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    Chapter 13   

 Analysis of the Expression and Activity of Nitric Oxide 
Synthase from Marine Photosynthetic Microorganisms                     

     Noelia     Foresi    ,     Natalia     Correa-Aragunde    ,     Jerome     Santolini    , 
and     Lorenzo     Lamattina      

  Abstract 

   Nitric oxide (NO) functions as a signaling molecule in many biological processes in species belonging to all 
kingdoms of life. In animal cells, NO is synthesized primarily by NO synthase (NOS), an enzyme that cata-
lyze the NADPH-dependent oxidation of  l -arginine to NO and  l -citrulline. Three NOS isoforms have been 
identifi ed, the constitutive neuronal NOS (nNOS) and endothelial NOS (eNOS) and one inducible (iNOS). 
Plant NO synthesis is complex and is a matter of ongoing investigation and debate. Despite evidence of an 
Arg-dependent pathway for NO synthesis in plants, no plant NOS homologs to animal forms have been 
identifi ed to date. In plants,  there is also evidence for a nitrate-dependent mechanism of NO synthesis, cata-
lyzed by cytosolic nitrate reductase. The existence of a NOS enzyme in the plant kingdom, from the tiny 
single-celled green alga  Ostreococcus tauri  was reported in 2010.  O. tauri  shares a common ancestor with 
higher plants and is considered to be part of an early diverging class within the green plant lineage. 

 In this chapter we describe detailed protocols to study the expression and characterization of the 
enzymatic activity of NOS from  O. tauri . The most used methods for the characterization of a canonical 
NOS are the analysis of spectral properties of the oxyferrous complex in the heme domain, the oxyhemo-
globin (oxyHb) and citrulline assays and the NADPH oxidation for in vitro analysis of its activity or the 
use of fl uorescent probes and Griess assay for in vivo NO determination. We further discuss the  advantages 
and drawbacks of each method. Finally, we remark factors associated to the measurement of NOS activity 
in photosynthetic organisms that can generate misunderstandings in the interpretation of results.  

  Key words     Nitric oxide  ,   Nitric oxide synthase  ,   Oxyhemoglobin assay  ,   Citrulline detection  ,   Griess 
assay  ,   DAF-FM diacetate  

1       Introduction 

  Nitric oxide synthases (NOSs, EC 1.14.13.39)    are present in 
insects, mollusks, parasites, fungi, slime molds, bacteria and recent 
genome sequencing revealed that  NOS proteins   exist in photosyn-
thetic organisms [ 1 – 5 ]. Their amino acid sequences and activities 
are similar to the mammalian NOSs, suggesting that the mamma-
lian gene came from lower species through evolution [ 6 ]. The pro-
karyotic forms have been considered to be the precursors of animals 
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 NOS  . The last were originated during evolution by the fusion of a 
 bacterial oxygenase   domain to a dedicated reductase domain. The 
bacterial enzymes generally have only the  oxygenase   domain highly 
homologous to the mammalian counterpart. However, the  NOS   
from the bacterium  Sorangium cellulosum  contains a reductase 
domaintogether the oxygenase, with a different arrangement of 
the domains between bacterial and animal NOS enzymes,  suggest 
independent events in prokaryotic and eukaryotic lineages [ 4 ,  7 ]. 

 The mammalian NOSs catalyze the oxidation of   l -Arginine   to 
 l -citrulline and NO, with  N -hydroxy- l -Arg formed as an enzyme- 
bound intermediate as shown in [A].
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    All mammalian NOSs are bi-domain  proteins   comprising an 
N-terminal  oxygenase   domain (NOSoxy) that binds protoporphy-
rin IX (heme), 6 R -tetrahydrobiopterin (BH 4 ), and Arg, and a 
C-terminal  fl avoprotein   domain (NOSred), linked together by a 
calmodulin (CaM) binding sequence.  NOS   fl avoprotein domains 
are similar to NADPH-cytochrome P450 reductase and related 
electron transfer  fl avoproteins  , and function to provide NADPH- 
derived electrons to the ferric heme for O 2  activation during NO 
synthesis [ 8 ]. 

 The identifi cation of the NOS from the green algae  O. tauri  
represents the fi rst  NOS   characterized in the plant kingdom [ 5 ]. 
By sequence homology analysis, more NOS sequences can be 
found in other photosynthetic organisms.  O. lucimarinus , another 
species of the  Ostreococcus   genus, also contains a  NOS   gene, the 
expression of which was validated by EST analysis [ 5 ]. In  Bathycoccus 
prasinos  genome there is a sequence with 75 % (accession number 
XP_007510938) and in  Thalassiosira oceanica  genome (accession 
number EJK55330) a sequence with 56 % similarity with the 
 Ostreococcus tauri   NOS   (OtNOS), indicating that novel NOS pro-
teins will be discovered in the plant kingdom in the future. The big 
challenge remaining undeciphered is to identify and characterize 
the  NOS   activity in higher plants. 

 As sated before, OtNOS is the unique  NOS   enzyme character-
ized in photosynthetic organisms [ 5 ]. OtNOS has a 42 % similarity 
to human NOS reaching to 45–49 % similarity to invertebrate 
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NOS. OtNOS contains the NOSoxy and NOSred domains joined 
by a CaM binding domain. Despite the high similarity, some differ-
ences could be noted in the structure of the OtNOS with respect 
to animal NOS. CaM plays a critical role in activating NOS, since 
it triggers the electron transfer from fl avin to heme. OtNOS activ-
ity behaves like an intermediate between eNOS/nNOS and iNOS 
( endothelial  , neuronal and inducible  NOS   respectively) isoforms 
since in the absence of Ca 2+ -CaM, OtNOS retains almost 70 % of 
activity. Furthermore, OtNOS lacks of the autoregulatory control 
element (ACE) [ 5 ], indicating that it is close to the mammalian 
iNOS isoform. The ACE impedes CaM binding and enzymatic 
activation in  constitutive   NOSs (eNOS and nNOS). The increase 
in Ca 2+  concentration triggers the binding of Ca 2+ -CaM in consti-
tutive NOSs by displacing the ACE [ 9 ]. BH 4  cofactor is essential 
for NO production in animals since the absence of BH 4  uncouples 
the reaction leading to NADPH oxidation and superoxide forma-
tion [ 10 ].  Ostreococcus   genome has been completely sequenced 
[ 11 ] and it lacks the genes encoding for the enzymes that synthe-
size BH 4 , suggesting that OtNOS may bind another cofactor for 
catalytic activity. Thus, it is potentially a useful model system to 
study gene evolution and cellular processes in photosynthetic 
eukaryotes. 

 A good approach for the characterization of a canonical  NOS   
enzyme is the recombinant expression of the NOS protein in 
 Escherichia coli . This strategy allows to express and purify the  pro-
tein   for analyzing its spectral characteristics and in vitro activity. 
Furthermore, in  E. coli  expressing the  recombinant NOS   protein it 
can be measured NO production and nitrite levels, an indirect 
method used to quantify NO concentration in vivo. Increased NO 
and nitrite levels were detected in  E. coli  expressing  NOS   recombi-
nant enzyme from mammalian, bacterial, and photosynthetic 
organisms [ 5 ,  6 ]. However, the detection of the NOS activity 
in vivo in the original organism still remains essential. Foresi et al. 
[ 5 ] reported the functional characterization of the  NOS   enzyme 
from  O. tauri  by heterologous expression in  E. coli . Bacterium car-
rying the NOS gene displayed enhanced NO production and cell 
viability. In  O. tauri , OtNOS protein was detected throughout its 
life cycle participating in light-regulated response of the algae. In 
this protocol, the methodology used to study expression and the 
activity of  NOS   in the green algae will be described and discussed 
in detail.  

2     Biological Materials 

 Cloning, expression and purifi cation of heterologous expression of 
 recombinant NOS   in  E. coli  is a useful approach to study the NOS 
activity in vitro and in vivo. 

NOS Activity in Photosynthetic Microorganisms
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       1.     Synthesizing  , sequencing and cloning the full length  NOS   
sequence or the oxy domain (CaM domain, inclusive) of NOS 
into pET expression system vector ( see   Note 1 ).   

   2.    Transform  competent   BL21 (DE3) protease-defi cient  E. coli  
cells with pET-NOS ( see   Note 2 ).      

         1.    Inoculate  Erlenmeyer   fl asks containing 0.5 L of modifi ed Terrifi c 
Broth (20 g of yeast extract, 10 g of bacto tryptone, 2.65 g of 
KH 2 PO 4 , 4.33 g of Na 2 HPO 4 , and 4 mL of glycerol) and  ampi-
cillin   (125 μg/mL) with 500 μL of culture pET15b-NOS and 
grown overnight and then shaking at 150 rpm at 37 °C.   

   2.    Induce the  recombinant protein   expression at OD 600  between 
1 and 1.2 by the addition of 1 mM  IPTG   ( see   Notes 3  and  4 ). 
Add the heme precursor 8-aminolevulinic acid at fi nal concen-
trations of 500 μM.   

   3.    Harvest the cells after 72 h at 20 °C ( see   Note 4 ) of induction 
and resuspend in 250 mL of Lysis buffer (100 mM Tris–HCl, 
pH 7.4, 150 mM NaCl, 1 mg/mL lysozyme, 10 % [v/v] glyc-
erol, 1 mM  PMSF  , 1 mg/L leupeptin, and 0.5 mg/L pep-
statin, 5 mg/L aprotinin, 10 mM  l -Arg, 10 μM BH 4  in  ascorbic 
acid  , 50 U/mL of DNAse). Lysis is achieved by  cell disruption   
using a Cell disruptor Brand or a French press at 0.6/0.8 kbar.      

       1.    Inoculate Fernbach fl asks containing 1 L of modifi ed Terrifi c 
Broth and  kanamycin   (50 mg/mL) with 1 mL of culture pET- 
NOS and grown over night shaking at 190 rpm at 37 °C.   

   2.    Induce the  recombinant protein   expression at OD 600  0.4 by the 
addition of 0.5 mM  IPTG   ( see   Notes 3  and  4 ). Add the heme 
and fl avin precursors 8-aminolevulinic acid and ribofl avin at 
fi nal concentrations of 450 and 3 μM, respectively.   

   3.    Harvest the cells after 24 h ( see   Note 4 ) of induction and 
resuspend in 30 mL of buffer (100 mM Tris–HCl, pH 7.4, 1 
mM EDTA, 1 mM  DTT  , 10 % [v/v] glycerol, 1 mM  PMSF  , 5 
mg/mL leupeptin, and 5 mg/mL pepstatin) per liter of initial 
culture and lysed by pulsed sonication (six cycles of 20 s).   

   4.    Analyze the best conditions for  NOS   expression testing differ-
ent concentrations of  IPTG   and time of induction.  Recombinant 
NOS   is then studied by SDS-PAGE and  Western blot   analysis 
using a specifi c anti-NOS antibody or anti-H is when this tag 
is added ( see   Note 5 ).       

       1.    For Ot NOS   oxi domain, remove cell debris by centrifugation 
(20,000 ×  g ). The supernatant is applied on a NTA-Ni 2+  col-
umn (20 mL), previously equilibrated in MCAC buffer (100 
mM Tris–HCl, pH 7.4, 10 % glycerol, 150 mM NaCl, 1 mM 
 PMSF  , 10 mM  l -Arg, 10 μM BH 4  in  ascorbic acid  ). Column is 
extensively washed (8 column volumes) with a MCAC + 40 

2.1  Cloning 
of Recombinant NOS

2.2  Recombinant 
NOS Expression

2.2.1   NOSoxi Expression

2.2.2  Full NOS 
Expression

2.3   NOS Purifi cation
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mM imidazole buffer. Elution is achieved by the addition of a 
MCAC + 300 mM imidazole buffer.   

   2.    For full  NOS   purifi cation remove cell debris by centrifugation, 
and apply the supernatant to an ADP-agarose 4B column (1 mL) 
equilibrated in buffer B (50 mM Tris–HCl, pH 7.4, 0.1 mM 
EDTA, 0.1 mM DTT, 10 % glycerol, and 100 mM NaCl) ( see  
 Note 6 ). Wash the column with 10 column volumes of buffer B 
and fi nally with buffer B and 500 mM NaCl. Elute the  protein   
with buffer B, 500 mM NaCl, and 25 mM 2′-AMP ( see   Note 7 ).       

3     Methods 

 Carry out all the procedures at 4 °C temperature,  NOS   activity is 
quickly lost at room temperature. 

  
     1.    Recondition the  oxygenase      domain in a KPi, pH 7.4 10 

% [v/v] glycerol and 150 mM NaCl Buffer by three cycles of 
concentration/dilution.   

   2.    Analyze the UV–visible absorption spectra (Fig.  1  main) are 
then recorded for the native enzyme (around 20 μM) and 
upon successive additions of   l -Arginine   (10 mM fi nal) and BH 4  
(40 μM fi nal). Fig.  1  Inset displays the characteristic spectrum 
of the Fe II CO complex obtained upon addition of sodium 
dithionite and CO fl ushing.

                1.     Reduce the  hemoglobin   to oxyhemoglobin with sodium dithi-
onite ( see   Note 8 ) Determine the oxyhemoglobin concentra-
tion in the solution using a molar extinction coeffi cient of 131 
mM −1  cm −1  at 415 nm.   

   2.    Prepare a 500 μL-mix reaction containing 20 mM oxyhemo-
globin, 7.5 mM HEPES-NaOH, pH 7.5, 5 mM DTT, 100 
μM  l -arginine, 1 μM NADPH, 10 mM CaCl 2 , 10 μM CaM, 
100 μM BH 4 , and 100 U/mL catalase.   

   3.    Initiate the reaction by the addition of 0.5 μM purifi ed NOS 
protein. Monitor the NO-dependent conversion of oxyhemo-
globin to methemoglobin on a spectrophotometer by scan-
ning between 380 and 450 nm. Use an extinction coeffi cient 
of 100 mM −1  cm −1  to quantify NO production as the difference 
between the peak at 401 nm and the valley at 420 nm.      

       1.    Prepare 500 μL volume containing 0.5 μM NOS, 50 mM 
Tris–HCl, pH 7.6, 5 mM DTT, 100 μM  l -Arg, 10 mM CaCl 2 , 
10 μM CaM, 100 μM BH 4 , and 100 U/mL catalase and start 
the reaction with 1 μM NADPH ( see   Note 9 ).   

   2.    Monitor the rate of decrease in absorbance at 340 nm for 
10 min at 25 °C using a spectrophotometer. An extinction 

3.1  Spectral 
Properties 
of the Oxygenase 
Domain of NOS

3.2  Determination 
of NOS Activity In Vitro

3.2.1  Spectro- photometric 
Method

3.2.2   NADPH Oxidation
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coeffi cient of 6.22 mM −1  cm −1  at 340 nm is used to calculate 
NADPH oxidation.      

       1.    Perform the enzymatic reaction at 25 °C in 50 mM Tris–HCl, 
pH 7.4, containing 50 μM  l -Arg, 1 μCi [3H]  l -Arginine mono-
hydrochloride (40–70 Ci/mmol; Perkin-Elmer), 100 μM 
NADPH, 10 μM FAD, 2 mM CaCl 2 , 1 μg CaM, and 100 μM 
BH 4  in a volume of 40 μL ( see   Note 10 ).   

   2.    Initiate enzymatic reactions by adding 0.5 μM NOS and termi-
nated after 5–30 min by the addition of 400 μL of ice-cold 20 
mM sodium acetate, pH 5.5, containing 1 μM  l -citrulline, 2 
mM EDTA, and 0.2 mM EGTA (stop buffer).   

   3.    Apply the sample to columns containing 1 mL of Dowex 
AG50W-X8, Na +  form (Bio-Rad; 100–200 mesh), pre- 
equilibrated in stop buffer.   

   4.    Elute  l -citrulline with 2 mL of distilled water. Aliquots of 
0.5 mL of eluate are dissolved in 10 mL of scintillation liquid 
consisting of 0.35 % (w/v) PPO (2,5-diphenyloxazole), 0.03 % 
(w/v) POPPOP (1,4-bis[2-(5-phenyloxazolyl)]benzene), 

3.2.3   Citrulline Detection

  Fig. 1    UV–visible absorption spectra of the oxygenase domain of OtNOS.  Main panel : Native OtNOS ( solid line ) 
shows spectroscopic fi ngerprints charecteristic of mammalian NOSs: a Soret maximum around 402 nm (indi-
cating a mixture of high spin and low spin species), an  α / β  region with two bands around 515 and 545 nm and 
a charge transfer band at 650 nm. Addition of the substrate L-arginine ( dashed line ) and the cofactor BH 4  
( dotted line ) shifts the mixture to a fully high spin species ( I  max  at 398 nm).  Inset : P450 spectra of OtNOS. The 
Fe II CO complex of OtNOS shows a mixture between P450 and P420 conformations, indicating a certain liability 
of the proximal ligation       
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1 % (w/v) naphthalene, 2.3 % (v/v) ethanol, 3.85 % (v/v) diox-
ane, and 3.85 % (v/v) toluene. Radioactivity is measured in a 
liquid scintillation counter.     

 For a correct citrulline assay interpretation a thin layer chroma-
tography is necessary ( see   Note 10 ). The citrulline production by 
OtNOS was evidenced by TLC (Fig.  2a, b ).

     1.    Prepare the reaction: 50 mM Tris–HCl (pH 7.4) containing 
50 μM  l -Arg, 1 μCi [ 3 H] l -arginine monohydrochloride, 100 
μM NADPH, 10 μM FAD, 2 mM CaCl 2 , 1 μg CaM, and 10 
μM BH 4  in a fi nal volume of 40 μL.   

   2.    Start the reaction by the addition of 0.5 μM OtNOS or H 2 O 
(Control).   

   3.    After 30 min at 25 °C, stop the enzymatic reaction with 40 μL 
of 20 mM sodium acetate pH 5.5, containing 2 mM EDTA 
and 0.2 mM EGTA, and load onto a Dowex AG 50 W-X8 
resin column.   

   4.    Elute the citrulline by centrifugation and separate it by TLC.   
   5.    Run standard solutions contained 0.2 μmol of  l -Arg, 0.2 μmol 

 l -citrulline and a mix containing 0.1 μmol of  l -Arg plus 0.1 
μmol of  l -citrulline.   

   6.    Separate the amino acids on Silica-60 TLC plates (Merck) 
employing chloroform, methanol and ammonium hydroxide 
(2:3:2, v/v/v) as the mobile phase.   

   7.    Stain the amino acids with ninhydrin solution (0.1 %, w/v, 
ninhydrin in ethanol–acetic acid, 5:1, v/v).   

   8.    Remove the amino acids spots from TLC plates and determine 
the radioactivity using a liquid scintillation counter.    

       The in vivo NOS activity can be analyzed in the bacteria expressing 
the recombinant  protein  . 

       1.    Determination of NO formation using the Griess reagent in  E. 
coli  ( see   Note 11 ). For a nitrite measurement inoculate 
Fernbach fl asks with 500 μL of culture containing 50 mL of 
LB medium and shake at 190 rpm at 37 °C. Induce recombi-
nant  protein   expression by the addition of  IPTG   ( see   Note 4 ).   

   2.    Add the heme and fl avin precursors 8-aminolevulinic acid and 
ribofl avin, to 450 and 1 μM, respectively, and the substrate  l - 
Arg to 1 mM, all of them fi nal concentrations.   

   3.    The cells are harvested 5 h after the induction and the pellet is 
solubilized in 100 mM  phosphate buffer   pH 7.5 and lysated by 
pulsed sonication (six cycles of 20 s each).   

   4.    Remove cell debris by centrifugation, and use the supernatant 
for Griess assay. Fifty microliters of sample is placed in a 96-well 
micro assay plate.   

3.3  In Vivo Assay 
Method to Detect NOS 
Activity
3.3.1   Griess Assay
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   5.    Add 50 μL of sulfanamide in 5 % [v/v] phosphoric acid; 
 incubate for 10 min at 20 °C.   

   6.    Add 50 μL of 1 % (w/v)  N -(1-naphthyl) ethylenediamine HCl 
(NED) and incubate for 10 additional min in the dark.   

   7.    Read the absorbance at 550 nm in a microplate reader. A nitrite 
standard calibration curve (0–100 μM) is performed for nitrite 
concentration estimation.      

       1.    Add DAF-FM diacetate(10 μM, Molecular Probes) to the 
 culture medium and incubate in the dark for 20 min prior 
 measurement ( see   Note 12 ).   

   2.    Measure NO fl uorescence intensity (excitation 495 nm; emis-
sion 515 nm) using a fl uorescence plate reader or visualize NO 
dependent green fl uorescence under an inverted fl uorescence 
microscope. A culture without  NOS   protein as negative con-
trol is essential, with the same optical density ( see   Note 12 ).        

3.3.2  Fluorometric 
Detection of NO Production

  Fig. 2    Detection of L-citrulline as a product of OtNOS enzymatic activity. ( a ) Thin layer chromatography (TLC) 
of the products of reactions. Retension factors (Rf) were determined (L-arginine, 0.21; L-citrulline, 0.59). ( b ) 
Amino acids were removed from TLC plates and radioactivity was determined using a liquid scintillation coun-
ter. Values are expressed as the ratio of [ 3 H]L-citrulline to [ 3 H]L-arginine.  Error bars  denote SE ( n  = 4) and 
 asterisk  indicates a statistically signifi cant difference ( t  test,  p  < 0.05). Foresi et al., 2010.   www.plantcell.org    . 
Copyright American Society of Plant Biologists       
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4     Notes 

     1.    The DNA sequence can be obtained from RNA extracted 
from the organism and preparing cDNA with  transcriptase 
reverse   and DNA by PCR or DNA synthesized commercially 
from genomic sequence databases [ 5 ]. The pET expression 
system (Novagen) is one of the most used systems for the 
cloning and in vivo expression of recombinant  proteins   in  E. 
coli.  This is due to the high selectivity of the pET system’s 
bacteriophage  T7 RNA polymerase   for its cognate  promoter 
sequences  , the high level of activity of the polymerase and the 
high translation effi ciency mediated by the T7 gene  10  transla-
tion initiation signals. In the pET system, the  protein   coding 
sequence of interest is cloned downstream of the T7 promoter 
and gene  10  leader sequences, and then transformed into  E. 
coli  strains.  Protein   expression is achieved by  IPTG   induction. 
Due to the specifi city of the T7 promoter, basal expression of 
cloned target genes is extremely low in strains lacking a source 
of  T7 RNA polymerase  . This phenomenon, together with 
high-effi ciency translation, achieves expression levels in which 
the target protein may constitute the majority of the cellular 
 protein   after only a few hours [ 12 ].   

   2.    The pET24b-OtNOS vector is used to transform BL21 (DE3) 
protease-defi cient  E. coli  via  electroporation   [ 5 ]. The BL21 
(DE3)  competent   cells are an all purpose strain for high-level 
 protein   expression and easy induction. This strain is defi cient 
in the proteases ompT and lon, resulting in a suitable host for  
recombinant expression [ 13 ].   

   3.     E.coli  is the most frequently used host for production of NOS 
enzymes [ 6 ,  14 ,  15 ]. Only mammalian iNOS requires of CaM 
co-expression to generate a fully active form expressed in  E. 
coli  [ 16 ].   

   4.    The  IPTG   concentration used for  NOS   expression depends 
on the  protein   and the vector used for the expression system; 
it can vary between 0.1 and 2 mM. The temperature and time 
of induction depends on the  NOS   protein. The optimal condi-
tions should be tested for each  protein  .   

   5.    OtNOS expression can be identifi ed by specifi c anti-OtNOS 
antibody [ 5 ].   

   6.    The activities of the three  NOS   recombinant isoforms from 
animals are found distributed between the soluble and partic-
ulate fractions of cells. Isoform I (nNOS from brain) and iso-
form II (iNOS from cytokine-induced macrophages) are 
mostly soluble  proteins  . Isoform III (eNOS) from  endothelial   
cells is myristoylated and found predominantly in the particu-
late fraction. The activities of isoforms I and III are regulated 
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by Ca 2+  in the nanomolar range. The activity of isoform II is 
Ca 2+  independent. Similar, but not identical procedures are 
used to purify the different isozymes. All three isoforms are 
hemoproteins and require the same cofactors, NADPH (6 R )-
5,6,7,8-BH 4 ,  fl avin adenine dinucleotide (FAD)  , and  fl avin 
mononucleotide (FMN)  . Flavins and BH 4  are found bound to 
the purifi ed enzymes in quantities that are sometimes, but not 
always, suffi cient for full activity [ 17 ].   

   7.    The OtNOS and eNOS  recombinant proteins   were purifi ed 
using 2′5′-ADP Sepharose 4B and appeared as a single band of 
apparent molecular mass 119 and 135 kDa, respectively, on 
SDS/PAGE [ 5 ,  14 ]. 2′5′ADP Sepharose 4B media with 
immobilized NADPH structural analog is primarily used for 
purifi cation of enzymes requiring NADPH as a cofactor. 

 The addition of a specifi c tag (e.g., His tag) is a common 
strategy used to express and purify  NOS   proteins. NOS cDNA 
sequences from  Bacillus subtilis  and  Deinococcus radiodurans  
were cloned with a His 6  tag attached to its N terminus and the 
 proteins   were over expressed in  E. coli  strain BL21 (DE3) and 
purifi ed using chromatography on Ni 2+ -nitrilotriacetic acid 
resin [ 18 ,  19 ].   

   8.    Spectrophotometry has been widely used to measure  NOS   
activity through the oxyhemoglobin (oxyHb) assay. NO stoi-
chiometrically reacts with oxyHb to produce  methemoglobin 
(metHb)   [ 20 ]. The distinct optical behaviors of these species 
(oxyHb and metHb) make the conversion of oxyHb to metHb 
a simple, practical a rapid spectrophotometric determination 
of  NOS   activity [ 20 ]. Nevertheless; same precautions have to 
be taken when using this assay. The isolated  NOS   protein 
should be preferably not contaminated with other proteins, 
normally a minimal metHb formation is observed without 
 proteins   in the sample. Hence, it is necessary the control reac-
tion performed either (a) with a specifi c inhibitor of NOS, (b) 
in absence of the cofactor nicotinamide adenine dinucleotide 
phosphate (NADPH) or (c) without the substrate  l -Arg. This 
assay is commonly used for the analysis of the catalytic proper-
ties of  NOS   [ 5 ,  19 – 21 ].   

   9.    NOS isoforms catalyze other leak and side reactions, such as 
  superoxide     production at the expense of NADPH. As such, 
this stoichiometry is not generally observed, and refl ects the 
three electrons supplied by NADPH to form one NO. A par-
tial uncouple reaction in the  NOS   activity can be detected by 
NADPH oxidation [ 22 ].   

   10.    The  l -citrulline assay is based on the stoichiometric produc-
tion of NO and  l -[ 3 H]-citrulline from  l -[ 3 H]-arginine by 
 NOS  . This chemical reaction is the basis of the  l -citrulline 

Noelia Foresi et al.

http://en.wikipedia.org/wiki/Superoxide#Superoxide


159

assay, a simple and specifi c method that is currently used to 
measure  NOS   enzymatic activity, with control reactions 
(blanks) performed either (a) with a specifi c inhibitor of  NOS  , 
(b) in absence of the cofactor NADPH, or (c) with a  protein   
extract that has been boiled prior to the incubation. Since the 
reaction can be performed with or without Ca 2+ , it can be dis-
criminated between Ca 2+ -dependent and Ca 2+ -independent 
NOS activities. The  l -citrulline assay has been widely used to 
demonstrate  NOS   activity in a variety of cells and tissues [ 19 , 
 23 ,  24 ]. However, NOS activity is relatively unstable, and the 
 l -citrulline assay is technically inapplicable when applied with 
low levels of NOS protein [ 25 ]. 

 The principle of the technique is to retain the labeled 
 l -[ 3 H]-arginine, by the Dowex and measured in the scintilla-
tion system. There are many reports of an arginine-dependent 
NOS activity in higher plants. To  NOS   activity in plants 
extracts, many studies have relied on a citrulline-based assay 
that measures the formation of  l -citrulline from  l -Arg using 
ion exchange chromatography. However, Tischner et al. [ 26 ] 
reported that when such assays were used with  protein   extracts 
from  Arabidopsis , an  l -Arg-dependent  NOS   activity was 
observed, but it generated a metabolite product other than 
 l -citrulline. Indeed, TLC analysis identifi ed the product as 
argininosuccinate. The reaction was stimulated by fumarate 
(>500 μM), suggesting that the enzyme involved was the urea 
cycle enzyme argininosuccinate lyase (EC 4.3.2.1), which 
reversibly converts  l -Arg and fumarate to argininosuccinate. 
These results indicate that caution is needed when using stan-
dard citrulline-based assays to measure  NOS   activity in plant 
extracts, and highlight the importance of verifying the identity 
of the product as  l -citrulline.   

   11.    NO has a short half-life (<10 s), which makes it diffi cult to 
detect and study. However, as NO is metabolized to nitrate 
and nitrite in the cell, quantization of these stable anions can 
be used to measure the amount of NO that was originally 
present in a sample [ 26 ]. The Griess reaction was reported by 
Johann Peter Griess in 1879 as a method of analysis of nitrite. 
In this method, nitrite is fi rst treated with a diazotizing reagent 
(Reagent A), e.g., sulfanilamide (SA), in acidic media to 
form a transient diazonium salt. This intermediate is then 
allowed to react with a coupling Reagent B, N-naphthyl- 
ethylenediamine (NED), to form a stable azo compound. The 
intense purple color of the product allows assaying nitrite with 
high sensitivity and can be used to measure nitrite concentra-
tion as low as ~0.5 μM. The absorbance at 540 nm of the 
formed adduct is linearly proportional to the nitrite concen-
tration in the sample [ 27 ]. Through the years, many variations 
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on the original reaction have been described. The most popu-
lar version seems to be the sequential method in which nitrite 
is mixed with SA fi rst, followed by the addition of NED. This 
method seems to give highest yield of the  chromophore  , and 
therefore it is the most sensitive way to perform Griess 
Reaction assay [ 28 ,  29 ]. For a more accurate measurement of 
NO produced in a sample, the nitrate formed via oxidation of 
nitrite must also be measured. This is often accomplished by 
reducing nitrate to nitrite immediately prior to the addition of 
the Griess reagents to the initial sample [ 30 ]. This approach 
was employed to identify  NOS   activity in  E. coli  expressing a 
 recombinant NOS  , including OtNOS and NOS from  Bacillus 
subtilis  [ 5 ,  6 ]. The NOS activity in vitro can be measured by 
Griess reagent, however, NADPH, an essential cofactor for 
NOS activity, interferes with the Griess reaction, which severely 
limits the sensitivity of conventional assays. The addition of 
lactate dehydrogenase (LDH) eliminates NADPH and can 
increase the sensitivity of the Griess reaction. 

  Some considerations and recommendations for the Griess assay:
 ●    Sulfanilamide and NED compete for nitrite in the Griess 

reaction [ 30 ], and thus greater sensitivity is achieved when 
the two components are added sequentially.  

 ●   The fi nal pH of a sample after addition of reagent A is criti-
cal for the Griess reaction. Lower fi nal pH results in higher 
absorbance at 540 nm. When the pH is lower than 1.8, the 
absorbance at 540 nm is stable [ 27 ]. For samples with a 
high buffer capacity more acid should be added to reagent 
A.  

 ●   In a condition where there is low level of NO production, 
high amount of nitrate (or nitrite) in the media will make 
the measurement diffi cult due to the high background [ 30 ], 
and thus it is important to know minutely nitrite and nitrate 
concentration in the media broth used and also to minimize 
as much as possible the content of these compounds from 
water in the solutions.      

   12.    DAF-FM (4-aminomethyl-5-methylamino-2′,7′-difl uoro- 
fl uorescein) and DAF-FM diacetate represent two important 
reagent for quantifi cation of low concentrations of NO (~5 
nM). Developed by Kojima et al. [ 33 ], these compounds are 
essentially nonfl uorescent until they react with NO to form a 
fl uorescent benzotriazole. DAF-FM diacetate is  cell- permeable   
and passively diffuses across cellular membranes. Once inside 
cells, it is deacetylated by intracellular esterases to become 
DAF-FM. With excitation/emission maxima of 495/515 nm, 
DAF-FM can be detected by any instrument that can detect 
fl uorescein, including fl ow cytometers, microscopes, fl uorescent 
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microplate readers, and fl uorometers. Probably the most suc-
cessful indicator for nitric oxide has been 4,5- diaminofl uorescein 
diacetate (DAF-2 diacetate), which was also developed by 
Kojima and collaborators [ 33, 34 ]. DAF-2 has been used to 
identify  NO-production in  plant cells [ 33 ]. The DAF-FM 
reagent has some important advantages over DAF-2. The 
spectra of the NO adduct of DAF-FM are independent of pH 
above pH 5.5. Also, the NO adduct of DAF-FM is signifi -
cantly more photo-stable than that of DAF-2 which means 
additional time for image capture. Finally, DAF- FM is a more 
sensitive reagent for NO than is DAF-2 (NO detection limit 
for DAF-FM ~3 nM vs. ~5 nM for DAF-2) [ 32 – 34 ]. 
DAF-FM diacetate was used for  NOS   activity detection in  E. 
coli  expressing OtNOS [ 5 ]. Gusarov et al. [ 6 ] utilized the 
NO-specifi c  fl uorescent probe   CuFL, which has only recently 
become available [ 35 ], to directly monitor NO production by 
bNOS expressed in  E. coli . A cell culture without  NOS   protein 
as negative control is essential within a current experimental 
protocol.          
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