracellular space. This result fits with the
hypothesis of ammonium transport by means of Mep proteins
using a uniport mechanism or with an equivalent thermodynamic
equilibrium constant that maintains a high intracellular ammo-
nium concentration even at low ammonium concentrations in the
extracellular space. Furthermore, the experimentally measured
extracellular concentrations are consistent with previous reports
about the capacity and affinity of ammonium transporters (Mep
proteins) (17), indicating that at low ammonium concentrations
the most active transporter is Mep2, with an affinity constant be-
tween 1 �mol/liter and 2 �mol/liter. Under the experimental con-

ditions, it is expected that Mep1 and Mep3 will also be present, but
given their kinetic properties (17) and optimal pH (14), their con-
tribution to total ammonium uptake will be lower than that of
Mep2. The experiments under aerobic N source limitation using
urea and glutamate suggest that these compounds are transported
using a proton symport mechanism. In the case of glutamate, the
experimental data are consistent with Glu0 (the uncharged form)
symport. Our observations are in agreement with previous exper-
imental findings from Cockburn et al. (69), who suggested that
glutamate (Glu�) is cotransported with 2 mol of H� per mol of
glutamate taken up.

For the tested N sources, the intracellular and extracellular
ammonium concentrations were similar, with a mean total intra-
cellular concentration of 3.6 mmol/literIC and an extracellular
concentration of 8 �mol/literEC. These results indicate that there
is a minimum amount of ammonium required to regulate and
drive the important reactions related to N metabolism and that
this concentration has a major effect on the expression of key
proteins of the central nitrogen metabolism, as observed in the
case of Gdh2 repression during the glutamate steady state.

The experimental results also suggest that there is very signifi-
cant vacuolar/cytosol compartmentalization of NH4

� in S. cerevi-
siae, observed consistently for the three N sources used. Further-
more, the extracellular ammonium concentration suggests the
presence of a futile cycle due to NH3 leakage under aerobic N-lim-
ited conditions. According to our estimations, this futile cycle
could cost the cells as much as 30% of the total ATP produced.

Finally, it was observed that most of the main central N metab-
olism reactions were found to be far from equilibrium, which
suggests that thermodynamic assumptions, such as the equilib-
rium of glutamate dehydrogenase NADPH-dependent reactions,
cannot be used to study NH4

� metabolism in S. cerevisiae.
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