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ABSTRACT: Like that of the neuronal nitric oxide synthase (nNOS), the binding of Ca2+-bound calmodulin
(CaM) also regulates the activity of the inducible isoform (iNOS). However, the role of each of the four
Ca2+-binding sites of CaM in the activity of iNOS is unclear. Using a series of single-point mutants of
Drosophila melanogasterCaM, the effect that mutating each of the Ca2+-binding sites plays in the transfer
of electrons within iNOS has been examined. The same Glu (E) to Gln (Q) mutant series of CaM used
previously [Stevens-Truss, R., Beckingham, K., and Marletta, M. A. (1997)Biochemistry 36, 12337-
12345] to study the role of the Ca2+-binding sites in the activity of nNOS was used for these studies. We
demonstrate here that activity of iNOS is dependent on Ca2+ being bound to sites II (B2Q) and III (B3Q)
of CaM. Nitric oxide (•NO) producing activity (as measured using the hemoglobin assay) of iNOS bound
to the B2Q and B3Q CaMs was found to be 41 and 43% of the wild-type activity, respectively. The site
I (B1Q) and site IV (B4Q) CaM mutants only minimally affected•NO production (95 and 90% of wild-
type activity, respectively). These results suggest that NOS isoforms, although all possessing a prototypical
CaM binding sequence and requiring CaM for activity, interact with CaM differently. Moreover, iNOS
activation by CaM, like nNOS, is not dependent on Ca2+ being bound to all four Ca2+-binding sites, but
has specific and distinct requirements. This novel information, in addition to helping us understand NOS,
should aid in our understanding of CaM target activation.

Nitric oxide synthase (NOS,1 EC 1.14.13.39) continues
to be of clinical importance because of the varied intracellular
roles of nitric oxide (•NO). Besides its normal physiological
functions, including neuronal cell-cell signaling and immune
responsiveness, when its production is unregulated•NO has
been shown to play a part in several pathological conditions
such as stroke and Alzheimer’s disease, and may be involved

in potentiating certain cancers. This physiologically important
messenger is produced in a variety of cells fromL-arginine
and O2 by NOS. Three distinct isoforms of NOS exist:
neuronal (nNOS), endothelial (eNOS), and inducible (iNOS)
(1). Similarities among the NOS isoforms include the fact
that they are all homodimers, with each monomer possessing
an N-terminal heme domain and a C-terminal reductase
domain (2-5). The heme domain binds an iron protopor-
phyrin IX ring (6-8), H4B (5, 9-11), andL-arginine, and is
where catalysis takes place. The reductase domain binds 1
equiv each of FAD and FMN, and is the site of interaction
of NADPH, the exogenous electron-donating molecule (9,
11, 12). Electron transfer within NOS is triggered by the
binding of Ca2+-bound calmodulin (Ca2+/CaM) to an amino
acid sequence located approximately midway between the
two domains (13-17). Besides tissue localization, the NOS
isoforms also possess other differences. Of principal interest
is their interaction with the ubiquitous Ca2+-binding protein
CaM. The nNOS and eNOS enzymes bind Ca2+/CaM
reversibly in response to Ca2+ levels, while iNOS binds Ca2+/
CaM in a seemingly irreversible fashion (1, 18, 19). Despite
a number of studies that have focused on the interactions of
peptides corresponding to the NOS CaM-binding sequences
(13-15, 20), the molecular nature of the interactions is still
poorly understood. In addition, it is unknown if the fully
Ca2+-bound structure of CaM shown in Figure 1 is needed
for activation of the three NOS isoforms.

† We gratefully acknowledge the Mac Arthur Fund (Kalamazoo
College, R.S.-T.), The Mellon Foundation (R.S.-T.), and the Howard
Hughes Medical Institute (R.S.-T. and M.A.M.) for project funding.
Also, the Kaufman Fund (Department of Chemistry, Kalamazoo
College, K.C.B. and A.J.R.), Kalamazoo College Faculty Development
(K.C.B. and S.J.D.), and the Howard Hughes Medical Institute (I.G.)
for student support.

* To whom correspondence should be addressed: Kalamazoo
College, 1200 Academy St., Kalamazoo, MI 49006. Phone: (269) 337-
7330. Fax: (269) 337-7251. E-mail: rtruss@kzoo.edu.

‡ Kalamazoo College.
§ University of California.
1 Abbreviations: NOS, nitric oxide synthase; nNOS, neuronal nitric

oxide synthase; iNOS, inducible nitric oxide synthase; eNOS, endot-
helial nitric oxide synthase;•NO, nitric oxide; CaM, calmodulin; H4B,
(6R)-5,6,7,8-tetrahydro-L-biopterin; Hepes, 4-(2-hydroxyethyl)pipera-
zineethanesulfonic acid; BSA, bovine serum albumin; DTT, dithio-
threitol; CAP, chloramphenicol; AMP, ampicillin; TB, Terrific broth;
LB, Lauria-Bertani broth; IPTG, isopropylâ-D-thiogalactopyranoside;
EGTA, ethylene glycol bis(â-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis;â-ME, â-mercaptoethanol; ECL, enhanced chemilumines-
cence; ICP, inductively coupled plasma atomic emission spectroscopy.
In the mutant CaM nomenclature, Bx denotes the Ca2+-binding site
while Q denotes the substituted residue (glutamine).

7593Biochemistry2005,44, 7593-7601

10.1021/bi0474517 CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/26/2005



We have previously demonstrated that iNOS’s tight
interaction with CaM can be reversed (21). However, initial
studies using EGTA to chelate Ca2+ suggested that the
iNOS-CaM interaction was only partially reversible as only
30% of iNOS activity was inhibited (21). A synthetic peptide
corresponding to the CaM-binding sequence from iNOS,
however, was able to fully inhibit iNOS activity, and the
inhibition was demonstrated to be the result of removal of
the tightly bound CaM (21). That study demonstrated that
like that of nNOS and eNOS, activity of iNOS requires its
bound CaM as the peptide-induced inhibition was fully
reversible with the addition of exogenous CaM. Furthermore,
that study demonstrated the importance of Ca2+ in the
interaction of CaM and iNOS, as the observed EGTA
inhibition was reversed by the addition of Ca2+. Whether
iNOS’s interaction with CaM and its subsequent activation
require that Ca2+ be bound to one or all four Ca2+-binding
sites of CaM, until this report, has been a mystery. In fact,
the role of the Ca2+-binding sites of CaM in the interaction
of CaM with any of the NOS isoforms is yet not understood.

In the case of nNOS, we have demonstrated that Ca2+-
binding site I of CaM is crucial for electron transfer within
this isoform (22). On the other hand, nNOS is less dependent
on Ca2+ being bound to site III of CaM. These results (i)
showed that nNOS’s activation by CaM does not require that
Ca2+ be bound to all four sites, (ii) suggested that the
antiparallel orientation previously demonstrated for CaM
interacting with the CaM-binding sequence of nNOS may
also exist in the intact protein, and (iii) demonstrated that
additional interactions exist between CaM and nNOS outside
of the putative CaM-binding domain that are critical to
nNOS’s activation. In that study, a series of mutant CaMs
from Drosophilawere used to assess the role of the Ca2+-
binding sites in the activity of nNOS. These mutant CaMs
had previously been used to demonstrate the importance of
the Ca2+-binding sites in the activation of several CaM-
binding proteins, as Ca2+ binding is important for target
activation (23, 24). Our results with these mutants as well
as previous findings demonstrate that target activation
involves specific Ca2+-dependent interactions that are distinct
from interactions required for protein-protein association.
These results have led us to hypothesize that eNOS and iNOS
also possess Ca2+-dependent interactions that are specifically
needed for enzyme activation. Studies to ascertain the
specifics of eNOS activation by CaM are complicated by
the fact that eNOS is membrane-bound, and is involved in

regulation by several cell signaling mechanisms (25). None-
theless, several studies have indicated that eNOS also
possesses contacts with CaM that are responsible for its
activity that are different from contacts solely involved in
binding (20, 26-28).

We report here that activation of iNOS, like that of nNOS,
does not require that Ca2+ be bound to all four Ca2+-binding
sites of CaM. Moreover, as previously found for nNOS,
activation of iNOS by CaM also involves specific Ca2+-
dependent interactions; however, the interactions appear to
be different. Conclusions regarding the regions of CaM
believed to be responsible for activation of iNOS will be
made, and a structural representation of the CaM-bound
iNOS will be proposed.

EXPERIMENTAL PROCEDURES

Materials and General Methods

Escherichia coliJM109 and BL21(DE3) competent cells
and the pACYC184 plasmid vector were obtained from
Novagen. All restriction enzymes were from Gibco BRL.
QIAquick gel extraction and QIAfilter plasmid DNA puri-
fication kits were from Qiagen. Tryptone and yeast extract
were from Difco. H4B was purchased from Cayman Chemi-
cals and prepared in 100 mM Hepes (pH 7.4) containing
100 mM dithiothreitol (DTT). 2′,5′-ADP Sepharose 4B,
Superdex 200 prep grade, ECL reagents, and Hi-Trap
Desalting columns were from Amersham-Pharmacia LKB
Biotechnology, Inc. Bradford protein dye reagent, Chelex
100 resin, and all electrophoresis reagents were from Bio-
Rad. Ultrafree-15 centrifugal filtration units were from
Millipore. All other reagents, unless otherwise stated, were
from Sigma Chemical.

Subcloning of Drosophila CaMs

The genes forDrosophilawild-type and mutant CaMs (E
to Q mutant series) were subcloned into the pACYC184
vector from a pEMBL8 vector (generous gift of K. Beck-
ingham, Rice University, Houston, TX) using HindIII and
SalI restriction sites (29). Digested segments were separated
on 1% agarose gels, and the bands of interests were cut out
of the gel and purified using DNA QIAquick gel extraction
kit following the manufacturer’s procedures. The purified
fragments corresponding to the CaM genes were each then
ligated using T4 DNA ligase into the pACYC184 vector
previously digested with HindIII and SalI. The CaM genes
were introduced into the pACYC184 vector in the tetracy-
cline resistance gene location on the plasmid (see New
England BioLabs DNA sequence map at www.neb.com).
Chloramphenicol (CAP) resistance was retained in the new
pACYC-CaM vectors, allowing for CAP resistance selection
capabilities. The integrity of the digested DNA and proper
CaM sequence insertion into the pACYC184 vector was
assessed using AvaI, EcoRI, and XbaI, in separate restriction
enzyme combination experiments, monitored on 1% agarose
gels. The pACYC-CaM plasmids were then amplified inE.
coli JM109 cells, and purified using QIAfilter DNA plasmid
kits following the manufacturer’s protocols.

iNOS Expression

To obtain active, holo-iNOS, its coexpression with calm-
odulin is necessary, as previously demonstrated (30, 31). E.

FIGURE 1: Ribbon diagrams depicting the fold of Ca2+-bound CaM.
Coordinates for this structure were taken from Brookhaven Protein
Data Bank entry 1c11 (Ca2+-bound CaM). In this NMR structure,
the N- and C-termini are clearly indicated. Black spheres represent
Ca2+ ions bound to each of the Ca2+-binding sites. Sites II and III
are indicated.
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coli BL21(DE3) cells were transformed with the plasmids
for both iNOS (pCW-iNOS) and CaM (pACYC-CaM) as
previously described (32). Separate transformation experi-
ments were carried out for eachDrosophilaCaM that was
studied. BL21(DE3) double transformants were selected
using LB agar containing AMP (100µg/mL) and CAP (64
µg/mL), grown for 16-20 h at 37°C. Freshly transformed
cells (single colonies) were then transferred to a 60 mL TB
starter liquid culture containing AMP (100µg/mL) and CAP
(64 µg/mL), and grown for 12-18 h at 37°C. An aliquot of
the starter culture (10 mL) was transferred to 750 mL of TB
medium (also containing AMP and CAP) and allowed to
grow at 37°C until the OD600 reached∼0.4. The incubator
temperature was reduced to 24°C, and the cells were grown
for an additional 1 h or until the OD600 reached∼0.6. IPTG
(0.4 mM) was then added to the cultures to induce protein
expression, and these were maintained at 24°C for 36-42
h. Cells were then harvested by centrifugation, resuspended
in sonication buffer [50 mM Hepes (pH 7.4), 20% glycerol,
10-15 µM H4B, and protease inhibitors], and stored at-70
°C until further use.

Purification of the iNOS-CaM Complex

As the interaction of iNOS and CaM is strong and
seemingly independent of intracellular levels of calcium,
iNOS and CaM presumably interact immediately following
expression. iNOS was expressed with eachDrosophilaCaM
(wild type or each calcium-binding site mutant) as described
above. Purification was achieved following previously
reported protocols (11, 33) with modifications. Cells previ-
ously frozen in sonication buffer were thawed on ice and
lysed by sonication (5× 30 s, at a setting of 4 using a Sonic
Dismembrator, Fisher). The cell homogenate was then
centrifuged at 37000g to separate the soluble (supernatant)
from the insoluble fractions. Supernatant (30 000 units of
activity measured using the hemoglobin assay described
below) was then applied to a 2′,5′-ADP Sepharose 4B
column (5 g) previously equilibrated with buffer A [50 mM
Hepes, 10% glycerol, and 0.5 mML-arginine (pH 7.4)]. The
protein-loaded column was then washed sequentially with
buffer A (30 mL), buffer B (buffer A with 2 mM adenosine
5′-diphosphate, 5′-ADP, and 0.5 M NaCl, 60 mL), and buffer
C [50 mM Hepes and 10% glycerol (pH 7.4), 30 mL], and
the protein was eluted with buffer D (buffer C with 1.0 mM
NADP+ and 3.0 mM NADPH, 50 mL) directly into an
UltraFree-15 centrifugal concentrator and concentrated to∼1
mL. The concentrator contents were then washed with 10
mL of buffer C and reconcentrated to∼1 mL. All column
washes and concentrator buffer changes contained 10-15
µM H4B. Concentrated protein samples were applied to a
Superdex 200 (S200) column (47.5 cm× 1.0 cm) previously
equilibrated with buffer C containing 10-15 µM H4B and
100 mMâME. This column was run under low pressure until
all the protein was eluted. Fractions that were found to
contain NOS protein bound to high-spin heme (determined
spectrophotometrically as a peak centered at∼400 nm and
possessing a heme-to-flavin ratio ofg3) were pooled,
concentrated in an UltraFree-15 centrifugal concentrator, and
stored at-70 °C in the presence of 20% glycerol and 10-
15 µM H4B. The purification efficiency and purity of the
various iNOS-CaM complexes were assessed by SDS-

PAGE. Protein concentrations were determined by Bradford
analysis.

SDS-PAGE and Western Analyses

iNOS expression was analyzed on 12% acrylamide gels
under denaturing conditions.E. coli cells were suspended
in sonication buffer and frozen at-70 °C for a minimum of
24 h. Before analysis, samples were sonicated, and cell
lysates (10µg of total protein per lane) were loaded into
separate lanes of the gels and electrophoresed at a constant
voltage (180 V) for 70-90 min. Following electrophoresis,
proteins were transferred to a nitrocellulose membrane. The
membranes were then probed with rabbit-grown polyclonal
antibodies against iNOS, followed by treatment with horse-
radish peroxidase-conjugated anti-rabbit IgG antibodies.
iNOS detection was achieved using ECL reagents.

iNOS purification was monitored by SDS-PAGE on 12%
acrylamide gels. Aliquots of protein samples from each step
in the purification were obtained and treated with SDS-
PAGE sample buffer. To each lane was added 3-8 µg of
protein, and samples were electrophoresed at a constant
voltage (180 V) for 70-90 min. Protein was visualized by
staining with Coomasie Blue.

Determination of Metal (calcium, iron, and zinc) Content

To assess the number of calcium ions bound to calmodulin
in the iNOS-CaM complex, as well as to determine the iron
and zinc content of iNOS, the method of ICP analysis was
used. Metal-free samples were obtained as previously
described (33) with the following modifications. Purified
iNOS-CaM proteins were desalted using a Hi-Trap desalting
column (Amersham-Pharmacia) that had been equilibrated
with metal-free 20 mM Hepes (pH 7.4). Metal-free buffer
was obtained by slowly passing the solution through a
Chelex-100 column (32.5 cm× 2.5 cm) and collecting the
eluent directly into a previously acid-washed container. Using
a 30 mL syringe, chelated 20 mM Hepes (pH 7.4, 20 mL)
was run through a 5 mL Hi-Trap desalting column to
equilibrate the beads. Using a 1 mL syringe, the purified
iNOS-CaM protein was added to the equilibrated Hi-Trap
column, and the protein was eluted by passing chelated buffer
through the column using a 30 mL syringe. Aliquots (0.5
mL) were collected directly into 1.7 mL microcentrifuge
tubes. Protein concentrations were determined by Bradford
analysis, and the samples were analyzed for metal content
by ICP analysis (Department of Geological Sciences, Uni-
versity of Michigan, Ann Arbor, MI).

Spectral Characterization of the iNOS-CaM Complex

Spectra were obtained on a Cary 3E spectrophotometer
equipped with a circulating water bath set at 10°C. Purified
samples (400µL, 1.0-4.0 µM) in 50 mM Hepes (pH 7.4)
containing glycerol (10%) were placed in a quartz cuvette,
and spectra were recorded.

Arginine Binding.Concentrations ofL-arginine from 0 to
500 µM were added to a cuvette containing protein, and
spectra were recorded after each addition. The change in
absorbance at 381 nm was subtracted from the change at
418 nm (∆∆ absorbance 381-418) for each spectrum
recorded, and these differences were plotted againstL-
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arginine concentration. Binding constants (Kd) were deter-
mined by nonlinear regression using KaleidaGraph (Reading,
PA).

Formation of the Ferrous-CO Complex.Following each
arginine binding experiment (finalL-arginine binding spec-
tra), excess dithionite was added to the cuvette containing
iNOS, and spectra were recorded. CO gas was then gently
added directly to the solution in the cuvette followed by its
addition directly to the headspace for 5-10 min on ice, and
spectra again were recorded.

ActiVity Assays

The electron transfer ability of iNOS in the presence of
the variousDrosophila CaMs was assessed either by the
formation of methemoglobin or by monitoring cytochrome
c reduction.

Hemoglobin assayswere carried out as previously de-
scribed (34) with the following modifications. iNOS bound
to each of theDrosophilaCaMs (5-10 nM) was incubated
with L-arginine (1 mM), H4B (10-20 µM), DTT (200-400
µM), glycerol (10%), oxyhemoglobin (7-10µM), and Hepes
(50 mM, pH 7.4). Assays (1 mL) were initiated with NADPH
(240 µM), and were monitored at 401 nm and 37°C.
Activities were determined using an extinction coefficient
of 60 000 M-1 cm-1 for the increase in absorbance at 401
nm, indicative of the production of methemoglobin. Assays
carried out for the determination ofL-arginineKm values were
conducted by varying the concentration ofL-arginine from
1 to 1000µM. Specific activities were then plotted against
L-arginine concentrations, andKm values were determined
by nonlinear regression using KaleidaGraph.

Cytochrome cassays were carried out as previously
described (5, 22) with the following modifications. iNOS
bound to each of theDrosophila CaMs (4-7 nM) was
assayed in Hepes (50 mM, pH 7.4), glycerol (10%), and
cytochromec (50 µM). Assays (1 mL) were initiated with
NADPH (240µM), and were monitored at 550 nm and 37
°C. Activities were determined using a change in extinction
coefficient of 21 000 M-1 cm-1.

Statistical Analyses

Comparisons of the means were made using a Student’st
test, with the values assessed at the 95% confidence interval.

RESULTS

Expression and Purification of CaM-Bound, ActiVe, Intact
Holo-iNOS.Active inducible NOS is typically isolated from
cells tightly bound to CaM. For this reason, expression of
active, soluble iNOS was only afforded upon its coexpression
with the variousDrosophilaCaMs.E. coli cells transformed
with both the iNOS plasmid (pCW-iNOS) and any of the
CaM plasmids (pACYC-CaM) were found to express intact,
soluble iNOS at high levels. SDS-PAGE followed by
Western analysis demonstrated that iNOS expressed in cells
up to 24 h post-IPTG induction was rapidly proteolyzed
intracellularly (Figure 2). High levels of peptides that
migrated at molecular masses that corresponded to the heme
and reductase domain of iNOS that also reacted with iNOS
polyclonal antibodies were detected by Western analysis
(Figure 2). When cells were allowed to express protein for
36-42 h post-induction, high levels of intact, active iNOS

were obtained (Figure 2). Purification was achieved using a
combination of two columns. First, the 2′,5′-ADP column
separated the iNOS-CaM complex from otherE. coli
proteins, as these were washed off with the first buffer wash
(Figure 3A, lanes 2 and 3). Loosely bound impurity proteins
were removed by washing the column with a buffer contain-
ing 5′-ADP. As can be seen in Figure 3A (lane 4), several
protein bands were lost from the sample after the 5′-ADP
wash with a minimal loss of NOS protein. Protein obtained
from this step was deemed to be<50% pure (Figure 3A,
lane 6). In reported protocols (11, 32), a DEAE-Bio-Gel A
ion exchange column is typically used as the second step in
NOS purification. However, this resin proved to be ineffec-
tive in our procedures as very few impurities were removed
(data not shown). Size exclusion chromatography using a
Superdex-200 (S200) gel filtration column afforded proteins
that were deemed>95% pure (Figure 3A, lane 10, and
Figure 3B), assessed from the FlurS-scanned images quanti-
fied using QuantOne (Bio-Rad). S200 fractions loaded into
lanes 7 and 8 (Figure 3A), although appearing to correspond
to the pure iNOS protein, were found to contain low-spin
heme iNOS as determined spectrophotometrically;λmax

values of iNOS were broad and slightly red shifted (data
not shown).

Characterization of E. coli-Expressed iNOS Bound to
Various Drosophila CaMs.All of the purified recombinant
iNOSs bound toDrosophila CaMs possess spectral and
L-arginine binding properties identical to those of iNOS
bound to human CaM (32). They were all found to be
purified bound to a high-spin heme with aλmax centered at
∼400 nm as shown in the representative spectrum in Figure
4. In all cases, the iNOS-CaM complex boundL-arginine
and demonstrated the typical blue shift representative of
substrate binding (Figure 4A). Arginine binding constants
(Kd) were spectrally found to be between 6 and 13µM (Table
1), in agreement with published values (32). Arginine Km

FIGURE 2: Western analysis of post-induction time-dependent iNOS
expression.E. coli cell lysate samples were run on SDS-PAGE
gels (12%), and then proteins were transferred to a nitrocellulose
membrane. Membranes were probed with polyclonal antibodies to
iNOS, and proteins were visualized by chemiluminescence. The
iNOS control lane corresponds to a purified iNOS control sample.
The heme/reductase domain bands were determined by comparison
to purified samples run in separate lanes on the same gels. The
time labels for each lane correspond to the time of protein
expression in the cells post-IPTG induction.
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values were also determined for iNOS bound to each
Drosophila CaM (wild type and mutant) using the hemo-
globin assay. Values ofKm were found to be between 7 and
15µM (Table 1), in the range of published values for murine
macrophage iNOS (11). All of the recombinant iNOS
proteins were also found to form the prototypical P450
spectrum in response to the iron being reduced in the
presence of CO (Figure 4B). These parameters demonstrated
thatE. coli indeed expressed an iNOS protein that was similar
to iNOS isolated from other sources.

Given that the CaM proteins used in this study were
mutated at one of the Ca2+-binding sites, it was crucial to
determine the amount of Ca2+ bound to each of these
recombinant iNOS proteins. Additionally, assessment of the
amount of metals bound to iNOS is important for charac-
terization of enzymatic activity. Metal analysis done by the
method of ICP demonstrated that regardless of theDroso-
phila CaM protein bound to iNOS, all recombinant proteins
purified with approximately one iron (0.8-1.5 per iNOS
monomer) and one zinc (0.7-0.9 per iNOS monomer) (Table

2). When bound to wild-type CaM, iNOS proteins were
found to bind four calcium ions per monomer. However,
when bound to any of the four mutated CaMs, iNOS was
found to possess only three calcium ions per molecule, as
expected (Table 2).

Effect that CaM Mutations HaVe on iNOS ActiVities.The
ability of iNOS to transfer electrons was analyzed in two
ways. First, iNOS proteins were assayed for their ability to
reduce cytochromec, which is a measure of the extent of
electron transfer within the reductase domain. The results
show that maximal cytochromec reduction (∼20µmol min-1

mg-1) was observed for iNOS bound to either the wild type
or the site I mutant (B1Q) of CaM (Table 3). When bound
to the B2Q and B3Q mutant CaMs, iNOS was found to
reduce cytochromec by only 65 and 68% of the wild-type

FIGURE 3: SDS-PAGE analysis of the purification of recombinant
iNOS bound toDrosophilaCaMs. Aliquots from each step in the
purification protocol were treated with SDS sample buffer and
loaded into separate wells of 12% acrylamide gels. Electrophoresis
was carried out under denaturing conditions, and proteins were
visualized using Coomassie Blue. Panel A is a representative gel
showing samples from the fractions from both columns in the
purification. The protein in lane 10 is an aliquot of the purified,
concentrated, iNOS-B2Q-CaM (2Q) enzyme: lane 1, supernatant
loaded onto column 1 (ADP-Sepharose); lane 2, column 1
flowthrough; lane 3, column 1 buffer A wash; lane 4, column 1
buffer B wash; lane 5, column 1 buffer C wash; lane 6, column 1
eluent; lane 7, fraction from column 2 (S200 Superdex) spectrally
determined to contain low-spin heme iNOS; lane 8, fraction from
column 2 that contained spectrally sound, pure iNOS; and lane 9,
fraction from column 2 that contained a principally reductase
contaminant, as determined spectrally. Panel B shows the lanes from
representative gels that corresponded with lane 10 in panel A but
that were obtained for iNOS purified bound to wild-type (Wt), site
I mutant (1Q), site III mutant (3Q), and site IV mutant (4Q) CaMs.

FIGURE 4: Spectral analysis of recombinant iNOS in the presence
of mutatedDrosophila CaMs. All spectral analyses were carried
out on a Cary 300 spectrophotometer equipped with a circulating
water bath set at 10°C. (A) To the purified iNOS-B2Q-CaM
complex (4.0µM) was added arginine, incrementally, from 0 to
500 µM, and spectra were recorded after each addition. The solid
spectrum is that of iNOS in the absence of arginine (λmax centered
at∼400 nm). The dotted spectrum is that of iNOS bound to arginine
(500µM, λmax observed to shift to∼393 nm). (B) To the purified
iNOS-B4Q-CaM complex (4.1µM) was first added arginine to
generate the arginine binding spectrum (not shown in panel B),
and then the iron was reduced with dithionite followed by the
addition of carbon monoxide (CO) to the sample. The solid
spectrum is that of oxidized iNOS in the absence of arginine (λmax
centered at∼400 nm). The dotted spectrum is that of reduced iNOS
bound to arginine (500µM) and CO (λmax centered at∼444 nm).
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level, respectively, and in the presence of the site IV mutant
CaM (B4Q), the level of cytochromec reduction was found
to be 43% of that of the wild type (Table 3). These results
suggest that electron transfer by the reductase domain of
iNOS requires that CaM have Ca2+ at sites II-IV. Second,
the ability of iNOS to produce•NO when bound to each
CaM mutant was assessed by monitoring formation of
methemoglobin. Nitric oxide is produced by NOSs as a result
of the heme iron being reduced by electrons donated by FMN
in the reductase domain (35). By monitoring methemoglobin
formation, therefore, we assessed the transfer of electrons
through the reductase and heme domains of iNOS. The•NO
forming activity of iNOS bound to wild-typeDrosophila
CaM was found to be 0.89-1.0µmol min-1 mg-1. This value

is in agreement with the previously published values for
iNOS (32). As shown in Table 3, mutation of Ca2+-binding
site I or IV of CaM had little effect on the•NO forming
activity of iNOS (95% of wild-type CaM activity observed
with the B1Q mutant and 90% with the B4Q mutant). Ca2+

bound to sites II (B2Q) and III (B3Q) of CaM, however,
appears to be crucial to electron transfer within iNOS. Only
41 and 43% of wild-type CaM•NO producing activity was
found for iNOS bound to the B2Q and B3Q mutants,
respectively (Table 3). It appears then that activation of iNOS
by CaM requires that Ca2+-binding sites II and III have Ca2+

bound to them. Ca2+-binding site IV of CaM appears to be
primarily involved in electron transfer by the iNOS reductase
domain to exogenous acceptors, such as cytochromec.

DISCUSSION

For a number of years, we have been interested in the
regulation of NOS activity by CaM. All NOS isoforms
isolated to date are CaM-activated proteins (36). Calmodulin
interactions, however, are believed to be different and unique
between the NOS isoforms. The CaM-binding domains of
the three NOS isoforms exhibit little sequence homology,
with the two constitutive forms (nNOS and eNOS) having
more homology between them than between them and iNOS
(36). The interactions of the various NOSs with CaM have
also been used to divide NOS into forms that bind CaM
reversibly (nNOS and eNOS, dependent on Ca2+ concentra-
tions) and those that interact in an irreversible fashion
(namely, iNOS, which is irresponsive to Ca2+ concentra-
tions). Although all three NOS isoforms have been shown
to possess a prototypical CaM-binding sequence (2, 37, 38),
additional contacts peripheral to that sequence are believed
to exist. Our data suggest that these contacts are distinct
between the NOS isoforms, and they therefore represent
potential drug target sites.

The neuronal isoform of NOS has been shown to interact
with CaM in an antiparallel orientation. This was observed
by crystallographic analysis of CaM bound to the putative
nNOS CaM-binding peptide, and the structure indicates that
the interaction of these two proteins is prototypical of Ca2+-
dependent CaM-binding proteins such as MLCK (15).
Previously published biochemical data further support that,
and additionally demonstrate that Ca2+-binding site I of CaM
is crucial to electron transfer by nNOS (22). Furthermore,
those results suggest that CaM’s Ca2+-binding site I exerts
its action via the reductase domain of nNOS.

The study presented here was conducted in an effort to
determine what role each of the Ca2+-binding sites of CaM
plays in the activity of iNOS. The results obtained demon-
strate that wild-typeDrosophilaCaM is able to fully activate
iNOS, as observed with nNOS. However, activation of these
two NOS isoforms appears to occur by different mechanisms,
as theDrosophilaCaM mutants had a differential effect on
their activities. In the presence of wild-typeDrosophilaCaM,
iNOS was found to produce•NO and reduce cytochromec
at rates that were similar to reported values (31, 32, 39).
When iNOS was isolated bound to the site IV mutant CaM
(B4Q), however, a surprising and unexpected result was
obtained. While the B4Q CaM significantly affected intra-
and intermolecular electron transfer by nNOS (22), it only
affected intermolecular electron transfer by iNOS, as cyto-

Table 1: Arginine Binding Constants for Recombinant iNOS in the
Presence ofDrosophilaCaMs

calmodulin Kd (µM)a Km (µM)b

wild-type 13.08( 0.58 7.80( 1.56
B1Q 8.47c ( 1.36 9.71( 1.88
B2Q 6.70c ( 0.31 10.80( 1.70
B3Q 10.16( 0.79 14.20c ( 1.29
B4Q 12.40( 1.20 14.50c ( 4.10

a Values were determined spectrophotometrically as described in
Experimental Procedures.b Values were determined using the hemo-
globin assays as described in Experimental Procedures. The values
represent the average of two or more experiments( the standard error
of the mean.c This value is statistically different from the corresponding
wild-type values whenp ) 0.05.

Table 2: Metal Content of Recombinant iNOS in the Presence of
DrosophilaCaMsa

no. of metals per iNOS moleculeb

calmodulin calcium iron zinc

wild-type 3.98( 0.07 0.81( 0.11 0.75( 0.09
B1Q 2.81c ( 0.21 0.82( 0.08 0.68( 0.11
B2Q 3.08c ( 0.20 1.50( 0.20 0.82( 0.13
B3Q 3.12c ( 0.17 1.39( 0.30 0.80( 0.16
B4Q 3.26c ( 0.30 1.60c ( 0.12 0.87( 0.08
a All analyses of metal content were carried out by the method of

ICP at the University of Michigan.b Values represent the molar ratio
of metal to iNOS protein molecule. Errors are the standard error of the
means based on two or more analyses per sample.c This value is
statistically different from the corresponding wild-type values whenp
) 0.05.

Table 3: Activity of Recombinant iNOS Bound to Various
DrosophilaCaMsa

specific activityb

calmodulin
cytochromec reduction

(µmol min-1 mg-1)c
methemoglobin formation

(nmol min-1 mg-1)d

wild-type 20.1( 1.2 936.6( 42.5
B1Q 21.9( 3.3 893.9( 3.4
B2Q 12.9( 1.1 386.5( 23.8
B3Q 13.6( 1.8 399.8( 12.8
B4Q 8.6( 0.7 842.4( 3.5

a The values were calculated from three or more experiments
performed in duplicate. Errors are the standard error of the mean.
b Values are the maximal velocities observed for iNOS in the presence
of the given CaM mutant. The amount of protein was determined by
Bradford analysis.c Assays contained iNOS (4-7 nM) and cytochrome
c (50 M), and were monitored at 550 nm as described in Experimental
Procedures.d Assays contained iNOS (5-10 nM) and hemoglobin (7-
10 µM), and were monitored at 401 nm as described in Experimental
Procedures.
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chromec reduction was significantly affected (43% of wild-
type activity measured) while methemoglobin formation was
not (90% of wild-type activity measured) (data presented in
Table 3). Moreover, Ca2+ binding to site IV of CaM was
found to affect nNOS’s ability to produce methemoglobin
to a greater extent (22). Another differentiating finding was
that activities of iNOS bound to the site II (B2Q) or site III
(B3Q) CaM mutant were indistinguishable from each other
(Table 3). However, these mutant CaMs had very different
effects on the activities of nNOS; the B2Q CaM affected
both the intra- and intermolecular activity of nNOS, while
the B3Q CaM had little effect on either activity (22).

Perhaps the most interesting results were obtained with
the site I mutant CaM (B1Q). When bound to B1Q CaM,
nNOS was unable to catalyze any activity (22). However,
in the presence of the B1Q CaM, iNOS activities were
observed to be identical to the corresponding activities
measured with wild-type CaM (see Table 3). One hypothesis
that could explain the observed activities of iNOS bound to
the B1Q CaM could be that upon CaM binding to iNOS the
site interacts with Ca2+. However, metal analysis showed
that when bound to iNOS none of the mutant CaMs regained
their ability to bind Ca2+ at the mutated site (data listed in
Table 2). Therefore, the effects observed with any of these
mutant CaMs suggest that different contacts between CaM
and these enzymes exist, and that these contacts play a crucial
role in their activation.

To the best of our knowledge, this is the first investigation
wherein the role of specific factors of the CaM structure in
the activation of iNOS has been reported. Data obtained with
these mutant CaMs conclusively show that activation of
iNOS requires Ca2+. We previously demonstrated the need
for Ca2+ in the activity of iNOS using the EGTA, but this
Ca2+ chelator only reduced iNOS activity by 30% (21). We
hypothesized at that time that iNOS activation by CaM did
not require Ca2+ binding to all four sites. The results
presented here support that hypothesis since the•NO produc-
ing activity of iNOS is nearly maximal when site I or site
IV of CaM is Ca2+-free (data presented in Table 3).

The data obtained with this series of Ca2+-binding site
mutant CaMs support the hypothesis that CaM differentially
affects activation of the NOS isoforms. The biochemical data
obtained in our previous study of nNOS’s activation by these
CaM mutants allowed for a proposed representation of the
CaM-bound nNOS molecule (22). The results presented here
for iNOS can also be used to hypothesize about a CaM-
bound structure of iNOS. Figure 5 provides a simplification
of our previously proposed nNOS structure (Figure 5A). We
proposed here that iNOS interacts with CaM as represented
in the schematic shown in Figure 5B. In as much as
biochemical data can yield information regarding a protein’s
structure, our results using theseDrosophilaCaMs suggest
that nNOS binds CaM in an antiparallel orientation and that
iNOS may interact in a parallel orientation. Although CaM
typically binds to its targets in an antiparallel orientation,
the precedent for a parallel hypothesis comes from the
demonstrated interactions of melittin with CaM (40-42).
Moreover, the structure of CaM is believed to be highly
flexible and promiscuous since CaM interacts with more than
30 different targets intracellularly (43), and it is thought that
target peptide sequences determine the directionality of CaM

(44). Directionality of CaM may be dictated by its binding
to NOSs, and the overall topology of the quaternary structure
of these proteins may provide another distinguishing feature
of this family of enzymes.

The biochemical data presented here for iNOS bound to
these CaM mutants suggest that crucial contacts exist
between iNOS and regions of CaM that are exposed upon
Ca2+ binding to specific sites of CaM. When these sites are
Ca2+-free, CaM may not adopt the required conformation
to fully activate iNOS. Understanding how CaM binds to
and activates its target proteins continues to be the subject
of investigations. Guptaroy and colleagues have previously
suggested that the pattern of target recognition by CaM
involves specific Ca2+-binding site interactions (24). The
differential responses seen for iNOS and nNOS when bound
to these mutants further support that notion. Investigations
that will help in deciphering the molecular details of CaM’s
interaction with the NOSs that results in subsequent regula-
tion of their functions are underway.
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