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Abstract: The nitrosation of cellular thiols has attracted much interest as a regulatory mechanism that
mediates some of the pathophysiological effects of nitric oxide (NO). In cells, virtually all enzymes contain
cysteine residues that can be subjected to S-nitrosation, whereby this process often acts as an activity
switch. Nitrosation of biological thiols is believed to be mediated by N,Os, metal—nitrosyl complexes, and
peroxynitrite. To date, however, enzymatic pathways for S-denitrosation of proteins have not been identified.
Herein, we present experimental evidence that two ubiquitous cellular dithiols, thioredoxin and dihydrolipoic
acid, catalyze the denitrosation of S-nitrosoglutathione, S-nitrosocaspase 3, S-nitrosoalbumin, and
S-nitrosometallothionenin to their reduced state with concomitant generation of nitroxyl (HNO), the one-
electron reduction product of NO. In these reactions, formation of NO and HNO was assessed by ESR
spectrometry, potentiometric measurements, and quantification of hydroxylamine and sodium nitrite as
end reaction products. Nitrosation and denitrosation of caspase 3 was correlated with its proteolytic activity.
We also report that thioredoxin-deficient HeLa cells with mutated thioredoxin reductase denitrosate
S-nitrosothiols less efficiently. We conclude that both thioredoxin and dihydrolipoic acid may be involved
in the regulation of cellular S-nitrosothiols.

Introduction as a low molecular weight mimetic of Trxn. DHLA is the

Thioredoxin (Trxn) is a ubiquitous protein whose activity has "educed form of 5-[1,2]dithiolan-3-yl-pentanoic acid (lipoic acid,
been linked to cell growth, transcription factor regulation, DNA LA), an essential prosthetic group in the dihydrolipoyl transacetyl-
synthesis, and protein bindirfig? Trxn isozymes of all organ- ~ @S€ component of the-ketoacid dehydrogenase complex in
isms contain a conserved -Cys-Gly-Pro-Cys- active site that is Mitochondria. LA, found in micromolar concentrations in
essential for the function of this class of proteins as general Plood?” is used as a pharmacologically effective agent in
protein disulfide reductasé@Trxn-(SH) regulates the activity ~ treatment of diabetes mellitus and intoxications Wlth hgavy
of thiol-containing proteins via reduction of their$ bonds ~ Metals® In cells, LA can be reduced to DHLA by lipoamide
to protein-(SH), at the expense of its own oxidation to Trxn- dehydrogenase (LD), glutathione reductase, and THHR.
(Sk. This, in turn, is reduced back to Trxn-(SHby the DHLA is a potent antioxidaAt and can reduce protein disul-
NADPH-dependent thioredoxin reductase (TrxnR). The Trxn/ fides:? _ o _
TrxnR system is also involved in detoxification of free radi¢éals N contrast to the reduction of disulfides and free radicals,
and regeneration antioxidant compounds, such as ascorbic acidhe interactions of Trxn and DHLA witB-nitrosothiols are not
selenium-containing substances, and ubiquin®Ssiilar redox well studied. In recent years, the nitrosation of ceIIuIar_ thiols
properties were reported for 6,8-dimercapto-octanoic acid (di- has attracted much interest as a regulatory mechanism that

hydrolipoic acid; DHLA; Scheme 1), which could be viewed mediates some of the pathophysiological effects of nitric oxide
(NO). It is noteworthy that virtually all enzymes contain cysteine
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residues that can be subjectedSamitrosation, whereby this
process often acts as an activity-switéiNitrosation of biologi-
cal thiols is believed to be mediated by®§, metal-nitrosyl
complexes, and peroxynitrité.1> The catabolism ofS-nitro-
sothiols, however, remains incompletely understood. Transition
metal ions'® Trxn,'” protein disulfide isomerase (PD1j,and
alcohol dehydrogenase (ADHY°were reported to catalyze the
denitrosation o&-nitrosoglutathione (GSNO) back to glutathione
(GSH) with generation of either NO (metal ions; Trxn; PDI) or
hydroxylamine (ADH). To date, enzymatic pathways f&r
denitrosation of proteins have not been identified.

The denitrosation of GSNO by DHLA (Scheme 1)), and
Trxn has been studied by three research groups, which propose
conflicting reaction mechanisms. Arnelle and Stamler reported
that DHLA reduces GSNO to GSH and nitroxyl (HNO) via the
intermediate formation of HS-DHLA-SNO1(— 2 — 3),2

of both 2 and HS-Trxn-SNO is important with regard to the
markedly different (bio)chemical properties of NO and HRO.

In the present study, we evaluated if Trxn and DHLA (i)
reduceS-nitrosothiols with concomitant generation of NO and/
or HNO and (ii) catalyze the denitrosation$hitrosoproteins.
Since Snitrosation can modulate the activity of numerous
enzymes; the identification of catalytic pathway(s) for protein
S-denitrosation is of principal importance.

Experimental Section

ReagentsAll reagents used were purchased from Sigma Chemical
Co. (St. Louis, MO). The solutions used in the experiments were

(§)repared in deionized and Chelex-100-treated water or potassium

phosphate buffer. Sodium trioxodinitrate was either purchased from
Calbiochem, Inc. (La Jolla, CA) or synthesized as described in ref 26.
Thioredoxin (recombinant, expressedischerichia coli and TrxnR

(E. coli) were purchased from Sigma; qualitatively similar results were

whereas Petit et al. suggested that HS-DHLA-SNO decomposesobtained with TrxnRE. coli) purchased from Calbiochem (San Diego,

to NO and theS-centered radicat.?? The latter has been shown
to undergo a rapid intramolecular ring closurétevhich readily
interacts with oxygen to form LA and superoxide anion radical
(0,7°).2324 However, Petit et al. observed that both LA and
DHLA are formed from2, suggesting that the cyclization éf
was balanced by its reduction By O,~* and/or HNO { — 4

— 5).

Similar to reactior?2 — 4,17 Nikitovic and Holmgren reported
that Trxn catalyzes the denitrosation of GSNO with generation
of NO via the intermediate formation of HS-Trxn-SNOON
the other hand, the amounts of MOformed in this reaction
system were 4050% of the theoretical yield (NO- O, —
N2Os; NoO3 + H,O — NO,7), whereas N@, a breakdown
product of peroxynitrite, was not found §0 + NO — ONOO~
— NO3").Y7 This incomplete balance suggests that any HNO,
potentially formed in the reaction, was undetected. The dis-
crimination between reductive/heterolytie (~ 3 + HNO)
versus homolyticZ — 4 + NO) breakdown of the SN bond

(13) Lane, P.; Hao, G.; Gross, S. Sci. STKE2001, 2001, RE1.

(14) Al=Sa’doni, H. H.; Ferro, AMini-Rev. Med. Chem2005 5, 247.

(15) Zhang, Y.; Hogg, NFree Radical Biol. Med2005 38, 831.

(16) Askew, S. C.; Barnett, D. J.; McAninly, J.; Williams, D. L. B. Chem.
Soc., Perkin Trans1995 4, 741.

(17) Nikitovic, D.; Holmgren, AJ. Biol. Chem.1996 271, 19180.

(18) Sliskovic, I.; Raturi, A.; Mutus, BJ. Biol. Chem 2005 280, 8733.

(19) Jensen, D. E.; Belka, G. K.; Du Bois, G. Biochem. J1998 331 (Pt 2)
659.

(20) Liu, L.; Hausladen, A.; Zeng, M.; Que, L.; Heitman, J.; Stamler, Bl&&ure
2001, 410, 490.

(21) Arnelle, D. R.; Stamler, J. $rch. Biochem. Biophyd.995 318 279.

(22) Petit, C.; Hoffmann, P.; Souchard, J. P.; Nepveu, F.; Labidall&€ 8.
Seances Soc. Biol. Ses FiR96 190, 641.

(23) Stoyanovsky, D. A.; Goldman, R.; Claycamp, H. G.; Kagan, VAEh.
Biochem. Biophys1995 317, 315.

(24) Mottley, C.; Mason, R. PJ. Biol. Chem2001, 276, 42677.
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CA).

HPLC Analysis of GSNO, GSH, and NHOH. Isocratic separations
were achieved at a flow rate of 1 mL per min with C-18 reverse phase
columns (Alltima 4.6 mmx 250 mm, 5u; Alltech Associates, Inc.;
Deerfield, IL). Electrochemical and UV detection were carried out with
an LC-4C amperometric detector (Bioanalytical Systems, West Lafay-
ette, IN) and an SPD-M10Avp photodiode array detector (Kyoto, Japan),
respectively. A mobile phase consisting of 50 mM phosphate buffer
(pH = 3.0; adjusted with glacial acetic acid), 0.1 mM EDTA, and either
5% or 10% methanol (v/v) was used to quantitate GSH (electrochemical
oxidation at+ 0.95 V) or GSNO fmax = 335 nm). NHOH was
quantified by HPLC-UV (mobile phase, 30% (v/v) methanol) after
its derivatization with 4-hydroxy-3-methoxybenzaldehyde (vanillin
(VAN), 2 mM) to vanillin oxime (VANO, pH 6.0; incubation time, 5
min at 60°C).

ESR SpectroscopyReactions were carried out for 15 min at room
temperature in Chelex 100-treated phosphate buffer (25 mM, pH 7.4)
containing DTPA (100uM) and myoglobin (50uM). Additions of
GSNO (300uM), lipoic acid (50uM), LD (0.04 units/mL), NADH
(600uM), and diethylamine NONOate were made as indicated in Figure
3f (Inset). Thereafter, aliquots of 150 were frozen in liquid nitrogen,
and ESR spectra were recorded at liquid nitrogen temperature with a
JEOL-RE1X spectrometer (Kyoto, Japan). Spectrometer settings were
the following: field center, 320.0 mT; sweep width, 25 mT; field
modulation, 0.5 mT; amplitude - either 4000 (spectra 3,4) or 1000
(spectrum 1); microwave power, 10 mW; time constant, 0.1 s; and
sweep time, 4 min.

ESR spin trapping experiments were carried out with 5,5-dimethyl-
1-pyrroline N-oxide (DMPO, 0.12 M) at room temperature. ESR
spectrometer settings were the following: field center, 335.094 mT;
microwave power, 5 mW; sweep time, 2.0 min; time constant, 0.3 s;

(25) Hughes, M. NBiochim. Biophys. Actd999 1411, 263.
(26) Smith, P. A. S.; Hein, G. El. Am. Chem. S0d.96Q 82, 5731.
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modulation width, 0.2 mT. ESR spectra simulation was performed with
a computer program created by Philip D. Morse, Il, and Richard Reiter
(ESR Simulation System 2.01, Scientific Software Services, IL). The
hyperfine splitting constants (in gauss) used for simulation of the spectra
of the DMPO#&-hydroxyethyl radical, DMPGSG and DMPGOYS-
DHLA-SH nitroxides were as follows:a{ = 15.80;a4 = 22.80), éw
= 15.1;a4 = 16.00) and & = 15.25;a4 = 16.60), respectively?’
Analysis of S-Nitrosothiols and NO. S-Nitrosothiols were analyzed
either spectrophotometricallyfax = 335 nm) or after their photolytic
or Cu'-catalyzed breakdown to NO (Figures le, 2d and 3b,e). The
latter species was determined by the DAF2 assay (HPECanalysis
of DAF2 triazole?® Figure 5b), potentiometrically (Figure 1e, 2c, and
5f), or with a Sievers model 280 NO analyzer (Sievers Inc., Boulder,
CO; reacton solution, 50 mM ascorbic acid and 180 CuCl,; Figure
5c). Potentiometric measurements of NO were performed with NO-
specific electrode (World Precision Instruments, Sarasota, FL).
S-Nitrosation of Proteins. Reactions were carried out in 0.1 M
phosphate buffer (pH 7.4) containing 0.1 mM EDTA. Caspase 3 (5
uM; human; recombinang. coli; Calbiochem, Inc. San Diego, CA)
and reduced metallothionein (201, from rabbit liver; Sigma, Inc. St.
Louis, MO) wereS-nitrosated for 30 min at 37C by GSNO (9uM
and 40QuM, respectively). Casp-SNO and MT-SNO were isolated via
ultrafiltration (Vivaspin 20 filters; Vivascience, Inc. Edgewood, NY)
and size-exclusion chromatography (Sephadex G10; column, & cm
45 cm), respectively. Alb-SNO was prepared as described previgiusly.

Caspase activity was determined by using Enzcheck Caspase 3 assay

kit (Molecular Probes, OR).

Cell Experiments. TrxnR activity in wild-type HelLa cells and HeLa
cells transfected with cysteine-to-serine mutant expression plasmid
(mTrxnR) was determined as described in ref 30. TrxnR and mTrxnR
cells (250,000 per plate) were treated with SNCEE (480 for 30
min at 37°C. Thereafter, the cells were washed withx32 mL of
PBS, and intracellula&-nitrosothiols were determined by the DAF2
assay. Imaging of intracellulaB-nitrosothiols was performed by
fluorescence microscopy following the biotin switch met@bgwhich
consists of the following steps: (i) nitrosation of cellular proteins, (ii)
alkylation of free thiols in permeabilized cells, and (iii) conversion of
SNO functions to SH groups by ascorbate in the presence of a thiol-
labeling reagent. Briefly, TrxnR and mTrxnR HelLa cells were incubated
for 30 min in SNCEE (0.1 mM)-containing MEM, washed with PBS
(3 x 5 mL), and then fixed with 2% paraformaldehy@eThereafter,
the cells were washed with 0.1 M Tris buffer (pH 7.4) containing 137
mM NaCl and permeabilized with 0.2% Tritor 100. Thiols in
permeabilized cells were alkylated with 0.2 M methylmethanethiosul-
fonate (MMTS; Calbiochem, Inc. San Diego, CA) for 30 min, and then
the cells were washed with Tris buffer and treated with 0.1 mM 2-((5(6)-
tetramethylrhodamine)amino)methylmethanesulfonate (MTSEA-TAM-
RA; Calbiochem, Inc.) and 1 mM ascorbate for 1 h. Cellular
S-nitrosothiols were visualized using a Nikon fluorescence imaging
system equipped with Nikon ECLIPSE TE 200 microscope and digital
camera (Hamamatsu CCD; C4742-95-12NRB).

Data Analysis. Results are given as meanS. D. ( = 4—6).

Results and Discussion

Denitrosation of GSNO by DHLA and Trxn. Since Trxn
and DHLA are dithiols with similar redox propertiés3* we
reinvestigated their interactions with GSNO with focus on the

(27) Buettner, G. RFree Radical Biol. Med1987, 3, 259.

(28) Kojima, H.; Nakatsubo, N.; Kikuchi, K.; Kawahara, S.; Kirino, Y.; Nagoshi,
H.; Hirata, Y.; Nagano, TAnal. Chem1998 70, 2446.

(29) Gandley, R. E.et aHypertensior2004

(30) Karimpour, S. et alOncogene2002 21, 6317.

(31) Jaffrey, S. R.; Snyder, S. $ci. STKE2001, 2001, PL1.

(32) Ckless, K.; Reynaert, N. L.; Taatjes, D. J.; Lounsbury, K. M.; van der
Vliet, A.; Janssen-Heininger, Witric Oxide 2004 11, 216.

(33) Teichert, J.; Preiss, Rat. J. Clin. Pharmacol. Ther. Toxicoll992 30,
511

(34) Lundstrom, J.; Holmgren, Aiochemistryl993 32, 6649.
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Figure 1. Trxn denitrosates GSNO. Experiments were carried out in 0.1
M phosphate buffer at 37C. Desferrioxamine, Trxn, TrxnR, and NADPH
were used at concentrations of 10, 10 uM, 5 uM (15 units/mL) and

0.4 mM, respectively (Panels—&). (a, b) HPLC-monitored reduction of
GSNO to GSH by the Trxn/TrxnR/NADPH system. Chromatograms of
GSNO (0.2 mM) prior to the addition of Trxn/TrxnR/NADPH and after
completion of the reaction are presented with dashed and solid lines,
respectively (a); incubation time, 30 min. Chromatograms of GSH ac-
cumulated in the course of the reaction and of a standard solution of GSH
(0.2 mM) are presented with solid and dashed lines, respectively (b);
incubation time, 30 min. (c, d) Kinetics of reduction of GSNO by Trxn in
the presence of TrxnR and NADPH. Open circles, GSNO (0.2 mM), TrxnR
and NADPH; closed circles, plus Trxn. Results are mean valu&E (n

= 3). (e) Potentiometric measurements of NO in aqueous solutions of
GSNO. Decomposition of GSNO (2M) to NO was initiated by addition

of ascorbic acid (0.1 mM) and Cug(5 uM) before (traces 1) and after
(trace 3) addition of Trxn, TrxnR and NADPH; tmac2 - GSNO, no
additions. (f) Formation of NKDH in phosphate buffer containing Trxn
and GSNO. TrxnR, NADPH and Trxn (0.2 mM; reaction volume, 0.02
mL) were incubated for 15 min at 3T; then GSNO (0.4 mM) was added,
and the reaction solution was further incubated for 20 min. At the end of
the incubation, NpHOH was quantified by HPLEUV after its derivatization
with VAN to VANO. With dashed lines is presented the chromatogram of
a standard solution of 126M VANO.

redox form of NO as an important reaction product. To minimize
the occurrence of transition metal ion-catalyzed decomposition
of GSNO and/or oxidation of HNO to NO, all buffers were
filtered through a Chelex 100-containing column. In the presence
of Trxn, TrxnR, and NADPH, GSNO was stoichiometrically
reduced to GSH (Figure 1a, b). GSNO was not consumed to
any significant extent when Trxn was omitted from the reaction
system, indicating that TrxnR did not directly interact with the
nitrosothiol (Figure 1c). Maximal rate of GSNO reduction was
attained with 6-10 uM Trxn (Figure 1d), well within the
concentration range of this protein in cells-(%0 «M).353¢No
changes in the rate of GSNO denitrosation by Trxn were

J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005 15817
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observed in the absence of desferrioxamine or oxygen (data not
shown), implying that this process was not dependent on
catalysis by transition metal iof& Since catalytic amounts of
Trxn were required for the reduction of GSNO to GSH, we
speculated that the reaction proceeded via the intermediate
formation of HS-Trxn-SNO. The nitrosation of one SH group
in vicinal thiols leads to the formation of unstable mo®o-
nitroso thiols that were suggested to decompose to either
disulfides and HN@ or nitric oxide (NO) and thiyl-centered 0
radicals'”22 To discriminate between these two mechanisms,
we assessed the generation of both NO and HNO as potential
reaction end products. Addition of ascorbic acid and Gu€l

a solution of GSNO expectedly triggered generation of NO, as
evidenced by potentiometric assay, vialGdependent reduc-
tion of the nitrosothiol to GSH (Figure 1e, 1; ref 16). When
GSNO was incubated with Trxn/TrxnR plus NADPH, release
of NO was not observed (Figure le, 3). Notably, subsequent 2
addition of ascorbic acid and CuCdid not elicit release of T‘T‘
NO, indicating that the source of releasable NO was exhausted.
These data indicated that potentiometrically silent HNO, rather
than NO” was produced semiquantitatively in the presence of
Trxn/TrxnR plus NADPH. Formation of HNO most likely
followed the reaction sequence GSNO Trxn(SH), — HS-
Trxn-SNO— Trxn-S, + HNO.

To further verify this mechanism, we attempted to detect
HNO, which is a highly reactive species that often maintains
low, submicromolar steady-state concentrati®ngn semi-
neutral aqueous solutions, HNO dimerizescts-hyponitrous
acid (HO-N=N—OH; kyno = 8 x 10® M~! s71)38 which is
unstable and decomposes tgNand HO3° Competitively,
HNO can interact (in contrast to NO) with thiols to form

i)

0.1

GSNO [mM]
NO,” [mM]

0.0
20 1 2 3 4

10

Time [min]

80.

(<]
=

ASC/Cu™*

40

VANO [pM]

DHLA  ASC/Cu™ 1 2 3

Figure 2. DHLA denitrosates GSNO to GSH and HNO. Experiments were
carried out in 0.1 M phosphate buffer at 32. (a) GSNO (0.2 mM) in the
absence (open circle) and presence of DHLA (0.5 mM; closed circles). (b)
Accumulation of nitrite in solutions of GSNO (0.2 mM) in the absence (1)
and the presence of DHLA (0.5 mM; (2), CyuGb mM; (3) and 10uM
Trxn/5 uM TrxnR/0.4 mM NADPH (4), respectively; incubation time, 30
min. (c) Potentiometric measurements of NO in aqueous solutions of GSNO.
Decomposition of GSNO (2M) to NO was initiated by addition of ascorbic
acid (0.1 mM) and CuGl(5 uM) before (traces 1) and after (trace 2) addition
of DHLA (20 uM). (d) Formation of NHOH in solutions of GSNO (0.2
mM) in the absence (1) and the presence of 0.5 mM DHLA (2) andMO0
Trxn/5 uM TrxnR/0.4 mM NADPH (3); incubation time, 30 min.

correlations of the resulting spectrum with HNO are difficult
unstableN-derived hydroxylamines that undergo thiol-dependent because of the lack of assay validation via standard additions
reduction to NHOH.#? Hence, we attempted to detect bbH of HNO donors, such as sodium trioxodinitrate ¢NgOs;

as a reporter of HNO released during the denitrosation of GSNO. Angeli’s salt) and NaNO. Nevertheless, Nikitovic and Holmgren
Preincubation of 0.2 mM Trxn-Swith TrxnR and 0.2 mM concluded thatthere was little if any corersion of metmyo-
NADPH resulted in depletion of the latter and formation of globin to Fe(ll)-nitrosyl metmyoglobin when incubated with
Trxn(SH), (data not shown), whereas subsequent addition of Trxn(SH} and GSNO thus showing that HNO was not released
GSNO led to formation of NKDH (Figure 1f). This result Several factors may complicate the analysis of HNO in this
further supports a reaction mechanism whereby Trxn{SH) reaction system. Trace amounts of transition metal ions,
denitrosates GSNO with concomitant release of HNO. It is not introduced in the reaction milieu with buffers and/or metmyo-
clear why under similar reaction conditions Nikitovic and globin, can catalyze the oxidation of HNO to N®The use of
Holmgren observed a predominant generation of Q. ref metal chelators such as EDTA would minimize the breakdown
17, HNO release was monitored spectrophotometrically by of GSNO to GSH and N& but may promote the oxidation of
following the reduction of metmyoglobin to its ferrous form HNO via dissolving metal hydroxides and/or phosphétes.
under anaerobic conditions. Increases in absorbance at 542 an&urthermore, dimerization of HN€,as well as its addition to
580 nm, accompanied by decreases at 640 nm were considere@6SNCO* and reduction by Trxn(SH)o NH,OH,*° can impair
indicative of the reduction of Fe(lll) myoglobin to Fe(ll) the sensitivity of the metmyoglobin assay. In the presence of
myoglobin and HNO release. Reactions were reported for thiols, the data presented in Figure 1f and 2d, as well as in
phosphate buffers (pH 7.4) containing EDTA, metmyoglobin references 21 and 40 suggest that,®H is a more specific

(40 uM), and equimolar concentrations (1@M) of E. coli
Trxn-(SH) and GSNO. After an incubation of 25 min, the

reporter of HNO than metmyoglobin. In our experiments, the
lack of potentiometrically detectable NO (Figure 1le) and the

authors observed spectral changes consistent with the reductioninsignificant accumulation of N© (Figure 2b) in solutions of

of metmyoglobin As42 = 0.04 andAsgp = 0.03 au, respectively;
Figure 4b in ref 17). However, qualitative and/or quantitative

(35) Powis, G.; Montfort, W. RAnnu. Re. Biophys. Biomol. Struc2001, 30,
421

(36) Holmgren, A.; Bjornstedt, MMethods Enzymoll995 252, 199.

(37) Cheong, E.; Tumbev, V.; Abramson, J.; Salama, G.; Stoyanovsky, D. A.
Cell Calcium2005 37, 87.

(38) Shafirovich, V.; Lymar, S. VProc. Natl. Acad. Sci. U.S.2002 99, 7340.

(39) Hughes, M. N.; Wimbledon, P. H. Chem. Soc., Dalton Tran$976 703.

(40) Doyle, M. P.; Mahapatro, S. N.; Broene, R. D.; Guy, JJKAmM. Chem.
Soc.1988 110, 593.
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GSNO and Trxn/TrxnR/NADPH indicate that the denitrosation
process proceeded with semiquantitative generation of GSH
(Figure 1a, b) and HNO.

Similar to Trxn, DHLA readily denitrosated GSNO (Figure
2a). Measurements of NO (Figure 2b) and direct potentio-

(41) Nelli, S.; Hillen, M.; Buyukafsar, K.; Martin, WBr. J. Pharmacol200Q
131, 356.

(42) Wong, P. S.; Hyun, J.; Fukuto, J. M.; Shirota, F. N.; DeMaster, E. G.;
Shoeman, D. W.; Nagasawa, H. Biochemistryl998 37, 5362.
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Scheme 2
Na,N,0; H,0 H

7 HO | o - ‘oH 2 2

GSNO ~ DHLA

metric analysis (Figure 2c) of the reaction systems containing Scheme 3

either DHLA (Figure 2b, 2; Figure 2c) or Trxn (Figure 2b, 4) ><_X Re >O\
indicated that NO was not formed to any significant extent. In Nf —_— N~ R
contrast, addition of Cugto GSNO-containing solutions caused - 6_

a pronounced formation of NO (Figure 2b, 3), as reported 5
previously!® The denitrosation of GSNO by DHLA was R = GS: HO; HS-DHLA-S; CH,CHOH

paralleled by accumulation of N®@H (Figure 2d), indicating

the intermediate generation of HNO. Furthermore, the LAILD/ ¢ geyeral radical intermediates could be envisaged: (i) metal
NADH system also catalyzed the reduction of GSNO (Figure o catalyzed breakdown of GSNO and/or homolysis of ONS-
3, open circles), albeit not very efficiently; this was likely due by aA.sH may lead to the generation of &&nd HS-DHLA-

Se, respectively, and (ii) HNO dimerizes to HON=N—OH

that can undergo a pH-dependent homolysis i@l hydroxyl
radical ¢OH),*> in parallel to its breakdown to D and HO
(Scheme?).3?

Previous studies from our laboratory have demonstrated that
the generation o§OH by HNO becomes significant in weakly
acidified milieu (pH 4-6).4>46To assess the formation of radical
species in aqueous solutions of GSNO and DHLA, we have
conducted ESR experiments with 5,5-dimethyl-1-pyrrole
oxide as a spin trap (DMPO, Scheme B, Whereas the
nitroxides DMPOJOH, DMPOASG, and DMPG/S-DHLA-SH
(8) exhibit poorly distinguishable four-line ESR spectra, ethanol

den GSNO in th . d was used to discriminateOH from the corresponding thiyl
Figure 3. LA denitrosates NO in the presence of LD and NADH. ; 7,45 N ;

Denitrosation of GSNO (0.2 mM) by LA (1@M) for 30 min at 37°C in raﬁlcjllsz' Et?angl r?adlrl]y mter;;:ts Wlt.hr?g'vtlg(l;ormthe

0.1 M phosphate buffer (pH 7.4) containing LD (0.1 U/mL), NADH (0.4 ~ @-hydroxyetnyl radical, whose adduct wit exhibits a
mM), and desferrioxamine (0.1 mM; open circles); plus GSH (5 mM; specific six-line ESR spectrufi.

triangless); c(:]oseg) cércles)- C;SNO, GSH, LDIar_nd NADH. Values a?e the  Aqueous solutions of DMPO and ethanol containing either
meant SE (= 3). (Inset) ESR spectm 1 - solution containing Angeli's : e - -

salt (0.2 mM) and myoglobin; spectru2 - GSNO, LA, LD, NADH and GSNO or DHLA did not exhibit any _E_SR activity (Flgurg 4A,
myoglobin; spectrm 3 - GSNO, LD, NADH and myoglobin; spectrum 4 Spectra 1 and 2). However, the addition of Cufola solution

- myoglobin, diethylamine NONOate, LA, LD and NADH. Specific  of GSNO and DMPO resulted in the appearance of the typical

concentrations and incubation times are indicated in Methods. ESR spectrum of DMPGSG (Figure 4A, spectrum 3; in gauss

to inhibition of LD by HNO produced in the reaction. In support &+ = 16.0 anday = 15.1)#*2%In contrast, the reduction of
of this hypothesis, GSH potentiated the denitrosation of GSNO GSNO by DHLA at pH 7.4 was not paralleled by the formation
(Figure 3, triangles), presumably via reduction of HNO toNH of mtromdt_as with distinguishable ESR spectra, suggesting that
OH. To directly detect HNO formation we utilized its property & homolytic breakdown of OSN-DHLA-SH did not occur to
to interact with ferric complexes yielding characteristic signals 1Y significant extent (Figure 4A, spectrum 4). In Figure 4A,
in ESR spectrd®43Incubation of myoglobin with Angeli’s salt, trace 5 represents a computer simulation of the ESR spectra of
a commonly used donor of HNO, resulted in the appearance of PMPORSG (solid lines) and DMP@8-DHLA (dashed lines)
a broad ESR spectrum with anisotrogizalues characteristic However, the denitrosation of GSNO by DHLA in acidic
for nitrosomyoglobin (ref 44, Figure 3, ESR spectrum 1). A solutlon_s containing ethanol was pa_rallek_ad k_)y a _marked
similar spectrum was observed in a reaction system consistingd€neration of DMPQi-hydroxyethyl radical nitroxide (Figure
of LA, LD, GSNO, NADH, and myoglobin (Figure 3, ESR 4B, 1 compared to A,'4: (@) pH 5:0, (b) pH 6.0). The kinetics
spectrum 2), whereas no ESR activity was observed in the of a-hydro>_(yethy_l radlt_:al generation closely followed thg’; of
absence of LA or when myoglobin was incubated with the NO GSNO denitrosation (Figure 4B, 2). Under anaerobic conditions,
donor diethylamine NONOate (Figure 3, Inset, traces 3 and 4, the generation obx-hydroxyethyl radical was not inhibited,
respectively). The latter indicates that under the experimental SU99€sting that metal ions and/or oxygen were not 'an“VEd in
conditions used myoglobin-Fepreferentially interacted with  this process (Supporting Information). Similarly, Angeli’s salt,
HNO. which hydrolyzes to HNO and NO at a constant rate in the
ESR Spin Trapping Analysis of the Denitrosation of pH interval of 4-8.53° oxidized ethanol too-hydroxyethyl

GSNO by DHLA. In solutions of DHLA and GSNO, formation

|
(0]
7

0.214

GSNO [mM|
I
=

0 30 60 90
Time [min]

(45) Stoyanovsky, D. A.; Clancy, R. M.; Cederbaum, AJ1Am. Chem. Soc.
1999 121, 5093.

(43) Xia, Y.; Cardounel, A. J.; Vanin, A. F.; Zweier, J. Eree Radical Biol. (46) Ivanova, J.; Salama, G.; Clancy, R. M.; Schor, N. F.; Nylander, K. D;
Med. 200Q 29, 793. Stoyanovsky, D. AJ. Biol. Chem2003 278 42761.
(44) Morse, R. H.; Chan, S. U. Biol. Chem.198Q 255, 7876. (47) Morehouse, K. M.; Mason, R. B. Biol. Chem.1988 263 1204.
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10G

10G

Figure 4. ESR spectra of DMPO nitroxides formed in solutions of GSNO
and DHLA. Reactions were carried out at room temperature in 0.1 M
phosphate buffer (panel A, pH 7.4; panel B, pH& containing 5quM
desferrioxamine and 400 mM ethanol. DMPO, GSNO, DHLA, Guid
Angeli’s salt were used at concentrations of 0.12 M, 0.25 mM, 0.28 mM,
10 uM, and 0.3 mM, respectively. All ESR spectra were recorded after 4
min of incubation, except for the ESR spectra presented in B2, were the
time interval between two consecutive ESR scannings was 2 min. (A) 1 -
DMPO plus GSNQ2 - DMPO plus DHLA 3 - DMPO, GSNO and Cugl|

4 - DMPO, GSNO and DHLAS - computer simulation of the spectra of
DMPO/SG (solid lines) and DMPO/S-DHLA-SH (dashed lines), respec-
tively. (B) spectrin 1 - DMPO, GSNO and DHLA [(a) pH 5.0; (b) pH
6.0]; trace 2 represents the ESR-monitored kinetic of accumulation of
DMPO/a-hydroxyethyl radical in a solution containing GSNO, DHLA and
DMPO (pH 5.0) 3 - Angeli’s salt [(a) pH 5.0; (b) pH 6.0 - computer
simulation of the spectrum of DMP@/hydroxyethyl radical.

radical in a pH-dependent manner (Figure 4B, 3: (a) pH 5.0,
(b) pH 6.0)#> The experimental and computer-simulated spectra
of DMPO/a-hydroxyethyl radical were in a good agreement
(Figure 4B, 4). These data further support the notion that DHLA
denitrosated GSNO with concomitant generation of HNO.
Denitrosation of S-Nitrosoproteins by DHLA and Trxn.
We were further interested in determining the extent to which
Trxn can interact witls-nitrosoproteins. To this end, we tested
the ability of Trxn to denitrosate three representatiSe
nitrosoproteins: (caspase 3)-SNO (casp-SNO), metallothionein-
SNO (MT-SNO), and albumin-SNO (Alb-SNO) (Figure-5a
d). Selection of these structurally, as well as functionally,
different S-nitrosoproteins was based on recent studies, sug-
gesting that the native sulfhydryl forms of these proteins undergo
endogenou$§-nitrosation?®50 Incubation with GSNO resulted
in poly-S-nitrosation of caspase 3 and loss of its enzymatic
activity, as previously reportety; both effects were reversed
by addition of either Trxn/TrxnR/NADPH or dithiothreitol
(DTT) (Figure 5a, b). Under the experimental conditions use
Trxn/Trxn/NADPH restored the catalytic activity of caspase
without complete denitrosation of the pdBmitrosated protein,
suggesting that a thiol that is critical for the enzyme’s activity

d,
3

(48) Pearce, L. L.; Gandley, R. E.; Han, W.; Wasserloos, K.; Stitt, M.; Kanai,
A. J.; McLaughlin, M. K,; Pitt, B. R.; Levitan, E. Sroc. Natl. Acad. Sci.
U.S.A.200Q 97, 477.

(49) Kim, Y. M.; Talanian, R. V.; Billiar, T. RJ. Biol. Chem1997, 272, 31138.

(50) Tyurin, V. A,; Liu, S. X.; Tyurina, Y. Y.; Sussman, N. B.; Hubel, C. A;;
Roberts, J. M.; Taylor, R. N.; Kagan, V. Eirc. Res.2001, 88, 1210.
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Figure 5. Trxn and DHLA denitrosateS-itrosoproteins. Experiments were
carried out in 0.1 M phosphate buffer at 3€. Desferrioxamine, Trxn,
TrxnR, GSNO, NADPH, and DTT were used at concentrations ofid0

10 uM, 5 uM (15 units/mL), 0.1 mM, 0.4 mM and 5 mM, respectively.
Additional reaction specifics are included in Methods. (a) Effects of GSNO,
Trxn/TrxnR/NADPH and DTT on the activity of caspase 34®). (b)
S-Nitrosation of caspase 3 (@M) by GSNO and denitrosation by Trxn/
TrxnR/NADPH and DTT, respectively. (&Nitrosation and denitrosation

of metallothionein (2:M) by GSNO and Trxn/TrxnR/NADPH, respectively.
Data in panels-ac are presented as meanSE ( = 3). (d) Potentiometric
measurements of NO in aqueous solutions of Alb-SNO. Decomposition of
Alb-SNO (2 uM) to NO was initiated by addition of ascorbic acid (0.1
mM) and CuC} (5 uM) before (traces 1) and after (trace 3) addition of
Trxn, TrxnR and NADPH; trae 2 - Alb-SNO (2u«M), no additions. (e)
Consumption of Alb-SNO (1&M) in the absence (1) and the presence of
0.5 mM LA (2) and 0.5 mM DHLA (3), respectively (incubation time, 30
min). Changes in the concentration of Alb-SNO were monitored spectro-
photometrically at 335 nm. (f) Potentiometric measurements of NO in
aqueous solutions of Alb-SNO. Decomposition of Alb-SNQ:{2) to NO

was initiated by addition of ascorbic (0.1 mM) acid and CGu@® uM)
before (traces 1) and after (trace 3) addition of DHLA (0.1 mM).

was regenerated. Similarly, Trxn/TrxnR/NADFS-tlenitrosated
MT-SNO and Alb-SNO (Figure 5c, €), and the reduction of
these nitrosothiols proceeded without release of NO (Figure 5d,
f; data for MT-SNO not shown).

Catabolism of S-Nitrosothiols in TrxnR-Deficient Cells.
We further assessed the interaction of Trxn with intracellular
S-nitrosothiols using Trxn/TrxnR wild-type HeLa cells (TrxnR)
and Hela cells transfected with a cysteine-to-serine mutant
expression plasmid (mTrxnR) that rendered cells with dysfunc-
tional TrxnR and impaired Trxn activit$?
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Figure 6. Trxn/TrxnR system catabolizes intracelluBnitrosothiols. (a)
Time course of the consumption &hitrosothiols in TrxnR (closed circles)
and mTrxnR (open circles) HelLa cells loaded with SNCE#itrosothiols
were determined by the DAF-5 assay. b- Analysis of Trxn/TrxnR activity
in whole extracts of TrxnR and mTrxnR HelLa cells. (c) Quantification of
NH2OH in SNCEE-loaded TrxnR and mTrxnR Hela cells. All data are
representative of three independent experiments (me&i; n = 3). (d—

f) MMTS/MTSEA-TAMRA-stained intracellulaG-nitrosothiols before (d)
and after treatment of TrxnR and mTrxnR cells with SNCEE 6 min; f

- 30 min).

We confirmed that mTrxnR cells exerted 2.5-fold lower
TrxnR activity than the wild-type HelLa cells (Figure 6b, ref
30). We then use&nitroso+-cysteine ethyl ester (SNCEE),

a membrane-permeable reagent,Staitrosate thiols in both

been suggested to be a fundamental posttranslational protein
modification that is similar to protein phosphorylation and
dephosphorylation, respectivélyHowever, the identification
of specific reaction pathways @-de)nitrosation of cellular
thiols has proven to be difficult, in part because m&st
nitrosothiols are short-lived metabolites with a half-life ranging
from minutes to hour&?>3

Measurements of N©O, a stable end product of NO oxidation,
have demonstrated that cells produce considerable amounts of
this species. Primary mouse macrophages stimulated with
inflammatory agents produce NOat a rate of 70 nmol/mg
protein/h, limited only byL-arginine availability?* Similarly,
vascular smooth muscle cells treated with the peptide hormone
relaxin generate N@ at a rate of 50 nmol/mg protein/h for a
period of 24 15 In the presence of oxygen, NO undergoes
oxidation to NOjs that readily nitrosates thiols. In a model
system, Kharitonov et al. reported that, in the presence of
physiological concentrations of GSH and, @most all of NO3
generated from NO is consumed to form GSRQn cells,
however, NO competitively interacts with transition metals to
form metak-nitrosyl complexes; some of these complexes can
act asS-nitrosating agent%’*¢Since GSH is the most abundant
cellular thiol (15-30 nmol/mg protein), formation of GSNO is
expected to parallel the activity of nitric oxide synthase. In fact,
several studies have confirmed the formation of GSNO in
biological systems: GSNO has been detected in rat brain (15
pmol of GSNO/mg protein? rat liver cytosol and mitochondria
(34 pmol of GSNO/mg proteiff} or ~3 nM GSNG9). It is
noteworthy that GSNO accounts for a small fraction of the
endogenously generated MO Furthermore, GSNO levels
appear to be insufficient to induteans-S-nitrosation of protein

types of cells. The treatment resulted in a marked accumulationthiols. Often, a concentration of at least 1081 of GSNO is

of Snitrosothiols in cells and allowed us to follow the time
course of theirS-denitrosation (Figure 6a,-f). At the dose

required for the in vitrotrans Sitrosation of proteins. This
suggests that the (de)nitrosation of critical thiols on enzymes

used, SNCEE did not cause any significant toxicity, as evidencedmay be GSNO independent, unless catalytic pathways for
by the trypan blue exclusion test (data not shown). Clearancetransfer of NO from GSNO and/o6-itrosocysteine and
of intracellular S-nitrosothiols (Figure 6a, €f; red stains) S-itrosohomocysteine to protein thiols exist in cells. Recently,
occurred at an increased rate and more completely in the TrxnRZhang and Hogg demonstrated thatystine enhances GSNO-

versus mTrxnR Hela cells. The decay $hitrosothiols was
paralleled by accumulation of N®H that was more robust in
the wild-type cells than in mTrxnR cells (Figure 6c). Thus,
deficiency in the Trxn/TrxnR system caused inhibition of
Snitrosothiol decomposition in cells. Notably, the background
intracellular level ofS-nitrosothiols in wild-type TrxnR HelLa
cells was approximately 2-fold lower than in mTrxnR cells
(Figure 6a, f), indicating that decreased Trxn activity was
associated with less effective catabolism of intracelluar
nitrosothiols. The denitrosation potential of mTrxnR cells was
most likely due to incomplete inhibition of TrxnR activity

(Figure 6b), as well as to the presence of additional pathways (s3) Janero D.R.; Bryan, N. S.; Saijo, F.;
of Sdenitrosation. It could be also speculated that the interrupted

catabolism of intracellularSitrosothiols after 20 min of

incubation reflected inhibition of the enzyme system(s) cata-

lyzing this process (Figure 6a).

Biological Implications of the Catabolism of S-Nitrosothi-
ols by Trxn and DHLA. While virtually all enzymes contain
critical cysteine residues whoSeitrosation acts as an activity-
switch, Snitrosation and denitrosation of cellular thiols have

(51) Clancy, R.; Cederbaum, A. I.;
44, 2035.

Stoyanovsky, D.JA.Med. Chem2001,

dependentS-nitrosothiol uptake into cells, thus increasing
intracellularS-nitrosothiol levels from~60 pmol/mg of protein

to ~3 nmol/mg of protein. The data obtained suggest that this
process depends on the reduction of cystine to cysteine, which
involves the xc-amino acid transport system, followed by
formation and uptake oB-nitrosocysteine via the amino acid
transport system E262ADH,° Trxn,'” and PD!® were found

to catalyze the denitrosation of GSNO, whereas ADH does not
catabolizeS-itrosocysteine an@&-hitrosohomocystein®. To

(52) Kashlba lwatsuki, M.; Kitoh, K.; Kasahara, E.; Yu, H.; Nisikawa, M.;
atsuo, M.; Inoue, MJ. Biochem. (Tokyo}997, 122, 1208.
Dhawan, V.; Schwalb, D. J.; Warren,
M. C.; Feellsch M.Proc. Natl Acad. Sci. U.S.A’.OO4 101, 16958.
(54) Vodovotz, Y. Kwon, N. S.; Pospischil, M.; Manning, J.; Paik, J.; Nathan,
C.J. Immunol.1994 152, 4110.
(55) Bani, D.; Failli, P.; Bello, M. G.; Thiemermann, C.; Bani Sacchi, T.; Bigazzi,
M.; Masini, E. Hypertension1998 31, 1240.
(56) Kharitonov, V. G.; Sundquist, A. R.; Sharma, V.JBBiol. Chem.1995
270, 28158.
57) Kim, Y. M.; Chung, H. T.; Simmons, R. L.; Billiar, T. Rl. Biol. Chem.
200Q 275 10954.
58) Boese, M.; Mordvintcev, P. |.; Vanin, A. F.; Busse, R.; MulschJABiol.
Chem.1995 270, 29244.
(59) Kluge, I.; Gutteck-Amsler, U.; Zollinger, M.; Do, K. Q. Neurochem.
1997 69, 2599.
)
)

—~

(60) Steffen, M.; Sarkela, T. M.; Gybina, A. A.; Steele, T. W.; Trasseth, N. J,;
Kuehl, D.; Giulivi, C. Biochem. J2001 356, 395.
(61) Zhang, Y Hogg, NProc. Natl. Acad. Sci. U.S.2004 101, 7891.
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better understand the equilibrium between low molecular weight Scheme 4

and proteinSitrosothiols, further studies are needed to assess
the potential of these enzymes to catalyze the denitrosation of
Snitrosoproteins, as well as to assess the catabolism of low

molecular weight and protei§-nitrosothiols as a function of

their cellular compartmentalization and tissue distribution.
Trxn is maintained in its active, reduced form by TrxnR that

uses NADPH to reduce its-SS bridge between cysteines 32

and 35, respectively. The 3-D structure of Trxn is conserved

through evolution and consists of five central strandesheets
externally surrounded by four-helices®? Trxn’s cysteines 32

and 35 are located in a protrusion of the protein between the

B-2-strand and thea-2-helix82 The conserved active-site

sequence and the 3-D structure of Trxn are common features
of several Trxn-like proteins. These are proteins that either

exclusively encode a Trxn domain or include thioredoxin
domain as well as additional domaitidt is possible that Trxn-
like proteins exert differential substrate selectivity in the redox
regulation of disulfide- and/dB-nitrosothiol-containing proteins.
The catalytic activity of Trxn is encompassed by the general
mechanisms of cyclic disulfide/dithiol- ar&nitrosothiol/dithiol-

Stoyanovsky et al.
GSH
Protein-SH . GSH
—  » Protein-SNO  p.ieinop
Me™orO,  GSNO
/—SNO
r Trxn(DHLA
/—S(H) PHLA o
Trxn(DHLA)
\—sH / S
71 + mNo
Trxn(DHLA
h ( )\—S
NAD* LD (NADH)
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cysteine 69. The authors proposed that ONS-Cys(73)-Tpxn-S
acts as an inhibitor of caspase 3 #ians-S-nitrosation of this
protease to ONS-Cys(163)-caspase 3, a reaction that may impede
apoptosig? Given these controversial data, it is important to
elucidate whether ONS-Cys(73)-Trxn-8ndergoes autodeni-
trosation to HS-Cys(73)-Trxn-(Skln physiologically relevant

type interactions. These interactions are described by either SN conditions that include the presence of TrxnR and NADPH. In

nucleophilic substitution or additierelimination interaction&?
Strained cyclic disulfides are reduced at higher rétegereby
a Bransted relationship is followed in the values Kf pf both
the nucleophilic thiol and of the thiol being displac®¢’
Hydrophobic interactions between “attacking and central thiol”
and “hard-soft acid-base behavior” have also been suggested
to affect the kinetic profile of these reactiof{$8 The redox-

our experiments, the complete Trxn/TrxnR/NADPH system was
able to fully reconstitute the activity of polg-nitrosated caspase
3.

The data presented herein indicate that denitrosation of
Sqitrosothiols by Trxn/TrxnR/NADPH and DHLA leads to the
formation of HNO. Although HNO is a strong reductdt
readily oxidizes thiols via the intermediate formation ®f

active S-S bridge in Trxn is surrounded by a hydrophobic derived hydroxylamines that can interact, intra- or intermolecu-

molecular surface that is believed to represent the area involved

in binding to TrxnR2 while cysteine 32, located in the active
site of Trxn(SH), exhibits a K, of 7.55%70 Whereas most
biological thiols have K, values in the range of 10 to 11, the
reduction of accessible-SS and/or SNO functions in substrate
proteins by Trxn-cysteine 32 would be kinetically favorable.
However, variations in the steric hindrance of cysteine 32 in
Trxn-like proteins may be a key factor in their substrate
selectivity.

Haendeler et al. reported that overexpression of Trxn in

larly, with a second thiol function to form disulfides and
NHOH.” It is tempting to speculate that reduction of HNO to
NH>OH by GSH is the preponderant and final step in a
cytoprotective process that prevents excesSiwérosation of
cellular proteins. On the other hand, the formatioisaferived
hydroxylamines reflects a nucleophilic addition of R HN=

O (or HNt—07), which suggests that lowKy thiols which are
deprotonated at physiological pH may interact with this species
at rates higher than protonated thiols (including GSH). Examples
of proteins containing lowlg, thiols are Trxrf?7Osulfiredoxin’>

endothelial cells activates eNOS, increases basal levels OfPDI,75 RTEM-1 thiol f-lactamasé’ papain’® and succinate

endogenous-itrosothiols, and inhibits TNle~induced apo-
ptosis’! Experiments with genetically manipulated cells that

dehydrogenasé.

express cysteine 69-lacking Trxn suggested that these effectsconclusions

may reflect Trxn nitrosation in its redox inactive cysteine 69 to
ONS-Cys(69)-Trxn, which, in turn, inhibited activators of
apoptosis by delivering NO to their active siféShese results
were recently challenged by model experiments of Mitchell and
Marletta who reported that GSNO (50 equiv relative to Trxn)
preferentially nitrosated Trxn,3n cysteine 73 without affecting

In this work, experimental evidence is presented that Trxn
and DHLA catalyze the denitrosation 8fitrosothiols in both
chemical and cellular systems. The predominant formation of
HNO in this process (Scheme 4) is suggested by (i) the lack of
potentiometrically detectable NO, (ii) the insignificant ac-

(62) Eklund, H.; Gleason, F. K.; Holmgren, Rroteins1991, 11, 13.

(63) Sadek, C. M. et al. Biol. Chem2003 278 13133.

(64) Bachrach, S. M.; Woody, J. T.; Mulhearn, D.£.0Org. Chem2002 67,
8983.

(65) Singh, R.; Whitesides, G. Am. Chem. S0d.99Q 112 6304.

(66) Szajewski, R.; Whitesides, @. Am. Chem. Sod.98Q 102 2011.

(67) Wilson, J.; Bayer, R.; Hupe, 0. Am. Chem. So0d.977, 99, 7922.

(68) DeCollo, T. V.; Lees, W. JJ. Org. Chem2001, 66, 4244.

(69) Vohnik, S.; Hanson, C.; Tuma, R.; Fuchs, J. A.; Woodward, C.; Thomas,
G. J., Jr.Protein Sci.1998 7, 193.

(70) Chivers, P. T.; Prehoda, K. E.; Volkman, B. F.; Kim, B. M.; Markley, J.
L.; Raines, R. TBiochemistryl1997 36, 14985.

(71) Haendeler, J.; Hoffmann, J.; Tischler, V.; Berk, B. C.; Zeiher, A. M;
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