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Figure S1. Thermosensitivity of the Yeast cim3-1 and ndc80-1 Cells 

(A) Serial dilutions (1/10) of cim3-1 and isogenic wild-type strains (WT) grown for 20 

h in liquid cultures at the indicated temperatures and spotted on rich medium and 

incubated at 30 ºC for 2 days. 

(B) Optical density of yeast cells (OD600nm) of the indicated genotypes grown for 21 h 

at the indicated temperature, with or without casamino acids (AA, 40 g/l). 

(C) ndc80-1 cells were plated (2000 cells/plate) on rich medium with or without 

casamino acids (AA, 40 g/l) and grown at the indicated temperatures for the 

indicated time. Representative results of at least 3 independent experiments are 

shown. 



 



Figure S2. Cell Death Following Proteasome Inhibition Arises from Failure of 

Amino Acid Homeostasis 

(A) Changes in the content of free amino acids in NIH-3T3 cells treated with 25 M 

MG-132 or Bortezomib for 4 h. Data are means ± s.d. (n=3). Right columns: Values 

were normalized to untreated cells. Asx: asparagine/aspartate. Glx: 

glutamine/glutamate. 

(B) Viability of NIH-3T3 cells, assessed by the ability to reduce WST-8 into formazan, 

following 5-20 M MG-132 treatments and a 20 h washout in the presence or 

absence of the indicated amino acids (AA), the reducing agent -mercaptoethanol 

(ME) or the antioxidant ascorbic acid (Asc). Data are means ± s.d. (n=4). 

***P≤0.0001.  

(C) Apoptosis monitored by Annexin V-FITC or 7-AAD staining and flow cytometry of 

NIH-3T3 cells after treatment with 10 M MG-132 for 8 h followed by a 20 h washout 

in the presence or absence of 1 mM cysteine (Cys). Arrows point to apoptotic cell 

population.  

(D) Viability of NIH-3T3 cells treated with 10 M Bortezomib for 8 h, followed by a 20 

h washout with or without Cys. Data are means ± s.d. (n=4). **P≤0.001.  

(E) Assessment of the number of NIH-3T3 cells supplemented with the indicated 

additives for 20 h. Data are means. 

(F) Proteasome activity is not altered by cysteine or asparagine. The chymotrypsin-

like activity of rabbit 26S proteasome was assessed in the presence or in absence of 

Cys (1mM) or Asn (10mM) and MG-132 (10 µm) where indicated. Fluorescence 

arbitrary units (a.u. ). Data are means ± s.d. (n=3). 

(G) Viability of NIH-3T3, 293T, or ZsProsensor-1 cells subjected to treatment with 10 

M MG-132 for 8 h, followed by a 20 h washout with or without 1 mM cysteine (Cys) 

or co-treatment with MG-132 in the presence or absence of 1 mM Cys for 8 h. Data 

are means ± s.d. (n=4). *P≤0.01, **P≤0.001 and ***P≤0.0001. 



 

 

 

 

Figure S3. Amino Acid Supplementation Alleviates the Induction of the 

Integrated Stress Response (ISR) upon Proteasome Inhibition 

Polyubiquitin (Ubn), GADD34, ATF4, phosphorylated eIF2P-eIF2, eIF2 and 

CHOP immunoblots of lysates from NIH-3T3 cells treated with 10 M MG-132 in the 

presence or absence of 1 mM cysteine (Cys) for the indicated time. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 



Figure S4. Addition of Cys Prevents Induction of Autophagy upon Proteasome 

Inhibition 

Confocal micrographs of HeLa cells stably expressing GFP-LC3 (Thurston et al., 

2009) either untreated or following treatment for 4 h with 10 M MG-132 or 100 nM 

Bafilomycin A1 (Baf A1) for 15 h, with or without 1 mM of the indicated amino acid, 

0.2 mM ascorbic acid (Asc) or 200 M -mercaptoethanol (ME). Nuclei were 

stained with H33258. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Experimental Procedures 

Mammalian cells treatments 

MG-132 (Calbiochem) and Bortezomib (LC-laboratories) were solubilized in DMSO 

and kept at -80 ºC in DMSO for up to 2 weeks. Amino acids, -mercaptoethanol, 

ascorbic acid and Bafilomycin A1 were from Sigma-Aldrich and prepared freshly. 

Cycloheximide was from Acros Organics. 48 h prior to the experiment, cells were 

plated at a density of 30 000 cells/ml for immunoblots or flow cytometry analyses. 24 

h prior to treatment with proteasome inhibitors, cells were transferred to DMEM 

supplemented with 0.5% FBS. In low serum, cell proliferation during the treatments 

with proteasome inhibitors and additional amino acids is negligible. 293T cells were 

transfected with NF-B expression plasmid, Addgene plasmid 23288 (Beraud et al., 

1994) or with RagB dominant negative (RagBGDP=T54 and RagCGTP=Q120L) 

(Sancak et al., 2008; Narita et al., 2011) using Lipofectamine 2000 or the calcium 

phosphate method as described in (Rousseau et al., 2009). Cells were treated with 

proteasome inhibitors 40 h after transfection. For UV irradiation, 85% confluent NIH-

3T3 cells in 10 cm plates were washed twice with phosphate-buffered saline (PBS) 

and irradiated in 1 ml PBS with the UV doses indicated (254 nm, UV stratalinker 

2400, Stratagene). Cells were then allowed to recover in complete media, with or 

without cysteine, for 30 minutes before cell lysis and subsequent immunoblot 

analyses.  

 

Antibodies 

CLB2 (Ghislain et al., 1993) (1/100 dilution), phospho-eIf2α [pS52] (44-728G; 

Invitrogen; 1/1000 dilution), eIF2α (ab5369; Abcam, 1/1000 dilution), ATF4/CREB-2 

(sc-200; Santa Cruz Biotechnology, 1/500 dilution), GADD34/PPP1R15A (10449-1-

AP; ProteinTech Group, 1/1000 dilution), CHOP (MA1-250; ABR Affinity 

BioReagents, 1/1000 dilution), α-tubulin (T5168; Sigma-Aldrich, 1/4000 dilution), 

polyubiquitin (FK2, MBL International, 1/200 dilution), NF-B (ab7971, Abcam, 1/400 

dilution), LC3 (PM036, MBL, 1/1000 dilution), phospho-S6K1 T389 (9205; Cell 

Signaling, 1/500 dilution), S6K1 (9202; Cell Signaling, 1/500 dilution) and FLAG 

antibody (F3165; Sigma, 1/1000 dilution). Immunoprecipitation and detection of 

GCN2 were done as described (Harding et al., 2000). 

 



Amino acid analyses 

Yeast cells (10 units, OD600) were washed twice with distilled water, resuspended in 

500 l of distilled water, and boiled for 15 min, as described (Onodera and Ohsumi, 

2005). The suspension was centrifuged and the supernatant was collected and 

vaccum-dried. One million NIH-3T3 cells were either left untreated or treated with the 

indicated proteasome inhibitors for the indicated time. Whole-cell free amino acids 

were collected from mammalian cells as described (Vabulas and Hartl, 2005). Cells 

were rapidly washed 3 times in ice cold PBS and lyzed in 10% TCA. Soluble material 

was vacuum-dried and subjected to analysis. Proteins were quantified (Bio-Rad 

protein assay) in the solubilized pellets to ensure that the samples had equal protein 

concentration. The samples were next dissolved in 500 l of Sodium citrate loading 

buffer pH 2.2 and 50 l was injected for analysis (Pharmacia Biochrom 20), using an 

in situ derivatization with ninhydrin followed by a separation, identification and 

quantitation by ion-exchange chromatography. The instrument was calibrated with 

100 nmoles standard amino acid mixture and 50 nmoles of cysteine. Note that 

tryptophan is not detectable in such analyses.  

 

Assessment of yeast viability 

To assess growth phenotypes, the indicated strains were grown in liquid YPD at 30 

ºC up to mid-log phase. Thereafter, cell density was adjusted to OD600=0.2 and cells 

were grown at 30 ºC or 37 ºC for the indicated time. Serial dilutions (1/3) were plated 

on YPD and the resulting plates were photographed after 48 h of incubation at 30 ºC. 

To assess cell viability on plates, cells were grown in liquid cultures until mid-log 

phase. Equal cell numbers (2000 cells) were plated on YPD Agar plates 

supplemented or not with casamino acids (Vitamin Assay Casamino Acids, Difco) 

and incubated first at 38 ºC for 23 h (non permissive temperature) and then for 25 h 

at 30 ºC or incubated for 48 h at 30 ºC, as indicated in the figure panel. Note that the 

casamino acid mixture contains all amino acids except asparagine, cysteine, 

glutamine and tryptophan. Ura3-3 plasmid and assessment of protein degradation 

rates were as described previously (Lewis and Pelham, 2009). Protein extraction 

was as described in (von der Haar, 2007), with the addition of 10 mM N-

ethylmaleimide (Sigma Aldrich) to inhibit deubiquitinating enzymes. 

 



Proteasome activity 

26S proteasome activity was assessed using 0.25 µg of rabbit proteasome 

(PW9310, Enzo Life Science) in 26S proteasome assay buffer (50 mM Tris�HCl, pH 

7.5, 40 mM KCl, 5mM MgCl2, 0.5 mM ATP, 1 mM DTT) and 100 µm of Suc-LLVY-

amc, as described (Kisselev and Goldberg, 2005).  
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