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ABSTRACT: The rapid activation of macrophages in response to bacterial antigens is central to the innate
immune system that permits the recognition and killing of pathogens to limit infection. To understand
regulatory mechanisms underlying macrophage activation, we have investigated changes in the abundance
of calmodulin (CaM) and iNOS in response to the bacterial cell wall component lipopolysaccharide (LPS)
using RAW 264.7 macrophages. Critical to these measurements was the ability to differentiate free iNOS
from the CaM-bound (active) form of iNOS associated with nitric oxide generation. We observe a rapid
2-fold increase in CaM abundance during the first 30 min that is blocked by inhibition of either NFκB
nuclear translocation or protein synthesis. A similar 2-fold increase in the abundance of the complex
between CaM and iNOS is observed with the same time dependence. In contrast, there are no detectable
increases in the CaM-free (i.e., inactive) form of iNOS within the first 2 h; it remains at a very low
abundance during the initial phase of macrophage activation. Increasing cellular CaM levels in stably
transfected macrophages results in a corresponding increase in the abundance of the CaM/iNOS complex
that promotes effective bacterial killing following infection bySalmonella typhimurium. Thus, LPS-
dependent increases in CaM abundance function in the stabilization and activation of iNOS on the rapid
time scale associated with macrophage activation and bacterial killing. These results explain how CaM
and iNOS coordinately function to form a stable complex that is part of a rapid host response that functions
within the first 30 min following bacterial infection to upregulate the innate immune system involving
macrophage activation.

Age-related declines in immune function and associated
increases in the inflammatory response in surrounding tissues
may be the result of aberrant mechanisms of macrophage
activation, which have the potential to contribute to observed
changes in the abundance of circulating inflammatory
cytokines (1-4). Macrophages are primary lines of defense
that underlie the innate immune system, whereby bacterial
and viral threats are detected and eliminated through (i)
phagocytosis and the coordinated generation of reactive
oxygen and nitrogen species and (ii) paracrine signaling
through the release of inflammatory cytokines (5-7).
Mechanistically, macrophage activation and the resultant
oxidative burst necessary for bacterial killing have been
suggested to require the coordinate upregulation of key
enzymes, including NADPH oxidase, cyclooxygenase 2, and
inducible nitric oxide synthase (iNOS),1 that are associated
respectively with the generation of superoxide, prostaglan-
dins, and nitric oxide to potentiate cellular activation and
generate highly reactive and long-lived nitrative species (e.g.,
NO2

-, NO3
-, and ONOO-) associated with pathogen killing

(8-13). CaM binding to iNOS is necessary for activation
and functions to coordinate calcium-dependent signaling and

iNOS activation with autocrine pathways involving inflam-
matory cytokines (e.g., TNFR) to modulate macrophage
activation (4). Thus, iNOS expression is regulated by
cytokine-dependent activation of critical signaling pathways.
At the same time, pathogen-dependent increases in CaM
abundance are necessary for iNOS activity and the modula-
tion of apoptotic responses (4). Furthermore, defective
activation of CaM-dependent pathways contributes to the
ability of Mycobacterium tuberculosisto parasitize mac-
rophages (14), suggesting a key role for CaM in modulating
macrophage activation. Thus, observed age-dependent de-
clines in CaM function and abundance may relate to observed
declines in immune function (2, 15-20). However, the
downregulation of CaM function through the addition of
inhibitors and binding peptides can also activate macrophages
and block bacterial infections (21, 22), suggesting a multi-

† This work was supported by grants from the National Institutes of
Health (NIA AG12993 and AG17996) and by the Laboratory Directed
Research and Development Program of the Pacific Northwest National
Laboratory, operated for the U.S. Department of Energy by Battelle
Memorial Institute.

* To whom correspondence should be addressed. Tel: (509) 376-
2218. Fax: (509) 376-6767. E-mail: thomas.squier@pnl.gov.

1 Abbreviations: CaM, calmodulin; EGTA, ethylene glycol bis(â-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid; FBS, fetal bovine serum;
HRP, horseradish peroxidase; IκB, inhibitor of NFκB; IκBRM, dominant-
negative mutant of IκB in which phosphorylation sites for IκB kinase
are mutated (i.e., S32A and S36A); IFNγ, interferonγ; IRF, interferon
regulatory factor; iNOS, inducible nitric oxide synthase; LB, Luria-
Bertani broth; LPS, lipopolysaccharide; MEF, myocyte enhancer factor;
NFκB, nuclear factorκ B; Nramp1, natural resistance-associated
macrophage protein 1; PBS, phosphate-buffered saline; RAWCaM, RAW
264.7 macrophages transfected with DNA encoding CaM; RAWNramp1,
RAW 264.7 macrophages transfected with DNA encoding the divalent
cation transporter Nramp1; ROS, reactive oxygen species; RNS, reactive
nitrogen species; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; Sp1, specificity protein 1; TNFR, tumor necrosis
factor R.

9717Biochemistry2006,45, 9717-9726

10.1021/bi060485p CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/25/2006



factorial role for CaM in mediating macrophage activation
and bacterial killing.

CaM is known to associate and modulate the function of
more than 50 target proteins, functioning as a central
regulator of metabolism in all cells, including macrophages
where CaM association with iNOS is necessary for enzyme
function and stabilization (23-28). The generation of NO•

by iNOS has been suggested to contribute to the generation
of reactive nitrogen species and associated antibacterial
activity (29). A comparison of macrophage killing following
exposure of peritoneal macrophages isolated from wild-type
or iNOS knock-out animals toSalmonella typhimurium
suggested an important early role for iNOS in mediating
bacterial killing (30). However, the kinetics of changes in
iNOS abundance in response to exposure to bacterial antigens
has been reported to occur on a time scale of several hours
and is slow in comparison with the known kinetics of the
oxidative burst, the generation of reactive nitrogen species,
and the initial host response associated with bacterial killing
(29-31). Indeed, iNOS protein is typically not detected until
4 h after exposure to the bacterial antigen LPS, suggesting
that iNOS may function primarily as part of a bacteriostatic
mechanism for long times following infection and that other
enzymes may contribute to the formation of nitrating species
detected by the Griess reaction (4, 31-34). In fact, following
exposure toS. typhimuriumthe vast majority of internalized
bacteria are killed within 2 h, before increases in iNOS
protein abundance are typically detected using Western
immunoblots (29-31). For these reasons, the precise role
of iNOS in mediating the antibacterial action associated with
the macrophage response has remained uncertain.

To better understand the cellular regulation of iNOS and
its relationship to the antibacterial activity of macrophages,
we have investigated time-dependent changes in the abun-
dance of iNOS and its activator protein CaM in response to
exposing macrophages to the bacterial endotoxin LPS.
Critical to these measurements was the ability to separately
resolve uncomplexed and inactive iNOS from the CaM-
bound complex with iNOS that is functionally active. In
response to LPS exposure, there is a rapid 2-fold increase
in the abundance of CaM and its functional complex with
iNOS (i.e., CaM/iNOS) that occurs within the first 30 min.
In contrast, the uncomplexed form of iNOS is present at a
low and constant level during the first 2 h. LPS-dependent
increases in CaM abundance and binding to iNOS stabilize
the activated form of the CaM/iNOS enzyme complex and
prevent the rapid degradation of iNOS by endogenous
proteases. This stabilized CaM/iNOS complex results in
upregulation of bactericidal activity of macrophages to
rapidly eliminate internalizedS. typhimurium. These results
suggest an important and previously unrecognized role for
CaM as a central regulator in mediating macrophage activa-
tion.

EXPERIMENTAL PROCEDURES

Materials. Actinomycin D, cyclohexamide, lactacystin,
sulfasalazine, and bacterial LPS fromEscherichia colistrain
O127:B8 were purchased from Sigma Chemical Co. (St.
Louis, MO). Interferonγ was from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). Ampicillin, RPMI 1640 medium
(no.0030078DJ), fetal bovine serum (FBS), penicillin, strep-

tomycin, and G418 were from Gibco (Carlsbad, CA).
FuGENE 6 transfection reagent was from Roche (Indianapo-
lis, IN). A vector set containing a dominant-negative IκBR
(i.e., IκBRM) was from BD Biosciences (Palo Alto, CA).
Purified iNOS was obtained from Cayman Chemical Co.
(Ann Arbor, MI). Antibodies used include a monoclonal
antibody against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (AbCaM, Cambridge, MA), a polyclonal antibody
against full-length CaM (sc-5537; Santa Cruz Biotechnology,
Inc.), and six distinct polyclonal antibodies against synthetic
peptides derived from the murine iNOS sequence. Antibodies
tested against iNOS include M19 (sc-650) and C11 (sc-7271)
against C-terminal peptides and N20 (sc-651) and H174
(sc-8310) against N-terminal peptides (Santa Cruz Biotech-
nology, Inc.), C-terminal amino acids (CKKGSALEER-
KATRL1144) (catalog no. 482729; Calbiochem), and a
C-terminal fragment 961-1144 (catalog no. 610332; BD
Biosciences). Antibody sc-650 was used in all measurements
of iNOS abundance in cellular lysates, since this antibody
provided optimal resolution of both the full-length protein
and large fragments whose abundance were affected by
macrophage activation. However, all antibodies permitted
detection of full-length purified iNOS uncomplexed with
CaM on Western blots, with the following sensitivities: sc-
650> H174> sc-651> sc-7271. Antibodies from Calbio-
chem and BD Transduction Laboratories displayed very high
backgrounds and were not useful for immunoblots against
cellular lysates. Wild-type RAW 264.7 murine macrophages
and a mutant overexpressing the natural resistance-associated
macrophage protein 1 (Nramp1) were respectively obtained
from Drs. Brian D. Thrall and Philippe Gros, where the
Nramp1 construct was previously described in full (35).

Cell Culture Procedures. RAW 264.7 macrophages were
grown to∼70% confluency in RPMI 1640 medium supple-
mented with 10% heat-inactivated FBS and a 1% mixture
of penicillin and ampicillin (both at 1% v/v) in a humidified
atmosphere of 5% CO2 and 95% air at 37°C, where total
cell passages were kept below 80 for all experiments.
Treatments involved the bacterial antigen LPS (10 ng/mL)
for indicated times and, when indicated, prior incubation with
one of the following inhibitors for the indicated times:
actinomycin D (5µM for 90 min), cycloheximide (100µg/
mL for 10 min), lactacystin (1µM for 30 min), or
sulfasalazine (2 mM for 30 min). Media were removed from
each plate and pooled into a sterile flask before adding the
appropriate amount of reagent and returning them to the
plates for the indicated times. Prior to harvesting the cells,
the medium was aspirated, and the cell monolayer was gently
but thoroughly rinsed once with chilled D-PBS (Invitrogen,
Carlsbad, CA) to remove residual serum and LPS. Then cells
were placed on ice, and chilled lysis buffer [20 mM Tris
(pH 8.0), 1% Nonidet P-40, 0.15 M NaCl, 1 mM Na2PO4,
and 1 mM EGTA] was applied to the cell monolayer. The
cells were then manually removed with cell lifters, and the
lysate was placed directly into a chilled glass homogenizer
to be kept on ice for the remainder of the procedure. A ten-
stroke homogenization was applied to each sample, which
was then immediately centrifuged for 15-30 min at 13000
rpm at 4°C. The supernatant was removed, processed, and
subjected to immunoblotting with the remainder of the
sample stored at-80 °C pending further analysis.
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CaM Expression and Purification.Complementary DNA
corresponding to the coding region for chicken CaM [ac-
cession number MCCH (PIR database) or P02593 (SWISS-
PROT database)] subcloned into pET-15b and transformed
into theE. coli BL21 (DE3) cell strain was used for protein
overexpression. The bacteria were grown in Lysogeny broth
(LB or Luria-Bertani broth), and protein production was
induced with isopropylâ-D-1-thiogalactopyranoside (IPTG).
The CaM was purified by chromatography on phenyl-
Sepharose CL-4B, essentially as previously described (36,
37).

RAW 264.7 Transfection.The gene encoding CaM was
subcloned into the a pcDNA3.1 vector (Invitrogen) that is
designed to maintain a high level of stable expression in
mammalian hosts, essentially as previously described (4).
Vector amplification involved the transformation ofE. coli
and plasmid purification using a plasmid midi kit (Qiagen,
Valencia, CA). RAW 264.7 macrophages were transfected
with either pcDNA3.1( CaM gene or pCMV( IκBRM
using the Fugene transfection reagent (Roche, Indianapolis,
IN), where IκBRM is a dominant-negative construct of IκB
obtained from BD Bioscience (catalog no. K6012-1; Palo
Alto, CA) whose phosphorylation sites for IκB kinase were
mutated (i.e., S32A, S36A). Stable transfectants were
maintained in RPMI media supplemented with G418 as the
selection agent.

NO Measurement.The activity of iNOS was determined
by measuring the release of the stable nitrite end product
using Griess reagent (Pierce Inc., Rockford, IL) and monitor-
ing absorbance at 560 nm using a microtiter plate reader at
a 24 h time point. Prior to measurement, all nitrate was
enzymatically converted to nitrite using nitrate reductase.
Nitrite concentrations in conditioned media were determined
on the basis of standard curves calibrated using sodium nitrite
as a standard, as previously described (4).

Western Blot Analysis.Protein concentrations of cellular
lysates were determined by the Coomassie Plus Bradford
reagent from Pierce (Rockland, IL) immediately after
harvesting cells. Aliquots of equal protein were reduced with
NuPAGE reducing agent, diluted into NuPAGE LDS sample
buffer, and denatured by boiling for 5 min prior to the
separation of proteins by SDS-polyacrylamide gel electro-
phoresis on a 4-12% NuPAGE Bis-Tris gel, where all
reagents were from Invitrogen (Carlsbad, CA). After elec-
troblotting onto 0.45µm nitrocellulose membranes (Bio-Rad,
Hercules, CA) and blocking with 2% bovine serum albumin
(Sigma) in PBS (pH 7.4), the membranes were incubated
with the indicated primary antibodies overnight at 4°C,
followed by incubation with appropriate horseradish peroxi-
dase (HRP) conjugated secondary antibody. The proteins
were subsequently detected using ECL plus from Amersham
(Piscataway, NJ) and/or SuperSignal West Femptomax
sensitivity substrate from Pierce (Rockford, IL). Quantitative
immunoblots were performed by accompanying lysate
samples with a standard curve of pure proteins for densito-
metric analysis.

Macrophage Killing Assays. RAW 264.7 macrophages
transfected with empty vector, DNA encoding CaM (i.e.,
RAWCaM), or the divalent cation transporter Nramp1 (i.e.,
RAWNramp1) were challenged withS. typhimuriumat a
multiplicity of infection of 100, essentially as previously
described (30, 38). Briefly, S. typhimurium14028 cells were

cultured the day before the assay in LB broth at 37°C
overnight and were harvested by centrifugation (12000 rpm
for 1 min) before resuspension at a final density of 5× 105

cells/mL in 24-well cell culture plates. Prior to bacterial
challenge, macrophages were primed with 100 units/mL
interferonγ (IFNγ) and rinsed, and the preparedS. typh-
imurium-laden media were directly added to the plate of
macrophages (39). The infection proceeded as plates were
placed back into the incubator under standard conditions
(37 °C in 5% CO2). Following incubation for 30 min to
permit macrophages to phagocytize theS. typhimurium,
extracellular bacteria were rinsed off with PBS. Fresh media
(12.5 µg of gentamicin/mL) replaced the bacteria-laden
media to eliminate extracellular bacteria and prevent the
extracellular replication and invasion of anyS. typhimurium
remaining on the plate. Macrophages infected withS.
typhimuriumwere then further incubated, and at indicated
times cells were washed and lysed [PBS, 1% Triton X-100,
and 0.1% sodium dodecyl sulfate (SDS) for 5 min at room
temperature]. Remaining viable bacteria were detected fol-
lowing the serial dilution of the cellular lysates onto LB
agarose plates that were incubated overnight at 37°C. Visible
colonies were counted the following day, which reflected
the level of viable bacteria still remaining in the macrophage
after the designated time of infection.

RESULTS

Time-Dependent Changes in CaM Abundance upon Mac-
rophage ActiVation. Following cellular lysis of RAW 264.7
macrophages, CaM is detected as a 16 kDa band on Western
immunoblots of lysates from RAW 264.7 macrophages and
is estimated to represent approximately 0.04% of total
cellular protein (i.e., 25 pmol of CaM/mg of cell lysate) using
an authentic CaM standard (Figure 1). There is a rapid
increase in CaM abundance following exposure of macroph-
ages to LPS bacterial endotoxin (10 ng/mL), which reaches
an apparent maximum during the first 30 min and subse-
quently returns to a level characteristic of the quiescent cells.
Analysis of the cytosolic and membrane fractions of the cell
lysates indicates that the CaM increase is not caused by
translocation of CaM from the membrane to the cytosol. In
fact, the amount of CaM that remained bound to the
membrane following LPS treatment represented<20% of
the total CaM (data not shown), indicating that this popula-
tion of bound CaM could not account for the large increase
in CaM abundance apparent using Western immunoblots to
probe cellular lysates.

Specific inhibitors were identified that block the LPS-
dependent increase in CaM abundance to identify the
underlying mechanisms. The LPS-dependent increase in CaM
abundance was prevented by adding the translation inhibitor
cyclohexamide (100 units/mL), which blocks the transloca-
tion step of the ribosome (Figure 1, yellow diamonds).
Likewise, the LPS-dependent increase in CaM abundance
was blocked by adding the inhibitor of transcription actino-
mycin D (5 µM) (Figure 1, white triangles). At this
concentration, actinomycin D is a specific inhibitor that acts
by complexing with deoxyguanosine residues on DNA to
interfere with RNA polymerase by blocking its movement
(40). These results indicate that LPS induces CaM expression
on a rapid time scale (i.e., within 30 min). Because the time
scale of LPS-mediated changes in CaM abundance are
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consistent with prior measurements of changes in the
abundance of key cellular regulators of the inflammatory
response, such as the transcription factor NFκB (41), these
results suggest a coordination between changes in CaM
expression and the inflammatory response.

To explore the possible role of NFκB in mediating CaM
gene transcription, we have investigated the possibility that
the NFκB inhibitor sulfasalazine might prevent the LPS-
dependent increase in CaM abundance. Sulfasalazine is a
synthetic compound that contains the antibiotic sulfapyridine
and the antiinflammatory agent 5-aminosalicylic acid. Sul-
fasalazine is known to specifically inhibit NFκB by prevent-
ing its translocation into the nucleus (42). We found that
pretreatment of RAW 264.7 cells with sulfasalazine (2 mM)
prevented LPS-dependent increases in CaM abundance
(Figure 1, red inverted triangles). These results suggest a
direct linkage between the activation of NFκB and increases
in CaM abundance and support a model in which LPS-
dependent changes in CaM abundance are linked to the
global inflammatory response. Wahl and co-workers dem-
onstrated that the hallmark proteins induced with LPS
stimulation were not present when NFκB was inhibited with
sulfasalazine treatment (42).

To further explore the linkage between NFκB activation
and changes in CaM abundance, we have selectively

inhibited the proteasome using lactacystin (1µM), because
the proteasome-dependent degradation of the NFκB inhibitor
IκB is necessary for NFκB nuclear translocation (43-45).
Following inhibition of the proteasome, the LPS-dependent
increase in CaM protein abundance was abolished (Figure
1, blue diamonds), further suggesting an important role for
NFκB. Additional evidence indicating a causal linkage
between the nuclear localization of NFκB and changes in
CaM abundance is apparent from a consideration of the
effects of a dominant-negative form of IκB (i.e., IκBRM).
In this IκB mutant, sites associated with IκB kinase phos-
phorylation are mutated to prevent NFκB activation and
nuclear localization. In comparison to wild-type RAW cells,
there is a 95% decrease in CaM abundance following
expression of the dominant-negative mutant of IκB (Figure
2). Following exposure to LPS the abundance of CaM
remains very low. Taken together, these data indicate that
the increase in CaM abundance, caused by LPS exposure,
is through an NFκB-mediated increase in gene expression.
Indeed, prior measurements have established an important
role for NFκB in mediating the expression of iNOS, and there
is an absolute requirement for CaM binding to both activate
iNOS and to stabilize it against proteolytic digestion that
may involve a calpain I cleavage site within the CaM-binding
sequence (46). However, using commercially available
antibodies against iNOS, we observe no LPS-dependent
increase in iNOS abundance during the first 2 h (Figure 1).
These results suggest that CaM expression may precede that
of iNOS.

SDS-PAGE Detection of CaM-Bound iNOS. To better
understand the coordinated regulation of iNOS and its
activator CaM and their relationship to macrophage activa-
tion, we have investigated the possibility that there are
differences in the relative abundances of the activated
complex between CaM and iNOS relative to the inactive
form of iNOS, in which CaM is not bound, following the
LPS-dependent activation of macrophages. Prior measure-
ments indicate that the high-affinity complex between CaM
and iNOS remains tightly associated following SDS-PAGE,
irrespective of boiling or detergent solubilization (47),
permitting us to assess the ability of commercially available
antibodies to resolve the CaM-free and CaM-bound forms
of iNOS. Indeed, using purified iNOS, we resolved two bands
on SDS-PAGE with apparent molecular masses of∼130

FIGURE 1: Immunoblots showing CaM and iNOS abundance
changes following macrophage challenge with LPS (A) and
densitometric analysis (B) for untreated control (b), following
addition of the endotoxin lipopolysaccharide (LPS) (10 ng/mL) (O),
following addition of LPS and an inhibitor of transcription
(actinomycin D, 5µM) (4), following addition of LPS and an
inhibitor of protein synthesis (cyclohexamide, 100µg/mL) (yellow
[), following addition of LPS and an inhibitor of NFκB transcrip-
tional activation (sulfasalazine, 2 mM) (red1), and following
addition of LPS and a proteasome inhibitor (lactacystin, 1µM) (blue
[). For comparison, an immunblot against iNOS using antibody
sc-650 is shown. Absolute abundance of CaM was measured from
quantitative immunoblots using purified CaM as a standard and
normalized against a GAPDH standard. Averages and standard
deviations are for five independent biological replicates, in which
at least two Western blots were used to analyze each time course
(i.e., n > 10). All blots were normalized to GAPDH abundance,
and blots were used only if the total variance of this loading standard
was less than 20%. Observed increases in CaM abundance following
LPS exposure are significant, as measured using a one population
t-test, wherep < 0.0005. For clarity, error bars are only shown for
samples following exposure to LPS in the absence of inhibitors.

FIGURE 2: Diminished CaM abundance upon inhibition of NFκB.
Comparison of CaM abundances in wild-type RAW 264.7 (hatched)
and stably transfected cells containing dominant-negative IκBR
(gray shading) before and following addition of endotoxin li-
popolysaccharide (LPS) (10 ng/mL) measured from the density of
CaM bands as described in the legend to Figure 1. Dominant-
negative IκBR forms a stable inactive complex with NFκB. Error
bars represent the standard deviation for three independent measure-
ments.
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and 150 kDa that are consistent with the masses of the
uncomplexed and CaM-bound forms of iNOS. The 130 kDa
band was detected using any one of six commercial antibod-
ies tested against iNOS (see Experimental Procedures)
(Figure 3). The 150 and 17 kDa bands are both immunore-
active using the antibody against CaM. The high molecular
mass iNOS complex can thus be detected using antibodies
against CaM, but not with any of the commercially available
antibodies against iNOS. The inability of antibodies raised
against peptides from iNOS to detect the active complex
between CaM and iNOS probably reflects the stabilization
of the iNOS structure, which modulates the exposure of
epitopes near the amino and carboxyl termini of iNOS to
affect antibody recognition, consistent with prior measure-
ments that indicate CaM binding induces allosteric structural
changes between the reductase and oxidase domains of iNOS
(48-53). These results suggest that prior measurements
showing a requirement of 4 h for significant upregulation
of iNOS abundance following exposure of macrophages to
LPS may have selectively detected the CaM-free (inactive)
form of iNOS.

Coordinated Abundance Changes in CaM and Complex
with iNOS. Because known prior measurements have relied
on antibodies against iNOS to measure LPS-dependent
increases in iNOS protein abundance, and our commercially
available antibodies do not recognize activated iNOS bound
to CaM (see above), we have reinvestigated the time-
dependent changes in iNOS abundance following LPS
stimulation of macrophages using our new assay that involves
the combined use of antibodies raised against both CaM and
iNOS. Prior to LPS exposure, a single major band is apparent
corresponding to the complex between CaM and iNOS
(Figure 4, top). This 150 kDa species is the only CaM-
associated complex seen in macrophage lysate following
separation and visualization on SDS-PAGE. In response to
LPS exposure, there was a rapid 2-fold increase in the
abundance of the active iNOS/CaM complex, which occurs
on a similar time scale to observed LPS-dependent increases
in CaM abundance (Figure 4B). Consistent with prior reports,
there are no significant changes in the abundance of the
uncomplexed (i.e., CaM-free) form of iNOS during the first
several hours following LPS exposure (4, 31-34). The

abundance of uncomplexed iNOS increases following 4 h
of LPS exposure (Figure 4A). The total amount of uncom-
plexed iNOS apparent at long times (i.e.,t > 4 h) following
LPS exposure was calculated using authentic standards to
be∼70 pmol/mg of cell lysate, which exceeds the available
amount of unbound CaM (see Figure 1). The similar
amplitude and kinetics associated with LPS-dependent
increases in the abundances of CaM and CaM-bound iNOS
are consistent with a mechanism whereby CaM binding
stabilizes iNOS from rapid degradation (46). Consistent with
this interpretation, there is a time-dependent decrease in the
abundance of a 60 kDa iNOS fragment that correlates with
increases in CaM abundance and the stabilization of the
CaM/iNOS complex (Figure 4). Likewise, inhibition of the
proteasome after LPS activation and the generation of
message leads to the accumulation of iNOS (54), indicating
that the proteasome-dependent pathway of degradation
functions to mediate the degradation of iNOS.

CaM OVerexpression Stabilizes iNOS. Identification of the
linkage between CaM expression and the formation of the
CaM/iNOS complex was clarified following the stable
transfection of RAW 264.7 cells with CaM cDNA (RAW-
CaM), which is fully described in Experimental Procedures.
In the RAWCaM cells, there was an approximate 2-fold
increase in CaM abundance assayed as the immunoreactivity
of the 16 kDa band following protein separation by SDS-
PAGE (Figure 5A). There is a corresponding increase in the
immunoreactivity of the major 150 kDa upper band corre-
sponding to the complex between CaM and iNOS. These
results indicate that increases in CaM abundance stabilize
iNOS and result in an increase in its cellular abundance. The
complex between CaM and iNOS is fully active, and there
is direct correlation between the increase in the abundance
of the CaM/iNOS complex and catalytic function (i.e., nitric
oxide generated) (Figure 5B). Furthermore, overexpression
of CaM and the stabilization of the complex between CaM
and iNOS act to reduce the rate of iNOS degradation (Figure
5C,D). This latter interpretation is consistent with the

FIGURE 3: Immunoblots of purified recombinant iNOS (35 ng) and
CaM (75 ng) separated by SDS-PAGE and probed using antibodies
against iNOS (lane 1) and CaM (lane 2) and against both proteins
simultaneously (lane 3). Apparent masses are approximately 16,
130, and 150 kDa for CaM, iNOS, and iNOS/CaM, in close
agreement with the theoretical masses of 16706 (P62204) and
130575 (P29477) for these mouse proteins. Immunoblots were
obtained using antibodies sc-5537 against CaM and sc-650 against
iNOS. Similar results were obtained using five other commerically
available antibodies, which were all made against peptides from
the iNOS sequence (see Experimental Procedures).

FIGURE 4: LPS-dependent changes in the relative abundance of
uncomplexed (A) and CaM-bound (activated) iNOS (B) following
separation of 15µg of cellular lysate by SDS-PAGE and
immunoblot detection (top) and associated densitometric analysis
for unbound iNOS (0) using authentic iNOS standards (A) and
changes in immunoreactivity of the complex between iNOS and
CaM (B) (O) relative to changes in the abundance of unbound (free)
CaM (b) (B). Immunoblots show the complex between CaM and
iNOS (i.e., 150 kDa iNOS/CaM complex detected using antibody
sc-5537) and unbound full-length 130 kDa iNOS or 60 kDa iNOS
fragment (i.e., iNOS or iNOS fragment detected using antibody
sc-650).
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presence of a calpain cleavage site present in the CaM-
binding sequence of iNOS (46).

CaM-Dependent Bacterial Killing. To further clarify the
role of the activated form of iNOS on macrophage function,
we have investigated how CaM overexpression and the
stabilization of iNOS affect the time course of bacterial
infection byS. typhimurium. For comparison purposes, we
have also considered how the overexpression of natural
resistance-associated macrophage protein 1 (Nramp1), which
is a divalent cation transporter that has previously been
implicated in mediating host resistance (55), affects bacterial
killing. Prior to infection, macrophages were primed with
the cytokine interferon-γ (IFN-γ), which is known to
upregulate iNOS gene expression (56). The abundance of
iNOS was measured by Western immunoblots, which
revealed the expected correlation between CaM overexpres-
sion and an increased abundance of iNOS relative to either
control or cells transfected using an empty vector that does
not encode CaM (Figure 5C). In all cases a fragment of iNOS
is apparent that is also visible in the authentic purified iNOS
standard. However, in comparison to the control cells or those
transfected with the empty vector, there is a substantial
reduction in the immunostaining of the iNOS fragment upon
overexpression of CaM. Similar increases in the abundance
of iNOS and reductions in the iNOS fragment are apparent
in cells transfected with Nramp1 (i.e., RAWNramp1), which
is known to have an increased resistance to bacterial infection
(57). Nramp1 is known to increase both the abundance of
the transcription factor IRF1 and IRF1 promoter binding
affinity (55), and given that there are IRF1 binding sites in
both iNOS and CaM promoters, Nramp1 expression is
expected to upregulate the expression of both iNOS and CaM
to enhance the formation of the functional stable complex
associated with the observed bactericidal activity (58, 59).
These results support the suggestion that increases in iNOS
abundance upon CaM overexpression are the result of iNOS
stabilization and an associated reduction in the rate of its
degradation.

To assess the functional significance of observed CaM-
dependent increases in iNOS abundance and the physiologi-
cal role of the complex between CaM and iNOS in mediating
bacterial killing, macrophages were exposed toS. typhimu-
rium. Control RAW 264.7 cells (or empty vector controls)
were rapidly colonized byS. typhimurium, and there is a
time-dependent increase in the number of viable bacterial
colonies following infection (Figure 6). In contrast, mac-
rophages overexpressing CaM (i.e., RAWCaM) rapidly cleared
the internalized bacteria; after 2 h there were<20% of the
bacterial colonies present immediately after infection. Mac-
rophages overexpressing Nramp1 (i.e., RAWNramp1) exhibited
a similar bactericidal activity to that associated with the CaM-
overexpressing clones, suggesting that the observed increase
in stabilized iNOS represents a possible common mechanism
for the efficient elimination of intracellular bacteria from
macrophages.

DISCUSSION

We have demonstrated a rapid upregulation of CaM-bound
iNOS protein levels within the first 30 min following the
activation of RAW 264.7 macrophages with LPS (Figure 4B)
that occurs on a much faster time scale than that associated
with the detection of uncomplexed iNOS (Figure 4A).
Indeed, all prior measurements suggest that increases in iNOS
protein abundance requires 4 h after LPS exposure (4, 31-
34). Mechanistically, increases in CaM protein abundance
function to stabilize iNOS protein, and equivalent increases
in CaM-bound iNOS appear in response to a 2-fold increase
in CaM abundance following either LPS exposure or the
overexpression of CaM (Figures 4B and 5A). Further,
observed increases in the abundance of the complex between
CaM and iNOS are functionally important, as is apparent
from the increased generation of NO• (Figure 5B) and
enhanced bactericidal activity of macrophages overexpressing
CaM (Figure 6). Inhibition of the proteasome using lacta-
cystin blocks observed increases in CaM expression in
response to LPS treatment, as does low concentrations of

FIGURE 5: Immunoblots demonstrating (A) linkage between CaM overexpression and iNOS abundance for wild-type and transfected
RAW264.7 cells containing the pcDNA3.1 vector encoding CaM and (B) nitric oxide generation from iNOS measured as total nitrite using
the Griess reagent. (C) Comparison between total iNOS expression levels for 15µg of cell lysate from wild-type cells (lane 1) or cells
transfected with empty vector alone (lane 2), vector encoding CaM (lane 3), and vector encoding the divalent cation transporter Nramp1
(lane 4) following macrophage overnight stimulation with IFNγ (100 units/mL). Authentic iNOS standard (185 ng) is shown in the far right
lane. (D) Scheme illustrating the role of CaM abundance in stabilizing the activated iNOS/CaM complex.
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the inhibitor sulfasalizine, which both act to block NFκB
nuclear localization and transcriptional activaiton (Figure 1).
Likewise, expression of a dominant-negative construct of IκB
results in dramatic reductions in CaM abundance (Figure 2).
These latter results are consistent with a central role for NFκB
in mediating CaM expression, because the nuclear localiza-
tion of NFκB requires the proteasome-dependent degradation
of the inhibitory subunit IκB (60, 61) (Figure 7). Furthermore,
nuclear localization of the NFκB family member c-Rel is
retarded upon CaM binding (62), providing possible feedback
regulatory control to downregulate NFκB-mediated gene
regulation through increases in CaM expression levels. In
conclusion, our results provide strong evidence that increases
in CaM expression levels occur early during macrophage
activation and indicate an unappreciated regulation of mac-
rophage function by CaM. This regulation rapidly upregulates
the generation of nitric oxide by forming a stable complex
with iNOS, a protein which plays a critical role in conjunc-

tion with other key enzymes (i.e., NADPH oxidase) in
mediating the oxidative burst and bacterial killing (63).

A functional requirement for CaM binding to a conserved
sequence connecting the N-terminal oxygenase and C-
terminal reductase domains of iNOS has been recognized
for some time, as CaM is a critical cofactor whose binding
to iNOS promotes enzyme activation (23, 48, 64, 65).
Further, in the absence of bound CaM, whose binding to
iNOS blocks its proteolytic digestion, expressed iNOS is
rapidly degraded by endogenous proteases (4, 31-34).
However, prior measurements have failed to appreciate that
commercially available antibodies fail to detect the CaM-
bound (activated) form of iNOS present in macrophages, but
rather selectively monitor the uncomplexed and inactive form
of iNOS (Figure 3). For this reason, the rapid upregulation
of the CaM/iNOS complex has not been detected. The
inability to detect functional CaM-bound iNOS has con-
founded an understanding of the role of iNOS in mediating

FIGURE 6: Salmonella typhimuriumcolony formation (A) and associated quantitation (B) following infection of wild-type (control) cells
(O) or transfected cells overexpressing either CaM (b) or Nramp1 (0) (5 × 105 cells/mL) with approximately 5× 107 S. typhimurium
cells. Extracellular bacteria were eliminated after 30 min (see Experimental Procedures), and at indicated times macrophages were lysed
and bacteria were counted manually following overnight incubation of serially diluted lysate on LB plates to allow the formation of visible
bacterial colonies. Error bars represent the standard error of the mean for three replicates.

FIGURE 7: Model summarizing LPS-dependent increases in the abundances of CaM and iNOS associated with respiratory burst in macrophages.
Following LPS binding to toll-like receptors, increases in cytosolic calcium promotes CaM activation, which is known to bind NFκB
family members and modulate their nuclear localization (4, 62, 72, 73). Inhibitors of NFκB (i.e., sulfasalazine) block LPS-dependent increases
in CaM, as does specific inhibition of the proteasome (i.e., lactacystin) or inhibition of the degradation of IκB (see Figure 1). Following
nuclear localization of NFκB there is an upregulation of CaM gene expression and protein translation, which are respectively blocked by
actinomycin D and cycloheximide (see Figure 1). CaM binding to expressed iNOS results in its activation and prevents calpain-dependent
degradation that normally functions to maintain low levels of iNOS.
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the bactericidal activity of macrophages, as reactive nitrogen
species are detected within the first hour following LPS
stimulation (30). Our results indicate that CaM upregulation
and binding to iNOS, which forms a stabilized and active
complex that is not recognized for degradation, result in an
increased abundance of the CaM/iNOS complex. Further,
the coordinate upregulation of CaM and its complex with
iNOS within the first 30 min following LPS exposure,
coupled with the fact that stabilization of the CaM/iNOS
complex promotes effective bacterial killing (Figure 6),
indicates that the CaM/iNOS complex plays an important
early role in the host immune response. Because the
stabilization of the CaM/iNOS complex occurs on the same
time scale as the oxidative burst (63, 66, 67), it is expected
that CaM/iNOS and NADPH oxidase function in a coordi-
nated manner, whereby the combined generation of NO• and
O2

•- mediate bacterial killing. Indeed, NO• and O2
•- are long-

lived and mildly reactive species that have the potential to
combine in a diffusion-limited reaction to form peroxynitrite
and other highly reactive species having the ability to rapidly
oxidize and inactivate host proteins (68, 69). At longer times,
the cellular abundance of iNOS exceeds that of CaM (Figures
1 and 4A) and exists primarily as a monomer that can
approach 1.6% of the total cellular protein (70). Under these
latter conditions, essentially all available CaM is bound to
expressed iNOS, and limiting CaM levels induces activated
macrophages to undergo cellular apoptosis to effectively limit
collateral tissue damage (4).

The importance of increased CaM expression is apparent
from functional measurements, which indicate that CaM-
overexpressing macrophages effectively recognize and kill
internalizedS. typhimurium(Figure 6). In contrast, wild-
type RAW 264.7 macrophages are much more rapidly
colonized bySalmonella, emphasizing the functional im-
portance of bacterial-induced changes in CaM expression
levels to the ability of macrophages to mediate the oxidative
burst associated with bacterial killing. As indicated, the
fundamental reason associated with the ability of CaM-
expressing macrophages to inhibit bacterial growth is related
to the stabilization of functional iNOS, whose degradation
is prevented following CaM expression (Figure 5D). Indeed,
similar levels of bacterial killing are observed using mac-
rophages that have been transfected with Nramp1, resulting
in a similar increase in iNOS protein abundance (Figure 6).
Further coordinated changes in gene expression associated
with CaM upregulation also occur, whereby upon overex-
pression of CaM, dramatic reductions occur in the nuclear
localization and activation of key transcription factors (i.e.,
p65, phosphorylated c-Jun, and Sp1). Such reductions have
associated decreases in the abundance of key inflammatory
cytokines (i.e., TNFR) following LPS exposure that minimize
apoptotic responses (4). These latter results suggest that
signaling pathways are shifted away from the apoptotic
response as a result of CaM association with critical binding
partners. Indeed, use of TNFR-specific siRNA results in a
dramatic decrease in apoptosis because of a downregulation
of iNOS gene expression (4). Furthermore, upon downregu-
lation of TNFR expression levels, one observes a corre-
sponding decrease in iNOS. Thus, important feedback
mechanisms coordinate the generation of the oxidative burst
associated with iNOS induction and bacterial killing. Indeed,
observed age-dependent decreases in nitric oxide production

by activated macrophages may be attributed to losses of
functional CaM/iNOS complexes, as the abundance and
function of CaM are diminished during biological aging (15,
17, 19, 20, 71).
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