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ABSTRACT. The inducible isoform of nitric oxide synthase (INOS) and three zinc tetrathiolate mutants
(C104A, C109A, and C104A/C109A) were expresseltdcherichia coliand purified. The mutants were
found by ICP-AES and the zinc-specific PAR colorimetric assay to be zinc free, whereas the wild-type
iINOS zinc content was 0.3& 0.01 mol of Zn/mol of INOS dimer. The cysteine mutants (C104A and
C109A) had an activity within error of wild-type iNOS (2.24 0.12umol of NO mint mg™1), but the
double cysteine mutant had a modestly decreased activity ¢.05L4 umol of NO min?* mg™?). To
determine if NO could stimulate release of zinc and dimer dissociation, wild-type protein was allowed to
react with an NO donor, DEA/NO, followed by buffer exchange. ICP-AES of samples treated with 10
uM DEA/NO showed a decrease in zinc content (02®.01 to 0.094+ 0.01 mol of Zn/mol of INOS
dimer) with no loss of heme iron. Gel filtration of wild-type iINOS treated similarly resulted 20%

more monomeric INOS compared to a DEA-treated sample. Only wild-type iINOS had decreased activity
(42 £ 2%) after reaction with 5xM DEA/NO compared to a control sample. Using the biotin switch
method under the same conditions, only wild-type iINOS had increased levels of S-biotinylation.
S-Biotinylation was mapped to C104 and C109 on wild-type iNOS using LysC digestion and MALDI-
TOF/TOF MS. Immunoprecipitation of INOS from the mouse macrophage cell line, RAW-264.7, and the
biotin switch method were used to confirm endogenous S-nitrosation of INOS. The data show that
S-nitrosation of the zinc tetrathiolate cysteine results in zinc release from the dimer interface and formation
of inactive monomers, suggesting that this mode of inhibition might occur in vivo.

Nitric oxide synthase (NOS, EC 1.14.13.39) catalyzes the there are some isoform-specific differences in catalysis. Each
oxidation ofL-arginine to citrulline and NQ.In the first step NOS has a heme-containing oxygenase domain and a
of the NOS reaction, arginine undergoes N-hydroxylation flavoprotein reductase domait4). The enzyme active site
at one of the terminal guanidino nitrogens, leading to the is contained entirely within the heme domain, which also
formation ofN®-hydroxy+-arginine (NHA) as an intermedi-  binds substrate (arginine or NHA) and,Bi (15, 16). The
ate (L, 2). Subsequent oxidation of NHA at the oxime reductase domain binds NADPH, FMN, and FAD and serves
nitrogen yields citrulline and NO. The overall reaction is a to provide electrons to the active site for cataly4ig, (L8).
five-electron oxidation that consumes NADPH angdi©both
steps and requires hem&+5), FMN, FAD (6—8), and HB
(8—10) as enzyme-bound cofactors. Three isoforms of NOS  *Abbreviations: iNOS, murine macrophage inducible nitric oxide

: : : s ringynthase; INORme heme domain of inducible nitric oxide synthase;
have been characterized in mammals, and each is a dIStInCENOS, constitutive isoforms of NOS; CaM, calmodulin; BSA, bovine

gene product differing in subcellular localization, tissue serum albumin; oxyHb, oxyhemoglobin; HRP, horseradish peroxidase;
distribution, and mode of regulationl@ 11). All are H4B, (6R)-5,6,7,8-tetrahydra-biopterin; NADPH, reduced nicotin-

homodimeric require an associated CaM for turnoviex ( amide adenine dinucleotide phosphate; NO, nitric oxide; SBPASGE,
' ) sodium dodecyl sulfatepolyacrylamide gel electrophoresis; PBS,

13), and probably share a common mechanism even thothphosphate-buffered saline; FBS, fetal bovine serum; LPS, lipopolysac-
charide; IFN, interferon; IPTG, isopropy-p-thiogalactopyranoside;
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H,B andL-arginine binding 19, 20), CaM association1,

22), and a zinc tetrathiolate cluste23—25) all contribute

to the stabilization of homodimeric NOS; monomeric NOS
is inactive @6). Two cysteines from each heme domain
(C104 and C109) contribute thiol moieties to this cluster,
which is commonly viewed as only playing a structural role.
Recent reports in the literature highlight the extraordinary
reactivity of cysteines involved in zinc ligation toward
electrophiles, including pD; (an intermediate in the primary
aqueous decomposition pathway of NO), which would yield
a nitrosothiol 27—30). Zn?" is a Lewis acid, and ligation to
cysteine in the form of a zinc tetrathiolate cluster dramatically
reduces the I§, of the thiol, allowing the much more
nucleophilic thiolate to predominate at physiological (@4, (
32). The increased nucleophilicity of the cysteines in the
cluster, combined with the structural importance of the zinc
tetrathiolate for dimer formation and, therefore, activity,
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AspN were from Roche Diagnostics. IPTG dascherichia

coli IM109 competent cells were purchased from Promega.
E. coli DH5a. competent cells and terrific broth were from
Life Technologies. Ni-NTA and the QlAprep miniprep kit
were from Qiagen. The' B-ADP Sepharose 4B resin, S200
16/60 gel filtration column, and PD-10 desalting columns
were purchased from Amersham Biosciences. The Emulsi-
Flex-C5 high-pressure homogenizer was from Avestin, Inc.
C-18 ZipTips and centrifugal filtration units (Ultrafree-15,
Biomax-50K NMWL membrane) were from Millipore.
Precast Novex 1620% Tris—glycine gels, Dulbecco’s
modified Eagle’s medium, penicillin, streptomycin, Mark 12,
and SeeBlue Plus2 molecular mass standards were from
Invitrogen. Protran BA nitrocellulose transfer membranes
were from Schleicher & Schuell. Biotin-HPDP, MMTS,
SuperSignal West femto maximum sensitivity substrate,
NeutrAvidin-HRP conjugate, and immobilized streptavidin

suggests that modification of the cluster might lead to altered were from Pierce. Anti-iNOS monoclonal and polyclonal

function. The reactivity of the zinc tetrathiolate cysteines of

antibodies were from BD Transduction Labs. RAW-264.7

endothelial NOS has been previously shown to be sensitivecells were from the ATCCE. coli lipopolysaccharide and

to peroxynitrite oxidation33). However, in the absence of

recombinant murine IFN-were from Calbiochem. FBS was

superoxide, or when substoichiometric amounts of superoxidefrom Hyclone. DEA/NO was from Cayman Chemical.
are present, two potential electrophiles that could react with Protein assay dye reagent concentrate and Coomassie Blue

the thiolates of NOS are NO orN;. Formation of NO;
within the macrophage is likely due to the high concentration
of NO used for pathogen killing34, 35). Concentrations of
NO used in signaling lead to very low concentrations of
N,O;3, but nitrosothiols could still be formed by nucleophilic
attack on NO with subsequent one-electron oxidati®®) (
or oxidation of the thiolate to a thiyl radical with direct
radical recombination with NO3(7).

Here, we investigate the possibility that S-nitrosation of

R-250 were purchased from Bio-Rad. The QuikChange site-
directed mutagenesis kit was from Stratagene. All other
reagents were purchased from Sigma-Aldrich.

General MethodsThe Bradford assay was used for the
quantification of all proteins in this study. All electronic
absorbance spectra were collected using a Cary 3E spectro-
photometer at 22°C unless otherwise indicated. Metal
analysis was performed on a Perkin-Elmer 3000DV ICP-
AES using commercially available metal standard solutions.

the zinc tetrathiolate cysteines of iINOS plays a regulatory All buffers used in this study were prepared using8 MQ2

role by virtue of their importance in homodimer stability and
increased nucleophilicity. Using the biotin switch method
(38), proteolytic digestion, and MALDI MS, we show that

NO in aerobic solution reacts with high selectivity with the
zinc tetrathiolate cysteines of iINOS. S-Nitrosation of the
cysteines originally involved in zinc ligation leads to zinc

water and did not have detectable iron, cobalt, zinc, nickel,
or manganese by ICP-AES.

Site-Directed Mutagenesis of iINOShe iINOS mutant
constructs were made using the Stratagene QuikChange
method. The mutagenesis primers were synthesized by Elim
Biopharmaceuticals (Hayward, CA) and were HPLC purified.

release from the dimer interface and the dissociation of NOS For the iINOS C104A mutant, the following primers were

into inactive monomers. It has long been known that
exposure of NOS to NO lowers the activity of NOSO(-
41). More recently, overexpression of the primary intracel-

used: sense,&GC CAC ATC GGA TTT CAC TGC AAA
GTC CAAGTC TTG CTT GG-3 antisense, 5sCCA AGC
AAG ACT TGG ACT TTG CAG TGA AAT CCG ATG

lular protein reductant, thioredoxin, was shown to prevent TGG CC-3. For the INOS C109A mutant, the following

reduction in NOS activity42, 43). The work reported here

primers were used: sensé;GAC TTG CAA GTC CAA

suggests that the mechanism of NO-mediated inhibition of GTC TGC GTT GGG GTC CAT CAT GAA CC-3

iINOS can be explained by S-nitrosation of the zinc tetrathi-

antisense, '5GGT TCA TGA TGG ACC CCA ACG CAG

olate cysteines and that iINOS expressed in an activatedACT TGG ACT TGC AAG TG-3. The plasmid encoding
macrophage is isolated with a portion S-nitrosated. The the C104A mutant was arbitrarily chosen to prepare the
S-nitrosated enzyme that has dissociated into monomericC104A/C109A double mutant, and the following primers

form will remain inactive until either reduction of the key
cysteines and re-formation of the zinc tetrathiolate or
formation of an interchain NOS disulfide. Both of these

were used: sense-6AC TGC CAAGTC CAAGTC TGC
ATT GGG GTC CAT CAT GAA CC-3; antisense, 5GGT
TCA TGA TGG ACC CCA ATG CAG ACT TGG ACT

routes would lead to the active dimeric species. This study TGG CAG TG-3. The plasmid DNA was sequenced by the
has ramifications on our current understanding of posttrans-UC Berkeley DNA Sequencing Facility to verify the presence

lational control of NO production. This regulation may be
especially important for the full comprehension of the role
of INOS in chronic inflammation and infection.

EXPERIMENTAL PROCEDURES
Materials.H4B was from Schircks Laboratories. Pefabloc

of the mutation.

Expression and Purification of iNOSExpression and
purification of the wild-type and cysteine mutant full-length
proteins were carried out i. coli, under the control of an
IPTG-inducible promoter, as described previously with minor
modifications 44). All cultures were grown to an optical

SC hydrochloride and sequencing grade trypsin, LysC, anddensity of~0.6 and induced for 23 h at ZZ using 1 mM



4638 Biochemistry, Vol. 44, No. 12, 2005 Mitchell et al.

IPTG in the presence of 1 mM ALA. All buffers used inthe given approximately 5 min to attain equilibrium, and then
lysis, purification, and concentration steps containe@¥0 the spectrum was acquired.
H4B. Cell pellets fran 3 L of culture were resuspended in Preparation of Biotinylated iNOgme The heme domain
lysis buffer containing 50 mM HEPES (pH 7.4), 10% of iNOS was S-biotinylated by reaction with a reductively
glycerol, 1 mM Pefabloc SC, 10g/mL benzamidine, &g/ labile, thiol-specific biotinylating reagent (biotin-HPDP) to
mL leupeptin, and kg/mL each of pepstatin, chymostatin, provide a positive control for the biotin switch method and
and antipain. The resuspended cells were lysed with anto assess the sensitivity of the Western blot. Biotin-HPDP
Avestin EmulsiFlex-C5 high-pressure homogenizer. Cen- (37 uL of a 4 mM stock in DMF) was reacted with 1.6 mg
trifugation far 1 h at42000 rpm yielded supernatant that of purified INOS,emein a 500uL volume of PBS (pH 7.4).
was immediately purified using B -ADP-Sepharose affinity  This solution was allowed to react for 90 min at 37, and
chromatography as previously describéd)(The eluate was  the reaction progress was monitored by the increagg.in
concentrated using a centrifugal filtration device and loaded The byproduct of the reaction of biotin-HPDP with a thiol
onto a gel filtration column (Superdex 200 HiLoad 26/60), is pyridine-2-thione 343 = 8080 Mt cm™1). Excess biotin-
which was equilibrated with 100 mM HEPES (pH 7.4), 100 HPDP was removed on a PD-10 desalting column. The final
mM NaCl, 10 uM H,B, and 10% glycerol. Fractions concentration of the S-biotinylated iINQS. after addition
containing the iINOS dimer were pooled, concentrated, and of 10% glycerol was found to be 0.83 mg/mL by UVis.
frozen in aliquots at-80 °C. iNOS purified in this manner  The stock solution was stored &80 °C in small aliquots
is typically >95% pure as judged by SDFAGE and UV until needed. Biotinylation of iINOGme was confirmed by
vis. Adequate heme incorporation into the protein was running dilutions of this sample on a denaturing-2D%
verified by theAxsd/Asisratio (45). Yields range from5to 6  Tris—glycine gel using nonreducing loading buffer. The gel
mg/L of culture and were determined using the Bradford was then transferred by electroblot to a nitrocellulose mem-
protein assay with a BSA standard. brane. The membrane was blocked for 12 h in 30 mL of
Purification of INOSeme The construct encoding the heme PBS with 0.05% Tween 20 and 3% BSA. The solution was
domain of INOS (residues-1490) has a C-terminal (Hig) then replaced with 30 mL of fresh PBS/Tween/BSA solution,
tag and was expressed in an identical manner as the full-and the NeutrAvidin-HRP conjugate (1:10000 dilution) was
length protein. Purification of iNOgSme was achieved as  allowed to bind fo 1 h atroom temperature with gentle
previously described except for the elimination of the final agitation. The membrane was then washed for 10 min, three
anion-exchange columd%). The heme domain of INOS was times, with~30 mL of PBS/Tween. A mixture of 2 mL of
purified by metal affinity (Ni-NTA) and gel filtration West femto substrate and 2 mL of enhancer solution was
(Superdex 200 HiLoad 26/60). The proteins prepared with reacted with the membrane for 5 min. A Bio-Rad Fluor-S
or without the final anion-exchange step were indistinguish- Multiimager was used for chemiluminescence detection.
able by SDS-PAGE. Adequate heme incorporation into the  Biotin Switch Method on E. coli Expressed iNO%e
protein was verified by théusy/Aszs ratio (Aszg corresponds  biotin switch method was employed to assay for S-nitrosation
to the Soret maximum from a hemamidazole complex). of INOS, iINOS.eme and all of the cysteine mutants. This
Oxyhemoglobin Assaylhe specific activity of the wild-  assay exchanges a photolabile nitrosothiol with a disulfide-
type and mutant iNOS proteins (15 nM) was determined in linked biotin. The biotin tag serves as a primary antibody
triplicate using the oxyHb assay. NO produced by iNOS can for Western blotting, a purification handle, and extra mass
be measured by monitoring the rapid oxidation of oxyHb for mapping the modified cysteine by MS. The assay was
by NO. This reaction generates methemoglobin and nitrate performed as previously described with some modifications
and was performed as previously describé6) ( (38). The initial protein concentration was Qu®/uL, and
Analytical Gel Filtration.A Superdex 200 HiLoad 16/60 reactions were in a 12bL total volume. For the first step
gel filtration column was used to test whether INOS as of the assay, DEA/NO and the appropriate negative control
purified (exclusively homodimer) would dissociate into (DEA) were used at a concentration of GM in 25 mM
monomers in response to the NO donor, DEA/NO. In a HEPES (pH 7.4) using>18 MQ water, which had no
typical reaction, 4«M iNOS in 1 mL of 100 mM HEPES  detectable metals. The buffer for the rest of the assay
(pH 7.4) was reacted with 0, 10, or 120 DEA or DEA/ included EDTA (100uM) and neocuproine (1@M) to
NO for 20 min at 37°C. Under these conditions, all NO has ensure that nondetectable metal-catalyzed nitrosothiol de-
been released from DEA/NO (1.5 equiv). The entire reaction composition would be minimized. If metal chelators are
mixture was then loaded onto the column, which was kept present during the S-nitrosation step, the zinc from the zinc
at 4 °C for the duration of the experiment. tetrathiolate cluster of INOS could be removed. Acetone
PAR Assay.A zinc-specific dye, PAR, was used to precipitations were used to remove the aqueous decomposi-
spectrophotometrically determine the concentration of free tion products of DEA/NO, MMTS, DMF, and biotin-HPDP
zinc in solution. PAR is yellowAnax = 400 nm) and binds  in each step of the switch assay. We have noticed that failure
zinc in a 2:1 stoichiometry with an absorbance shift to 500 to remove the relatively high amount of DMF before SBS
nm. A stock solution of 20cM PAR was prepared in 50 PAGE can lead to streaking and/or bending in the gel. This
mM HEPES (pH 7.0) and 100 mM NaCl. Determination of results in a poor quality Western blot.
free zinc in solution was performed as follows: the YV Anaerobic Biotin Switch Methodlhe first step in the
vis spectrophotometer was blanked om@ PAR in 200 biotin switch method, in vitro S-nitrosation, was also
uL of PAR assay buffer in a quartz cuvette. After thorough performed anaerobically. This was accomplished by deoxy-
washing of the cuvette, the sample for zinc analysis was genating the metal chelator free buffer by 10 cycles of
dissolved into a solution of 8M PAR in assay buffer. The  vacuum and argon purging on a gas manifold system in a
solution was then diluted to a total volume of 260D and gastight vial. This buffer, along with INOS (15 mg/mL) and
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DEA/NO or DEA (9 mM in 100 mM aqueous NaOH) stock Cell Culture.RAW-264.7 cells were maintained in Dul-
solutions, was placed in an anaerobic chamber. The reactiorbecco’s modified Eagle’s medium supplemented with 10%
setup was identical to that of the aerobic samples except tha{v/v) FBS, 2% penicillin, and 2% streptomycin at 3T.
these samples were kept anaerobic until the NO donor hadThese cells were activated for 24 h wikh coli LPS (35
completed 10 half-lives of decomposition~Z0 min). ng/mL) plus recombinant murine IFN<5 units/mL).

Acetone used in the first precipitation was sparged with  preparation of Macrophage Lysates, Immunoprecipitation,
nitrogen for 10 min to minimize the concentration of and Biotin SwitchAfter activation, each 100 mm dish of
dissolved oxygen. The remainder of the biotin switch method macrophages was lysed by scraping cells into 1 mL of lysis
was performed as described above. buffer comprised of Tris (20 mM, pH 7.4), NP-40 (1% v/v),
Proteolytic Digests and MALDI-TOF MS Analysis of deoxycholate (2.5% w/v), NaCl (150 mM), MO (2 mM),
Peptide FragmentsPurified iINOS (20ug) was diluted to EDTA (1 mM), NaF (1 mM), and neocuproine (1G0M)
30uL in PBS (pH 7.4). Digestions were initiated with the  supplemented with a mixture of protease inhibitors. Lysates
addition of 100 ng of trypsin (1:200), 267 ng of AspN (1: \vere rocked at 4C for 30 min and centrifuged at 14060
75), or 267 ng of LysC (1:75). The mixtures were incubated for 15 min. The supernatants were then incubated wity 4
at 37°C for 5 h. Samples for MALDI MS were desalted of anti-iNOS polyclonal antibody fol h at 4 °C with

using C-18 ZipTips and were eluted with/@ of a 50%  rocking. After addition of immobilized protein A (agarose
MeCN:49.9% HOO].% TFA solution saturated with HCCA beads) and another hour of rocking a‘t@,, the beads were
(~10 mg/mL). The matrix/peptide solution (ZL) was  washed extensively with lysis buffer, and iNOS was eluted
spotted onto the MALDI target. Spectra were acquired in from the beads. After iINOS elution, nitrosothiols were
reflector mode over the range/z 600-5000 Da using an  reduced by adding 4 volumes of a solution comprised of
Applied Biosystems Voyager-DE PRO mass spectrometer. HgCl, (3 mM), HEPES (250 mM, pH 7.7), neocuproine (100
The instrument was internally calibrated using four peptides ;M), and SDS (2.5%) and kept at £C for 30 min with
from the digest of known molecular mass flanking the shaking and frequent vortexing. The same solution without
peptide of interest. HgCl, was used as a control. INOS was then precipitated
Purification of Biotinylated Peptides with Streptdin— with 1 volume of acetone, incubated-a20 °C for 30 min,
Agaroselmmobilized streptavidin (agarose beads) was used and centrifuged at 140@Gor 30 min. The pellet was washed
to confirm the presence of biotinylated peptide fragments with cold acetone, resuspended in HEPES (250 mM, pH 7.7),
from the proteolytic digests described above using iNOS EDTA (1 mM), neocuproine (10@M), and SDS (1%), and
protein that had undergone the biotin switch method. iNOS subjected to the biotin switch method as above. After another
peptides were added after equilibration of the beads in PBS.acetone precipitation, S-biotinylated iNOS was trapped with
The suspended slurry (3L) was centrifuged for 2 min at  streptavidin-agarose, eluted, and resolved by SEFAGE.
8000 rpm in a 0.6 mL microcentrifuge tube. The solution Al steps before biotinylation were performed under low-
was decanted, and the beads were washed twice with 10Qight conditions. Proteins were electroblotted onto nitrocel-
uL of PBS using centrifugation to pellet the beads between |ulose membranes, and an anti-iNOS monoclonal antibody

washings. An aliquot of the above digests (A0 was then  was used to probe immunoblots, which were processed as
diluted to 50uL in PBS and applied to the immobilized described previously4Q).

streptavidin. The peptides were allowed to bind for 45 min

at room temperature with agitation provided by a vortexer RESULTS

on low power. Centrifugation for an additional 2 min at 8000

rpm pelleted the beads with the biotinylated peptides bound, Purification of iNOS, Cysteine Mutants, and iN@# All

and the nonbiotinylated peptides were decanted. Weak andof the iNOS proteins expressed i coli were purified to

nonspecific binders to streptavidin and/or agarose were >95% as judged by Coomassie-stained SPAGE (shown

removed by 3« 100uL PBS wash/centrifuge/decant rounds in Supporting Information). A U¥-vis spectrum was taken

and 2x 100 uL rounds using>18 MQ H,O. Biotinylated for each protein to ensure adequate heme incorporation. For

peptides were eluted using approximate|y/3_0 of 50% the fU”-length constructs, the ratio @fzsdA415 was in the

MeCN:49.9% HO:0.1% TFA with heating at 80C for 2 range 2.52.6. For the heme domain construct, g

min with vortexing. An aliquot of this solution (iL) was Asg = 1.4.

diluted into 10uL of the saturated HCCA solution described The last step in each purification involved gel filtration,

above and analyzed by MALDI MS. and although we observed some proteolysis evidenced by
MS/MS Analysis of LysC-Digested iNOBIOS was the appearance of the reductase domain, no monomeric

digested with LysC following the above protocol. Peptides protein was detected, even in the cysteine mutants (data not

from the digest solution were adsorbed onto a C-18 ZipTip shown). The proteolytically generated reductase domain is

and eluted with 4«L of 50% MeCN:49.9% HO:0.1% TFA. in accord with previous studies involving NOS overexpres-

A 0.7 uL aliguot of this solution was mixed with an equal sion in E. coli (48). Finding only dimeric protein in the

volume of saturated HCCA~10 mg/mL) in the same  double cysteine mutant, C104A/C109A, was unexpected

solvent and allowed to dry on the MALDI target. A full-  because this mutant was anticipated to have very low or no

scan mass spectrum of the digest was recorded on an ABaffinity for zinc and is also incapable of forming an interchain

4700 MALDI tandem TOF instrument in reflector mode over disulfide (reducing agents were not added to the gel filtration

the rangem/z 600—-4500 Da; then the protonated peptide running buffer). It appears that other contacts at the dimer

ions atm/z 1300.5 and 1477.7 Da were then isolated in MS1, interface are sufficient to keep the protein dimeric at high

and individual CID spectra were acquired. Air was used as protein concentration ~20 mg/mL, 150u«M) and low

the collision gas at 1.0 keV (lab frame) collision energy. temperature (4C) used while purifying the double mutant.
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Table 1: ICP-AES Analysis of Fe and Zn Content Table 2: Activity of AII of the Full-Length INOS Proteins
protein sample Fe content Zn content Expressed fron?. coli As Measured by the oxyH.k? Ass%.ay

iINOS 125+ 001 0.38% 0.01 protein sample specific activity

iINOS C104A 1.06+ 0.01 <0.08 iINOS 2.24+0.12

iINOS C109A 1.03+ 0.01 <0.08 iINOS C104A 2.2+ 0.16

iINOS C104A/C109A 1.08 0.01 <0.08 iINOS C109A 2.3+ 0.14

iINOSheme 1.27+0.01 0.46+ 0.06 iINOS C104A/C109A 1.750.14

aSeveral INOS proteins were purified from & coli expression 2The oxyHb assay was used to measure the activity of the wild
system, and the metal content was analyzed by ICP-AE$M .INOS type and cysteine mutants of iINOS (15 nM) at ¥7. The proteins

injection. Iron and zinc content is represented as equivalents of metal were kept at £C until addition into the cuvette. The specific activity

per monomer; therefore, full incorporation of iron is 1.00 and for zinc is expressed asmol of NO min* mg~* and determined by monitoring

is 0.50. Error in the measurement is expressed as standard deviatioran increase if\uo; (MmetHb). The error is expressed as standard deviation
and is from three separate measurements. The detection limit for Zn isand is from three separate measurements.

0.08 equiv per INOS monomer.

was subtracted when quantifying the concentration of zinc.
Zinc Content of INOS Cysteine Mutani® determine if The PAR assay was then repeated on the three INOS mutants
the mutant iINOS proteins (C104A, C109A, and C104A/ after denaturation. No dye complex was observed (data not
C109A) were capable of zinc binding, ICP-AES was shown). This is in agreement with ICP-AES measurements.
employed. Iron content from the heme cofactor was also  Activity of INOS and Cysteine Mutant$he activity of
quantified and served as an internal benchmark for zinc all full-length iINOS proteins was measured using the oxyHb
incorporation (Table 1). Wild-type iINOS and the heme assay (Table 2). Wild-type iINOS had the same activity as
domain both have zinc bound (0.380.01 and 0.46t 0.06 both single cysteine mutants (C104A and C109A); however,
mol of Zn/mol of monomer, respectively) whereas the the double cysteine mutant activity was decreased by 20
cysteine mutants did not show any zinc binding within the 25%. As noted above, none of the mutants have detectable
detection limit of the instrument{40 ug/L). As described  zinc whereas the zinc content of the wild-type protein was
in earlier work from this laboratorydf) and others15, 49), as expected for recombinantly expressed protein. Since
a typical overexpression of NOS . coli will yield less analytical gel filtration confirmed that the mutants were
than the maximum zinc ion content (0.5 mol of Zn/mol of dimeric as purified (high concentration and°@), it was
monomer). Full zinc incorporation is only attainable upon not surprising to see significant catalytic activity in all of
the addition of exogenous reducing agents and Z(2). the proteins since they were maintained &CAprior to the
The crystal structures of dimeric isoforms of the NOS heme assay.
domain have been solved with and without an intact zinc  Effect of DEA/NO on Monomerization of INOS and Zinc
tetrathiolate cluster. In the apoprotein, disulfides between theRelease.To determine if INOS dimer stability could be
heme domains assist in dimer stabilization. However, it is altered by the addition of a NO donor, purified wild-type
widely believed that the in vivo form of NOS contains zinc iINOS was treated with DEA/NO in the dark at 3 for 20
(25, 50). min. As a control, the protein was treated with the amine
Zinc Content by the PAR Assalo confirm results from decomposition product of DEA/NO (DEA), also in the dark.
ICP-AES, the PAR assay was used. The zinc-binding dye, As seen in Figure 1, dimer stability is affected by warming
PAR, has been reported in the literature to form a PAR  the protein to 37C for 20 min. Samples treated with DEA

zinc complex withesgo= 69 mM~tcm™t at pH 7.8 80, 51). (20 or 100uM) under the same conditions showed no visible
Under the conditions employed here (pH 7.0), the RAR  increase in monomer formation. The dimer content is
zinc complex has a lower extinction coefficient @by = estimated to be 60% of the total protein in each of these

45.6 mMt cm. Free zinc concentrations as low as 200 controls. This is in contrast to samples treated with increasing
nM were reproducibly quantified under these conditions. To concentrations of DEA/NO. In the samples treated with 10
determine if PAR was able to remove zinc from native uM DEA/NO for 20 min at 37°C, the dimer content is
protein samples, we assayed the following samples in PAR estimated at 40%. After reaction with 100/ DEA/NO,
assay buffer: M carbonic anhydrase (@M zinc), 1 uM estimating the dimer content becomes more difficult due to
superoxide dismutase {2V zinc), 1 uM alcohol dehydro- protein aggregation in the sample. However, the concentra-
genase (M zinc), and 4uM wild-type iINOS (2uM zinc). tion of dimer in the 10«M sample is visibly lower than in

No free zinc was detected in any of these samples (data notthe 10«M sample, approximately 20% of the total protein.
shown). To ensure that the dye is able to bind zinc in the To determine if zinc was lost during the reaction with the
presence of a denatured protein, the above samples werd&O donor, the reactions of iINOS with M DEA and 10
boiled in 1% SDS for 5 min and spectra were reacquired. In uM DEA/NO were repeated as above. After buffer exchange
each case, the dye complex was formed reproducibly within (dilution factor~1600) using a 30 kDa molecular mass cutoff
15% of the expected zinc concentration (data not shown). Millipore centricon (4°C, 3000 rpm), the samples were
The maximum error of 15% may be accounted for by the subjected to ICP-AES (Table 3). Zinc content in the buffer
possibility that these proteins were purified without 100% and DEA-treated samples was decreased from that in INOS
zinc incorporation. It is important to note that, upon as isolated. This is in agreement with the analytical gel
denaturation, iINOS releases all bound cofactors. Beer’s plotsfiltration results: warming promotes monomer formation.
of all of the cofactors from iINOS revealed that only the heme Reaction with a NO donor releases zinc to a level well below
absorbs at 500 nm under our assay conditiegs € 8400 the controls after buffer exchange.

M~! cm™%; data not shown). Since 500 nm is the visible  Effect of DEA/NO on Actity of iINOS and Cysteine
maximum of the dye complex, the contribution from heme Mutants. The oxyHb assay was utilized to quantify any
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Time (min) Ficure 2: Assay of INOS activity. The oxyHb assay was used to

measure the activity of the wild type, C104A, C109A, and the

FIGURE 1: Aggptraces from Superdex 200 HiLoad 16/60 analytical C104A/C109A double mutant of INOS after treatment with DEA
gel filtration of wild-type iNOS. Dimeric iNOS elutes first (leftmost  or DEA/NO (50uM) for 20 min in the dark at 37C. These samples
peak) with the monomer following shortly thereafter. All samples were then diluted into the activity assay buffer, and the increase in
were placed at 37C for 20 min before chromatography was Ay (metHb) was measured. Final protein concentration was 15
initiated. (A) INOS alone. (B) iINOS with 1@M DEA/NO. (C) nM. The specific activity is expressed @0l of NO minmt mg.
iNOS with 100uM DEA/NO. Aggregation is visible in the earlier ~ The error is expressed as standard deviation and is from three
time points of the trace. (D) iINOS with 1Q¢M DEA. The trace separate measurements. Sample assignments: 1, wile-tijieA,;

for 10 uM DEA was identical to trace D. 2, wild type + DEA/NO; 3, C104A+ DEA; 4, C104A+ DEA/
NO; 5, C109A+ DEA; 6, C109A+ DEA/NO; 7, C104A/C109A
Table 3: Metal Content of iNOS Measured by ICP-AES after + DEA; 8, C104A/C109A+ DEA/NO.
DEA/NO-Stimulated Dimer Dissociation and Buffer Exchahge %
protein sample Fe content Zn content

iNOS + buffer 1.00+ 0.04 0.22+0.01

iNOS + 10u4M DEA 1.12+0.04 0.23+0.01 14— -

iINOS + 10uM DEA/NO 1.114+0.01 0.09+ 0.01

aZinc and iron content was analyzed by ICP-AES on wild-type iINOS
(7.2uM injection) after reaction with buffer, DEA, and DEA/NO. After
the NO donor was fully decomposed to DEA and N€2Q min at 37
°C), the samples were buffer exchanged using a 30 kDa cutoff centricon
(Millipore) to remove any released metal. The metal content is expressed

as equivalents per monomer with the error expressed as standard . . . . . .
deviac:ion from tr?ree separate measurements. P Ficure 3: Confirmation of INOGQemebiotinylation and determina-

tion of detection limit. The heme domain of INOS was S-
biotinylated as described and separated by nonreducing—SDS
differences in activity after reaction with DEA/NO (50M) PAGE. The gel was then transferred to a nitrocellulose membrane
for 20 min at 37°C in the dark. As illustrated in Figure 2, and blocked overnight in 3% BSA before detection by NeutrAvidin-

wic-ype INOS is the only proten tha exfibted  decrease Hor, (E1S0), Monomeri O (7 K02 and i dsuiide.
in NO production (42+ 2%) after reaction with DEA/NO, 300 ng; 2, 30 ng; 3, 3.0 ng. The sensitivity limit is estimated to be
as compared to DEA. Wild-type protein, which contains a ~1 ng using chemiluminescent detection.
zinc tetrathiolate cluster, maintained 56% of its activity after
20 min at 37°C (Figure 2 and Table 2). The cysteine was monitored using U¥vis spectrophotometry at 343 nm,
tetrathiolate mutants C104A, C109A, and C104A/C109A which indicated that approximately 4 mol of biotin-HPDP
showed no difference in activity between DEA- and DEA/ had reacted with the iINGQ&,. monomer (data not shown).
NO-treated samples, indicating that an intact zinc tetrathiolate Since no other thiols were in solution during this reaction,
cluster is required for NO-mediated loss in activity. The itis probable that most of the biotinylating reagent consumed
catalytic activity in the mutants was considerably decreasedactually reacted with reduced cysteines of iINQS (11
from samples that were kept at@ (Table 2). The two single  cysteines in INO&mg. After removal of excess biotin-HPDP
mutants, C104A and C109A, retain6% of their original by a PD-10 desalting column, protein biotinylation was
activity after 20 min at 37C. This suggests that little protein  confirmed by a Western blot using NeutrAvidin-HRP. The
in these assays contained an interchain disulfide; however,detection limit under our conditions is approximately 1 ng
none was detected by MS (see below). The double mutantof biotinylated iNOSQeme (Figure 3).
retained only 1.3% of the original activity. Nitrosothiols Present on iINOS after Treatment with DEA/
Preparation of Biotinylated iNOgme and Sensitiity of NO. The biotin switch method, developed by Jaffrey and
NeutrAvidin-HRP. To assess the detection limit of the biotin  Snyder 88), is a sensitive assay for the detection of protein
switch method, the heme domain of INOS was biotinylated nitrosothiols. We used this assay with slight modifications
using the thiol-specific reagent, biotin-HPDP, as described to examine S-nitrosation of INOS after reaction with,5@
in the Experimental Procedures section. Reaction progressNO donor, DEA/NO. Wild-type iNOS treated with DEA/

57 — [ ]
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correspond to biotinylation of peptides containing C104 and
C109. The spectra also contain several unidentified peaks.
These peaks could result from the cleavage of streptavidin,
nonspecific binding (which can be reduced but not eliminated
by stringent washing), and/or nonspecific proteolysis. The
trypsin digest and streptaviditagarose-enriched spectra are
shown in the Supporting Information.

Tandem MALDI MS was used to sequence two peptides

FiGURE 4 The biotin switch method on iNOS and the cysteine Of intérest (1300.51 and 1477.66 Da) from the LysC
mutants. Samples for the assay were treated using the modifieddigestion. The CID spectra from the peptides are shown in
protocol described using DEA or DEA/NO (%M). The outcome Figures 6 and 7. The 1300.51 Da peptide gave a complete

of the assay is an exchange of protein nitrosothiols for a disulfide- y+ jon series and most of the"ons. The biotin tag also

bound biotin. Samples were separated by SBPBGE and trans- ; ; : o
ferred to a nitrocellulose membrane. After overnight blocking, the dissociated from the peptide (431.19, molecular ion; 463.14,

blot was probed with NeutrAvidin-HRP, and biotinylation was mdecu'ar ion plus cysteine sulfur), providing _a_set of
detected by chemiluminescence. Protein aggregation can be seefliagnostic mass peaks to check for other biotinylated
at the top of the membrane and small amounts of nonenzymatic peptides. The CID spectrum for the 1477.66 Da peptide
proteolysis toward the lower half. Lane assignments: 1, wild-type contained most of the'yand b ions in addition to the same
'(':\'1%2 ADDEé\A/IEIb\'NISIdé)J,_%% A'ND%SA_%E(A:‘/l'\ég'A %;j\}ﬁé’?‘ﬁgﬁd 4‘/';/ biotin tag fragments. These spectra confirm the identity of
C109A DEA: 8. C104A/C109A DEA/NO. T the peptides as ATSDFTCK (1300.51 Da) and SCLGSIM-
NPK (1477.66 Da).
NO gave a strong signal by Western blot. Using DEA as a  The iINOS digest was searched for other peptides that could
negative control at an equal concentration, we observed thatpotentially contain a S-biotinylated cysteine. The trypsin and
a portion of INOS as isolated is S-nitrosated (Figure 4). Since AspN digestions were also surveyed in order to increase
the purification steps include all of the cofactors and sequence coverage. Between the three proteases, 100% of
substrates required for catalysis, NO is formed during the the INOS sequence was accounted for in the MALDI spectra.
isolation and would be capable of S-nitrosation chemistry. We were unable to confirm biotinylation of any other
When the in vitro S-nitrosation step of the biotin switch cysteines in the full-length protein. However, a very low
method was performed anaerobically, no increase in S-intensity mass at 4166.11 Da from a LysC digestion was
biotinylation was observed above controls with the addition detected that may correspond to S-biotinylated X0BJ90
of DEA/NO, demonstrating an oxygen requirement for the (contains C1076; data not shown). Unfortunately, the low
nitrosation chemistry (data not shown). abundance of this ion precluded CID sequencing. This mass

MALDI MS Analysis of S-Nitrosated iINO%0o map the was not observed in the streptavidin-purified sample from a
cysteine(s) that undergo S-biotinylation during the biotin trypsin digest, but this does not exclude the possibility of a
switch method, the proteins that were treated with DEA and minor S-nitrosation site.

DEA/NO were proteolytically digested. With the large size ~ Reaction of iINOS Cysteine Mutants with DEA/Ne

of the INOS monomer, 130 kDa not including the associated zinc tetrathiolate mutants of INOS were reacted with DEA/
CaM, a tryptic digest yields several peptide fragments with NO under identical conditions as the wild type to establish
masses that are nearly identical to one another. Morea requirement for zinc in the nitrosation chemistry. None of
importantly, the mass of suspected biotinylated peptidesthe mutants displayed an increase above endogenous S-
would match the mass of other fragments that were not nitrosation. Conversely, the difference in signal between
expected to be biotinylated. Since a goal was to sequenceDEA and DEA/NO with the wild-type protein is clearly
the modified peptides via tandem MS, LysC digestions were shown in lanes 1 and 2 (Figure 4). The double cysteine
used. Peptides from LysC digestion were of sufficiently mutant still exhibited a low level of endogenous S-nitrosa-
different masses so that the peptides could be selectively sention, implying that either the zinc tetrathiolate cysteines are
to a collision cell for CID measurements without further not the only S-nitrosated cysteines or MMTS blocking is
purification. not 100% efficient.

The sequence of the zinc-binding region of INOS is  Endogenous S-Nitrosation of INOS from RAW-264.7 Cells
10/CKSKSGgg and contains two potential sites for LysC To determine if INOS was S-nitrosated within activated
cleavage. Using LysC, we were able to distinguish between macrophages, RAW-264.7 cells were stimulated with f-N-
C104 and C109 S-biotinylation. As shown in Figure 5, and LPS for 24 h. Macrophages that were not stimulated do
masses were identified as S-biotinylated peptides 9% not make detectable iINOS by Western blot using a mono-
(1300.5756 Da) and 168117 (1477.7065 Da) on an clonal antibody. After lysing the cells and immunoprecipi-
internally calibrated MALDI MS spectrum of the LysC tation of INOS from the crude lysate, a portion of the sample
digest. Disulfide formation is known to compete with was treated with HgGI(3 mM, 40°C, 30 min). Nitrosothiols

1 2 3 4 5 & 7 8 these digests contained several peptides of interest that could

e

nitrosothiols on neighboring cysteineés?( 53), but no intra- are selectively and quantitatively reduced under these condi-
or interchain disulfides with C104 or C109 were found by tions. The protein samples (with or without Hg@ketreat-
MALDI under nonreducing conditions. ment) were taken through the biotin switch method (Figure

Peptides from other proteolytic digests (trypsin and AspN) 8). Only iNOS that was not pretreated shows a signal by
of INOS after treatment with the biotin switch method were Western blot after purification by immobilized streptavidin
purified by using immobilized streptavidin (agarose beads) (SA) and elution with3-ME, which cleaves the reductively
and then analyzed by MALDI MS. The mass spectra from labile biotin tag from the protein. No exogenous NO was
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Ficure 5: An internally calibrated MALDI MS spectrum from/z 600—3000 of a LysC digest of wild-type iINOS. This sample (29 of

iINOS) had been through the biotin switch method as described and subsequently digested with 267 ng of LYy€G@tBh. After being
desalted on C-18 ZipTips (Millipore), the samples were cospotted on the MALDI target with HCCA. The peaks at 1300.5756 Da (theoretical,
1300.5739 Da) and 1477.7065 Da (theoretical, 1477.7039 Da) were expected to correspond to biotin-HPDP-modified pefpidem@éd
108-117, respectively. CaM, a peptide from calmodulin, copurifies with iINOS.
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Ficure 6: MALDI-TOF/TOF analysis of S-biotinylated peptide 9805. The sample was prepared in an identical manner as samples for
single TOF analysis. The CID spectrum of this 1300.5 Da peptide contains a compketeigs of ions, several of the lions, and peaks
corresponding to the biotin tag. This spectrum confirms the identity of the peptide as S-biotinylated ATSDFTCK. Abbreviations: M,
molecular ion; M-SS- (biotin), full peptide containing the disulfide but not the biotin; M (SS-biotin), full peptide minus the cysteine
sulfur and the disulfide-bound biotin; biotin, the biotin tag fragmented at th& $ond; biotin— (SS), the biotin tag without sulfur;
biotin-SS, the biotin tag with the cysteine sulfur.

added to these experiments; all of the NO produced wasICP-AES and the PAR assay show that all of the cysteine
synthesized by iINOS. A pilot experiment without HgCl mutants are purified without zinc whereas wild-type iINOS
pretreatment is included in the Supporting Information. and the heme domain construct are purified with zinc content
typical of anE. coli expression system (Table 1). Mutation
DISCUSSION of one of these zinc tetrathiolate cysteines causes the loss of
Three zinc tetrathiolate mutants of INOS (C104A, C109A, two of the zinc-chelating sulfurs since the protein is
and the double mutant C104A/C109A) were expressed in homodimeric. The resulting structure yields a two-cysteine/
E. coliand purified to homogeneity (Supporting Information). two-alanine environment and is not capable of binding zinc.
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FiGure 7: MALDI-TOF/TOF analysis of S-biotinylated peptide 10817. The sample was prepared in an identical manner as samples for
single TOF analysis. The CID spectrum of this 1477.7 Da peptide contains nearly all of &melyo~ ions with the biotin tag fragmenting

in a similar manner as the 1300.5 Da peptide. An internal peak is also observed with loss of a water molecule, LGSIM. This spectrum
confirms the identity as S-biotinylated SCLGSIMNPK. The abbreviation scheme is identical to that in Figure 6.

IFNyILPS, 24h: = + + much larger monomer dissociation constant would still allow
. o . & for the protein to be isolated as a dimer under these
HgCl,, Post-IP: "
B NOS conditions.
| —
RAW lysate | Since dimerization of INOS is a prerequisite for activity
: (26, 54), a more sensitive method for determining the extent
iNOS after BSM| — of INOS monomerization is to measure protein activity.
b e Using the oxyHb assay, the protein concentration is 4 orders

Ficure 8: In vivo S-nitrosation of iINOS in macrophages. RAW- of magnitude Iowgr (15 nM) than that used for gel flltratlon._
264.7 cells were activated for 24 h with coli LPS (35 ng/mL) The double cysteine mutant Was_ the only gnzyme to exhibit
plus recombinant murine IFN-(5 units/mL). The macrophages @ reduced rate of NO synthesis if all proteins were kept at 4
were then lysed, and iINOS was immunoprecipitated (IP) using a °C prior to the activity assay (Table 2). An increadégl

polyclonal antibody to INOS and immobilized protein A (agarose petween INOS monomers in the double mutant is likely a

beads). One sample of INOS was pretreated with H¢EM) to L . o ..
reduce the nitrosothiol before the biotin switch method was contributing factor to the loss N activity. The activity .
performed. The samples were then affinity purified by immobilized Measurements suggest that the wild type and single tetrathi-

streptavidin (SA) (agarose beads), washed, and eluted3aNIE. olate mutants of iINOS will have a dimétp much lower
Only samples with a disulfide-linked biotin are released with this than 15 nM.

methodology. All samples were then r E . . .
elg(t':trc())%?oct)ge)zj to ﬁ?tlrocpz)eelIsl‘JIosee(,a ztin% psr%%i‘(? t\(/av(ijthbyasrﬁfrﬁacionaI On the basis of gel filtration, the oxyHb assay, ICP-AES,
antibody for iNOS. and biotin switch method data shown in Figure 1, Figure 2,
Table 3, and Figure 4, respectively, we hypothesize that NO
Likewise, the double mutant, a four-alanine environment, is can initiate INOS monomer formation with concomitant
also zinc free. release of zinc and protein S-nitrosation (Scheme 1). In an
We initially expected that C104A and C109A would be aerobic solution, NO and oxygen react in a rate-determining
purified as dimers, similar to wild type, and that the double step (termolecular) to form NQOIn a diffusion-limited step,
cysteine mutant would be purified as a monomer. Our NO and NQ recombine to form BOs;, a *NO donor.
rationale for this was that while the single cysteine mutants Cysteines ligated to zinc preferentially react withQy with
would have reduced or no affinity for zinc, they both could an equivalent of protein nitrosothiol and nitrite formed.
still form an interchain disulfide, as observed in a crystal Intramolecular transnitrosation reactions allow for any of the
structure 24), whereas the C104A/C109A double mutant cysteines originally involved in zinc chelation to be S-
could not form an interchain disulfide. However, gel filtration nitrosated. A zinc dithiolate cluster is presumed to be
showed that other contacts at the dimer interface are sufficientunstable, and zinc is released from the dimer interface.
to hold the monomers together and the double mutant wasWithout the stabilizing zinc tetrathiolate cluster, the monomer
also purified as a dimer. It is likely that only dimeric C104A/ dissociation constant is increased. INOS then dissociates into
C109A is observed due to the fact that a very high, itsinactive monomeric form with either cysteine S-nitrosated,
nonphysiological concentration of INOS was loaded onto the provided that the protein concentration is not abnormally
column (20 mg/mL) and the temperature was kept below high. It is important to note that even though zinc-free
4 °C. The concentration of iINOS directly after gel filtration mutants of INOS can be purified in dimeric form, conditions
was~5 mg/mL. At this high protein concentration, even a used to S-nitrosate the zinc tetrathiolate cysteines of wild-
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Scheme 1: Proposed Mechanism of NO-Mediated
S-Nitrosation of INO3
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shown in Figure 4, only wild-type iINOS had increased levels
of S-biotinylation after completion of the biotin switch
method, indicating a requirement for zinc. Had much larger
concentrations of NO been released, we expect the depen-
dence on zinc to disappear because a significantly larger
concentration of MOs; would be formed. NO; formed under
these conditions could then indiscriminately react with less
nucleophilic amino acids (nonactivated reduced cysteines,
tryptophans, histidines, lysines, and argininés), 67).

A small extent of S-biotinylation was also observed in the
control samples (DEA) for the biotin switch method. This
implies that, as purified, a detectable amount of INOS could
be S-nitrosated. An alternative explanation is that the MMTS
blocking step did not go to completion. It is unlikely that
S-nitrosation occurred during aerobic expression of the
protein inE. coli since it is known that this organism does

NO+ G == N o not have the ability to synthesizesB, and this cofactor is
Tha Th‘; SUUCU;]YG Sht%W” is tft‘_e heff‘ﬁ domai{' ?f itﬁ'olsi PDBt'D_ 1NS'_-thessentiaI for NO synthesi&5, 44, 58). Additionally, E. coli
e e e o L growing n an aerobic environment do not produce 6)(
formation. It appears that amounts of NO synthesized by iINOS during

purification are sufficient for the observed S-nitrosation as

type INOS were sufficient to induce monomer formation and all substrates and cofactors required for catalytic activity are
reduction in activity (Figures 1 and 2). Zinc tetrathiolate present.
mutants do not exhibit a change in catalytic activity after ~ Our experiments using murine macrophages with no
exposure to DEA/NO, indicating that the S-nitrosation of addition of exogenous NO enforce the above conclusion
the zinc tetrathiolate cysteines is responsible for the decreas€Figure 8). These in vivo studies indicated that activated
in activity of the wild-type protein. macrophages synthesize iINOS and a detectable amount of

Pretreatment of any zinc tetrathiolate mutant af@7or the enzyme was S-nitrosated. After the biotin switch method,
20 min with DEA/NO or DEA resulted in a striking reduction we were only able to isolate iINOS with immobilized
in activity when compared to wild-type protein (Figure 2). streptavidin if the samples were not pretreated with the
S-Nitrosation cannot account for the decreased activity in selective nitrosothiol reducing agent, HgCBamples that
the mutant proteins, as no change between the DEA/NO-were pretreated were reduced to the free thiol and subse-
and DEA-treated samples was observed. We attribute thequently blocked with MMTS. Derivatized as the methyl
reduction in mutant activity to an increased extent of disulfide, these cysteines were unreactive to biotin-HPDP.
monomer formation; the stabilizing zinc tetrathiolate cluster  Utilizing MALDI-TOF and tandem TOF MALDI MS, we
is not present. The activity of the single cysteine mutants mapped the cysteines in the wild-type enzyme that were
(C104A and C109A) was significantly decreased compared modified by S-biotinylation during the biotin switch method.
to wild type but slightly higher than the C104A/C109A We successfully and independently identified C104 and C109
mutant. This is likely due to a small percentage of the single as sites of S-biotinylation (Figures 6 and 7). However, this
mutants forming an interchain disulfide, although none was did not address the issue that the cysteine mutants and DEA
detected by MS under nonreducing conditions. controls were also modified to a much lower but detectable

Using the biotin switch method, we tested the proposed amount (by Western blot). Our attempts to locate the
mechanism illustrated in Scheme 1. The hypothesis requirescysteine(s) that was (were) modified during the biotin switch
a zinc tetrathiolate cluster, which generates two highly method on the cysteine mutants were unsuccessful. The
reactive cysteine thiolates. Zinc tetrathiolate cysteines areabundance of the S-biotinylated peptide was not high enough
much more reactive toward electrophiles, such as theto give a signal in MALDI above noisg.
nitrosating agent p0Os, than other cysteines in INOS (24 Reversible association with €4CaM posttranslationally
cysteines/iNOS monomer). Coordination to zinc, a strong regulates the constitutive NOS isoforn2i,(22). In contrast,
Lewis acid, has been shown to markedly decrease kae p iNOS association with CaM is considered nearly irreversible
of cysteine (from 8.5 to~6), allowing the much more  (9), and regulation occurs at the transcriptional le6)(
nucleophilic thiolate to predominate at physiological pH. Several hypotheses for posttranslational regulation of INOS
Thiol ligation to zinc and the resulting increase in nucleo-
philicity have been demonstrated on metallothioneid) ( 2This is a reasonable assumption because of the superior sensitivity

alcohol dehydrogenase§), and yeast farnesyltransferase of the biotin switch method. We were able to detedtng of INOSeme
(31). Ab initio calculations on metal-ligated cysteines have that was labeled four times with biotin-HPDP. A monolabeled protein
indicated that zinc and copper are quite efficient at thiol Would have a detection limit of4 ng. A complete LysC digestion of
- - - iINOS (150 kDa including CaM) yields peptides of an average molecular

deprotonation 2). Therefore, we believe that the zinc 565 6f 2 kDa. This would correspond to a total mass of 619 pg
tetrathiolate cysteines of INOS can react witfOhlwith high for the peptide of interest. Since the yield of each step in the biotin
chemoselectivity, provided the NO concentration is kept low. switch method is certainly not 100%, the mass of the peptide we were
Using 50 uM DEA/NO, NOs is formed at a maximum interested in sequencing could be present in low to subpicogram

. ) V23 . . guantities. Given that the yield for each step in the biotin switch method
velocity of ~700 nM NOz s7%, but due to rapid hydrolysis

) ’ 3 S c is not quantitative, an alternative explanation for a weak signal by
in water, this concentration is never attain@®,(55). As Western is from<100% MMTS blocking.
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have been proposed, including arginine availabil@y, 62)
and feedback inhibition by NO at the hem@3). On the

basis of the results presented here, we conclude that another,

posttranslational modification, S-nitrosation, contributes to
iINOS feedback regulation in vitr&-Nitrosation of the zinc

tetrathiolate cysteines in iINOS stimulates zinc release from 12
the dimer interface, resulting in monomer formation and
reduction in catalytic activity due to a larger monomer

dissociation constant. The in vivo studies using mouse 13.

macrophages demonstrate that NO produced by iINOS in cell
culture is sufficient to yield detectable S-nitrosated protein
via the biotin switch method. Further work is necessary to

establish a link between our in vitro results and NO-mediated 14.
deactivation of INOS in vivo. The data presented here suggest

10

Mitchell et al.

. Marletta, M. A., Hurshman, A. R., and Rusche, K. M. (1998)
Catalysis by nitric oxide synthas&urr. Opin. Chem. Biol. 2
656—663.

11. Alderton, W. K., Cooper, C. E., and Knowles, R. G. (2001) Nitric

that it may be crucial for macrophages to either repair the g
S-nitrosated iINOS or synthesize new iNOS since this protein
must function in a chemically harsh environment.
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