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Abstract: Calmodulin (CaM) is a ubiquitous cytosolic Ca®"-binding protein that can bind and activate numerous
intracellular target proteins including the nitric oxide synthase (NOS) enzymes. There are three different isoforms of NOS
found in mammals — neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS) — with all three
isozymes capable of producing the free radical, nitric oxide (*NO). At elevated cellular Ca®" concentrations, CaM is able
to bind and activate nNOS and eNOS. In contrast, the iNOS isozyme is transcriptionally regulated and binds to CaM in
the absence of Ca®’. To further investigate the differences in the association of CaM to the Ca’’-dependent and Ca®'-
independent NOS isoforms, a variety of CaM mutants were employed. These included CaM-troponin C chimeras, CaM
EF hand pair proteins, CaM mutants incapable of binding to Ca’*, methionine oxidized CaM mutants, phosphomimetic
CaM mutants and central linker CaM mutants. By characterizing these CaM proteins using a variety of biochemical
techniques, we have mapped the binding and the CaM-dependent activation of the NOS enzymes to study their effect on
the different electron transfer steps within the NOS enzymes. In addition, fluorescence and Forster resonance energy
transfer (FRET) were used to monitor the orientation and conformation of CaM when bound to the NOS peptides and
enzymes. Combining these cumulative results, a working model describing the CaM-dependent regulation of iNOS is

proposed.
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INTRODUCTION

Calmodulin (CaM) is a ubiquitous 17 kDa Ca*"-binding
cytosolic protein involved in the binding and regulation of
numerous target proteins [1]. CaM consists of two globular
lobes with each containing a Ca*'-binding EF hand pair
joined by a central linker region. When intracellular Ca**
concentrations increase, the binding of Ca>* to CaM induces
conformational changes in both lobes causing the increased
exposure of hydrophobic pockets that enable CaM to
associate with target proteins. The central linker of CaM also
plays an important role in the binding and activation of its
target proteins by acting as a flexible tether to allow for the
correct orientation of the two globular lobes to associate to
its targets [2]. CaM is also able to bind and regulate various
intracellular target proteins at very low Ca>" concentrations,
making this association Ca’’-independent. The three
mammalian nitric oxide synthase enzymes differ in their
Ca*'-dependent and -independent regulation by CaM. This
has allowed for more detailed investigations of these
differences in their interactions with CaM.

The nitric oxide synthase (NOS, EC 1.14.13.39) enzymes
catalyze the production of nitric oxide (*NO), a reactive free
radical that acts as a secondary inter- and intracellular
messenger involved in many physiological processes [3].

*Address correspondence to this author at the Department of Chemistry,
University of Waterloo, Waterloo, Ontario N2L 3G1 Canada;

Tel: 519-888-4567 ext. 35954; Fax: 519-746-0435;

E-mail: jguillem@uwaterloo.ca

Enzyme Commission Number: nitric oxide synthase (EC 1.14.13.39).

1875-0427/11

The *NO is generated through two successive mono-
oxygenation reactions requiring reduced nicotinamide
adenine dinucleotidephosphate (NADPH) and molecular
oxygen with L-citrulline as its biproduct [3]. Electrons
originating from NADPH and molecular O, are required for
each of the mono-oxygenation steps. There are three NOS
isozymes found in mammals — neuronal NOS (nNOS, NOS
I), endothelial NOS (eNOS, NOS III) and inducible NOS
(INOS, NOS II). The NOS enzymes are homodimeric with
each 135 to 160 kDa monomer containing an N-terminal
oxygenase domain and a C-terminal reductase domain. The
oxygenase domain contains binding sites for the catalytic
heme, tetrahydrobiopterin (H4B), and the substrates L-
arginine and molecular oxygen, while the reductase domain
binds the redox cofactors flavin mononucleotide (FMN),
flavin adenine dinucleotide (FAD), and NADPH [4]. The
oxygenase and reductase domains are separated by a CaM-
binding domain. The binding of CaM to the NOS enzymes
allows for efficient electron transfer from NADPH through
the reductase domain to the heme for *NO production [5].
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 [4,6,7].
There is therefore a unique opportunity to investigate
Ca*"/CaM control of these enzymes since *NO production by
each NOS isoform shows a different mode of activation and
control by CaM. The nNOS and eNOS enzymes are
constitutively expressed which is why they are collectively
known as the constitutive NOS (¢cNOS) isoforms. The cNOS
enzymes are Ca’'-dependent since their binding and
activation are dependent on intracellular Ca** and CaM
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concentrations [4]. At elevated Ca*" concentrations, CaM
binds to the cNOS enzymes and promotes electrons
originating from NADPH to be transferred through the
reductase domain to the catalytic heme of the adjacent NOS
monomer’s oxygenase domain [5, 8-12]. There are three
basic steps that make up the catalytic cycle of the reductase
domain — (1) the hydride transfer from NADPH to FAD, (2)
electron transfer from FAD to FMN, and (3) electron transfer
from FMN to heme. Each of these electron transfer steps
have been shown to be dependent on the conformation of the
enzyme. In contrast to the cNOS enzymes, iNOS is
transcriptionally regulated in vivo by cytokines in
macrophages and binds to CaM at basal levels of Ca*" [4].
Since this enzyme binds to CaM regardless of cellular Ca™*
concentrations, this enzyme is classified as Ca®'-
independent. Electron transfer in the reductase domain of
iNOS has previously been determined to be CaM-
independent [13]; however, electron transfer from the FMN
to the catalytic heme centre in iNOS is CaM dependent
[5,14]. The iNOS enzyme can only be purified when
coexpressed with CaM and the two proteins remain tightly
associated even after the removal of Ca™. For this reason,
CaM has been classified as a subunit of iNOS [15]. This has
made it difficult to dissect the molecular details of the
interaction between the iNOS enzyme and CaM. However,
we have developed a system for coexpressing human iNOS
and CaM proteins that has allowed for the mapping of the
binding of CaM dependent activation of all three NOS
isozymes.

Two aspects of the CaM-NOS interaction that are of
fundamental interest are how CaM is able (1) to bind, and (2)
to activate the three isoforms of NOS. The major differences
between the CaM-regulated isoforms of nNOS/eNOS and
the Ca>" insensitive isoform iNOS are the intrinsic regulatory
elements, including a unique autoregulatory insert within the
FMN domain of eNOS/nNOS [16,17] and the C-terminal tail
[18,19]. The removal of the cNOS autoregulatory elements
within the FMN domain by mutagenesis have been shown to
decrease the Ca’"-dependent CaM activation and increase the
enzyme activities of nNOS and eNOS at lower Ca®"
concentrations [16,17]. The removal of the C-terminal tail
from the cNOS enzymes resulted in an enzyme with
enhanced electron transfer rates through the reductase
domain in the absence of CaM; however, the activity of the
enzyme was equivalent to wild-type cNOS enzyme in the
presence of Ca'?/CaM [19]. Similiarly, a truncated C-
terminal tail mutant of iNOS demonstrated a 7-10 fold
increase in electron transfer rates in its reductase domain
when compared to wild-type iINOS [20]. These results
suggest that the C-terminal tail extension found in the NOS
enzymes is involved in regulating electron transfer through
the NOS enzymes.

In a subsequent study, a mutant of nNOS without its
autoinhibitory domain and C-terminal tail extension was
produced. It was found that CaM no longer modulates
electron transfer through the reductase domain of this nNOS
mutant; however, CaM was still required to promote electron
transfer from the FMN domain to the heme for *NO
production [21]. Clearly, the concerted interactions of the
autoinhibitory domain and C-terminal tail extension are
involved in the binding and regulation of electron transfer
within the cNOS enzymes by CaM.
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The three NOS isoforms achieve their biological
functions via an intricate regulation of interdomain electron
transfer (IET) processes [4]. These IET processes are key
steps in *NO synthesis through coupling reactions between
the flavins and heme domains. Uncoupled or partially
coupled NOS results in the synthesis of reactive oxygen
species such as superoxide, hydrogen peroxide, and
peroxynitrite [22]. There have been several studies
demonstrating that different regions and elements of CaM
play an important role in the binding and activation of the
c¢NOS holoenzymes [10, 23-26]. While eNOS and nNOS
demonstrate similarities in their Ca**-dependence, regulatory
elements (autoinhibitory domain and C-terminal tail) and
their binding and activation by CaM, there has been very
little reported on the specific elements in CaM that are
important for the activation of iNOS. This review
summarizes our research findings using a variety of CaM
mutants to map the particular elements in CaM that are
required to bind and activate the NOS isozymes, with a
particular focus on the interactions between CaM and iNOS.

Does CaM Binding Affect the Redox Potential of NOS
Isozymes?

One reason why CaM binding to NOS is vital in terms of
electron transfer could be due to a CaM-dependent change in
the redox potential difference between the flavins and the
heme of NOS. This possibility was investigated using both
purified domains and holo NOS enzymes. It was shown that
CaM binding to the isolated reductase or oxygenase domains
of nNOS does not result in a significant change in the redox
potential of the flavin or heme cofactors [27]. Further studies
showed Ca**/CaM has no significant effect on the potentials
of any of the redox couples in the cNOS enzymes and that
the thermodynamics of electron transfer through all three
NOS isoforms are basically similar [28]. However, another
study reported that the binding of CaM and NADP+ to the
nNOS reductase domain does in fact perturb the redox
potential of the flavins [29]. In either case, all of these
studies agree that CaM binding is pivotal for efficient
electron transfer to occur in NOS.

Posttranslational Modifications of NOS and their Effects
on CaM Binding/Activation

Posttranslational modifications of the cNOS enzymes,
particularly eNOS, have been studied extensively. It has
been shown that eNOS can be myristoylated, palmitoylated,
acetylated, and phosphorylated in its oxygenase domain [30].
These posttranslational modifications have been implicated
in the enzyme’s localization in the cell (cytosol, membranes
or organelles) but are suggested to have no effect on *NO
production levels, with the exception of phosphorylation [31-
33]. Several laboratories reported that both nNOS and eNOS
contained serine/threonine protein kinase phosphorylation
sites in the tail region of the reductase domain, Ser1177 for
human eNOS and Ser1412 for rat nNOS, and in the
autoinhibitory domain, Ser633 in eNOS and Ser847 in nNOS
[34,35]. These posttranslational modifications result in
modified NOS activity including negative modulation of
eNOS activity which was at least partially due to the
suppression of CaM binding.

The iINOS enzyme is also known to undergo
posttranslational modifications. These modifications include
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an N-terminal palmitoyl group, which influences the
localization of iNOS in the cell [36]. The iNOS enzyme has
also been shown to be phosphorylated by tyrosine kinases
but the effect of this modification on iNOS activity remains
unclear [37]. Lastly, iNOS has been shown to have its rate of
turnover in the cell directly regulated by the proteosomal
degradation pathway [38]. In order to control *NO synthesis
rates in the cell, the turnover of iINOS must be tightly
regulated to avoid oxidative stress and damage. Clearly,
posttranslational modifications and protein turnover are
involved in the extrinsic regulation of iNOS.

Studying the Affect of Post-Translational Modifications
of CaM on the Binding and Activation of the NOS
Isozymes

Chemically modified CaM proteins have been used to
simulate naturally occurring post-translational modifications
including the oxidation of methionines and serine/threonine
phosphorylation. In addition, a method commonly used to
identify specific amino acids and elements in CaM essential
for CaM-dependent enzyme activation is the use of CaM
mutant proteins. These mutant proteins have included a
variety of single point mutations, the exchange of EF hand
motifs within CaM, and truncations of CaM. During our
studies, the role of different CaM residues, elements and
regions on aspects of NOS enzymatic function was assessed
by spectrophotometric assays that measure three distinct
activities associated with NOS: NADPH oxidation,
cytochrome ¢ reduction, and nitric oxide (*NO) generation as
assessed by the oxyhemoglobin capture assay (Fig. 1).

Oxidation of CaM Methionine Residues

The oxidation of methionines in CaM occurs during
biological aging and it has been reported that essentially all
of the isolated CaM from senescent brain is oxidized [39].
CaM is particularly sensitive to oxidation under conditions
of oxidative stress as a result of the large number of surface-
exposed methionines that are involved in target protein
recognition and activation [40]. Mutant proteins that permit
the oxidation of specific methionines in CaM were used to
investigate the regulation of NOS activity by protein
oxidation [41]. While the site-specific oxidation of Metl144
and Met145 had essentially no effect on the maximal extent
of eNOS activation, these same modifications resulted in a
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decreased rates of electron transfer within the reductase
domain. These results suggest that site-specific oxidative
modifications can differentially regulate target protein
function and that methionine oxidation can modulate cell
signaling under conditions of oxidative stress.

CaM Phosphomimetics and Central Linker Mutations

The central linker of CaM has been shown to undergo
phosphorylation by casein kinase II at threonine 79 and
serine 81 [42]. The effect that these posttranslational
mutations have on the electrostatic interactions of the central
linker on CaM's ability to bind and activate the NOS
enzymes was examined. Phosphomimetic CaM proteins
were generated by replacing select threonine and serine
residues with an aspartic acid. These phosphomimetic
proteins fully activated eNOS, but were slightly less
effective than unmodified CaM at activating the other
isoforms [43]. Further investigations were performed on the
role of the central linker by using a positively-charged
central linker and central linker deletion CaM mutants. These
investigations demonstrated that the glutamate rich region in
the central linker (residues 82—87) plays an important role in
the tight and irreversible association of CaM to iNOS.

Roles of CaM EF Hands and Lobes in the Binding and
Activation of NOS Isozymes

As described previously, CaM is a 148-amino-acid
protein consisting of two globular domains joined by a
central linker with each domain containing an EF hand pair.
The C-terminal EF hand pair has an affinity for Ca? (Kq =
10 M) 10-fold greater than the N-terminal EF hand pair (K4
= 10'5M) [40]. The role of the four CaM EF hands in the
activation of the three NOS isoforms was investigated by
using a series of mutant forms of CaM, including CaM-
troponin C chimeras. The overall structure of troponin C
(TnC) is similar to CaM since both proteins have two
globular domains linked by a central helix with each
globular domain composed of two EF hands; however, TnC
has only 70% sequence similarity with CaM and the first EF
hand of TnC does not bind Ca”' [24, 26].

Replacement of any CaM EF hand by its TnC cognate
resulted in significantly decreased * NO synthesis by cNOS;
in contrast with the iNOS results, EF hand 2 was the least

reduction of nNOS activity that was associated with sensitive even though it diverges furthest in TnC,
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Fig. (1). Spectrophotometric assays employed to monitor electron transfer within the NOS enzymes. (1) The NADPH assay—measures
the oxidation of NADPH to NADP" + H" by monitoring decreases in absorbance at 340 nm. (2) The ferricyanide assay—measures the
hydride transfer to the FAD by monitoring the reduction of Fe(IlI) to Fe(Il) with decreases in absorbance at 420 nm. (3) The cytochrome ¢
assay measures electron transfer through the reductase domain to the FMN by monitoring the reduction of cytochrome ¢ with increases in
absorbance at 550 nm. (4) The oxyhemoglobin (HbO,) capture assay—measures electron transfer to the heme by monitoring the production
of eNO from L-arginine with the conversion of oxy to methemoglobin with increases in absorbance at 401 nm.
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Interactions with the reductase domain are dominant in
cNOS activation and EF hand 1 was shown to be critical for
the activation of both nNOS and eNOS. In contrast, while all
mutations to the any of the four EF hands had no negative
effect on cytochrome ¢ reduction by iNOS, domains 2 and 3
of CaM contain important elements required for the
Ca’*/CaM independence of *NO production by the iNOS
enzyme [7]. This finding was later confirmed by another
study using CaM mutants with glutamate to glutamine
mutations at site 12 in each EF hand of CaM [44].

The role of each lobe was investigated by creating CaM
mutants with duplication of either the N- and C-terminal
lobes [6]. The results of this investigation indicated that the
N-terminal EF hand pair of CaM contains important binding
and activating elements for iNOS, whereas the N-terminal
EF hand pair in conjunction with the central linker region is
required for cNOS enzyme binding and activation.
Subsequent investigations of the effect of calcium binding to
each of the two lobes were performed using mutant CaM
proteins that were no longer able to bind their full
complement of Ca*". CaM with mutations of glutamate to
glutamine residues at position 12 of each EF hand in CaM
(-Z co-ordination site in a typical EF hand) have been used
to study specific Ca*'-binding sites in CaM and its
association to nNOS [10]. Our investigation using CaM-TnC
chimeric proteins found that CaM EF hand 1 binding to Ca®"
was crucial for nNOS activity. These investigations were
expanded by using CaM mutants that were deficient in
binding Ca?" with mutations in the N-lobe (CaM,,), the C-
lobe (CaMsy), or both lobes of CaM (CaMj,34) to determine
their effect on the binding and activation of the Ca®'-
dependent nNOS and Ca*"-independent iNOS isoforms [45].
These studies were performed in order to unequivocally
determine whether the binding and activation of iNOS by
CaM is Ca2+-independent by using CaM;,34 to emulate Ca*'-
free CaM; however, as previous studies have demonstrated
that the N- and C-terminal lobes of CaM can also be devoid
of Ca®" when associated with its target proteins [46,47],
CaM;, and CaM;,; were used to determine if the Ca*'-
independent association of CaM to iNOS is related solely to
the Ca*’-free N- or C-terminal lobe of CaM. These
investigations showed that apo-CaM is capable of binding
and partially activating iNOS in a Ca*"-independent manner,
however, Ca*"-replete conditions are required for the full
activation of the enzyme. Upon further analysis using CD
and fluorescence, we determined that the C-terminal lobe of
CaM is responsible for the binding and stability of iNOS,
while the N-terminal domain contains the important
elements requiring Ca2+-replete conditions for the full
activation of iNOS [6]. This is consistent with previous
studies that demonstrated there is some Ca*'-dependence in
the synthesis of *NO by iNOS [6,7,48].

Structural Basis of NOS Isoform Specific CaM-Binding
and Activation Properties

There is considerable interest in understanding the
structural basis of CaM’s target protein interactions and
diverse regulatory functions. It is well established that CaM
is able to interact with its target enzymes in many different
conformations, varying from being tightly wrapped when
bound to myosin light chain kinase [49], and eNOS [50], as
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determined by NMR and x-ray crystallography, to having an
extended structure when bound to the edema factor of
adenylyl cyclase from Bacillus anthacis, as determined by
FRET [51] and x-ray crystallography [52]. The fact that the
FRET results of CaM bound to the edema factor were later
supported by x-ray crystallography confirms that the
conformation of CaM determined by FRET is representative
of a protein’s true conformation in vitro. The structure of
CaM bound to a peptide corresponding to the CaM-binding
domain of eNOS [50] and nNOS (PDB 2060) have been
solved and it is known that CaM binds to the ctNOS enzymes
in an anti-parallel orientation [50,53]. We used FRET studies
to show that the iNOS also binds to CaM in an anti-paralllel
orientation [54] and a collapsed conformation when bound to
an iINOS CaM-binding domain peptide [55]. Our findings
were corroborated by the recently published structure of
CaM bound human iNOS FMN domain [56].

Biophysical Studies to Characterize CaM Bound to the
NOS Isozymes

Although the structures and orientation of CaM bound to
NOS peptides have been determined (Fig. 2), the
conformation of CaM when bound to the holo-NOS enzymes
has remained elusive. This is due in large part to the size of
the NOS enzymes (~124-160 kDa), which would not make it
amenable to determine their structures using NMR, as well
as the dynamic structural rearrangements that occur within
the reductase domain and CaM-binding domains of the NOS
enzymes, which would make it difficult to obtain the protein
crystals required to perform x-ray crystallography. There are
numerous solved crystal structures of the oxygenase domains
for each of the NOS isozymes, as well as a solved crystal
structure of the nNOS reductase domain without the
autoinhibitory domain and CaM-binding domain being
shown in the structure due to their highly flexible nature
(Fig. 2, [56,57]).

Although there are numerous crystal structures of various
regions of the NOS enzymes, an intact model of the full
length NOS enzyme has remained elusive. Piecing together
the heme and reductase domain structures by computational
docking studies may provide some insights [56], but
alternative models will be difficult to distinguish when
compared to the favored ones.

One control mechanism proposed for electron transfer in
the reductase domain of nNOS is the NADPH
conformational lock [58,59]. Previous studies have
suggested that this “locked” conformation occurs after
NADPH transfers a hydride to FAD to form FADH, and a
subsequent NADPH molecule binds and is unable to transfer
its hydride to reduced FADH,. In order to unlock the
reductase domain, the FAD needs to be regenerated to accept
another hydride from NADPH and pass electrons through the
rest of the NOS enzyme. The large conformational change
that CaM induces in the reductase domain of the NOS
enzymes allows for the FMN domain to interact with both
the FAD to accept electrons and pass the electrons on to the
heme during catalysis. The electron transfer from FADH, to
FMN regenerates FAD thereby unlocking the reductase
domain [58,59]. Clearly, these conformational changes
caused by CaM are important in stimulating efficient
electron transfer within the NOS enzymes.
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Fig. (2). Solved crystal structures of the oxygenase, CaM-binding and reductase domains of NOS. The crystal structure of (a) iNOS, (b)
nNOS and (¢) eNOS oxygenase domain dimer containing co-factors heme and HyB, and L-arginine represented in yellow, green and pink
ball and stick figures, respectively. The cyan sphere between the dimers is the Zn*" ion. (d)-(f) Comparison of the CaM binding region of the
three isoforms (gold) in complex with CaM (blue and red which represent N- and C-terminal lobes, respectively). The ¢cNOS enzymes are
very similar whereas iNOS has CaM more tightly wrapped around the peptide, especially in the N-terminal region of CaM’s central linker.
The central linker region of CaM is also not as extended in the iNOS-CaM structure as in the ctNOS isoforms. (g) nNOS reductase domain
with the cofactors NADPH, FAD and FMN represented in teal, magenta and orange, respectively. Models were derived from PDB 3E65 (a),
1FOP (b), 1ZVL (¢), INIW (d), 2060 (e), 3HR4 (f), and 1TLL (g). Structures were visualized using Accelrys DS visualize 2.5.

Protein modeling has demonstrated that the distances
between the FAD and FMN cofactors in the reductase
domain are too large for electron transfer to take place and
the distances between the FMN and heme centres are greater
than 25A [5]. These distances are too large for proper
electron transfer to occur from the flavins to the heme;
therefore it is probable that a major structural rearrangement
is necessary for the NOS enzymes to properly function. This
has led to the suggestion that CaM facilitates large
conformational changes within NOS by moving the FMN-
binding domain, (a region of the reductase domain that may
be highly dynamic and flexible due to a hinge domain) from
an electron-accepting position (FAD-FMN) and moving to
an electron donating position (FMN-heme). This has led to
the proposal of an “FMN-domain tethered shuttle” model
[5]. This model involves the swinging of the FMN domain
from its original electron-accepting (input) state to a new
electron-donating (output) state that would facilitate efficient
IET between the FMN and the catalytic heme in the
oxygenase domain. Without a complete structure of the

holoenzyme, it is difficult to envisage how this takes place.
Crystallographic and mutagenesis investigations indicated
that the most likely regions of interaction are an acidic
cluster of residues on the surface of the FMN domain and a
basic patch of residues on the surface of the oxygenase
domain [60-62]. The contact regions in the input and output
states appear to be controlled by electrostatic interactions.

The structure of the functional output state has not yet
been determined but the complex between CaM and the
FMN domain of human iNOS has recently been reported
(Fig. 3, [56]). This complex has been crystallized in four
different conformations showing the flexible nature of the
interdomain interactions. Edge to edge distances of 13 to 18
A between the heme iron of one subunit and the FMN center
of the other subunit of the iNOS dimer were recently
determined using pulse EPR experiments [63]. These
distances are in excellent agreement with IET kinetic studies
[64,65], low temperature MCD data [66], and support the
tethered shuttle model.
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CaM-binding region

FMN domain

Fig. (3). Crystal structures of CaM bound to the iINOS FMN domain with the CaM binding region. The four structures solved by Xia et
al [56] were superimposed by aligning the CaM binding domain to show the range of motion of the FMN domain. Panel A shows all four
crystal structures superimposed with Ca>* (yellow sphere)-bound CaM (orange) wrapped around the iNOS CaM-binding region. Panels B, C
and D demonstrate the movement of each structure with respect to the purple structure with the bound CaM removed. Panel B shows the
least amount of movement while Panel D shows the largest. The FMN cofactor of the purple structure is represented in a ball and stick
format. Structures were derived from PDB 3HR4 and visualized using Accelrys DS visualize 2.5.

The holoenzyme could essentially be described as a
molecular machine with moving parts and it is therefore not
surprising that a crystal structure of the full complex has not
been reported. The enzyme lacks a unique structure; there
are instead many conformations, including a well defined
FMN-FAD-NADPH domain structure with a disoriented
oxygenase domain, and a well defined, if transient, FMN-
oxygenase domain structure, with no well defined orientation
with respect to the FAD-NADPH unit.

Model of the CaM-Dependent Regulation of iNOS

Our current understanding of the CaM-dependent
regulation of iNOS builds upon the previous model proposed
by Garcin and coworkers for the Ca*'-dependent activation
of the cNOS enzymes [57]. Since previous studies have
shown that electron transfer in the reductase domain of iNOS
is CaM-independent [13], the only point of electron transfer
that appears to be directly affected by CaM is the FMN to
heme electron transfer step. We propose a model for the
CaM-dependent regulation of iNOS that is based upon a
previous study [57] with the exception that the reductase
domain is not shown as a dimer (see Fig. 4). Although this
model is simplistic in describing the effect of the various
domains of CaM on electron transfer with iNOS, it does
demonstrate the importance of Ca’" binding to the C-
terminal domain of CaM to promote efficient electron
transfer from the FMN domain to the heme for *NO
synthesis. Each monomer of iNOS is shown in white and
grey, respectively. The structural zinc at the dimer interface
of the oxygenase domain is shown in yellow. The N- and C-

terminal domains of CaM are shown in red and blue,
respectively. Ca**-deplete and Ca*'-replete EF hands of CaM
are shown as white and green circles. CaM binds in an
antiparallel fashion with the N-terminal domain of CaM
binding closer to the reductase domain and interacts directly
with the FMN domain. The C-terminal domain of CaM binds
closer to the oxygenase domain. Our studies have shown that
the N-terminal domain of CaM contains important binding
and activating elements for iNOS [6]. At basal Ca®"
concentrations, this CaM domain is Ca*'-deplete and binds
very tightly to the N-type site of the iNOS CaM-binding
domain. The N-terminal domain of CaM does not appear to
have any Ca’’-dependent effect on electron transfer rates
within iNOS [45, 54]. (A) Apo-CaM is able to bind to the
iNOS enzyme. The reductase domain of iNOS is CaM-
independent and is able to transfer electrons efficiently from
NADPH through the reductase domain to the FMN [13].
After electrons are transferred to the FMN, a CaM-dependent
conformational change in the FMN domain occurs, where
the FMN domain moves from an electron accepting position
to an electron donating position. The electrons from FMNH,
are able to transferred to the catalytic heme of the other NOS
monomer; however, this structural change in the reductase
domain is not perfect (~70% when compared to Ca*-replete
CaM) and electrons are able to be uncoupled from *NO
production to produce superoxide radicals (¢O,). The
production of <O, has previously been linked to electron
uncoupling from the flavins in the reductase domain of iNOS
[56]. This uncoupling, which results in an NADPH oxidized
to *NO produced ratio greater than 2:1, as well as lower *NO
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Partially
Uncoupled

Fully
Coupled

Fig. (4). Model for CaM-dependent regulation of *NO by iNOS. This model is based upon a previous study [57] with the exception that

the reductase domain is not shown as a dimer (see text for explanation).

production rates by iNOS has been attributed to the Ca®'-
deplete C-terminal lobe of CaM, as previously reported [45,
54]. (B) An increase in free Ca>" concentration causes the C-
terminal domain of CaM to become Ca®'-replete. This
directly affects the CaM-dependent conformational change
in the FMN domain to dock perfectly with the oxygenase
domain so that it can pass its electons efficiently to the
catalytic heme. This results in the reductase domain derived
electrons being tightly coupled to *NO production with an
NADPH oxidation to *NO produced ratio of 1.5:1. Althouégh
it is still unclear if the N-terminal domain of CaM is Ca™'-
deplete or Ca*"-replete in the fully active form of iNOS, it is
clear that Ca®" binding to CaM is required for electrons to be
fully coupled to *NO synthesis.

CONCLUSIONS

Due to the biological importance of *NO in many
different inter- and intracellular processes, understanding
how these enzymes work is of significant interest to the
biochemical and medical community. Since all three NOS
enzymes have shown inherent differences in their binding
and activation by CaM, especially in their Ca’’-dependence
or -independence, our laboratory set about deciphering the
exact regulatory elements present in CaM that are directly

involved in regulating the NOS enzymes. Through the use of
an assortment of CaM mutant proteins, we have mapped the
sites in CaM responsible for the binding and activation of the
NOS enzymes using a variety biophysical techniques
including kinetic analyses and fluorescence. Our
investigation of CaM-NOS interactions has resulted in many
significant milestones. These included using a co-expression
method for iNOS with various CaM mutants that enabled us
to be the first to ever report on specific elements in CaM
required for the activation of iNOS. We were also the first to
monitor through the use of fluorescence and FRET the
dynamic conformational changes in CaM when associated to
NOS peptides and enzymes in the presence of increasing free
Ca®" concentrations. By combining the cumulative results
from our studies on CaM-iNOS interactions, we were able to
propose a strong working model for the CaM-dependent
regulation of iNOS. The dynamic properties of CaM and the
conformational changes that CaM causes in the NOS
enzymes is a complex, and at the same time, a very
interesting protein-protein interaction model system. Future
structural studies working towards a full length NOS
structure will hopefully clarify how the binding of CaM
causes global conformational changes in the NOS enzymes
to initiate *NO synthesis. The results reported in this review
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have expanded and improved the present understanding of
the CaM-dependent binding and activation of the NOS
isozymes, particularly the interactions between CaM and
iNOS.
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