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ABSTRACT 
 
Monochloramine derivat ives are long lived physiological ox idants 
produced by neutrophils during the respiratory burst. The effects of 
chemically prepared monochloramine (NH2Cl) on protein kinase C 
(PKC) and PKC- mediated cellular responses were studied in elicited 
rat peritoneal neutrophils and human Jurkat T cells. Neutrophils 
pretreated with NH2Cl (30- 50 ! M) showed a marked decrease in 
the respiratory burst act ivity induced by phorbol 12- myristate 13-
acetate (PMA), which is a potent PKC act ivator. These cells, however, 
were viable and showed a complete respiratory burst upon 
arachidonic acid st imulat ion, which induces the respiratory burst by 
a PKC- independent mechanism. The NH2Cl- treated neutrophils 



showed a decrease in both PKC act ivity and PMA- induced 
phosphorylat ion of a 47- kDa protein, which corresponds to the 
cytosolic factor of NADPH ox idase, p47phox. Jurkat T cells 
pretreated with NH2Cl (20- 70 ! M) showed a decrease in the 
expression of the interleukin- 2 receptor alpha  chain following PMA 
st imulat ion. This was also accompanied by a decrease in both PKC 
act ivity and nuclear transcript ion factor- kappa B act ivat ion, also 
without loss of cell viability. These results show that NH2Cl inhibits 
PKC- mediated cellular responses through inhibit ion of the inducible 
PKC act ivity. 
 
INTRODUCTION 
 
Neutrophils play an important role in the defense against bacterial 
infect ions as well as other inf lammatory responses. Many dif ferent 
st imuli act ivate neutrophils, which show a series of responses such 
as the respiratory burst, cell shape change, aggregation, 
degranulat ion, and phospholipid turnover (1). The respiratory burst 
is a rapid increase in non- mitochondrial oxygen consumption, in 
which large amounts of superox ide anion (Obardot 2) are produced 
by the electron transport complex NADPH ox idase (2, 3). Hydrogen 
perox ide is formed by the dismutat ion of Obardot 2, and HOCl is 
formed from H2O2 and Cl-  by myeloperox idase (4, 5). Chloramines 
are another type of ox idant produced in signif icant quantit ies by 
act ivated neutrophils (6). They are formed by the non- enzymatic 
react ion (I) of HOCl with many endogenous amines such as taurine, 
ammonia, lysine, and the amino termini of polypeptides (6, 7). 
Taurine is present in neutrophils at 10- 20 mM (8). 
 
R- NH2 +  HOCL - - !  R- NHC1 +  H20 
 
REACTION 1 
 
Chloramines are less react ive than HOCl, and membrane-
impermeable chloramines are relat ively long lived ox idants (9). 
Chloramines react preferentially with sulfhydryls and thioethers 
(10), and some chloramines such as monochloramine (NH2Cl) are 
membrane- permeable (11). Neutrophils in concentrat ions found in 
blood (2- 3 × 106/ ml) may easily produce 100 ! M chloramine in a 
short term culture (12). Moreover, chloramines show distinct 
biological effects such as inhibit ion of DNA repair (12), inhibit ion of 
the generat ion of macrophage inf lammatory mediators (13), and 



detachment of cultured myocytes (14). Recently we showed that 
membrane- permeable chloramines derived from the respiratory 
burst are the primary cause of accelerated turnover of glutathione 
in act ivated neutrophils (15). Considering these characterist ics, 
chloramines may have signaling funct ions in inf lammation (9). 
 
One of the key enzymes of  the NADPH ox idase act ivat ion is protein 
kinase C (PKC)1 (16). PKC was originally reported as a ubiquitous, 
Ca2+ -  and phospholipid- dependent serine/ threonine kinase, which 
is act ivated transient ly (17). To date, 12 isoforms of PKC have been 
reported, and they are classif ied into three groups, conventional, 
novel, and atypical, based on their primary structure and cofactor 
requirement (18, 19). Neutrophil act ivat ion by physiological st imuli 
such as formyl peptide or complement fragment C5a begins with 
interact ion with their specif ic surface receptors (20). This 
interact ion leads to the act ivat ion of phospholipase C, which 
generates two second messengers, inositol 1,4,5- trisphosphate and 
1,2- diacylglycerol. These messengers together lead to the 
act ivat ion of PKC. Among the PKC isoforms, PKCbeta is suggested 
to be responsible for the neutrophil respiratory burst act ivat ion (21, 
22). Act ivated PKC phosphorylates one of the cytosolic components 
of NADPH ox idase, p47phox (23, 24). The phosphorylated p47phox 
translocates and interacts with membrane component of NADPH 
ox idase (25, 26), which results in the assembly of the act ive 
enzyme. 
 
The tumor promoter phorbol 12- myristate 13- acetate (PMA) 
induces a PKC- dependent respiratory burst (1, 26). PMA has a 
structural similarity with the endogenous PKC agonist diacylglycerol 
and causes a direct and more prolonged act ivat ion of PKC (17). PMA 
effect ively act ivates neutrophil NADPH ox idase, and the cells 
produce maximal amounts of superox ide (26). However, this PKC-
mediated act ivat ion pathway is not the only way of NADPH ox idase 
act ivat ion. Some st imuli such as arachidonic acid (27) or sodium 
dodecyl sulfate (SDS; 28) also induce a respiratory burst without 
requiring PKC (29). Arachidonic acid direct ly interacts with 
p47phox, changes its conformation, and enables it  to assemble 
act ive NADPH ox idase (30). Moreover, arachidonic acid- induced 
respiratory burst in a cell- free reconstituted system is independent 
of PKC- cofactors (Ca2+  and ATP) and is not inhibited by PKC 
inhibitor (29). Therefore, arachidonic acid is a PKC- independent 
inducer of respiratory burst. 



 
PKC also has a pivotal role in the act ivat ion of T cells. T cells are 
st imulated by the interact ion of a specif ic ant igen with T cell 
receptor- CD3 complex. This interact ion act ivates the intracellular 
kinase cascade (31), one of which is mediated by PKC. Activated 
kinase cascade activates transcript ion factors (31), which init iate 
transcript ion and expression of a variety of molecules including 
interleukin- 2 (IL- 2) and the high affinity IL- 2 receptor alpha  chain 
(IL- 2Ralpha ). Because IL- 2 is a major T cell growth factor, the 
coordinate production of IL- 2 and IL- 2 receptor is crucial for T cell 
proliferat ion and the immune response (32). T cell st imulat ion with 
PMA alone is enough for IL- 2Ralpha expression (33), and PKCalpha 
is responsible for this effect (34). Expression of IL- 2Ralpha is 
transcript ionally regulated (35) and involves nuclear transcript ion 
factor (NF)- kappa B act ivat ion (36). NF- kappa B act ivat ion 
comprises the phosphorylat ion of its inhibitory protein Ikappa B 
(37). The act ivated NF- kappa B translocates from the cytosol to the 
nucleus (38), where it  binds to the kappa B consensus sequence of 
IL- 2Ralpha gene promoter (36). This binding is essential for NF-
kappa B- regulated gene expression (39, 40). 
 
In this study we show that PMA- induced PKC act ivity is inhibited by 
NH2Cl in neutrophils and Jurkat T cells. This inhibit ion of PKC 
act ivity results in dist inct biological effects, notably inhibit ion of the 
respiratory burst in neutrophils and inhibit ion of IL- 2Ralpha 
expression in Jurkat T cells. These results suggest that chloramines 
may have a physiological funct ion in regions where the respiratory 
burst is act ivated. 
 
EXPERIMENTAL PROCEDURES 
 
Materials 
 
PMA, arachidonic acid, and PKCbeta were obtained from Sigma. 
Dulbecco's phosphate- buffered saline (Ca2+ -  and Mg2+ - free, pH 
7.4; PBS) and the PKC assay system were from Life Technologies, 
Inc. NF- kappa B consensus oligonucleotide was from Promega 
(Madison, WI). T4 polynucleot ide kinase and protein molecular 
weight markers were from Boehringer Mannheim. Phycoerythrin-
labeled anti- human CD25 (IL- 2Ralpha ) ant ibody was from 
Immunotech (Westbrook, ME). Calyculin A was from Calbiochem. 
[gamma - 32P]ATP and [32P]orthophosphoric acid were from NEN 



Life Science Products. Rabbit  polyclonal ant ibody to human 
p47phox (raised against glutathione S- transferase- p47phox fusion 
protein) was a generous gif t  f rom Dr. Bernard M. Babior. All other 
reagents were of analyt ic grade or better. 
 
Cell Preparat ion 
Neutrophils 
 
Rat elicited peritoneal neutrophils were prepared from Sprague-
Dawley male rats (250- 350 g, from Bantin and Kingman, Fremont, 
CA) as described previously (15, 41). The collected cells contained 
about 80% neutrophils based on microscopic examination, and the 
cell viability was more than 95%, which was assessed by the trypan 
blue exclusion test. 
Jurkat T Cells 
 
Jurkat T cell is a cell line of human acute T cell leukemia and was 
obtained from American Type Culture Collect ion (clone E6- 1, 
Bethesda, MD). The cell culture medium was RPMI 1640 
supplemented with 10% (v/ v) fetal bovine serum, 1% (w/ v) 
penicill in- streptomycin, 110 mg/ liter sodium pyruvate, and 2 mM 
L- glutamine (from University of California, San Francisco, cell 
culture facility), and cells were grown in humidif ied air containing 
5% CO2 at 37 ¡C. 
 
Chloramine Preparat ion and Measurement 
 
Taurine chloramine and monochloramine (NH2Cl) were prepared as 
described previously (15, 42). The chloramine concentrat ion was 
determined by 2- nitro- 5- thiobenzoate assay (42). 
 
Pretreatment of the Cells with Chloramine 
 
Neutrophils were suspended in PBS (5 × 106 cells/ ml), and NH2Cl 
or taurine chloramine was added to get the f inal concentrat ion of 
10- 70 ! M. After the incubation for 10 min at 37 ¡C, neutrophils 
were separated from the PBS by centrifugation and used as 
described below. Jurkat T cells were suspended in the fresh cell 
culture medium (1 × 106 cells/ ml), and NH2Cl was added to 20- 70 
! M. In contrast to PBS, this medium alone consumed added NH2Cl. 
After the incubation for 30 min at 37 ¡C, Jurkat T cells were used 



without washing because the medium contained no more detectable 
chloramine. 
 
Measurement of the Respiratory Burst  
 
Neutrophils were resuspended in the assay mix ture (1.25 × 106 
cells/ ml, 1.1 mM p- hydroxyphenylacetate, 50 ! g/ ml superox ide 
dismutase, 50 ! g/ ml horseradish perox idase, in PBS), and they were 
st imulated with either PMA (300 nM, f inal concentrat ion) or 
arachidonic acid (100 ! M), which was previously dissolved in 
ethanol at 300 ! M and 100 mM, respectively. Preliminary study 
showed that these concentrat ions were optimal. The respiratory 
burst was monitored continuously at 37 ¡C by H2O2 formation as 
described previously (15, 43). 
 
Measurements of PKC Activity 
 
PKC act ivity was measured just after the chloramine exposure using 
a PKC assay system from Life Technologies, Inc. Part ial purif icat ion 
with an anion exchange column was omitted because a preliminary 
study using crude and part ially purif ied samples showed similar 
results. Acetylated synthetic peptide from myelin basic protein 4- 14 
(Ac- Gln- Lys- Arg- Pro- Ser- Gln- Arg- Ser- Lys- Tyr- Leu) was used for 
the substrate, which is specif ic for conventional PKCs (44). 
Specif icity for PKC was established by running the control sample 
using PKC- specif ic inhibitor peptide PKC(19- 36) (45) for each 
sample. PKC act ivity was expressed as pmol of 32P 
incorporated/ min/ 106 cells. 
 
Phosphorylat ion of 47- kDa Protein 
 
Phosphorylat ion of 47- kDa protein in neutrophils was studied as 
described previously (46), except for the following. Before NH2Cl 
treatment, neutrophils (1 × 108/ ml) were incubated with 
[32P]orthophosphoric acid (500 ! Ci/ ml) at 30 ¡C for 30 min in 138 
mM NaCl, 2.7 mM KCl, and 7.5 mM D- glucose, adjusted to pH 7.5. 
After the incubation, neutrophils (5 × 106/ ml) were added to 30- 70 
! M NH2Cl in PBS and incubated for 10 min at 37 ¡C. Then the cells 
were st imulated with 300 nM PMA for 90 s. The react ion was 
stopped by the addit ion of trichloroacetic acid (10% w/ v), 
centrifuged, and the total precipitated protein was dissolved in 
SDS- PAGE sample buffer. The pH was adjusted to about 7 by NaOH. 



Protein samples were analyzed by SDS- PAGE using 7.5% gel, stained 
with Coomassie Bril l iant Blue R- 250, and dried, and 
autoradiography was performed. 
 
Phosphorylat ion of the 47- kDa protein was also studied in the cell-
free system using exogenous PKCbeta . Cytosolic fract ions were 
prepared from NH2Cl (50 ! M)- treated and control neutrophils as 
described previously (47). Then p47phox was part ially purif ied by 
passing through a DE52 ion exchange column as described 
previously (48). Immunoblot analysis showed that virtually all 
immunoreactive p47phox was recovered from the pass- through 
fract ion. The react ion mix ture contained 0.5 mg/ ml part ially 
purif ied protein, 5 units/ ml PKCbeta , 0.3%(w/ v) Triton X- 100 
mixed micelles containing 10 ! M PMA, and 0.28 mg/ ml 
phosphatidylserine (prepared as described in Ref. 49), 20 mM 
MgCl2, 1 mM CaCl2, 20 ! M ATP (containing 100 ! Ci/ ml [gamma -
32P]ATP), and 20 mM Tris- HCl (pH 7.5), incubated at 30 ¡C for 7 
min. The react ion was stopped by the addit ion of SDS- PAGE sample 
buffer containing 1 ! M staurosporine and 1 mM ATP and analyzed 
by SDS- PAGE and autoradiography. 
 
Immunoblot analysis of p47phox was performed following SDS-
PAGE and Western blot t ing using anti- p47phox antibody. The 
optical density of the autoradiogram and immunoblot was 
measured by a Shimadzu CS- 9301 PC densitometer and expressed 
as percent of posit ive control. 
 
Measurements of IL- 2Ralpha Expression 
 
After 30 min of NH2Cl incubation, Jurkat T cells were st imulated 
with PMA (100 nM) dissolved in dimethyl sulfox ide. Control cells 
were treated with the same volume of dimethyl sulfox ide (0.1% v/ v) 
without PMA. The cells were maintained in culture condit ion for 24 
h after PMA treatment. Then the cells were washed with PBS and 
immunostained with phycoerythrin- labeled anti- human IL- 2Ralpha 
antibody and analyzed at excitat ion 488 nm and emission 575 nm 
using EPICS- Elite f low cytometer (Coulter, Miami, FL). Data were 
collected from gated viable cell populat ions. 
 
Electrophoret ic Mobility Shif t  Assay for NF- kappa B 
 



Nuclear protein extract ion was performed 2 h after PMA st imulat ion 
as described previously (50, 51). In some experiments, calyculin A 
(20 nM) was also used as a st imulant, and nuclear proteins were 
extracted 30 min after the st imulat ion. Electrophoret ic mobility shif t  
assay was performed as described previously (52, 53). 
 
Stat ist ical Analysis 
 
Results were tabulated for the indicated number of experimental 
samples. Mean and standard deviat ions are presented. Group 
means were compared using Student 's t  test for unpaired samples 
with a two- tailed distribut ion using Microsoft Excel. 
 
RESULTS 
Effects of Chloramine Pretreatment on the Neutrophil Respiratory 
Burst 
 
Under rest ing condit ions, rat peritoneal neutrophils showed no 
detectable respiratory burst, as measured by H2O2 production. 
When cells were st imulated with PMA, which is a potent PKC 
act ivator, they showed a marked respiratory burst, whose rate was 
maximal for several minutes (15). The PMA- induced respiratory 
burst was inhibited signif icantly at 30 ! M NH2Cl pretreatment, and 
it  was abolished at 50 ! M NH2Cl pretreatment (Fig. 1). In contrast, 
the neutrophils pretreated with 30- 50 ! M NH2Cl showed a 
complete respiratory burst when st imulated with arachidonic acid, 
which is a PKC- independent st imulant. In the control cells, the 
maximal rate of H2O2 production by arachidonic acid stimulat ion 
was lower than that which occurred by PMA st imulat ion (Fig. 1). 
This is not surprising because dif ferent st imuli cause a dif ferent 
degree of respiratory burst even at opt imal condit ions (26). 
Membrane- impermeable taurine chloramine at 50 ! M had no 
inhibitory effects on the PMA- induced respiratory burst. At a higher 
NH2Cl concentrat ion (70 ! M) the arachidonic acid- induced 
respiratory burst was also inhibited (data not shown). 
 
Fig. 1. Effects of NH2Cl pret reatment on the neutrophil respiratory 
burst act ivity induced by PMA or by arachidonic acid. Neutrophils (5 
× 106 cells/ ml) were pretreated with the indicated concentrat ions of 
NH2Cl for 10 min at 37 ¡C, and the cel ls were collected by 
centrifugation. Then the cells were resuspended in the assay 
mix ture and st imulated with PMA (300 nM) or with arachidonic acid 



(100 ! M). The maximal rate of H2O2 production was measured. 
bullet , PMA- st imulated respiratory burst (signif icantly decreased 
from the 0 ! M samples at 30 ! M and higher; p <  0.05)). open circle 
, arachidonic acid- st imulated respiratory burst (no signif icant 
dif ference from the 0 ! M samples; p <  0.05). Results are the mean 
±  S.D. for four determinations: 
 

 
 
To assess whether the respiratory burst suppression by NH2Cl was 
caused by neutrophil death, cell viability was evaluated by trypan 
blue exclusion (Table I). Control cells showed 96% viability. 
Neutrophils treated with up to 50 ! M NH2Cl showed more than 95% 
viability, not signif icantly dif ferent from the controls. Therefore, the 
suppression of PMA- induced respiratory burst by NH2Cl was not 
caused by neutrophil death. 
 



Table I.  Cell viability after NH2Cl treatment 
Neutrophils (5 × 106 cells/ ml) were incubated with the indicated 
concentrat ions of NH2Cl for 10 min at 37 ¡C in PBS. Jurkat T cells (1 
× 106 cells/ ml) were incubated with the indicated concentrat ions of 
NH2Cl for 30 min at 37 ¡C in a fresh cell culture medium. Cell 
viability was studied by the trypan blue exclusion test. Mean ±  S.D. 
for four determinations are shown. *Signif icantly dif ferent from the 
0 ! M samples (p <  0.05). 
_________________________________________________________________ 
 
       Cell Viability 
__________________________________________________________________ 
 
NH2Cl concentrat ion             Neutrophils                Jurkat T cells 
__________________________________________________________________ 
  

! M        %  
0                 96  ±  1                  96  ±  2 
20         95  ±  2                  97  ±  1 
30         96  ±  1                  97  ±  1 
50         95  ±  1                  96  ±  2 
70         92  ±  1*          97  ±  1 

 
PKC Activity in NH2Cl- pretreated Neutrophils 
 
Because PMA induces a respiratory burst by a PKC- dependent 
mechanism, we measured the inducible PKC act ivity in the NH2Cl-
pretreated neutrophils. The inducible PKC act ivity decreased in the 
NH2Cl- pretreated neutrophils (Fig. 2). Neutrophils treated with 50 
! M NH2Cl resulted in the PKC act ivity being decreased to 47% of the 
control cells under maximal act ivat ion. Taurine chloramine at 50 ! M 
showed no inhibit ion of the respiratory burst and no inhibitory 
effects on PKC. 
 
Fig. 2. Changes in the PKC act ivity in NH2Cl- treated neutrophils. 
Neutrophils (5 × 106 cells/ ml) were treated with the indicated 
concentrat ions of NH2Cl for 10 min at 37 ¡C, and the cells were 
collected by centrifugation. PKC was extracted and measured as 
described under "Experimental Procedures" (significantly decreased 
from the 0 ! M samples at 40 ! M and higher; p <  0.05). Results are 
the mean ±  S.D. for four determinations: 
 



 
 
Phosphorylat ion of the 47- kDa Protein in NH2Cl- pretreated 
Neutrophils 
 
PKC- catalyzed phosphorylat ion of p47phox is essential for the 
PMA- induced respiratory burst (54). The phosphorylat ion was 
assessed by detect ing the 32P incorporat ion into 47- kDa protein in 
the whole cell system. Anti- human p47phox antibody reacted with 
a protein at this posit ion. Although rest ing neutrophils did not show 
an apparent 32P incorporat ion into 47- kDa protein, PMA 
st imulat ion of the control cells resulted in a dist inct 32P 
incorporat ion (Fig. 3), and this is consistent with similar studies 
with guinea pig neutrophils (46). Monochloramine- pretreated 
neutrophils showed a decrease in the phosphorylat ion of 47- kDa 
protein upon PMA st imulat ion. Pretreatment with 50 ! M NH2Cl 
resulted in marked decrease in 32P incorporat ion (Fig. 3). 
Neutrophils pretreated with 30 ! M NH2Cl showed a lower 



phosphorylat ion of 47- kDa protein than control cells (Fig. 3), 
despite the stat ist ically insignif icant decrease in PKC act ivity (Fig. 2). 
These results were consistent with the signif icant decrease in 
respiratory burst act ivity in these cells (Fig. 1). 
 
Fig. 3. Phosphorylat ion of the 47- kDa protein in NH2Cl- pretreated 
neutrophils. Neutrophils were prelabeled with [32P]orthophosphoric 
acid and then treated with NH2Cl. Cells were then st imulated with 
PMA (300 nM) for 90 s, and the react ion was stopped by 
trichloroacetic acid (10% w/ v). Protein samples were analyzed by 
SDS- PAGE and autoradiography. Results are representat ive data 
from four independent experiments: 
 

 
 
 
The phosphorylat ion of the 47- kDa protein was also studied in a 
cell- free system using exogenous PKCbeta , to study if  NH2Cl 
damaged p47phox so that it  could not be phosphorylated by PKC. 
The 47- kDa protein from NH2Cl (50 ! M)- treated and the control 
cells were equally well phosphorylated by exogenous PKCbeta  (Fig. 
4A). Immunoblot analysis showed that these two samples contained 
comparable amounts of immunoreactive p47phox (Fig. 4B). 
 
Fig. 4. Exogenous PKCbeta - catalyzed phosphorylat ion of the 47-
kDa protein in a cell- free system. Panel A, P47phox was part ially 
purif ied from the control and NH2Cl (50 ! M)- treated neutrophils. 



Then it  was phosphorylated by exogenously added PKCbeta . The 
incorporat ion of 32P into 47- kDa protein was analyzed by SDS-
PAGE and autoradiography. Panel B, immunoblot analysis. Part ially 
purif ied p47phox samples were separated by SDS- PAGE, transferred 
to nitrocellulose membrane, and immunostained with ant i- human 
p47phox antibody. Results are representat ive data from four 
independent experiments. 
 

 
 
 
Suppression of IL- 2Ralpha  Expression in NH2Cl- pretreated Jurkat T 
Cells 
 



To study whether the effect of NH2Cl on PKC is limited to 
neutrophils or whether it  is a more general phenomenon involving 
other cell types, we studied the effect of NH2Cl on the PMA- induced 
IL- 2Ralpha expression in Jurkat T cells. Unstimulated Jurkat T cells 
showed almost no IL- 2Ralpha expression, but 24 h after PMA 
st imulat ion IL- 2Ralpha expression was markedly enhanced. 
Monochloramine pretreatment (20- 70 ! M) decreased the PMA-
induced IL- 2Ralpha expression (Fig. 5). The NH2Cl pretreatment did 
not alter cell viability even 24 h after PMA st imulat ion (data not 
shown). 
 
Fig. 5. Down- regulat ion of PMA- induced IL- 2Ralpha expression by 
NH2Cl pretreatment in Jurkat T cells. Jurkat T cells were treated with 
NH2Cl for 30 min at 37 ¡C in a CO2 incubator. Then the cells were 
st imulated with PMA (100 nM) and allowed to express IL- 2Ralpha  
for 24 h. The cells were collected and immunostained with 
phycoerythrin- labeled anti- IL- 2Ralpha  ant ibody and analyzed by 
f low cytometer. bullet , PMA- st imulated cells (signif icantly 
decreased from the 0 ! M samples at 20 ! M and higher; p <  0.05). 
open circle , cells without PMA st imulat ion. Results are the mean ±  
S.D. for three determinations: 
 
 



 
 
 
PKC Activity in NH2Cl- t reated Jurkat T Cells 
 
To correlate the IL- 2Ralpha expression with the inhibit ion of PKC 
act ivat ion, we measured the inducible PKC act ivity in NH2Cl- treated 
Jurkat T cells. Fig. 6 demonstrates that  20- 70 ! M NH2Cl inhibited 
inducible PKC act ivity in Jurkat T cells. Because the cell viability did 
not change (Table I), this inhibit ion of PKC act ivat ion was not the 
result  of cell death. 
 
Fig. 6. Changes in the PKC act ivity in NH2Cl- treated Jurkat T cells. 
Jurkat T cells (1 × 106 cells/ ml) were treated with NH2Cl for 30 min 
at 37 ¡C, and the cells were collected by centrifugation. PKC was 
extracted and measured as described under "Experimental 
Procedures" (signif icantly decreased from the 0 ! M samples at 20 
! M and higher; p <  0.05). Results are the mean ±  S.D. for four 
determinations: 



 

 
 
NF- kappa B Activat ion 
 
The PMA- induced IL- 2Ralpha expression is a mult istep response 
involving kinase cascade act ivat ion, NF- kappa B act ivat ion, mRNA 
synthesis, and protein synthesis (35, 38). We studied NF- kappa B 
act ivat ion to see if  the inhibited PKC act ivity fails to act ivate the 
step after PKC act ivat ion. NF- kappa B act ivat ion precedes IL-
2Ralpha expression in Jurkat T cells (36). Consistent with previous 
reports (40, 55), PMA induced marked act ivat ion of NF- kappa B in 
Jurkat T cells. Pretreatment of Jurkat T cells with NH2Cl inhibited 
PMA- induced NF- kappa B act ivat ion (Fig. 7). The inhibit ion of IL-
2Ralpha expression, NF- kappa B act ivat ion, and PKC act ivat ion by 
NH2Cl all occurred at similar (20- 70 ! M) NH2Cl concentrat ions 
(Figs. 5, 6, 7). 
 
Fig. 7. Inhibit ion of PMA- induced NF- kappa B act ivat ion by NH2Cl 
pretreatment in Jurkat T cells. Jurkat T cells in fresh medium (1 × 



106 cells/ ml) were treated with NH2Cl at 37 ¡C for 30 min. Then 
the cells were st imulated with PMA (100 nM) and incubated for 2 h 
before nuclear protein extract ion. Results are representat ive data 
from four independent experiments: 
 

 
 
To study if  NH2Cl direct ly damaged NF- kappa B protein in a way 
that NF- kappa B cannot be act ivated, the NH2Cl (50 ! M)- pretreated 
Jurkat T cells were st imulated with calyculin A, another inducer of 
NF- kappa B. Calyculin A treatment eff icient ly induced NF- kappa B 
act ivat ion in both the NH2Cl- pretreated and the control cells (data 
not shown). 
 



DISCUSSION 
 
When neutrophils were pretreated with 50 ! M NH2Cl, the PKC-
dependent st imulant PMA could not induce respiratory burst, yet 
the PKC- independent st imulant arachidonic acid induced a 
complete respiratory burst. This f inding strongly suggests that the 
target of NH2Cl was PKC and not NADPH ox idase. Indeed, NH2Cl 
treatment resulted in a decrease in the inducible PKC act ivity in 
neutrophils. Membrane- impermeable taurine chloramine at 50 ! M 
had no inhibitory effect on either the respiratory burst or the PKC 
act ivity. This suggests that the target for chloramine was not 
located on the outer cell membrane. PKC act ivity is one of the rate-
limit ing factors of the respiratory burst act ivity. It  has been reported 
that the neutrophil respiratory burst correlates direct ly with the 
intracellular level of PKC (56). Moreover, PKC inhibitors such as 
staurosporine and H- 7 inhibit  both phosphorylat ion of 47- kDa 
protein and superox ide production in a dose- dependent manner 
(57). Therefore, the inhibit ion of inducible PKC act ivity appears to 
be the cause of inhibit ion of PMA- induced respiratory burst in 
NH2Cl- pretreated cells. 
 
Neutrophils pretreated with 50 ! M NH2Cl showed virtually no 
respiratory burst upon PMA st imulat ion but st il l possessed 47% of 
their PKC act ivity. Phosphorylat ion of p47phox is a requirement of 
PMA- st imulated respiratory burst act ivat ion (54). We measured the 
phosphorylat ion of protein of 47- kDa molecular mass. Antibodies 
against human p47phox reacted with a protein at this posit ion. 
After a 50 ! M NH2Cl pretreatment, neutrophils showed a marked 
decrease in the phosphorylat ion of the 47- kDa protein, despite the 
remaining PKC act ivity. This result  suggests that the 
phosphorylat ion of p47phox was decreased in the NH2Cl- treated 
neutrophils, which results in the inhibit ion of the respiratory burst. 
We further studied if  NH2Cl direct ly damaged p47phox so that it  
could not be phosphorylated by PKC. In a cell- free system, 
exogenously added PKCbeta phosphorylated equally well the 47-
kDa protein from the control and NH2Cl- treated neutrophils. Both 
samples contained comparable amounts of immunoreactive 
p47phox. This result  suggests that even after NH2Cl (50 ! M) 
treatment, p47phox can be phosphorylated when catalyzed by 
intact PKCbeta . Therefore, the decrease in the phosphorylat ion of 
the 47- kDa protein appears to be caused by the decrease in the 
PKC act ivity in NH2Cl- treated neutrophils. 



 
One explanation for the discrepancy between the 47- kDa protein 
phosphorylat ion and the remaining PKC act ivity is that neutrophils 
contain phosphoprotein phosphatases that reverse the act ion of 
PKC (58, 59). During the PMA- st imulated respiratory burst, 
p47phox undergoes a continual cycle of phosphorylat ion and 
dephosphorylat ion (60). Under opt imal ly st imulated condit ions the 
phosphorylat ion react ion by PKC predominates, which maintains the 
p47phox in a phosphorylated state (60) and keeps the NADPH 
ox idase in the act ive state. Therefore, if  PKC act ivity decreases, the 
dephosphorylat ion react ion by phosphatase may predominate, and 
p47phox cannot be maintained in a suff icient ly phosphorylated 
state. Another possible explanation is that NH2Cl may alter the 
substrate specif icity of PKC. In this case, the PKC- catalyzed 
phosphorylat ion of p47phox may be impaired more severely than 
that of myelin basic protein peptide. This possibility should be 
studied further. In any case, it  is likely that the remaining PKC 
act ivity was insufficient to keep the p47phox phosphorylated 
enough to allow assembly of an act ive NADPH ox idase. This would 
result  in the observed substantial inhibit ion of the respiratory burst 
act ivity. 
 
Monochloramine- induced suppression of inducible PKC act ivity was 
not restricted to neutrophils. At 20 ! M, NH2Cl inhibited the PMA-
induced IL- 2Ralpha expression, PKC act ivat ion, and the NF- kappa B 
act ivat ion in Jurkat T cells. Although there are many steps that 
could result  in the inhibit ion of IL- 2Ralpha expression, we 
measured NF- kappa B act ivat ion because NF- kappa B is act ivated 
by the phosphorylat ion of its inhibitory protein Ikappa B (37), and 
NF- kappa B act ivat ion precedes IL- 2Ralpha gene expression in 
Jurkat T cells (38). The inhibit ion of PKC act ivat ion and NF- kappa B 
act ivat ion occurred at similar concentrat ions of NH2Cl, which 
suggests that the inhibited PKC act ivity failed to act ivate NF- kappa 
B. We studied further if  the decrease in NF- kappa B act ivat ion was 
the result  of direct damage of NF- kappa B protein caused by NH2Cl. 
Calyculin A is a potent inhibitor of phosphoprotein phosphatase 
types 1 and 2A, and it  act ivates NF- kappa B through Ikappa B 
phosphorylat ion and degradation in Jurkat T cells (61). 
Monochloramine treatment (50 ! M) did not affect the calyculin A-
induced NF- kappa B act ivat ion. This result  showed that NF- kappa B 
in NH2Cl- treated Jurkat T cells was st ill inducible and suggests that 
NF- kappa B protein was not a direct target of NH2Cl. Because the 



NF- kappa B act ivat ion is reported to regulate IL- 2Ralpha gene 
expression in Jurkat T cells (38), inhibit ion of PKC act ivat ion by 
NH2Cl seems to be the primary cause of the inhibit ion of IL-
2Ralpha expression. 
 
Among the PKC isoforms, at least conventional types of PKCs (alpha 
, beta I, beta II, and gamma ) are likely to be the target of NH2Cl. In 
the neutrophils, PKCbeta appears to be responsible for NADPH 
ox idase act ivat ion because PKCbeta migrates to the membrane 
fract ion upon st imulation (21) and is able to phosphorylate 
p47phox (22). Although T cells contain both PKCalpha and PKCbeta 
as well as other PKCs (31), PKCalpha has been suggested to be 
responsible for IL- 2Ralpha expression (34). We used a synthetic 
myelin basic protein peptide as a substrate for the measurement of 
PKC act ivity. This peptide is a good substrate for conventional PKCs 
but not for novel or atypical PKCs (44). However, it  is yet to be 
resolved whether chloramines also affect novel and/ or atypical 
PKCs. 
 
During the respiratory burst, a variety of chloramine derivat ives are 
detected in the extracellular medium (7). These chloramines are 
mostly hydrophilic, low molecular weight, mono- N- chloramine 
derivat ives (7) and not likely to be membrane- permeable. However, 
membrane- permeable chloramines are also likely to be produced 
because normal human plasma contains 20- 40 ! M NH4+ (62). When 
2- 3 × 106/ ml of neutrophils, which is comparable to the 
concentrat ion in blood, are act ivated with PMA, the chloramine 
concentrat ion reaches as high as 100 ! M in a short term culture 
(12). As the neutrophil concentrat ion can be much higher in 
inf lammatory sites, our chloramine concentrat ion (20- 70 ! M) may 
well be physiologically attainable. Membrane- impermeable 
chloramines are long lived with an apparent half- life of about 18 h 
in vitro (9). These chloramines can migrate from their origin to the 
adjacent or even distant t issues. Moreover, these chloramines react 
with NH4+  to yield the membrane- permeable NH2Cl (7). The 
plasma NH4+  concentrat ion increases substantially in some human 
condit ions such as liver failure (63). Such condit ions may be 
favorable for NH2Cl production. 
 
We showed in this work that NH2Cl inhibited PKC- dependent 
act ivat ion both in neutrophils and Jurkat T cells. PKC, funct ionally 
impaired by chloramine, was not suff icient ly act ivated upon PMA 



st imulat ion, resulting in suppression of PKC- mediated cellular 
responses. Considering the central importance of PKC in cellular 
signaling pathways, respiratory burst- derived chloramines may 
funct ion as signal modulat ing molecules in regions where 
neutrophils exhibit  respiratory burst. 
 
FOOTNOTES 
*   This work was supported by National Institutes of Health Grant 
GM27345.The costs of publicat ion of this art icle were defrayed in 
part by the payment of page charges. The art icle must therefore be 
hereby marked "advert isement" in accordance with 18 U.S.C. Section 
1734 solely to indicate this fact. 
Dagger    To whom correspondence should be addressed: Dept. of 
Molecular and Cellular Biology, 251 LSA, University of California at 
Berkeley, Berkeley, CA 94720- 3200. Tel.: 510- 642- 4221; Fax : 
510- 642- 8313; E- mail: tetsuya@socrates.berkeley.edu. 
¤   On leave from the Inst itute of Medical Science, Center for Adult  
Diseases, Kurashiki 710, Japan. 

1 The abbreviat ions used are: PKC, protein kinase C; PMA, 
phorbol 12- myristate 13- acetate; IL- 2, interleukin- 2; IL-
2Ralpha , interleukin- 2 receptor alpha  chain; NF- kappa B, 
nuclear factor kappa B; PBS, phosphate- buffered saline; PAGE, 
polyacrylamide gel electrophoresis. 

 
REFERENCES 
 

1. Tauber, A. I. (1987) Blood 69, 711- 720 [Free Full Text] 
2. Babior, B. M., Kipnes, R. S., and Curnutte, J. T. (1973) J. Clin. 

Invest. 52, 741- 744 [Medline] [Order art icle via Infotrieve] 
3. Makino, R., Tanaka, T., Iizuka, T., Ishimura, Y., and 

Kanegasaki, S. (1986) J. Biol. Chem. 261, 11444- 11447 
[Abstract/ Free Full Text] 

4. Harrison, J. E., and Schultz, J. (1976) J. Biol. Chem. 251, 1371-
1374 [Abstract/ Free Full Text] 

5. Weiss, S. J., Klein, R., Slivka, A., and Wei, M. (1982) J. Clin. 
Invest. 70, 598- 607 [Medline] [Order art icle via Infotrieve] 

6. Test, S. T., Lampert , M. B., Ossanna, P. J., Thoene, J. G., and 
Weiss, S. J. (1984) J. Clin. Invest. 74, 1341- 1349 [Medline] 
[Order art icle via Infotrieve] 

7. Grisham, M. B., Jefferson, M. M., Melton, D. F., and Thomas, E. 
L. (1984) J. Biol. Chem. 259, 10404- 10413 [Abstract/ Free Full 
Text] 



8. Learn, D. B., Fried, V. A., and Thomas, E. L. (1990) J. Leukocyte 
Biol. 48, 174- 182 [Abstract] 

9. Weiss, S. J., Lampert, M. B., and Test, S. T. (1983) Science 222, 
625- 628 

10. Zgliczynski, J. M., and Stelmaszynska, T. (1988) in The 
Respiratory Burst and Its Physiological Significance (Sbarra, A. 
J., and Strauss, R. R., eds), pp. 315- 347, Plenum Press, New 
York 

11. Thomas, E. L., Grisham, M. B., and Jefferson, M. M. 
(1983) J. Clin. Invest. 72, 441- 454 [Medline] 

12. Pero, R. W., Sheng, Y., Olsson, A., Bryngelsson, C., and 
Lund- Pero, M. (1996) Carcinogenesis 17, 13- 18 

13. Marcinkiewicz, J., Grabowska, A., Bereta, J., and 
Stelmaszynska, T. (1995) J. Leukocyte Biol. 58, 667- 674 

14. Nakamura, T. Y., Yamamoto, I., Nishitani, H., Matozaki, 
T., Suzuki, T., Wakabayashi, S., Shigekawa, M., and Goshima, 
K. (1995) J. Cell Biol. 131, 509- 524 

15. Ogino, T., Packer, L., and Maguire, J. J. (1997) Free 
Radical Biol. Med. 23, 445- 452 

16. Rossi, F. (1986) Biochim. Biophys. Acta 853, 65- 89 
17. #  Nishizuka, Y. (1984) Nature 308, 693- 698 

[CrossRef][Medline] [Order art icle via Infotrieve] 
18. Blobe, G. C., Stribling, S., Obeid, L. M., and Hannun, Y. 

A. (1996) Cancer Surveys 27, 213- 248 [Medline] [Order art icle 
via Infotrieve] 

19. Nishizuka, Y. (1995) FASEB J. 9, 484- 496 [Abstract] 
20. Baggiolini, M., Boulay, F., Badwey, J. A., and Curnutte, J. 

T. (1993) FASEB J. 7, 1004- 1010 [Abst ract] 
21. Majumdar, S., Rossi, M. W., Fujiki, T., Phillips, W. A., 

Disa, S., Queen, C. F., Johnston, R. B., Jr., Rosen, O. M., 
Corkey, B. E., and Korchak, H. M. (1991) J. Biol. Chem. 266, 
9285- 9294 [Abstract / Free Full Text] 

22. Majumdar, S., Kane, L. H., Rossi, M. W., Volpp, B. D., 
Nauseef, W. M., and Korchak, H. M. (1993) Biochim. Biophys. 
Acta 1176, 276- 286 [CrossRef][Medline] [Order art icle via 
Infotrieve] 

23. Rotrosen, D., and Leto, T. L. (1990) J. Biol. Chem. 265, 
19910- 19915 [Abstract/ Free Full Text ] 

24. El Benna, J., Faust, L. P., and Babior, B. M. (1994) J. Biol. 
Chem. 269, 23431- 23436 [Abstract/ Free Full Text] 



25. Nauseef, W. M., Volpp, B. D., McCormick, S., Leidal, K. 
G., and Clark, R. A. (1991) J. Biol. Chem. 266, 5911- 5917 
[Abstract/ Free Full Text] 

26. Robinson, J. M., and Badwey, J. A. (1995) Histochemistry 
103, 163- 180 [CrossRef][Medline] [Order art icle via Infotrieve] 

27. Badwey, J. A., Curnutte, J. T., and Karnovsky, M. L. 
(1981) J. Biol. Chem. 256, 12640- 12643 [Abstract/ Free Full 
Text] 

28. Kakinuma, K., Hatae, T., and Minakami, S. (1976) J. 
Biochem. 79, 795- 802 [Abstract/ Free Full Text] 

29. Cox, J. A., Jeng, A. Y., Blumberg, P. M., and Tauber, A. I. 
(1987) J. Immunol. 138, 1884- 1888 [Abstract] 

30. Sumimoto, H., Kage, Y., Nunoi, H., Sasaki, H., Nose, T., 
Fukumaki, Y., Ohno, M., Minakami, S., and Takeshige, K. 
(1994) Proc. Natl. Acad. Sci. U. S. A. 91, 5345- 5349 
[Abstract/ Free Full Text] 

31. Szamel, M., and Resch, K. (1995) Eur. J. Biochem. 228, 
1- 15 [Abstract] 

32. Smith, K. A. (1988) Science 240, 1169- 1176 
[Abstract/ Free Full Text] 

 
33. Shackelford, D. A., and Trowbridge, I. S. (1984) J. Biol. 

Chem. 259, 11706- 11712 [Abstract/ Free Full Text] 
 

34. Szamel, M., Bartels, F., and Resch, K. (1993) Eur. J. 
Immunol. 23, 3072- 3081 [Medline] [Order art icle via 
Infotrieve] 

 
35. Greene, W. C., Robb, R. J., Depper, J. M., Leonard, W. J., 

Drogula, C., Svetlik, P. B., Wong- Staal, F., Gallo, R. C., and 
Waldmann, T. A. (1984) J. Immunol. 133, 1042- 1047 
[Abstract] 

 
36. Bohnlein, E., Lowenthal, J. W., Siekevitz, M., Ballard, D. 

W., Franza, B. R., and Greene, W. C. (1988) Cell 53, 827- 836 
[CrossRef][Medline] [Order art icle via Infotrieve] 

 
37. Brown, K., Gerstberger, S., Carlson, L., Franzoso, G., and 

Siebenlist, U. (1995) Science 267, 1485- 1488 [Abstract/ Free 
Full Text] 

 



38. Bohnlein, E., Ballard, D. W., Bogerd, H., Peffer, N. J., 
Lowenthal, J. W., and Greene, W. C. (1989) J. Biol. Chem. 264, 
8475- 8478 [Abstract / Free Full Text] 

 
39. Jamieson, C., McCaffrey, P. G., Rao, A., and Sen, R. 

(1991) J. Immunol. 147, 416- 420 [Abstract] 
 

40. Sen, C. K., and Packer, L. (1996) FASEB J. 10, 709- 720 
[Abstract] 

 
41. Cunningham, F. M., Smith, M. J. H., Ford- Hutchinson, A. 

W., and Walker, J. R. (1979) J. Pathol. 128, 15- 20 
[CrossRef][Medline] [Order art icle via Infotrieve] 

 
42. Thomas, E. L., Grisham, M. B., and Jefferson, M. M. 

(1986) Methods Enzymol. 132, 569- 585 [Medline] [Order 
art icle via Infotrieve] 

 
43. Hyslop, P. A., and Sklar, L. A. (1984) Anal. Biochem. 141, 

280- 286 [CrossRef][Medline] [Order art icle via Infotrieve] 
 

44. Yasuda, I., Kishimoto, A., Tanaka, S., Tominaga, M., 
Sakurai, A., and Nishizuka, Y. (1990) Biochem. Biophys. Res. 
Commun. 166, 1220- 1227 [CrossRef][Medline] [Order art icle 
via Infotrieve] 

 
45. House, C., and Kemp, B. E. (1987) Science 238, 1726-

1728 [Abstract/ Free Full Text] 
 

46. Heyworth, P. G., and Badwey, J. A. (1990) Biochim. 
Biophys. Acta 1052, 299- 305 [CrossRef][Medline] [Order 
art icle via Infotrieve] 

 
47. Curnutte, J. T. (1985) J. Clin. Invest. 75, 1740- 1743 

[Medline] [Order art icle via Infotrieve] 
 

48. Pilloud- Dagher, M.- C., Jouan, A., and Vignais, P. V. 
(1992) Biochem. Biophys. Res. Commun. 186, 731- 738 
[CrossRef][Medline] [Order art icle via Infotrieve] 

 
49. Bell, R. M., Hannun, Y., and Loomis, C. (1986) Methods 

Enzymol. 124, 353- 359 [Medline] [Order art icle via Infotrieve] 



 
50. Staal, F. J. T., Roederer, M., Herzenberg, L. A., and 

Herzenberg, L. A. (1990) Proc. Natl. Acad. Sci. U. S. A. 87, 
9943- 9947 [Abstract / Free Full Text] 

 
51. Schreiber, E., Matthias, P., Muller, M. M., and Schaffner, 

W. (1989) Nucleic Acids Res. 17, 6419 [Free Full Text] 
 

52. Sen, C. K., Roy, S., and Packer, L. (1996) FEBS Lett. 385, 
58- 62 [CrossRef][Medline] [Order art icle via Infotrieve] 

 
53. Suzuki, Y. J., Mizuno, M., and Packer, L. (1994) J. 

Immunol. 153, 5008- 5015 [Abstract] 
 

54. Faust, L. R., El Benna, J., Babior, B. M., and Chanock, S. J. 
(1995) J. Clin. Invest. 96, 1499- 1505 [Medline] [Order art icle 
via Infotrieve] 

 
55. Suzuki, Y. J., Aggarwal, B. B., and Packer, L. (1992) 

Biochem. Biophys. Res. Commun. 189, 1709- 1715 
[CrossRef][Medline] [Order art icle via Infotrieve] 

 
56. Salamino, F., Sparatore, B., De Tullio, R., Mengott i, P., 

Melloni, E., and Pontremoli, S. (1991) Eur. J. Biochem. 200, 
573- 577 [Abstract] 

 
57. Levy, R., Dana, R., Leto, T. L., and Malech, H. L. (1994) 

Biochim. Biophys. Acta 1220, 253- 260 [CrossRef][Medline] 
[Order art icle via Infotrieve] 

 
58. Cohen, P., and Cohen, P. T. W. (1989) J. Biol. Chem. 264, 

21435- 21438 [Free Full Text] 
 

59. Ding, J., and Badwey, J. A. (1992) Biochim. Biophys. Acta 
1133, 235- 240 [CrossRef][Medline] [Order art icle via 
Infotrieve] 

 
60. Ding, J., and Badwey, J. A. (1992) J. Biol. Chem. 267, 

6442- 6448 [Abstract / Free Full Text] 
 

61. Sun, S.- C., Maggirwar, S. B., and Harhaj, E. (1995) J. Biol. 
Chem. 270, 18347- 18351 [Abstract/ Free Full Text] 



 
62. Howanitz, J. H., Howanitz, P. J., Skrodzki, C. A., and 

Iwanski, J. A. (1984) Clin. Chem. 30, 906- 908 [Abstract/ Free 
Full Text] 

 
63. Butterworth, R. F., Giguere, J. F., Michaud, J., Lavoie, J., 

and Layrargues, G. P. (1987) Neurochem. Pathol. 6, 1- 12 
[Medline] [Order art icle via Infotrieve] 

 
©1997 by The American Society for Biochemistry and Molecular 
Biology, Inc. 
 
This art icle has been cited by other art icles: (Search Google Scholar 
for Other Cit ing Art icles) 


