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ABBREVIATIONS

Abbreviation Definition

NCR Nitrogen Catabolite Repression

ART Arrestin-Related Trafficking adaptors
MCC Microdomains Containing Canl
TORC1 Tor Complex 1
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ABSTRACT

Yeast cells, to be able to grow on a wide variety of nitrogen sources, regulate the set of nitrogen
transporters present at their plasma membrane. Such regulation relies on both transcriptional and post-
translational events. While microarray studies have identified most nitrogen-sensitive genes, nitrogen-
induced post-translational regulation has only been studied for very few proteins among which the general
amino acid permease Gapl. Adding a preferred nitrogen source to proline-grown cells triggers Gapl
endocytosis and vacuolar degradation in an Rsp5-Bull/2-dependent manner. Here, we used a proteomic
approach to follow the dynamics of the plasma membrane proteome after addition of a preferred nitrogen
source. We identified new targets of the nitrogen regulation and four transporters of poor nitrogen
sources—Put4, Opt2, Dal5 and Ptr2—that rapidly decrease in abundance. Although the kinetics is different
for each transporter, we found that three of them—Put4, Dal5 and Ptr2— are endocytosed, like Gap1, in
an Rsp5-dependent manner and degraded in the vacuole. Finally, we showed that Gapl stabilization at

the plasma membrane, through deletion of Bul proteins, regulates the abundance of Put4, Dal5 and Ptr2.

Keywords: yeast plasma membrane, proteomics, nitrogen sources, transporters, endocytosis, arrestin
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INTRODUCTION

Yeast cells can grow on a wide variety of nutrients and rapidly adapt to changes in nutrient availability by
remodeling the composition of their plasma membrane. This remodeling process involves a fine tuning of
gene expression, transcript regulation, and protein post-translational regulation and trafficking. One
example that has been extensively studied is the adaptation of yeast cells to different sources of nitrogen.
Yeast cells can use various nitrogen sources as the unique source of all the cellular nitrogen. This ability
requires permeases for the transport of those compounds and enzymes for their catabolism leading to
generation of ammonium or glutamate. Once inside the cell, ammonium can react with a-ketoglutarate,
provided by carbon metabolism, to produce glutamate, and can react with glutamate to produce
glutamine. All the nitrogenous compounds in the cell are synthesized from either glutamate or glutamine
(1). Yeast cells provided with an appropriate source of carbon and nitrogen can synthesize all L-amino acids
used in protein synthesis (2). The sources of nitrogen can be classified as preferred and non-preferred.
Preferred nitrogen sources are easier to convert into glutamate and glutamine, support rapid cell growth
and repress the transcription of genes encoding proteins necessary for the uptake and catabolism of less
preferred nitrogen sources, reviewed in (1, 3, 4). This gene regulation called nitrogen catabolite repression
(NCR) primarily functions to restrain the yeast’s capacity to use non-preferred nitrogen sources when
preferred ones are available. In the absence of a preferred nitrogen source, the general derepression of
NCR-regulated genes enables cells to indiscriminately scavenge alternative, non-preferred nitrogen
sources. The criteria to judge the quality of a particular nitrogen source are the growth rate and the ability
to repress or not the pathways for utilization of less preferred nitrogen sources. Commonly used preferred
nitrogen sources for S. cerevisiae are ammonium, glutamine and asparagine. The non-preferred nitrogen
source used in most studies about yeast nitrogen regulation is proline. Notably, the classification of
nitrogen sources is not absolute, and their repressive effects can vary significantly between different yeast

strain backgrounds. For example, ammonium is a repressing nitrogen source for CEN.PK and 21278b-
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derived stains, whereas it is not for many S288c-derived strains, even though it promotes high rates of

growth (4).

Hundreds of genes show differences in their expression according to the nature of the nitrogen source
available in the extracellular environment. Several global studies based on microarrays have been
conducted to identify all the genes having a level of expression sensitive to NCR (5-7). According to these
transcriptomic studies, many genes encoding transporters of compounds that can be used as source of
nitrogen are sensitive to NCR. In addition, a recent study showed accelerated degradation of some NCR
transcripts when a nitrogen source is added to nitrogen-limited cultures, revealing an additional layer of
mMRNA regulation (8). Although high levels of mRNA usually result in high amounts of protein, the general
correlation between mRNA and protein abundance is often poor (9). The abundance and stability of
proteins are also determined by complex posttranslational processes, such as protein turnover rate,
covalent protein modifications and subcellular relocalization. For these reasons, there is a great need for
direct measurements of protein levels. Targeted approaches, such as Western blot or microscopy, are
commonly used to measure the abundance and localization of specific proteins of interest. Using specific
transport assays, Grenson and colleagues showed that the general amino acid permease Gapl, the proline
permease Put4 and the allantoate permease Dal5 are subjected to a posttranslational regulation that
suppresses their transport activity within one hour after addition of ammonium to proline-grown cultures
(10). Further in-depth studies focused on the general amino acid permease Gapl unraveled the precise
mechanism of Gap1l post-translational regulation (11-15). In cells grown with proline as unique nitrogen
source, GAP1 gene is highly expressed and newly synthesized protein accumulates at the plasma
membrane in an active and stable form (14). When a preferred nitrogen source is added to proline-grown
cultures, GAP1 transcription is repressed and any Gap1 already present at the plasma membrane is rapidly
ubiquitylated in an Rsp5-dependent fashion, endocytosed and degraded in the vacuole (11, 16). Gapl

ubiquitylation occurs on two lysine residues in the cytosolic N-terminus (K9 and K16) and requires the
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activity of at least one of the two redundant ubiquitin ligase adaptors Bull and Bul2 (13). Bull and Bul2
are members of the arrestin-related trafficking (ART) adaptor family. ART proteins are recognized through
their PY motifs by Rsp5 WW domains, and mediate the interaction between Rsp5 and the plasma
membrane protein that must be ubiquitylated, here Gap1 (13, 15, 17). In the presence of a preferred
nitrogen source, Rsp5-Bull/2-dependent ubiquitylation of Gap1 is also required for direct sorting of the
newly synthesized protein from the late secretory pathway to the vacuole without passing through the
plasma membrane (13, 17). In proline-grown cells, the protein kinase Npr1 is required for stabilization of
Gapl1 at the plasma membrane (14). Nprl promotes phosphorylation of the ubiquitin ligase adaptors Bull
and Bul2. When phosphorylated, Bul adaptors bind to the 14-3-3 proteins, hence preventing Rsp5-Bull/2-
dependent ubiquitylation of Gap1. This inhibition can be lifted by addition of a preferred nitrogen source
(15). Although that kind of studies has resulted in a tremendous increase in our knowledge of the cellular
response to changes in nutrient availability, these techniques only allow to study a very limited number of
proteins, hence opening a tiny window into the complexity of the proteome regulation. This emphasizes
the need for techniques that enable the direct analysis of large sets of proteins in order to reveal global
regulation mechanisms. In this context, mass spectrometry-based proteomics has emerged as the
technology of choice for studying complex proteomes. This technique allows not only identification of
proteins, but also quantitative comparisons of the relative abundance of proteins under different

conditions (18, 19).

Here, we used a mass spectrometry-based proteomic approach to follow the dynamics of the plasma
membrane proteome after the addition of a preferred nitrogen source to proline-grown cells. We
identified (1) new targets of the nitrogen regulation, (2) four transporters of poor nitrogen sources—Put4,
Opt2, Dal5 and Ptr2—that rapidly decrease in abundance. Although the kinetics is different for each

transporter, we found that three of them—Put4, Dal5 and Ptr2— are endocytosed, like Gap1, in an Rsp5-
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dependent manner and degraded in the vacuole. (3) Finally, we showed that Gap1 stabilization at the

plasma membrane, through deletion of Bul proteins, regulates the abundance of Put4, Dal5 and Ptr2.
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EXPERIMENTAL PROCEDURES

Yeast strains and growth conditions

Yeast strains are listed and detailed in Table S1. Strains used for proteomic experiment and validation by
immunodetection (Table 1, Figures S1, S4, 1A and 1B) are derivatives of the CEN.PK113-7D strain, kindly
provided by Prof. P. Kbtter, Frankfurt, Germany. Other strains used in this study are derivatives of the
BY4741/2 strains. The npil mutant strain was kindly provided by Prof. B. André, Brussels, Belgium. The
strain was obtained by insertion of a selective marker in the RSP5 promoter, which results in an attenuated
RSP5 gene expression. The 9-arrestinl, 9-arrestinA bullA and 9-arrestinA bullA bul2A strains were kindly
provided by Prof. H. Pelham, Cambridge, UK. The bullA bul2A double deletion strain was isolated from
crossing of bul1A with bul2A, followed by sporulation and tetrad dissection, all initial strains coming from
Euroscarf. Strains containing a 9-myc-labeled version of Put4, Ptr2 or Qdr3 were isolated by insertion of a
DNA fragment amplified by PCR using as a template pYM18 and pYM19 plasmids from Euroscarf containing
kanMX resistance gene and HIS3 auxotrophic marker, respectively. Strains containing a 9-myc-labeled
version of Put4 with the auxotrophic URA3 marker were isolated by insertion of a DNA fragment amplified
by triple PCR using as templates pYM18 and pRS316 plasmids. PUT4-9MYC bullA bul2A pep4A and PUT4-
9MYC bullA bul2A gap1A triple deletion strains were obtained by crossing of the PUT4-9MYC bul1A bul2A
strain with pep4A and gaplA yeast strains from Euroscarf, respectively. All auxotrophic strains were
transformed with pRS316 URA3 and/or pFL36 HIS3, LEU2, MET15 or LYS2 plasmids in order to make them
prototrophic and able to grow on minimal proline-containing medium (Table S1). Yeast cells were grown
in minimal medium containing 2% (w/v) glucose, 0.7% (w/v) Yeast Nitrogen Base w/o amino acids and
ammonium sulfate and 0.1% (w/v) proline as unique source of nitrogen. The change in nitrogen source
was operated by addition of 10 mM ammonium or glutamine in proline-grown cultures for 0, 15, 45 and

90 minutes.



ASBMB

~
”
o~
-~

MOLECULAR & CELLULAR PROTEOMICS

P

MC

Plasmids

The plasmids used in this work are listed in Table S2. For pRS316 GAP1-PTR2-YFP, GAP1-MEP2-YFP, and
GAP1-QDR3-YFP plasmids, DNA fragments containing PTR2-, MEP2- or QDR3-YFP were amplified by triple
PCR using as templates PTR2, MEP2 and QDR3 ORF from CEN.PK113-7D and YFP ORF from the pYM39
Euroscarf plasmid. Amplified fragments were cloned by gap-repair in yeast into a pRS$316 vector containing
the GAP1 promoter, previously digested with Agel, kindly provided by Prof. C. Govaerts, Brussels, Belgium
(20). The plasmids encoding Gap1-GFP, Bull and Bul1"™Y>AASY were kindly provided by Prof. Bruno André,

as well as the pFL36 HIS3 LEU2 MET15 or LYS2 plasmids.

Yeast cell extracts

Yeast cells were harvested at an 0.D.s0 of 3, which equals 2.107 cells/ml. Plasma membrane enriched
fractions were prepared as previously described (21). Yeast crude membrane extracts were prepared as
previously described (22), except that no dithiothreitol was added. Yeast total cell extracts were prepared
as previously described (23), except that cells were resuspended in 200 ul of cold homogenization medium
(250 mM sorbitol, 50 mM imidazole, 1 mM MgCl,, pH 7.5) containing a protease inhibitor mix (1 mM PMSF
and 2 ug/ml each of leupeptin, aprotinin, antipain, pepstatin and chymostatin) before breaking. The

protein concentration was then determined using Bicinchoninic assay, as previously described (24).

Antibodies and immunoblotting

Yeast cell extracts were mixed with an equal volume of sample buffer (100 mM Tris-HCI, pH 6.8, 4 mM
EDTA, 4% SDS, 20% glycerol, 0.002% bromophenol blue) containing 1% DTT and incubated at room
temperature for 10 minutes. Proteins were resolved by SDS-PAGE and transferred to a PVDF membrane
using a Trans-Blot® Turbo™ Transfer System and Mini PVDF Transfer Packs (Bio-Rad). Proteins were

immunodetected as previously described (21). Primary antibodies used in this work and their
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corresponding dilutions are listed in Table S3. Primary rabbit polyclonal antibodies against Opt2 and Dal5
were produced for this study by Thermo Scientific, and were raised against a synthetic peptide designed
specifically for each protein (Opt2, residues 105-123, sequence DQYEEWKRLVDLEDLDSKE; Dal5, residues
524-543, sequence ENLEFSDLTDFENPNFRYTL). Western blots were quantified using Fiji software (based on

Image J software) and statistical analyses were performed using JMP Statistical Software.

Proteomics: experimental design and statistical rationale

To compare the proteome of yeast cells grown overnight in ammonium vs. proline, four independent
biological replicates were analyzed. For each biological replicate, yeast cells were grown in parallel and
plasma membranes were enriched at the same time to reduce variability coming from growth conditions
or from the enrichment procedure. The same protocol was applied for the kinetics experiment where each
culture treated with ammonium was grown and extracted together with one control (proline) culture. This
procedure was repeated three times for each time point, resulting in a total of three biological replicates

for each time point.

Protein digestion and iTRAQ labeling

Purified plasma membranes (20 pg of protein) were solubilized in 50 mM TEAB, 0.1 % Rapigest (Waters),
pH 8.0, by sonication for 5 min in a bath sonicator (Bioruptor, Diagenode), and the proteins reduced by
incubation for 1 h at 60°C with 25 mM tris(2-carboxyethyl)phosphine, then alkylated with 0.26 M methyl-
methanethiosulfonate (MMTS) for 10 min at room temperature in the dark. The reduced and alkylated
proteins were digested for 16 h at 37°C using sequencing grade modified trypsin (Promega) at a
protease/protein ratio of 1/20 and the Rapigest lysed by incubating the protein sample in 0.5%
trifluoroacetic acid (TFA) for 60 min at 37°C. After centrifugation of the sample at 54000 rpm (TLAS55,

Optima-Beckman) for 45 min at 4°C, the supernatant was centrifuged for 20 min at 54000 rpm (TLA5S5,

10
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Optima-Beckman), then the final supernatant was vacuum dried (Speedvac SC 200, Savant) and iTRAQ

labeling performed according to the manufacturer’s protocol (Applied Biosystems).

Reversed phase chromatography

Before separation, the samples were resuspended in 0.025% TFA and 5% acetonitrile (ACN), then the
labeled peptides were mixed together and 12.9 ug of the mixture desalted using a C18 Pep Map 100 pre-
column and subjected to reverse phase chromatography on a C18 PepMap100 (LC Packings) analytical
column for 180 min at a flow rate of 300 nl/min using a linear gradient from 8% ACN in water/0.1% TFA to
76% ACN in water/0.085% TFA. The eluted peptides were mixed with a-cyano-4-hydroxycinnamic acid
matrix (2 mg/ml in 70% ACN, 0.1% TFA) and spotted directly onto a MALDI target using a Probot system

(LC Packings Amersham).

Mass spectrometry analysis

The spotted plate was analyzed on an Applied Biosystems 4800 MALDI TOF/TOF Analyzer using a 200 Hz
solid state laser operating at 355 nm. MS spectra were obtained using a laser intensity of 3200 and 2000
laser shots per spot in the m/z range of 800 to 4000, while MS/MS spectra were obtained by automatic
selection of the 12 most intense precursor ions per spot using a laser intensity of 3800 and 2100 laser
shots per precursor. Collision-induced dissociation was performed with an energy of 1 kV with air as the
collision gas at a pressure of 1 x 10° Torr. Data were collected using Applied Biosystems 4000 Series
Explorer™ software. LC/MSMS data were processed using ProteinPilot software and the Paragon™ search
algorithm (Shilov et al., 2007) (Applied Biosystems/MDS SCIEX/4800 v4.0). The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner

repository with the dataset identifier PXD005273.

11



ASBMB

~
o~
-~

e

MOLECULAR & CELLULAR PROTEOMICS

P

MC

Protein identification

The MS/MS data were used to search the UniProtKB/Swiss-Prot database (276 256 sequences Release 54.0

of 24, July 07 from the website http://www.ebi.ac.uk/FTP/) using the “thorough search™ option and a S.

cerevisiae taxonomy filter. MS and MS/MS tolerances were set to 0.15 and 0.4 Da, respectively. The *
iTRAQ 4plex peptide labeled™ or “iTRAQ 8plex peptide labeled” sample types and a “biological
modification ID focus ™ were selected in the analysis method. Trypsin was selected as the digestion enzyme
with allowance for a single missed cleavage, and cysteine alkylation by MMTS as a modification. The results
were further processed by the Pro Group™ Algorithm to determine the minimal set of justifiable identified
proteins. Proteins were annotated based on Saccharomyces Genome Database, Gene Bank, and UniProt

Databases.

All reported data were based on 99% confidence for protein identification as determined by ProteinPilot
(ProtScore = 2.0). Protein identification confidence was expressed as the “Unused Protein Score”, a
measurement of the protein identification confidence taking into account peptides from spectra that have
not already been “used” by higher scoring proteins. Quality of identification was assessed by false
discovery rate analysis. The FDR analysis provided by ProteinPilot consists of a target-decoy database
search. The number of decoy proteins relative to the number of target proteins reported by the search

was lower than 1% for each run.

Quantification of relative change

To determine differences in protein abundance, the average ratio of the identified protein was calculated
by ProteinPilot based on the log ratios of the peptides. Peptides that matched multiple proteins were not
included in the quantification by the software. Background correction was applied to avoid biasing iTRAQ

ratios towards unity and extreme ratios were set to an upper limit of 100-fold. Data were normalized to

12
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correct for unequal mixing of labeled peptides, based on the assumption that most proteins do not change
in abundance. The bias correction algorithm calculates the median average protein ratio, corrects it to
unity, and then applies this factor to all quantitation results. Differentially expressed proteins were further
analyzed for significant down- or upregulation by comparing protein log ratios to zero using a one-sample
t-test with df degrees of freedom, where df = sample size — 1 (i.e. the number of peptides used for

protein quantification -1).

average of logratios
~ standard error

An important limitation of t-tests when sample size is small is that fewer observations lead to difficulties
in accurately determining the standard error, making the denominator of the t-test unreliable. To avoid
large t-scores arising because of small standard errors coming from few peptide ratios, ProteinPilot

corrects the denominator of the t-test as follows:

max ,10910(1.15) ]

s 017
S
with s being the standard deviation of log ratios and n the sample size.

Another important limitation of t-tests is the absence of correction for multiple testing. To establish the
list of differentially abundant proteins, we calculated a single p-value for each protein and applied
Bonferroni correction for multiple testing. We used two different methods to compute the single p-value.
In the first method, we pooled the peptide ratios coming from the different biological replicates and used
the t-test described above on the pooled peptide ratios. In the second method, we combined the p-values
computed by ProteinPilot using weighted z-scores (25-27). The workflow is the following:

(1) two-sided p-values are converted into one-sided p-values according to the direction of change
Pone-sidea = Ptwo-sided/2 if ratio <1

Pone-sidea = 1 — Pewo-sidea/2 otherwise

(2) one-sided p-values are converted into z-scores (Z;) using the gnorm function in R

13
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(3) z-scores (Z;) are combined together using the following equation

k
7 = izt wiZ;

kK .2
i=1 Wi

with weight w; = \/n_l , ; being the sample size, and k the number of biological replicates.

(4) the combined z-score (Z) is then converted into a two-sided p-value using the pnorm function in R
Pewo-sidea = pnorm (—abs(Z)) * 2

P-values that were reported as 0.0000 by ProteinPilot (Table S5) were arbitrarily set to 0.0001 to allow the

calculation of a combined p-value. A cutoff level of significance of 95% (or Pryo—sidea < 0.05) after

Bonferroni correction was chosen as a criterion for each protein.

Fluorescence microscopy

Cells expressing Gap1-GFP, Ptr2-YFP, Mep2-YFP or Qdr3-YFP were cultivated as described above, laid down
on a thin layer of 1% agarose and viewed at room temperature with a Leica DMR epifluorescence
microscope with a 100x oil immersion objective and GFP or FITC fluorescence light filters. Image

acquisition time may vary from one image to another. No contrast enhancement was applied.

q-RT-PCR
Total RNA was extracted and analyzed by quantitative real-time PCR as previously described (23).
Oligonucleotides designed for real-time PCR are listed in Table S4. Relative expression levels were

determined with efficiency correction (28).

14
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RESULTS

The abundance of 27 plasma membrane proteins varies according to the nitrogen source

To determine the influence of the nitrogen source on yeast cell surface proteins, we compared the plasma
membrane proteomes of wild-type yeast cells supplied with a non-preferred nitrogen source (proline) and
of cells supplied with a preferred nitrogen source (ammonium). The wild-type prototrophic yeast strain
CEN.PK113-7D was used in this experiment, allowing the use of a unique nitrogen source in the medium.
We prepared plasma membrane enriched fractions from yeast cells grown overnight either in the presence
of proline or ammonium. This procedure includes one step of differential centrifugation to pellet crude
membranes, one step of acidic precipitation to selectively precipitate contaminant membranes while
recovering plasma membrane proteins in the supernatant, and one step of membrane stripping to remove
peripheral membrane proteins without affecting integral components. We assessed the quality of the
enrichment procedure by comparing the relative enrichment of Pmal, the plasma membrane H*-ATPase,
with that of markers of the endoplasmic reticulum (Sec22), Golgi apparatus (Emp47), endosomes (Pep12),
vacuole (Vph1), and cytosol (Cdc48) (Figure S1A). Proteins in the plasma membrane enriched fraction were
digested with trypsin and peptides were labeled using isobaric tags for relative and absolute quantitation
(iTRAQ). We performed a gel-free quantitative mass spectrometry analysis in order to identify and quantify
plasma membrane proteins, and determine how their relative abundance is affected by the two different
nitrogen sources. Plasma membrane enrichment was further confirmed by the relative abundance of
peptides originating from plasma membrane proteins (50%) compared to other organelles (Figure S1B).
Plasma membrane proteins were identified based on a higher number of peptides than contaminant
proteins and most contaminant peptides were from cytosolic or ribosomal proteins. Likewise, we showed
in figure S1A that this enrichment procedure allows to efficiently reduce the abundance of proteins

originating from internal membranes such as endosomes, endoplasmic reticulum and Golgi. Accordingly,

15
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we can consider that protein variations observed by mass spectrometry on plasma membrane enriched

fractions directly reflects protein variations at the plasma membrane.

The changes in plasma membrane protein abundance associated with nitrogen sources were determined
by comparing the protein abundance ratios (ammonium-grown cells / proline-grown cells) in four
independent biological replicates. Only proteins identified with an unused protein score > 2.0 (identified
with at least one 99% confidence peptide) were considered for further analysis. Using this selection
criterion, we identified a total of 117 plasma membrane proteins (Table S5), which accounts for almost
half of the total number of plasma membrane proteins reported in databases (245 proteins in
Saccharomyces Genome Database and 239 in Organelle Database). These databases report protein
subcellular localization from the peer-reviewed literature and from large-scale studies of protein
localization. Among the 117 plasma membrane proteins identified in this study, 66% were integral plasma
membrane proteins, 19% were lipid-anchored proteins, and 15% were peripheral proteins tightly
associated to the plasma membrane. Among integral plasma membrane proteins, 47 were plasma
membrane transporters. According to YTPdb (29), a total of 139 transporters are localized at the plasma

membrane, meaning that we identified approximately one third of them.

For each protein in each biological replicate, a protein ratio (ammonium-grown cells / proline-grown cells)
and a p-value assessing whether this ratio can be considered as different from unity or not was computed
using the ProteinPilot software (Table S5). The p-value calculation, based on a one-sample t-test, is
described in the experimental procedure. Raw data at the peptide level can be found in Table S6. To assess
the reproducibility of the quantitation, we did a pairwise comparison between protein log ratios from the
four biological replicates (Figure S2). The pairwise comparison was concordant among replicates, with
Pearson correlation coefficients ranging from 0.62 to 0.88. To identify differentially abundant proteins, we
calculated a single p-value combining results from the four biological replicates. To do so, we used two

different methods that gave comparable results. The first method consists, for each protein, in pooling

16
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peptide ratios coming from the four biological replicates and computing a single p-value using a one
sample t-test. This methodology assumes a common effect size and direction among samples, which is
appropriate when different samples are taken from similar populations (26, 27). Second, we used a meta-
analysis method to combine the p-values computed for each biological replicate by ProteinPilot. In a recent
article, Pascovici and colleagues suggested that combining ratio p-values could be a suitable and pragmatic
approach to analyze multi-run iTRAQ experiments (30). They propose to combine p-values using a
statistical meta-analysis called the Stouffer method. In this method, individual p-values are converted into
z-scores, z-scores (Z;) are then combined using the following formula:

Z?:1Zi

P==m

and the combined z-score (Z) is converted back into a p-value using the normal distribution function. One
important limitation of this method is that the combined p-value does not take into account the direction
of change of the protein ratio. One protein could have a ratio significantly higher than one in one biological
replicate and significantly smaller than one in another replicate. The combined p-value would be low, but
the ratio inconsistent. To circumvent this, the authors proposed to add a ratio trend consistency measure
that would exclude proteins having inconsistent protein ratios from the list of differentially abundant
proteins. Here, we implemented a method first described by Liptak and later completed by Whitlock and
Zaykin that (1) takes into account the direction of change of the protein ratio, and (2) weights the different
z-scores according to the sample size, i.e. the number of peptides used to compute the p-value of a protein

ratio (25-27). The details of the calculations are presented in the experimental procedures.

After Bonferroni correction for multiple testing, 27 plasma membrane proteins were identified as
differentially abundant in both methods (27 in the analysis on pooled peptides and 29 in the meta-
analysis). Differentially abundant proteins are listed in Table 1. Volcano plots showing significance against
fold-change are presented in Figure S3A, and the correlation between p-values computed using the two

17
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different methods is presented in Figure S3B. For 23 hits out of the 27, the abundance was higher in cells
supplied with proline. Among these, we found several transporters of nitrogenous compounds previously
described as NCR-sensitive: the general amino acid permease Gapl, the oligopeptide transporter Opt2,
the allantoate permease Dal5, the ammonium permease Mep2, the urea and polyamine transporter Dur3,
and the peptide transporter Ptr2. We also found the plasma membrane H*-ATPase Pmal, the multidrug
transporter Qdr3, components of eisosomes and microdomains containing Canl (MCCs) (Pill, Lspl,
Ncel02, Sur7 and Ycp4), proteins involved in cell wall integrity (Gas3, Gas5 and Gsc2), the plasma
membrane t-SNARE Sso2, one protein involved in lipid metabolism (Plb1), the GTP-binding protein Ras2,
two GTPases (Rho3 and Gpa2), one kinase (Yck2) and a GPl-anchored protein of unknown function
(Ecm33). Conversely, only 4 hits out of the 27 were more abundant in ammonium-grown cultures: the
histidine permease Hipl, the methionine permease Mupl, the glucose transporter Hxt4, and the ABC
transporter Pdr5. As a control, we confirmed the MS data on several targets by immunodetection in
fractions enriched in plasma membrane proteins (Figure S4A) and on total cell extracts (Figure S4B).
Interestingly, Pmal and Nce102 signals from ammonium-grown cells were decreased in plasma membrane
enriched fractions, while they remained stable in total cell extracts, suggesting that these proteins are
internalized and not degraded. In addition, we monitored by immunodetection the abundance variation
of the proline transporter Put4. The gene coding for Put4 is a known NCR target and the two peptides
belonging to Put4 identified in our proteomic screening were more abundant in proline-grown cells.
Although the number of peptides was too low to allow statistically reliable quantification, we were able to

confirm this abundance variation by immunodetection in total extracts.

18
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The abundance of different plasma membrane proteins varies at different rates after addition of

ammonium to proline-grown yeast cells

As the variations in protein amounts observed in the steady-state mass spectrometry experiment could
reflect transcriptional, translational, as well as post-translational regulation, we analyzed the temporal
evolution (up to 90 minutes) of the plasma membrane proteome of proline-grown yeast cells upon the
addition of 10 mM ammonium. Interestingly, different plasma membrane proteins decreased in
abundance with different kinetics (Figure 1A). For instance, the abundance of the general amino acid
permease Gapl, of the proline permease Put4, and of the oligopeptide transporter Opt2 decreased by
50% within 15 minutes. The decrease in abundance of Dal5 and Ptr2 was apparent 45 and 90 minutes,
respectively, after the addition of ammonium. Other proteins, such as Nce102, identified in our screening

remained stable within the 90 minutes time window.

Based on these results, we hypothesized that plasma membrane proteins decreasing in abundance within
90 minutes undergo endocytosis, leading finally to vacuolar degradation. Consistent with this hypothesis,
we observed the same decrease in abundance over time in total cell extracts (Figure 1B), suggesting
protein disappearance rather than subcellular relocalization. In order to follow their trafficking in vivo,
plasma membrane proteins were fused to Green and Yellow fluorescent proteins (GFP and YFP) and
expressed under the control of the GAP1 promoter. The GAP1 promoter has the advantage to ensure high
gene expression in proline-containing cultures, and is sensitive to NCR. As a result, the addition of a
preferred nitrogen source to proline-grown cells induced the catabolic repression of the fluorescently
labeled proteins and their fate could be followed over time in microscopy (Figure 1C). Experiments
requiring gene modification or plasmid insertion were performed in auxotrophic yeast strains of the BY
background supplemented with plasmids containing the missing auxotrophic markers. As ammonium does
not induce NCR in BY background yeast cells (4), we chose glutamine as preferred nitrogen source. Hence,

the addition of glutamine to proline-grown cells triggered a rapid decrease of Gap1l-GFP fluorescence
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intensity at the plasma membrane, along with the appearance of fluorescent dots inside the cell—most
likely endosomes—and a rapid staining of the vacuole (45 min). For Ptr2-YFP, we observed fluorescent
dots inside the cell after 15 minutes, and a delayed vacuolar staining (90 min) compared to Gap1-GFP,
which is consistent with the hypothesis of a slower endocytic process. Qdr3-YFP and Mep2-YFP remained
stable at the plasma membrane within the 90 minute time window, and were therefore used as negative
controls. Other target proteins were mislocalized when fused to YFP, and consequently not analyzed in
microscopy. To further validate the hypothesis of a vacuolar degradation, we compared the protein
amounts of Gap1, Put4-9myc, Dal5 and Ptr2-YFP in a wild-type strain and in a pep4A strain deleted for the
vacuolar protease Pep4 (Figure 1D). While the addition of glutamine to proline-grown BY background wild-
type cells triggered a similar decrease in protein amounts, this decrease was severely impaired in pep4A

mutant cells, which is consistent with the hypothesis of vacuolar degradation.

Together, our results suggest that at least four plasma membrane transporters—Gap1, Put4, Dal5, Ptr2—
undergo endocytosis and vacuolar degradation with different kinetics after the addition of a preferred
nitrogen source to proline-grown cells. We expected a similar mechanism for Opt2, but were not able to
confirm this hypothesis due to the poor quality of anti-Opt2 antibodies. Conversely, proteins remaining
stable within the 90 minutes time window were more likely subject to a transcriptional regulation, such as

NCR.

The degradation of Gap1, Put4, Dal5 and Ptr2 requires the ubiquitin ligase Rsp5

Above results suggest that the addition of a preferred nitrogen source to proline-grown wild-type yeast
cells triggered internalization and vacuolar degradation of the plasma membrane proteins Gapl, Put4,
Dal5 and Ptr2. The mechanism of internalization of the general amino acid permease Gap1 has been widely
studied (11-15). Gapl internalization requires the ubiquitin ligase Rsp5 and at least one of the two

functionally redundant adaptor proteins Bull and Bul2. First, we asked the question whether Rsp5 is
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involved in the degradation of transporters showing a rapid decease in abundance (< 90 min) after addition
of a preferred nitrogen source to proline-grown cells. To answer this question, we used a BY background
yeast strain deficient for RSP5 gene expression (npil), and compared the protein amounts in wild-type and
npil cells upon addition of glutamine. Using immunodetections, we showed that the degradation of Gap1,
Put4-9myc, Dal5 and Ptr2-YFP requires normal levels of RSP5 expression (Figure 2A). These results were
confirmed in fluorescence microscopy, where Ptr2-YFP was sequestered at the plasma membrane in the
absence of Rsp5 after addition of glutamine (Figure 2B). The latter suggesting that Rsp5 is required for the
internalization step. Note that Put4 and Dal5 have been previously shown to be inactivated for their
transport activity in an Rsp5-dependent manner after addition of ammonium to proline-grown cultures
(10, 31). Additionally, it is interesting to note that Put4-9myc and Dal5 protein levels were reduced by a
factor of 3 in npil cells compared with wild-type cells, while Ptr2-YFP protein levels remained stable and

Gapl1 protein levels were increased (Figure 2).

Loss of Bull and Bul2 function results in very low levels of Put4, Dal5 and Ptr2 proteins

Since Put4, Dal5 and Ptr2 transporters are degraded in an Rsp5-dependent manner, like Gapl, we
guestioned the role of Bull and Bul2 ubiquitin ligase adaptors in this process. To do so, we quantified the
protein levels of Gapl, Put4-9myc, Dal5 and Ptr2-YFP in total cell extracts before and after the addition of
a preferred nitrogen source to proline-grown WT and bullA bul2A cells. In this experiment, we found (1)
that neither Bull nor Bul2 are required for Put4-9myc, Dal5 and Ptr2-YFP endocytosis, and (2) that the
levels of Put4-9myc and Dal5 were reduced by at least a factor of 5 in bul1A bul2A cells compared with
wild-type cells, Ptr2-YFP protein levels were reduced by a factor of 3, while Gap1 protein levels remained
stable (Figure 3A). We observed similar low protein levels in the 9-arrestinA bullA bul2A yeast strain
deleted for eleven of the twelve proteins of the ART family known so far (32), but not in the 9-arrestinA

bullA strain (expressing a functional Bul2 protein), the 9-arrestinA strain (expressing both Bull and Bul2
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proteins), bullA or bul2A single deletion strains (Figure 3B). To further confirm that this effect on protein
levels is specific to Bul proteins, we complemented the bul1A bul2A strain with a plasmid expressing FLAG-
tagged wild-type Bull, and hence restored Put4-9myc and Dal5 proteins to normal levels (Figure 3C). While
the expression of wild-type Bull was able to rescue the bull1A bul2A strain, a mutant Bull with altered PY
motif (PPSY>AASY) failed to do so (Figure 3C). The degradation profile of Gap1 after addition of glutamine
was used as a control for Bull activity. As expected, Gapl was readily degraded in the bullA bul2A strain
complemented with wild-type Bull, while it remained stable in cells expressing the mutant form of Bull.
Using antibodies raised against FLAG tag, we showed that the protein levels of the wild-type and mutant
forms of Bull are comparable, confirming that the low Put4 and Dal5 protein levels observed in cells
expressing Bul1PPY*AAY gre due to the absence of PY motif rather than to a deficient expression or
premature degradation of Bul1P™Y*4Y  Together, our results suggest that at least one of the ubiquitin
ligase adaptors Bull or Bul2 is required to maintain normal Put4, Dal5 and Ptr2 protein levels in proline-

containing medium, and that this function relies on their PY motif.

Note that Put4-9myc and Dal5 were still degraded after the addition of a preferred nitrogen source to
proline-grown bullA bul2A, 9-arrestinA and 9-arrestinA bul1A mutant strains. This suggests that Bull and
Bul2 are either not involved in the endocytosis and degradation of these proteins, or that they function

redundantly with other ubiquitin ligase adaptors to mediate their endocytosis.

Loss of Bull and Bul2 function results in vacuolar degradation of Put4, Dal5 and Ptr2

To explain the low protein levels of Put4, Dal5 and Ptr2 in the bullA bul2A strain, we first tried to assess
whether the low protein abundance is due to a low level of expression of the corresponding genes. To do
so, we compared the mRNA levels of PUT4, DAL5 and GAP1 genes in wild-type and bullA bul2A yeast
strains by quantitative real-time polymerase chain reaction (g-RT-PCR) (Figure 4A). Although we observed

a general 50% decrease of PUT4, DAL5 and GAP1 gene expression in the bullA bul2A strain, this difference
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is not enough to explain the low protein levels. Especially since the GAP1 gene is regulated similarly to
PUT4 and DALS5, while their corresponding protein levels differ markedly. To determine whether Put4, Dal5
and Ptr2 are degraded in the absence of Bull and Bul2, we used a triple mutant yeast strain deleted for
Bull, Bul2 and the vacuolar peptidase Pep4 (bullA bul2A pep4A), and compared the relative protein levels
in this strain and in bul1A bul2A (Figure 4B). We observed strong increases of Put4-9myc (9-fold), Dal5 (8-
fold) and Ptr2-YFP (3-fold) protein levels in total cell extracts from bul1A bul2A pep4A cells compared with
bullA bul2A cells. These differences in protein levels are stronger than the differences observed between
bullA bul2A and wild-type (Figure 3A), and between pep4A and wild-type (Figure 1D), suggesting that
vacuolar degradation is a key player in the low protein levels observed in bul1A bul2A. Consistent with this
hypothesis, the fluorescence signal of Ptr2-YFP in the bullA bul2A strain was localized in the vacuole as

well as in the plasma membrane (Figure 4C).

The deletion of Bul adaptors has no effect on Put4-9myc and Dal5 protein levels when Gap1 is missing

As Bull and Bul2 regulate the endocytosis of the general amino acid permease Gap1, we can imagine that
the effect of Bul absence on Put4, Dal5 and Ptr2 protein levels could actually result from Gap1 stabilization
at the plasma membrane. To test whether the low Put4-9myc and Dal5 protein levels in bullA bul2A
depends on Gapl or not, we used a strain deleted for Bull, Bul2 and the general amino acid permease
Gapl (bullA bul2A gap1A), and quantified relative protein levels by Western blot (Figure 5). We found no
significant difference in Put4-9myc and Dal5 protein levels between gap1A and bullA bul2A gap1A strains.
Accordingly, we found higher levels of Put4-9myc and Dal5 in bullA bul2A gaplA than in bullA bul2A,
suggesting that Gap1l stabilization in the absence of Bul proteins is responsible for the low Put4, Dal5, and
perhaps Ptr2, protein levels. To further test this hypothesis, we expressed Bul1-FLAG in bullA bul2A gap1A,
and observed no significant increase in Put4-9myc and Dal5 protein levels, confirming that the

presence/absence of Bul proteins has no effect on Put4 and Dal5 protein levels when Gap1 is missing.
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DISCUSSION

Yeast cells have evolved the ability to use a wide variety of nitrogen sources as the unique source of all the
cellular nitrogen. According to the quality of the nitrogen source available, yeast cells modulate their set
of nitrogen transporters present at the plasma membrane. This remodeling process involves both
regulation of gene expression and post-translational regulation mechanisms. Transcriptomic studies
identified genes that are up- or down-regulated in the presence of specific nitrogen sources, revealing for
instance that many genes encoding transporters of non-preferred nitrogen sources are down-regulated
when cells are supplied with a preferred nitrogen source. About post-translational regulation, previous
reports have shown that the addition of a preferred nitrogen source to proline-grown cells triggers the
Rsp5-Bull/2-dependent ubiquitylation, endocytosis and vacuolar degradation of the general amino acid
permease Gapl. However, there is a lack of knowledge about the post-translational regulation of other
plasma membrane proteins, and this is what we addressed in the present study. Here, we used mass
spectrometry-based proteomics to follow the dynamics of the plasma membrane proteome after the
addition of a preferred nitrogen source to proline-grown cells. We identified (1) new targets of the
nitrogen regulation, (2) four transporters of poor nitrogen sources—Put4, Opt2, Dal5 and Ptr2—that
rapidly decrease in abundance. Although the kinetics is different for each transporter, we found that three
of them—Put4, Dal5 and Ptr2— are endocytosed, like Gap1, in an Rsp5-dependent manner and degraded
in the vacuole. (3) Finally, we showed that Gap1 stabilization at the plasma membrane, through deletion
of Bul proteins, regulates the abundance of Put4, Dal5 and Ptr2. A model summarizing the trafficking of

Gapl, Put4, Dal5 and Ptr2 in wild-type and mutant cells is presented in Figure 6.

To identify proteins that are differentially abundant in ammonium-grown cells vs. proline-grown cells, we
used iTRAQ-based quantitative mass spectrometry. Protein identification and quantitation was performed

separately for each biological replicate by the ProteinPilot software (Table S5). For each protein in each
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biological replicate, ProteinPilot calculates an average ratio and a p-value assessing whether the protein
can be considered as differentially abundant in the two conditions. Importantly, this p-value takes into
account the number of peptide ratios used in the calculation of a protein ratio, hence rewarding proteins
identified with more peptides, whose quantitation is considered as more reliable. To determine which
proteins are differentially abundant in the two conditions, we combined data from the four biological
replicates into a single p-value per protein and corrected this p-value for multiple testing. When a common
hypothesis is tested in different samples taken from similar populations, an ideal approach is to pool raw
data from all samples and conduct a single statistical test. When raw data cannot be pooled across
samples, downstream statistical analysis (t-test, ANOVA) can be performed using the protein ratios.
However, using only protein ratios for downstream statistical analysis presents one major limitation: it
does not take into account the quality of the ratio. Ratios derived from a high number of high confidence
peptides or from a unique peptide would be equally considered in the analysis, therefore rewarding
protein ratios having low variability rather than high confidence. To tackle this limitation, Pascovici and
colleagues proposed to use meta-analysis to combine p-values coming from different iTRAQ runs (30). In
their paper, the authors describe a method known as “Stouffer’s combined z-score” and propose to add a
ratio trend consistency measurement to avoid rewarding proteins having low p-values but opposite
direction of change. In the present study, we applied a meta-analysis based on weighted z-scores that
takes into account the direction of change, and compared it with the p-value obtained after pooling
peptides from the different biological replicates. This method has been first described by Liptak, and
compared to other meta-analyses by Whitlock and Zaykin (25-27). In their studies, both Whitlock and
Zaykin suggested that weighting is an important part of a meta-analysis as different studies might be
differently powered. It is especially true in the context of iTRAQ ratios where similar ratios can come from
a high number of high confidence peptides or from a unique peptide. Here, we used the square root of

the sample size as a weight, i.e. the square root of the number of peptides that were used to compute a
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protein ratio. Our comparison revealed that p-values obtained by combination of weighted z-scores are
highly comparable to p-values obtained after pooling peptides from the four biological replicates, with a
correlation coefficient reaching 99% after removal of the three lowest p-values that were reported as
0.0000 by ProteinPilot in all biological replicates (Figure S3B and Table S5). Such high correlation was not

obtained using unweighted z-scores (data not shown).

In conclusion, our statistical analysis suggests that combination of p-values using weighted z-scores is a
method of choice for downstream statistical analysis of iTRAQ ratios when peptide ratios cannot be pooled

across iTRAQ runs.

New targets of the nitrogen regulation

Our proteomic screening revealed 27 plasma membrane proteins that vary in abundance between cells
grown overnight either in proline- or ammonium-containing medium (Table 1). Most of them are described
NCR targets, such as the transporters of nitrogenous compounds Gap1l, Put4, Opt2, Dal5, Ptr2, Mep2 and
Dur3 (5-7), the plasma membrane H*-ATPase Pmal, the GTP-binding protein Ras2 involved in the
regulation of sporulation, filamentous growth, and nitrogen starvation response, the GTPase Gpa2, which
is required for the recruitment of Ras2 at the plasma membrane, and the GTPase Rho3 (33-35). Besides
NCR targets, we identified other transporters known to be differentially expressed according to the
nitrogen source, such as the multidrug transporter Qdr3, which was more abundant in proline-grown
cultures. This transporter confers resistance to several drugs and polyamines (36, 37). QDR3 transcript
levels are up-regulated in yeast cells exposed to spermine and spermidine, and under nitrogen or amino
acid limitation (37). This regulation is dependent on the transcription factor Gen4, which controls amino
acid biosynthesis. During growth on a poor nitrogen source, upregulation of QDR3 expression might be

necessary to export from the cells toxic polyamines that are uptaken together with urea and amino acids
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by Dur3 and Gapl, respectively (38). From the screening, we also identified the histidine and methionine
transporters Hipl and Mup1. Unlike NCR-sensitive permeases that transport amino acids primarily for use
as a source of nitrogen, Hipl and Mup1l are though to transport specific amino acids for direct use in
protein synthesis when the nitrogen conditions are favorable (39). HIP1 and MUP1 expression is induced
by the SPS amino acid-sensing system and has been shown to be down-regulated in the presence of a poor

nitrogen source, and this down-regulation requires the presence of Gap1l at the plasma membrane (5).

Interestingly, our screening revealed proteins that have never been described previously as targets of the
nitrogen regulation, such as the glucose transporter Hxt4 and the ABC transporter Pdr5, both less
abundant in proline-grown cultures, the protein kinase Yck2, which is involved in plasma membrane
protein ubiquitylation and endocytosis, the t-SNARE Sso2 involved in the late secretory pathway, three
proteins involved in cell wall synthesis (Gas3, Gas5 and Gsc2), a protein involved in lipid metabolism (Plb1),
a protein of unknown function (Ecm33), and five major components of membrane compartments of Canl
(MCCs) and eisosomes (Pill, Lsp1, Sur7, Ycp4 and Ncel02), the latter ten being more abundant in proline-
grown cultures. MCCs/eisosomes are specialized plasma membrane microdomains containing specific
proteins. Although the formation and organization of eisosomes have already been described (40), their
cellular function remains elusive. Previous studies suggested a role in endocytosis, but this remains a
matter of debate (41, 42). Further investigation would be required to determine whether eisosomes and

microdomains play a role in the nitrogen-induced regulation of plasma membrane proteins.

The identification of proteins that were known to be differentially expressed according to the nitrogen
source gave us confidence that the method we used was valid, and that the proteins identified for the first
time in this screening are actual targets of the nitrogen regulation. However, this screening in not
exhaustive. For instance, we expected to identify more SPS-sensitive amino acid transporters, such as Tat2,
Bap2 and Gnp1l (5). Another example is the proline transporter Put4 that we identified based on two

peptides only. Although these two peptides were strongly more abundant in proline-grown cells, there
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were not enough of them to allow reliable quantification. As Put4 is a known NCR target, we used Western
blotting to confirm its abundance variation. In conclusion, although this technique enabled the detection
and quantification of many proteins, including new targets of the nitrogen regulation, there likely remains

interesting targets to discover.

Different kinetics of regulation for different transporters

As the variations in protein amounts observed in the steady-state mass-spectrometry experiment could
reflect transcriptional, translational, as well as post-translational regulation, we analyzed the temporal
evolution (up to 90 minutes) of the plasma membrane proteome of proline-grown yeast cells upon the
addition of 10 mM ammonium. We observed that five different plasma membrane transporters decrease
in abundance within the 90 minutes time window, following different kinetics (Figure 1A). Gap1, Put4 and
Opt2 were the first proteins to decrease, followed by Dal5, and then Ptr2. These kinetics were confirmed
by western blotting on total cell extracts (Figure 1B), suggesting protein degradation. All five proteins are
known NCR targets, meaning that their expression is abolished upon the addition of a preferred nitrogen
source. Therefore, a dilution effect due to cell division cannot be excluded, at least for proteins decreasing
slowly in abundance (Dal5 and Ptr2). However, after the addition of a preferred nitrogen source to proline-
grown cells, we observed the appearance of Gap1-GFP and Ptr2-YFP fluorescent dots inside the cells and
a progressive staining of the vacuole (Figure 1C), suggesting endocytosis and vacuolar degradation.
Nonetheless, as Ptr2-YFP was expressed under the control of the GAP1 promoter, we cannot exclude
artifacts due to overexpression, such as toxicity or mislocalization. Therefore, we used a strain deleted for
the vacuolar protease Pep4 to verify the hypothesis of vacuolar degradation and observed that Pep4
deletion abolished the decrease in Gapl, Put4-9myc, Dal5, and Ptr2-YFP protein amounts in total cell

extracts (Figure 1D). Finally, we showed that this decrease required functional Rsp5 ubiquitin ligase (Figure
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2). Taken together, these results suggest that proteins decreasing in abundance within the 90 minutes

time window undergo endocytosis and vacuolar degradation.

To summarize, we found that, like the amino acid transporter Gapl, the transporters of poor nitrogen
sources Put4, Dal5 and Ptr2 are endocytosed and degraded upon the addition of a preferred nitrogen
source to proline-grown cells. Previous studies have shown that Put4 and Dal5 are inactivated for their
transport activity in an Rsp5-dependent manner upon the addition of a preferred nitrogen source to
proline-grown cultures (10). Here, we confirmed that Put4 and Dal5, as well as Ptr2, are endocytosed in
an Rsp5 ubiquitin ligase-dependent manner. However, contrary to Gapl, the endocytosis of Put4, Dal5
and Ptr2 does not require functional Bull and Bul2 ubiquitin ligase adaptors. In our attempts to identify
the ubiquitin ligase adaptors involved in Put4 and Dal5 nitrogen-induced endocytosis, we observed that
the bullA bul24, 9-arrestinl, and 9-arrestinA bullA mutant strains were still able to degrade Put4 and
Dal5. This suggests either (1) a direct interaction between the nitrogen transporters and the ubiquitin
ligase Rsp5—which seems unlikely regarding the absence of PY motif in their sequence—or (2) another
combination of ubiquitin ligase adaptors involving for instance Bul2 and other ARTs. Such a combination
has been identified for the stress-induced endocytosis of Gapl that can be mediated by Bull, Bul2,
Alyl/Art6 or Aly2/Art3 (43). Recently, Kawai and colleagues (44) documented that the addition of
cycloheximide to cells grown in synthetic dextrose (SD) medium triggers Rsp5-dependent ubiquitylation
and endocytosis of Ptr2. Cycloheximide induces TORC1-dependent endocytosis of many plasma
membrane transporters (32, 45, 46). The nitrogen-induced internalization of Gap1 has been shown to be
under the control of TORC1 as well (15). Accordingly, it seems very likely that a common mechanism
triggering nitrogen- and cycloheximide-dependent endocytosis of a transporter exists. Consistent with this
hypothesis, we found the same kinetics of protein signal disappearance for Gap1, Put4-9myc, Opt2 and
Ptr2-9myc after the addition of ammonium or cycloheximide to proline-grown cultures (data not shown).

In their study on Ptr2, Kawai et al. (44) identified Bull and Bul2 as the ubiquitin ligase adaptors mediating
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Ptr2 cycloheximide-induced endocytosis. In the present study, we showed that Ptr2 is efficiently degraded
upon addition of a preferred nitrogen source to proline-grown bullA bul2A cells, suggesting that different
combinations of adaptors might mediate nitrogen-dependent and cycloheximide-dependent endocytosis

of transporters.

Why different kinetics of degradation exist for different transporters remains unanswered. Likewise, we
were surprised to observe that five NCR-sensitive amino acid and peptide transporters were endocytosed
upon the addition of a preferred nitrogen source, whereas the ammonium transporter Mep2 remained
stable. The discovery of a novel TORC1-Nprl-dependent mechanism that tunes the inherent activity of
Mep2 (47) could explain why Mep2 is not degraded within the 90 minutes time window. In this mechanism,
which is independent of ART-mediated endocytosis, Nprl activates Mep2 by catalyzing the silencing
phosphorylation of a C-terminal autoinhibitory domain in the protein. This domain is rapidly
dephosphorylated upon addition of a preferred source, leading to the inactivation of the permease. Mep1l
and Mep3 were also shown to be inactivated in the presence of a preferred nitrogen source through
interaction with the inhibitory protein Amul, which is itself inhibited by Nprl in poor nitrogen conditions
(48). Future studies are necessary to determine whether other nitrogen transporters are subjected to such
an inactivation process, and what are the molecular mechanisms determining which transporters are

degraded, and how fast, and which others remain stable in an inactivated form at the plasma membrane.

Gap1 stabilization at the plasma membrane, through deletion of Bul proteins, regulates the abundance

of Put4, Dal5 and Ptr2

While Bul proteins are not required for Put4, Dal5 and Ptr2 endocytosis, their deletion resulted in a
dramatic decrease in Put4, Dal5 and Ptr2 total protein amounts. To discriminate between an effect of Bul
deletion on gene transcription or on protein degradation, we measured the mRNA levels of PUT4, DAL5

and GAP1 in wild-type and bullA bul2A strains and their protein levels in bullA bul2A and bullA bul2A
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pep4A strains. Using q-RT-PCR, we observed a general 2-fold decrease of PUT4, DAL5 and GAP1 gene
expression in the bullA bul2A strain compared to wild-type, which was not sufficient to explain the 5-fold
decrease observed at the protein level. In addition to this transcriptional regulation, we observed an 8-
fold decrease in Put4-9myc and Dal5 protein levels in the bullA bul2A strain compared to bullA bul2A
pep4A (Figure 4B), and a vacuolar and plasma membrane localization of Ptr2-YFP in bull1A bul2A, strongly
suggesting vacuolar degradation. Taken together, these results indicate that both gene expression and

protein stability were affected by the deletion of Bul proteins.

As the deletion of Bul proteins causes Gap1 stabilization at the plasma membrane, we determined whether
the effect of Bul deletion on Put4 and Dal5 was dependent on Gap1l. Interestingly, our results showed that,
in a gap1A strain, the deletion of Bull and Bul2 had no effect on Put4 and Dal5 protein levels. This confirms
that the lack of Gap1 endocytosis in the absence of Bul proteins is responsible for the low Put4 and Dal5
protein levels. Several hypotheses may be considered to explain this cross-regulation between Gap1 and
other transporters of poor nitrogen sources. The first one is a modification of the intracellular pool of
nitrogen. The stabilization of Gap1 at the plasma membrane might result in a better nitrogen assimilation
leading to NCR and degradation of plasma membrane-localized transporters of poor nitrogen sources. This
hypothesis is supported by our g-RT-PCR results, as all NCR genes tested—including Gapl—were down-
regulated in the bullA bul2A strain. In addition, we observed a 3-fold decrease of Put4-9myc and Dal5
protein levels in the npil yeast strain, which is deficient for Rsp5 (Figure 2A). In this strain, Gap1l is also
stabilized at the plasma membrane, which could in turn lead to NCR and protein degradation, except that
plasma membrane-localized Put4 and Dal5 cannot be degraded in the absence of Rsp5, likely explaining
why the decrease in protein amounts was less dramatic in npil than in bullA bul2A. Future studies are
required to determine whether Gapl-dependent down-regulation of transporters of poor nitrogen
sources is caused by improved nitrogen uptake. Experimentally, the total intracellular pools of amino acids

in wild-type and bullA bul2A cells could be compared as described in (49). Note that, in proline-growing
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cells, Gapl is already highly active and stable at the plasma membrane. Therefore, an improved nitrogen
uptake in the absence of Bul proteins might seem unlikely. Alternatively, we could consider another
explanation for the low Put4, Dal5 and Ptr2 protein levels. In a recent study on substrate-induced Gap1l
endocytosis, Van Zeebroeck and colleagues showed that the addition of L-citrulline to nitrogen-starved
cells expressing wild-type Gapl and a mutant form of Gapl deficient for transport activity (Gap1Y3%>¢)

1Y395C

triggered the endocytosis of both wild-type Gapl and Gap1Y*%°¢ (50). Endocytosis of Gap was also

1%9RKI6R “\which is itself deficient for endocytosis. On the contrary,

observed when co-expressed with Gap
Gap1'3%¢ expressed alone was not endocytosed upon the addition of L-citrulline. Taken together, their
results suggest that an active Gapl transporter can trigger the endocytosis “in trans” of an inactive
transporter, even when the active transporter itself cannot be endocytosed. Based on these findings, we
can imagine that an active Gap1l can also induce the endocytosis of other plasma membrane-localized
nitrogen transporters. The authors proposed that, in the substrate-induced endocytosis of Gapl, the
hyperphosphorylation of Nprl, leading to the release of Bul proteins from the 14-3-3 complex, may be
triggered by a signal originating from the active Gap1 itself. As the stability of Put4 and Dal5 requires
functional Nprl kinase (51, 52), a similar mechanism involving other ubiquitin ligase adaptors than the Bul
proteins, might provide a credible explanation to the low Put4, Dal5 and Ptr2 protein levels. Accordingly,
we could hypothesize that a signal originating from Gapl may be more persistent when Gapl is

sequestered at the plasma membrane in bullA bul2A cells, hence triggering Put4, Dal5 and Ptr2

endocytosis.

Conclusion

In this study, we showed that mass spectrometry is a technique of choice to monitor the nitrogen-induced
remodeling of the plasma membrane proteome and to approach the study of endocytic mechanisms. In

addition to the known NCR-sensitive genes, we identified new targets of the nitrogen regulation, such as
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members of eisosomes and MCCs. Using mass spectrometry, we followed the evolution over time of the
plasma membrane proteome and found a group of nitrogen transporters that are rapidly endocytosed and
degraded in the vacuole upon the addition of a preferred nitrogen source to proline-grown cells. Among
them, the well-studied amino acid transporter Gap1, the proline permease Put4, the allantoate permease
Dal5, and the peptide transporter Ptr2 (Figure 6A). While Rsp5 is required for the internalization of the
four of them (Figure 6B), Bul adaptor proteins are only required for Gapl endocytosis (Figure 6C).
Remarkably, we found that the stabilization of Gapl at the plasma membrane increases the vacuolar
trafficking and degradation of the three other nitrogen transporters (Figure 6D). We believe this finding
opens up new areas of investigation towards a thorough understanding of the regulation, and possibly

cross-regulation, of plasma membrane transporters.
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FIGURE LEGENDS

Figure 1. Five plasma membrane proteins are endocytosed and degraded at different rates after the addition of a
rich nitrogen source to proline-grown cultures.

(A) Wild-type yeast cells (CEN.PK background) grown in proline-containing medium were incubated with 10 mM
ammonium (+NHs*) for 0 (before NH4*" addition), 15, 45 and 90 minutes. Plasma membrane enriched fractions were
analyzed by LC-MS/MS using iTRAQ labeling and relative protein levels were quantified using the zero minute time
point as a reference for each single condition. Line charts show for each protein of interest the average quantification
of all the peptides from the three biological replicates. Stars indicate the number of biological replicates having a
ratio significantly lower than 1 (p-value < 0.05). Raw MS data are presented in Tables S5 and S6. (B) Total extracts
from cells grown as in (A) were analyzed by western blotting using antibodies raised against Gap1, myc tag (for Put4-
9myc and Ptr2-9myc), Opt2, Dal5, and Ncel02. Line charts show quantification of western blotting signals. The zero
minute time point was used as a reference for each single condition. All biological replicates (their number being
referred as n=X) are plotted on the charts and geometric means are connected by a line. Stars indicate when the ratio
is significantly different from 1 with a p-value < 0.05 (*), < 0.01 (**), and < 0.001 (***). (C) Wild-type yeast cells (BY
background) expressing Gap1-GFP, Ptr2-YFP, Qdr3-YFP, or Mep2-YFP (from a plasmid) were grown in proline-
containing medium and incubated with 10 mM glutamine (+GIn) for O (before GIn addition), 15, 45 and 90 minutes.
The trafficking of Gap1-GFP, Ptr2-YFP, Qdr3-YFP and Mep2-YFP was followed by fluorescence microscopy. (D) Total
extracts from wild-type and pep4A yeast strains (BY background) grown as in (C) were analyzed by western blotting
using antibodies raised against Gap1, myc tag (for Put4-9myc), Dal5, GFP (for Ptr2-YFP), and Ncel02. Nce1l02 was
used as a loading control. Line charts show quantification of western blotting signals. The zero minute time point was
used as a reference for each single condition. All biological replicates (their number being referred as n=X) are plotted
on the charts and geometric means are connected by a line. Stars indicate for each time point when the protein ratios
in WT and in pep4A are significantly different from each other with a p-value < 0.05 (*), < 0.01 (**), and < 0.001 (***).
Histograms show the ratios at time zero between the protein levels in pep4A and in WT # standard error. The number
of biological replicates is indicated on the graphs (n=X). Stars indicate when the protein ratios are significantly lower

than 1 with a p-value < 0.05 (*), < 0.01 (**), and < 0.001 (***).
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Figure 2. The degradation of Gap1, Put4-9myc, Dal5 and Ptr2-YFP requires the ubiquitin ligase Rsp5

Wild-type and npil yeast strains (BY background) grown in proline-containing medium were incubated with 10 mM
glutamine (+GlIn) for 0, 15, 45 and 90 minutes. (A) Total cell extracts were analyzed by western blotting using
antibodies raised against Gap1, myc tag (for Put4-9myc), Dal5, GFP (for Ptr2-YFP) and Nce102. Ncel102 was used as a
loading control. Line charts show quantification of western blotting signals. The zero minute time point was used as
a reference for each single condition. All biological replicates (their number being referred as n=X) are plotted on the
charts and geometric means are connected by a line. Stars indicate for each time point when the protein ratios in
WT and in npil are significantly different from each other with a p-value < 0.05 (*), < 0.01 (**), and < 0.001 (***).
Histograms show the ratios at time zero between the protein levels in npil1 and in WT % standard error. The number
of biological replicates is indicated on the graphs (n=X). Stars indicate when the protein ratios are significantly lower
than 1 with a p-value < 0.05 (*), < 0.01 (**), and < 0.001 (***). (B) The trafficking of Ptr2-YFP was followed by

fluorescence microscopy.

Figure 3. Loss of Bull and Bul2 function results in very low levels of Put4-9myc, Dal5 and Ptr2-YFP proteins

(A) Wild-type and bull1A bul2A yeast strains (BY background) grown in proline-containing medium were incubated
with 10 mM glutamine (+GlIn) for 0, 15, 45 and 90 minutes. Total cell extracts were analyzed by western blotting using
antibodies raised against Gap1, myc tag (for Put4-9myc), Dal5, GFP (for Ptr2-YFP) and Nce102. Ncel02 was used as a
loading control. Line charts show quantification of western blotting signals. The zero minute time point was used as
a reference for each single condition. All biological replicates (their number being referred as n=X) are plotted on the
charts and geometric means are connected by a line. Stars indicate for each time point when the protein ratios in
WT and in bullA bul2A are significantly different from each other with a p-value < 0.05 (*), < 0.01 (**), and < 0.001
(***). Histograms show the ratios at time zero between the protein levels in bul1A bul2A and in WT + standard error.
The number of biological replicates is indicated on the graph (n=X). Stars indicate when the protein ratios are
significantly lower than 1 with a p-value < 0.05 (*), < 0.01 (**), and < 0.001 (***). (B) Wild-type, 9-arrestinA bullA

bul2h, 9-arrestinA bullA, 9-arrestinh, bulll, and bul2A yeast strains (BY background) grown as in (A) were analyzed
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by western blotting using antibodies raised against Gap1, myc tag (for Put4-9myc), Dal5 and Ncel02. Ncel02 was
used as a loading control. (C) bul1A bul2A yeast strain (BY background) was transformed with plasmids expressing
wild-type Bull, or the Bull mutant PPSY>AASY. The different transformants were grown as in (A) and analyzed by
western blotting using antibodies raised against Gap1, myc tag (for Put4-9myc), Dal5, Nce102, and FLAG tag (for Bull-
and Bul1PPS>AASY_EL AG). Nce102 was used as a loading control. Histograms show the ratios at time zero between the
protein levels in bullA bul2A, bullA bul2A + Bull and bullA bul2A + Bul1PPSY*AASY + standard error. The number of
biological replicates is indicated on the graph (n=X). Stars indicate when the protein ratios are significantly lower than

1 with a p-value < 0.05 (*), <0.01 (**), and < 0.001 (***).

Figure 4. Loss of Bull and Bul2 function results in vacuolar degradation of Put4-9myc, Dal5 and Ptr2-YFP

(A) Wild-type and bullA bul2A yeast strains (BY background) were grown in proline-containing medium. Relative
MRNA levels of GAP1, PUT4 and DAL5 were measured using quantitative real-time polymerase chain reaction (q-RT-
PCR). UBC6, TAF10 and ALG9 were used as controls for stable gene expression. Histograms show the ratios between
the mRNA levels in bul1A bul2A and in WT + standard error (four biological replicates). Stars indicate when the mRNA
ratio of a gene of interest is significantly different from the mRNA ratios of the control genes with a p-value < 0.05
(*), < 0.01 (**), and < 0.001 (***). (B) bullA bul2A and bullA bul2A pep4A yeast strains (BY background) grown in
proline-containing medium were incubated with 10 mM glutamine (+GlIn) for 0, 15, 45 and 90 minutes. Total cell
extracts were analyzed by western blotting using antibodies raised against Gap1, myc tag (for Put4-9myc), Dal5, GFP
(for Ptr2-YFP) and Nce102. Ncel02 was used as a loading control. Histograms show the ratios at time zero between
the protein levels in bullA bul2A and in bullA bul2A pep4A + standard error. The number of biological replicates is
indicated on the graph (n=X). Stars indicate when the protein ratios are significantly lower than 1 with a p-value <
0.05 (*), < 0.01 (**), and < 0.001 (***). (C) bullA bul2A yeast cells (BY background) were grown as in (B) and the

trafficking of Ptr2-YFP was followed by fluorescence microscopy.
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Figure 5. The deletion of Bul adaptors has no effect on Put4-9myc and Dal5 protein levels when Gap1 is missing

gaplA, bulld bul2A, gap1A bulll bul2A, and gaplA bullA bul2A complemented with wild-type Bull (BY background)
grown in proline-containing medium were incubated with 10 mM glutamine (+GlIn) for 0, 15, 45 and 90 minutes. Total
cell extracts were analyzed by western blotting using antibodies raised against Gap1, myc tag (for Put4-9myc), Dal5,
and Ncel02. Ncel02 was used as a loading control. Histograms show the ratios at time zero between the protein
levels in gaplA, bullA bul2, bullA bul2A gaplA, and bullA bul2A gaplA + Bull + standard error. The number of
biological replicates is indicated on the graph (n=X). Stars indicate that the bul1A bul2A to bullA bul2A gap1A protein

ratios are significantly different from the other ratios with a p-value < 0.05 (*), < 0.01 (**), and < 0.001 (***).

Figure 6. Model summarizing the trafficking of Gap1, Put4, Dal5 and Ptr2 in wild-type and mutant strains

A. Gapl, Put4, Dal5 and Ptr2 are endocytosed and degraded in the vacuole upon the addition of a preferred nitrogen
source (Glutamine) to proline-grown wild-type cells. B. Internalization of Gap1, Put4, Dal5 and Ptr2 is prevented in a
strain deficient for the Rsp5 ubiquitin ligase. C. Left. In proline-grown cells deleted for the Bull and Bul2 ubiquitin
ligase adaptors (bullA bul2h), Put4, Dal5 and Ptr2 levels at the plasma membrane are strongly reduced compared
with their protein levels in wild-type cells, and the proteins are targeted to the vacuole for degradation. Right. When
a preferred nitrogen source is added to proline-grown bul1A bul2A cells, remaining plasma membrane-localized Put4,
Dal5 and Ptr2 are endocytosed and degraded in the vacuole, while Gap1 remains stable at the plasma membrane. D.
When Gapl1 is deleted in addition to Bull and Bul2 (bul1A bul2A gap1A), Put4, Dal5 and Ptr2 are no longer degraded

in the vacuole in proline-grown cells.
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Table 1. The abundance of 27 plasma membrane proteins varies according to the nitrogen source

Wild-type yeast cells (CEN.PK background) were grown in liquid medium containing either proline or ammonium as
unique nitrogen source and the plasma membrane proteome was quantitatively compared using iTRAQ. A total of
117 plasma membrane proteins were identified in this experiment (see Tables S5 and S6 for raw MS data). Table 1
shows proteins that vary in abundance between the two growth conditions with a cutoff level of significance of 95%
(or p-value < 0.05) after Bonferroni correction. Quantitative results are expressed as ratios (ammonium-grown cells
/ proline-grown cells). Two different methods were used to calculate ratios and p-values. The first method is a single
statistical analysis based on pooled peptide ratios from all biological replicates. The second method is a meta-analysis

combining ratios and p-values from the different biological replicates. Both results are presented in Table 1.
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Pooled peptides

Meta-analysis

Accession Name Description Avera A
number ) ge p-value verfage p-value
ratio ratio

Transporters of nitrogenous compounds
Q06593 Opt2 Oligopeptide transporter 0.025 2.8E-43 0.024 8.3E-15
P15365 Dal5 Allantoate-ureidosuccinate permease 0.018 1.5E-35 0.018 1.1E-14
P19145 Gapl General amino acid permease 0.029 2.7E-33 0.029 8.2E-15
P41948 Mep?2 Ammonium permease 0.106 5.3E-09 0.094 1.4E-08
P33413 Dur3 Urea and polyamine transporter 0.062 3.2E-07 0.050 4.3E-08
P06775 Hipl Histidine permease 3.23 5.4E-05 2.69 4.6E-05
P32901 Ptr2 Peptide transporter 0.131 0.00015 0.160 0.00037
P50276 Mupl Methionine permease 2.60 0.00019 2.18 0.00022
Other transporters
P32467 Hxt4 Glucose transporter 4.43 8.0E-10 4.35 2.2E-08
P38227 Qdr3 Multidrug transporter 0.198 9.3E-06 0.233 3.7E-08
P33302 Pdr5 ABC transporter 1.82 4.3E-05 1.78 1.4E-06
Plasma membrane ATPase
P0O5030 Pmal Plasma membrane H*-ATPase 0.263 5.8E-19 0.252 8.2E-15
Components of eisosomes and microdomains MCC
P53252 Pill Primary component of eisosomes 0.358 9.7E-09 0.337 3.4E-08
Q12230 Lspl Primary component of eisosomes 0.293 4.0E-08 0.283 1.3E-06
Q12207 Ncel02 MCC-localized protein 0.354 5.0E-06 0.351 1.2E-05
P54003 Sur?7 Component of eisosomes 0.310 6.0E-05 0.305 7.1E-05
P25349 Ycp4d Protein of unknown function 0.547 0.00012 0.513 7.4E-05
Secretory pathway
P39926 Sso2 Plasma membrane t-SNARE 0.497 3.7E-05 0.481 5.6E-05
Regulatory processes
Q00245 Rho3 GTPase 0.441 1.7E-05 0.420 0.00023
P01120 Ras2 GTP-binding protein 0.532 5.8E-05 0.518 6.3E-07
P23292 Yck2 Casein kinase | 0.505 7.5E-05 0.480 0.00028
P10823 Gpa2 GTPase 0.568 0.0003 0.548 0.00018
Cell wall integrity
Q08193 Gas5 1,3-beta-glucanosyltransferase 0.131 4.5E-11 0.125 2.8E-11
P40989 Gsc2 1,3-beta-glucan synthase 0.390 1.6E-07 0.377 3.1E-07
Q03655 Gas3 1,3-beta-glucanosyltransferase 0.486 5.5E-05 0.458 0.00012
Lipid metabolism
P39105 Plbl Phospholipase B 0.505 3.0E-05 0.480 3.6E-05
Unknown function
P38248 Ecm33  GPl-anchored protein of unknown function 0.482 2.7E-05 0.476 8.5E-05
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Figure 4
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