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The cytokine-induced nitric oxide synthase (NOS) of macrophages is a homodimeric enzyme that contains iron protoporphorin IX (heme), FAD, FMN, tetrahydrobiopterin, and calmodulin. To investigate how the enzyme’s quaternary structure relatesto its catalytic activity and binding of prosthetic groups, dimeric NOS and its subunits were purified separately and their composition and catalytic properties compared. In contrast to dimericNOS, purified subunitsdid not synthesize NO or contain bound heme or tetrahydrobiopterin. However, the subunits did contain FAD, FMN, and calmodulin in amounts comparable with dimeric NOS, displayed the light absorbance spectrum of an FADand FMN-containing flavoprotein, and generated an air-stable flavin semiquinone radical upon reduction of their ferricyanide-oxidized form. Dimeric NOS and NOS subunits were equivalent in catalyzing electron transfer from NADPH to cytochrome c, dichlorophenolindophenol, or ferricyanideat rates that were8-30fold faster than the maximal rate of NO synthesis by dimeric NOS. Reconstitution of subunit NO synthesis required theirincubation with L-arginine, tetrahydrobiopterin, and stoichiometric amounts of heme and correlated with formation of a proportional amount of dimeric NOS in all cases. The dimeric NOS reconstituted from its subunits contained 0.9 heme and 0.44 tetrahydrobiopterin bound per subunit and had the spectral andcatalyticproperties of nativedimeric NOS. Thus, NOS subunits are NADPH-dependent reductases that acquire the capacity to synthesize NO only through their dimerization and binding of heme and tetrahydrobiopterin. The ability of heme, tetrahydrobiopterin, and L-arginine to promote subunit dimerization is unprecedented and suggests novel roles for these molecules in forming and stabilizing the active dimericNOS.
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The free radical nitric oxide (NO)’ has emerged asan important signal and effector molecule in mammalian physiology (1-3). NO is generated by a family of enzymes termed NO synthases (NOS)which differ from one another regarding their mode of expression, primary sequence, and calcium dependence (4-7). The NOS purified from cytokine-induced mouse macrophages is a calcium-insensitive homodimer (subunit molecular mass of 130,000) that contains per subunitan average of 1 FAD, 1 FMN, 1 iron protoporphyrin IX (heme), variable amounts (0.1-1) of tetrahydrobiopterin (H4biopterin), and anunspecified amount of tightly bound calmodulin (8-13). Although the precise function of each has not been demonstrated, primary sequence analysis has suggested roles for some of these prosthetic groups in NO synthesis. For example, the binding domains for NADPH, FAD, and FMN are located within a region of NOS which ishighly homologous with the other NADPH-dependent, FAD- and FMN-containingproteins NADPH-cytochrome P-450 reductase, sulfite reductase a-subunit, andbacterial cytochrome P - 4 5 0 ~ ~(14.3 16). The flavins in these enzymes are utilized to transfer electrons derived from NADPH to a heme group that is bound either on the same polypeptide or within an adjacent protein (17-20). This, together with the finding that macrophage and brainNOSare hemeproteins with some similarity to the cytochromes P-450 (12, 13, 21), has led to speculation that the NOS flavins may mediate a similar electron transfer to the heme or H4biopterin groups located within the enzyme’s catalytic center. This speculation is indirectly supported by studies showing that NOS maintains an air-stable flavin radical located near itsheme iron (12) and cancatalyze flavinmediated electron transfertoeither cytochrome P-450 or cytochrome c (21,22). In contrast, the NOS primary structures have not provided similar insights intothe binding and possible functions of the NOS heme and Hrbiopterin groups. As in the cytochromes P450, the NOS hemes are bound to the protein through a cysteine thiolate axial ligation (12, 13,21) andare thought to be a site of oxygen activation and catalysis. However, NOS lacks significant sequence homology with the cytochromes P450 and is notably missing a consensus region that surrounds the heme-binding cysteine in the cytochromes P-450 (23), indicating that heme binding in NOS must differ in some way. Similarly, the NOS enzymes are unique in their containing H4biopterin as a tightly bound prosthetic group (10, 24, 25). This cofactor has been postulated to have either a cataThe abbreviations used are: NO, nitric oxide; NOS, nitric oxide synthase(s); BisTris, bis(2-hydroxyethyl)iminotris(hydroxymethyl) methane; H,biopterin, (6R,6S)-2-amino-4-hydroxy-6-(~-erythro-l,2dihydroxypropyl)-5,6,7,8-tetrahydropteridine;DTT, dithiothreitol; DCPIP, dichlorophenolindophenol.
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Samples were injected onto a 30-cm Rainin C18 reverse phase high performance liquid chromatography column (Woburn, MA) equilibrated with 93% 5 mM ammonium acetate and 7% methanol, pH 6.0, flowing at 0.5 ml/min. A gradient of methanol was run to 70% to elute bound FAD and FMNseparately at 18 and 20 min, respectively. Eluted flavins were quantitated by their fluorescence emission at 530 nm relative to standardcurves generated with authentic compounds. Enzyme-bound Hlbiopterin and totalbiopterins were measured in Mono Q-purified enzyme preparations that had undergone a wash procedure to remove residual free Hbiopterin present in the sample buffer. This involved diluting 50-pl aliquots (25-50 pg) of monomeric or dimeric NOS in 2 ml of Mono Q chromatography buffer that did not contain H4biopterin, followed by concentration in a Centricon30 to 100 pl. The dilution and concentration steps were repeated two more times (giving a final dilution factor of 8,000), and theretentate and final filtrate were analyzed for biopterins by a published fluoroEXPERIMENTALPROCEDURES metric method (24, 25, 29) and quantitated using curves generated Materials-Monoclonal antibody raised against calmodulin was with authentic biopterin and H4biopterin. To measure the obtained from Upstate Biotechnology (Lake Placid, NY). Polyclonal Hlbiopterin content in the reconstituted dimeric NOS, the reconstiIgG antibody raised against mouse macrophage NOS was a generous tuted enzyme was passed through a TSK-G4000 SW gel filtration gift of Dr. Carl Nathan, Cornel1 University Medical College (New column equilibrated in gel filtration buffer that did notcontain York). Nu-Hydroxy-L-arginine was a gift from Drs. Paul Feldman H4biopterin or FAD. Aliquots from fractions containing dimeric enand Jeff Wiseman, Glaxo Research Institute (ResearchTriangle zyme were removed and analyzed as described above. In all cases, Park, NC). Interferon-y was a gift from Genentech (SouthSan approximately 80-90% of NOS-associated biopterins were found to Francisco, CA). H4biopterin was obtained from Dr. B. Shirks (Jona, (10, Switzerland). All other materials were from Sigma or from sources be in the form of Hlbiopterin, consistent with previous reports 24, 25). previously reported (8, 12, 27). Enzyme-bound heme was quantitated through the formation of a Purification of Dimeric NOS and Subunits-Dimeric and monopyridine hemechromogen (12) or by using an experimentally determeric NOS were purified from supernatants of 6 X lo9 interferon-? and lipopolysaccharide-activated RAW 264.7 cells by a method de- mined extinction coefficient of 71 mM" cm"/heme at 397 nm (12) scribed previously (8,12) using a Pharmacia LKB Biotechnology Inc. for macrophage dimeric NOS. Binding of calmodulin to dimeric NOS or its subunits was qualifast performance liquid chromatograph at 4 "C. Briefly, the soluble fraction of activated RAW 264.7 cells was injected onto a 10-mm X tatively determined as described by Cho et al. (11). Briefly, samples 15-cm column containing 2',5'-ADP-Sepharose (Pharmacia) that had containing equal protein were subject to SDS-polyacrylamide gel been equilibrated in 40 mM BisTris buffer, pH 7.4, containing 1 mM electrophoresis, Western transfer ontopolyvinylidene chloride memL-arginine, 3 mM DTT, 4 p M Hgiopterin, 4 p~ FAD, and 10% branes, and detection with a monoclonal anti-calmodulin antibody, glycerol. The column was washed with 10 ml of column buffer using authentic calmodulin as a standard. With this method, most of containing 0.6 M NaCl and again with 10 ml of buffer containing 1.1 the calmodulin that was bound to theNOS protein dissociated during mM NADP'. NOS was then eluted with 4 ml of column buffer gel electrophoresis and ran as a separate band of molecular mass containing 10 mM NADPH. Fractions expressing NOS activity were 17,000 (11). Protein concentration was measured colorimetrically using the concentrated to 1 ml in a Centricon-30 microconcentrator (Amicon, Danvers, MA) prior to injection ontoa Mono Qanion exchange Bio-Rad assay kit and bovine serum albumin as a standard. Rates of NADPH Oxidation and Reduction of Electron Acceptorscolumn (Pharmacia) thathad been equilibrated with buffer containing 40 mM BisTris, pH 7.4, 3 mM DTT, 4 p~ H4biopterin, 10% NADPH oxidation was determined spectrophotometrically at 340 nm using a Hitachi U3110 spectrophotometer or in 96-well plates using glycerol, and 100 mM NaC1. After elution of nonbound protein, a linear gradient of NaCl from 100 to 210 mM was run to elute NOS a Molecular Dynamics kinetic plate reader. Assays were carried out subunits and dimeric NOS at approximately 125 and 175 mM NaCl, a t 37 "C in 40 mM Tris buffer, pH 7.8, containing 3mM DTT; a 4 p~ respectively. Fractions were assigned to contain eitherthe monomeric concentrationeach of FAD, FMN, and H4biopterin; 10 units/ml catalase; and 0.1 mM NADPH. Reactions were initiated by adding or dimeric NOS based on their NO synthesis activity andtheir position within the two chromatographic peaks. The fractions that dimeric NOS or NOS subunits to give a final concentrationof 10 pg/ collected between the two peaks often contained mixtures of dimeric ml. Assay volume was 1 ml for cuvettes and 0.1 ml for microwells. Wavelengths and extinction coefficients used to quantitate the and monomeric NOS and were not used further. The peak fractions that contained either pureNOS subunits ordimeric NOS were pooled NADPH-dependent reduction of cytochrome c, dichlorophenolindophenol (DCPIP), and ferricyanide were 550 nm (21 mM" cm"), 600 separately and concentrated intwo Centricon-30 microconcentrators. Gel filtration chromatography was carried out using either a 60- nm (20.6 mM" cm"), and 420 nm (1.2 mM" cm"), respectively (30). cm TSK-G4000 SW column (Pharmacia)or a60-cm TSK-G3000 SW The initial concentrations of the three acceptors in the incubations column (TosoHaas) equilibrated with 40 mM BisTris buffer, pH 7.7, were 100 pM, 100 pM, and 1 mM, respectively. Reactions that monitored reduction of the acceptors were run at 25 "C in assay buffer as containing 3 mM DTT, 1 mM L-arginine, 4 p~ H4biopterin, 4 p~ FAD, 10% glycerol, and 200 mM NaCl. Under these conditions, or in described for monitoring NADPH oxidation, except that here the cases in which either L-arginine, H4biopterin, or FAD was omitted buffer contained 0.2 mM NADPH, 0.1 mg/ml bovine serum albumin, from the buffer, native or reconstituted dimeric NOS did not disso- 10-30-fold less enzyme, 100 units/ml superoxide dismutase, and no ciate into its subunits. When subunit dissociation of native dimeric DTT orHlbiopterin, which were found to reduce the acceptors NOS was desired, L-arginine, FAD, and Hlbiopterin were all omitted nonenzymatically. Reactions were initiated by adding NADPH after from the TSK column buffer and its pH reduced to 6.8.' In certain a5-minincubation period that allowedfor oxidation of residual cases, Mono Q-purified NOS subunits were separated from contami- Hlbiopterin and DTT present in the diluted enzyme preparations. nating soluble FAD and H,biopterin by gel filtration using the above Cytochrome c concentrations were varied from 2 to 200 p~ to deterbuffer that omitted FAD, Hgiopterin, andL-arginine. mine K , values, which were derived by Lineweaver-Burk analysis. Composition of Dimeric NOS andNOS Subunits-FAD and FMN Reconstitution of Dimeric NOS from Its Subunits-NOS subunits that were bound noncovalently to theMono Q-purified dimeric NOS (final concentration 1-5 p M ) were incubated at 37'C for various or its subunits were analyzed as described previously (8). Briefly, times in 0.2-0.5 ml of 40 mM Tris buffer, pH 7.8, containing an 8 ~ L M bound FAD and FMNwere released by boiling proteins and separated concentration each of FAD, FMN, and H4biopterin; 3 mM DTT; 1 from protein by microfiltration using Ultrafree MC filters (Millipore). mM L-arginine; and heme such that a heme to subunit molar ratio of 1.2:l was achieved. Incubations that varied from this standard with A previous report (8) showed that dissociation of dimeric macro- regard to theircomposition are noted in the text. For kinetic experiphage NOS occurred during gel filtration in minimal buffer at pH ments, a 10-30-pl aliquot was removed from the subunit incubations 7.4. In the present study, NOS subunit dissociation was incomplete at various time points, and the NO synthesis activity was measured under these conditions unless the pHwas lowered below 7.0. by either of two methods as described below. In some cases, a 50-pl



lytic or structural role in NO synthesis (26-28). However, NOS does notshare sequence homology with any of the H4biopterin-dependent hydroxylases, and the role of H,biopterin in NO synthesisremains unclear. To address these issues, we have initiated a structure-function study of macrophage NOS aimed at understanding how enzyme dimeric structure relates to catalysis and binding of prosthetic groups. This report examines the purified NOS monomer with regard to itsphysical and catalytic properties andinvestigates how the enzyme's prosthetic groups andsubstrate influence subunit association and recovery of functional catalysis.
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aliquot was removed in parallel for analysis of subunit dimerization by gel filtration chromatography. Measurement of NO Synthesis Activity-The initial rate of NO synthesis was determined a t 37 "C using a spectrophotometric oxyhemoglobin assay for NO (31). A 10-30-p1 aliquot was removed from enzyme incubations and transferred to a cuvette that contained 40 mM Tris buffer, pH 7.8, supplemented with 5-10 p~ oxyhemoglobin; 0.3 mM DTT, 1mM arginine; 0.1 mM NADPH a 4 p~ concentration each of FAD, FMN, andH.biopterin; 100 units/ml catalase; 10 units/ ml superoxide dismutase; and 0.1 mg/ml bovine serum albumin, to give a final volume of 0.7 ml. The NO-mediated conversion of oxyhemoglobin to methemoglobin was monitored a t 37 "C over time as an increase in absorbance a t 401 nm and was quantitated using an extinction coefficient of 38 mM" cm" (31). 1.
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FIG.1. Purification of dimeric NOS and its subunits by anion exchange chromatography. NOS-containing fractionsfrom the 2',5'-ADP-Sepharose column were concentrated and injected onto a Mono Q anion exchange column. Gradient elution with NaCl (dashed line) separated two protein peaks (solid line) that eluted a t 22 ml (NOS subunits)and at 30 ml(dimeric NOS), the latterof which displayed NO synthesis activity (0).



In some cases, NOS activity was determined by measuring production of nitrite alone or nitrite plus nitrate (stable oxidation products of NO that accumulate quantitatively) in 90-min incubations run at 37 "C.Aliquots (3-20 pl) from column fractions, pooled concentrates, or experimental incubations were transferred to microwells containing 40 mM Tris buffer, pH 7.8, supplemented with 3 mM DTT, 1mM L-arginine; 1 mM NADPH; and a 4 p~ concentration each of FAD, FMN, and H,biopterin, to give a final volume of 0.1 ml. Reactions were terminated by enzymatic depletion of remaining NADPH (8). Nitrite or nitriteplus nitrate production was quantitated by a colorimetric method based on the Griess reaction as described previously (32). RESULTS



Purification of Dimeric NOS and Its Subunits-The purification of dimeric macrophageNOS and its dissociated subunits using Mono Q chromatography is depicted in Fig. 1. The chromatographic conditions allowed an almost complete separation of the macrophage NOS dimer (fractions 30-34) from an earlier-eluting protein peak (fractions 22-29) which did not synthesize NO when assayedunder typical conditions. This inactive protein was shown by gel filtration (Fig. 2, left panel)and SDS-polyacrylamide gel electrophoresis (right panel) to have an equivalent native and denatured molecular mass of approximately 130,000, identical to the mass of the macrophage NOS subunit (5, 8, 9). The right panel of Fig. 2 shows that this130,000protein was specifically recognizedby antibodies prepared against the purified macrophage NOS dimer ( 5 ) . Further, a protein that possessed these same characteristics was generated when purified dimeric NOS underwent gel filtration chromatography in minimal buffer at pH 6.8 (not shown), which caused dimericNOS to dissociate into its subunits.' These data indicate that the inactive protein eluting prior to dimeric NOS on the Mono Q column was dissociated NOS subunits. To determine if the NOS subunits isolated abovehad formed through dissociation of dimeric NOS during the two-
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Fraction (ml) FIG. 2. Molecular weight estimation and immunologic reactivity of NOS subunits and dimeric NOS. Left panel, the elution profiles of Mono Q-purified NOS subunits (I) or dimeric NOS (ZZ) following their separate injection on a TSK-G4000 SW gel filtration column. The inset compares the relative retention of the NOS subunit (I)and dimeric NOS (ZZ) protein peaks with proteins of known molecular weight (0),giving an estimated value of 133,000 for the NOS subunits and 270,000 for dimeric NOS. Molecular weight standards shown are bovine thyroglobulin (670,000), bovine y-globulin (158,000), ovalbumin (44,000), and horse myoglobin (17,000). Right panel, molecular weight estimation and immunoreactivity of dimeric NOS and NOS subunits following SDS-polyacrylamide gel electrophoresis analysis on a 7.5% gel. The left three lanes contain 3 pg of bovine serum albumin (lane A ) , 0.5 pg of NOS subunits (lane I ) , or 0.5 pg of dimeric NOS (lane ZZ). Protein is visualized by silver staining. The right three lanes show a replica gel that was electroblotted to nitrocellulose, treated with a 1:1,000 dilution of a rabbit IgG antibody raised against dimeric NOS, and detected with a 1:1,000 dilution of alkaline phosphatase-conjugated sheep antibody to rabbit IgG. Molecular weight standards indicated are rabbit muscle myosin (200,000),E. coli 0galactosidase (116,000),rabbit muscle phosphorylase b (97,400), bovine albumin (66,000), and ovalbumin (45,000).



Macrophage NO Synthase Subunits step purification procedure, 100 pg of authentic dimeric NOS along with 1mg of bovine serum albumin were injected onto the 2’,5’-ADP-Sepharose column and chromatographed as described under “Experimental Procedures” for the purification of NOS. Subsequent Mono Q chromatography of the concentrated NADPH eluatewas done as under “Experimental Procedures’’ and gave only a single peak that had the retention time andNO synthesis activity of dimeric NOS (not shown). This showed that dissociation of dimeric NOS into subunits had notoccurred during the purification chromatography. Composition of NOS Subunits-Dimeric macrophage NOS is a flavohemeprotein that contains per subunit approximately 1FAD and 1 FMN (8, 9), 1 heme (12, 13), variable amounts (0.1-1 mol) of H4biopterin (lo), and anunknown amount of tightly bound calmodulin (11).Table I compares the quantities of bound prosthetic groups found in our NOS subunit and dimeric NOS preparations that were purified in tandem by Mono Q chromatography. The NOS subunits contained FAD and FMN in amounts that were identical to those found in dimeric NOS. However, the amount of bound FAD was considerably less than l/subunit in both the monomer and dimer. Although the reasons for this are unknown, it may reflect loss of bound FAD during purification. The NOS subunits did not contain measurable amounts of either heme orH4biopterin,althoughnormalquantities of both were bound in thedimeric NOS preparations (10,12).The presence of bound flavins and lack of heme in the NOS subunits are also evidenced in Fig.3, which compares the absorbance spectrum of a NOS subunit preparation with that of dimeric NOS. Absorbance peaks attributable to bound FAD and FMN are present in the subunit spectrum at 380, 456, and 485 nm. The extinction coefficient for the NOS subunits at 456 nm was estimated to be 17,000 M” cm” ( n= 3), which is within the range of other FAD- and FMN-containing flavoproteins (15,17,33). In the dimeric NOS spectrum, the flavin absorbances at 456 and 485 nm appear as shoulders. Absorbance peaks attributable to bound heme at 398 (Soret) and550 nm are present only in the dimeric NOS spectrum. Dimeric macrophage and brain NOS have recently been shown to contain an air-stable flavin semiquinone radical that is oxidizable by ferricyanide and reformed upon reduction of enzyme by NADPH (12). As the difference spectrum in Fig. 4 indicates, a flavin semiquinone radical was also generated in ferricyanide-oxidized macrophage NOS subunits upon their NADPH reduction in air-saturated solution. This difference spectrum was air-stable, displayed a characteristic broad ab-
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Wavelength (nm) FIG. 3. Light absorbance spectrum of NOS subunits and dimeric NOS. Purified dimeric NOS (7 p ~ or) NOS subunits (10 p ~ were ) diluted in 40 mM Tris buffer, pH 7.8, and their spectra recorded at 15 “C.
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Wavelength (nm) FIG. 4. Light absorbance difference spectrum of the NOS subunits. Ferricyanide-oxidized NOS subunits were diluted to 3 p~ in 40 mM Tris buffer, pH 7.8, and their spectrum recorded. NADPH (2 pl) was added to give 5 p~ and the spectrum recorded again after 5 min. The data shown are the reduced minus oxidized spectrum.



sorbance increase centered around 600 nm and a decrease between 350 and 500 nm, and was otherwise similar to the spectrum obtained for dimeric brain NOS under the same conditions(12) or to other homologousFAD- andFMNcontaining flavoproteins that are known to form air-stable TABLE I flavin semiquinone radicals (15, 34). We next assayed for bound calmodulin in three NOS subProsthetic groups bound to dimeric NOS and to NOS subunits Purified dimeric NOS and NOS subunits were analyzed for bound unit and dimeric NOS preparations. Samples were analyzed FAD, FMN, H4biopterin, heme, and calmodulin as described under by SDS-polyacrylamide gel electrophoresis followed byWest“Experimental Procedures.” Calmodulin binding was not quantitated ern transfer anddetection with an anti-calmodulin antibody but was determined qualitatively using an anti-calmodulin antibody. as originally done with purified dimeric macrophage NOS Values are mol bound/mol of subunit and represent the mean f S.D. (11). The analysis revealed that all three monomeric and of a t least three separate preparations. dimeric NOS preparations contained calmodulin in approxiProsthetic Dimeric NOS NOS subunits mately equivalent amounts (not shown), indicating that calgroup modulin had remained tightly bound to dimeric NOS and to mol/mol the NOS subunits during their isolation. 0.49 FAD f 0.04 0.47 k 0.03 NOS Subunit Binding of Heme and H4biopterin”Because FMN 0.71 & 0.06 0.63 0.07 the NOS subunits were devoid of heme and H4biopterin, we Heme 1.2 f 0.3 0” Hlbiopterin 0.19 f 0.01 Ob investigated their ability to bind these two prosthetic groups. Calmodulin Present Present Subunits (5 p ~ were ) incubated at 37 “C for 30 min in 100 p1 of40 mM Tris buffer, pH 7.8, containing 3 mM DTT and ‘Detection limit 0.05 mol/mol of subunit. Detection limit 0.03 mol/mol of subunit. either 20 pM heme or 100 pM H4biopterin. After repeated
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NO synthesis and NADPH oxidation by dimeric NOS or its subunits Incubations containing purified dimeric NOS or NOS subunits were carried out a t 37 “C for 90 min (NOsynthesis)or 30 min (NADPH oxidation) as described under “Experimental Procedures.” The data represent the mean f S.D. from two independent experiments involving three preparations each. Enzyme and substrate



NO synthesis“



NADPH oxidation



nmol/min/rng



Dimeric NOS 162 f 102 L-Arginine 1,098 f1,747 None 4 0 405 f 88 NOS subunits L-Arginine 37 f7 61 f 12 None 4 0 63 f 9 ’NO production was quantitated by measuring its stable oxidation products, nitrite plus nitrate, which accumulated in a 90-min incubation.



washing in Centricon-30 microconcentrators to remove unbound material, the retained subunits and final filtrate were analyzed for heme and H4biopterin as described under “Experimental Procedures.” Results indicated that the subunits had not bound either prosthetic group under these conditions (not ~ h o w n ) . ~ NO Synthesis andNADPH Oxidation-Stoichiometry studies have shown that conversion of 1 mol of L-arginine to NO by brain or macrophage NOS is coupled to the oxidation of approximately 1.5 mol of NADPH (24, 32). For macrophage NOS, some uncoupled NADPH oxidation also occurs in the absence of substrate at a rate thatis 10-25% that observed in the presence of L-arginine (32). Table I1 lists the specific activities of the NOS subunit and dimeric NOS preparations with regard to their NO synthesis and NADPH oxidase activities. Specific activities obtained for the dimeric NOS purified here were similar to values reported previously (8). NADPH oxidation by dimeric NOS was coupled to NO synthesis from L-arginine in approximately a 1.5:l ratio. In the absence of L-arginine, NADPH oxidation by dimeric NOS was reduced to 23% of maximal. Additional purification of dimeric NOS using gel filtration chromatography (8) did not eliminate its uncoupled NADPH oxidation but reduced it to 15% that observed in thepresence of L-arginine (not shown). In contrast, the purified NOS subunits generated little or no NO; the small rate detected (representing 3.5% the specific activity of dimeric NOS) was likely caused by a dimeric NOS contamination carried over from the Mono Q purification. Also, NOS subunit NADPH oxidation was not altered by the addition of L-arginine and was 6-fold lower than thatobserved for dimeric NOS in theabsence of L-arginine. Reductase Actiuities-All NOS isoforms sequenced to date contain binding sites for FAD, FMN, and NADPH (4-7) and are structurally homologous to the flavoproteins NADPHcytochrome P-450 reductase, the sulfite reductase a-subunit, and cytochrome P-45&M.3. These enzymes are known to catalyze electron transfer to a variety of artificial electron acceptors (15, 16,30,33,35). Table I11 lists the cytochrome c, ferricyanide, and DCPIP reductase activities of our macrophage NOS dimer and subunit preparations along with published values for the three related flavoproteins and brain NOS, The macrophage NOS dimer and subunit preparations were approximately equivalent at reducing any given acceptor A similar experiment that substituted gel filtration chromatography for washing by ultrafiltration in a Centricon-30 gave identical results (D. J. Stuehr, unpublished data).



TABLE111 Reductase activities of the FAD- and FMN-containing flavoproteins Macrophage (Mac) dimeric NOS or NOS subunits were incubated at 25 ‘c in buffer containing 4PM FAD, 4 PM FMN, and theacceptors cytochrome c, ferricyanide (FeCNd, or DCPIP as described under “Experimental Procedures.” Reactions were initiated by adding 1mM NADPH. Reduction rates for brain NOS, NADPH-cytochrome P450 reductase, sulfite reductase a-subunit, and cytochrome P-450BM. 3 were obtained from the cited references; reaction conditions are described therein. All reduction rates were normalized to their “per mmol of FAD” values, assuming 1 mol of bound FAD/mol of protein (or subunit) in each case. Rates reported for dimeric NOS and NOS subunits were the mean f S.D. of at least four experiments. NR, not reported. Protein



Electron acceptor Ref.



Cytochrome c FeCNB DCPIP rnol/min/mmol FAD 3.1 f 0.4 4.2 f 0.5 1.0 f 0.3 This report 2.5 k 0.4 3.9 +- 0.5 1.1f 0.4 This report



Mac NOS dimer Mac NOS subunits Brain NOS NADPH-cytochrome P450 reductase Sulfite reductase a-subunit Cytochrome P - 4 5 0 ~ ~ 3



1.5 NR22 2.3 30, 0.7 4.3
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15
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and displayed the same rank order (rate ferricyanide reduction



> cytochrome c > DCPIP). Addition of 10 p~ calmodulin or 1 mM L-arginine to either dimeric NOS or subunit incubates did not alter their ratesof reduction (not shown). In separate experiments, the efficiency of NOS-catalyzed electron transfer to the acceptors was found to range from 87 to loo%, suggesting that direct electron transfer to the acceptors occurred. This was substantiated by the fact that NOS reduction rates did not increase in the absence of superoxide dismutase (not shown). The calculated K,,, values for reduction of cytochrome c by dimeric or monomeric NOS were 42 and 32 pM, respectively, similar to a K,,, of 34 p~ reported for dimeric brain NOS (22). In general, the reductase activities of the NOS subunits and dimeric NOS were very similar to each other. Regarding the three structurally related flavoproteins of Table 111, macrophage NOS reductase activities most closely matched NADPH-cytochrome P-450 reductase, the only other mammalian protein in this group. Recovery of Subunit NO Synthesis and Subunit Reassociation-Based on the dataabove, we sought a means to promote recovery ofNO synthesis activity in the subunits.Initial experiments showed that the subunits did not recover their NO synthesis when incubated under conditions normally used to assay for NOS activity (see “Experimental Procedures”), consistent with previous results (8). We therefore turned to incubating the subunits prior to assay, as has been done to reactivate other oligomeric proteins (36). NOS subunits were incubated at 37 “C in 40 mM Tris buffer, pH 7.8, containing either 3 mM DTT alone or DTT plus molar excesses of Larginine, FAD, FMN, DTT, H4biopterin, and heme. At various times, aliquots wereremoved from the incubates and assayed for NO synthesis activity using the oxyhemoglobin spectrophotometric assay. As shown in panel A ofFig.5, subunits incubated in buffer that contained only DTT did not reconstitute their NO synthesis to a significant extent over the 3-h time period. However, reconstitution was achieved in subunitincubations that contained DTT, FAD, FMN, Larginine, H4biopterin, and heme. Under this condition, NOS subunit activity increased rapidly over the first 30 min of incubation and approached a plateau at approximately 90120 min. At 180 min, the subunits had regained 27% of their
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TABLEIV Effect of incubation conditions on reconstitution of subunit NO synthesis activity NOS subunits (3 p ~ were ) incubated at 37 "cin 200 ~1 of 40 mM Tris buffer containing an 8 p~ concentration each of FAD, FMN, and H4biopterin;3 mM DTT; 1 mM L-arginine; and 3.5 p M heme or were instead incubated under conditions where individual additives were either omitted or substituted as noted. After 120 min, 40-p1 aliquots were removed and assyed for NO synthesis activity induplicate using the oxyhemoglobin assay. Values shown are the average activity contained in the 200-pl incubate at 120 min and are representative of two or three similar experiments.



Activity
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Condition



Fraction (ml)



nrnol NOlrnin



%



45.7



100



Omitted None



FIG. 5. Recovery of subunit NO synthase activity and sub44.8 unit dimeric structure. Panel A, subunits (97 pg) were incubated at 37 "C in 400 pl of buffer containing 3 mM DTT; an 8 p~ concentration each of FAD, FMN, and H4biopterin;1 mM L-arginine;and 5 p~ heme (0)or in buffer containing only DTT (0). At the indicated incubation and immetimes, a 2 0 4 aliquot was removed from eachReplaced diatelyassayedfor NO synthesisactivity by the oxyhemoglobin spectrophotometric method. Data shown are representative of four similar experiments.Panels B and C, at 120 min, 100-plaliquots were removed from the subunit incubates that contained either DTT alone (dashed line, A) or DTT with the other additives listed above (solid line, A) and were injected separately onto a TSK-G3000 SW gel filtration column. Protein in the eluates was monitored as shown in panel E . Ten-pl aliquots were removed from the indicated column fractions, and their NO synthesis activity was assayed in triplicate using the microplate method,as shown in panel C.



46.6 102 FAD FMN 98 H4biopterin" 5.0 11 Heme 2.5 5 L-Arginine 1.6 3 Added 2 mM D-arginine L-Arginine 1.8 4 1 mM NOHarginineb L-Arginine 26.5 58 10 43.6 p M calmodulin 95 1 mM NADPH 3.2 7 a NOS subunits underwentgel filtration in H'biopterin-free buffer prior to use as described under "Experimental Procedures." NOHarginine = Nu-hydroxy-L-arginine,an enzyme-generated intermediate in NO synthesis (32).



viously, incubating subunits in the presence of molar excesses of DTT, FAD, FMN, L-arginine, H4biopterin, and hemesignificantly reactivated their NO synthesis, reaching 45%of



' A t pH 7.8, free hemenormally forms an oxo-bridged dimer in solution (42). However, heme addedto our incubationsbound to DTT and apparently was completely availablet o bind to NOS in this form.



maximum possible activityinthisparticularexperiment. Omitting FAD or FMN from the incubation did not reduce maximum possible NO synthesis activity, assuminga specific the degree of subunit reactivation. In contrast, omitting either activity of 1.3 pmol/min/mg for purified dimeric macrophage heme, L-arginine, or H4biopterin severely reduced reconstiNOS (8). tution of subunit NO synthesis. The basisfor the L-arginine An aliquot was removed at 120 min from either subunit requirement was explored utilizing structural analogs. D-Arincubationdescribed above andanalyzed by gel filtration ginine at 2 mM was unable to substitute forL-arginine in chromatography to determineif subunits had associated into restoring subunit activity, whereas the enzyme reaction intera dimeric NOS. Panel B of Fig. 5 shows that the incubate in mediate Nw-hydroxy-L-arginine (32) at 1 mM was approxiwhich reactivation of NO synthesis had occurred contained mately half as active in promoting reconstitution relative to two proteins, one with a retention time equivalent of dissoL-arginine. Addition of 10 WM calmodulin to otherwise comciated subunits, anda new speciesthat had the retention time plete incubations did not alter their degree of reconstitution, of dimeric NOS. Panel C shows that NO synthesis activity and addition of 1 mM NADPH decreased reconstitution by was expressed only in fractions that contained the newly 90%. formed dimeric species and not in fractions that contained Fig. 6 depicts the gel filtration chromatograms of samples the residual monomers. Based on the relative peak areas in obtained from the subunit incubations of Table IV which the solid chromatogram of panel B , approximately 35% of the omitted either nothing or omittedL-arginine, H4biopterin, or subunits were estimated to have formed a dimeric NOS, in heme. The chromatogram from the fully supplemented incuagreement with the amount of catalytic activity that was bation (denoted+ all in Fig. 6) shows that approximately55% reconstituted in the experiment. In contrast,gel thefiltration of the subunits had formed a dimeric NOS. In contrast, the chromatogram for the subunit incubation in which reactivation of NO synthesis had not occurred contained NOS sub- subunit incubations that omitted eitherL-arginine, heme, or units almost exclusively (panel B ) and displayed only mar- Hlbiopterin each had formed5% or less dimeric NOS. Thus, formation of a dimeric NOS appearedtocorrelatewith ginal NO synthesis activity in the chromatographicregion in case, and reactivation of subunit NO synthesisineach which dimeric NOS eluted (panel C ) . both processes requiredthecoincidentpresence of heme, The above results suggested that reactivation of subunit H4biopterin, andL-arginine. NO synthesis was associated with formation of a dimeric NOS degree of subunit reactivation and that this processwas influenced by the incubation addi- Experiments to optimize the uncovered a complex dependence on heme concentration as tives. We therefore sought to determinewhich NOS prosthetic summarized in Fig. 7. Recovery of subunit NO synthesis was groups or substrates could influence recovery of subunit NO a stoichiometric linearly dependent on added heme until synthesis when added and whether recovery of activity would quantity of heme was added.l After that point, the presence be associated with subunit dimerization in cases. all Table IV of additional heme inhibited reconstitution of subunit activity summarizes results of a representative experiment in which subunits were incubated for 120 min under various conditionsin a concentration-dependent manner. Similar titration exand their NO synthesis activity compared. As observed pre- periments with H4biopterinshowed that recovery of subunit
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ReconstiMed Dimeric NOS



Native Dimeric NOS



Fraction (ml) FIG.6. Effect of incubation conditions on subunit association into a dimeric NOS. Subunits were incubated as described in Table IV in the presence of all additives (+ all) or in the absence of



as designated. either heme, L-arginine (arg), or H4biopterin (Ha) After 120 min, 100-pl aliquots were removed from each incubate, stored on ice, and injected separately onto a TSK-G4000 SW gel filtration column. The figure depicts the protein elution profiles for the four incubates and is representativeof three similar experiments.



500 600 7 IO Wavelength (nm) FIG.8. Light absorbance spectrum of a reconstituted and native dimericNOS. A dimeric NOS was reconstituted by incubat300



400



ing subunits (300 pg) a t 37 "Cin 500 p1 of 40 mM Tris buffer, pH 7.8, containing 3 mM DTT, 8 p M H4biopterin, 1 mM L-arginine, and 5 p M heme. After 120 min, the entire incubate was injected onto a TSKG4000 SW gel filtration column, fractions containing dimeric NOS were collected and concentrated to 350 pl, and the spectrum was recorded uersus a column buffer blank. A spectrum of native dimeric macrophage NOS purified by anion exchange chromatography is included for comparison.



ance shoulder at 420 nm which is present in the native NOS, possibly because of its binding L-arginine that was present in the reconstituted NOS preparation.' The absorbance ratio at 270 and 397 nm for the reconstituted dimer was 3.0, in good agreement with the value of3.2 obtained for native macrophage NOS (12). This ratio indicated that approximately 2 mol of heme was bound per mol of reconstituted dimer (12), a result that was confirmed by the pyridine hemechromogen assay (not shown). The dithionite-reduced, CO-bound reconstituted dimer displayed aSoret maxima at 444 nm(not shown), indicatingthat itsheme iron had bound through axial coordination to a cysteine thiolate, as in native dimeric macrophage NOS (12,131. Reconstituted dimeric NOS preparations that underwent heme :subunit ratio gel filtration in the absence of L-arginine catalyzed the conFIG.7. Effect of heme concentration on recovery of subunit version of L-arginine to NO at rates that ranged from 230 to NO synthesis activity.Subunits (26 pg) were incubated at 37 "Cin 850 nmol NO/min/mg ( n = 4). Their rate of NADPH oxida200 p1 of 40 mM Tris buffer containing 3 mM DTT, 8 p~ H,biopterin, tion was increased 7.2-fold in thepresence of 1mM L-arginine. 1mM L-arginine, and various concentrations of heme. After 120 min, Theseproperties were similar to those obtained with the three 10-pl aliquots were removed and their NO synthesis activity assayed in triplicate by the microplate method. Points shown are the purified native dimeric NOS, as reported in Table 11. H,biopterin Content and Requirement of Reconstituted Dimean S.D., and thecurve is representative of three similar experimeric NOS-Dimeric brain and macrophage NOS contain ments. variable amounts of bound H4biopterin following their purification (10, 24), which enables them to catalyze some NO activity was also dependent on its concentration untilapprox- synthesis in the absence of added H4biopterin (8, 10, 24, 25, imately a 1:l stoichiometry was achieved relative to the sub- 28). We therefore examined if H4biopterin bound tothe units. However, unlike heme, further addition of H4biopterin subunits during theirassembly into adimeric NOS and if the did not inhibit subunit reconstitution (notshown). newly formed dimeric NOS would express some H4biopterinSpectral and Catalytic Properties of the Reconstituted Di- independent NO synthesis activity. Subunits were incubated meric NOS-A larger quantity (-2-3 nmol) of dimeric NOS to form a dimeric NOS as explained above and then subjected was generated from subunits as described above and was to gel filtration chromatography in buffer that did not contain separated from residual monomers by gel filtration chroma- H4biopterin to separate the newly formed dimeric enzyme tography to study its spectral and catalytic properties. The from unreacted subunits. As shown in panel A of Fig. 9, a light absorbance spectrum of the reconstituted dimeric NOS dimeric NOS was generated (fractions 12-17) in approxiis shown in Fig. 8, along with a spectrum of native dimeric mately 40% yield and eluted ahead of the unassociated NOS NOS for comparison. Both spectra containabsorbance bands subunits(fractions 17-22). Certain column fractions were attributable to bound heme centered at 397 nm (Soret) and at 550 nm. In addition, both contain absorbance shoulders ' L-Argininebinding to dimeric NOS causes the portion of its heme attributable to bound flavins at 456 and 485 nm.The spectrum iron which exists in a low spin state (Xmax = 420 nm) to shift to a of the reconstituted dimeric NOS did not contain an absorb- high spin state (Xmax = 385 nm) (D. J. Stuehr, unpublished data).
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gest that the subunits’ inability to synthesize NO was not because of their being inactivated or damaged, but rather reflected a lack of structure orcomposition that was required to express the activity. Bound heme and H4biopterin were conspicuously absent in the purified NOS subunits. Bothprosthetic groups are thought to be essential catalytic components of dimeric macrophage NOS (10, 12, 13, 26, 271, andtheir absence may partially explain the subunits’ inability to generate NO. NOS subunits were,however, identical to dimeric NOS in the following three ways: (i) their containing FAD, FMN, and tightly bound calmodulin; (ii) theirability to generate a stable flavin semiquinone radical upon NADPH reduction (12);and (iii) their catalyzing electron transfer to ferricyanide, cytochrome c, and DCPIP. Because these characteristics did not require bound heme or H4biopterin and were independent of enzyme dimeric structure, they appear to represent intrinsic properties of the NOS subunit. Thus, the macrophage NOS subunit is functionally, as well as structurally (5, 8), quite similar to the flavoproteins NADPH-cytochrome P-450 reductase, sulfite reductase (a-subunit),and cytochrome P450BM+In these enzymes, electrons derived from NADPH are transferred through the flavins to anadjacent hemeprotein or onto an internal heme group (14-20, 30, 35), as shown in Reaction 1. Fraction number FIG. 9. H4biopterin content of reconstituted dimeric NOS and its NO synthesis in the presenceand absence of exogenous H,biopterin. A dimeric NOS was formed by incubating 325 pg of subunits as under “Experimental Procedures” and purified by gel filtration chromatography using column buffer that omitted H4biopterin.Panel A shows the protein elution profile (solid line) and H4biopterincontent (0)of selected 0.35-ml fractions. Panel E shows the NO synthesis activity of selected fractions when assayed by the oxyhemoglobin method both in the presence (W) or absence (0)of 4 p~ H4biopterin. The data are representative of two similar experiments.



assayed for their H4biopterin and protein content, and their NO synthesis activity was measured in the presence and absence of added H,biopterin. Panel A shows that the fractions representing the reconstituted dimeric NOS contained H4biopterin at levels that paralleled the protein peak, whereas fractions representingthe residual subunits did not. Based on these data, the reconstituted dimer contained an average of 0.44 f 0.06 mol of H4biopterin bound per mol of subunit. As shown in panel B, the fractions that contained the reconstituted dimeric NOS synthesized NO when assayed either in the presence or absence of added H4biopterin, with approximately 54% of their activity being independent of added H4biopterin. DISCUSSION



Macrophage NOS is a flavohemeprotein that is catalytically active in its dimeric form (8). In this report, we have characterized macrophage NOS subunits and studied their reassociation to understand how the enzyme’s quaternary structure relates to its catalyticactivityand binding of prosthetic groups. Although the NOS subunits that we isolated were incapable of NO synthesis, they were established to be the NOS protein by virtue of their correct molecular size, antigenicity, content of bound FAD, and FMN, NADPH-dependent reductase activities, and their ability to reassemble under specific conditions into an active dimeric NOS. These characteristics sug-



NADPH



+



[FAD] + [FMN] + heme



REACTION1 Intact electron transfer between bound FAD and FMN is essential for these enzymes to generate an air-stable flavin semiquinone radical or reduce hemeproteins like cytochrome c (30,35). In dimeric NOS, a similar flavin-mediated electron transfer within the subunits is likely to lead to reduction of bound heme and subsequent NO synthesis? In contrast,electron transfer within dissociated NOS subunits can only lead to reduction of dioxygen or exogenous acceptors like cytochrome c, presumably because of their lack of bound heme and H4biopterin. Incubating NOS subunits under specific conditions (discussed below) promoted recovery of between 30 and 65% of their NO synthesis activity. Whenever recovery wasobserved, it was always accompanied by formation of a proportional amount of active dimeric NOS that fully accounted for the recovered activity. In no case did dissociated subunits synthesize NOor recombine to form an inactive dimeric NOS. Thus, dimerization appeared to be the only means by which subunits could regain their NO synthesis. Macrophage NOS is therefore similar to a number of multimeric enzymes in requiring an intact quaternary structure to be catalytically active (36). Remarkably, dissociated NOS subunits displayed little or no affinity toward binding H4biopterin, heme, or other subunits when each was provided individually. Their inability to bind H4biopterin was in marked contrast with dimeric macrophage NOS, whose activity is increased at relatively low concentrations of H4biopterin (ECso = 100 nM; Refs. 8 and 27) and as purified maintains approximately 0.2-0.5 mol % of tightly bound H4biopterin (10, TableI). Likewise, the subunit’s inability to bind heme contrasted with the dimeric enzyme’s maintaining two bound hemes. This latter characteristic differentiatesmacrophage NOS from other multimeric hemeproteins such as hemoglobin or sulfite reductase (37,38) ‘Data describing the NADPH-dependent reduction of the NOS hemes will be published elsewhere (Abu-Soud, H., and Stuehr, D. J. (1993) Proc. Natl. Acad. Sci. U. S. A., in press).
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FIG. 10. Proposed model for assembly and dissociation of dimeric macrophage NOS in vitro. Isolated NOS subunits contain bound FAD, FMN, and calmodulin (CAM) and function as NADPH-dependent reductases that do not synthesize NO. However, in the coincident presence of L-arginine, H4biopterin, and a stoichiometric amount of heme, a productive subunit association occurs to form an active dimeric NOS with coincident binding of two molecules of heme and one to two molecules of Hdbiopterin.Dissociation of active dimeric NOS leads to loss of its bound heme and H4biopterinprosthetic groups and generates NOS subunits.



which continue to bind their heme groups following subunit dissociation. The above discrepancies were reconciled by results that linked subunit recombination to heme and H4biopterin binding. Subunits that were incubated in the coincident presence of heme, H4biopterin, and L-arginine assembled into adimeric NOS, and only under this circumstance did binding of H4biopterinand heme occur. Indeed, subunits undergoing dimerization displayed a remarkable affinity for H4biopterin and heme. Titration studies showed that these cofactors promoted subunit dimerization at submicromolar levels and were maximally effective when approximately one molecule of both heme and H4biopterin was present per subunit. This latter finding suggests important noncatalytic roles for heme and H4biopterin in subunitassembly. Previous studies predicted an optimal subunit: heme:H4biopterin stoichiometry of 1:l:l for native macrophage NOS (10, 12, 13). In the present work, reconstituted dimeric NOS bound 0.9 heme/subunit, in agreement with the above stoichiometry as well as our titrationresults. Although its measured H,biopterin content (0.4/subunit) was less than that predicted, this may have been because of loss of H,biopterin from the reconstituted NOS during gel filtration, given that it is difficult to maintain one H4biopterin bound per subunit in the native macrophage NOS during chromatography (10). When the reconstituted dimeric NOS was assayed in the absence of added H4biopterin, itgenerated NO at a rate that was proportional to its H4biopterin content. Thus,the H4biopterin that bound in the reconstituted dimer was able to influence its catalysis, consistent with similar observations for native macrophage or brain NOS (10, 24, 25). The reconstituted enzyme’s spectral features also showed that itsheme groups were bound through cysteine thiolate ligation to the heme iron, as is the case in native enzyme (12,13). Together, these data indicate that heme and H4biopterinbound in their correct positions during assembly of the reconstituted dimeric NOS. A model that illustrates our findings regarding NOS subunit dimerization and prosthetic group binding is shown in Fig. 10. Although our results clearly support a catalyticfunction for heme and H4biopterin, they primarily establish novel roles for these molecules in forming and stabilizing the dimeric structure of macrophage NOS. Thus,the proposal that H4biopterin may be involvedin stabilizing brain NOS enzyme structure (28) is consistent with ourcurrent findings. In general, the ability of substrates and prosthetic groups to influence subunit recombination has only been documented



for a few enzymes, notably glyceraldehyde-3-phosphate dehydrogenase (39, 40) and alcohol dehydrogenase (41). In the former case, subunit recombination rates were increased by the addition of NAD and in the lattercase by the addition of zinc ions. For glyceraldehyde-3-phosphate dehydrogenase, NAD was proposed to actby promoting subunit “nucleation” (39, 40). Regarding NOS, it isclear that a productive subunit association requires specific interactions of heme, Hdbiopterin, and L-arginine with their respective binding domains. However, the inability of isolated NOS subunits to bind heme and H4biopterin when presented singly suggests that their binding domains are masked, incorrectly formed, or absent when the subunits are in a dissociated state. Although there are several possible considerations, one that is consistent with the data has the binding domains for heme, H4biopterin, or L-arginine being shared between the subunits. In such a system, proper subunit alignment would be promoted through the nucleating effect of heme, H4biopterin, or L-arginine. This model predicts that subunit dimerization might actually be inhibited by excess ligand, which has been observed in the current system for heme. In any case, macrophage NOS appears unique among multimeric proteins in requiring the concerted presence of two prosthetic groups and its substrate for subunit association to occur in uitro. Our findings raise exciting possibilities regarding the structure and function of NOS. For example, it will be interesting to see if heme, H4biopterin,and L-arginine availability limits subunit assembly and expression of NOS activity in macrophages, other cytokine-activated cell types (2, 7), or in bacterial and insect cell over-expression systems. Dissociation of dimeric NOS intosubunits, with accompanying loss of H4biopterin andheme, must now be considered as a possible mechanism of NOS inactivation or inhibition, as well as a means for its pharmacologic control. Finally, the ability to generate purified NOS subunits and study their reassembly under defined conditions should provide new strategies to investigate the biochemistry of this novel and important class of enzymes. Acknowledgments-We thank Pam Clark for expert technical assistance and Drs. H. J. Cho and C. F. Nathan of Cornel1 University Medical College for determining bound calmodulin in the NOS subunit and dimeric NOS preparations. REFERENCES 1. Ignarro, L. J. (1990) Annu. Reu. Phormacol. Toxicol. 3 0 , 535-560 2. Nathan, C. F. (1992) FASEB J. 6,3051-3064 3. Stuehr, D. J., and Griffith, 0.W. (1992) Adu. Enzyml. Relat. Areas Mol. Biol. 6 6 , 287-346 4. Bredt, D. S., Hwang, P. M., Glatt, C. E., Lowenstein, C., Reed, R. R., and Snyder, S. H. (1991) Nature 361,714-718
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Selective inducible nitric oxide synthase inhibition attenuates 

NO is a free radical product generated through the oxidation of. L-arginine to L-citrulline by .... thiourea sulfate, a potent and selective inhibitor of inducible nitric.
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Nitric Oxide in Liver Diseases 

inhibition of NO synthesis causes a marked increase in perfusion pressure.7 Admin- istration of both non-selective and selective inhibitors of NOS into ischemic ...
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Investigation of Vascular Responses in Endothelial Nitric Oxide 
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INTESTINAL NITRIC OXIDE IN THE NORMAL AND ENDOTOXEMIC PIG 

Anesthesia and surgical preparation. Domestic pigs of either .... two experiments, phenylephrine (1 Î¼g/kg/min) was infused i.v., the dose of which was chosen to ...
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Effects of nitric oxide on blood flow distribution and O2 ... .fr 

We conclude that NO is not implicated in the alterations in O2 extraction capabilities observed early after endotoxin admin- istration. cardiac output; hypotension ...
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MM0290 Merc oxide red 

Ingestion: Call physician or Poison Control Center immediately. Induce vomiting only if ... eyelids open. ... Keep away from sources of ignition. DO NOT ... Au meilleur de nos connaissances, l'information contenue dans ce document est exacte.
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