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1. ABSTRACT  

The three mammalian isoforms of nitric oxide 
synthase (NOS) produce the signalling molecule nitric 
oxide (NO) from L-arginine, molecular oxygen, and 
NADPH. NOS-generated NO is essential for many key 
biochemical processes and aberrant NO production 
is linked to the pathophysiology of many diseases. 
Over the past 40 years, the mechanism and structure 
of NOS have been studied extensively and there are 
many quality reviews and perspectives documenting 
the current hypotheses in the field. In this review, as 
an alternative perspective, we will describe some 
novel techniques and methodologies that have been 
used to trap functionally relevant conformational 
and kinetic states in the catalytic cycles of NOS and 
some structurally related diflavin oxidoreductase. The 
methods described in this perspective have enabled 
characterisation of the complex NOS and diflavin 
oxidoreductase family members (including cytochrome 
P450 reductase) and should find future application in 
other enzyme systems.

2. INTRODUCTION  

Much of our understanding of enzyme 
function is derived from research devoted to enzyme 
chemical reactions and analysis of static three-
dimensional images of individual enzyme molecules. 
However, due to their dynamic properties and complex 
reaction mechanisms, multicentre redox enzymes are 
often challenging to study using these conventional 

spectroscopic and structural biochemical techniques. 
To overcome the lack of mechanistic insight from these 
approaches, more sophisticated methods have been 
developed. One such method is trapping. Trapping 
is an umbrella term that can be used to describe 
any technique where short-lived intermediates, 
normally found during enzyme turnover, are artificially 
poised and studied. Trapping is usually achieved by 
conformational and/or chemical perturbations on the 
enzyme system of interest, and enables the study of 
transient states that are usually hidden in complex 
structural and kinetic data. 

Methods of trapping and probing 
intermediates have been used extensively in the 
study of numerous different protein systems and 
have provided detailed insights into enzyme reaction 
mechanisms. A family of enzymes that have been 
studied using a variety of different trapping methods is 
the diflavin oxidoreductases. Diflavin oxidoreductases 
are structurally homologous multidomain electron 
transferases that contain tightly bound FAD and 
FMN cofactors (1-3). Members of the diflavin 
oxidoreductases include cytochrome P450 reductase 
(CPR) (4-6), methionine synthase reductase (MSR) 
(7, 8), sulphite reductase (SiR) (9), cytochrome 
P450 BM3 from Bacillus megaterium (P450 BM3) 
(10), novel reductase 1 (NR1) (11), and the three 
isoforms of mammalian nitric oxide synthase (NOS) 
(12-14). Due to their potent physiological roles (e.g. 
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blood pressure regulation (15, 16) and neurogenesis 
(17-19)), the isoforms of mammalian NOS are one 
of the more studied diflavin oxidoreductases. In this 
review, we will show how trapping experiments have 
helped to elucidate and provide invaluable insight into 
the mechanism of NOSs and the structurally related 
diflavin oxidoreductases.

Since its discovery as the mammalian 
enzyme that produces nitric oxide (NO), NOS has 
been extensively studied (20). At a basic level, NOS 
functions by shuttling electrons from NADPH, through 

FAD and FMN cofactors, to a catalytic haem domain 
where L-arginine and dioxygen are converted into 
L-citrulline and NO (Figure 1) (12-14, 20). However, like 
many other multicentre redox enzymes, NOS electron 
transfer chemistry is complex and thought to be gated 
by protein domain dynamics (12, 21). To study the 
NOS electron transfer chemistry and conformational 
changes, several real-time (4, 22-24), novel structural 
biology (e.g. EPR (25-27), mass spectrometry (28), 
cryo-EM (29-31), and fluorescence (32-40)), and 
trapping techniques have been used. Together, this 
combinatory approach to study the mechanism of an 

Figure 1. Proposed mechanism of A) NOS catalysed flavin reduction and B) NO generation at the NOS haem oxygenase domain. In A), the term ‘QE’ 
state refers to the quasi-equilibrium state, a form of the enzyme where two electrons are distributed between the FAD and FMN cofactors.



Trapping methods used for insights into NOS catalysis 

1876 © 1996-2018

enzyme has shown how a finely tuned temporal and 
spatial domain ‘dance’, coordinated by enzyme redox 
chemistry, NADPH and calmodulin (CaM) binding, 
regulates the flow of electrons through the NOS family 
of enzymes. 

The three isoforms of NOS are each located on 
different chromosomes, expressed in different tissues 
and have different primary amino acid sequences 
(20). The constitutively expressed NOS isoenzymes 
(cNOS), neuronal NOS (nNOS) and endothelial 
(eNOS), like their names suggest, are expressed in 
neuronal and endothelial tissues, respectively, whilst 
the inducible NOS (iNOS) enzyme is not expressed 
under normal physiological conditions, but is produced 
in any tissue type in immune responses. Despite these 
differences, the three NOS isoforms have very similar 
catalytic mechanisms (12, 41, 42) and structures 
(29-31). NOS is a homodimer, with each monomer 
containing a reductase and an oxygenase portion. 
The NOS reductase is similar to other members of the 
diflavin oxidoreductase enzyme family and contains 
an FAD-binding domain and an FMN-binding domain, 
separated by a connecting domain. The N-terminal 
NOS oxygenase domain is the catalytic core of 
the enzyme, as well as being the site of enzyme 
dimerisation, and contains a Cys-ligated b-haem and 
a tetrahydrobiopterin (H4B) cofactor. Lying between 

the NOS reductase and oxygenase portions is a CaM 
binding site. 

The current hypothesis for the mechanism 
of NOS is reviewed in some of our recently 
published perspectives (2, 12, 40), and a schematic 
representation is presented in Figure 2. In the absence 
of the coenzyme and/or CaM, NOS samples multiple 
different conformations (in the resting state), with 
little to no functional relevance. Upon binding of the 
reduced coenzyme, NADPH, the FAD and FMN 
domains of NOS lock together. Locking of the FAD and 
FMN domains in the NADPH-bound state is crucial for 
interflavin electron transfer and occurs in the cNOS 
isoenzymes due to interactions between the NADPH 
coenzyme and several important amino acids regions 
of the protein, termed the auto-inhibitory insert (AI) 
(43-45) and the NOS C-terminal tail (CT) (46-49). 
Ca2+-bound CaM interactions with NOS free the locked 
input state (47, 48, 50-52), enabling the FMN domain 
to shuttle between the FAD and the haem domain and 
drives cross-monomer electron transfer (53, 54) from 
the NOS reductase to the NOS oxygenase. 

Among many other experimental techniques, 
trapping methods have been invaluable to the study of 
the NOS family of enzymes and the structurally related 
diflavin oxidoreductases, and have helped to shape our 

Figure 2. The NOS conformational equilibrium. FAD and connecting domains are shown as dark blue, the FMN domain is shown as light blue, the haem 
domain is shown as red and CaM is shown as a grey circle. Electrons, which originate from the NADPH, pass through the NOS FAD and FMN cofactors 
to the NOS haem oxygenase where dioxygen and L-arginine are converted into NO and L-citrulline.
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current understanding of NOS catalysis. The examples 
of trapping described in this review include methods 
of deconvoluting complex spectroscopic data for 
simpler analysis of both chemical and conformational 
chemistry, as well as illustrating how conformational 
perturbations can influence and, thus, help determine 
the mechanism of NOS. Many of the techniques 
detailed herein are innovative and could find future 
applications in the study of other multicentre redox 
enzymes and dynamic protein systems. 

3. PROBING INTERNAL ELECTRON TRANS-
FER IN NOS  

As NOS contains multiple cofactors with 
overlapping redox-dependent spectral features, 
the study of NOS reaction chemistry by transient 
kinetic methods is challenging. To overcome these 
complexities, a number of different biochemical 
approaches have been utilised. One such method of 
probing NOS redox chemistry has been to deconstruct 
NOS into individual domains or portions allowing 
discrete kinetic steps to be probed in isolation. 
Multiple comprehensive kinetic studies on NOS have 
been performed using this ‘stripped-down’ approach, 
including studies on the isolated NOS reductase 
portion (using stopped-flow methods) to analyse flavin 
reduction (23), and studies on the NOS oxygenase-
FMN (oxyFMN) domain construct (using laser flash 
photolysis methods) to monitor electron transfer 
from the NOS FMN to the haem oxygenase domain 
(55, 56). These studies have been instrumental in 
understanding the mechanism of NOS. Nevertheless, 
due to the role of neighbouring domains influencing 
protein dynamics (25) and, thus, reaction chemistry, 
the kinetics observed in these deconstructed portions 
may not accurately represent the reaction chemistry of 
the full-length enzyme. 

Various trapping approaches have also been 
used to probe redox chemistry in the full-length NOS 
enzymes, as well as in the truncated NOS constructs. 
Trapping can be advantageous in the study of 
enzyme catalysed electron transfer reactions, and 
is usually carried out by placing carefully designed 
‘thermodynamic blocks’ along the enzyme reaction 
coordinate (either by mutagenic techniques, adding/
replacing small molecules or using temperature 
perturbation). Through the use of trapping methods, 
complex spectroscopic data interpretation is often 
simplified. 

3.1. Trapping intermediates during NOS fla-
vin reduction

Full length NOS flavin reduction was recently 
studied using trapping approaches (22). NOS flavin 
reduction is typically monitored in a stopped-flow 
instrument by mixing oxidised enzyme with NADPH, 

and following flavin absorbance bands at 485 nm (a 
haem isosbestic point) (22). However, as stopped-
flow traces observed for NOS flavin reduction are 
complex and multiphasic (Figure 3), it is difficult to 
assign observed rate constants to discrete chemical 
steps. Therefore, for deeper insight into NOS flavin 
redox kinetics, we recently utilised a novel approach 
that involved the use of a flavin analogue. By partially 
unfolding and refolding nNOS in these studies, we were 
able to swap the NOS FMN cofactor for a 5-deaza flavin 
mononucleotide (5-dFMN) molecule, and produce 
a new form of NOS (5-dFMN nNOS). Unlike nNOS, 
5-dFMN nNOS was unable to catalyse interflavin 
electron transfer (FADàFMN electron transfer) but 
maintained similar secondary structure to the wild-
type enzyme. This follows because of the properties 
of 5-dFMN. 5-dFMN is a flavin biomimetic that, while 
being isostructural to normal FMN, is an obligate 
2-electron redox cofactor incapable of stabilising 
1-electron reduced forms (flavin semiquinone states) 
essential for NOS interflavin electron transfer (Figure 
3) (57). 

Stopped-flow transients observed for 
5-dFMN nNOS flavin reduction (with and without 
CaM) are comparable to those observed for the wild-
type enzyme (Figure 3B). Specifically, observed rate 
constants and amplitude changes reporting on the 
first three kinetic phases  (kobs1, kobs2, kobs3) associated 
with flavin reduction are alike in nNOS and 5-dFMN 
nNOS. However, unlike nNOS, the fourth slower 
kinetic phase (kobs4) is absent in studies with 5-dFMN 
NOS. As 5-dFMN is unable to transfer electrons from 
FAD to FMN, this suggests that this slower fourth 
phase is predominantly associated with interflavin 
electron transfer. Altogether, in these studies, through 
the use of 5-dFMN, we were able to simplify complex 
transients observed for NOS flavin reduction, and to 
correlate individual kinetic phases with specific steps 
in NOS chemical catalysis (Figure 3). 

3.2. Trapping intermediates during the FMN to 
haem electron transfer step in NOS catalysis

In the early 1990s, there was much debate 
and discussion over the control and mechanism of NOS 
haem reduction. Work conducted during this period 
lead to a number of seminal publications emphasising 
the role of key elements that drive electron transfer 
from the NOS reductase to the NOS oxygenase, and 
laid the foundations for a series of trapping experiments 
to investigate inter- or intra-subunit electron transfer in 
the NOS family of enzymes. For electron transfer from 
the NOS FMN hydroquinone to the NOS oxygenase, 
the enzyme requires the (i) substrate L-arginine and 
the cofactor H4B, (ii) the presence of CaM (52) and (iii) 
the enzyme to be in a dimeric form. L-arginine and H4B 
binding alters the environment of the haem porphyrin 
and increases the redox potential of the haem iron 
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(58), while CaM binding shifts the conformational 
equilibrium of NOS to the ‘output’ state and modifies the 
midpoint potentials of the flavin cofactors (22, 25, 39, 
59). The latter mentioned feature, NOS dimerisation, 
is essential for haem reduction as L-arginine does 
not bind to the monomeric form of NOS and electron 
transfer from NOS FMN to haem is thought to occur in 
a cross-monomer (intermolecular) fashion (53, 54, 60).

As cross-monomer electron transfer is often 
observed in multimeric electron transferases and can 
provide additional control over enzyme-catalysed 
reaction chemistry (e.g. through oligomerisation steps) 
(61), it is not difficult to envision why certain electron 
transfer steps in NOS catalysis could occur from one 
monomer to the other. Several trapping experiments 
have previously been designed and conducted by both 
the Stuehr (54, 60) and Sagami (53) groups to test 
the implications of NOS domain swapping. In these 
investigations, the authors generated a library of NOS 

heterodimeric constructs, containing one full-length 
NOS monomer and one NOS oxygenase domain. By 
using a mixture of wild-type NOS and an L-arginine 
binding knock-out variant, the authors could determine 
the pathway of electron transfer from NOS reductase 
to oxygenase by using steady state NO production 
assays (Figure 4). This approach of using mutagenesis 
to ‘block’ electron transfer in the NOS enzyme is an 
example of how trapping measurements have been 
useful in probing electron transfer pathways and has 
found wider application in the study of other diflavin 
oxidoreductases, such as P450 BM3 (62).

To accurately measure the kinetics of 
electron transfer from FMN to haem in NOS, laser 
flash photolysis methods have been developed (55, 
56, 63-65). The laser flash photolysis method works by 
rapid injection of electrons into redox centres and can 
remove the complexities of slow mixing and multiple 
overlapping transients observed using stopped-flow 

Figure 3. Probing inter-flavin electron transfer in NOS using 5-deazaflavin mononucleotide (5-dFMN). A) shows the skeletal structures of FMN (black) 
and 5-dFMN (red). B) shows example stopped-flow transients for the  reactions between NADPH and either full-length wild-type NOS (black) or the 
5-dFMN NOS (red) in the presence (dots) and absence (dash) of CaM. The schematic in C) shows the path of electrons from NADPH, through FAD and 
FMN cofactors, to the NOS haem in wild-type NOS, as well as showing how electron transfer is prevented from FAD to the 5-dFMN in 5-dFMN NOS. In 
C), the NOS FAD and connecting domains are shown in dark blue, the FMN domain is shown in light blue, the haem domain is shown in red and CaM 
is shown as a grey circle.
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methods. Carbon monoxide trapping methods have 
been used to study FMN to haem electron transfer 
in NOS. By flashing CO off partially reduced (Fe(II)−
CO)(FMNH•) form of NOS, electron transfer in the 
non-physiological direction from haem to FMN can 
be monitored. As the NOS Fe(II)/Fe(III) and FMNH•/
FMNH2 couples are near isopotential, electron transfer 
between the Fe(II) and FMNH• in NOS is reversible. 
Therefore, observed rate constants using this method 
are the sum of both the forward and reverse reaction 
and, thus, rates of electron transfer in the physiological 
direction are half of those observed. In short, through 
the use of these CO-trapping methods, the importance 
of CaM binding, the AI loop (66) and domain dynamics 
have been shown in NOS catalysis.

4. ARTIFICIAL NOS CONFORMATIONAL 
STATES

There is evidence from crystallographic 
data that protein dynamics are required for diflavin 
oxidoreductase function (6). In the case of NOS family 
of enzymes, structures of the wild-type reductase 
construct in complex with NADP+ show the FAD and 

FMN cofactors of the enzyme are in close proximity, 
and that large-scale motions (50-100 Å) of the FMN-
binding domain are required for electron transfer 
from the NOS reductase to the NOS oxygenase 
(46). Here, to illustrate the importance of NOS 
conformational change, we focus on a number of 
specific experimental approaches, where methods to 
restrict the conformational equilibrium have proven 
to be useful in the study of NOS (and other diflavin 
oxidoreductase) function.

Cytochrome P450 reductase (CPR), a 
member of the diflavin oxidoreductases, which activates 
the superfamily of drug detoxifying P450 proteins, 
has been studied using a number of conformational 
trapping techniques. CPR is structurally homologous 
to the NOS reductase and, like NOS, is proposed to 
cycle between ‘closed’ and ‘open’ states, with short 
and long distances between the flavin cofactors, 
respectively (4, 67, 68). An artificially closed variant 
of CPR has been constructed (69). This closed CPR 
is Cys-Cys disulphide cross-linked and is homologous 
in structure to the wild-type enzyme (6), with a 4-5 Å 
distance between the isoalloxazine moieties of the 

Figure 4. Schematic of the two NOS heterodimers used to probe domain swapping in the NOS family of enzymes. The NOS FAD and connecting 
domains are shown in dark blue, the FMN domain is shown in light blue, the haem domain is shown in red and CaM is shown as a grey circle. The 
L-arginine binding knock-out variant is represented in the schematic as a white star. 
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flavin cofactors (Figure 5). Kinetic studies of this variant 
have helped show how the ‘closed’ conformation of the 
enzyme is functionally relevant for catalysing interflavin 
electron transfer but cannot support electron transfer 
from CPR to a partner protein (69).

By removal of key residues in the linker 
region of CPR (ΔTGEE CPR), the structure of the once 
elusive ‘open’ form of CPR has been determined by 
X-ray crystallography (Figure 5) (70). The distances 
between the dimethyl benzene rings of FAD and 
FMN in the structures of open CPR range from 29-
60 Å (three structures determined for the ‘open’ state 
of CPR). Unlike the disulfide locked closed form of 
CPR, this artificially open variant is unable to catalyse 
the transfer of electrons from FAD to FMN, but can 
undergo interprotein electron transfer from the CPR 
FAD to CYP partner proteins. Since this initial open 
state CPR study, a variety of open conformers of 
CPR have also been constructed. These include a 
yeast-human chimeric CPR protein (71), which has 
a 84 Å edge-to-edge distance between the two flavin 
cofactors, and a the structure of the ΔTGEE variant 
of CPR in complex with haem oxygenase (HO) (72), 
which shows a 30 Å distance between the FAD and 

FMN cofactors and a 6 Å distance between the FMN 
of CPR and the haem of haem oxygenase. Taken 
together, these data suggest the ‘closed’ form of CPR 
is required for inter-flavin electron transfer while the 
‘open’ form of the enzyme is needed for CPR-partner 
protein electron transfer.

Recently, a novel trapping method has been 
developed to study the role of large-scale domain 
motions in NOS catalysis (73). Through the use of 
varying length bis-maleimides, the conformational 
freedom of the NOS reductase domains was restricted 
to varying degrees. By using shorter linkers, NOS was 
forced into a more closed state with short distance 
between the flavin cofactors, while through the use 
of long linkers the NOS enzyme was constrained to 
more open states. Flavin reduction rates were seen 
to increase in the more closed forms of the enzyme 
when comparing to wild-type protein (flavin reduction 
limited by protein dynamics), while both single 
turnover and steady state cytochrome c reduction 
rates were significantly impaired in this closed state. 
As expected, in this experiment, as the tether length 
was increased, the rates of interflavin electron transfer 
and interprotein electron transfer were decreased and 

Figure 5. Overlaid structures of ‘open’ and ‘closed’ rat CPR. The ‘closed’ form of CPR (PDB: 1AMO_A) is shown in dark blue cartoon, while the ‘open’ 
structure of CPR (ΔTGEE CPR;PDB: 3ES9_A) is shown in light blue cartoon. In the ‘closed’ form of CPR, the FAD and FMN cofactors are shown as 
light green and green sticks, respectively. Conversely, in the ‘open’ structure of CPR, the FAD and FMN cofactors are shown as light red and red sticks, 
respectively. 
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increased, respectively. As no tethered enzyme could 
outperform wild-type NOS steady-state cytochrome c 
reduction rates in this investigation, it was suggested 
that motions of the FMN domain are essential for NOS 
catalysis. This technique and the two aforementioned 
studies on CPR have helped build up a now largely 
consistent model of NOS catalysis, showing the 
importance of both ‘closed’ and ‘open’ conformations 
and the need for conformational freedom to shuttle 
electrons from NADPH to the NOS catalytic haem 
domain. 

5. EXPLORING THE NOS CONFORMATION-
AL EQUILIBRIUM WITH HYDROSTATIC 
PRESSURE

Complementary to conformational trapping 
approaches is the use of hydrostatic pressure to 
reversibly control the conformations of multidomain 
proteins such as the diflavin reductases (25, 68). 
Pressure acts on underlying equilibria, perturbing 
the system towards more compact states at higher 
pressures. As a result, it is possible to shift the 
position of e.g. an open/closed (or bound/free) 
conformational equilibrium by raising the pressure. A 
range of experiment apparatuses are available that 
allow measurement of spectroscopic features (e.g. 
UV-Vis, FTIR or NMR spectra) of proteins under a 
range of moderate hydrostatic pressures up to 2-3,000 
atmospheres (74, 75). Above these pressures, 
many proteins denature due to a breakdown of the 
hydrophobic effect through water ingress into the 
protein core (76). Transient experiments can also 
be performed with high pressure stopped-flow, flash 
photolysis and pressure jump instruments. 

We have performed stopped-flow 
measurements of flavin reduction in CPR over a 
range of pressures between 1-2,000 atmospheres 
(68). Two kinetic phases are observed and both are 
moderately pressure dependent. It can be difficult to 
predict which conformational state(s) are likely to be 
more compact and thus favoured at high pressure, but 
in the case of CPR, surface area calculations suggest 
closed conformation(s) are likely to be more compact 
(Figure 5). As flavin reduction occurs more quickly at 
high pressure, these data are consistent with a model 
where inter-flavin electron transfer is conformationally 
gated and occurs more rapidly under conditions when 
CPR adopts compact closed conformation(s) with 
shorter inter-flavin distances. The same behaviour is 
not observed in nNOS, where flavin reduction steps are 
largely pressure invariant and/or occur more slowly at 
higher pressure (25). The rate of steady state NADPH 
consumption by nNOS also decreases with pressure 
unless CaM is removed, at which point the (much 
slower) rate of consumption significantly increases 
with pressure. The conformational landscape of NOS 
is likely to be more complicated (involving more states) 

than that of CPR, but the nNOS data suggest that 
pressure induces the adoption of more catalytically 
competent conformation(s) of CaM-free nNOS, which 
may be deleterious to FAD reduction and/or interflavin 
electron transfer when CaM is bound. This could be 
interpreted such that the conformational landscape 
of nNOS is relatively optimised for catalysis, so 
perturbations by high pressure can only push the 
enzyme into conformations that are less catalytically 
competent.

6. TRAPPING INTERMEDIATES AT THE NOS 
CATALYTIC CORE

The haem oxygenase domain of NOS is the 
catalytic core of the enzyme (77-79). Here, through 
the sequential transfer of two electrons from FMN to 
haem, L-arginine is oxidised to generate L-citrulline 
and NO (20). Figure 1B shows the eleven steps 
required for NOS catalysed NO production (80). 
To initiate NO production, electrons are transferred 
from the reduced FMN to the ferric haem, producing 
the ferrous haem state (step 1). Once generated, 
ferrous haem binds a molecule of dioxygen, giving 
the ferric haem-superoxo species (step 2) (81), which 
is subsequently reduced by the electron transfer from 
the H4B cofactor (step 3) (82). The latter of these 
steps produces the haem-peroxo species (83), which 
is further protonated to form a haem iron-oxo species 
(step 4). The NOS haem iron-oxo species reacts 
directly with L-arginine to produce the Nω-hydroxy-
L-arginine (NOHA) intermediate and water, as well 
as regenerating the NOS ferric haem state (step 5) 
(83). Like in step 1, the ferric haem is reduced to the 
ferrous state by electron transfer from the reduced 
FMN (step 6). Following reduction, steps 2 through 
4 are repeated again leading to the formation of the 
formation of the haem iron-oxo species (step 7-9) 
(80). This species reacts with the NOHA intermediate 
leading to the production of ferric haem-NO complex 
and L-citrulline (step 10). Finally, NO is released from 
the ferric haem-NO complex completing the catalytic 
cycle of the enzyme (step 11) (84, 85).

Many of the intermediates observed at the 
NOS haem domain have short half-lives and are 
difficult to observe using transient kinetic and traditional 
spectroscopic methods. Therefore, to isolate and 
spectroscopically characterise reactive states, low-
temperature approaches (among other approaches, 
e.g. mutagenesis (86) and hydrostatic pressure (87)) 
have been used. Examples of these studies include 
optical characterisation of the NOS ferric haem-
superoxo species, at 243 K (81), determining the redox 
role of H4B, at 243 K (88), and detection of the haem-
peroxo species temperatures, at 77K (83). Here, we 
focus on the latter example, in which Davydov et al. 
have used radiolytic cryoreduction in combination with 
electron paramagnetic resonance (EPR) to trap and 
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characterise a previously undetected NOS catalytic 
intermediate (83). This approach of trapping active 
oxygen intermediates has been developed and used 
to study haem monooxygenases systems by the 
Hoffman lab (89). In these investigations, the enzyme 
ferric haem-superoxo species is reduced with X-ray, 
gamma or 32P radiation below temperatures of 77K, 
trapping the enzyme in the haem-peroxo form. By 
stepwise increase in temperature, conversion from 
the haem-peroxo form to the succeeding intermediate 
can be observed. Through the use of this method, 
the Hoffman lab has determined previously hidden 
intermediates in the catalytic cycle of numerous haem 
oxygenases, including P450 proteins, bacterial NOS 
and haem oxygenase (89). Studies performed on the 
mammalian NOS enzyme systems in complex with 
the substrates L-arginine or NOHA and a non-catalytic 
H4B analogue (83) showed the first evidence of the 
NOS haem-peroxo species. It was observed that the 
NOS haem-peroxo species converts directly to the 
‘compound 1’-like haem iron-oxo species, and not the 
haem-hydroperoxo species (as seen with many other 
haem monooxygenase systems). This result is likely 
a reflection of the hydrogen-bonding network that 
provides proton delivery to the oxyhaem and is not 
direct evidence that this intermediate is not present in 
the catalytic cycle of NOSs.

7. CONCLUDING REMARKS

In this review, we have shown a toolbox of 
trapping techniques that have been used to study the 
mechanism of dynamic multicentre enzyme systems. 
Specifically, we have shown how site-directed 
mutagenesis can be used to probe electron transfer 
chemistry and restrict the conformational freedom 
of the NOS enzyme. Moreover, examples detailed 
in this review include the use of small molecule 
‘thermodynamic blocks’, which can be used to poise 
and study reaction chemistry, and the use of pressure 
and temperature to control NOS conformational and 
chemical states. Along with real-time methods and 
novel structural biology techniques, the approaches 
detailed within here have helped to give a now largely 
consistent model of NOS catalysis, which illustrated 
the importance of large-scale protein domain dynamics 
in catalysis (Figure 2). Nonetheless, for a complete 
understanding of NOS turnover, there are still a 
number of important points that need to be addressed. 
An atomistic structure of the full-length NOS enzyme 
would provide invaluable insights into the NOS 
mechanism. Moreover, as much of our understanding 
of NOS catalysis is derived from in vitro experiments, 
there is a need to understand how an in-cell setting 
would influence NOS catalysis. It has recently been 
shown that the cell environment greatly influences the 
stability and dynamic properties of individual proteins. 
As dynamics play a crucial role in NOS catalysis, 
we propose that an in vivo setting will impact the 

catalytic cycle of the NOS enzymes. Therefore, for 
greater insights into the mechanism of NOS, novel in-
cell biophysics and biochemical techniques must be 
developed. 
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