
1902

Investigation of the structure and dynamic of calmodulin-nitric oxide synthase complexes using 
NMR spectroscopy

Michael Piazza1, Thorsten Dieckmann1 Joseph Guy Guillemette1

1Department of Chemistry, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

TABLE OF CONTENTS 

1. Abstract
2. Introduction

2.1. Protein high-resolution NMR spectroscopy
2.2. NMR methods for studying protein dynamics

2.2.1. Amide exchange experiments
2.2.2. 15N relaxation experiments

3. Investigation of NOS peptide-CaM interactions using different NMR techniques
3.1. NMR spectroscopy at physiological Ca2+ concentrations

3.1.1. Structure and dynamics comparison to saturating Ca2+ structure
3.2. NOS-peptide interactions with apoCaM
3.3. Phosphorylation modification of eNOS enzymes

3.3.1. Comparison of the CaM-eNOS vs CaM-eNOSpThr495 complexes
3.3.2. Electrostatic effects of the phosphorylation of T495

4. NMR methods for studying large proteins
5. Acknowledgment
6. References

[Frontiers In Bioscience, Landmark, 23, 1902-1922, June 1, 2018]

1. ABSTRACT

NMR spectroscopy allows for the deter-
mination of high resolution structures, as well as be-
ing an efficient method for studying the dynamics of 
protein-protein and protein-peptide complexes. 15N 
relaxation and H/D exchange experiments allow for 
the analysis of these structural dynamics at a residue 
specific level. Calmodulin (CaM) is a small cytosolic 
Ca2+ binding protein that serves as a control element 
for many enzymes. An important target of CaM are 
the nitric oxide synthase (NOS) enzymes that play 
a major role in a number of key physiological and 
pathological processes. Studies have shown CaM 
facilitates a conformational shift in NOS allowing for 
efficient electron transfer through a process thought to 
be highly dynamic and at least in part controlled by 
several possible phosphorylation sites. This review 
highlights recent work performed on the CaM-NOS 
complexes using NMR spectroscopy and shows 
remarkable differences in the dynamic properties of 
CaM-NOS complexes at physiologically relevant Ca2+ 
concentrations. It also shows key structural changes 
that affect the activity of NOS when interacting 
with apoCaM mutants and NOS posttranslational 
modifications are present. 

2. INTRODUCTION

2.1. Protein high-resolution NMR spectroscopy

Nuclear magnetic resonance (NMR) 
spectroscopy is one of the main methods used to 
determine high resolution three-dimensional (3D) 
structures of proteins, comparable to those determined 
by X-ray crystallography, and to monitor protein-
ligand interactions and internal dynamics of a protein 
(1–3). NMR spectroscopy is also used to determine 
structures of proteins and molecules that cannot be 
crystallized due to their high flexibility and mobility. The 
determination of large protein structures is a limitation 
of NMR spectroscopy because of chemical shift 
overlap and lower sensitivity due to the fast decay of 
the NMR signal (4). For NMR studies, proteins require 
the incorporation of isotopes, specifically  15N and 13C, 
which are costly (3,5,6). For studies of complexes, 
ideally both partner proteins should be available in 
isotope labeled forms. 

The first step in an NMR based structure 
determination is to completely assign the 1H, 15N, 
and 13C NMR spectra of the protein, followed by 
the assignment of as many nuclear Overhauser 
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enhancement (NOE) interactions as possible (7,8).
These provide the principal information necessary for 
determining the 3D structure of a protein. The NOE is 
correlated with the distance between hydrogen atoms 
in the protein and thus can provide a set of internuclear 
distance constraints. NOEs are due to the dipolar 
coupling, through-space, between nuclei, in which the 
local field at one nucleus is influenced by the presence 
of the other nucleus (8). The larger the number of NOE 
constraints that can be determined, the higher the 
precision of the structure. 

The problem with the assignment of larger 
proteins is the severe overlap of resonances and the 
increased line widths of the NMR signals which is 
caused by the slower tumbling of large molecules in 
solution. One way to address these problems is the 
isotopic labelling of the sample and the use of 2D and 
3D heteronuclear NMR (3,9,10). 2D experiments are 
used to measure the correlation of two resonance 
frequencies through-bond or through-space (1). The 

same principle can be extended to higher dimensional 
spectra. The use of 3D and 4D experiments have 
aided in overcoming the problem of overlapping 
peaks by expanding the 2D spectrum into additional 
dimensions, allowing these overlapping areas to be 
separated into layers (11).

One of the key spectra used in structure 
determination is the 1H-15N-heteronuclear single 
quantum correlation (HSQC) experiment (12). This 
experiment correlates each proton to a directly 
attached nitrogen atom in the protein. This includes 
the all backbone amides except proline, and the side 
chain amides. This spectrum provides the “finger 
print” of the protein, typically giving rise to one peak 
for each amino acid other than proline in the protein. 
Assignment of these peaks to specific residues in the 
protein cannot be done using the 1H-15N-HSQC alone, 
and other 3D experiments must be performed (Figure 
1). Heteronuclear multidimensional NMR experiments 
are used for resonance assignments of proteins (3). 

Figure 1. Heteronuclear multidimensional NMR experiments used for resonance assignments of proteins. NMR experiments used to make resonance 
assignments for 1H, 13C and 15N nuclei in a protein (3). This is done by the transfer of magnetization through bonds, shown by blue lines, to different 
nuclei, shown by blue circles. (A) HNCA-3D experiment which correlates the 15N and NH chemical shifts with the intraresidue and preceding residue 
Cα shift (13). (B) CBCA(CO)NH-3D experiment which correlates the 15N and NH chemical shifts with the preceding residue Cα and Cβ shift (14). (C) 
HNCO-3D experiment which correlates the 15N and NH chemical shifts with the preceding residue carbonyl shift (13). (D) HN(CO)CA-3D experiment 
which correlates the 15N and NH chemical shifts with the preceding residue Cα shift (15). (E) HCACO which correlate the carbonyl shift the intraresidue 
Cα and Hα shifts (13). (F) 3D-TOCSY (TOtal Correlation SpectroscopY) HSQC-3D experiment which correlates the 15N and NH chemical shifts with the 
side chain 1H shifts (16).
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These experiments include the HNCA (13), CBCA(CO)
NH (14), HNCO (13), HN(CO)CA (15), HCACO (13) 
and 3D-TOCSY (TOtal Correlation SpectroscopY) 
HSQC (16).

2.2. NMR methods for studying protein dynamics

In addition to 3D structures, NMR spectroscopy 
can also provide quantitative information on molecular 
dynamics of protein systems at a residue specific level. 
These studies provide direct evidence of structural 
changes and intramolecular dynamics associated with 
functions that are central to understanding the role of 
dynamics in protein function (6,17–21). By tracking 
chemical shift changes, NMR spectroscopy is able to 
characterize very weak interactions between proteins 
and ligands at atomic (or residue) levels (22,23). 
Others methods for characterizing weak interactions 
of protein complexes are relaxation dispersion and  
paramagnetic relaxation enhancement, which allow 
the detection and visualization of low populated states 
of these complexes (24,25). NMR spectroscopy 
can also provide information about conformational 
dynamics and exchange processes of biomolecules 
at timescales ranging from picoseconds to seconds, 
and is very efficient in determining ligand binding 
and mapping interaction surfaces of protein/ligand 
complexes as shown in Figure 2 (18,19).

2.2.1. Amide exchange experiments

Detailed information about fluctuations in 
protein structures and site-specific information on 
the stability of secondary structural elements can be 
obtained from the measurement of amide proton (NH) 
hydrogen/deuterium exchange (H/D) rates using 
NMR spectroscopy (26–28). An alternate method for 

studying H/D exchange is using mass spectrometry 
(29,30). These fluctuations expose some of the 
NH to the D2O solvent, thus facilitating the NH/ND 
exchange process while other amide protons remain 
protected from exchange. The exchange rate of NH 
groups in proteins is determined by a combination 
of their intrinsic exchange rate in the absence of 
secondary structure and the presence of secondary 
structure and solvent inaccessibility that protect 
from exchange (31,32). H/D exchange experiments 
are also useful for accessing the stability of specific 
structure elements within a protein or protein complex 
(33,34). 

2.2.2. 15N relaxation experiments

Information about residue specific internal 
dynamics on the fast, picosecond to nanosecond, 
timescale is determined primarily from model-free 
analyses (19,35). This is accomplished through 
the analysis of longitudinal (T1) and transverse (T2) 
relaxation, as well as heteronuclear NOEs (36). This 
allows internal motions such as bond vibrations and 
librations to be interpreted through the determination 
of order parameters (S2) and internal effective 
correlation times (τe) by the “model free” approach 
(35). These parameters quantitatively describe the 
magnitude and time scale of local, intramolecular 
motions and thus allow one to correlate molecular 
dynamics with biological function. The model-free 
approach characterizes backbone mobility using an 
order parameter S2, which may be interpreted as the 
amplitude of the motion, and a correlation time, τi, 
which is the characteristic time constant of this motion 
(6,37,38). The relaxation analysis is termed model free 
because the order parameters determined have model 
independent significance. 

Figure 2. Time scales of various dynamic processes found in proteins and NMR method used to determine them (6,18,19).
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3. INVESTIGATION OF NOS PEPTIDE-CAM 
INTERACTIONS USING DIFFERENT NMR 
TECHNIQUES 

Calmodulin (CaM) is a small cytosolic Ca2+-
binding protein that is ubiquitous in eukaryotic cells. 
It is able to bind and regulate hundreds of different 
intracellular proteins (39). CaM consists of two 
globular domains connected by a flexible central linker 
region. Each globular domain contains two EF hands 
that are each capable of binding one Ca2+ ion. The EF 
hand consists of a helix−loop−helix motif, containing 
a 12 residue long Ca2+ binding loop rich in aspartates 
and glutamates (40). In the Ca2+-deplete form the 
helix−loop−helix motif of the EF hand is in a “closed” 
conformation, with their hydrophobic residues packed 
into their central core and their charged, hydrophilic 
residues solvent-exposed (41,42). When a Ca2+ 
ion binds, the helices rearrange into a more “open” 
conformation, exposing hydrophobic patches in each 
domain that allow CaM to bind to bind and activate its 
intracellular target proteins (40,41,43). The binding of 
Ca2+ to CaM is cooperative within each lobe of CaM but 
not between the lobes, with the C-lobe of CaM able to 
bind Ca2+ with a ten-fold higher affinity than the N-lobe 
(44,45). The flexibility of CaM’s central linker allows it 
to adapt its conformation to optimally associate with its 
intracellular targets. CaM is able to bind to its target 
proteins in the Ca2+-replete and Ca2+-deplete forms.

The nitric oxide synthase (NOS) enzymes 
(E.C. 1.1.4.1.3.3.9), which catalyze the production of 
nitric oxide (•NO), are one of the most studied target 
proteins bound and regulated by CaM (46). There 
are three NOS isoforms in mammals: neuronal NOS 
(nNOS), endothelial NOS (eNOS), and inducible NOS 
(iNOS). The NOS enzymes are homodimeric with each 
monomer possessing an N-terminal oxygenase domain 
(containing binding sites for heme, tetrahydrobiopterin 
(H4B), and the substrate L-arginine) and a C-terminal 
reductase domain (containing binding sites for the 
cofactors FMN, FAD, and NADPH) connected by a 
CaM binding domain (46,47). The CaM binding domain 
of all three NOS isoforms contain the classical 1-5-8-14 
CaM-binding motif, with CaM binding in an antiparallel 
fashion (48,49). CaM binds to iNOS regardless of 
intracellular Ca2+ concentration and is fully active at 
basal levels of Ca2+ (<100 nM) in the cell (50–53), 
whereas CaM’s interaction with the constitutive NOS 
enzymes (eNOS and nNOS) is Ca2+- dependent, 
requiring 200-300 nM concentrations of free Ca2+ to 
achieve half maximal activity (54,55). 

Electron flow in the NOS enzymes proceeds 
from the NADPH, through the FAD and FMN 
cofactors, to the heme oxygenase domain. Recent 
studies suggests a dimerized oxygenase domain 
acts as the anchoring dimeric structure for the entire 
NOS enzyme. This anchoring dimeric structure is 

flanked by two separated reductase domains that 
exist in an equilibrium of conformations that alternate 
between FAD-FMN electron transfer and FMN–heme 
electron transfer. CaM binding induces a shift in 
the conformational equilibrium allowing for efficient 
electron transfer (56–61). When CaM is fully bound to 
NOS, residues of CaM’s N-lobe interact with the FMN 
subdomain of NOS and form a bridge interaction that 
appears necessary to control the interaction between 
the FMN and heme, (62). This bridge interaction 
enables CaM to activate NOS through the stabilization 
and precise positioning of the FMN subdomain for the 
shuttling of electrons from the FMN to the oxygenase 
domain. Clearly, these conformational changes caused 
by CaM are important in stimulating efficient electron 
transfer within the NOS enzymes.

Understanding the structural basis of CaM’s 
target protein interactions and diverse regulatory 
functions is crucial for rationalizing and developing 
strategies for controlling the regulation pathways 
for medical purposes. CaM’s interactions with the 
various NOS isozymes have previously been studied 
by NMR (63–67). This review highlights the recent 
work performed on the CaM-NOS complexes using 
NMR spectroscopy. It will show the remarkable 
differences in the dynamic properties of CaM-NOS 
complexes at the residue level when experiments 
performed at physiologically relevant nanomolar Ca2+ 
concentrations are compared to those performed 
at high millimolar Ca2+ concentrations. It will also 
show key structural changes that affect the activity 
of NOS when common apoCaM mutants and NOS 
posttranslational modifications are used. 

3.1. NMR spectroscopy at physiological Ca2+ 
concentrations

NMR spectroscopy has previously been used 
to study CaM’s interaction with various NOS isoforms 
(63–67). However, most structural and dynamics 
studies on CaM-NOS interactions have been performed 
at non-physiological conditions, which do not represent 
the true intracellular Ca2+ concentration, using either 
apo (Ca2+ free with excess chelators, such as EDTA, 
present) or Ca2+ saturated (greater than 1mM Ca2+) 
conditions. NMR experiments performed at free Ca2+ 
concentrations that are in the resting intracellular Ca2+ 
concentration range of less than 100 nM (52,53), and 
at elevated intracellular Ca2+ concentrations of 225 nM 
as well as under saturation conditions (1 mM) provide 
further insights into the structure and dynamics of the 
CaM-NOS interaction. At resting intracellular Ca2+ 
concentrations, CaM is unable to bind to the eNOS 
CaM-binding domain peptide. The minimal free Ca2+ 
concentration needed for CaM to interact with eNOS 
was determined to be 225 nM (68). The NMR structure 
at a physiological free Ca2+ concentration of 225 nM 
shows the CaM-eNOS complex has a C-terminal lobe 
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that is structurally similar to the Ca2+-replete CaM-
eNOS complex, and an N-terminal lobe structurally 
similar to unbound, apoCaM (68,69). 

The family of twenty lowest energy structures 
is shown in Figure 3A. The alignment of the 20 
lowest energy structures show the C-lobes of CaM 
superimpose quite well with each other, whereas the 
N-lobe has a lot of fluctuation in its relative position to 
the C-lobe, suggesting a less rigid and more dynamic 
N-lobe. When a similar comparison is made with the 20 
lowest energy structures for the Ca2+ saturated CaM-
eNOS complex (Figure 3D) superposition via both 
the C- and N-lobes results in well overlaid structures. 
The r.m.s.d. values for the individual lobes of CaM 
also show a more dynamic N-lobe in the CaM-eNOS 
complex structure at 225 nM free Ca2+. The r.m.s.d. 
for the C-lobe backbone atoms is 0.6. Å, whereas it 
is 0.9. Å for the N lobe backbone atoms. The CaM-
eNOS complex structure at 225 nM free Ca2+ has a 
Ca2+-replete C-lobe bound to the eNOS peptide and 
a Ca2+ free N-lobe loosely associated to the eNOS 
peptide (Figure 3B). The N-terminus of the eNOS 
peptide displays an α-helical secondary structure, 
whereas the C-terminus displays a less α-helical 
secondary structured region due to having a weaker 
interaction with CaM. Comparing to the Ca2+ saturated 
CaM-eNOS complex structure (Figure 3E) one can 

see that the N-lobe at 225 nM free Ca2+ has a much 
looser association to the eNOS peptide. 

3.1.1. Structure and dynamics comparison to 
saturating Ca2+ structure

The 225 nM free Ca2+ and Ca2+ saturated 
CaM-eNOS complex structures offer an interesting 
case for comparison (Figure 4A,B). This comparison 
shows that the C-lobes of CaM and peptide orientation 
are similar, whereas the N-lobe is structurally different. 
When the two structures are aligned with respect to 
CaM’s C-lobe backbone atoms the eNOS peptide and 
the C-lobes of CaM of each structure superimpose 
quite well on each other (r.m.s.d. value of 1.0.23 Å), 
whereas the N-lobes of CaM do not. When the 225 nM 
free Ca2+ CaM-eNOS complex structure is compared 
to the previously determined apoCaM structure (PDB 
entry 1CFC), there is structural similarity of the N-lobes 
of CaM, and differences between the C-lobes of CaM 
(Figure 4C,D). When the two structures are aligned 
with respect to CaM’s N-lobe backbone atoms the 
N-lobes of CaM of each structure superimpose well on 
each other (r.m.s.d. value of 1.0.42 Å), whereas the 
C-lobes of CaM do not.

The dynamic properties of these complexes 
examined by amide H/D exchange time-course and 

Figure 3. Solution structure of CaM-eNOS at 225 nM Ca2+. Superposition of the ensemble of the 20 lowest-energy calculated NMR solution structures 
of (A) CaM bound to eNOS peptide at 225 nM Ca2+ (PDB 2N8J) and (D) the previously determined solution structures of CaM bound to eNOS peptide at 
saturated Ca2+ (PDB 2LL7). The superposition is aligned by the backbone atoms of the C-lobe of CaM. Backbone atom traces of CaM are colored dark 
blue, and the eNOS peptide colored light blue. Cartoon ribbon view of the average solution structure of the CaM− eNOS complex at (B) 225 nM Ca2+ and 
(E) saturated Ca2+. Residues 1−40 of CaM (EF hand I) are colored red, residues 41−79 (EF hand II) purple, residues 80−114 (EF hand III) green, and 
residues 115−148 (EF hand IV) blue. The peptide is colored lighter blue. Calcium ions are colored green. Worm models of CaM-eNOS peptide complex 
at (C) 225 nM Ca2+ and (F) saturated Ca2+ illustrating their internal dynamics and amide H/D exchange data. The worm radius ranges from 0.2.5 (S2 value 
of 1), to 4 (S2 value of 0.4.). Residues that display fast D2O exchange rates are colored red on the ribbon structure. Residues that display intermediate 
D2O exchange rates are colored light blue and residues that display slow D2O exchange rates are colored blue. The bound peptide is colored black and 
shown in wire form. The images were created using Chimera.
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NMR 15N relaxation experiments agree very well with 
the determined solution structures (68). At 225 nM 
free Ca2+ the amides from residues in the N-lobe of 
CaM exhibited fast H/D exchange and higher internal 
dynamics, while residues in the C-lobe of CaM 
were protected from exchange, with most of those 
exhibiting intermediate exchange and lower internal 
dynamics (Figure 3C,F). M36, M51, M72 and K75 of 
the N-lobe exhibit intermediate exchange and are all 
found to be part of α-helices and have hydrophobic 
interactions with L509, one of the anchoring residues 
of eNOS, in the solution structure of the complex. This 
suggests that even though this lobe is Ca2+ free and 
not tightly bound to the peptide it is still maintaining 
its structural integrity and might also maintain some 
transient interactions with the peptide. Residues V91, 
F92, L105, L112, F141 and M144 of the C-lobe of CaM 
show intermediate or slow exchange and interact via 

hydrophobic interactions with the other anchoring 
residues F496, A500 and V503 of the eNOS peptide. 
The lower overall dynamics of the C-lobe of CaM 
compared to the N-lobe correspond well with the 
more rigid C-lobe observed in the structure at 225 nM 
free Ca2+. The structure and dynamics data show that 
the residues of CaM interacting with eNOS’ 1-5-8-14 
anchoring residues (Table 1) have a strong interaction 
at 225 nM free Ca2+ concentration, which keeps the 
complex bound, while the rest of the residues of 
the CaM protein are able to fluctuate or “breathe”. 
Comparing the two lobes of CaM, the residues of the 
C-lobe display a more rigid structure (lower r.m.s.d., 
lower degree of internal mobility (higher S2) and 
higher exchange protection), indicating a stronger 
interaction with the N-terminal region of the eNOS 
peptide to hold the complex together and induce an 
α-helical structure. Whereas the N-lobe of CaM is 

Figure 4. Comparison of the solution structure of the CaM-eNOS peptide complex at 225 nM Ca2+ (PDB 2N8J) with the solution structures of saturated 
Ca2+ CaM-eNOS peptide complex (PDB 2LL7) and apoCaM (PDB 1CFD). The solution structures of the CaM−eNOS peptide at 225 nM Ca2+ (dark colors) 
and at saturated Ca2+ (light colors) are aligned by superimposition of the backbone atoms of the C-lobes of CaM (A) viewed along the bound peptide 
from its N-terminus (N′) to its C-terminus (C′) and (B) rotated around the horizontal axis with the C-terminus of the bound peptide on the top. The solution 
structures of the CaM−eNOS peptide at 225 nM Ca2+ (dark colors) and apoCaM (light colors) are aligned by superimposition of the backbone atoms of 
the N-lobes of CaM (C) viewed along the bound peptide from its N-terminus (N′) to its C-terminus (C′) and (D) rotated around the horizontal axis with the 
C-terminus of the bound peptide on the top. Residues 1−40 of CaM (EF hand I) are colored red, residues 41−79 (EF hand II) purple, residues 80−114 
(EF hand III) green, and residues 115−148 (EF hand IV) blue. The peptide is colored lighter blue. The broken lines connect the Ca2+ ion to the structure 
it was determined from. Reprinted with permission from Biochemistry, 55, Piazza M, Dieckmann T, Guillemette JG. Structural Studies of a Complex 
Between Endothelial Nitric Oxide Synthase and Calmodulin at Physiological Calcium Concentration, 5962–5971, Copyright (2016) American Chemical 
Society. The images were created using Chimera.
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more dynamic (increased backbone mobility, less rigid 
N-lobe and higher r.m.s.d.) and loosely associated 
with the less structured C-terminal region of the 
eNOS peptide. At saturating Ca2+ concentrations, the 
entire CaM-eNOS complex has become more rigid, 
or structurally stable.

In summary, the CaM-eNOS structures 
demonstrate that CaM bound to the NOS holoenzymes 
exists in multiple conformations with the most populated 
state corresponding to CaM docked to the oxygenase 
domain and having a more highly dynamic N-lobe of 
CaM is consistent with the proposed conformational 
sampling of the FMN subdomain (56–61).

These structures suggests that the C-lobe 
of CaM first binds to the N-terminus of eNOS’ CaM-
binding domain and possibly part of the heme domain, 
while loosely associating to the C-terminus of eNOS’ 
CaM-binding domain when the intracellular Ca2+ 
concentration is elevated to 225 nM. In this dynamic 
state, the less structured C-terminal region of the 
eNOS CaM binding domain would allow the FMN 
subdomain to have the flexibility to exist in a complex 
distribution of conformational states, correlating well 
with the dynamic N-lobe of CaM observed at 225 nM 
Ca2+. As the intracellular Ca2+ concentration increases 
(Dansyl-CaM studies suggest 1 µM (68)) the N-lobe 
then binds Ca2+ and becomes tightly bound to the 
C-terminus of eNOS’ CaM-binding domain, allowing 
for the possibility of a bridge to form between CaM 
and the FMN domain, which would induce a shift to 
the FMN-heme electron transfer conformation to allow 
efficient electron transfer in the NOS enzymes.

When a similar comparison is made using 
the CaM-iNOS complex, 1H-15N HSQC spectra 
performed at various free Ca2+ concentrations, ranging 
from resting intracellular Ca2+ levels to elevated Ca2+ 
levels, indicate that the CaM-iNOS complex maintains 
structural integrity at all Ca2+ levels. This suggests 
that CaM adopts the same structure as observed in 
the Ca2+-replete CaM-iNOS complex when it is bound 
to the iNOS peptide at free Ca2+ levels representative 
of resting intracellular Ca2+ levels (17 nM and 100 
nM Ca2+) to elevated Ca2+ levels (225 nM Ca2+). This 
observation is plausible because CaM interacts with 
iNOS in a Ca2+-independent manner.

The analysis of the internal dynamics between 
the CaM-iNOS complex at 225 nM free Ca2+ concentration 
and saturating Ca2+ agrees well with the results found 
for the H/D exchange experiments. As determined for 
the CaM-eNOS complex at saturating Ca2+, the CaM-
iNOS complex at saturating Ca2+ displays low internal 
dynamics, slow H/D exchange and overall high stability 
with the exception of the residues of the linker region 
and the loop regions between the EF hand pairs (Figure 
5). At 225 nM free Ca2+ concentration the EF hands and 
loop regions of the CaM-iNOS complex display fast H/D 
exchange and faster internal motions observed. This 
indicates that the coordination of the Ca2+ ions by the 
residues of the EF Hand loop is a weaker interaction 
compared to that at saturating Ca2+ concentrations. The 
data shows that the residues of CaM interacting with the 
1-5-8-14 anchoring residues of iNOS (Table 1) have a 
strong interaction at low Ca2+ concentrations, while the 
rest of the residues of CaM display increased dynamics 
and less exchange protection. Specifically, residues of 
CaM’s N-lobe have a lower degree of internal mobility 
and higher exchange protection, indicating stronger 
interaction, compared to the C-lobe, with the iNOS 
peptide. Taken together, these data indicate that the 
CaM-iNOS complex has increased internal mobility at 
lower Ca2+ concentrations, with a more dynamic C-lobe 
than N-lobe. 

CaM is able to fine-tune the orientation of 
its domain and residue contacts to accommodate its 
binding to a variety of target proteins. The structures of 
CaM interacting with target peptides derived from the 
three enzymes have all been shown to be very similar, 
consisting of a globular lobe lined by a short connector 
wrapped around the helical peptide target. However, 
the three NOS enzymes show different Ca2+ dependent 
activation by CaM with the iNOS enzyme being fully 
active at basal levels of Ca2+ (<100 nM) in a cell, and the 
cNOS enzymes requiring 200-300 nM concentrations 
of free Ca2+ (54,55). Most investigations have focused 
on the Ca2+ dependent activation of NOS enzymes by 
CaM under non-physiological conditions such as in the 
presence of excess Ca2+ or excess Ca2+ chelator. The 
dynamics of the binding of CaM to the NOS enzymes 
analyzed using NMR H/D exchange and 15N relaxation 
experiments performed at physiologically relevant free 
Ca2+ concentrations provide a better understanding of 
the physiologically relevant process. 

Table 1. The sequences of the iNOS, eNOS and nNOS CaM binding regions with the anchor residues 
indicated

NOS isoform CaM binding domain residues Residue number in full length NOS

nNOS RRAIG  FKKLA  EAVKF  SAKLM  GQ1 731-752

eNOS TRKKT FKEVA  NAVKI    SASLM   GT1 491-512

iNOS RREIP   LKVLV  KAVLF  ACMLM  RK1 510-531

11, 5, 8, 14 anchoring residues in bold.
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NMR H/D exchange and 15N relaxation 
experiments show the CaM-iNOS and CaM-eNOS 
complexes exhibit similar dynamic differences 
between 225 nM and saturating Ca2+ concentrations; 
however, the individual CaM lobes interact differently 
with the two peptide at low Ca2+ concentrations. The 
increased internal dynamics and lower complex 
stability observed for CaM-iNOS and CaM-eNOS 
at low Ca2+ is further supported by previous binding 
kinetic experiments (68,70). These experiments 
showed at low Ca2+ concentrations CaM’s binding 
affinity for eNOS and iNOS is decreased 4-fold 
and 5-fold, respectively, compared to saturated 
conditions due to decreased association rates and 
increased dissociation rates. These results also 
provide further evidence of the stronger interaction of 
the N-lobe of CaM with the iNOS peptide compared 
to with the eNOS peptide, contributing to the stronger 
binding of CaM with iNOS (65,71,72). In addition, 
this approach identified the roles played by the N and 
C lobes of CaM in the binding and activation of the 
NOS enzymes.

3.2. NOS-peptide interactions with apoCaM

CaM is able to bind to target proteins in the 
Ca2+-replete and Ca2+-deplete forms. At elevated Ca2+ 
concentrations, CaM binds to and activates eNOS 
making it a Ca2+-dependent NOS enzyme. In contrast, 
iNOS is binds to CaM at basal levels of Ca2+ and is 
a Ca2+-independent NOS enzyme (73–75). To study 
the Ca2+-dependent/independent properties of binding 
and activation of iNOS by CaM, numerous studies use 
a series of CaM mutants. These include mutations 
of glutamate to glutamine residues at position 12 of 
each EF hand (76,77) or mutation of the conserved 
aspartate to alanine at position 1 of each EF hand (78–
80). Changing the aspartate residue at position 1 of the 
EF hand loop of CaM inactivates the EF hand toward 
Ca2+ binding. These CaM proteins are defective in Ca2+ 
binding in either the N-terminal lobe EF hands (CaM12; 
CaM D20A and D56A mutations), the C-terminal lobe 
EF hands (CaM34; CaM D93A and D129A), or all four 
of its Ca2+-binding EF hands (CaM1234; mutations at 
D20A, D56A, D93A and D129A inclusive). 

Figure 5. Worm models of CaM-iNOS peptide complexes at 225 nM Ca2+ and saturated Ca2+ illustrating their internal dynamics and amide H/D exchange 
data. The worm radius and H/D exchange rates are displayed the same as in Figure 3C and F. Worm models and amide H/D exchange data for CaM-
iNOS complex at saturating Ca2+ and 225nM free Ca2+ concentrations were projected onto the previously determined structure of Ca2+-replete CaM-iNOS 
(PDB 2LL6). The images were created using Chimera.
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A previous study of iNOS activity using 
these CaM mutants to determine if the Ca2+-free 
N- or C-lobe of CaM was responsible for the Ca2+-
independent association of CaM to iNOS found that 
iNOS was active for both CaM34 and CaM12, with 
CaM34 NO· production rates similar to Ca2+-replete 
CaM and CaM12 NO· production rates similar to 
apoCaM, in the presence of Ca2+, whereas CaM1234 
produced significantly reduced rates. In the presence 
of EDTA, wild type CaM and CaM34 showed a 
substantial decrease in iNOS activity, whereas no 
substantial decrease in iNOS activity was found 
for CaM12 or CaM1234 (81). The solution structure 
of CaM34 bound to the iNOS CaM binding domain 
peptide was determined because it was the only 
one to have differences in activation of iNOS in the 
presence and absence of Ca2+ and it was compared 
to the previously determined Ca2+-replete CaM−iNOS 
complex to provide further insight into this decrease 
in activity (70). The solution structure of CaM1234 was 
also determined and the effects of these mutations 
were compared to the previous solution structure of 
apoCaM to determine the causes of CaM1234’s lower 
activation with iNOS compared to apoCaM.

The CaM34-iNOS complex has a Ca2+-replete 
N-lobe and a Ca2+-deplete C-lobe bound to the iNOS 

peptide (Figure 6). This structure shows CaM is still 
able to bind to iNOS with both lobes, even when the 
C-lobe of CaM is Ca2+-deplete due to the Asp to Ala 
mutations. Comparison of the CaM34-iNOS structure 
to the solution structure of Ca2+-replete CaM-iNOS 
reveals similar N-lobes, whereas the Ca2+ binding loops 
of EF hands III and IV display differences between 
the structures. The mutation causes the Ca2+ binding 
loops of EF hands III and IV to adopt a less compact 
conformation in the CaM34-iNOS structure. This causes 
local structural changes, such as the loop region 
connecting EF hands III and IV to move closer to the 
iNOS peptide, and long- range structural conformation 
changes, observed in the loop region connecting EF 
hands I and II and helix B. These loop regions contain 
multiple hydrophobic residues that pack close together 
and interact with the hydrophobic residues of the 
iNOS peptide. The EF hand Ca2+-binding loops of the 
C-lobe of CaM34 have a Ca2+-deplete conformation 
similar to apoCaM; however the overall conformation 
of the helix−loop−helix motifs is similar to the “open” 
conformation observed in the Ca2+-replete form due 
to the interaction with the highly hydrophobic iNOS 
peptide. The mutations also cause a decrease in the 
electronegative surface potential of CaM’s C-lobe, 
which may cause nonnative-like apoCaM interactions 
with other regions of the iNOS enzyme.

Figure 6. Comparison of the solution structure of the CaM34-iNOS peptide complex (PDB 5TP5) with the solution structure of Ca2+-replete CaM-iNOS 
peptide complex (PDB 2LL6). (A) The solution structures of the CaM34-iNOS peptide (dark colors) and the Ca2+-replete CaM-iNOS (light colors) are 
aligned by super- imposition of the backbone atoms of the N-lobes of CaM and the iNOS peptides viewed along the bound peptide from its C-terminus 
(C′) to its N-terminus (N′) in A and subsequently rotated 90° around the vertical axis in B. The superposition is viewed along the bound peptide from its 
N-terminus (N′) to its C-terminus (C′) in C and subsequently rotated 90° around the vertical axis in D. Calcium ions were omitted for clarity. The color 
scheme is the same as Figure 3. (B) Electrostatic potentials were calculated using the adaptive Poisson-Boltzmann solver (APBS) and PDB 2PQR 
software packages (107,108). The APBS-calculated electrostatic potential maps are projected on the surface of the C-lobes of the solution structure of 
the CaM-iNOS peptide complex and solution structure of the CaM34-iNOS peptide complex. (C) The hydrophobicity surface calculated in Chimera, using 
the Kyte-Doolittle scale (109), projected onto the surface of the C-lobes of the solution structure of the CaM-iNOS peptide complex and solution structure 
of the CaM34-iNOS peptide complex . The electrostatic potential maps are colored with a Chimera color key ranging from red (acidic, -10 kT/e) to blue 
(basic, 10 kT/e). The hydrophobicity surface is colored from blue (4.5.) for the most hydrophilic, to white, to orange red (−4.5.) for the most hydrophobic. 
The images were created using Chimera.
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For full activation of iNOS by CaM it has 
been shown that interaction of CaM with both the 
oxygenase and reductase domains of iNOS is required 
to stabilize the iNOS output state in addition to binding 
of CaM to iNOS’ CaM binding domain (55,72,82). The 
interaction of CaM with iNOS is largely electrostatic, 
with the negative residues of CaM’s N- and C-lobes 
interacting with the positive residues at the heme and 
FMN domain interfaces (71,83,84). 

Some potential important connections 
required for full activity of iNOS are E47 of CaM with 
R536 of the FMN domain; D122 of CaM with R83 and 
R86 of the inter-monomer heme domain; and R106 of 
CaM with E285 of the intra-monomer heme domain. 
Molecular dynamics, X-ray crystallography, and 
electron cryo-microscopy studies showed that CaM 
undergoes conformational changes, along with the 
FMN and heme domains, from the input to the output 
state. During the movement of the FMN domain to the 
output state the shifting of the CaM binding domain 
causes the EF hand loops III and IV move by about 
2 and 5 Å, respectively, while the N-lobe has a much 
larger conformational change, due to its interaction 
with the FMN domain (84). These interactions, are 
kept fully intact in the CaM34−iNOS structure. The 

CaM34 mutation causes C-lobe of CaM to mimic the 
conformation of CaM interacting with the heme domain 
in the output state, specifically R106 of EF hand III 
moves about 3 Å and residues D122 and E127 of EF 
hand IV move about 6 and 5 Å, respectively (Figure 
7). Meanwhile, helix E of the C-lobe of CaM34, which is 
found to interact with the FMN domain, does not move 
relative to Ca2+-replete CaM. The CaM34 mutation 
puts the C-lobe of CaM in a conformation that has 
interactions that stabilize the heme domain’s output 
state conformation, and still allows the unmutated 
N-lobe of CaM to have the conformational movement 
with the FMN domain that is necessary to facilitate the 
inter domain electron transfer, which explains the full 
activity of iNOS in the presence of Ca2+. The reduced 
iNOS activity observed for CaM34 in the presence of 
EDTA could be caused by the removal of Ca2+ from 
the N-lobe, leading to the rearrangement of EF hands 
I and II, which would affect the residues of helix C that 
interact with the FMN domain (Figure 7). Although 
CaM is still bound to the CaM binding domain of the 
enzyme due to strong hydrophobic interactions, this 
conformational change may not allow for the necessary 
interactions of the N-lobe of CaM to the FMN domain 
of iNOS required for efficient electron transfer. This 
may prevent the FMN conformational change required 

Figure 7. Solution structure of the CaM34−iNOS peptide (dark colors, PDB 5TP6) and the crystal structure of the iNOS oxy-FMN-Ca2+-replete CaM 
complex (CaM in light colors, iNOS CaM binding and FMN domains in yellow, PDB 3HR4) are aligned by superimposition of the backbone atoms of 
CaM and the iNOS CaM binding domain. The side chains of key residues of CaM that interact with iNOS’ heme domains and the distance of their shifts 
are labeled. Residues 1−40 of CaM (EF hand I) are colored red, residues 41−79 (EF hand II) purple, residues 80−114 (EF hand III) green, and residues 
115−148 (EF hand IV) blue. The peptide is colored lighter blue. Calcium ions are shown as orange spheres and labeled. Reprinted with permission from 
Biochemistry, 56, Piazza M, Taiakina V, Dieckmann T, Guillemette JG. Structural Consequences of Calmodulin EF Hand Mutations, 944–956, Copyright 
(2017) American Chemical Society. The images were created using Chimera.
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for efficient electron transfer to the heme domain or 
prevent CaM from stabilizing the FMN to heme electron 
transfer in the output state (56,57,83,85).

The structural rationale for the lower activity 
observed for CaM1234 with iNOS can be explained 
by comparing the structure of apoCaM to CaM1234

 

(Figure 8). Although CaM1234 is still able to bind to the 
highly hydrophobic CaM-binding domain of iNOS, 
the structural perturbations and electrostatic surface 
potential changes induced by the EF hand mutations 
may affect how CaM1234 interacts with the rest of 
iNOS, specifically CaM’s N-lobe interaction with the 
FMN domain. The less hydrophilic and less negative 

Figure 8. Comparison of the solution structure of the CaM1234 (PDB 5TP5) with the solution structure of apoCaM (PDB 1CFD). (A) The solution structures 
of CaM1234 (dark colors) and apoCaM (light colors, structure from PDB 1CFD (42)) are overlaid. For clarity only the N-lobes and the C-lobes of CaM1234 
and apoCaM were superimposed separately. The side chains of Asp in apoCaM and Ala in CaM1234 are shown and labeled as D20A, D56A, D93A, and 
D129A. Residues 1−40 of CaM (EF hand I) are colored red, residues 41−79 (EF hand II) purple, residues 80−114 (EF hand III) green, and residues 
115−148 (EF hand IV) blue. The peptide is colored lighter blue. (B) The APBS-calculated electrostatic potential maps projected on the surface of apoCaM 
(solution structure from PDB 1CFD (42)) and the CaM1234 solution structure. (C) The hydrophobicity surface calculated in chimera, using the Kyte-Doolittle 
scale, projected onto apoCaM and the CaM1234 solution structures. The electrostatic potential maps and hydrophobicity surfaces are colored as in Figure 
6. The mutation sites D20A, D56A, D93A, and D129A are labeled and indicated by *. The images were created using Chimera.
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electrostatic surface of CaM1234 would affect its 
interaction with the positive surface residues of iNOS 
at the CaM-FMN interface. This would prevent CaM 
from stabilizing the output state of the FMN and heme 
domains.

3.3. Phosphorylation modification of eNOS 
enzymes

The binding of CaM and the transfer of 
electrons from the reductase to the oxygenase domain 
of eNOS is regulated by multiple mechanisms, including 
protein phosphorylation and dephosphorylation 
(65,86). The eNOS enzyme contains many potential 
phosphorylation sites that can play a role in regulating 
its activity (87–90). For example, phosphorylation 
of S1177 in the reductase domain has been found 
to result in the activation of eNOS, whereas the 
phosphorylation of T495 within the CaM-binding 
domain has been found to act as a negative regulatory 
site reducing eNOS activity (91–93). A number of 
diseases have reported perturbations of eNOS 
phosphorylation (94). Phosphorylation of T495 has 
been reported to interfere with the binding of CaM to 
the CaM-binding domain affecting activation of the 
enzyme (86,91). The structural and functional effects 
that the phosphorylation of T495 in eNOS has on the 
Ca2+ dependent binding to CaM were investigated 
by the determination of the solution structure of CaM 
bound to the eNOS CaM-binding domain peptide 

phosphorylated at T495. This investigation was used 
to assess changes to the CaM-eNOS complex due to 
the phosphorylation of T495. 

3.3.1. Comparison of the CaM-eNOS vs CaM-eNO-
SpThr495 complexes

Comparison  of the CaM-eNOS and the 
CaM-eNOSpThr495 solution structures shows the two 
structures are quite similar, with a few local differences 
(Figure 9). The orientation of helix A of CaM is different 
between the two structures, with helix A of CaM-
eNOSpThr495 pushed away from the N-terminus of the 
peptide (where the phosphorylated T495 is located). 
EF hand IV (colored blue) is also shifted farther away 
from the peptide in the CaM-eNOSpThr495 structure. 
The rest of the CaM-eNOSpThr495 structure confirms 
that the phosphorylation of T495 does not have an 
effect on the structure of CaM away from the site of the 
phosphorylation.

3.3.2. Electrostatic effects of the phosphorylation 
of T495

The EF hands I and IV are sensitive to the 
phosphorylation state at T495 of the eNOS peptide. 
The DelPhi analysis of the CaM-eNOSpThr495 
structure (using the DelphiController interface of UCSF 
Chimera version 1.5.3. build 33475 (95)) shows this 
phosphorylation creates a more negative potential on 

Figure 9. Superpositions of the CaM-eNOS peptide solution structure (PDB 2LL7) and the CaM-eNOSpThr495 peptide solution structure. Comparison 
of solution structures of CaM-eNOSpThr495 peptide (dark colors) with CaM-eNOS peptide (light colors) by superimposing the two structures and viewing 
it along the bound peptide from its N-terminus (N’) to its C-terminus (C’) on the left (front view), and rotated 90° around the horizontal axis with the 
N-terminus of the bound peptide on the top on the right (bottom view). The two structures are aligned by superimposing backbone atoms of the bound 
peptides. Residues 1−40 of CaM (EF hand I) are colored red, residues 41−79 (EF hand II) purple, residues 80−114 (EF hand III) green, and residues 
115−148 (EF hand IV) blue. The peptide is colored lighter blue. Reprinted with permission from Biochemistry, 53, Piazza M, Taiakina V, Guillemette SR, 
Guillemette JG, Dieckmann T. Solution structure of calmodulin bound to the target peptide of endothelial nitric oxide synthase phosphorylated at thr495, 
1241–1249, Copyright (2014) American Chemical Society. The images were created using Chimera.



Structure and dynamics of CaM-NOS complexes 

1914 © 1996-2018

the N-terminal region of the peptide, which is located 
in a negatively charged region of CaM and could lead 
to an electrostatic repulsion (Figure 10C, D). This 
negative charge is not present in the CaM-eNOS 
complex (Figure 10B) and thus would not cause any 
electrostatic repulsion. Residues E7, which is found 
in helix A of EF hand I, and E127, found in helix G 
of EF hand IV, of CaM are in close proximity to this 
phosphate group. An electrostatic repulsion between 
helix A of EF hand I and the phosphate group gives an 
explanation as to why helix A and helix G and EF hand 
IV are shifted further away from the eNOSpThr495 
peptide in the CaM-eNOSpThr495 complex. This has 
been previously postulated by Aoyagi et al. when they 
suggested that the addition of a negatively charged 
phosphate group would cause electrostatic repulsion 
between E7 and E127 (96). This electrostatic repulsion 
could also be affecting CaM’s ability to coordinate Ca2+ 
by interfering with the EF hands I and IV, which would 
help explain why at physiological Ca2+ levels CaM has 
a diminished ability to bind eNOS phosphorylated at 
T495. 

Enzyme activity studies have shown that 
phosphorylation of T495 results in the loss of eNOS 
enzyme activity with the assumption being that 
phosphorylation of T495 hinders the association of 
CaM with its binding site on the eNOS enzyme (96). 
Until recently (64), there had not been a structural 
study using a phosphorylated T495 residue. Our 
solution structure shows that in the presence of excess 
Ca2+, phosphorylation does not prevent the binding 
of CaM to the phosphorylated peptide; however, the 
phosphorylation prevents binding to CaM at lower Ca2+ 
concentrations that are similar to physiological Ca2+ 
levels. A comparison of the two structures show that the 
most significant changes in the CaM-eNOSpThr495 
solution structure involved two CaM amino acids E7 
and E127. In addition both E11 and M124 are found 
to be in close proximity to the pThr495 phosphate 
group. The Ca2+-replete CaM-eNOS complex structure 
shows that the side chains of these amino acids are 
in contact with a number of amino acids in the eNOS 
peptide. The side chain of E7 is in contact with residue 
K497 of eNOS and has ionic interactions with R492, 

Figure 10. Delphi-calculated electrostatic potential maps. The Delphi-calculated electrostatic potential maps are projected on (A, B) the surface of the 
CaM-eNOS peptide complex (PDB 2LL7) and (C, D) the CaM-eNOSpThr495 peptide complex (PDB 2MG5). Thr495 and pThr495 are displayed on 
the peptide by an * and +. The Delphi-calculated electrostatic potential maps are colored with a Chimera color key ranging from (-15 kT/e) red to (15 
kT/e) blue. Reprinted with permission from Biochemistry, 53, Piazza M, Taiakina V, Guillemette SR, Guillemette JG, Dieckmann T. Solution structure of 
calmodulin bound to the target peptide of endothelial nitric oxide synthase phosphorylated at thr495, 1241–1249, Copyright (2014) American Chemical 
Society. The images were created using Chimera.
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while the side chain of E11 is in contact with residues 
A502 and I505 of eNOS and has a hydrogen bond 
with N501. The phosphorylation of T495 of eNOS 
introduces an electrostatic repulsion that pushes helix 
A (containing E7 and E11) away from the peptide likely 
disrupting the above mentioned interactions. The side 
chain of M124 is in contact with residues T495, F496 
and V499 of eNOS, while residue E127 of CaM has 
contact with T495 and K497 and has ionic interactions 
with K493 and the backbone of T496. Electrostatic 
repulsion could again account for the displacement 
of helix G of EF hand 4 (containing M124 and 
E127) away from the peptide likely disrupting these 
interactions. The displacement of helix A and G may 
not be significant under conditions with 1 mM Ca2+, but 
under physiological low Ca2+ concentration conditions, 
a larger relative displacement of these helices may 
have a detrimental effect on enzyme binding and 
activation. Affinity measurements using dansyl-labeled 
CaM experiments previously showed that the pThr495 
peptide required significantly higher than physiological 
concentrations of Ca2+ to bind to CaM (64). 

In summary, at saturating Ca2+ concentrations, 
the interactions of CaM with the peptides of the eNOS 
CaM binding domain or the eNOS CAM binding domain 
phosphorylated at T495 are very similar. At the lower 
Ca2+ concentration of 225 nM, near physiological Ca2+ 
levels, no significant binding of CaM to eNOSpThr495 
is observed, whereas CaM binds to the wild type eNOS 
peptide. When T495 is phosphorylated, our results 
indicate there is an electrostatic repulsion that affects 
binding to CaM and may account for the diminished 
CaM-dependent activation of the eNOS enzyme under 
low physiological Ca2+ concentrations.

4. NMR METHODS FOR STUDYING LARGE 
PROTEINS

Currently, there is no NMR structural data 
of CaM interacting with the holo-NOS isoforms. As 
previously mentioned, since the complex of CaM 
with nNOS is extremely large (greater than 300 kDa 
for the dimer complex), conventional 1H-15N HSQC 
experiments have not been able to produce useful 
spectra. The impediment imposed by the large 
molecular weight of a CaM-NOS complex may be 
further complicated by the possibility that chemical 
exchange may also be present due to each NOS 
subunit experiencing different environments. While the 
large size of  NOS enzymes is a significant challenge 
for NMR spectroscopy similar sized proteins have been 
investigated using transverse relaxation-optimized 
NMR spectroscopy (TROSY) (97–99). TROSY is only 
one advance in NMR spectroscopy that has opened 
up new explorations of large proteins and protein 
complexes. The TROSY experiment allows for higher 
sensitivity, narrow lines and a spectrum similar to an 
HSQC. Preliminary 15N TROSY experiments in our lab 

have shown that structural data may be possible with 
this method, but will require large quantities of pure 
NOS enzyme and higher NMR field strength. 

As outlined in a recent review article, 
advances in NMR spectroscopy provide new avenues 
for the study of structure and dynamics of large 
biomolecules (100). In the case of NOS enzymes, 
either the CaM or the truncated NOS isozymes can 
be selectively labeled for NMR studies (101) thus 
simplifying the assignment of peaks and allowing for 
the investigation of larger segments of the enzymes. 
NMR peak assignments can be based on published 
CaM resonance assignments using standard NMR 
triple resonance techniques. To monitor structural 
changes in the enzyme itself, NMR investigations can 
be performed on complexes with labeled CaM or NOS 
constructs containing (ε13C)-labelled methionine. This 
would allow us to determine which residues of CaM 
interact with regions of the holoNOS enzymes other 
than the CaM-binding domains through chemical shift 
changes between the CaM-NOS peptides and CaM-
holoNOS spectra. Chemical shift perturbations using 
methionine-TROSY spectra can provide information 
about interaction between the different NOS domains 
and CaM (102,103). Methionine methyl groups 
tend to resonate in largely unpopulated region of 
the (1H,13C) correlation spectrum making it a useful 
probe for protein dynamics (104). Methionine is a 
relatively rare residue making up approximately 2% 
of the total residues of each NOS isozyme. Naturally 
occurring Met residues are found in key regions and 
control elements found in all three NOS enzymes. 
This approach can be used to probe key regions and 
subdomains in each of the NOS isozymes. Because 
signals are not observed for the unlabeled residues 
of the complex, this approach simplifies the NMR 
spectra while still providing details of Met residues in 
key regions of the enzyme. The labeled NOS proteins 
can be generated by expression of the recombinant 
gene in an E. coli methionine auxotroph supplemented 
with (ε 13C)-labelled methionine (105). A systematic 
approach can be used combining our knowledge of 
the structure and select methionine replacements 
to identify key residues in important regions of the 
enzymes and probe for structural changes in NOS in 
the absence and presence of CaM and Ca2+.

A further complication comes from cryo EM 
studies showing that only one of the FMNs at a time 
in the dimer transfers electrons inter-molecularly to 
the heme (56,58,61) . This process could result in 
mixed signals form the FMN subdomains experiencing 
different environments. To overcome this problem, 
mixed dimers could be generated to simplify the 
assignment of structural and dynamic interactions. 
Mixed dimers could be produced by the co-expression 
in E. coli of truncated constructs (i.e. Oxy-CaM 
and labeled Oxy-FMN or holoenzyme) with two 
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different affinity tagged versions of the NOS subunits 
allowing for the purification of mixed dimers in two 
chromatography steps (106). In concert with the use 
of mixed dimers, the method to “label, express, and 
generate oligomers” for NMR (LEGO-NMR) could 
be performed in E. coli cells. This method utilizes 
two plasmids carrying different promoters so that 
only the monomer containing the FMN domain is 
expressed in an NMR active medium whereas a 
second monomer (Oxy-CaM) can be produced in an 
NMR invisible medium (101). This approach could be 
used to investigate key isoform specific structural and 
functional features of the output state.
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