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Materials. All reagents were from Sigma unless otherwise noted.
Diethylamine NONOate was from Cayman Chemicals. S-
nitrosocysteine and S-nitrosoglutathione were synthesized by
mixing equimolar volumes of NaNO2/1 mM EDTA in deionized
water with thiol in 0.5 M HCl. For synthesis of S-nitroso-4-
mercaptophenylacetic acid, the thiol was dissolved in isopropa-
nol containing 0.5 M HCl. After mixing with NaNO2, PASNO
was immediately neutralized with NaOH and diluted further
with HEN buffer [250 mM Hepes, 1 mM EDTA, 0.1 mM
neocuproine (pH 7.7)]. Protoarray Yeast and Human Proteome
Microarrays for KSI were from Invitrogen. ORF-overexpressing
yeast were from Open Biosystems. Mouse anti-HA and anti-Flag
M2 antibodies were from Sigma–Aldrich. Rabbit anti-Cdk5 was
from Santa Cruz Biotechnology, and rabbit anti-MK2 was from
Cell Signaling Technology.

Detection of Protein S-Nitrosylation on Protein Microarrays. Incuba-
tions were performed in slide chambers unless otherwise noted.
Buffers were filtered (0.22 �m) before use. Invitrogen Protoar-
rays for kinase substrate identification (KSI) were first blocked
by rocking with 10 mM lysine in PBS for 4 h at 4 °C. After several
washes with PBS, where noted, proteins were reduced with 5 mM
DTT in PBS for 30 min at 4 °C. Pretreatment with DTT did not
substantially alter the pattern of S-nitrosylation, indicating that
neither adventitious oxidation nor endogenous protein disulfides
are major limitations. Slides were washed with PBS to remove
DTT and finally with 250 mM Hepes, 1 mM EDTA, 0.1 mM
neocuproine (pH 7.4) (HEN 7.4). After removal of excess buffer,
300 �L of HEN 7.4 (with or without nitrosothiols) was pipetted
onto the slides. A Hybrislip (60 mm � 22 mm; Molecular Probes)
was placed on top of the solution, and slides were incubated in
the dark for 30 min. Next, slides were washed once with HEN
buffer (pH 7.7) and placed in a slide chamber with the same
buffer containing 20 mM methyl methanethiosulfonate (MMTS)
and 1% SDS. Slide chambers were incubated, vertically, in the
dark for 20 min in a 50 °C water bath for blocking of free thiols.
To remove excess MMTS, slides were washed four times with a
10-fold dilution of HEN buffer and finally with HEN buffer.
Finally, proteins were biotinylated by incubating slides for 1 h in
the dark with HEN buffer containing 5 or 50 mM ascorbate, 0.4
mM biotin-HPDP, and 1% SDS by using a Hybrislip as described
above.

After the biotinylation step, slides were washed liberally with
PBS containing 0.05% Tween-20 (PBST) and further blocked
with 1% BSA in PBST for 2 h at 4 °C. Slides were incubated with
1:500 anti-biotin-M antibody (Vector) in PBST overnight at 4 °C.
After washing PBST (3 times for 10 min), slides were incubated
with 1:1,000 Alexa Fluor 647-labeled goat anti-mouse secondary
antibody (Molecular Probes) in PBST for 1 h at room temper-
ature. Finally, slides were washed with PBST (3 times for 10 min)
and once with PBS. Slides were placed in 50-mL conical f lasks
and dried by centrifugation in a swinging bucket rotor at 700 �
g for 5 min. Slides were scanned and with a Genepix 4000b
scanner (Molecular Devices) using Genepix Pro and analyzed by
using Prospector Analyzer (Invitrogen). SNO-proteins were
identified by visual inspection and by comparing background-
subtracted mean fluorescence intensities for each spot compared
to buffer-treated controls.

Cloning and Purification of Yeast Proteins. His-tagged Qns1p was
expressed and purified from E. coli by using the plasmid pB337

(kindly provided by C. Brenner, University of Iowa) (1). For all
other proteins, yeast ORFs were amplified from S. cerevisiae
genomic DNA (Novagen) by PCR (see Table S4 for list of
primers) and cloned into pET-15b, pET-21b, or PGEX-2TK.
C116S Ych1p was generated by using the QuikChange site-
directed mutagenesis kit (Stratagene). Proteins were expressed
in Rosetta 2(DE3)pLysS E. coli. His-tagged proteins were
expressed in LB and induced at O.D. �0.6–1 for 4 h under the
following optimized conditions (growth temperature, induction
temperature, [IPTG]): Arl1p, Arf1p, Hsp31p and Yuh1p (37 °C,
37 °C, 0.5 mM); Rdl1p and Rdl2p (30 °C, 30 °C, 0.1 mM);
wild-type and C116S Ych1p(30 °C, 25°C, 0.1 mM). Additionally,
GST-Uba4 was grown at 30°C to O.D. �1.0 and induced with 0.5
mM IPTG overnight at room temperature. For purification of
His-tagged proteins, cell pellets were lysed by sonication in 20
mM Tris, 150 mM NaCl, 20 mM imidazole, 1 mM PMSF (pH
8.0). After centrifugation, lysates were incubated with Ni-NTA
Agarose (Qiagen) for 1 h, washed with lysis buffer containing
500 mM NaCl, and eluted with lysis buffer containing 250 mM
imidazole. For purification of Arl1p and Arf1p, all buffers
contained 2 mM MgCl2 and 100 �M GDP. Mg- or MgGDP-free
proteins were prepared by extensive buffer exchange (with
buffer containing 5 mM EDTA). For purification of GST-
Uba4p, cells were lysed in 20 mM Tris, 500 mM NaCl, 1 mM
EDTA, 2 mM DTT (pH 8.0) and lysates were incubated with
glutathione-Sepharose for 1 h at 4 °C. After washing with lysis
buffer, protein was eluted with 200 mM Tris, 15 mM GSH (pH
8.0). Typically, purified proteins were exchanged into 25 mM
Tris, 150 mM NaCl, 1 mM EDTA (pH 7.4) and stored at �20 °C.
Because of its precipitation and inactivation after free-thawing,
GST-Uba4p was kept on ice and used within 48 h of purification.

S-Nitrosylation Assays. The biotin switch assay was performed on
purified proteins as described previously (2). SNOs were quan-
tified by using Hg-coupled photolysis chemiluminescence (3).
Excess NO donors were removed by desalting on Biogel P-6
(Bio-Rad) or by repeated spin concentration/dilution using
Amicon Ultra 10-kDa centrifugal filters (Millipore). SNO-sites
were mapped on Uba4p as described previously (4). Briefly,
purified GST-Uba4p (2 mg/mL; �0.25 �M) was treated with 0.5
mM CysNO for 15 min followed by desalting. After blocking of
free thiols and desalting twice with Biogel P-6, S-nitrosylated Cys
residues were labeled with biotin-HPDP in the presence of 25
mM ascorbate, and Uba4p was precipitated to remove excess
biotin-HPDP and solubilized in buffer containing 1% SDS.
Uba4p was extensively dialyzed against 50 mM ammonium
bicarbonate and digested overnight with 1:50 trypsin at 37 °C.
Biotinylated peptides were purified over monomeric avidin and
eluted with 40% aqueous acetonitrile containing 0.1% TFA.
Peptides were identified at the Duke Proteomics Core Facility by
LC-MS/MS and MASCOT searches against the yeast proteome
with variable modifications for biotinylated Cys (�428).

Rhodanese and Phosphatase Assays. For assay of rhodanese activ-
ity, 3 �L of protein (10 �M Rdl2p, 100 �M Rdl1p, or 100 �M
Uba4p) was added to 87 �L of reaction buffer [0.1 M Tris (pH
7.5) containing 10 mM KCN and 0.1 mM EDTA]. Ten micro-
liters of 500 mM sodium thiosulfate was added, and after 5 min
at 37 °C, the reaction was stopped by addition of 50 �L of 15%
formaldehyde and thiocyanate was visualized by addition of 150
�L of iron reagent as previously described (5). After dilution to
500 �L with water, FeSCN� was measured at 460 nm. To assay
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inhibition of Rdl2p, protein was first pretreated with reaction
buffer for 10 min at room temperature and desalted, to ensure
that the protein was not in the persulfide-bound form.

For measurement of phosphatase activity, 10 �L of 3-O-
methylf luorescein phosphate (OMFP; 5 mg/mL in PBS) was
added to 1 �M Ych1p in 100 mM Tris, 0.1 mM EDTA (pH 7.5),
and the formation of 3-O-methylf luorescein was measured con-
tinuously at 490 nm for 5 min at room temperature. For
treatments with H2O2, 10 �M enzyme was reacted with H2O2 for
5 min followed by 10-fold dilution of the enzyme to 1 �M into
125 units of catalase before addition of OMFP.

NAD� Synthetase Assay. One microgram of Qns1p in 44 �L of
assay buffer [50 mM Tris (pH 8.0) containing 0.1 mM EDTA, 1

mM NaAD�, 2 mM ATP, 5 mM MgCl2, 56 mM KCl (1)] was
incubated with 1 �L of inhibitor (DON) or S-nitrosothiol for 30
min at 30 °C, followed by addition of 5 �L of 0.2 M glutamine.
After incubating at 37 °C for 10 min, the reaction was quenched
by adding 200 �L of 7 M NaOH. After heating at 95 °C for 5 min,
the amount of NAD� formed was measured by fluorescence (ex.
390 nm, em. 460 nm) as described previously (6).

Ubiquitin Hydrolase Assay. Yuh1p (1 �M) in 50 mM Tris, 0.1 mM
EDTA (pH 7.5) was treated with S-nitrosothiol for 15 min
followed by dilution to 1 nM in the same buffer. Yuh1p (1 nM,
10 �L) was added to 90 �L of 500 pM ubiquitin-AMC (Biomol).
Formation of fluorescent AMC was measured continuously for
10 min (ex. 380 nm; em. 460 nm).
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Fig. S1. Detection of S-nitrosylation on protein microarrays. A modified BST (see Materials and Methods) was applied to yeast Protoarrays that were exposed
either to buffer alone or 50 �M CysNO for 30 min. (A) Eight blocks (nos. 33–40) are shown for each condition. The locations of positive and negative controls
are as in Fig. 1. Very few proteins gave substantial labeling on the untreated slide. One exception (red box; block 38) was Yhr055cp (Cup1–2p), a metallothionein
with 20% Cys content (12 of 61 amino acids), which is indicative of incomplete blocking. Images are representative of at least three independent experiments.
(B) Slides were scanned, and the background-subtracted mean fluorescence intensities for each spot were quantified. These values were plotted against protein
concentrations (supplied by Invitrogen) obtained by probing slides with anti-GST antibody.

Foster et al. www.pnas.org/cgi/content/short/0900729106 4 of 8

http://www.pnas.org/cgi/content/short/0900729106


Fig. S2. S-nitrosylation of Arf1p and Arfl1p GTPases. (A) MgGDP-bound Arl1p- and Arf1p�17-MgGDP (1 �M) was treated with 50 �M CySNO for 15 min, and
after desalting, S-nitrosylation was quantified by Hg-coupled photolysis-chemiluminescence after treatment of the proteins with a 50-fold excess of CysNO for
15 min. To test effect of nucleotide removal on Arf1p S-nitrosylation, proteins were treated with 5 mM EDTA, which facilitates nucleotide exchange from GTPases
lacking the N-terminal amphipathic helix. Data are mean � SEM. (n � 3). (B) Structure of Mg-GDP-bound Arf1p (PDBID code 1RE0) showing proximity of target
Cys thiol (Left; sulfur atom shown in yellow) to the guanine base (Right).
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Fig. S3. Structure of rodanese/Cdc25 phosphatase and cysteines hydrolase active-site folds. (A) The protein backbones (Left) and catalytic loops (Right) of the
yeast phosphatase Ych1p (PDB ID code 3F4A; blue) and rhodanese Rdl1p (PDB ID code 3D1P; green) were aligned. Despite low sequence homology (see sequence
alignment; catalytic loops are in bold), the protein backbones are nearly superimposable in this region. Note that the position of the N-terminal Cys and
C-terminal Arg of the catalytic loops are in similar positions, with the Cys thiol protruding from the center of the catalytic pocket; however, the Ych1p catalytic
loop contains 6 amino acids (vs. 5 for Rdl1p) and the positions of the side chains between the Cys and Arg vary greatly between the two structures. Alignments
were performed and structures generated by using Pymol. (B) Rhodanese activity was measured after incubation of Uba4 (100 �M) with the indicated molar ratios
of SNO:protein for 10 min. (C) Uba4 (10 �M) was treated with 50 �M CysNO or GSNO for 15 min and analyzed by the BST. (D) MS/MS spectra of biotinylated Cys
peptides that were recovered after trypsin digestion of SNO-treated and BST-analyzed Uba4p. The tryptic peptide DSNIVILCR (upper spectrum) contains to the
rhodanese active-site Cys. (E) C116S Ych1p (1 �M) was treated with the indicated molar ratios of CysNO or PASNO for 10 min and phosphatase activity was assayed
as described in SI Materials and Methods. Data in B and E are mean (n � 3) � SEM. Images in C are representative of two independent experiments.
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Fig. S4. Structures of enzyme substrates and their S-nitrosothiol mimetics. The structures of phosphotyrosine (pTyr) and glutamine (Gln) are shown in
comparison with PASNO and CysNO.
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Fig. S5. Structure and reactivity of Cys-dependent hydrolases. (A) Nucleophilic elbow motifs, with (putative) catalytic triad residues (Cys, His, Asp/Glu) are shown
for exemplary GAT domain, DUB, and Hsp31/DJ-1 family members, E. coli CTP synthetase (PDB ID code 1S1M), Yuh1p (PDB ID code 1CMX) and yeast Hsp31p (PDB
ID code 1QVZ). Note that in the structure of Yuh1p, the catalytic Cys is covalently bound to ubiquitin aldehyde, and in the structure of Hsp31p, the active-site
Cys is oxidized. Structures were generated by using Pymol. (B) Hsp31p and Yuh1p (1 �M) were incubated with 50 �M CysNO or GSNO for 15 min and after
desalting, S-nitrosylation was quantified by photolysis-chemiluminescence. (C) Yuh1p (1 �M) was incubated with SNOs for 15 min, and the activity of 1 nM enzyme
was assessed by using 0.5 �M ubiquitin-AMC. Data in B are mean (n � 3) and data in C are mean � SEM.
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