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ABSTRACT: Calmodulin (CaM) is a Ca2+ signal transducing protein that binds and activates many cellular
enzymes with physiological relevance, including the mammalian nitric oxide synthase (NOS) isozymes:
endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). The mechanism of CaM
binding and activation to the iNOS enzyme is poorly understood in part due to the strength of the bound
complex and the difficulty of assessing the role played by regions outside of the CaM-binding domain.
To further elucidate these processes, we have developed the methodology to investigate CaM binding to
the iNOS holoenzyme and generate CaM mutant proteins selectively labeled with fluorescent dyes at
specific residues in the N-terminal lobe, C-terminal lobe, or linker region of the protein. In the present
study, an iNOS CaM coexpression system allowed for the investigation of CaM binding to the holoenzyme;
three different mutant CaM proteins with cysteine substitutions at residues T34 (N-domain), K75 (central
linker), and T110 (C-domain) were fluorescently labeled with acrylodan or Alexa Fluor 546 C5-maleimide.
These proteins were used to investigate the differential association of each region of CaM with the three
NOS isoforms. We have also N-terminally labeled an iNOS CaM-binding domain peptide with dabsyl
chloride in order to perform FRET studies between Alexa-labeled residues in the N- and C-terminal domains
of CaM to determine CaM’s orientation when associated to iNOS. Our FRET results show that CaM
binds to the iNOS CaM-binding domain in an antiparallel orientation. Our steady-state fluorescence and
circular dichroism studies show that both the N- and C-terminal EF hand pairs of CaM bind to the CaM-
binding domain peptide of iNOS in a Ca2+-independent manner; however, only the C-terminal domain
showed large Ca2+-dependent conformational changes when associated with the target sequence. Steady-
state fluorescence showed that Alexa-labeled CaM proteins are capable of binding to holo-iNOS coexpressed
with nCaM, but this complex is a transient species and can be displaced with the addition of excess CaM.
Our results show that CaM does not bind to iNOS in a sequential manner as previously proposed for the
nNOS enzyme. This investigation provides additional insight into why iNOS remains active even under
basal levels of Ca2+ in the cell.

Calmodulin (CaM)1 is a ubiquitous∼17 kDa Ca2+-binding
cytosolic protein involved in the binding and regulation of

over 300 target proteins (1, 2). Due to its ability to bind and
affect many different intracellular processes, such as various
kinases and ion channels, there is significant interest in better
understanding the structural and conformational basis of
CaM’s ability to bind and recognize target proteins (3, 4).

CaM consists of two globular domains joined by a central
linker region. Each globular domain of CaM contains an EF
hand pair with the C-terminal EF hand pair having a 10-
fold greater affinity for Ca2+ than the N-terminal EF hand
pair (5). Previous studies involving the fluorescently labeled
central linker of CaM have been performed to determine
CaM’s association and dissociation rates from myosin light
chain kinase, calcineurin, and CaM kinase II (6-8). In the
archetypical model of CaM binding to a target protein, the
Ca2+-replete CaM wraps its two domains around a single
R-helical target peptide (9, 10). However, other conforma-
tions of CaM when bound to target proteins have been
discovered (3, 11-14).

The nitric oxide synthase (NOS, EC 1.14.13.39) enzymes
catalyze the production of nitric oxide (•NO), an important
free radical involved in a large variety of cellular processes
such as neurotransmission, vasodilation, and immune defense
(15). There are three mammalian NOS isoforms: neuronal
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NOS (nNOS), endothelial NOS (eNOS), and inducible NOS
(iNOS). All three enzymes are homodimeric with each
monomer consisting of an N-terminal oxygenase domain and
a multidomain C-terminal reductase domain. The oxygenase
domain contains binding sites for heme, tetrahydrobiopterin
(H4B), and the substratesL-arginine and molecular oxygen
while the reductase domain binds FMN, FAD, and NADPH
(16). A CaM-binding domain separates the oxygenase and
reductase domains. The mechanism of how CaM binding
facilitates electron transfer from NADPH to the heme is not
fully understood and is not equivalent in all three NOS
isoforms (17). At elevated Ca2+ concentrations, CaM binds
to the constitutive NOS (cNOS) enzymes, nNOS and eNOS,
enabling conformational changes in the reductase domains
that facilitate electron transfer from NADPH though the
reductase-associated flavins to the catalytic heme in the
oxygenase domain (18-21). The X-ray structure of CaM
bound to the CaM-binding domain of eNOS shows that CaM
binds in an antiparallel fashion with the N-terminal domain
of CaM binding to the N-type site closer to the C-terminus
of eNOS which corresponds to the reductase domain, while
the C-terminal domain of CaM binds to the C-type site closer
to the N-terminus, corresponding to the oxygenase domain
(22). In contrast to the cNOS enzymes, iNOS is transcrip-
tionally regulated in vivo by cytokines and binds to CaM at
basal levels of Ca2+. The Ca2+-independent activity of iNOS
appears to result from the concerted interactions of CaM with
both the oxygenase and reductase domains in addition to the
canonical CaM-binding region (23). The orientation of CaM
when bound to iNOS has previously been proposed to bind
in a parallel fashion based on kinetic analysis (24); however,
this model has yet to be proven.

While there have been several studies that demonstrate
different regions of CaM are important for the binding and
activation of the cNOS holoenzymes (20, 25-28), very little
has been reported on the binding and activation of the iNOS
enzyme by CaM (17, 24, 29). In the present study, we
employed three different mutant CaM proteins with single
cysteine substitutions found in each region of CaM: CaM-
T34C (N-domain), CaM-K75C (central linker), and CaM-
T110C (C-domain). These cysteine CaM mutants were
fluorescently labeled with acrylodan or Alexa Fluor 546 C5-
maleimide to monitor their binding to synthetic NOS CaM-
binding domain peptides and the holo-NOS enzymes,
respectively. The CaM-binding peptides and holoenzymes
of all three mammalian NOS isoforms were utilized since
studies involving uncommon CaM-target binding modes
require the use of target elements that extend well outside
of the typical CaM-binding region of the protein (3). This
study was designed to use steady-state fluorescence and
spectropolarimetry in the investigation of select regions of
CaM when binding to the CaM-binding domain peptides and
holoenzymes of the three mammalian NOS isozymes and to
determine the orientation of CaM when bound to iNOS
through the use of fluorescence resonance energy transfer
(FRET).

EXPERIMENTAL PROCEDURES

Molecular Cloning of CaM.The QuikChange site-directed
mutagenesis procedure (30) was used to convert the threonine
codons at positions 34 and 110 to cysteines in the kanamycin-
resistant pET9dCaM plasmid consisting of the pET9d vector

(Novagen) carrying rat calmodulin (17).
The forward and reverse primers for the T34C muta-
tion incorporated a uniqueSacI reporter cut site: wt-T34Cfr,
5′ CAATAACAACCAAGGAGCTCGGGTGTGTGATGC-
GGTCTC 3′, and wt-T34Crv, 5′ GAGACCGCATCACA-
CACCCGAGCTCCTTGGTTGTTATTG 3′. The forward
and reverse primers for the T110C mutation involved the
removal of aPmlI cut site: wt-T110Cfr, 5′ GCAGAGCT-
TCGCCACGTTATGTGTAACCTTGGAGAGAAG 3′, and
wt-T110Crv, 5′ CTTCTCTCCAAGGTTACACATAACGTG-
GCGAAGCTCTGC 3′. The resulting pCaM-T34C and
pCaM-T110C vectors were confirmed by DNA sequencing.
The pCaM-K75C in the ampicillin-resistant pET23d vector
(Novagen) was a generous gift from Dr. Neal Waxham
(University of Texas Medical School at Houston, Houston,
TX) (7).

CaM Protein Expression, Purification, and Fluorescent
Labeling.Overnight cultures of BL21(DE3)Escherichia coli
transformed with pCaM-T34C and pCaM-T110C were used
to inoculate 2× 1 L of Luria-Bertani (LB) media in 4 L
flasks supplemented with 30µg/mL kanamycin. BL21(DE3)
pLysS E. coli transformed with pCaM-K75C grown to
saturation overnight was used to inoculate 2× 1 L of LB
media supplemented with 100µg/mL ampicillin and 30µg/
mL chloramphenicol. Cultures were grown at 37°C, 200
rpm, to an OD600 of 0.6-0.8, induced with 500µM IPTG,
and harvested after 4 h of expression. Cells were harvested
by centrifugation, flash frozen on dry ice, and stored at-80
°C. Cells were thawed on ice, resuspended in four volumes
of 50 mM MOPS, pH 7.5, 100 mM KCl, 1 mM EDTA, and
1 mM DTT, and homogenized using an Avestin EmulsiFlex-
C5 homogenizer (Ottawa, Ontario, Canada). The CaM
proteins were purified using phenyl-sepharose chromatog-
raphy as previously described (31) with the exception that
the dialysis buffer contained 1 mM DTT. The CaM protein
concentrations were determined using anε277 of 3029 M-1

cm-1 for CaM saturated with Ca2+ (32) and were subse-
quently frozen in aliquots on dry ice and stored at-80 °C.
Electrospray ionization-mass spectrometry (ESI-MS) was
performed on the purified CaM proteins using a Micromass
Q-Tof Ultima GLOBAL mass spectrometer (Manchester,
U.K.) with an internal standard (17, 29). The CaM samples
were prepared by transferring the protein into water using a
YM10 centrifugal filter device (Amicon) and then diluted
using a 1:1 CH3CN/water solution containing 0.2% formic
acid to a concentration of approximately 20µM. The samples
were infused at 10µL/min. Raw data (m/z) were processed
using MaxEnt1 software to yield spectra on a true molecular
mass scale.

CaM Protein Labeling with Acrylodan and Alexa Fluor
546 C5-Maleimide.The CaM proteins were transferred into
labeling buffer (50 mM Tris-HCl, pH 7.2, containing either
1 mM EDTA or 1 mM CaCl2) by gel filtration using a
Sephadex G-25 PD-10 column (Amersham Biosciences,
Canada) in order to remove the excess reducing agent in the
CaM sample, as previously described (33). Prior to labeling,
the CaM proteins were tested with 5,5′-dithiobis(2-nitroben-
zoic acid) (DTNB) purchased from Sigma (Oakville, Ontario,
Canada) to ensure that the cysteine sulfhydryl side chains
were completely reduced and sufficiently reactive for labeling
with acrylodan and Alexa Fluor 546 C5-maleimide (Molec-
ular Probes, Eugene, OR). Using anε412 ) 13600 M-1 cm-1,
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the reactivities of the cysteine residues were determined to
be completely reactive in the presence of Ca2+ and EDTA.
Acrylodan and Alexa Fluor 546 C5-maleimide were dissolved
in N,N′-dimethylformamide and 50 mM Tris, pH 7.5,
respectively, to a concentration of 20 mM. Either 100µL of
acrylodan or Alexa Fluor 546 solution was added to 1 mL
of 100 µM CaM protein (1.67 mg/mL). For acrylodan, the
mixture was allowed to react overnight at 10°C with slow
mixing, whereas with Alexa Fluor 546, the mixture was
mixed slowly and allowed to react for 2 h at room
temperature. The labeling reactions were quenched with the
addition of either excessâ-mercaptoethanol or dithiothreitol.
Excess dye was removed by gel filtration using a PD-10
column preequilibrated with 50 mM HEPES, 1 mM EDTA,
and 150 mM NaCl, pH 7.5. Exhaustive dialysis against 50
mM HEPES, 1 mM EDTA, and 150 mM NaCl, pH 7.5, was
performed to ensure that all noncovalently linked dye was
removed from the labeled CaM proteins, as previously
described in other labeling studies (8, 34). Labeling yields
were determined from absorbance spectra on a Varian Cary
UV-visible spectrophotometer (Varian, Mississauga, On-
tario, Canada). The amount of covalently bound acrylodan
was determined using anε391 of 20000 M-1 cm-1 (Molecular
Probes). Covalently linked Alexa Fluor 546 was determined
with an ε554 of 93000 M-1 cm-1 (Molecular Probes). To
determine the extent of labeling, the CaM proteins labeled
with acrylodan or Alexa Fluor 546 were subjected to ESI-
MS to ensure that only sulfhydryl-specific labeling occurred.

iNOS Peptide Labeling with Dabsyl Chloride.Two mil-
ligrams of lyophilized human iNOS CaM-binding domain
peptide, RPKRR EIPLK VLVKA VLFAC MLMRK (resi-
dues 507-531 prepared by Sigma Genosys), was dissolved
in 1 mL of dabsyl chloride labeling buffer consisting of 0.1
M NaCO3, pH 7.1. A labeling buffer with a more neutral
pH was used to ensure selective labeling of the N-terminus
of the peptide as opposed to other primary amines found in
the peptide, such as the numerous lysine residues. Dabsyl
chloride was dissolved inN,N′-dimethylformamide to a
concentration of 25 mM. One hundred microliters of dabsyl
chloride solution was added to 1 mL of iNOS peptide (2
mg/mL), and the mixture was allowed to react for 1.5 h at
4 °C with slow mixing. The reaction mixture was then
centrifuged for 5 min at 14000g to remove particulate from
the sample. Due to the large size of the pellet, the pellet
was solubilized in 95% (v/v) H2O, 5% (v/v) CH3CN, and
0.1% (v/v) TFA, incubated for 10 min at room temperature,
and subsequently centrifuged to remove insoluble particles.
The presence of peptide in the resolubilized supernatant was
confirmed using the DC protein assay (Bio-Rad), based upon
the Lowry method.

The dabsyl-labeled iNOS peptide was then purified by
reverse-phase chromatography on an AKTApurifier System
for Chromatography (Amersham Biosciences, Baie d’Urfe,
Quebec, Canada) using a Delta-Pak C18 2× 150 mm
column (300 Å pore size, 5µm particle size). The aqueous
mobile phase consisted of 95% (v/v) H2O, 5% (v/v) CH3-
CN, and 0.1% (v/v) TFA while the organic mobile phase
containing 95% (v/v) CH3CN, 5% (v/v) H2O, and 0.1% (v/
v) TFA was used to elute the labeled iNOS peptide. After a
2 column volume wash with the aqueous phase, a linear
gradient of the organic mobile phase (1.5%/min) was used
to elute the labeled peptide from the column. Eluted peptide

was detected at 215 and 254 nm while dabsyl chloride was
monitored at 466 nm. Unlabeled peptide eluted at 63%
organic mobile phase while the labeled peptide eluted at 72%
organic mobile phase. Isolation of dabsyl-labeled iNOS
peptide was confirmed by ESI-MS with only singly labeled
species being observed. The concentration of dabsyl-iNOS
peptide was determined using anε466 ) 33000 M-1 cm-1.

NOS Enzyme Expression and Purification.Rat neuronal
NOS and bovine endothelial NOS were expressed and
purified as previously described (17, 29, 31) with the
exception that these enzymes had an N-terminal polyhistidine
tail cloned upstream from their respective start codons.
Human iNOS carrying a deletion of the first 70 amino acids
and an N-terminal polyhistidine tail was coexpressed with
CaM or nCaM mutant protein in BL21(DE3)E. coli. This
protein will henceforth be referred to as iNOS. Each NOS
enzyme was purified using ammonium sulfate precipitation,
metal chelation chromatography, and 2′,5′-ADP affinity
chromatography as previously reported (17).

Enzyme Kinetics.The initial rate of•NO synthesis was
measured using the spectrophotometric oxyhemoglobin
capture assay as previously described (31). Assays were
performed at 25°C in a SpectraMax 384 Plus 96-well UV-
visible spectrophotometer using Soft Max Pro software
(Molecular Devices, Sunnyvale, CA). eNOS, nNOS, and
iNOS coexpressed with CaM or nCaM (17) were assayed at
concentrations of 70, 30, and 28.5 nM, respectively, in 100
µL total well volumes. Two hundred micromolar CaCl2 or
250µM EDTA as well as 2µM wild-type CaM, mutant CaM
protein, and labeled CaM proteins was added to the ap-
propriate samples.

Steady-State Fluorescence.Fluorescence emission spectra
were obtained using a PTI QuantaMaster spectrofluorometer
(London, Ontario, Canada). CaM-T34C-acr, CaM-K75C-acr,
or CaM-T110C-acr (100 nM) was used as the fluorescent
reporter in the quartz cuvette, similar to a previous study
involving calcineurin (7). The excitation wavelength for all
of the acrylodan labeled CaMs was set at 375 nm. Slit widths
were set at 2 nm for excitation and 2 nm for emission. In a
volume of 1 mL, an initial scan was taken with each CaM-
Cys-acr protein in a buffer consisting of 50 mM HEPES, 1
mM EDTA, and 150 mM NaCl, pH 7.5. After the first scan,
synthetic NOS CaM-binding domain peptide (500 nM) was
added to the cuvette, and the sample was mixed thoroughly,
incubated for 3 min to allow the sample to reach equilibrium,
and scanned. The calculated free [Ca2+] in this system is
<1 nM based on calculations using the online algorithm
WEBMAXC (35). The NOS CaM-binding domain peptide
for human iNOS, RPKRR EIPLK VLVKA VLFAC MLM-
RK (residues 507-531), was prepared by Sigma Genosys,
while bovine eNOS, TRKKT FKEVA NAVKI SASLM
(residues 493-512), and rat nNOS, KRRAI GFKKL AE-
AVK FSAKL MGQ (residues 725-747), were synthesized
by SynPeP (SynPeP Corp., Dublin, CA). The sample was
then brought to a final free Ca2+ concentration calculated to
be 0.500 mM, mixed, allowed to incubate for 3 min, and
scanned. Finally, excess EDTA (5 mM final) was added
(calculated free [Ca2+] of 5.8 nM), the sample was incubated
for 3 min, and a final scan was taken.

Steady-state fluorescence measurements of CaM-Cys-
Alexa Fluor 546 proteins (50 nM) binding to holo-NOS
proteins (250 nM) were performed as previously described
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(see above) with the exception that the excitation wavelength
was set at 540 nm with emission monitored between 550
and 700 nm. The fluorescence emission maximum of Alexa-
labeled CaM was observed at 567 nm, regardless of the
presence of Ca2+ or EDTA in the buffer.

FRET Measurements of Alexa-Labeled CaMs with Dabsyl-
Labeled iNOS Peptide.FRET measurements between dabsyl-
labeled iNOS peptide and CaM-T34C-Alexa or CaM-T110C-
Alexa were determined in a buffer consisting of 50 mM
HEPES, 1 mM CaCl2, and 150 mM NaCl, pH 7.5. Using
the identical fluorometer setup as described for steady-state
measurements with Alexa-labeled CaMs, an initial scan of
50 nM CaM-T34C-Alexa or CaM-T110C-Alexa alone in a
volume of 1 mL was taken. This was followed by the
addition of dabsyl-iNOS peptide, the sample was mixed well
and incubated for 3 min, and a subsequent measurement was
taken.

Circular Dichroism of nCaM or cCaM Bound to the
Synthetic iNOS Peptide.Circular dichroism (CD) was
performed in a Jasco J-715 CD spectropolarimeter using
J-715 analysis software as previously described (36) with
some modifications. Samples were measured in a 1 mm

quartz cuvette (Hellma, Concord, Ontario, Canada) kept at
25 °C using a Peltier-type constant-temperature cell holder
(model PFD 3505; Jasco, Easton, MD). Samples consisted
of 25µM nCaM or cCaM alone or equimolar concentrations
of CaM protein with synthetic iNOS CaM-binding domain
peptide. Samples were mixed in 10 mM Tris-HCl buffer (pH
7.5) containing 150 mM NaCl and 200µM CaCl2, followed
by 1 mM EDTA. Spectra were recorded over a 190-250
nm range with a 1.0 nm bandwidth, 0.2 nm resolution, 100
mdeg sensitivity at a 0.125 s response, and a rate of 100
nm/min with a total of 25 accumulations. Data are expressed
as the mean residue ellipticity (θ) in deg cm2 dmol-1.

RESULTS

Protein Expression, Purification, and Labeling.The CaM
constructs used here have previously been employed in FRET
and fluorescence binding studies with CaM target proteins
due to their optimal positions in the N- and C-terminal
domains (37, 38), as well as the central linker of CaM (7, 8)
with all three CaM mutants showing no significant effect
on enzyme activity. Figure 1 shows the positions of the
mutant residues in the reported protein structures of holo-

FIGURE 1: X-ray and NMR structures showing the positions of T34, K75, and T110 in (A) holo-CaM, (B) apo-CaM, and (C) CaM when
bound to eNOS peptide. CaM, eNOS peptide, and Ca2+ ions are shown in red, blue, and black, respectively. T34, K75, and T110 are shown
in yellow, purple, and pink, respectively. Models are derived from PDB codes 1CLL (39), 1CFD (40), and 1NIW (22). (D) FRET analysis
of (i) CaM-T34C-Alexa and (ii) CaM-T110C-Alexa binding to iNOS peptide N-terminally labeled with dabsyl chloride. Alexa-labeled
CaMs alone in the presence of Ca2+ and in the presence of dabsyl-iNOS peptide are shown as black and blue lines, respectively. The
fluorescence signal of CaM-T110C-Alexa is quenched to a greater extent than CaM-T34C-Alexa when bound to the dabsyl-iNOS peptide.
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CaM (PDB code 1CLL;39), apo-CaM (PDB code 1CFD;
40), and CaM in complex with eNOS peptide (PDB code
1NIW; 22). When comparing the three structures in Figure
1A-C, these residues exhibit varying solvent exposure
depending upon the target protein CaM binds to, making
these sites optimal for fluorescence binding studies with
fluorophores that are highly sensitive to their environment,
such as acrylodan.

The mutant CaM proteins were successfully overexpressed
in E. coli. After purification, we obtained 37.7, 31.0, and
39.3 mg of protein/L of media of CaM-T34C, CaM-K75C,
and CaM-T110C, respectively. ESI-MS QTOF confirmed
homogeneity and ruled out any posttranslational modification
(see Supporting Information, Table S1).

Acrylodan fluorescence was measured exclusively in the
presence of the NOS CaM-binding domain peptides. Alexa
Fluor 546 C5-maleimide (Molecular Probes) was used during
FRET binding studies using the N-terminally dabsyl-labeled
iNOS peptide as well as steady-state fluorescence binding
studies with the holo-NOS enzymes due to its far-red-shifted
excitation and emission spectra. This dye is also advanta-
geous due to its ability to be specifically excited in the
presence of the NOS cofactors (heme, FMN, and FAD),
which absorb over most of the visible spectrum. Character-
ization of the fluorescently labeled CaM proteins is further
discussed in the Supporting Information section.

NOS ActiVation by CaM-Cys and Fluorescently Labeled
CaM Proteins. The oxyhemoglobin capture assay was
employed to determine if the CaM-Cys and the fluorescently
labeled CaM-Cys proteins were capable of binding and
activating the holo-NOS enzymes. The eNOS and nNOS
enzymes all exhibited approximately 100% activity in the
presence of CaM-T34C, CaM-K75C, and CaM-T110C when
compared to wild-type CaM (Table 1). The activation of
eNOS by the acrylodan and Alexa Fluor 546-labeled CaM
proteins was the same as observed for the unlabeled CaM-
Cys proteins (Table 1). In contrast, when nNOS was assayed

in the presence of the acrylodan-labeled CaM proteins, the
•NO production rates were enhanced from 160% (for CaM-
T110C-acr) up to 260% (for CaM-T34C-acr) of the rate
obtained for wild-type CaM. This observation may be due
to acrylodan’s highly hydrophobic properties causing a
nonspecific hydrophobic interaction between the CaM-Cys-
acr proteins and nNOS. Similarly, when nNOS was assayed
with CaM-T34C-Alexa and CaM-T110C-Alexa,•NO syn-
thesis rates were also enhanced. The nNOS activity in the
prescence of CaM-K75C-Alexa was decreased to approxi-
mately 60%, which may be due to the large Alexa dye
disrupting the CaM central linker interaction with nNOS. It
is noteworthy that all of the CaM-Cys and labeled CaM-
Cys proteins required the presence of Ca2+ to activate the
cNOS enzymes (results not shown). Clearly, all of the
fluorescently labeled CaM-Cys mutants are able to bind and
activate the cNOS enzymes, with nNOS showing marked
increases in•NO production rates.

In order to monitor if the labeled and unlabeled CaM-
Cys proteins were capable of activating iNOS, we used iNOS
coexpressed with nCaM (CaM residues 1-75). In our
previous study, we showed that iNOS coexpressed with
nCaM displayed no apparent activity in the presence of
EDTA; however, with the addition of 2µM wild-type CaM
with EDTA present, activity was maintained (17). This result
indicated that a Ca2+-dependent reorganization of the bound
truncated nCaM mutant could facilitate its displacement and
allow for the binding and activation of iNOS when excess
native CaM is added. Significant levels of•NO synthesis were
observed when excess CaM-Cys and CaM-Cys-acr mutants
were added to iNOS coexpressed with nCaM in the presence
of EDTA (Table 2). All of the mutant CaM proteins
displayed identical activation profiles to that of iNOS
coexpressed with nCaM with excess wild-type CaM (∼60%
maximal activation). The only exception was CaM-T110C-
acr, which activated the enzyme to 85% maximal activity
when compared to iNOS coexpressed with wild-type CaM
(Table 2). This marked difference between CaM-T110C and
its acrylodan-labeled equivalent may be due to a stronger
hydrophobic interaction with iNOS, similar to the results
previously observed with nNOS (Table 1). The Alexa Fluor

Table 1: CaM-Cys and Fluorescently Labeled CaM-Dependent
Activation of cNOS Enzymesa

CaM protein
neuronal
NOS (%)

endothelial
NOS (%)

CaM 100( 6 100( 1
CaM-T34C 114( 7 106( 5
CaM-T34C-acrylodan 238( 6b 87 ( 1
CaM-T34C-Alexa Fluor 546 156( 7c 104( 5
CaM-K75C 113( 3 116( 2
CaM-K75C-acrylodan 260( 7b 102( 2
CaM-K75C-Alexa Fluor 546 64( 4c 97 ( 5
CaM-T110C 89( 6 97( 2
CaM-T110C-acrylodan 157( 9b 116( 1
CaM-T110C-Alexa Fluor 546 185( 6c 93 ( 6
CaM (EDTA) NAAd NAA
a The oxyhemoglobin capture assay used to measure the rate of CaM-

activated•NO production was performed in the presence of either 2
µΜ wild-type or mutant CaM protein and either 200µM CaCl2 or 250
µM EDTA, as indicated. The activities obtained with the respective
enzyme bound to wild-type CaM at 25°C in the presence of 200µM
CaCl2 were all set to 100%. The activities for nNOS and eNOS bound
to CaM were 35.4 and 9.5 min-1, respectively.b Each assay that
contained acrylodan-labeled CaM showed markedly greater activity than
the equivalent CaM-Cys protein not labeled with acrylodan.c Alexa-
CaMs showed increased activity when the N- and C-domains were
labeled but displayed decreased activity when the central linker was
labeled.d NAA, no apparent activity.

Table 2: CaM-Cys and Fluorescently Labeled CaM Activation of
iNOSa

CaM protein CaM protein added
inducible
NOS (%)

iNOSwtCaM (Ca2+) no 100( 2
iNOSnCaM (Ca2+) no 64( 2
iNOSnCaM (EDTA) no NAAb

iNOSnCaM (EDTA) CaM 61( 4
iNOSnCaM (EDTA) CaM-T34C 60( 5
iNOSnCaM (EDTA) CaM-T34C-acrylodan 63( 6
iNOSnCaM (EDTA) CaM-T34C-Alexa Fluor 546 21( 1
iNOSnCaM (EDTA) CaM-K75C 54( 2
iNOSnCaM (EDTA) CaM-K75C-acrylodan 56( 2
iNOSnCaM (EDTA) CaM-K75C-Alexa Fluor 546 26( 1
iNOSnCaM (EDTA) CaM-T110C 56( 4
iNOSnCaM (EDTA) CaM-T110C-acrylodan 85( 3
iNOSnCaM (EDTA) CaM-T110C-Alexa Fluor 546 21( 2

a •NO synthesis rates were measured as described in Table 1 with 2
µM exogenous CaM protein added only to the assays indicated. Each
assay was performed in the presence of either 200µM CaCl2 or 250
µM EDTA as shown. The activity obtained for iNOS coexpressed with
CaM and assayed in the presence of 200µM CaCl2 at 25°C was 50.5
min-1 and was set to 100%.b NAA, no apparent activity.
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546-labeled CaM proteins showed low activation of iNOS
(∼20%), likely due to steric hindrance by the fluorophore
(Table 2). Clearly, all of the acrylodan- and Alexa-labeled
CaM proteins are capable of activating and, hence, binding
to the iNOS enzyme in the absence of Ca2+. The fact that
the fluorescently labeled CaM proteins bind and activate the
NOS isozymes indicates that the fluorescent binding studies
we present in this study are relevant in describing CaM’s
association with the various NOS CaM-binding domains.

CaM-NOS Peptide Binding Studies. (A) FRET Studies
Using Alexa-Labeled CaM Proteins with Dabsyl-Labeled
iNOS Peptide.It has previously been shown that CaM binds
to the CaM-binding domain of eNOS in an antiparallel
fashion, meaning that the N-terminal domain of CaM binds
closer to the C-terminus, classified as the N-type binding
site, while the C-terminal domain of CaM binds closer to
the N-terminus of the target protein, corresponding to the
C-type binding site (22). It has also previously been
determined that CaM binds to nNOS in an antiparallel
orientation through NMR (41). Although it has previously
been proposed that CaM binds to iNOS in a parallel
orientation based upon kinetic data (24), this model has yet
to be proven. In order to determine the orientation of CaM
when bound to the CaM-binding domain of iNOS, we
employed FRET to determine relative distances between the
N- and C-domains from the N-terminus of an iNOS target
peptide. CaM-T34C and CaM-T110C labeled with Alexa
Fluor 546 were used as the FRET donors while a synthetic
iNOS peptide N-terminally labeled with dabsyl chloride,
which is a potent quencher, was used as the FRET acceptor.
In essence, the greater the amount of quenching observed
represents the Alexa-labeled site on CaM being closer to the
N-terminus of the iNOS peptide. Should CaM-T34C-Alexa
be quenched to a greater extent than CaM-T110C-Alexa, this
would indicate that CaM binds in a parallel manner; however,
if the reverse result is observed, this would represent that
CaM binds to iNOS in an antiparallel fashion.

Our results shown in Figure 1D indicate that the fluores-
cence signal of CaM-T110C-Alexa is quenched to a greater
extent than CaM-T34C-Alexa in the presence of dabsyl-iNOS
peptide, signifying that when CaM is bound to the iNOS
peptide, the C-domain of CaM is closer to the N-terminus
of the peptide than the N-domain of CaM. This demonstrates
that CaM does in fact bind to the iNOS CaM-binding domain
in an antiparallel orientation, similar to that previously
determined for the cNOS enzymes (22, 41). The FRET
results we obtained correlate well when compared to the
published CaM-eNOS structure. This FRET donor-accep-
tor pair of Alexa Fluor 546 and dabsyl chloride has a
theoretical Fo¨rster distance value (R0) of 29 Å (Molecular
Probes), which is optimal for measurements within this
CaM-NOS peptide complex, based upon the solved CaM-
eNOS structure (Figure 1C). The calculated distance between
the hydroxyl moiety of T34 in CaM to the N-terminus of
the eNOS peptide is 26.3 Å, while the distance between the
hydroxyl of T110 to the N-terminus of the eNOS peptide is
19.2 Å. The fluorescence intensity of CaM-T34C-Alexa is
approximately 50% when compared of its initial intensity
without the dabsyl-iNOS peptide present, indicating that the
fluorescence measurement is approximately equal to theR0

value of 29 Å. This value is comparable to the measured
distance between T34C and the N-terminus of the peptide

in the CaM-eNOS structure, further supporting our finding
that CaM binds to iNOS in an antiparallel fashion.

(B) Ca2+-Dependent Association of Different Regions of
CaM to the NOS Peptides.The binding of acrylodan-labeled
CaM proteins to synthetic NOS CaM-binding domain pep-
tides was observed using steady-state fluorescence. The
addition of Ca2+ to the acrylodan-labeled CaM proteins all
demonstrated marked changes in fluorescence intensity
(Figure 2, Supporting Information). The addition of the eNOS
and nNOS peptides caused little or no change in fluorescence
emission of the CaM-T110C-acr protein in the presence of
EDTA, signifying little or no interaction between the
acrylodan-labeled CaMs and the cNOS peptides. In contrast,
there was∼20% quenching when the iNOS peptide was
added, indicative of an association between the peptide and
CaM-T110C-acr (Figure 2A). The addition of Ca2+ resulted
in a marked red shift and a fluorescence intensity decrease
of CaM-T110C-acr in the presence of all three NOS peptides,
indicating that the fluorophore becomes more solvent
exposed upon CaM binding to the NOS peptides (Figure 2A).
These large Ca2+-dependent changes in acrylodan fluores-
cence with Ca2+ added are indicative of CaM binding to the
cNOS peptides, while it represents a large Ca2+-dependent
conformational change in the C-domain of CaM when bound
to the iNOS peptide. Finally, after the addition of excess
EDTA, the acrylodan fluorescence signals closely returned
to their original peaks prior to Ca2+ addition, signifying the
release of the cNOS peptides from the acrylodan-labeled
CaM proteins (Figure 2A). These results are consistent with
the interaction of CaM with eNOS and nNOS being Ca2+-
dependent. While these results demonstrate that the C-domain
of CaM does interact with the iNOS CaM-binding domain
in a Ca2+-independent manner, it is notable that this domain
also experiences a large Ca2+-dependent conformational
change when it is associated with iNOS.

CaM-T34C-acr showed no change in fluorescence in the
presence of EDTA, indicating no apparent interaction with
the eNOS and nNOS peptides (Figure 2A). A marked blue
shift in fluorescence emission was observed with the addition
of Ca2+, signifying that CaM-T34C-acr is associating with
the cNOS peptides; however, the subsequent addition of
EDTA caused the fluorescence signal to return to its original
intensity, representing the release of CaM-T34C-acr from
the cNOS peptides (Figure 2A). These observations further
demonstrate that the association of the N-domain of CaM is
Ca2+-dependent when binding to the eNOS and nNOS
peptides. In contrast, CaM-T34C-acr showed a blue shift
upon addition of the iNOS peptide in the presence of EDTA
(Figure 2A), indicating Ca2+-independent binding. The
subsequent addition of Ca2+ to the CaM-T34C-acr protein
showed a slight red shift in emission, while the final addition
of excess EDTA showed small changes in fluorescence
intensity, but the spectra never returned to its original peak
prior to the addition of iNOS peptide or Ca2+ (Figure 2A).
These small changes in fluorescence are indicative of small
structural rearrangements in the N-domain of CaM when
associated with the iNOS peptide depending on the Ca2+

concentration rather than the release of the peptide. This is
further exemplified in Figure 2B, where the addition of Ca2+

to CaM-T34C-acr alone results in a 5-fold increase in
fluorescence with a large blue shift, indicative of the
fluorophore moving into a more hydrophobic environment
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in a Ca2+-dependent manner (Figure 2B). With the subse-
quent addition of the iNOS peptide, fluorescence is markedly
attenuated, which could only result from CaM-T34C-acr’s
association to the iNOS peptide (Figure 2B). Furthermore,
the fluorescence spectra after the addition of the iNOS
peptide were identical for all of the acrylodan-labeled CaMs
binding to the iNOS peptide in the presence of Ca2+ (Figure
2B) as was observed in Figure 2A, where the peptide was
added to the cuvette before Ca2+. Taken together, the
fluorescence spectra obtained for acrylodan-labeled CaM in
the presence of iNOS are reproducible regardless of the order
of addition of either Ca2+ or the iNOS peptide (Figure 2).
CaM binding to the iNOS peptide in the absence of Ca2+

was observable with CaM-T34C-acr, indicative of the fact
that the Ca2+-independent association previously observed
with peptides derived from the CaM-binding domain of iNOS

(42-45) may be predominantly due to the binding of the
Ca2+-depleted N-terminal lobe of CaM.

Fluorescence measurements of CaM’s central linker with
CaM-K75C-acr showed Ca2+ dependence when binding to
the cNOS peptides (Figure 2A). This can be related to its
position in the central linker of CaM between the two CaM
domains that demonstrated a Ca2+-dependent association to
the eNOS and nNOS peptides (Figure 2A). In contrast, CaM-
K75C-acr showed moderate Ca2+-dependent changes in
fluorescence likely due to some structural rearrangement in
the presence of the iNOS peptide and EDTA (Figure 2).
These fluorescent changes are most likely due to the
C-terminal Ca2+-dependent conformational changes when
associated with the iNOS peptide. In summary, these steady-
state fluorescence studies indicate that the N- and C-terminal
domains of CaM bind to the iNOS peptide in a Ca2+-

FIGURE 2: Steady-state fluorescence of CaM-Cys-acr proteins binding to synthetic NOS CaM-binding domain peptides. (A) In an initial
volume of 1 mL, either CaM-T34C-acr, CaM-K75C-acr, and CaM-T110C-acr (100 nM final) was added to 50 mM HEPES, 150 mM NaCl,
and 1 mM EDTA, pH 7.5, and the emission of each sample was observed between 400 and 600 nm (black diamonds). The excitation
wavelength was set to 375 nm, and the excitation and emission slit widths were set at 2 nm. Synthetic NOS peptide (500 nM) was added
to the aforementioned cuvette and mixed thoroughly, and another scan was taken (magenta squares). 1.5 mM CaCl2 (0.5 mM final) was
then added, and another scan was obtained (yellow triangles). In all cases, the addition of Ca2+ to the cuvette showed changes in the
fluorescence emission signal and maxima. Lastly, EDTA was added to a final concentration of 5 mM, and an additional scan was taken
(cyan circles). In between each addition, the sample was allowed to incubate for 3 min to reach equilibrium. (B) Conditions used were
identical to those in (A) with the exception that CaCl2 (0.5 mM) was added to the cuvette before the addition of any NOS peptide. The
order of addition to the cuvette was as follows: (1) 100 nM CaM-Cys-acr in 1 mM EDTA (black diamonds), (2) CaCl2 (0.5 mM final, red
squares), (3) 500 nM iNOS peptide (yellow triangles), and finally (4) EDTA (5 mM final, cyan circles). Samples were incubated for 3 min
between each measurement. These measurements were taken to ensure that the fluorescence spectra obtained in (A) for iNOS with each of
the CaM-Cys-acr mutants were reproducible regardless of the order of Ca2+ or NOS peptide addition.
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independent manner. However, the N-domain of CaM
demonstrated a lower susceptibility to Ca2+ concentrations
as evidenced by minimal changes in conformation, while the
C-terminal domain of CaM shows evidence of a Ca2+-
dependent rearrangement when associated with the iNOS
peptide.

Our steady-state results for acrylodan-labeled CaM pro-
teins binding to cNOS CaM-binding domain peptides are in
good agreement with the degree of solvent exposure of these
residues in the holo- and apo-CaM structures represented in
Figure 1A-C. For T34, the residue is highly solvent exposed
in the apo-CaM structure, almost completely exposed in holo-
CaM, but more protected from solvent in the CaM-eNOS
structure. K75 is relatively solvent exposed in the apo- and
holo-CaM structures, whereas when CaM is bound to eNOS,
this residue is more buried. Finally, T110 is relatively buried
in the apo- and holo-CaM structures; conversely, T110 is
more solvent exposed in the CaM-eNOS crystal structure.

The large change in fluorescence intensity upon peptide
binding to Ca2+-replete CaM-T110C-acr provided a means
of determining the binding affinities of each of the peptides
for CaM. Scans were taken between increasing molar ratios
of peptide to CaM and repeated for various concentrations
of CaM-T110C-acr (see Supporting Information, Figure S1
and Table S2). The affinities of the CaM-T110C-acr proteins
for all three peptides were equivalent to previously reported
binding studies that had used a variety of biophysical
techniques as discussed in the Supporting Information
section. These results are consistent with our observations
that introduction of a fluorescent probe at this site still
allowed for the binding and activation of the NOS holoen-
zymes.

(C) Effect of nCaM and cCaM on the Secondary Structure
of the iNOS Peptide.We used circular dichroism (CD) to

further investigate the interaction between the N- and C-lobes
of CaM and the iNOS CaM-binding domain. Two previous
investigations have shown that spectropolarimetry can be
used to monitor the secondary structure of peptides that are
bound to CaM (42, 43). In order to obtain a CD spectrum
for nCaM and cCaM when bound to the iNOS peptide,
measurements were taken at 25µM concentration (Figure
3). In the absence of nCaM or cCaM, the iNOS peptide
showed no secondary structure and was predominantly
random coil (Figure 3, inset). The binding of either Ca2+-
replete nCaM or cCaM to the iNOS peptide resulted in a
large increase inR-helical content. Ca2+ chelation by EDTA
resulted in a decrease inR-helical content of the complex
(Figure 3). Further analysis using of the difference spectra
in both experiments shows that the peptide retains some
R-helical content when the iNOS peptide is in the presence
of either apo-nCaM or apo-cCaM (Figure 3, inset). These
results are consistent with published investigations of the
binding of holo-apoCaM to the iNOS CaM-binding peptide
(42, 43). It is notable that both lobes can remain bound and
induce R-helical structure upon the peptide under Ca2+-
depleted conditions. These results further support our steady-
state fluorescence observations that the N- and C-domains
of CaM associate with the iNOS peptide in a Ca2+-
independent fashion.

Holo-NOS Enzyme Studies.CaM-binding domain peptides
provide a good model for CaM binding to a target protein;
however, in order to obtain a true representation of CaM’s
interaction with the target protein in vitro and in vivo,
measurements with the target holoenzyme are required. This
is due to other regions outside of the CaM-binding element
which may affect CaM’s association to the target protein
(3).

FIGURE 3: Effect of Ca2+ on the secondary structure of (A) nCaM and (B) cCaM bound to synthetic iNOS CaM-binding domain peptide.
A spectropolarimetry study was performed on 25µM nCaM (CaM residues 1-75) or cCaM (CaM residues 76-148) with and without 25
µM iNOS peptide. nCaM and cCaM proteins alone in the presence of 200µM CaCl2 or 1 mM EDTA are shown as black and red squares,
respectively. nCaM or cCaM with iNOS peptide in the presence of 200µM CaCl2 or 1 mM EDTA are shown as cyan and magenta squares,
respectively. Insets: The difference CD spectrum of the respective truncated CaM protein incubated with the iNOS peptide minus the
corresponding spectrum of the CaM protein alone. Spectra were collected in the presence of either 200µM Ca2+ (red diamonds) or 1 mM
EDTA (blue diamonds). The CD spectrum of the iNOS peptide alone (black circles) is included for comparison.
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(A) Alexa-CaM Binding to Holo-NOS Enzymes Using
Steady-State Fluorescence.Prior to measuring CaM proteins
associating with holo-NOS enzymes, control fluorescence
measurements with Alexa-labeled CaM proteins with the
NOS peptides were performed. As expected, no marked
differences in fluorescence were observed, regardless of the
presence of Ca2+ or EDTA, indicating that no quenching of
the fluorophore emission occurs when bound to the NOS
peptides (results not shown).

The CaM-Cys-Alexa proteins, which all emit at 567 nm,
all showed a Ca2+-dependent association to the eNOS and
nNOS enzymes, as shown by quenching (Figure 4), as well
as kinetic analysis (Table 1). This is apparent from the
marked quenching of the fluorophore upon the addition of
Ca2+ to the cuvette, most probably due to the dye being in
close proximity to the heme cofactor since the heme shows

broad absorbance over the entire visible spectrum, whereas
FMN and FAD absorb very poorly in the 550-700 nm range
(46).

We have previously used gel shift mobility assays to show
that peptides coding for the CaM-binding domain of iNOS
were capable of binding to two nCaM proteins, which consist
of only the N-terminal EF hand pair of CaM (17). This
indicated that nCaM was capable of binding to both the
N-type and C-type binding regions of the iNOS CaM-binding
peptide. The activity of iNOS coexpressed with nCaM was
also shown to be Ca2+-sensitive and the addition of excess
wild-type CaM was able to activate the enzyme under Ca2+-
depleted conditions (Table 2;17). This was likely due to
the replacement of nCaM from the C-type binding site by
the C-terminal domain of wild-type CaM. Since the Alexa-
labeled CaM proteins were also capable of activating the

FIGURE 4: Steady-state fluorescence of Alexa Fluor 546 labeled CaM-Cys proteins binding to holo-NOS enzymes. In an initial volume of
1 mL, CaM-T34C-Alexa, CaM-K75C-Alexa, or CaM-T110C-Alexa (50 nM final) was added to 50 mM HEPES and 150 mM NaCl, pH
7.5. The initial scans of eNOS and nNOS contained 1 mM EDTA while scans with iNOS coexpressed with nCaM contained 1 mM CaCl2.
The excitation and emission slit widths were set at 2 nm. The excitation wavelength was set to 540 nm, and the emission of each sample
was monitored between 550 and 600 nm (s). Holo-eNOS, nNOS, or iNOS coexpressed with nCaM (250 nM) was then added (- -),
followed by 1.5 mM CaCl2 (0.5 mM final) (- - -) and finally 5.5 mM EDTA (5 mM final) (- - -). In between each successive addition,
individual scans were taken. Extra Ca2+ was not added to the samples containing iNOS coexpressed with nCaM because its initial scan
already contained 1 mM CaCl2.
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iNOS coexpressed with nCaM in the presence of excess
EDTA (Table 2), we concluded that the labeled CaMs were
binding to the iNOS enzyme in a Ca2+-independent manner.
After the addition of iNOS coexpressed with nCaM to the
Alexa-labeled CaMs, the samples were incubated for 5 min
to allow the mixture to reach equilibrium. In each case,
quenching of the fluorophore was observed, indicative of
CaM associating to iNOS (Figure 4). CaM-T110C-Alexa
showed the largest quenching effect, which can be attributed
to the labeled residue binding directly to the C-type site being
closest to the heme-containing oxygenase domain. This is
in agreement with our FRET studies that show CaM binds
to iNOS in an antiparallel fashion. The CaM-T34C-Alexa
and CaM-K75C-Alexa showed smaller but similar trends in
quenching (Figure 4). Upon the addition of EDTA to the
cuvette, a greater quenching effect was observed for the CaM
proteins labeled at residues 75 and 110, likely due to a Ca2+-
dependent conformational change in the C-terminus of the
CaM protein that affects its interactions with iNOS (Figure
4). In contrast, CaM-T34C-Alexa showed almost no quench-
ing upon the addition of EDTA (Figure 4) likely as a result
of the N-domain of the labeled CaM failing to displace the
coexpressed nCaM that is tightly bound to the N-type binding
site of iNOS.

In contrast, we found that Alexa-CaM can displace nCaM
from a dabsyl chloride-labeled iNOS CaM-binding domain
(results not shown). Unlike the result we observed with holo-
iNOS coexpressed with nCaM where nCaM remains bound
to the N-type site of iNOS, both nCaMs that were bound to
both the C- and N-type binding sites of the iNOS peptide
are able to be completely displaced by CaM-T34C-Alexa
and CaM-T110C-Alexa since their FRET measurements were
identical to the data presented in Figure 1D. These results
using the iNOS peptide further demonstrate why it is
important to use holoenzymes when monitoring CaM binding
to its target proteins because regions outside of the CaM-
binding domain affect CaM’s association. This is in agree-
ment with a previous study that suggests both the CaM-
binding domain and FMN domain of iNOS are required for
the iNOS enzyme’s Ca2+-independent activity (47).

(B) Displacement of Alexa-CaM from iNOS by Addition
of Excess CaM Proteins.Since CaM-T110C-Alexa showed
Ca2+-independent binding and the highest amount of fluo-
rescence quenching when bound to iNOS, we tested if this
binding of the C-terminal domain of CaM-T110C-Alexa was
permanent or a transient species by the addition of excess
CaM proteins under Ca2+-depleted conditions. If the fluo-
rescence signal increases, this would indicate that CaM-
T110C-Alexa is released from the iNOS enzyme. Interest-
ingly, fluorescence did increase upon the addition of a 100-
fold excess (when compared to Alexa-CaM concentration)
of wild-type CaM, cCaM, consisting of the central linker
and C-terminal domain of CaM (residues 76-148), and
nCaM, consisting of only the N-terminal domain of CaM
with no central linker (residues 1-75) (Figure 5). This result
indicated that the observed apo-CaM-T110C-Alexa associa-
tion to the C-type binding site of iNOS is a transient species
and can be replaced by another CaM protein. Although all
of the excess CaM proteins were capable of out-competing
CaM-T110C-Alexa, it is notable that the dissociation rates
of the Alexa-labeled CaM were not equivalent. Wild-type
CaM showed the quickest dissociation in approximately 5
min, followed by cCaM in 15 min (Figure 5). These proteins
contain the C-terminal domain of CaM that normally interacts
with the C-type binding site in the iNOS CaM-binding
domain. In contrast, CaM-T110C-Alexa was displaced very
slowly by excess nCaM, taking approximately 2 h to reach
equilibrium (Figure 5). This result shows that the N-terminal
lobe of CaM is capable of displacing CaM-T110C-Alexa
from the C-type site; however, this dissociation is much
slower, which can be attributed to apo-nCaM having a weak
interaction with the C-type binding site. It is also important
to note that this transient displacement of CaM-T110C-Alexa
was only observed when excess CaM proteins were added
to the sample: Chelation of Ca2+ alone was not sufficient
to displace CaM-T110C-Alexa when bound to holo-iNOS.

DISCUSSION

The strong apparently Ca2+-independent binding properties
of CaM for the iNOS target sequence are quite remarkable,
but this strong association has also made it difficult to

FIGURE 5: Dissociation of CaM-T110C-Alexa from iNOS coexpressed with nCaM after the addition of excess CaM proteins. An initial
scan of CaM-T110C-Alexa in the presence of 1 mM CaCl2 (s) was taken, followed by the addition of iNOS coexpressed with nCaM (250
nM) and EDTA to a final concentration of 5 mM (- - -). Once the sample reached equilibrium, a scan was taken, showing the quenched
fluorescence due to the Alexa-labeled CaM binding to the iNOS enzyme. A 100-fold excess of unlabeled CaM protein was subsequently
added, and scans were taken every minute until no further fluorescence increase was observed (- - -). Wild-type CaM, cCaM, and nCaM
each took approximately 5 min, 15 min, and 2 h, respectively, to reach equilibrium.
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investigate. The solved structures of CaM in complex with
peptides representing some of its target sequences have
shown that CaM’s association is predominantly in an
antiparallel orientation (9, 10, 14, 22, 48-51) with the
exception of IQ motifs, which bind in a parallel fashion (52,
53). Recently reported structures of CaM bound to larger
proteins that encompass its target sequences show the
existence of additional novel modes of CaM binding (11-
14, 54-57). The ability of CaM to associate with these many
and varied target proteins is not surprising due to CaM’s
highly flexible central linker which allows for the N- and
C-lobes of CaM to obtain the most favorable conformation
to bind with its target proteins. Both of the Ca2+-dependent
cNOS isoforms have been shown to bind in an antiparallel
fashion (22, 41). Surprisingly, a recent investigation had
proposed that iNOS binds to CaM in a parallel orientation
(24). This model would suggest that CaM may bind in a
similar process to other Ca2+-independent IQ motifs, such
as neuromodulin; however, the CaM-binding domain of
iNOS does not have any apparent homology to the IQ motifs.
If this proposed model were true, it would have important
implications for the interactions between CaM and iNOS.
For this reason, we designed an experiment to determine the
orientation of CaM binding to the iNOS peptide. We have
found that CaM binds in an antiparallel fashion to iNOS,
similar to that previously observed for the cNOS enzymes.
Since the CaM-binding domains of the NOS enzymes show
significant homology (17), our finding that CaM binds to
iNOS in an antiparallel orientation is not surprising.

The use of short synthetic target peptides alone will not
provide a full understanding of CaM binding and activation
of target proteins (3). Previous observations have indicated
that there are additional regions outside of the canonical
CaM-binding domain that are important for the Ca2+-
independent binding of CaM to iNOS (45, 47, 58): To
address this situation, we decided to use both an iNOS target
peptide and the iNOS holoenzyme in our investigation of
CaM binding and activation. The Ca2+ independence of CaM
for iNOS has previously been attributed to favorable van
der Waals contacts between the peptide and CaM and
conformational changes to minimize unfavorable solvent
exposure of the hydrophobic regions of the peptide (22). The
exposure of hydrophobic regions of the iNOS CaM-target
peptide upon complex formation has led to problems in
aggregation (43), necessitating our use of a shorter iNOS
CaM-target peptide and modified experimental procedures.
A thorough investigation also necessitated the use of ho-
loenzymes in our investigation: This required the purification
of iNOS holoenzymes coexpressed inE. coliwith either CaM
or nCaM. We have previously demonstrated that iNOS can
be coexpressed with the N-terminal domain of CaM alone
to produce a stable and active enzyme (17). We further
confirmed our previous study by demonstrating that the
association of nCaM to the N-type binding site of the iNOS
CaM-binding domain is very stable and does not appear to
dissociate from holo-iNOS. This finding is supported by our
steady-state fluorescence using holo-iNOS enzyme and
Alexa-labeled CaMs, as well as our CD data monitoring the
association between the iNOS CaM-binding peptide and the
N- and C-lobes of CaM.

A sequential binding model consisting of the ordered
binding of the C-terminal lobe to a C-type site followed by

the binding of the N-terminal lobe to the N-type site has
been proposed for various target proteins including nNOS
(59). This mode of CaM association is consistent with the
10-fold higher affinity for Ca2+ in the C-lobe than the N-lobe
of CaM (5) as well as the increased Ca2+ affinity when CaM
is bound to its target sequence (60). At low basal levels of
Ca2+, the C-lobe of CaM is Ca2+-replete and bound to the
target sequence. As the cellular concentration of Ca2+

increases due to a signaling event, the N-lobe binds to Ca2+

allowing for its association with its target sequence leading
to activation of the Ca2+/CaM-dependent protein. We
investigated the roles of different regions of CaM by using
CaM proteins selectively labeled at three different residues.
Notably, we showed that both CaM lobes are able to bind
to iNOS in a Ca2+-independent process. We were surprised
to discover that the C-lobe, and not the N-lobe of CaM,
showed the greatest Ca2+-dependent changes in conformation
when associated with either the iNOS peptide or the
holoenzyme. Our results indicate that the aforementioned
sequential model for nNOS does not necessarily apply to
the Ca2+-independent iNOS enzyme. This may be the case
with iNOS where it has been shown that CaM’s association
and activation of iNOS is affected by the CaM-binding
domain as well as other flanking regions of the enzyme (45,
47, 58).

Our results help to explain how iNOS remains active even
under basal levels of Ca2+ in the cell. Unlike the cNOS
enzymes, the N-terminal lobe of apo-CaM binds to the iNOS
enzyme and retains activity, consistent with our previous
study (17). We have also performed stopped-flow experi-
ments using acrylodan-labeled CaM that show the iNOS
peptide binds to CaM five times faster than the eNOS peptide
(results not shown). In the cell where the number of CaM-
binding proteins exceeds the amount of CaM present (61,
62), the ability of iNOS to rapidly bind to CaM in a Ca2+-
independent manner is required to prevent aggregation of
the enzyme (63). Although the structural basis for how these
enzymes are bound and activated by CaM is not fully
understood, our results further demonstrate that there are
marked differences between the Ca2+-dependent and -inde-
pendent NOS isozymes in terms of their regulation by CaM.
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