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What did we know by 1998?

The three principal mammalian NOS enzymes (EC
1.14.13.39; NOS 1, 2, 3; neuronal, inducible and endo-
thelial NOS respectively) had already been cloned and
successfully expressed in E. coli or in insect cells, so their char-
acterization was underway by 1998. Regarding the chemical
mechanism of NO synthesis, we knew that NOS catalysed a
two-step oxidation of L-arginine (Arg) with N-hydroxy-L-
Arg (NOHA) forming as an enzyme-bound intermediate,
and we knew basic information such as the moles of NADPH
and O, consumed per NO formed and the source of the oxy-
gen atoms incorporated into the NO and citrulline products
(Knowles and Moncada, 1994; Masters et al., 1996; Stuehr,
1997). We knew that active NOS enzymes are homodimeric
with subunits consisting of an N-terminal oxygenase domain
(NOSoxy) and a C-terminal reductase domain that are linked
together by a calmodulin (CaM) binding sequence and that
two NOSoxy domains must interact with one another to form
the active homodimer. We knew that NOS subunits utilize a
unique combination of four redox cofactors, two of which
bind in the NOSoxy domain [iron protoporpyrin IX (haem)
and 6R-tetrahydrobiopterin (BH4)] and two in the reductase
domain (FAD and FMN) and that during catalysis, the flow
of NADPH-derived electrons is first into FAD and then into
FMN. We knew that the Ca**-promoted CaM binding event
allows cross-subunit electron transfer from the FMN to the
haem and is the essential electron transfer step because it
enables O, to bind to the NOS haem and thus start the
process of NO biosynthesis (Knowles and Moncada, 1994;
Masters et al., 1996; Stuehr, 1997). We knew that BH4 has
important structural and thermodynamic effects on NOS
(Marletta, 1994; Presta et al., 1998a; Presta et al., 1998b)
but had not yet uncovered or appreciated its essential redox
role. Stopped-flow and rapid-quench experimental
approaches had just begun to be deployed by 1998 and were
being used to study the steps taking place during each of the
two reactions of NO synthesis (Arg to NOHA and NOHA to
citrulline + NO) in single or multiple catalytic turnover
settings (Abu-Soud et al., 1997a; Abu-Soud et al., 1997b).
The stopped-flow studies characterized the NOS ferrous
haem-dioxy complex regarding its UV-visible spectrum and
the kinetics of its formation and disappearance and showed
that bound BH4 hastened its disappearance but for reasons
that were not immediately clear. The crystal structures of
the NOSoxy domain dimer with bound Arg and BH4 were
first reported in 1998 (Crane et al., 1998; Raman et al.,
1998), and this provided solid foundation for subsequent
NOS structure-function studies. Finally, mechanisms that
regulate the intracellular localization and activity of NOS
enzymes were coming into focus, including roles for
caveolin and post-translational protein phosphorylation,
palmitoylation and myristoylation, particularly for the
neuronal and endothelial NOS enzymes (Nakane et al.,
1991; Garcia-Cardena et al., 1996; Dudzinski et al., 2006).
Spectroscopic studies revealed an additional important
aspect of the NOS reaction mechanism, namely, that the
NO generated by NOS first bound to the enzyme ferric haem
before it escaped into solution (Abu-Soud et al., 1997b) and
showed that the build-up of NOS haem-NO species could be
significant during NO synthesis and could affect the
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enzyme catalytic activity and oxygen concentration-
dependence (apparent KmO,), both in vitro (Abu-Soud
et al., 1996) and in the human lung (Dweik et al., 1998).
Thus, many of the key experimental approaches and
concepts were either in place or being established by the
end of 1998, which guided and enabled studies of NOS
enzymology over the past 20 years.

What's new?

NOS maturation and modes of its regulation
The fact that NOS proteins acquire four cofactors (FAD, FMN,
haem and BH4) and then form a homodimer to become
active provides opportunities to regulate their activity
through control of NOS maturation and assembly. Since
1998, we have improved our understanding of NOS matura-
tion, particularly the haem insertion process, which is a key
step in creating the active enzyme and have uncovered
several ways that NO can negatively regulate NOS maturation
and the stability of the NOS homodimer.

Haem insertion into at least two NOS enzymes was
discovered to involve heat shock protein 90 (hsp90)
(Ghosh et al., 2011; Peng et al., 2012). Hsp90 associates with
the haem-free, immature form of NOS in cells, drives haem
insertion in an ATP-dependent process and then dissociates
from the haem-containing NOS. Based on the known func-
tions of hsp90, it is possible that its mechanism of action
may be to alter the protein conformation of the NOS oxygen-
ase domain to facilitate haem cofactor insertion into the
binding pocket. Such facilitation of haem insertion might
also explain how hsp90 ‘stimulates’ the activity of NOS
enzymes. But much about this process, including the molec-
ular mechanism of action and the possible involvement of
co-chaperones, remains to be defined. Of note, hsp90 also
drives haem insertion into other haem proteins including
soluble GCs and haemoglobin (Ghosh and Stuehr, 2017;
Ghosh et al., 2018) and thus may function more generally
in haem protein maturation in biology.

Work done prior to the Nobel Prize showed that NO can
affect the level of mature active NOS in at least three ways:
NO can increase NOS protein expression through its effect
on iron-responsive transcription factors (Weiss et al., 1994).
NO can restrict NOS maturation by lowering haem produc-
tion in cells, through NO inactivating ferrochelatase
(Furukawa et al., 1995), which is the mitochondrial enzyme
that catalyses iron insertion into the protoporphyrin ring
during haem biosynthesis. NO can also directly inhibit haem
insertion into iNOS (Albakri and Stuehr, 1996). After 1998, it
was discovered that exposing cells to NO (i.e. at levels
equivalent to the NO generated by activated macrophages
or Kupffer cells) broadly inhibited haem insertion into all
three NOS enzymes and several other haem proteins, includ-
ing haemoglobin, cytochrome P450 and catalase (Waheed
et al., 2010). For iNOS, NO inhibition of its haem insertion
was shown to be dependent on the S-nitrosation (SNO) of a
Cys residue in GAPDH (Cys152 in human GAPDH)
(Chakravarti ef al.,, 2010). Indeed, GAPDH was recently
shown to bind and allocate the bioavailable haem to iNOS
during its maturation in cells (Sweeny et al., 2018).
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NO can also diminish the level of active NOS that builds
up in cells by acting at points downstream from the haem
insertion process. For example, NO can react with the
haem-containing NOS monomers during their maturation
in a way that prevents them from forming a homodimer
(Chen et al., 2002). NO can also destabilize and break up
mature NOS homodimers in cells (Mitchell et al., 2005; Li
et al., 2006). In these circumstances, the evidence suggests
that NO may first react with the NOS ferric haem to enable
nitrosonium-based covalent protein modifications, specifi-
cally SNO modification or oxidation of Cys residues in NOS
that are located at the dimer interface and involved in Zn**
binding and dimer stabilization.

NOS maturation and homodimer stability have also been
considered as potential drug targets: this was first indicated
by steric-bulky imidazoles preventing haem insertion into
iNOS in cells, which prevented formation of the active homo-
dimer (Sennequier et al., 1999). Several drug prototypes have
been developed that are NOS isoform-specific and work by
blocking dimerization of haem-containing NOS monomers
in cells (Blasko et al., 2002; Gahman et al., 2011), but they
have not been developed for clinical use. Figure 1 illustrates
how hsp90, NO and related factors act at different points in
the process to influence the expression, maturation and
stability of active NOS homodimers.

NOS mechanism of NO synthesis

Rapid-mixing stopped-flow and rapid-quench approaches
were just beginning to be deployed around the time of the
Nobel award to study the mechanism of NO synthesis. These
experiments typically held the NOS haem in its ferrous state
under an inert atmosphere and then studied its stepwise reac-
tion with O, and the subsequent conversion of Arg to NOHA
or the conversion of NOHA into NO + citrulline, within a
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single catalytic turnover (Figure 2). Coupling these ap-
proaches with the information obtained from recent crystal
structures of the NOSoxy domains (Crane et al., 1998; Raman
etal., 1998) fuelled numerous investigations into the reaction
mechanism and NOS structure-function relationships.

The rapid-mixing approaches allowed measures of the
kinetics of various individual steps in NOS that take place
during Arg hydroxylation or NOHA conversion to NO, pri-
marily focusing on the changes that occur at the haem, BH4
or flavin centres. Generally, the NOS enzymes were found to
activate oxygen in a stepwise process and form intermediate
haem-oxy species like those that form in the cytochrome
P450, which are haem-thiolate enzymes similar to NOS (Krest
et al., 2013). Discussions about the NOS haem-oxy species
that may form downstream from the initial haem-O, species
in the Arg and NOHA reactions (Woodward et al., 2009;
Davydov et al., 2014; Shamovsky et al., 2018) and theoretical
studies of the NOS reaction mechanism (de Visser, 2009;
Shamovsky et al., 2018) have been published elsewhere and
so are not discussed here in detail.

In NOS, one can directly observe the build-up and disap-
pearance of the initial haem-O, species, and this has allowed
a fairly comprehensive understanding of its electronics, sta-
bility and reactivity (Abu-Soud et al., 1997a; Li et al., 2007;
Davydov et al., 2014). The same holds for the immediate
product species that builds up after the NOHA oxidation reac-
tion, namely, the NOS ferric haem-NO complex (Pant and
Crane, 2006; Wang et al., 2010). We have far less data on
the various reactive haem-oxy species that are expected to
form in between these two points in the reaction trajectory
(Figure 2), because the relative kinetics are such that these
species do not build-up for observation under normal experi-
mental conditions. However, based on different approaches
including low temperature annealing experiments
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Figure 1

The NOS maturation pathway and points of regulation by NO or by dimerization inhibitors. The model shows results obtained primarily for iNOS
but may be generally applicable for the three mammalian NOS. After transcription and translation, the immature NOS monomer exists in cells in
complex with chaperone hsp90. Haem, likely to be provided by GAPDH, is inserted into the NOS monomer in an ATP-dependent, hsp90-driven
process, to form a haem-containing NOS monomer. The haem-containing monomeric species dissociates hsp90 and then can form a mature NOS
homodimer in the presence of BH4 and Arg. NO can influence these processes at the points shown by increasing transcription of NOS, inhibiting
GAPDH-dependent haem insertion and causing SNO of NOS either prior to or after it forms a homodimer, which blocks or reverses homodimer
formation respectively. Dimerization inhibitors block homodimer assembly. Light purple cylinder is the NOSoxy domain; open rectangle is the

NOS reductase domain. Haem is the red rhombus.
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Figure 2

NOS O, activation steps and the accompanying BH4 redox transitions that occur during the Arg and NOHA oxidation reactions. The catalysis
starts with the ferric enzyme being reduced by an electron from the reductase domain (FMNH ). This allows the haem to bind O, and form
the haem-dioxy species, which is then reduced by BH4 to form the reactive haem-oxy species that react either with Arg or with NOHA as indicated.
After Arg is oxidized to NOHA, the reductase domain provides an electron to reduce the NOS-bound BH4 radical back to BH4 and, in doing so,
resets the ferric enzyme for catalysis of NOHA oxidation. During the NOHA reaction, the BH4 radical that forms receives an electron from a NOS
reaction/product species, and this allows generation of the enzyme ferric haem-NO species that releases NO.

(Woodward et al., 2009; Davydov et al., 2014), a general con-
sensus has emerged that the Arg hydroxylation and NOHA
oxidation steps are likely to involve two distinct haem-oxy
species that form within NOS during oxygen activation. Spe-
cifically, Arg is thought to react with a NOS haem iron-
perferryl species, while NOHA is thought to react with a haem
iron-peroxo species that typically forms prior to the perferryl
species during stepwise oxygen activation (Figure 2).

Along with these findings, the investigations since 1998
have uncovered aspects of the reaction mechanism unique
to NOS enzymes. These include how NOS manages odd-
electron chemistry through the use of its BH4 cofactor, how
it regulates electron transfer into the NOSoxy domain to
enable the reduction of the haem and of the BH4 radical that
forms during catalysis and how NOS catalysis goes on despite
its generating NO, which is typically a poison for haem-
dependent enzymes. What we’ve learned about these aspects
is discussed below.

Multiple new roles for BH4

One of the most exciting stories in NOS enzymology is how
they utilize their BH4 cofactor. Around the time of the Nobel
Prize, it was known that bound BH4 played important ‘non-
redox’ roles in NOS, such as influencing the midpoint poten-
tial of the haem iron and stabilizing NOS protein structural
elements that in turn stabilize the dimer interface or restrict
access of small molecules to the haem distal pocket
(Abu-Soud et al., 1998; Presta et al., 1998a; Presta et al.,
1998b). Initially, a mechanism was proposed that had BH4
participating in the chemistry of NO synthesis by forming a
reactive pterin-hydroperoxy species, similar to the process
in aromatic amino acid hydroxylase enzymes, but the
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NOSoxy crystal structures showed that the bound BH4 is
located to the side of the haem and not in a position that
would allow a pterin-hydroperoxy species to react with the
bound Arg or NOHA substrates. Rather, the relative positions
of BH4 and haem in NOS were reminiscent of how ascorbate
is held next to the haem in ascorbate peroxidase (Sharp et al.,
2003), which allows ascorbate to act as a one-electron donor
to the haem. This structural similarity was prescient, because
rapid-mixing and rapid-freezing approaches soon showed
that the bound BH4 in NOS donates an electron to the
haem-dioxy species that forms during oxygen activation
and so becomes a bound, BH4 cation radical (Hurshman
and Marletta, 2002; Stuehr et al., 2005). This presented a
novel use for BH4 cofactor in biology as a one-electron
donor. Moreover, BH4 only donates the ‘second electron’ in
the NOS oxygen activation process, which is critical, because
it allows NOS to generate haem-oxy species that react with
Arg or NOHA (Figure 2). Importantly, the rate of electron
transfer from BH4 to the haem-dioxy species was found to
be about 10 times faster than the rate of electron transfer
from the NOS flavoprotein domain to haem (Stuehr et al.,
2005). The kinetic advantage of BH4 helped to explain why
BH4 was needed to ‘couple’ NOS haem reduction to NO
synthesis. The quicker BH4 reduction of the initial haem-O,
species prevents it from breaking down into superoxide and
ferric haem. But despite its speed, the BH4 electron transfer
was still slower than the subsequent downstream reaction
steps of NO synthesis (Stuehret al., 2005) (Figure 2). This pre-
cludes the build-up and observation of any downstream
haem-oxy based reaction intermediates, except when the re-
action is studied under special cryogenic conditions, as noted
above. In the subsequent work (see Hurshman and Marletta,



2002; Stuehret al., 2005), the rate and extent of BH4 electron
transfer to the NOS haem-dioxy species were found to depend
on the electronic properties of the pterin and the haem, the
NOS amino acids that surround the bound BH4 and the iden-
tity of the NOS isoform itself, because eNOS, iNOS and nNOS
showed surprisingly large differences in their rates of BH4
radical formation and the radical lifetimes (Wei et al., 2005).
By 1998, we knew that the bound BH4 is not easily lost
from NOS and appeared capable of supporting multiple
rounds of NO synthesis (Witteveen et al., 1996; Gorren and
Mayer, 2002; Stuehr et al., 2005). Indeed, the stoichiometry
of NADPH usage by NOS, along with other considerations,
implied that the BH4 radical that forms during Arg hydroxyl-
ation is reduced back to BH4 within NOS, in order for NOS to
continue the second round of oxygen activation that is
needed for NOHA oxidation (Figure 2). Ultimately, the NOS
reductase domain was shown to be the source of this electron,
and the BH4 radical reduction step was found to be CaM-
dependent (Wei et al., 2008). A subsequent study showed that
the rate and extent of BH4 radical reduction in various NOS
mutants matches their rates and extents of haem reduction
(Ramasamy et al., 2016). This result implied that the mecha-
nism of BH4 radical reduction involves the NOS flavoprotein
domain passing an electron through the NOS haem in order
to reach the bound BH4 radical. Importantly, this solves a
physical problem that exists in NOS enzymes concerning
BH4 radical reduction, due to their BH4 cofactor being
located too far from the surface of the NOS oxygenase
domain to allow a direct electron transfer to take place from
the FMN in the reductase domain, even when the FMN
domain docks onto the oxygenase domain. Thus, the NOS
haem can handle the electron that it receives from the NOS
reductase domain in two ways: the electron can be used to
enable oxygen binding at the haem iron, or it can be utilized
to reduce the bound BH4 radical, depending on need and
where the NOS enzyme is in the catalytic cycle (Figure 2).
There is also a BH4 radical formed in NOS during the
NOHA oxidation step, but in this case, it is quickly reduced
back to BH4, independent of the NOS reductase domain, ac-
cording to a time course that matches the formation rate of
the NOS ferric haem-NO product species (Stuehr et al.,
2005). This consecutive one-electron oxidation and reduc-
tion of BH4 is unprecedented in biology but makes mechanis-
tic sense, because it solves the fundamental challenge that all
NOS enzymes must overcome in generating their odd-
electron product (NO). Specifically, in the NOHA oxidation
step, the BH4 first functions as a one-electron donor to the
haem-O, species to enable oxygen activation, just as it
functions in the Arg hydroxylation step (Figure 2). But
subsequently, the BH4 radical acts as a one-electron oxidant
to receive an electron from a NOS product species that forms
during the NOHA oxidation process, such as the ferrous
haem-NO species or possibly even from nitroxyl that may
be released within the active site (Wei et al., 2003; Woodward
et al., 2010). Significantly, it is this electron-accepting role of
the BH4 radical that allows the ferric haem-NO product
species to form at the end of the reaction (Figure 2). Because
such a precisely timed redox chemistry cannot be performed
by the attached NOS reductase domain, BH4-free NOS
enzymes generate haem-bound nitroxyl instead of NO
(Rusche et al., 1998; Adak et al., 2000). Thus, of all the
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structural and electronic roles that BH4 performs to enable
NO synthesis, acting as a sequential one-electron reductant
and oxidant during the NOHA oxidation reaction step may
be its key role, because it is this function that allows NOS to
generate the free radical NO as a product.

Electron transfer and its regulation in NOS

Conformational equilibrium and motions of the NOS reductase
domain. By 1998, reductase domain function was already
known to involve an electron transfer between its FAD and
FMN cofactors and that catalysis depended on electrons
transferring out of the FMN domain. In 2004, the crystal
structure of the NOS reductase domain (Garcin et al., 2004)
was illuminating but also presented a quandary because,
while it showed the FMN cofactor in position to accept
electrons directly from FAD, it also showed that the FMN in
this position was buried in the structure and inaccessible to
solvent and therefore not in a position to transfer electrons
out of the reductase domain to external acceptors or to the
NOSoxy domain. This led to proposals that the FMN
domain must undergo relatively large movements to twist
and swing away from its position in the ‘closed’
conformation that is depicted in the crystal structure, in
order to interact with and transfer electrons to external
acceptors or to the NOSoxy domain. Thus, the reductase
domain was envisioned to swing back and forth between
closed and open conformations during NO synthesis, which
would allow its FMN domain to both accept electrons and
deliver them to NOSoxy. We have since learned that this
model is generally accurate and understand a bit more
about what controls the motions and the interactions of the
FMN domain to enable its electron receiving and donating
functions. Biophysical approaches (electron paramagnetic
and NMR, ensemble and single molecule fluorescence)
clearly show that the NOS reductase domain populates a
number of more open conformations along with the closed
conformation that is identical or similar to the
conformation depicted in the crystal structure. Accordingly,
the biophysical data place the FMN residing at various
distances from the FAD and the haem cofactors in NOS,
including some where the FMN resides close enough to the
haem (within 17 A) to engage in electron transfer between
them (Astashkin et al., 2010; Hedison et al., 2017). However,
the data suggest that the lifetime of such species is relatively
short. Ensemble values for the open versus closed
conformational equilibrium (Keq) have been determined for
the reduced eNOS and nNOS reductase domains, based on
their reactivity towards the electron acceptor protein
cytochrome ¢, along with estimates of their average
conformational closing and opening rates to switch
between the reactive (open) and non-reactive (closed) states
(Haque et al., 2014). Overall, the studies reveal that the two
NOS enzymes differ in the degree to which their reductase
domains favour closed versus open conformations (the
conformational Keq open/closed order is eNOS < nNOS)
and also differ greatly in their average rates of
conformational opening and closing (rates in nNOS are
approximately 10x faster than in eNOS) (Haque et al., 2014).
There is also evidence that the reduction state of the NOS
flavins and the occupancy of the NADPH binding site may
influence the conformational equilibrium of NOS reductase
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domains, particularly between the zero and one or two
electron-reduced states (Dunford et al., 2007; Hedison et al.,
2017). Whether reduction beyond the one-electron level
has any further significant influence on the conformational
equilibrium remains a matter of debate.

Structural regulatory elements within NOS. By 1998, it was
appreciated that NOS enzymes repress their electron
transfer reactions relative to related dual-flavin reductase
enzymes (Knowles and Moncada, 1994; Marletta, 1994;
Masters et al., 1996; Stuehr, 1997). Functionally, the most
important repression point is the FMN to haem electron
transfer that initiates NO synthesis and whose repression
is relieved by CaM binding. We now know that NOS
enzymes contain several protein structural elements that
help to repress and govern electron transfer both within
and out of the reductase domain. Some of the structural
elements are common to and present in related dual-flavin
reductases, while others are unique to the NOS enzymes.
The common structural elements studied thus far include
the protein linker that connects the FAD and FMN
domains in NOS, the surface-charged residues on the FAD,
FMN and NOSoxy domains and a loop near the bound
FMN which helps to stabilize the FMN in its semiquinone
oxidation state (Li et al., 2008; Haque et al., 2012). In
general, electron flux through NOS enzymes is partly
governed by each of these elements. For example, electron
flux through eNOS and nNOS is sensitive to the length
and amino acid composition of their FAD-FMN domain
linkers. The surface charge-pairing interactions of the FMN
domain have different affects, depending on the domain
partner: charge pairings in the FAD-FMN domain interface
help to repress electron flux through the reductase
domain, while those formed at the FMN-NOSoxy domain
interface aid NOS haem reduction. In the cases where it
has been studied, the effects of the structural element on
the NOS conformational equilibrium could explain how it
changes the electron flux through NOS. For example, the
surface charge interactions between the FAD and FMN
domains were shown to stabilize the closed conformation
of the reductase domain, consistent with their repressing
electron flux (Haque et al., 2013).

Unique regulatory elements that are present in NOS en-
zymes include a C-terminal tail (CT) that is present in all
three mammalian NOS and an autoinhibitory insert (Al) that
is located in the FMN domains of eNOS and nNOS but is
absent in iNOS. Deletion studies clearly showed that both
elements help to repress electron transfer through NOS in
the absence of bound CaM and that the Al also helps to deter-
mine the Ca®" concentration threshold that enables CaM
binding (Roman and Masters, 2006). The crystal structure of
nNOS reductase domain (Garcin et al., 2004) revealed that
the CT acts to clasp and hold the FMN domain against the
FAD domain, thereby stabilizing the closed conformation,
and its ability to do so was confirmed by conformational
measures recorded for NOS CT deletion and point mutants
(Tiso et al., 2007). In contrast, the crystal structure did not
shed light on how the Al may function, but it is thought to
possibly antagonize the FMN domain interactions that would
otherwise help haem reduction to occur in NOS and thus
help to ensure that haem reduction does not occur in the
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absence of bound CaM. Indeed, combined deletion of the
CT and Al elements allows CaM-independent haem reduc-
tion to take place in eNOS (Chen and Wu, 2003). Phosphor-
ylation can occur at residues within the CT and Al elements,
and this typically diminishes their ability to repress electron
transfer or to antagonize CaM binding in NOS and so pro-
vides another means to physiologically activate NO synthe-
sis independent of increasing the intracellular Ca®*level
(Dudzinski et al., 2006; Feng et al., 2008; Tran et al., 2008;
Garcia and Sessa, 2018). In general, what’s emerged is that
the common and unique structural elements present in
NOS enzymes affect NOS electron transfer reactions ulti-
mately by controlling the conformational behaviours of
the FMN domain.

Regulation by CaM. By 1998, we knew that Ca**-driven CaM
binding plays a key role by relieving repression on three
critical electron transfer steps in the NOS catalytic pathway,
namely, the electron transfers between NADPH and FAD,
FAD and FMN, and FMN and haem. In fact, NOS enzymes
presented the first example where electron transfer within a
redox enzyme is controlled by a Ca**-binding protein (Abu-
Soud et al.,, 1994). Over the last 20 years, an impressive
number of approaches that include protein crystallization
(Garcin ef al.,, 2004; Xia et al, 2009), cryo-electron
microscopy (Volkmann et al., 2014; Yokom et al., 2014),
hydrogen-deuterium exchange MS (Smith et al., 2013),
electron paramagnetic and NMR, ensemble and single
molecule fluorescence and molecular dynamics (Salerno
et al., 2013; Campbell et al., 2014; Arnett et al., 2015; He
et al., 2015; Sheng et al., 2015; Hollingsworth et al., 2016;
Hedison et al., 2017) have been employed to understand
how CaM controls NOS catalysis. We now know that CaM
binding to NOS is a stepwise process: two Ca" ions first
bind in the two higher affinity lobes of CaM, and this
enables CaM to bind to NOS and relieve the repression on
the NOS electron transfer steps within the reductase domain
(NADPH to FAD, FAD to FMN) and to cause intermediate
changes in the conformational distribution. But critically,
this binding is not sufficient to trigger the electron transfer
from the FMN to the haem, which requires that two
additional Ca®* ions bind to fill all four lobes of CaM.
Mechanistically, we know that CaM binding does not alter
the relative thermodynamics of the electron transfer
reactions between the two flavins or between the FMN and
haem nor does it ‘unlock’ the NOS reductase conformation
from the closed structure that is shown in the crystal
structure, because data show that the reductase domain
exists as a dynamic mix of open and closed conformational
species in all of its physiologically relevant states (i.e. from
one- to four-electron reduced). Instead, we know that CaM
binding enables the NOS electron transfer events and
catalysis in at least four ways (Figure 3): (i) CaM shifts the
conformational equilibrium of the reductase domain
towards more open conformations (Haque et al., 2014;
Yokom et al., 2014; Arnett et al., 2015; He et al., 2015;
Hedison et al., 2017) that must become populated in order
for the FMN domain to have a chance at interacting with
the NOSoxy domain for electron transfer to the haem. (ii)
CaM shortens the dwell time of any one conformation
(Salerno et al., 2013; He et al., 2015) and thus speeds the
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CaM binding and effect on the conformational behaviours of the NOS reductase domain. The picture shows CaM (blue-green) bound to an FMN
domain-CaM site construct of iINOS (grey) (Xia et al., 2009), with bound calcium ions coloured blue. The boxed area, magnified to the right,
illustrates a key stabilizing interaction that involves a conserved Arg residue of the FMN domain (Arg752 of rat nNOS shown), and other residues
as indicated, with CaM residue Glu47, that is required for the effects of CaM on NOS. The lower portion of the figure lists some kinetic and entropic

effects of CaM binding. See text for related details.

transitions between various conformations. This in turn
makes possible a faster electron flux through the reductase
domain. (iii) CaM tightens the geometric and lifetime
distributions of the conformations (He et al., 2015), possibly
through the bound CaM forming a salt-bridging interaction
with the FMN domain (Xia et al., 2009). (iv) CaM helps to
limit and guide the movements of the FMN domain
through space. This is likely to involve CaM forming
temporary ionic and hydrophobic interactions with the
surface of the NOSoxy domain that ultimately help to direct
FMN domain docking and perhaps also involves CaM
relieving a physical block to FMN domain docking by the Al
regulatory element (Smith et al., 2013; Campbell et al.,
2014; Volkmann et al., 2014; Yokom et al., 2014; Sheng
et al., 2015; Hollingsworth ef al., 2016). Thus, CaM binding
to NOS increases electron flux and triggers electron transfer
to the haem through causing a combination of kinetic and
entropic changes that help to free its FMN domain and then
help to speed, restrict and direct FMN domain movements
towards the docking site on the NOSoxy domain (Figure 3).

NOS catalytic cycling and the fundamental
effects of NO

NOS enzymes produce a haem poison (NO) as their natural
product. This unique circumstance prompted research to

understand how NOS enzymes avoid being poisoned by their
self-generated NO. Over the last 20 years, research directed
along these lines provided deep insights into NOS catalysis
that can explain some of its more puzzling aspects, including
the greater than 10-fold range in NO synthesis activities
observed between the three mammalian NOS enzymes and
the 100-fold range in their apparent KmO, values (Stuehr
et al., 2004). The following sections review the main features
of NO-based regulation.

All NOS enzymes bind their self-generated NO before releasing
it. The NOS haem is bound within a protected pocket
that not only enables its chemistry but also restricts ingress
and egress of low MW compounds from the haem. This
causes newly generated NO to dwell within the haem
pocket such that it binds and is released from the ferric
haem many times before it escapes from the enzyme into
solution. This behaviour is reflective of the approximate
90% probability that NO rebinds to the haem after the
haem iron-NO bond is broken by laser flash photolysis
(Gautier et al., 2004), and importantly, it means that the
NOS ferric haem-NO species is de facto the immediate
product of NOS catalysis rather than free NO released from
the enzyme. This in turn makes it possible that NOS will
become poisoned by its self-generated NO, because the
longer the ferric haem-NO species persists within NOS, the
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more likely it will be reduced by an electron provided from
the reductase domain to form the ferrous haem-NO species,
which releases NO very slowly and is in fact the
NO-poisoned form of NOS (Figure 4).

All NOS enzymes have inherent NOS and NO dioxygenase
activities. Once the ferric haem-NO species forms during
NOS catalysis, it partitions between either being reduced or
allowing NO release from the ferric enzyme. As Figure 4
shows, the partitioning ratio is determined by the rate of
NO escape out of the enzyme haem pocket (designated kd)
and the rate of haem reduction by the reductase domain
(designated kr). When NO is released from the enzyme, it
represents a ‘productive cycle’ because the enzyme returns
to its ferric form and is ready to start another round of
catalysis, and the released NO can go on to have its
myriad biological effects. In contrast, if the ferric haem-NO
species becomes reduced, it forces the NOS enzyme
molecule to participate in a ‘futile cycle’ where the haem-
bound NO becomes further oxidized to nitrate in order to
regenerate the ferric enzyme and NO is not released
(Figure 4). The futile cycle involves an NO dioxygenase
reaction, in which a molecule of O, reacts directly with
the ferrous haem-NO species according to the rate kox.
Both the magnitude and O, concentration-dependence of
the kox parameter differ broadly between the NOS isoforms
(Tejero et al., 2009). Moreover, the O, concentration-
dependence of the kox parameter differs markedly from the
O, concentration-dependence for O, binding to the ferrous
NOS haem during NO biosynthesis (Stuehr et al., 2004).
This means that the O, concentration-dependence of NOS
activity (i.e. the apparent KmO, for NO synthesis) reflects
a blend of the two different O, dependencies, and this

Productive cycle

gives NOS enzymes higher than expected apparent KmO,
values for their NO synthesis (Stuehr et al., 2004), such
that in some cases (nNOS and iNOS), their observed
activity varies with O, concentration across the entire
physiological range.

The extent to which a given NOS cycles through the pro-
ductive versus futile pathways during its catalysis depends
primarily on the settings of three kinetic parameters (kr, kox,
and kd) (Figure 4). Interestingly, the set points of the three
kinetic parameters differ among NOS enzymes, and this in
turn causes marked differences regarding the observed steady
state NO synthesis activities and the apparent KmO, values
for NO synthesis (Stuehr et al., 2004). It is tempting to
speculate that these fundamental differences help to shape
the biological functions of each NOS enzyme and to regulate
their NO release in response to changes in tissue and cell
oxygenation levels, but the biological consequences remain
to be tested.

Computer simulations have been performed that
incorporate the measured rate parameters into the catalytic
cycling model, in order to model and understand NOS
enzyme behaviours. These studies showed that the model
depicted in Figure 4 is reasonably accurate in describing
and predicting the behaviours of a given NOS enzyme
regarding its relative NO synthesis and NO dioxygenase
activities, its O, concentration-dependence and how the
enzyme balances its kinetic parameters to avoid being poi-
soned by NO (Stuehr et al., 2004). These computer simula-
tions have also improved our understanding by helping to
interpret how site-directed changes in NOS structural
elements, and the consequent changes caused in the kinetic
parameters, affect NOS catalytic cycling, which in turn has
effects on NOS activities that are sometimes counter-

Arg NOHA e

s O, BH4 BH4" BH4' BH4 e 0, NOHA Citrulline
f; -'.._u"—k. Fe' LW Fe'O, A, Fe" —\-L Fe" —L~ Fe' L Fe'O, LW Fe"NO
kr keat1 kr kr kcat2
kr”,
NO ¢
extremely
slow

kox

Figure 4

Fe'NO

Futile cycle

NOS enzyme productive and futile cycling during catalysis. The reduction of ferric enzyme (kr) is the rate-limiting step for the NO biosynthetic
reactions (central linear portion). This electron transfer is needed to reduce the ferric haem before each catalytic step (kr, kr') and also to
reduce the BH4 radical between the Arg and NOHA oxidation reactions (kr'). The kcatl and kcat2 are the conversion rates of the NOS

haem-dioxy species (Fe"O,) to products in the L-Arg and NOHA reactions respectively. The ferric haem-NO product complex (Fe

IIINO) can

either release NO according to rate kd as part of a productive cycle or be reduced by the reductase domain according to rate kr’”’ to a ferrous
haem-NO complex (Fe"NO), which reacts with O, according to rate kox in an NO dioxygenase reaction as part of a futile cycle, to generate

nitrate and the ferric enzyme.
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intuitive or hard to understand. For example, the computer
simulations of NOS enzyme cycling have explained how
changes in NOS structure that increase or decrease the haem
reduction rate (kr) can either increase or diminish the ob-
served NO synthesis activity of a NOS (Stuehr ef al., 2004;
Haque et al., 2009; Tejero et al., 2010; Haque et al., 2012).

Conclusions and perspectives

The last 20 years have improved our understanding on
several aspects of NOS enzymology. Regarding structure, the
significant advances in molecular imaging approaches,
including cryo-EM, MS and computational docking and
dynamics have provided a decent understanding of NOS 3D
structure and its domain interactions, despite our not having
a full length NOS crystal structure in hand. Regarding cataly-
sis, we better understand the electron transfer and redox
chemistry of the haem and BH4 cofactors, how they are
regulated and how their unique interplay allows NO synthe-
sis. We also better appreciate the unique challenge that NO
synthesis poses for NOS enzymes and how it creates a
circumstance where NOS enzymes have evolved to balance
intrinsic NO releasing and NO destroying (NO dioxygenase)
activities. Going forward, a number of aspects remain less un-
derstood and could benefit from further research: what are
the molecular mechanisms that enable and regulate NOS
maturation and destruction in cells? Is NO production the
sole function, or even the main function, of all the NOS and
NOS-like proteins that are found in nature (Santolini et al.,
2017)? Why are the catalytic behaviours of the three
mammalian NOS so different, and how are these differences
related to individual biological functions? How do various
cellular proteins (other than CaM) interact with NOS
enzymes? How do such proteins and the many post-
translational modifications of NOS enzymes regulate NOS
catalytic behaviour at the molecular level? The concepts,
tools and approaches developed over the last 20 years should
provide a solid foundation to address these and other
outstanding questions in NOS enzymology.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data
from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding
et al., 2018), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b).
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