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INTRODUCTION

Objective of the study

The aim of this study is to modulate the production of Nitric Oxide (NO) by targeting the
enzyme responsible of its production, the Nitric Oxide Synthase (NOS). We designed a unique
structure-based molecular tool called Nanoshutter (NOS inhibitor), which contains a
nucleotide moiety mimicking the NADPH recognition site of NOS, as well as a chromophoric
moiety characterized by a large two-photon absorption cross-section (o3), thus it is capable
of inhibiting NOS catalysis and displays excellent biphotonic fluorescence imaging properties.

It is necessary to first understand the physiological role of NO in biological body. In
mammals, NO is an endogenously produced free radical mediator involved in many
(patho)physiological processes in the cardiovascular, nervous and immune systems (1). This
highly reactive gas plays a key role in regulating cardiovascular homeostasis, influencing
systemic and pulmonary blood pressure, vascular remodeling and angiogenesis. It displays
both anti-viral and anti-bacterial properties and exerts important roles in apoptosis. The
cardiovascular system is in a state of constant active vasodilation dependent on the
generation of NO. Indeed, NO can be considered as the endogenous vasodilator (2). In tumor,
NO could contribute to many of the abnormalities described in tumor vasculature such as
hyporeactivity or unresponsiveness to vasoactive mediators (3) and maximum vasodilatation.
It also plays a dual role in free tumor and solid tumor: when the NO is produced at high
concentrations mostly in free tumors, NO has an antitumor activity. However, when the NO is

produced at lower concentrations mostly in solid tumors, it promotes tumor growth.

The modulation of the NO level could lead to pathological processes, e.g. reduced NO
production could lead to enhanced adhesion of platelets to the vessel wall, as it has been
observed under conditions of atherosclerosis and diabetes, whereas the lack of NO could be
involved in the restenosis sometimes observed after angioplasty (4). In blood cells, NO
inhibits platelet aggregation (5), also inhibits adhesion to (i) collagen fibrils, (ii) endothelial
cell matrix, and (iii) endothelial cell monolayers (6) (7). A decrease in the synthesis of NO may
contribute in other pathways at the origin of diseases such as atherosclerosis and
hypertension (8).

As a key enzyme, NOS plays a crucial role in the process of NO production. Regulation of
NO by monitoring the activity of NOS could have profound potentialities in clinical treatment.
This molecular tool may lead to a new avenue of controlling the release of free NO in cells
with enhanced spatial and temporal resolution.



The following sections of Introduction will be divided into three parts: (i) From the
biological point of view, the identification of NO and its chemical and biological properties
will be reviewed. The introduction of NOS will be followed by the illustration of its structure,
the nomenclature of NOS isoforms, the catalytically mechanisms of NO production, the
distributions of NOS in human body, the regulation of NOS activity and finally, a rapid review
of the known NOS inhibitors. (ii) On the basis of Nanotrigger (NT), a NOS activator which was
studied in the previous project, the strategy of Nanoshutter (NS) will be presented. (iii) From
the photo-physical point of view, a brief introduction of fluorescence principle and
microscopy will be given, and the main fluorescence parameters will be presented. The
emphasis will be stressed on the principle of two-photon excitation, which is a crucial tool in

this study. Finally, the experimental design will be listed.



Nitric Oxide and Nitric Oxide synthase

History

In the early observations in 1980’s, Nitric Oxide was considered as endothelium
dependent relaxing factor (EDRF) (9) (10) (11). Based on pharmacological similarities
between EDRF and NO generated from acidified NO,’, Furchgott suggested that EDRF may be
NO (12). In 1987, the first evidence from the formation of NO by mammalian cells came from
experiments in which EDRF released from vascular endothelial cells was detected by the
chemical methods used to identify NO (13). In 1988, the amino acid L-arginine (L-Arg) was
shown to be the precursor for the synthesis of NO by vascular endothelial cells (14), other
data showed that the NO and citrulline are the co-products of the same enzymatic reaction;
the corresponding enzyme is named NOS nowadays (15).

Nitric Oxide

NO is slightly soluble in many solvents and can diffuse relatively easily across biological
membranes. Its solubility in water is low. According to Fick's laws of diffusion, the diffusion
coefficient of NO is 4.8x10™° cm?s™ in water at 37 °C (16) (17), similar to that of oxygen
under comparable conditions (18). It has been estimated that the half-life of NO varies from

about 1 s in blood-free perfused guinea pig heart to 30 s in physiological buffers (16).

The diffusion of NO in a biological context

In culture cells, NO stimulated by interferon has been detected at a distance of 100 to 500
pum from RAW 264.7 macrophages, yielding a diffusion radius equivalent to 10-to-50 cells
(assuming an average macrophage diameter of 10 um) (19). Theoretically, this can be used
as a representative model for studying the diffusion of NO in vivo.

However, the estimation of the half-life of NO simply based on its diffusion radius is more
complicated in biological systems as there are many interacting factors such as soluble
guanylyl cyclase and hemoglobin, lipids, and free radicals (19) (20) (21). For example, in
isolated rat aorta, the diffusion radius was shown to be 4-fold smaller in an aortic wall than
in @ homogeneous medium such as water (22). Recently the cholesterol content in
membranes was reported to decrease NO diffusion by 20-40% (20) due to the changes in
membrane fluidity caused by cholesterol. NO efflux produced by activated macrophages was
also reduced by 41% in the presence of albumin and by 53-70% in the presence of liposomes,
indicating that intracellular structures or biomolecules could also limit NO diffusion (19). In

the case of high concentration of NO produced by iNOS, and in the presence of superoxide
6



anion, the formation of peroxynitrite also limits the diffusion of NO (16). In addition, the
partitioning of NO between polar and non-polar media could play a major role in terms of
localized effects (23). NO and O, have similar partition coefficients in non-polar media, being
70 times more soluble in hydrophobic than in hydrophilic media (24). Therefore, both
molecules are more concentrated in a hydrophobic media, such as liposomes, lipoproteins,
or biomembranes or within the hydrophobic pockets of proteins, than in polar-based
environments (24) (25). Higher concentrations of NO and O, in a non-polar environment may
result in chemical reactions favoring the formation of nitrogen oxides which has different
chemical properties than NO (26) (27). The effects of NO in biological systems depend on its
steady-state concentration and where it is being produced.



Nitric Oxide Synthase (NOS)

Overall structure

The known NOS enzymes are usually referred to as “dimeric” in their active forms; A
substrate access channel extends from the active site towards the homo-dimer interface (28).
Within this region, a second cofactor binding site is formed. In the bacterial enzymes, the
precise identity of the cofactor is uncertain, however, for mammalian enzymes, it has been
established that (6R)-5,6,7,8-tetrahydrobiopterin (BH4) binds at the interface of the dimers
and hydrogen bonding to the heme propionate group, an unique arrangement (29) (30)(31)
(32). The mammalian enzymes differ from the bacterial enzymes in their incorporation of a
reductase domain by extension of the gene (33). Thus, mammalian NO synthases consist of
an oxygenase domain (heme and BH; binding) and a reductase domain related by its
sequence, structure and function to the NADPH-dependent microsomal cytochrome P450
reductase (known to be the primary electron donor to most mammalian P450s). Like P450
reductase, the NOS reductase domain (NOSred) can be further divided into FMN and FAD
binding domains, linked together by a single polypeptide chain (34) (35). The FMN domain is
connected to the oxygenase domain via a segment of polypeptide of about 30 amino acids in
length, which forms a binding site for calmodulin (CaM) (33) (36) (37). Fig.1 shows the
overall organization of NOS.

Arginine
02

Citrulline
NO

Fig. 1 Overall organization of NOS.

Electrons (e) are donated by NADPH to the reductase domain of the enzyme and are transferred via
FAD and FMN redox carriers to the oxygenase domain. At the oxygenase domain level, they interact

8



with the heme iron and BH, at the active site to catalyze the reaction of oxygen with L-Arg,
generating citrulline and NO as products. The electron flow through the reductase domain requires
the presence of bound Ca**/CaM. (Modified from Ref. (36))

Nomenclature of NOS isoforms

There mainly three NOS isoforms in mammalians. The most common nomenclature of the
three isoforms is: nNOS (also known as Type I, NOS-I and NOS-1) being the isoform first
found (and predominating) in neuronal tissue, iNOS (also known as Type I, NOS-1l and NOS-2)
being the isoform which is inducible in a wide range of cells and tissues and eNOS (also
known as Type Ill, NOS-lll and NOS-3) being the isoform first found in vascular endothelial
cells. To note, this nomenclature is not absolute. For example, nNOS was originally purified
and cloned from neuronal tissues. However, nNOS is now known to be much more widely
distributed, with an important level of expression in skeletal muscle. iNOS, originally purified
and cloned from an immunoactivated macrophage cell line, has been identified in a myriad
of mammalian tissues, and iNOS expression has been studied in many cell types such as
cardiac myocytes, glial cells, and vascular smooth muscle cells. eNOS, the last of the three
mammalian NOS isoforms to be isolated, was originally purified and cloned from vascular
endothelium, but since has been discovered in cardiac myocytes, blood platelets, brain
(hippocampus), etc. (38).

Another classification is based on the mechanism of expression, i.e. constitutive (eNOS
and nNOS) or inducible (iNOS), and their respective calcium-dependent (eNOS and nNOS) or
calcium—independent behaviors (iNOS). For eNOS and nNOS, resting intracellular ca®
concentrations are required for their binding calmodulin to be fully activated. By contrast,
iNOS appears able to bind calmodulin with extremely high affinity. Now, it is known that the
levels of gene expression of both eNOS and nNOS may also be induced under different
physiological conditions (e.g. hemodynamic shear stress or endotoxic shock), and, conversely,
that iNOS may function as a “constitutive” enzyme under physiological conditions in some
cells (39). A comparison of the properties of these three major isoforms of the enzyme is
shown in Tab. 1 (From Ref. (40)).

. » Neuronal NOS (nNOS) Inducible NOS (iNOS)
E",ﬁ‘;;i‘f{fk%gs iy “Type I NOS, NOS-1, *(Type II NOS, NOS-2,
b : 4 bNOS) macNOS, hepNOS)
Primary regulation Ca®"/calmodulin CaZ?"/calmodulin Gene expression
Subcellular location Membrane == cytosol Cytosol? Cytosol = membrane
NO output® Low (pmolar) Low (pmolar) High (pmolar)
Function Cell signaling Cell signaling Cytotoxic
Cytostatic
Cytoprotective

Table. 1 Isoforms of NOS and their respective properties.



Comparison of the amino-acid sequences

Firstly, the NOSs were identified and described in 1989 (41), the three major isoforms
were cloned and purified between 1991 (33) and 1994 (39). Three quite distinct isoforms of
NOS have been identified, products of distinct genes, with various locations, regulation and
catalytic properties as well as differential sensitivities to inhibitors; they share 51-57%
homology at the amino acid level (42). The domains responsible for cofactor binding are all
well conserved, with divergence in the segments connecting the domains, e.g. the CaM
binding site and in a series of inserts (Fig. 2).

i 1144
INOS heme/H,B caM| FMN | FAD/NADPH
[\ 1202
eNOS heme/H,B CaM Al FMN | FAD/NADPH CT
: 1429
nNOS PDZ heme/H,B caM| Al FMN | FAD/NADPH CT

oxygenase i reductase

Fig. 2 Block gene alignment of NOS isoforms.

Fig. 2 (modified from Ref. (43) ) indicates how the three different isoforms are related by amino-acid
sequence (44).

Among the three isoforms, the inducible NO (iNOS) has the shortest sequence. Unlike the
other two isoforms, iNOS binds CaM at all physiological Ca”*" concentrations and is not
subject to Ca®"-dependent regulation (45).

The endothelial isoform (eNOS) has a modified CaM binding sequence and contains two
significant inserts in the protein sequence. One is an autoinhibitory loop (Al) of 45 amino
acids within the FMN domain; the other insert corresponds for an extension of the
C-terminus (CT) of 42 amino acids with respect to P450 reductase.

The neuronal isoform (nNOS) contains the same modifications compared to eNOS. To
note, nNOS also contains an N-terminal extension of about 200 amino acids, the PDZ domain
which is involved in the subcellular localization of the protein (46).

These main characteristics are used to define the three isoforms, but there are other

subtle differences in structure and sequence (47) (48).
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Polypeptide structure

X-ray crystallography has enabled the high-resolution structure of most of the NO
synthase polypeptide to be determined in series of fragments (Fig. 3). The structures of the
iNOS (31) (32), eNOS (30) (31) and nNOS (49) (without the PDZ region) oxygenase domain in
their dimeric forms with numerous different ligands have been determined and represent

structural platforms for pharmaceutical developments.

Calmodulin

Reductase Domain

Oxygenase Domain

Fig. 3 Structures of the different fragments of NOS aligned in order of amino-acid sequence.

Fig.3 (from Ref. (50)) shows the dimeric oxygenase domain of nNOS (51), CaM-binding linker of eNOS
with bound CaM (52) and the reductase domain of nNOS (34).

Regarding the reductase domain, only the X-ray structure of nNOS was resolved. The
structure of the reductase domain of nNOS (34) was found to be very similar to that of P450
reductase (35), with the two cofactors FAD and FMN domains orientated within only 5 A
apart.

The additional polypeptides CT and Al inserted in the structure increased the contact area
between the FAD and FMN domains. This factor alone probably influences the CaM
dependency of the enzyme.

The CaM binding site connects the oxygenase and the reductase domains. Note that in the
structure of eNOS, this area is an isolated peptide, allowing CaM binding (52), which adopts
an a-helical conformation encapsulated by the four Ca**-bound lobes of CaM.

In the case of nNQOS, the relationship between the PDZ domain folds (53) and the
oxygenase domain is not known, and to date, how these three components are assembled

11



to form the functional enzyme is not clear. However, it is known that the enzymes transfer
electrons from the FMN domain of one subunit to the oxygenase domain of the other in a
trans organization (54) (55) (56).

Besides, a comparison of human eNOS and iNOS oxygenase domain structures reveals
that they share a similar overall molecular shape, as well as similar relative orientations of
cofactors and stereochemistry within the catalytic center (30). The only significant difference
in the arginine binding site is at position 382 where the Asp residue in iNOS is replaced by
Asn in eNOS that lies about 9 A from the substrate guanidinium.

NOS dimerization

Unlike the P450s, NOS is a homodimer and a substrate access channel extends from the
active site towards the dimer interface (57).

The association of the NOS into active dimers involves a large interface in the oxygenase
domain involving two regions of the primary structure of NOS (30) (32) (58). It is suggested
that for iNOS, only the oxygenase domain is involved in the dimer formation (59), whereas
for nNOS and eNOS, there are interactions between the reductase domains and the area
between reductase and oxygenase domain which across the dimer. Altogether, these
interactions may play a key role in maintaining a tight dimeric organization. This may explain
why iNOS dimer formation is more critically dependent on the presence of BH; compound to
both nNOS and eNOS (60) (61).

Nevertheless, BH; together with heme and L-Arg all promote and/or stabilize the active
dimeric form of all three isoforms. The presence of heme appears to be mandatory, with BH,4
arginine promoting and stabilizing dimer formation. In the case of nNOS, it was shown that
addition of BH; and L-Arg to nNOS, already in its dimeric form, induced conversion into a
more stable dimer which displayed unusual resistance to SDS (62). It is not clear whether this
also occurs with the other isoforms. There is evidence suggesting that, in intact cells, dimers
of iINOS are formed in an irreversible manner and cannot further dissociate into monomers
(63).

The catalytic mechanism of NOS

1. How electrons are transferred within the reductase domain?

The supply of electrons for NO synthesis starts with the transfer of a hydride ion from
NADPH directly to the N5 of the FAD in the reductase domain; the newly formed FAD

hydroquinone must then transfer an electron to the FMN, which acts as a shuttle, passing
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one electron at a time to the heme (64) (65) (66). The FMN forms an extremely stable
neutral semiquinone, which is oxidized only very slowly in air (67) (68) (69) (70) (71). As
previously mentioned, FAD and FMN cofactors are positioned around 5 A apart (34) (35), in
an optimal configuration facilitating the electron transfer from FAD to FMN; however, in this
initial configuration, the FMN is unable to interact with the heme domain for subsequent
efficient electron transfer. Thus FMN has to move substantially in order to donate its
electron to the heme. It is likely that this conformational transition would require movement
of the FMN domain relative to the FAD domain around the reductase domain hinge
(RD-hinge, Fig.3)

Roles of the flavin domain

The essential role of the flavin cofactors is to allow a two-electron donor (NADPH) to
donate electrons to a one-electron acceptor (heme), by forming stable semiquinone radical
intermediates. The effect of CaM is most likely kinetic, rather than thermodynamic, since
CaM-binding has little effect on the redox potentials of the flavins (69).

Interestingly the pathway of electron flow appears to “crossover” between different
subunits of the dimer, e.g. the flavin domain of one polypeptide chain donates its electron to
the heme domain of the other (72). The mechanistic reason for this is unclear, but the direct

consequence is that the NOS monomer is inactive.
2. The role of calmodulin binding

The constitutive isoforms of NO Synthase (nNOS and eNOS) are both regulated by the free
intracellular Ca®" concentration, which induces binding of CaM to the enzymes (36) (61) (73).
The EF hands of CaM bind to the recognition sequence in an antiparallel orientation to
induce NO synthesis (74). The primary mechanism is activation of electron transfer from
FMN to heme (64) (75), with CaM acting as an electronic switch. Other effects induced by
CaM binding are acceleration of flavin reduction by NADPH, steady-state reduction of
external electron acceptors such as dioxygen, ferricyanide and cytochrome c and an increase
in flavin fluorescence. Indeed, all these effects are related to the overall activation
mechanism. It was shown that most of the effects of CaM binding could be reproduced in
the context of the isolated reductase domain (NOSred), indicating that the CaM binding site
is still present on the reductase domain (70). As an example, the steady-state cytochrome ¢
reductase activity of nNOSred increases by 10-fold upon CaM binding.

Since iNOS is Ca**-independent, comparisons between iNOS and eNOS/nNOS were used to
probe the structural basis for the CaM-dependent activation mechanism.
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The CaM binding sequence differs between the three isoforms, and has been shown to
have a higher affinity in the case of iNOS. In this case, the complex is very stable and CaM

cannot readily dissociate from iNOS (45).

In nNOS and eNOS there are two additional regions (Al and CT) inserted within the
amino-acid sequence. The mutageneses of these regions by point mutation, deletion, insert
swapping and domain swapping have established their roles: (i) Within the FMN domain
there is an extra peptide Al (autoinhibitory loop). Deletion of this loop results in CaM binding
at lower Ca** concentrations and an increase in the reductase domain activity in the absence
of CaM (65) (76) (77) (78) (79) (80); (ii) At the C-terminal end, the constitutive NOSs are
extended by CT. Deletion of this region has a similar effect, but also induces some NO
synthesis activity in the absence of CaM (81). Deletion of both of these regions causes a
great increase in reductase activity and CaM-free NOS activity, 40% higher relative to the
wild-type CaM-bound rate for the endothelial isoform (82) (83). The small insertion in the
FAD domain also affects the Ca** concentration dependence of the enzyme (84) and the
reductase domain hinge (RD hinge in Fig.3) slows down the CaM-dependent heme reduction
rate, especially in the case of eNOS (85). Besides, it appears that the Al and CT insertions
increase the interface contact area between FAD and FMN. Indeed, all contacts within the
FAD domain—FMN domain interface region appear to play a role in locking the conformation
of the reductase domain closed then acts as Al domains. Moreover, it has been shown that,
in a construct consisting of only the FMN and heme domains, the rate of electron transfer
between the two cofactors remains CaM-dependent despite the absence of the FAD domain
(86) (87).

Which steps are activated by CaM?

Taking into account the above-mentioned considerations, it is clear that the constitutive
NOS activity is highly related to Cam binding. If we further divide the catalytic cycle of the
reductase domain into three basic steps: (1) Hydride transfer from NADPH to FAD, (2)
electron transfer from FAD to FMN and (3) electron transfer from FMN to heme, each has
been shown to be dependent on the conformation of the enzyme, i.e., hinged open or
closed (88). This implies that the reductase domain functions mechanically, with the hinging
motion required to induce each step in turn. Therefore each step is also likely to be
CaM-dependent (50). However, this subject is controversial and dependent on the
interpretation of complicated pre-steady-state kinetics (70) (83) (88) (89) (90) (91) (92) (93)
(94). The general proposed mechanisms based on the current understanding of each step

are presented below:

In step (1), the rate is observed to be most likely dependent on the rate of movement of
the FAD-stacking residue (89) (94), then immediately a charge-transfer complex containing
NADP" and the reduced FAD is built. Although CaM appears to affect the rate of the
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movement of the residue, the equilibrium of this complex is largely independent of CaM. So
far the CaM-bound partially influences the rate of this step.

In step (2), according to biological electron transfer theories, the rate of electron transfer
from FAD to FMN will be determined largely by the distance separating the cofactors and the
possibility of coupled proton transfers (95). In nNOS (34), the distance from FAD to FMN is
extremely short (5 A) and has the greatest effect on rate. Until now, little is known about
this step, because it is particularly difficult to observe an extremely rapid process. According
to recent molecular modelling, NADPH binding locks the enzyme in a “hinge-closed”
conformational state, in which the FMN module is closely associated with the FAD-NADPH
binding domains (34) (87). In this state, electrons can be passed from FAD to FMN but not to
outside electron acceptors such as cytochrome c. The “hinge-open” conformational state, in
which effective electron transfer from FMN to the heme can take place, is facilitated by a
major movement of the FMN module. It has been proposed that CaM accelerates this
conformational change (34).

In step (3), Electron transfer from FMN to heme has been shown to be the
rate-determining step for overall NO synthesis (64) (75) and involves a large-scale
conformational change in which the FMN domain moves from an electron input state (in
which the reductase domain is “hinge-closed”) to an electron output state in which the FMN
is close enough to the heme to transfer an electron. Crystallographic and mutagenesis
studies have identified the most likely interacting regions including the acidic cluster of
residues on the surface of the FMN domain (92) and a basic patch of residues on the surface
of the oxygenase domain (96) (97). The acidic patch also forms key contacts in the interface
region of the reductase domain (34) (88) (98), whilst the basic residues surround is in direct
contact with the heme. The contact regions in the input and output states appear therefore
to be electrostatically controlled. In particular, the pathway of electron transfer from FMN to
the heme, and the mechanism behind the activation of this electron transfer by CaM, are
largely unknown. It has been proposed that the output state, in which FMN is close enough
to transfer the electron to the heme, is only transiently. CaM could probably accelerate the
conformational change leading to the output state.
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3. Mechanism of NO synthesis within oxygenase domain
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Fig. 4 NO synthesis from L-Arg.

The catalysis of NO is shown in Fig. 4 (Ref. (51)). NO is produced within the oxygenase
domain of NOS. NO is particularly interesting for the physiologists and biochemists, as it is
part of the first mammalian pathway known to synthesize a gas as a signaling molecule. In
terms of the chemical mechanism of NO synthesis, several aspects remain uncertain. There
is inherent similarity between NOS and the cytochromes P450 (99) (100), cytochrome P450
could be considered as a starting model to discuss about the NO reaction. However, the
added complexities for NOS thereby made the mechanism unique in enzyme chemistry, and

some mechanical aspects remain unsolved.

The substrate L-Arg in the presence of O, is converted to NO and citrulline in the
oxygenase domain via two consecutive mono-oxygenation reactions (36) (101) (102) (61).
The first step requires the transportation of two electrons from the reductase domain to the
heme, where oxygen activation takes place. This is a standard mono-oxygenation reaction
which is typically similar to the one occurring in P450. The second step appears to consume

only one electron and performs a similar di-oxygen activation reaction (102).

Using established P450 chemistry, yet far from definitive, it is possible to draw a catalytic
cycle of NO production which includes the following aspects: Formation of the oxyferrous
complex, one-electron reduction of this complex by BH; and release of NO from the ferrous
NO complex by reduction of a BH,4 radical (103) (104).

Role of BH4

A major breakthrough in our understanding of NO synthesis corresponded to the
discovery of the role of BH4, which has been identified as a critical cofactor for the NO
production (105). The first clues of came from the observation that BH; accelerates the
decay of the oxyferrous complex in the isolated NOS oxygenase domain (106) (107). In the
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L-Arginine-bound state of the enzyme, oxygen binds to the ferrous heme and the resultant
complex decays 100-fold faster in the presence of BH,; (107) (108) (109). Now it is known
that the two consecutive mono-oxygenation reactions start with di-oxygen bound to the
ferrous heme, leading to the formation of a peroxy-bound heme complex that is reduced by
an electron transfer from BH,. In summary, BH, actually has several roles. (i) It binds within
the dimer interface and helps to stabilize the quaternary structure of the active enzyme
form (32) (62); (ii) It is required to act as an electron donor during oxygen activation. (iii) It is
also required to recapture an electron from the ferrous nitrosyl complex in order to trigger
NO release (103). In the particular case of endothelial NOS, two molecules of BH; bind to
each eNOS dimer and facilitate electron transfer for L-arginine oxidation. It has also been
demonstrated that BH; preserves eNOS dimerization and improves endothelial function
(110). When BH, is limited, by decreasing its synthesis or increasing its oxidation, eNOS
becomes uncoupled, and superoxide is produced (111). Thus BH,4 availability is essential for

normal endothelial function (112).

Distribution of NOS isoforms in human body

It has been established that nNOS and eNOS are constitutively expressed, whereas iNOS is
induced only during the immune response (113) (114). However, recently it has been
observed that iNOS is constitutively expressed in neurons (115) (116), kidney (117), liver
(118), lung (119), colon (120), and keratinocytes (121), whereas eNOS can be expressed at a
level higher than its constitutive level under various conditions such as exercise (122),
estrogen stimulation (123), hyperthermia (124), and shear stress (125) (126). Thus, based on
current research reports, the expression and activity of the NOS isoforms appear to be
cell-specific.

NO production and its effect not only depend on the type of cell, organ or organism where
it is produced, but also varies in particular conditions. For example, NO produced by vascular
endothelial cells is usually constitutive and in a relatively small amount, to maintain normal
blood pressure and blood homeostasis (127). However, during septic shock, iNOS expression
is induced in vascular endothelial cells, which in turn release high concentrations of NO, a
process associated with vasoplegia, persistent hypotension, and decompensation (127) (128)
(129).

Understanding the complexity of the localization of NO production and the implications of
this compartmentalization in terms of cellular targets and downstream effects will
contribute to the development of better strategies for treating or preventing pathological

events associated with the increase, inhibition, or mislocalization of NO production.
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Below are presented the locations of NOS isoforms in the main organs.

In the lung: The lung is composed of at least 40 different cell types, including vascular
smooth muscle cells, endothelial cells, bronchial smooth muscle cells, neurons, pneumocytes,
epithelial cells, and macrophages (130). Each of these cells has the ability to produce NO via
one or more NOS isoforms (131) (132) (133) (134) (135).

Under healthy conditions, the three distinct NOS isoforms in different lung cells lead to
various effects: increased iNOS level would result in increased lung mucus secretion in
bronchial epithelia and alveolar macrophages in a specific manner, whereas the decreased
expression of both eNOS and nNOS would lead to pulmonary hypertension and
bronchoconstriction specifically in pulmonary vessels and bronchial smooth muscle.
Nevertheless, it appears to be paradoxical that NO is known to dilate bronchia but
bronchoconstriction was found in asthma patients whose exhaled NO is increased (136). This
can be explained by the role of the oxidative/nitrative stress (136) (137). The strong
induction of pulmonary iNOS, concomitant to the observed bronchoconstriction, could be
due to the formation of unwanted side-products such as peroxynitrite which counteracts the
expected bronchodilator effect (138) (139).

In the liver: In hepatocytes, NO can be synthesized by any of the NOS isoforms (118) (140),
in another word, the 3 NOS isoforms are expressed in liver. Various cell—cell interactions,
oxygen availability, and differential exposure to metabolic by-products and
substances/substrates supplied by the mesenteric or cardiac circulation could modulate the
production level and effects of NO in hepatocytes, depending on their localization in the liver
(118) (141). It is hypothesized that the expression levels of the NOS isoforms and the effects
of nitric oxide depend on the compartmentalization of the enzymes within a cell and also
depend on the localization of the cells within an organ. In addition, the effect of NO derived
from nNOS in periportal hepatocytes, could be different depending on the clinical condition
stage. For instance, the level of nNOS increases primarily around perivenous hepatocytes in
the late stages of experimental endotoxic shock, whereas, in Type 1 diabetes, nNOS is
translocated to the nucleus in all types of hepatocytes regardless of their location within the

organ.

In skeletal muscle: NO plays an important role in the skeletal muscle contraction (142)
(143). All three NOS isoforms have been detected in rat skeletal muscles (144) (126). iNOS
and eNOS are predominantly located in the sarcoplasm, whereas nNOS is present in
sarcolemma only (144). It has been observed that mislocation of nNOS strongly contributes
to muscular ischemia (145). Moreover, it was established a relationship between myopathies
and the absence or decrease of nNOS level (146). This suggests that nNOS might be
specifically involved in increasing blood flow at the muscle level, but not necessarily in the

muscle contraction.
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In central nervous system: The three NOS isoforms are all present in the RVLM (rostral
ventrolateral medulla) which is a region containing glutamatergic neurons that participate in
the increased sympathetic tone occurring after cardiac stimulation (147). Only nNOS is
present in neurons (148), suggesting that nNOS participates in the central sympathetic
response.

Subcellular localization of NOS: Since NO may be either stabilized or degraded through its
interactions with various intracellular or extracellular chemical moieties, the initial
localization of NOS within the cell is expected to influence the chemical fate and the
subsequent biological function of NO. Almost every conceivable intracellular organelle has
been postulated as a possible site for NO synthesis, from the plasma membrane to the cell
nucleus, thereby raising the question: can NOS really be found everywhere? Perhaps the
answer to this question is yes, but the supporting evidence varies in both quantity and
guality (38).

The expression of each NOS isoform is cell-specific and within each cell, it appears that
each isoform is located in a particular subcellular compartment. In a previous study
performed in nNOS and eNOS knock-out mice, both groups of mice developed age-related
cardiac hypertrophy, but only the nNOS knocked-out mice were found to be hypertensive
(149). eNOS as the B-adrenergic receptor is located in cardiomyocyte caveolae, whereas
nNOS is close to the sarcoplasmic reticulum (149). Thus, the different clinical outcomes of
the two groups of mice were linked to the nNOS and eNOS compartmentalization as well as

the protein-protein interaction network within cardiomyocytes .

Furthermore, nNOS and eNOS are also known to have opposing effects on the intracellular
Ca’* concentration and therefore participate together in controlling the contractility. eNOS
inhibits the calcium influx produced by B-adrenergic agonists (mediated by L-type Ca®*
channels), while nNOS facilitates the calcium outflow from the sarcoplasmic reticulum.
These opposite effects appear to be related to their various subcellular locations, which in
turn determine the nature of the protein—protein network of each NOS isoform, e.g. eNOS
with caveolin-3 and nNOS with ryanodine receptors (149). In the case of endothelial cells,
confocal imaging of phosphorylated-eNOS and total eNOS pools has shown their
co-localization with the Golgi region and plasmalemma in both transfected cells and native

endothelial cells characterized by endogenous levels of expression (150).
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Translocation of NOS among cellular compartments

It has been proposed that the translocation of NOS isoforms in response to various stimuli
can affect cells in various ways, including modulations in the regulation of gene transcription,
activation/inhibition of signal transduction pathways, and modulation of enzymatic activity
via protein—protein interactions (151) (152). For example, the NOS-interacting protein
(NOSIP) negatively regulates NO production by inducing nNOS and eNQOS translocations to
the cytoskeleton (actin), leading to inhibition of the activity of these enzymes (153) (154)
(155).

Post-translational modifications of the NOS isoforms can affect their subcellular
compartmentalizations. From this point of view, eNOS was the most well-studied isoform. As
indicated above, the NOS isoforms are localized in various subcellular compartments.
However, after a given stimulus, some of them have been known to change their locations,
suggesting the occurrence of posttranslational modifications, such as phosphorylation, or
the activation of translocation, a more complex process that occurs with the aid of specific
protein—protein interactions. The mechanism by which localization influences eNOS
activation is not completely understood. Until now, the representative model which
describes the eNOS translocation corresponds to the active-inactive cycle which occurs
concomitantly to the translocation between caveolin and Golgi complex (Fig.5). The
activation and de-activation of eNOS is likely related to its phosphorylation
/dephosphorylation and palmitoylation / depalmitoylation state. In un-activated endothelial
cells, the association between eNOS and caveolin suppresses eNOS activity. After agonist
activation (phosphorylation / dephosphorylation, palmitoylation / depalmitoylation), the
increase in [Ca®*] promotes the calmodulin binding to eNOS and the dissociation of caveolin
from eNOS. Then eNOS is transported to the Golgi complex. The activated eNOS—CaM
complex synthesizes NO until [Ca?'] decreases, accounting for calmodulin dissociation. This
dissociation is accompanied by a reformation of the inhibitory eNOS—caveolin complex,
followed by transportation from Golgi to caveolin.

20



A. e NOS inhibited by caveolin B. Agonist activation

Caveola

Caveolin

Palmitoylation 1 Depalmitoylation

* C. e NOS translocation and recycling

§ (o

'

Dephosphorylation ? e Phosphorylation

Fig. 5 The cycle of eNOS activation and deactivation.

(A) eNOS inhibited by caveolin. The interaction between eNOS and caveolin markedly attenuates
enzyme activity in the resting endothelial cell. Panel A shows a plasmalemmal caveolae characterized
by its distinctive lipid content and by the presence of homo-oligomers of the membrane-associated
scaffolding protein caveolin. The interaction of eNOS with the scaffolding domain of caveolin
maintains the enzyme in its inactivated state (red). eNOS is shown as being dually acylated by
N-myristoylation (sky blue) and by two molecules of palmitate (purple). The calcium regulatory
protein calmodulin (CaM), which is enriched in the caveolar fraction of plasma membranes, does not
bind to eNOS in the absence of Ca**.

(B) Agonist activation. With agonist stimulation or other stimuli leading to an increase in the local
[Ca®] concentration, Ca**-bound CaM competitively displaces caveolin from eNOS, thereby allowing
the required conformational changes within eNOS for the electron transfer and the subsequent NO
synthesis by the activated enzyme (green).

(C) eNOS translocation and recycling. The decrease in [Ca**] leads to the dissociation of calmodulin
from eNOS and then the deactivation of the enzyme as caveolin rebinds to eNOS. In the model
proposed here, the prolonged agonist activation leads to eNOS depalmitoylation, translocation,
phosphorylation, and, subsequently, to the rebinding of caveolin as the enzyme becomes
dephosphorylated and repalmitoylated at the caveolae level. To note, eNOS remains myristoylated
throughout the translocation cycle, this modification probably guides the retargeting of the caveolin—
eNOS complex to caveolae.

Figure illustration by Naba Bora, Medical College of Georgia, from Ref. (38)
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It has also been observed that, under pathophysiological conditions the three NOS
isoforms could be found in cell nuclei, suggesting that the nuclear NO production is also
possible (156) (157) (158).

Differential effects of NO derived from NOS isoforms

NO in the lung is involved in many processes originating in various cell types: vasodilation
at the endothelium, broncho-dilation at the inhibitory non-adrenergic/non-cholinergic nerve
terminals, participation of macrophages in phagocytosis, and production of mucin by the
bronchial epithelial cells (131) (134) (159). These diverse functions have to be coordinated
and controlled to support adequate blood flow and air flow under normal conditions as well
as when allergens or immunogens trigger an inflammatory response (134).

NO and derived reactive species (known as reactive nitrogen species) play an important
role in diverse inflammatory pulmonary diseases (160). Elevated levels of NO have been
found in the exhaled air of asthma patients (135) (161), consistent with the increased iINOS
gene expression (135) (162). During endotoxic shock, NO could be one of the major
molecular mediators involved in the changes in pulmonary blood distribution (163). On one
hand, pulmonary blood flow increases at early stages, raising the volume of oxygenated
blood in vital organs. On the other hand, during the late stages of shock, massive pulmonary
vasodilation is elicited in response to the dramatic increase in the NO level produced by
iNOS.

In liver, the changes of hepatic blood circulation due to the endotoxic shock displays an
opposite behavior to those observed in lung (163). It has been assumed that in the early
stages of shock in liver, the portal vein circulation is restricted to supply blood flow to organs
out of liver, whereas the observed vasoplegia in the late stages (164) is mainly due to NO
production originating from the increased nNOS activity (127).

NO plays an important role in skeletal muscle contraction (143) (144). In central nervous
system, NO synthesized by nNOS plays a key role in increasing central sympathetic outflow.
The increased iINOS-mediated production of NO, which is induced by oxidative stress,
significantly increases the central sympathetic tone. Interestingly, it was observed that the
over-expressed NO derived from eNOS has an opposite effect (165). These different
outcomes could be explained by the differential localization of NOS isoforms and the
subsequent “local” effects of NO on downstream targets; thus the overall fluctuations in the

production of NO do not explain localized effects.

At the subcellular level, NO regulates mitochondrial respiration, depending on the ratio of
oxygen-to-NO (166), through both competitive and noncompetitive mechanisms (167). As
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mentioned above, it has been observed that under pathophysiological conditions the three
NOS isoforms could be found in cell nuclei.

Regulation of NOS activity

CaM

CaM was the first protein shown to interact with NOS (37) and is necessary for the
enzymatic activity of all three isoforms. As previously mentioned, the Ca2+—dependency of
NOS distinguishes the NOS isoforms between the nNOS/eNOS group and iNOS. CaM binding
increases the rate of electron transfer from NADPH to the flavin in the reductase domain (70)
(168); it also triggers electron transfer from the reductase domain to the heme in the
oxygenase domain (75). nNOS and eNOS differ in their primary structure from iNOS with a Al
loop in the middle of the FMN-binding subdomain. Deletion of Al loop led to several
interpretations: in the case of eNOS, it was shown that the required [Ca%"] to activate the
enzyme decreased significantly, leading to a loss of regulation by Ca?*/CaM, a situation
which is similar to iNOS (79). In the case of nNOS, the deletion of Al loop appears to lead to a
Ca’*/CaM-independent heme reduction (65).

Regulation by gene transcription

Under some pathophysiological conditions, the NOS isoforms could be found in cell nuclei,
suggesting that the regulation of NO production could occur at the level of gene
transcription (169). In one study it was found that during the first 6 days in the cultured cells,
nNOS was localized in the cytosol; however, at the 7th day, nNOS was mainly present in the
nuclei. This phenomenon is concomitant with both the observed production of NO in
nucleus and the decrease of iNOS protein expression (170). These results suggest that the
presence of nNOS in nuclei represses the transcription of the iNOS gene (157). Another
example shows the regulation of iNOS by translocation of eNOS in nuclei: when stimulating
the rat hepatocytes with a G-protein-coupled receptor agonist which activates eNOS, eNOS
was then translocated from the cytoplasm to the nucleus (171). Afterwards, the
eNOS-dependent NO production modulated the iNOS gene transcription.

Activation/inhibition of signal transduction pathways

Until now, the most extensive study of NOS regulation was done on eNOS. eNOS is
primarily found in the Golgi complex and plasmalemmal caveolae of endothelial cells (172)
(173). The activity of eNOS is highly related to its localization. When eNOS form a complex
with caveolin which is located in caveolae, the enzyme activity is inhibited, whereas it is
more active in the Golgi complex. To note, its activity in the cis-Golgi is higher than in the
trans-Golgi complex, mitochondria, or nucleus (174). This could result from a facilitated

access to calcium stores in the cis-Golgi complex under normal conditions.
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It has been shown that serum starvation increases the perinucleus location of the eNOS/
caveolin complex in cultured endothelial cells isolated from bovine aorta (175). In cultured
endothelia cells in the presence of insulin, eNOS is phosphorylated and the eNOS/ caveolin
complex is translocated to the caveolae in response to the palmitoylation of caveolin,
suggesting that insulin inhibits eNOS activity through a phosphorylation pathway (176). In
high-fat-fed mice, insulin-induced eNOS phosphorylation in the aorta is decreased,
suggesting that eNOS phosphorylation may have a role in the endothelial cell dysfunction
that characterizes obesity and insulin resistance (177).

Fluid shear stress elicits phosphorylation of eNOS and an increase in calcium-independent
NOS activity (178) (179). Several studies have shown that Ser''”’
by the protein kinase Akt (180) (181), which results in an increase in electron flux through

of eNOS is phosphorylated

the reductase domain and an increase in NO production (182). In contrast, the
phosphorylation of nNOS at Ser®®’ by CaM-dependent kinases leads to a decrease in NOS
activity (183) (184).

The five known Serine / Threonine phosphorylation sites in eNOS and the effects of
phosphorylation at these sites on eNOS activity are summarized in Fig. 6 (from Ref. (185)).
Activity of eNOS is increased by phosphorylation at both Ser'*”” and Ser®® (181) (186) (187).
In contrast, phosphorylation at Thr*® in the CaM binding domain is inhibitory (188) (189).
The effects of phosphorylation at Ser*** and Ser®™ positions remain controversial (188).

Ser!'4 ? J,Thr“95 Ser533T TSer”??
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Fig. 6 Phosphorylation sites of eNOS.

The arrows indicate the effect of phosphorylation on the eNOS activity: Phosphorylation of Ser®® and

1177 495

Ser increases eNOS activity, whereas phosphorylation of Thr™” is inhibitory. The effects of

phosphorylation of Ser'* and Ser®™ remain controversial. Ser-serine, Thr-threonine, Arg-arginine.

Modulation of enzymatic activity through protein-protein interaction

The NOS interaction protein (NOSIP) is expressed in heart, brain, lung, as well as in
endothelial cells (155). NOSIP is translocated from the nucleus to the cytoplasm in the G2
phase of the cell cycle (153) (154). By interacting with nNOS and eNOS, NOSIP negatively
regulates NO production by inducing nNOS and eNOS translocation to the actin cytoskeleton
and therefore inhibiting their enzymatic activity (154) (155).
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Inhibitors of Nitric Oxide Synthase

To date, many NOS inhibitors have been described. They belong to distinct inhibitor
groups depending on the binding site and the mechanism of action. Among all the inhibitors,
the main target is in the oxygenase domain of NOS.

L-Arginine-based inhibitors: All the NOS isoforms can be inhibited (to a different extent)
by N“”-subtitled L-Arginine analogues. Some analogues of L-Arg do exhibit some isoform
selectivity, mostly towards the constitutive isoforms. The mechanisms of inhibition of NOS
activity by these compounds vary, but they all involve occupation of the substrate binding
site, thus they competitively prevent the NO production. The L-Arg-based inhibitors have
been used widely in 1990’s and have demonstrated beneficial effects in various forms of
shock, inflammation and central nervous system disorders (1) (190) (191) (192) (193).
However, in addition to their lack of marked isoform selectivity and due to non-specific
effects, they also lead to numerous side-effects, such as increase in the chronic renal failure
(194) (195) and in hypercholesterolemia.

Calmodulin inhibitors: The calmodulin-dependent NOS isoforms (eNOS and nNOS), as
CaM-dependent enzymes, can be inhibited by calmodulin inhibitors, such as calmidazolium.
iNOS, which contains calmodulin in a tightly bound form, is not sensitive to these agents
(196).

BH, inhibitors: Mainly, there are two classes of BH,4 inhibitors. The first class corresponds
to compounds which target the BH; binding site of NOS; the second class corresponds to
compounds that reduce BH,4 synthesis (thereby decreasing the apparent production of BH,).
A range of compounds have been identified which appear to interact with the pterin site.
However, the interactions of some of these pterin-site inhibitors with NOS reveal
unexpected complexity (197) (198). The use of BH; synthesis inhibitors has several
drawbacks because BH; is also a co-factor of many other enzymes, such as tyrosine
hydroxylase and tryptophan hydroxylase, so inhibition of BH,; production may lead to
unwanted side-effects such as reduced biosynthesis of dopamine, epinephrine,
norepinephrine, and serotonin (199) (200).

Heme-binding inhibitor: In monomeric murine-iINOS heme domain crystallized in the
presence of imidazole, two imidazole molecules are bound to each monomer, one directly
bound to the heme iron and the other one bound to the L-arginine-binding region (97).
Various anti-fungal imidazole derivatives have been shown to inhibit NOS activity, not only
by interacting with the heme in the active site of the oxygenase domain but also by acting in
competition with CaM (201). To note, a class of substituted pyrimidine imidazoles has been
identified which does not directly inhibit NOS activity at the catalytic level, but possibly

inhibits dimerization of iINOS during its synthesis and assembly (63).
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Flavin protein inhibitors: Flavin-adenine dinucleotide and flavin mononucleotide are both
redox co-factors and, by analogy with their function in P450 reductases, are involved in the
transfer of electrons from NADPH to the catalytic center. It has been suggested that the
flavoprotein inhibitor, diphenyleneiodonium, exerts its inhibition of NOS activity by its
irreversible effects at the FAD binding site level (202).

To note, of all the inhibitors listed above, the majority of them target the oxygenase
domain of NOS, there is only one flavin inhibitor which targets the reductase domain. In
contrast, the NS1 compound used in our study (described in the results section of this
manuscript) was designed as a NADPH derivative, conjugated with a two-photon absorption
chromophoric unit. NS1 represents the first inhibitor targeting the NADPH binding site of the
reductase domain of NOS.
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Experiment strategy

The concept of Nanoshutter (NS) was raised on the basis of the reverse molecule named
as Nanotrigger (NT) which was studied in advance (203) (204). With respect to the time
order regarding the developments of the two strategies, | will give the introduction of NT
first.

Nanotrigger (NT)

Principle

The aim of NT is to control NO-dependent vasodilation in tumor blood vasculature in a
precise spatial and temporal manner (203). Due to the heterogeneity of tumor blood vessels,
the efficiency of chemotherapy is often limited by poor drug delivery and penetration depth
under hypoxia conditions. If there would be a drug which could increase NO production
directly leading to vasodilation and if this action could be switched on and off by light in a
synchronous manner, it would be conveniently applied as an adjuvant treatment in
chemotherapy. Based on this concept, NT was designed to target NOS and activate NO
catalysis upon two-photon excitation.

Molecular design

As previously mentioned, the electrons are donated by NADPH to the reductase domain of
NOS and proceed via FAD and FMN redox carriers to the heme group in the oxygenase
domain, where the proper NO formation occurs. On the basis of the NADPH structure, a
molecular tool that would mimic NADPH (NADPH analogue) to ensure efficient binding to
the enzyme, but meanwhile would trigger electron transfer to flavins only upon appropriate
photon activation, would be of particular interest. Such a compound could be used to trigger
the primary electron transfer to NOS in situ on demand, and the ultrafast laser pulse as the
external command is particularly appealing for photon activation. Notably, one of the main
characteristics of NT and also a crucial point is: the electron delivery from NT to flavin could
only happen upon photon activation; without photon activation, the redox potential is not
high enough to trigger electron delivery.

With this aim in mind, the strategy was to design a NT that allows efficient and selective
biphotonic activation, in particular for future developments/applications at the tissue level.
The detail of the design is shown in Fig. 7 (205).
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Fig. 7 Design of Nanotrigger

NT is based on the combination of (i) a molecular recognition unit that allows selective
and efficient binding of NT to the NADPH binding site in NOS. Crystallographic data of
NADPH-containing proteins showed that the main recognition motif of NADPH in its binding
site are found in the nucleotide part, with the sugar, adenine rings, and the final phosphate
linked by numerous H-bonding interactions with the proteins, in particular by means of
highly conserved arginine residues. Additionally, arginine residues interact electrostatically
with the 2’ phosphate group of NADPH nucleotide moiety. The design conserved the overall
shape and length of the nucleotide part of NADPH to confer a proper binding of NT to
NADPH binding site. (ii) a chromophoric unit takes the place of the nicotinamide part, which
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would become strongly reducing upon photon excitation and would transfer electron,
thanks to the presence of an electron donor group (NH,), to the flavins of NOS to initiate the
catalysis. The NT design is based on a quadrupole system of the type Q, as a generic
chromophoric unit, which has a large reducing potential in the excited state than in the
ground state (206). The number of n determines the total length of NT; when the n value
increases, the maximum of absorption shifts to longer wavelengths and the two-photon
absorption cross-section also increases in the red-NIR region (207). Moreover, an extended
conformation of NT by means of conjugated double bonds and a peptidic linker between
chromophore and nucleotidic moieties could “lock” the enzyme in an active conformation,
favorable for the electron transfer. The extended conformation of the NT should also
maximize the delocalization of the m electrons on the chromophore, with subsequent
favorable properties of one- and two-photon absorption.

The validity of the Nanotrigger concept was realized with NT1 as the representative
molecule. NT1 combines the docking moiety of NADPH and a derivative of quadrupole Q; as
the chromophoric unit, where the terminal group NH, is meant to enhance the water
solubility and reinforce the affinity for the NADPH binding site in NOS (205). In the study of
NT1, experimental data showed a competitive binding of NT1 and NADPH in the NOS
cofactor binding site, and electron injection was triggered upon two-photon activation
within an extreme short period (20ps). The increase in the NO production upon light
irradiation of NT1 was validated in vitro using EPR for detection of NO. The amount of NO
formed by using NT1 was three times higher than that produced by the enzyme activated
with NADPH (204). So far, in terms of NO activation, this synchronous modulation of NO
meets the need for vasodilation, and practically should avoid undesirable angiogenesis. NT
(02 =160 GM at 790 nm) has a 1800 times larger two-photon cross-section than NADPH and
110 times larger than FAD; such a two-photon absorption property would favor the deep
penetration for in situ experiment. In summary, NT1 performed tunable NO modulation in a
precise spatial and temporal manner, providing a promising perspective in adjuvant
treatment in chemotherapy.
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Nanoshutter (NS)

The terminal group NH, at the photoactive moiety in NT is an electron donor, which is
able to deliver electron to FAD due to an increase in the redox potential of NT upon one- or
two-photon excitation. If we replace this electron donor by a terminal electron acceptor
group, it will be possible to transform a NOS activator into a NOS inhibitor that presents
electron flow and then initiation of NO catalysis. The inhibitor family was then named
Nanoshutter (NS). In contrast to the NT-induced vasodilation, the expected consequence of
NS is the induced vasoconstriction in an alternative anti-angiogenic approach. Structurally,
NT and NS share the same docking subunit which competitively binds to the recognition site
of NADPH within the reductase domain of NOS. By contrast, regarding the chromophoric
moiety, NS differs from NT in a sense that the electron donor group in NT was replaced by an

electron acceptor group in NS (NO; in NS1).

Compared with NT, the prototype of NS meets the similar criteria as in the case of NT, NS
should be capable of binding to NOS and its affinity should be at least equivalent to the
natural NADPH cofactor. NS should display good two-photon absorption and fluorescence
properties for imaging NOS at the cellular and tissue levels. The major difference between
NS and NT lies in its chromophoric moiety, where an electron acceptor such as NO, group
(instead of the electron donor NH; group in NT) should be able to prevent the electron flow
when NS binds to NOS. Moreover, as the NO, group is also known as to be a fluorescence
quencher in polar solvents, a significant fluorescence recovery of NS1 is expected upon its
binding to NOS. NS1 should be characterized by distinct fluorescence properties between its
free and bound states. Consequently, the binding of NS to NOS could be easily monitored by
analyzing the enhancement of its emission fluorescence signal. Well of course the
chromophoric moiety in NS should also display a large two-photon cross-section, not for
electron injection as in the case of NT, but for multi-photon imaging of NOS. Based on these
criteria, the structure of NS is given in Fig. 8 B and compared to the structure of NADPH (Fig.
8 A). The molecular synthesis was done by our collaborator Dr Jean-Luc Boucher, (University
Paris V). The prototype of NS compound used through this study was named as NSI,
possessing a NO, electron acceptor group.
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Fluorescence Spectroscopy

Through this study, fluorescence was used as a crucial tool to reveal the interaction
between NS1 and NOS proteins both in vitro and ex vivo. Due to the presence of the
terminal NO, group of NS1, the NS1 compound displays a weak fluorescence emission in
polar solvents. The fluorescence properties of NS1 should be very sensitive to the
environment, in terms of emission spectrum as well as fluorescence quantum vyield. Thus,
NS1 was expected to display distinct fluorescence properties between free and bound states.
This property was first used to assess in vitro the binding of NS1 to the three NOS isoforms.
The selectivity of NS1 was also tested by using other proteins containing or not a NADPH
binding site. Furthermore, taking into consideration that the fluorescence signal is a
hallmark of the NOS-bound state of NS1, we also used the specific fluorescence emission of
NS1 to image eNOS in the cellular context, especially in endothelial cells. Another advantage
of NS1, is related to its photophysics, more particularly on its non-linear light absorption
properties. Indeed, NS1 was designed to have a chromophoric moiety characterized by a
large two-photon absorption cross-section. This property should allow to investigate the
binding process of NS1 to NQOS, by analyzing the proper fluorescence property of NS1,
without any complication due to the overlap with the auto-fluorescence of NOS (due to the
presence of flavin groups; absorption at 450nm). Indeed, flavins are characterized by very
low two-photon absorption cross sections and their participation in the overall spectrum
could be largely eliminated upon two-photon excitation, using an excitation wavelength in
the NIR/IR region of spectrum.

In this context, | will give below a brief review of the principle of fluorescence and the
general properties and parameters used in fluorescence studies (excitation and emission
spectra; fluorescence quantum yield, fluorescence lifetime and the sensitivity of the
fluorescence signal to the environment). The theory and the main applications in
fluorescence imaging of the two-photon excitation process will be also briefly presented.
The illustration of fluorescence microscopies will be mainly emphasized on confocal and

two-photon microscopies which were largely used in this study.

Introduction to fluorescence

When the first fluorescence was observed by Sir John Frederick William Herschel in a
quinine solution in 1845 (208), a new gate was opened in science. During the past hundreds
years, there has been a remarkable growth in the use of fluorescence in various fields:
primarily considered as research tools in biochemistry and biophysics, the application of
fluorescence was more recently expended to cell biology. Nowadays, spectrofluorimetry and
fluorescence imaging are widely used methodologies with many applications in
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biotechnology, flow cytometry, medical diagnostics, DNA sequencing, forensics, genetic
analysis and cell or intravital imaging. With its highly sensitive detection, there is no longer
the need for the expense and difficulties of handling radioactive tracers for most
biochemical measurements. There has been dramatic growth in the use of fluorescence for
molecular and cellular imaging, which can reveal the localization and intracellular trafficking

of molecules, sometimes at the level of single-molecule detection (209).

Fluorescence is a process that belongs to the ubiquitous luminescence family of processes
in which molecules emit light from electronically excited states created by either a physical
(for example, absorption of light), mechanical (friction), or chemical mechanism. The
generation of luminescence through excitation of a molecule by ultraviolet or visible light
photons is a phenomenon termed photoluminescence, which is formally divided into two
categories, fluorescence and phosphorescence, depending on the electronic configuration of
the excited state and the emission pathway (the relaxation of the excited state occurs in a
singlet or triplet configuration, respectively). Photoluminescence may exist, originating from
absorption of two or more infrared photons. This is the case for example of multiphoton

fluorescence (see below).

The categories of molecules capable of undergoing electronic transitions that ultimately
result in fluorescence emission are known as fluorescent probes, fluorochromes, or simply
dyes. Fluorochromes that are conjugated to a larger macromolecule (such as a nucleic acid,
lipid, or protein) through adsorption or covalent bonds are termed as fluorophores. In
general, fluorophores are divided into two broad classes, termed intrinsic and extrinsic,
respectively. Intrinsic fluorophores, such as aromatic amino acids in proteins,
neurotransmitters, porphyrins, redox cofactors (FAD, FMN, NADPH) and the chromophoric
triad in the green fluorescent protein, are naturally occurring fluorophores in biological
molecules. Extrinsic fluorophores are synthetic dyes that are bound (non-covalently or
covalently) to biological molecules and serve as fluorescent flags. In this study, the NS1
compound was designed and synthesized as a conjugated extrinsic fluorophore which serves

to probe the NOS protein in the cellular context.

The processes that occur between the absorption and emission of light are usually
illustrated by the Jablonski diagram (Fig. 9).
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Fig. 9 Jablonski diagram.

The singlet ground (Sy) state, as well as the first (S;) and second (S,) excited singlet states as a stack of
horizontal lines (—). In Fig.7, the thicker lines represent electronic energy levels while the thinner
lines denote the various vibrational energy states (rotational energy states are ignored). Transitions
between the states are illustrated as straight (=) or wavy arrows (~>), depending upon whether the
transition is associated with absorption or emission of a photon (=) or results from a molecular
internal conversion or other non-radiative relaxation process (~>).

Fluorescence: In excited singlet state, one electron in the excited state is paired (opposite
spin) to a 2" electron in the ground state orbital. Consequently, the return to the ground
state is spin-allowed and occurs rapidly by emission of a photon. The emission rates are
typically 10%s™, so that the typical fluorescence lifetime is near 10 ns.

Phosphorescence: This process corresponds to the emission of light occurring from a
triplet excited state in which the electron in the excited orbital has the same spin orientation
as the ground state electron. The transition to the ground state is then forbidden and the
corresponding emissions rates are slow (10°- 10%™). So the phosphorescence lifetimes are

typically milliseconds-to-seconds.

Stokes’ shift: the energy of emitted photons is typically lower than the energy of photons
responsible for the excitation (the excited-state molecule loses energy to its surroundings
and the electron energy after light absorption (Es;,, where n> 0) relaxes back to the lowest
vibrational state of the lowest excited energy state (Esy,0). As Es1 0> Esyo, Where E = hc/A (E is
the energy, c is the velocity of light, A is the wavelength and h is the Planck’s constant),

consequently, the photons are emitted at a longer wavelength compared to the
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absorption/excitation wavelength: A > Aex, Where Ao and Aex correspond to emission and

excitation wavelengths, respectively.

Photo-bleaching: Most fluorophores can repeat the excitation-and-emission cycle many
hundreds to thousands of times before the highly reactive excited state of the fluorophore is
subjected to a process termed photo-bleaching where the fluorophore is trapped in a dark
state. The exact mechanism is not well-known, probably not unique but it is assumed to be
linked to a transition from the excited singlet state to the excited triplet state. The excited
triplet state is relatively long-lived and is chemically more reactive. Each fluorophores has

different photo-bleaching characteristics.

General parameters

The molar extinction coefficient (€) is an intrinsic property to describe the probability of a
chemical compound to absorb light at a given wavelength. According to the Beer-Lambert
Law: A=glc (210), where A is the absorbance, c is the concentration of the sample and | is the
path length that light travels through the sample. The unit of € is M*cm™.

The fluorescence lifetime (1) is the average time spent by the fluorophore in the excited
state before emitting light. As an important character, the fluorescence lifetime defines a
temporal window in which information about fluorophore environment is available, i.e.
static and dynamic. In the latter case, fluorescence emission will be sensitive to any change
in the fluorophore environment (originating for instance from molecular diffusion) occurring
during the emission lifetime. The measurement of lifetime can be derived from the decay
analysis of fluorescence intensity upon simultaneous excitation of an ensemble of
molecules:

[(t)=Ie™"

Where |y is the initial fluorescence intensity immediately after the excitation pulse, T is
defined as the time in which the initial fluorescence intensity decays to lp/e.

Another way to define the lifetime corresponds to the relationship with the kinetic

constants of all de-excitation processes:

t=1 / (krad + knon—rad)

Where k;.q is the rate constant of the radiative de-excitation pathway, knon-raq is the sum of
all rate constants related to all non-radiative de-excitation pathways (heat release, collisional

quenching, inter-molecular energy transfer).
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The fluorescence quantum yield (Q) is the ratio between the number of photons emitted
and the number of photons absorbed. The fraction of fluorophores that decays through

radiative emission is related to the fluorescence quantum vyield by:

Q = krad/ (krad + knon—rad)

When the non-radiative pathways are minor (i.e. knonrad is negligible), thus the quantum
yield is close to 1. In this case, we define the natural or intrinsic lifetime: t = 1 / kyaq.

Influence of the local environment

Solvent effect: in the more polar solvents, due to the larger dipole moments of
surrounding solvent molecules, the energy transfer from the fluorescent molecule to the
surrounding solvent molecules increases. Typically, the fluorophore has a larger dipole
moment in the excited state (UE) than in the ground state (uG). Following excitation, the
solvent dipoles can reorient or relax around UE, which lowers the energy of the excited state,
hence leads to emission spectral shifts toward the red side of the spectrum, according to the
Lippert Equation. The fluorescence lifetime of fluorophores tends to be shorter in polar

solvents as well.

The overall solvent effects are complicated. In general, only fluorophores which are polar
themselves will display a large sensitivity to solvent polarity. Non-polar molecules are much
less sensitive to solvent polarity. In addition to general solvent effects mentioned above,
some specific solvent effects also influence the spectral shift or/and the quantum vyield, such

as the hydrogen bonding.

Two-photon excitation

Principle

In the Jablonski Diagram shown above, fluorescence corresponds to the absorption of
light at one wavelength followed by emission of light at a longer wavelength. An incoming
photon gives its energy to an electron, knocking it into an excited state, a higher energy level
that the electron can occupy only transiently. Soon, in nanoseconds, the electron loses this
energy and drops back to its ground state. The energy can be emitted as another photon.
Because of the relaxation of the vibrational states prior to emission, the emitted photon has
less energy than the one used for excitation of the molecule, and the lower energy
corresponds to a longer wavelength. Two-photon excitation absorption, paradoxically,
excites fluorescence with photons of longer wavelength than the emitted light. However,
this process does not violate any of the laws of physics, because it raises the electron to its
excited state with two photons of half the required energy, arriving almost simultaneously in
space and in time on the fluorochrome (Fig. 10). The electron reaches the same final excited
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state as in one-photon excitation, using an intermediary virtual state (horizontal dashed line
in the right panel of Fig. 10). The subsequent fluorescence emission and all fluorescence
properties (e.g. emission wavelength and fluorescence lifetime) are identical to those
observed upon one-photon excitation. As a consequence, in the two-photon excitation, the
dye which normally requires UV or VIS in the one-photon excitation process can be excited
with NIR or IR light. However, the two-photon excitation pathway is not always identical to
the one-photon process, because of the interaction of two photons with the fluorophores;
the selection rules for light absorption are, in principle, different from those for one-photon
absorption (211).
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Fig. 10 One- and two-photon excitation diagrams.
Theory

In order to excite a single molecule by two photons simultaneously, it obviously requires a
very large photon flux impinging on the specimen. Excitation therefore is likely to occur only
at the focus of the illumination light. Above and below this point, the photons are not
sufficiently concentrated, and two-photon absorption does not occur. Indeed, the
probability of two photons arriving at a point at the same moment depends on the
probability of one photon being in the area multiplied by the probability of another photon
being in the same area. This possibility depends on the square of the flux density of photons.
Hence the consequence of this dependency is that if the light is focused on a small
diffraction-limited spot, the probability that two-photon excitation occurs will depend on the

square of the intensity distribution at the focus. Since the probability of the two-photon
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absorption processes is very low, it requires short and intense pulse which can be obtained

using pulsed laser source with high powers (212).
Parameter of two-photon absorption

The absorption cross section is a term commonly used to describe the amount of light
being absorbed by a particular fluorophore when exposed to light excitation. As previously
mentioned, the unit of the molar absorption coefficient (g) for one-photon absorption is
Mcm™; in the case of the single photon absorption the letter o is used to denote the
molecular cross-section (unit is cm?). In the one-photon absorption process, the
cross-section is comparable to the size of fluorophores (213).

In contrast, the two-photon absorption cross-section is commonly measured in
Goppert-Mayer (GM) unit, where 1 GM= 10°° (cm®*s)/photon. Maria Géppert-Mayer was a
physicist, who developed the theory for two-photon absorption processes (214). The

physical origin of the two-photon cross-sections can be understood as follow:
For one-photon absorption the number of photons absorbed per second (NA;) is given by
NA; (photon/s) = o; (cm?) I (photon/cm?:s)

Where [ is the flux of photons and o; is one-photon absorption cross-section. The
cross-section (in sz) is multiplied by the number of photons passing near the molecule per
second to yield the number of photon absorbed per second. To obtain NA; in photons per

second, the cross-section must be in units of cm?.

For two-photon absorption, the number of photons absorbed per second via a

two-photon process (NA,) is given by
NA; (photon/s) = o, I2 (photon/cm?s)?

In order for the units to match on both sides of the equation, the units of o, must be
cm”.s/photon (213).
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Table 2 shows some examples of two-photon cross-section values characterizing
commonly used biological fluorophores and intrinsic chromophores excited in the NIR-IR
region of the spectrum (215) (216).

Two-photon absorption Excitation Wavelength
Fluorophores
cross-section (GM) (nm)
wild-type GFP 6 ~800
enhanced GFP 7 ~960
NADPH 5x 10"2/5x 10°® ~700/900
FAD/FMN 0.1/0.8 ~700/900
Fluorescein (PH11) 3849.7 ~782

Table. 2 Two-photon excitation properties of selected fluorophores and chromophores.

Fluorescence microscopy

Fluorescence microscopies provide attractive advantages over conventional light
microscopes. They can be employed as novel non-invasive biomedical tools in a great variety
of domains such as three-dimensionally resolved fluorescence imaging to obtain important
information about subcellular localization and co-localization of biomolecules, molecular
tracking, study of molecular interactions (FRET, fluorescence resonance energy transfer),
optical diagnostics and probing of chemical compounds (e.g. calcium).

Fluorescence microscopy is comparable to the conventional light microscopy with
additional features to enhance its capabilities. On the basis of conventional wide-field
epi-fluorescence microscopy, technically more advanced confocal microscopy alone or with
the addition of pulsed IR laser source for two-photon fluorescence imaging has allowed to
improve several aspects of fluorescence imaging such as spatial resolution (particularly in
the Z direction), faster running speed and capability in deep penetration scanning as well as
3D reconstruction. Here, the emphasis is mainly stressed on the confocal and multi-photon
microscopies, which were mainly applied in this study. Fig. 11 shows the comparisons of

wide-field microscopy, confocal microscopy and two-photon microscopy set-ups (217).
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Specimen

Fig. 11 Set-ups of conventional wide-field microscopy, confocal microscopy and two-photon microscopy.

Epi-fluorescence microscopy

Epi-fluorescence microscopy is typically equipped with a mercury-vapor lamp as light
source and emission filters (Fig. 12 shows the simplified scheme of epi-fluorescence
microscopy). The light emitted by the lamp is first filtered by the excitation filter; the exciting
radiation is reflected onto the sample by a dichoric mirror or beam splitter, then emission
radiation go through the mirror, and is further filtered by an emission filter before reaching
the detector.
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Fig. 12 Epi-fluorescence light path

As a wide-field optical microscope, the fluorescence emitted by the specimen often occurs
through the entire excited volume which made it impossible to have spatial selectivity
especially in the Z-axis. Besides, due to the light scattering around the observing area, the
image may appear blurring. The thickness of a sample imaged by epi-fluorescence
microscopy is limited within 2 um.

Confocal microscopy

Principle

A confocal microscope is a scanning microscope which scans the sample with a focused
beam and builds up an image point by point. The two major characteristics elements in
confocal microscopy include (i) the pinhole, (ii) the laser source. The critical difference
between the confocal and wide-field microscope is: there is a small pinhole placed in front of
the detector in a confocal microscope, therefore it is able to effectively filter out the
out-of-focus light from above and below the point of focus in the object. Fig. 13 shows that
only the light in-focus (solid lines) could pass through the small spot at the pinhole and then
is able to reach the detector, whereas the light from out-of-focus (dashed lines) will be

eliminated. Therefore the confocal image precisely contains in-focus information (218).
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Fig. 13 The light paths of in-focus and out-of-focus in a confocal optical system.

Advantages

Confocal microscopes possess several advantages over conventional microscopies. First,
the image contrast (signal-to-noise ratio) is increased due to the reduced out-of-focus light.
Besides, confocal microscopy produces images of improved resolution. The resolution (d) of
an optical microscope is defined as the shortest distance between two points on a specimen
that can still be distinguished by the observer or camera system as separate entities. This
parameter indicates the resolution capability in imaging. The smaller distance is, the better
resolution of the microscopy is. As shown below (where NA is the numerical aperture), the
lateral resolution (x-y plan) of confocal microscopy is improved up to 1.4 times greater than
conventional wild-field microscopy. The axial resolution (Z-axis scanning) is improved as well,
which facilitate the examination of thick specimens.

In wide-field microscopy: dyy = 0.61 Aem / NA, d; =2 Aem / NA?
In confocal microscopy: dy,= 0.4 Aem / NA, d; = 1.4 Aern / NA?

Another key advantage of confocal microscopy is the optical sectioning capability. In the
conventional microscopy, we are restricted to one plane, the plane of best focus. This
restriction can be overcome by confocal microscopy. The image of a thick object specimen
can be reconstructed by monitoring individual x-y planes in the z-direction, each slice
produces a sharp image. Using specific software, a complete 3-dimensional representation
of the sample can be reconstructed.

Figure 14 shows the comparison of the image of PtK2 cells (Male Rat Kangaroo Kidney

Epithelial cells) under conventional wide-field microscopy and confocal microscopy.
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Fig. 14 Comparison of the images of PtK2 cells obtained by conventional and confocal microscopies.

Two-photon microscopy using NIR/IR laser sources

Principle

There are two major applications of NIR microscopy in life sciences. On one hand are the
laser tweezers for optical micromanipulations, which are based on highly focused
continuous wave NIR laser radiation with typical mean powers of 100-100mW. The other
important application of NIR microscopy uses two-photon or three-photon excitation thus
enables 3D fluorescence imaging or photo-induced uncaging of compounds.

As previously mentioned, the two-photon excitation of electronic states, based on the
simultaneous absorption of photons, was first theoretically predicted in 1931. After 30 years,
the first nonlinear multi-photon absorption was experimentally observed by Kaiser and
Garrett with a ruby laser pulses in the ultraviolet absorption band of europium-doped CaF,
(219). However, it took another 30 years until the first two-photon fluorescence imaging of
living specimens using a 100 fs NIR dye laser was published (220). Today, tunable
mode-locked Ti: sapphire lasers operate at 70-80 MHz repetition rate with 80-120 fs pulses

and are commonly used to perform two-photon fluorescence experiments.
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A key feature of two-photon microscopy is the limitation of the fluorescence excitation
within a small focal volume (typically of one femtoliter or less). The excitation probability is
proportional to the square of the laser intensity. The nonlinear nature of two-photon
excitation implies that absorption occurs most strongly near the focal plane, where the
photon flux is the highest (216). Fig. 15 shows the fluorescence emissions in a diluted
fluorescein solution upon one- or two-photon excitations, respectively. The fluorescence
emission occurred along the entire light path, using visible light for one-photon excitation. In
contrast, the fluorescence emission by two-photon excitation (using a pulsed IR laser source)
only occurred in a very small volume at the focal point, illustrating that only molecules near
the focus of the laser beam are excited, a consequence of the highly non-linear effects of the

multiphoton excitation process.

Fluorescence
created by
two-photon
absorption

Fluorescence
created by
one-photon
absorption

Mercury Lamp ———

Titane-sapphire
Laser 100 fs, IR*

Fig. 15 A comparison of one- and two-photon excitation profiles.

A fluorescein solution is excited using one-photon excitation (Mercury lamp) via a
numerical-aperture objective; the fluorescence emission is observed throughout the path of the light
beam. For two-photon excitation (Ti:Sapphire laser) by using a second objective with the same
numerical aperture, the fluorescence emission occurs only within a 3D localized spot (E. Guiot,
PhD Thesis, Orsay, 2001). In the latter case, the fluorescein does not absorb IR light outside the focal
spot.

The two-photon excitation process produces the same imaging properties as confocal
microscopy, without any need of a pinhole in front of the detector. The optical sectioning in
two-photon microscopy is analogous to that in confocal microscopy (211). However, in
two-photon microscopy, the optical sectioning of the sample is achieved at excitation
through the use of a mode-locked Ti:sapphire laser which operates in the near-infrared,
whereas the optical sectioning occurs at emission in confocal microscopy due to the
presence of the pinhole. Moreover, the position of a detector in a two-photon system is
variable allowing the flexibility of the detection geometry, whereas this position is fixed in a

confocal microscope (see Fig. 16).
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Fig. 16 Laser scanning confocal microscope setup versus two-photon confocal microscope setup.

Advantages

The first advantage of multiphoton microscopy is that there is no need of a pinhole as for
confocal microscopy, so the two-photon microscopy can be depth-selective even with a
wide-field detector.

Because two-photon absorption events can take place only at the focus of the illuminating
light, the fluorescence as well as the potential photo-bleaching and photo-damage related to
fluorescence excitation are also confined to the vicinity of the focal point(221), hence the
signal-to-noise ratio is substantially improved. In the conventional confocal microscopy
approach, we select the emission information from the focused spot by using the pinhole.
However, the cone of light above and below this spot is still capable of exciting and
bleaching the sample. The selection of observation area occurs at excitation and emission for
multi-photon and confocal microscopies, respectively. These selection modes have

consequences on the overall bleaching of the sample.

Most conventional light microscopes used in life sciences are based on the use of
ultraviolet (UV) and visible (VIS) radiation for optical analysis and microsurgery(222)(223).
The imaging methods include (i) 2D fluorescence microscopy using discrete excitation lines
of high pressure mercury lamps and (ii) 3D confocal laser scanning fluorescence microscopy
with excitation radiation of He-Ne lasers, argon/krypton ion lasers, He-Cd lasers and laser
diodes. Most endogenous fluorophores in cells, such as tryptophan, NADPH and flavin,
require UV or blue excitation wavelengths. Important exogenous fluorophores, such as the
DNA markers Hoechst and DAPI as well as the calcium indicators possess absorption bands in
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the UV only, whilst the other exogenous fluorophores are designed to match the laser and
mercury lamp emission lines. However, the disadvantages of UV and short wavelength VIS
radiation in conventional light microscopy lie in low light penetration depth and the
potential of severe photo-damage to living cells (224).

Scattering of light in a turbid medium is directly related to wavelength. The imaging by
UV-VIS excitation is often limited by the penetration depth and longer wavelengths
penetrate much better into cells. In the case of two-photon excitation, the penetration of
the excitation wavelength (NIR or IR) into tissue (>200um) (225) is improved by at least a
factor of two due to its longer wavelength accounting for an inherent decrease in the
scattering parameter. Furthermore, the absorption of intrinsic fluorophores in the tissue or
cells such as collagen, elastin, flavins, NADPH mainly occurs in the UV-VIS region and also
limits light penetration. Usually, the red region (600-700 nm) is referred to as the optical
window of cells and tissues owing to the lack of efficient endogenous absorbers in this
spectral range and the subsequent high light penetration depth of the order of a few
millimeters in most tissues. The optical window can be extended thanks to the two-photon
absorption up to ~ 950 nm. The absorption by endogenous fluorophores can then be also
overcome by using NIR/IR excitation wavelengths. Note that the IR light absorption by water
is high above 950 nm (the absorption coefficient of water in the 400-700 nm range is much
below than 0.1 cm™ (226) but its absorption becomes strong above 950 nm and is not
considered as negligible). The 700-950 nm spectral window is thus the optimal spectral

region for performing two-photon fluorescence imaging.

Because the two-photon excitation wavelength is red-shifted to twice the maximum
absorption wavelength under one-photon excitation, there is a good separation between
two-photon excitation and emission spectral regions (221). This wide separation allows the
emission intensity to be isolated easily from the high-intensity excitation. As a consequence,
in some examples of one-photon absorption probes, the overlap between the excitation and
emission spectra prevents the shorter emission wavelength region to be studied, whereas

such a problem is avoided under two-photon excitation (227).

Long-wavelength light is less energetic and then much less damaging to living cells than
UV-VIS light. It has been shown that single cells fluorescence microscopy with 365 nm
radiation from a conventional 50 W high pressure mercury lamp results in failed cellular
reproduction, modifications in intracellular redox state and DNA strand breaks, this
photo-damage happened within seconds (228). Many experiments have demonstrated
extended cell viability during multi-photon imaging compared with equivalent single-photon
imaging experiments. For instance, using continuous-wave single-frequency and
multi-frequency NIR lasers with 100 mW power at the entrance of the objective and a high
numerical aperture objective, Konig has demonstrated the viability of cells under

two-photon excitation (228) (229). Fluorescence occurred only in a sub-femtoliter focal
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volume. Despite high light intensities in the optical trap, the temperature increase is less
than 2 K, thus excluding thermal toxic effects under these power conditions (230). In
contrast to conventional one-photon laser scanning microscopy, femtosecond laser
microscopy can be performed with a peak intensity of about 200 GW cm for hours without
significant impact on the cellular reproduction and vitality. Squirrell et al (231) exposed
hamster embryos to NIR femtosecond laser pulses of a multi-photon fluorescence
microscope for 24 hrs, no impact on embryo development was found. In summary, from the
bio-safety point of view, two-photon fluorescence imaging appears to be a safe novel optical
sectioning technique within a particular intensity window.

Confocal microscopy with two-photon laser scanning

To counterbalance the benefits and limitations of confocal and two-photon microscopy, in
this study, our imaging set-up was equipped with a confocal microscope with a combination
of two-photon laser scanning. In addition of the continuous one-photon laser sources at
visible region (He-Ne laser at 543 and 633nm, Ar laser at 458, 476, 488 and 514 nm), a
femtosecond pulsed laser tunable in the NIR region (720-920 nm) was used for imaging
endothelial cells (HUVEC) in the presence of NS1 with improved signal-to-noise ratio.
Moreover, the two-photon excitation approach was also used for in vitro studies related to
the binding of the NS1 compound to its NOS target. As NOS contains flavins, the two-photon
approach was much more efficient compared to the conventional one-photon approach for
monitoring the proper binding process of NS1 to the recombinant NOS, since the
autofluorescence of flavins is strongly minimized under two-photon excitation only (not
under one-photon excitation conditions).
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Experimental design

The project of Nanoshutter corresponds to a collaborative project which is
interdisciplinary in nature, at the cross-road of chemistry, molecular modelling, photophysics,
fluorescence imaging, enzymology and physiology. The general approach for studying NS1
includes the contributions of skills in biology, physics and chemistry. First, the design of the
NS1 compound and the prediction of its binding ability at the nNOS reductase domain level
was theoretically supported by the molecular modelling (Anny Slama-Schwok, INRA,
Jouy-en-Josas). Our chemist collaborator (J-L Boucher, University Paris V) realized the

synthesis of NS1 compound and performed enzymologic study.

During my thesis, | present my work in the field of photophysics and cell biology, including
the investigations of the spectroscopic properties of NS1 in vitro and at the imaging profiles
at cellular level. The extended physiological studies of NS1 at the tissue level
(vasoconstriction/vasorelaxation study in isolated mouse aorta rings, inhibition of
endothelial tube formation) was mainly carried by Chantal Dessy (UCL, Belgium) who is
specialized in cardiovascular research. Additional data related to the differential effects of
NS1 on normal melanocytes and melanoma cells were provided by Stéphane Rocchi
(University Sophia Antipolis, Nice). In this collaborative context, my work was mainly devoted
to the characterization of NS1 in terms of photophysics and fluorescence properties, the use
of these properties for the study of the NS1/NOS complexes in both contexts, in vitro and in
the cellular context. In the latter case, the study of NS1 in terms of subcellular localization
was performed using endothelial cells such as HUVEC cells. The consequence of NS1 on the
ROS production in different cell lines was also analyzed by flow cytometer. Below, | explained
the main methodologies | used during my thesis. The design of experiments follows the

progress of this study and is listed as below:

Spectroscopic and fluorescence in vitro characterizations of NS1: absorption and emission
spectra upon one- and two-photon excitations were characterized in both polar and

non-polar solvents.

1. In vitro study of the formation of NS1-NOS complexes using one- and two-photon

fluorescence experiments.
2. Invitro study of the binding selectivity of NS1 to NOS compared to other proteins.
3. Imaging of NS1 in living cells. Study of the kinetics of NS1 internalization.
4. Sub-cellular co-localization of NS1 with cell organelles using cell trackers.
5. Sub-cellular co-localization of NS1 with eNOS/Cav-1 using immunostaining.

6. Fluorescence detection of ROS generation in living cells.
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METHODOLOGY

Spectroscopic and fluorescence properties of NS1

Materials and equipment:

NS1 (chemical formula: C,sH3:NgOgP, molecular weight 654.6 g/mol) was synthesized by
the chemist collaborator Jean Luc Boucher (UMR CNRS 8601, Paris V). All the NOS were
kindly provided by our collaborator Valdimir Berka and Ah-Lim Tsai (University of Texas
Health Center): Recombinant full-length rat nNOS, murine iNOS and bovine eNOS were
expressed in E. coli cell line BL21 (DE3) whereas eNOS reductase domain was expressed in
yeast and purified as described (231) (232). Purified nNOS, eNOS, iNOS and eNOSred were
more than 95 % pure as determined by SDS—PAGE stained with Coomassie Blue. Dimethyl
sulfoxide (DMSO) A.C.S. Spectrophotometric grade was purchased from Sigma. Tris-buffer
was prepared using Tris (hydroxymethyl) aminomethane, Molecular Biology Grade

(Euromedex). Sodium chloride (NaCl) was from Merck (Germany).

UV-visible absorption spectrum of NS1 was carried out with an Uvikon XL
spectrophotometer (Bioserv). NS1-binding isotherms were built using NOS in 50 mM Tris pH
7.5 containing 150 mM NaCl at 25 °C, either under one-photon (1-PE) or two-photon
excitation (2-PE) conditions. For one-photon experiments, fluorescence excitation and
emission spectra were recorded on a Eclipse (Varian) spectrofluorimeter, equipped with a
thermostatic cell holder, using aerated 80 pl solutions placed in micro cells (Hellma, Paris,
France). The emission spectra were recorded with excitation and emission slits set at 5 nm.
Two-photon excitation and emission spectra were recorded using a home-built set-up. Briefly,
a 80-MHz mode-locked Mai-Tai® Ti:Sapphire tunable laser (690-1040 nm, 100 fs laser pulse;
Spectra Physics, Mountain View, CA, USA) was focused onto the sample (80 pl) placed in a
guartz micro cell. The two-photon fluorescence was collected at 90 degrees and was further
filtered by a Semrock FF01-842/SP filter to reject the residual excitation light. The
fluorescence signal was focused into an optical fiber connected to a SpectraPro-275 digital
spectrograph (300 lines/mm) coupled to a liquid nitrogen cooled CCD detector (1024 x 256
pixels; Princeton Instruments Acton, MA, USA). The wavelength calibration of the
spectrograph was done using a high pressure mercury lamp. Excitation power was set
between 50 and 100 mW and the acquisition time varied between 1 and 60 s. The
fluorescence quantum vyield and the two-photon cross-section (0,) of NS1 in DMSO were

determined using rhodamine B as a reference.
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Fluorescence properties of NS1-NOS complex

NOS was dissolved in Tris-buffer 50 mM, [NaCl] = 150 mM, pH 7.5. The concentration of
NOS was calculated by means of measuring absorption spectra, according to the
Beer-Lambert law C=A/eL, where A value corresponds to the maximum absorbance and €
corresponds to the molar extinction coefficient. € is 23,400 L-mol™*-cm™ for the reductase
domain of NOS at 456 nm, and 100,000 L-mol™*-cm™ for the holoenzyme at 395 nm.

The formation of the NS1-NOS complex was carried out by titrations of NOS by NS1. In a
series of quartz cuvettes, the final concentration of protein was fixed at 5 uM, and the final
concentration of NS1 added in each cuvette increased from 0 uM (protein only) to 30 uM.
Tris-buffer (50mM, ph 7.5) was added to reach the same total volume of solution in all

cuvettes. The NaCl concentration was 150 mM.

The mixtures of NS1 and Tris-buffer in the cuvettes were prepared at the same time, and
then NOS was added before excitation. The one- and two-photon fluorescence emissions
were measured using the settings mentioned above. Briefly, the emission intensities at 700
and 630 nm, for one and two photon experiments, respectively, were recorded upon
excitation at 460 and 940 nm, respectively, and plotted as a function of NS1 concentration. In
two photon experiments, the maximum emission wavelength of NS1/NOS complex, 630 nm,
was used since no participation of the NOS autofluorescence was evidenced. In contrast, in
the case of one photon experiments, the emission wavelength which served as a reference
(i.e. 700 nm) was red shifted compared to 630 in order to minimize the participation of the
autofluorescence. In each case, the Kd value corresponds to the NS1 concentration that leads

to half of the maximal fluorescence signal (obtained at the plateau).

NS1-protein bound selectivity assay

Myoglobin was purchased from Sigma, M0630. Glucose 6-phosphate dehydrogenase
(G6PDH) was purchased from Sigma, 1001153534. E. Coli RecQ helicase and Lens
epithelium-derived growth factor (LEDGF) were purified by the previous PhD student Na LI
during her thesis (234) (235). Fatty acid binding protein (FABP) was purified by the previous
PhD student Jiayao Li during his thesis (236).

Method: the above-mentioned binding assay was performed by titration of NS1 to the
three NOS isoforms (i.e. eNOS, nNOS and iNOS) and the proteins listed above. The protein
concentration was typically in the 5-10 UM range; increasing concentration of NS1 was added
into the cuvette (2.5, 5, 10, 15, 30, 50 and 100 uM) and the fluorescence emission upon one-

or two-photon excitation was measured at each concentration point.
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One- and two-photon images of living NS1-treated HUVECs were obtained using a SP2
confocal microscope (Leica MicroSystems, France), using a laser line at 488 nm or a 80-MHz
mode-locked Mai-Tai® Ti:Sapphire laser (720-920 nm, 100 fs laser pulse; Spectra Physics, USA)
tuned to 840 nm, respectively (the emission range was set between 520 and 680 nm).

Cell culture

Materials:

Human Pre-screened Umbilical Vein Endothelial Cells (HUVEC) and Endothelial Cell Basal
Medium (EBM) were purchased from ECACC (Distributer: Sigma, Cat® for HUVECs is
06090721, Cat” for EBM is 210-485). A7R5 cells (the smooth muscle cell line from rat aorta)
were purchased from ATCC® CRL-1444™. Hela cells were kindly provided by Dr. Frederic
Subra in LBPA, ENS-Cachan. DMEM (1X) + GlutaMAX™-I Dulbecco’s Modified Eagle Medium
was purchased from Gibco, UK. 2% Gelatin was purchased from Sigma (Cat® G1393).
Penicillin-Streptomycin was purchased from Gibco (Cat* 15140). 0.05% Trypsin-EDTA 1x was
purchased from Gibco (Cat” 25300-054). Fetal Bovine Serum (FBS) Standard Quality was
purchased from PAA (Cat® A15-101). Phosphate Buffered Saline (PBS 1x) was from Gibco
(Cat” 18912-014). Dimethyl sulfoxide (DMSO) A.C.S. Plant cell culture grade was purchased
from Sigma, France, (Lot” SHBB5172V). Fixation Buffer was purchased from BD Cytofix™".
Microscope Cover Glasses, 18 mm @, were purchased from Marienfeld, Germany.
Willco-dish® was purchased from Willcowells, Netherlands (Ref. No. GWSB 3522). The culture
medium was EBM with 1% Penicillin-Streptomycin for HUVECs, DMEM with 10% FBS and 1%
Penicillin-Streptomycin for A7R5 and Hela cells, respectively.

Equipments:

The 37°C/CO, humidified incubator was purchased from SANYO (Type: MCO-5AC). The
thermostatic water bath was purchased from Fried Electric. The bench-top refrigerated
centrifuge was purchased from Jouan (Type: CR412). The laminar flow cabinet was
purchased from Sterile-VBH. The inverted phase contrast microscope was purchased from
NIKON TMS.

Methods:

The following operations concerning cell biology such as the gelatinization of the culturing
surfaces, thawing of cells, passage of cells and freezing cells were carried out in the Class Il
laboratory of ENS-Cachan equipped with laminar flow. HUVECs were incubated with EBM
medium, A7R5 and Hela cells were incubated with DMEM +10% FBS+1% PS. Confluent cells
at the 4™-7'" passage were collected for experiments.
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The general preparations such as thawing, passaging and freezing cells for culturing
HUVEC, Hela and A7R5 cells are in common; except for the attachment of HUVECs which
requires the gelatin-coated surface, there is an extra step to gelatinize the flasks and/or
plates before culturing, described below.

Gelatinization of the culturing surface (special treatment for HUVECs)

This preparation is a special procedure for HUVECs: in order to favor better cell adhesion
on the surface, it is necessary to prepare gelatin-coated surface in flasks or plates.

Procedure: 2% gelatin was warmed in 37°C water bath until it changed from gel to fluid,
then it was diluted with sterilized water giving a final concentration of 0.2%. The amount of
gelatin used to cover the culture surface varies in different culture containers: e.g. for
covering the 75 cm? culture flasks (T-75 flask), 7 ml of gelatin was needed; for 100x20 mm
culture plates (P100 plate), 3-4 ml of gelatin was needed; and for 6-well culturing plates, 1ml
of gelatin was added per well. For the preparation of the coverglasses, they were first
disinfected with pure ethanol, rinsed with sterilized water and dried; then, 500 ul of gelatin
was added homogeneously on the surface. The culturing containers were placed at room
temperature in the Laminar Flow Cabinet for 20 min with their covers closed. Then, the rest
of gelatin in the containers was removed, leaving the covers open until the thin layer of
gelatin on the surfaces was dried. After gelatinization, the flasks and plates were labeled and

sealed with parafilm.

Thawing of cells

Cells were kept either in liquid nitrogen for longer storage (1-3 years) or in -80°C
refrigerator for shorter storage (3-6 months). When the vials of cells were taken out from
hypothermia environment, the cap of the vial was turned a quarter to release any liquid
nitrogen that may be trapped in the threads, and re-tighten before thawing in the water bath.
The cells were quickly thawed in a 37°C water bath, by placing the lower half of the vial into
the water. When there was only small amount of ice left in the vial, the exterior of vials was
then decontaminated with 70% alcohol and the cap was removed. The cells were
re-suspended with 4 ml of culture medium at 4°C and replaced in the 15 ml sterile conical
tube. Cells were centrifuged at 4°C for 5min with 1000 rpm speed. After removing the
supernatant carefully in the tube, the preheated culture medium at 37°C was added and
gently aspirated, then the mixture of cells and culture medium was replaced into the culture
container; for the T-75 flask and P100 plates, 12 ml and 8 ml of medium was added,
respectively. Cells were placed in the incubator at 37°C with 5% CO, overnight, then the

medium was changed to remove all traces of DMSO.
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Passage of cells

When the cells reached to 90 to 100% of confluence rate, it was necessary to subculture
the cells. The culture medium, 0.05% trypsin-EDTA and PBS were preheated in 37°C water
bath for 15 min. The medium in the culture container was removed first. The cells were then
rinsed with PBS to remove the trace of the serum; 2 ml of trypsin was added into the T-75
flaks or P100 plates. The culture containers were rocked gently to ensure that the solution
covers all the cells, then placed in the incubator for 2-3 min. As soon as the adherent cells
became round, they were ready to be detached from the surface. The rounded cells were
released from the culture surface by hitting the sides with mile strength. 8ml of medium was
then added to stop the digestion of trypsin. The mixture was gently aspirated, then
transferred into a 15 ml sterile conical tube and centrifuged at 1000 rpm for 5 min at 4°C.
The flask/plate was examined under the microscope. After centrifugation, the supernatant
was aspirated from the tube without disturbing the cell pellet. The tip of the conical tube
was flicked with finger to loosen the cell pellet. The passage ratio varied among different cell
lines. Usually the HUVEC or A7R5 cells in one T-75 flask with 90-100% confluence can be
distributed into two-to-three T-75 flasks containing 12 ml medium; one P100 plate with
90-100 % confluence can be distributed into three—to-four P100 plates containing 8 ml
medium. In the case of Hela cells, a T-75 flask with confluent cells can be distributed into
ten—to-fifteen T-75 flasks. For HUVEC cell experiments, cells were seeded in gelatin-coated
6-well plates which contain coverglasses. Cell counts were around 1 x 10°/well, and the

volume of medium was 1.5-2 ml.

Freezing cells

The medium for freezing cells was prepared with 90% FBS and 10% DMSO, then stored at
4°C. The procedure of treating the cells was the same as the subculture steps described
above, until removing supernatant after centrifugation. Cells were counted under
microscope to guarantee that each vial contained 1.5~2x10°cells in 1 ml freezing medium. It
is crucial to decrease the temperature in the vials gradually and slowly. The steps of freezing
vial were: (i) placing the vial at 4°C for one hour, (ii) moving the vial to -20°C for two to three
hours, (iii) placing the vial at -80°C overnight and, finally, (iv) storing the vial in liquid

nitrogen.
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Fixation and mounting

Cells were cultured on coverglasses which were placed inside the wells of 6-well plates.
When they reached confluence, the medium was removed, and cells were rinsed with PBS 1X
for three times. 200 ul fixation buffer was then gently dropped onto the coverglass to form a
homogeneous layer of liquid on the surface; the plate was placed at room temperature for
10-15 min, avoiding light. Finally, each coverglass in the well was rinsed with 2 ml of PBS 1X
for twice.

One drop of mounting medium (10 ul) was added onto the surface of microscope slide
(76x26mm), then the coverglasses was slowly attached onto the drop, avoiding air bubbles
and making sure that the side cultured with cells was attached to the surface of microscope
slide. After the mounting medium was dried, the circumferences of coverglasses were sealed
with transparent nail polish. The slides were stored at 4°C, protected from light.

Immunostaining

Materials

Antibodies:

1 antibodies: Goat polyclonal to Caveolin-1 was purchased from Abcam® (Ref. No.
ab36152). Rabbit polyclonal to EEA 1-Early endosome marker was purchased from Abcam®
(Ref. No. ab2900). Purified Mouse monoclonal anti-eNOS/NOS type Ill was purchased from
BD (Ref. No. 610297).

2" antibodies: Alexa Fluro® 594 donkey anti-goat 1gG (H+L), Alexa Fluro® 594 goat
anti-rabbit 1gG (H+L) and Alexa Fluro® 594 goat anti-mouse IgG (H+L) were purchased from
Invitrogen.

Reagents: Saponin from Quillaja bark was purchased from Sigma, Germany. Mounting
medium-SlowFade® Gold antifade reagent with DAPI was purchased from Invitrogen, USA.
Bovine Serum Albumin (BSA) was purchased from Euromedex, France.
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Protocol

The different steps for immunostaining are described below:

1)

2)
3)
4)
5)
6)

7)

8)

9)

Cells were seeded on the coverglasses and cultured in the incubator at 37 °Cuntil they

were confluent.

After the addition of NS1, cells were rinsed three times with PBS buffer.

Cells were fixed using the fixation procedure as described above.

After fixation, cells were rinsed with PBS buffer twice, for 5 min each.

The cell membranes were permeablized with PBS-Saponin 0.5% solution for 10 min.
Cells were rinsed with PBS-BSA 3% buffer twice.

The PBS-BSA 3% buffer was used to block the non-specific antibody bindings for 30
min.

The 1* antibody was diluted in the PBS-BSA 3%- Saponin 0.5% buffer, and the drops of
the mixture were added to the coverglasses, making sure that the entire surface was
covered by the solution. Cells were incubated with the 1% antibody for 60 min at room
temperature. During the incubation, the coverglasses were placed in the culture dish,
on top of the wetted paper, and the cover of the culture dish was sealed with parafilm,
to prevent the evaporation of the solution.

After the incubation, cells were rinsed with PBS-BSA 3%- Saponin 0.5% buffer twice, for
5 min each.

10) The 2" antibody was diluted in PBS-BSA 3%- Saponin 0.5% buffer, and incubated with

the cells for 45min at room temperature.

11) Cells were rinsed with PBS-BSA 3%- Saponin 0.5% buffer twice, for 10 min each.

12) Last, the cells were rinsed with PBS buffer.

13) The coverglasses were carefully taken out from the culture wells, using a tweezers, and

mounted on the microscope slide.
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Imaging of NS1 ex vivo

Living cells imaging

For living cell imaging, cells were cultured in Willco-dish until they were confluent. The
Willco-dishes were then placed in the chamber fixed at the focal plane of the confocal
microscope, this chamber was coupled with CO, and a temperature controlling system to
provide the same conditions as in the incubator (37°C, 5% CO,). The cells were placed in the

chamber sealed with cover.

In the kinetics study of NS1 internalization, cells were incubated with 5-10 uM of NS1.
During the observation, the CCD camera took the picture of epi-fluorescence from the same

cell at a series of time points.

In the colocalization study of NS1 with cell organelles such as endoplasmic reticulum (ER),
mitochondria and Golgi complex, cells were labeled by trackers which are compatible with
living cell imaging. ER-Tracker™ Red dye (Aex/em= 587/615 nm), MitoTracker® Deep Red
(Aex/em= 644/665 nm) and BODIPY® TR C 5 ceramide complexed to BSA (Aex/em= 589/617 nm)
were purchased from Invitrogen. For co-localization with ER or mitochondria, cells were
co-incubated with NS1 (5-10 uM) with either ER or mitochondria tracker, respectively, for 30
min, according to the manufacture’s protocol. For co-localization with the Golgi complex,
cells were incubated first with the BODIPY TR ceramide complex (3uM) for 60 min, and
further incubated with NS1 (5uM) for 30 min, according to the manufacture’s protocol.

Fixed cell imaging:

In the colocalization study of NS1 with eNOS, Caveolin-1 and Early endosome, the cells
were incubated first with NS1 (5-10 uM for 60min), then were labeled with eNOS, Caveolin-1
or EEA (for early endosome) antibodies followed by immunostaining procedure, according to
the protocol described above.

Imaging settings for colocalization experiments:

The objective of confocal microscope was 63X. The 1-photon excitation wavelength for
NS1 was 488nm. The 1-photon excitation wavelength for red trackers (Endoplasmic reticulum,
Mito tracker and Golgi tracker) as well as immune-labeling markers (eNOS, Calveolin-1 and
EEA) was 543 nm. The 2-photon excitation wavelengths for DAPI (to image the nuclei) and
NS1 were 740 nm and 840 nm, respectively. The output excitation power was in the 5-20
mW range. The emission ranges were 410-510 nm for DAPI, 520-680 nm for NS1 and
590-700 nm for red trackers/markers.
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Fluorescence detection of ROS generation in cells

To measure the variation of cellular oxidative stress in the presence of NS1, CellROX® Deep
Red Reagent (Aex/em= 644/665 nm) purchased from Invitrogen was used to indicate the ROS
generation. The fluorescence detection of ROS was measured by a FACS Calibur flow
cytometer (Becton-Dickinson, USA). Tert-butyl hydroperoxide (TBHP) (Sigma), was used as a
positive control for ROS detection.

1-1.5 x10° cells were seeded in 12-well plates. When the cells reached confluence, they
were pre-incubated with increasing concentrations of NS1 for 30 min, and then further
incubated with 2 uM CellROX® Deep Red Reagent for 30 min. Each concentration point was
duplicated or triplicated. In the case of TBHP treatment, cells were pre-incubated with 400
UM TBHP for 2 hours before addition of CellROX® Deep Red Reagent. After CellROX® Deep
Red treatment, the cells were trypsinized, collected and centrifuged at 1,000 rpm for 5 min.
The cell pellets were resuspended in PBS containing 30% of enzyme-free Cell Dissociation
Buffer (Gibco®) in order to avoid cell aggregation. The cell counts for each analysis by flow
cytometry were 12,000-20,000.

The fluorescence signals of NS1 and CellROX® Deep Red reagent were measured by using
FL-1 and FL-4 channels which correspond to distinct wavelength ranges. Indeed, the emission
filters for FL1 and FL4 were 530+30 nm and 661+16 nm, respectively. The MFI (Mean
Fluorescence Intensity) related to the fluorescence emission was used to interpret the
modulation effect of NS1 on ROS formation. The measured MFI in FL-4 channel obtained for
a given NS1 concentration was normalized by the MFI obtained in the absence of NS1 (i.e. as
a measurement of the basal cellular level of ROS in the cells, CellROX® Deep Red Reagent
alone was also measured in FL-4 channel), giving the fluorescence enhancement factor. The
increase in the NS1 signal as a function of NS1 concentration incubated with cells was
checked using the FL-1 channel.

Note: The materials and methods section is only related to experiments which were
performed by me during the thesis. To avoid any redundancy, the details related to the
experiments performed by our different collaborators will be described in the results chapter
(particularly in the “Materials and Methods” section relative to the article published in PNAS
and the submitted article, respectively). The molecular modelling was performed by the
project collaborator A. Slama-Schwok and B. Tarus (INRA, Jouy-en-Josas). The chemical
synthesis of NS1 and derivatives were performed by Y. Li and J-L Boucher (University Paris V).
The NO and ROS measurements by Electron Paramagnetic Resonance (EPR) in endothelial
cells and isolated mice aortic rings were performed by C. Dessy, M. Romero-Perez and |.
Lobysheva  (UCL, Belgium). Our collaborators in UCL also performed

vasorelaxation/vasoconstriction experiments on isolated mice aortic rings. The ROS detection
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by EPR in PMA-activated macrophages was performed by J-L. Boucher (University Paris V).
The effect of NS1 on the angiogenic process was performed by C. Dessy and |. Lobysheva
(UCL, Belgium). The effect of NS1 on normal melanocytes and melanoma cells was
performed by S. Rocchi (university Sophia-Antipolis, Nice).
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RESULT

Introduction of “Rational design of a NADPH derivative
imaging constitutive nitric-oxide synthases upon two-photon

excitation”

Yun Li*, Huan Wang*, Bogdan Tarus, Miguel Romero Perez, Laurence Morellato, et al. PNAS 2012July
(* Co-first authors)

In this publication, we report the design and synthesis of the NADPH analog Nanoshutter
(NS1). We characterized the in vitro fluorescence properties of free NS1 and NOS-bound NS1.
We also assessed the inhibition of NOS catalytic activity, as well as the selectivity of targeting
by comparing the binding of NS1 to several recombinant proteins: (i) proteins that do not
contain any NADPH binding site such as Lens epithelium-derived growth factor (LEDGF), Fatty
acid binding protein (FABP), Myoglobin and E. Coli RecQ Helicase; (ii) proteins distinct from
NOS that contain a NADPH binding site such as Ferredoxin reductase and glucose
6-phosphate dehydrogenase (G6PD) and (iii) the three NOS isoforms: eNOS, nNOS and iNOS.
Furthermore, we demonstrated the in vivo imaging capability of NS1 in endothelial cells and
the colocalization with subcellular organelles and eNOS.

In the biological context, NO participates in profound physiological and pathological
activities in cardiovascular, nervous and immune systems. Modulation of the production of
NO has been a central issue in biological and clinical research since NO was discovered 80
years ago. Because the only pathway for NO synthesis inside human body is the oxidation of
L-arginine catalyzed by NO Synthase, scientists has dedicated to develop various NOS
inhibitors. The majority of them actually target the oxygenase domain of NOS. However, this
mechanism has significant backwards: on one hand, they are limited by the lack of specificity
among NOS isoforms and many other potential targets; on the other hand, they are
incapable of avoiding NOS uncoupling and the associated formation of the well-known
reactive oxygen species (ROS). Any compound that targets NOS in the oxygenase domain, for
instance, cannot prevent the ROS formation originating from electron leakage. Such a
consequence may occur with arginine analogs but also with compounds that target BH,.
Indeed, BH, as a critical cofactor in the oxygenase domain has been identified to preserve
NOS dimerization (111). The decrease in NOS activity by targeting its oxygenase domain will
be associated with disruption of NOS dimers, producing ROS (NOS uncoupling) rather than
NO as proposed in (237). Even though the structure of the reductase domain of NOS was

solved, so far there is only one flavin inhibitor which targets the FAD binding site, and its

59



inhibition effect is irreversible.

In contrast to the conventional NOS inhibitor, the purpose of this study was to design a
novel inhibitor which competitively targets the NADPH binding site in the NOS reductase
domain. This compound should also display two photon excitation and emission properties
compatible with in vitro and ex vivo characterization of the complex formation. To reach the
optimal effects, we took into account several criteria including NOS-NS1 affinity, electron
flow blockage capability, good two-photon cross-section enabling multi-photon imaging, and

distinct fluorescence properties between the free and the NOS-bound NS1 compound.

With these conditions in mind, the design of NS1 was firstly guided by molecular
modelling (performed by B. Tarus and A. Slama-Schwok, INRA, Jouy en Josas). The nucleotide
recognition motif of NADPH was retained in NS1, allowing a proper targeting to the NADPH
site of NOS, while a stilbene moiety was used to replace the nicotinamide moiety of NADPH.
Compared to NT1 in the previous study (Nanotrigger) (205), NS1 was designed to have the
identical recognition moiety, but the chromophoric moiety (stilbene) of NS1 was shorter than
that of NT1 (1,4-diphenyl-butadiene), and the terminal group of NS1 was an electron
acceptor group (NO,) instead of an electron donor group (NH,) in NT1. In addition to the
ability of the NO, group to prevent electron flow, this group is also known to confer
environment modulation of fluorescence properties. Although the stilbene linker should
decrease the two-photon absorption cross-section, the stilbene of NS1 leads to a better
steric fit to the NADPH site than the butadiene of NT1 as predicted by molecular modelling.
Moreover, the synthesis of NS1 is based on a seven-step procedure, allowing an easier
synthesis compared to the fifteen-step procedure for NT1 (203).

NS1 dissolved in DMSO has an absorption maximum at 460 nm, with an extinction
coefficient of € =21,000 M™cm™. Under one- and two-photon excitation, at 460 nm and 940
nm, respectively, the emission peak was centered at 760 nm. As expected, NS1 displayed
high sensitivity to the polarity of the solvent. By varying the amount of DMSO in the Tris
buffer (pure DMSO, 66% DMSO: 33% Tris buffer (v/v), 33% DMSO: 66% Tris buffer (v/v), pure
Tris buffer), we found that the fluorescence emission of NS1 dropped off when the content in
DMSO decreased. NS1 also displayed a satisfactory two-photon cross-section (o) of 130 and
65 GM in the 800-860 and 920-950 nm ranges, respectively, although these o, values are less
than the o, value characterizing NT1 (160 GM at 790 nm). However, the o, value of NS1 is
good enough for both two-photon in vitro studies and multiphoton fluorescence imaging.

In comparison with the weak fluorescence emission of the free NS1 in aqueous buffer, a
substantial recovery of fluorescence emission of NS1 was observed in the NOS context. This
interesting property was used for measuring the affinity characterizing the NOS-NS1 complex.
The titration was performed under both one- and two-photon excitation conditions, and

similar Kd values (around 4.2 uM) were found, suggesting an effective binding of NS1 to NOS
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with a good affinity comparable with the Km value related to the binding of NADPH to NOS.
Notably, due to the participation of fluorescence emission from flavins in NOS, the
guantification of the binding process was rather difficult under 1-photon excitation
conditions. Indeed, it was possible to estimate the Kd value but only from emission
intensities in the red region of the spectrum characterized by a low signal. In contrast, the
contribution of NOS auto-fluorescence signal was totally eliminated in the case of
two-photon excitation, therefore, the pure binding information related to the formation of
the NOS-NS1 complex was revealed under two-photon excitation.

Furthermore, NS1 displayed good selectivity upon binding in terms of quantum yield.
There was an enhancement of fluorescence emission of NS1 bound to the three NOS
isoforms, however to different extents (eNOS>nNOS>>iNOS). To note, although the quantum
yield of NS1 depends on the isoform context, the three NOS isoforms displayed similar Kd
values. In the presence of other proteins which contain or not a NADPH binding site, NS1
displayed poor quantum vyields. A possible explanation for the difference of quantum vyields
observed among the three NOS isoforms is suggested by molecular dynamic simulations: it
was found that NS1 probed a more hydrophobic environment in eNOS than in iNOS and
nNOS.

Stopped-flow experiments and oxyhemoglobin assay showed that NS1 was able to
compete with NADPH binding to nNOS and subsequently inhibit the NO formation, in
dose-dependent and reversible manners. So far, the in vitro experiments demonstrated that
NS1 meets the criteria of molecular design, NS1 reached the initial goal to inhibit NOS
activity and displayed a good two-photon absorption property.

To get deeper insight into the effect of NS1 in a real biological environment, we performed
fluorescence imaging and colocalization experiments of NS1 ex vivo. The endothelial cell line
(HUVEC) which contains eNOS was chosen in these experiments, because the eNOS context
led to the highest quantum yield of NS1, as probed in the selectivity assay in vitro. In living
cells, under both one- and two-photon excitation conditions, a significant and specific
fluorescence emission was rapidly observed after the addition of NS1 in the medium,
indicating a rapid and efficient internalization of NS1 in HUVEC cells. Moreover, the
fluorescence signal was consistently highlighted in the perinucleus region, sometimes with
detectable signals at the plasma membrane. This is in accordance with the fact that eNOS in
endothelia cells is mainly localized in the Golgi complex and the plasma membrane. To find
out the potential targets of NS1 inside the cell, we performed colocalization imaging
between NS1 and several cell organelles, as well as eNOS immunofluorescence labeling. We
observed the colocalization between NS1 and Golgi, more importantly between NS1 and
eNOS, suggesting that NS1 actually targets eNOS in endothelial cells.

In summary, NS1 fulfilled the purpose of this study, firstly as a unique NOS inhibitor, it
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targets the reductase domain of NOS and competitively inhibits the enzyme activity. The
chromophoric moiety displayed a unique two-photon property in vitro and in vivo. These
features may lead to a new road for non-invasive real-time imaging, and to perspective
clinical applications in the study of NO-dependent diseases.
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We report the structure-based design and synthesis of a unique
NOS inhibitor, called nanoshutter NS1, with two-photon absorp-
tion properties. NS1 targets the NADPH site of NOS by a nucleotide
moiety mimicking NADPH linked to a conjugated push—pull chro-
mophore with nonlinear absorption properties. Because NS1 could
not provide reducing equivalents to the protein and competed
with NADPH binding, it efficiently inhibited NOS catalysis. NS1
became fluorescent once bound to NOS with an excellent signal-
to-noise ratio because of two-photon excitation avoiding interfer-
ence from the flavin—autofluorescence and because free NS1 was
not fluorescent in aqueous solutions. NS1 fluorescence enhance-
ment was selective for constitutive NOS in vitro, in particular for
endothelial NOS (eNOS). Molecular dynamics simulations sug-
gested that two variable residues among NOS isoforms induced
differences in binding of NS1 and in local solvation around NS1
nitro group, consistent with changes of NS1 fluorescence yield.
NS1 colocalized with eNOS in living human umbilical vein endothe-
lial cells. Thus, NS1 constitutes a unique class of eNOS probe with
two-photon excitation in the 800-950-nm range, with great per-
spectives for eNOS imaging in living tissues.

chemical biology | inhibition of enzymatic catalysis | structure-based
design and molecular modeling | two-photon fluorescence imaging |
fluorescence spectroscopy

In mammals, NO is a gaseous signaling mediator that exerts a
wide range of key physiological functions, including blood pres-
sure regulation, neurotransmission, and immune responses (1).
NO is formed by nitric-oxide synthases, a family of hemoproteins
that catalyzes the oxidation of L-arginine leading to L-citrulline
and NO (2, 3). NOS catalysis is driven by reducing equivalents
supplied by NADPH. NOS enzymes are constituted by oxygenase
and reductase domains linked by a calmodulin (CaM)-binding
domain. The oxygenase domain binds the heme, L-arginine, and
the cofactor (6R)-5,6,7,8-tetrahydro-L-biopterin (H,B). The re-
ductase domain binds two flavins, FMN and FAD, and NADPH
(4). CaM binding allows the electron transfer from FMN to the
heme (2, 3). The biological activities of NO are closely linked to
the specific NOS isoform involved in its synthesis and deregula-
tion of its biosynthesis leads to various pathologies (5). Data sup-
port the notion that inhibition of the inducible and neuronal
isoforms iNOS and nNOS have therapeutic utility in the treat-
ment of a variety of diseases, including septic shock, neurodegen-
eration, inflammation, and cancer (5, 6). It was shown that the
endothelial isoform eNOS participates in tumor initiation and
maintenance, thus its inhibition could be beneficial in this context
(7, 8). Based on crystallographic studies (9, 10), much effort
was dedicated to the development of specific NOS inhibitors
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by targeting the heme site. However, most of these inhibitors
are not specific and cannot avoid NOS uncoupling and formation
of deleterious radical oxygen species (ROS) at the reductase do-
main. Although the structure of nNOS reductase domain has
been solved (4), no specific compounds targeting this domain are
available, and only diphenyliodonium (DPI) and its analogs non-
selectively and irreversibly react with flavins (11). The NADPH-
binding site is highly conserved among redox enzymes. The crys-
tallographic data of NADPH-containing proteins showed that the
main recognition elements in their binding site involve conserved
arginines that interact electrostatically with the 2’ phosphate
group of NADPH nucleotide moiety. The nicotinamide part of
NADPH can be flexible and undergoes conformational changes
depending on the NADP(H) enzymes and their specific catalysis.
In recent studies, we have characterized a NADPH analog called
nanotrigger, NT1, targeting the NADPH site in NOS reductase
domain (12-14) (Fig. 14). NT1 contained a conjugated, photo-
activatable chromophore substituted with two donor groups that
replaced the nicotinamide moiety of NADPH. Following photo-
activation, the terminal amine group of excited NT1* was able to
inject electrons to the FAD acceptor, thereby initiating the elec-
tron flow. This initiation and synchronization of NOS catalysis
upon one- or two-photon excitation (1-PE or 2-PE, respectively)
led to light-induced NO formation (12-14).

Here, we designed a unique prototype of NOS inhibitor, called
nanoshutter (NS1), with intrinsic fluorescence imaging proper-
ties. To this purpose, we designed a compound that meets the
following criteria: ({) NS1 should demonstrate a good affinity
for NOS, at least comparable to the affinity of the natural hydride
donor NADPH; (ii) injection of electrons to FAD should be
prohibited by bound NS1 to NOS; (iii) NS1 should have a good
two-photon cross-section, compatible with multiphoton imaging;
(iv) free and bound NS1 should possess different fluorescence
properties. We designed a compound bearing a nucleotide moiety
as recognition motif of the NADPH site linked by an alkyl
chain to a new chromophore substituted with an acceptor and
a donor group, thus engineering a push—pull photoactive element

Author contributions: Y.L., J-L.B., C.D., E.D., and A.S.-S. designed research; Y.L, H.W.,, B.T.,
M.R.P, L.M., E.H., V.B., and PT. performed research; B.T., V.B, A.-L.T., P.T.,, and J.-L.B.
analyzed data; and E.D. and A.S.-S. wrote the paper.
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Fig. 1. Design and molecular modelling studies of the nanotrigger NT1
and the nanoshutter NS1. (A) Principles of activation and inhibition of NOS
by NT1 and NS1. Because of its terminal nitro-phenyl (electron acceptor)
group that cannot inject the reducing equivalents required for the initiation
of catalysis, NS1 is expected both to bind to the NADPH site and to inhibit
competitively the electron flow to the FAD acceptor (in contrast to the elec-
tron donor—containing compound NT1). Additionally, significant modula-
tions of the fluorescence emission by the polarity (Anax) and the presence of
water (quantum yield, ®) of the environment are expected. (B) Close-up view
of the terminal groups of NT1 diene chromophore and NS1stilbene chromo-
phore in NNOS,.4; FAD is omitted for clarity (12-14).

(Fig. 14). Such a chomophore is expected to have a high dipole
moment caused by the electron delocalization in the excited state
that should lead to nonlinear absorption properties (15). The
NS1 chromophore carries a conjugated stilbene substituted with
the donor—-acceptor pair instead of the diene moiety of NT1 (13)
(Fig. 1B). Finally, the terminal electron acceptor was chosen to
be a nitro group that should block the electron flow, inhibit
NOS catalysis, and modulate the fluorescence properties of NS1
with the environment (16). A change in fluorescence emission
between free and NOS-bound states of the engineered NS1 com-
pound was then expected. This work paves the way for a unique
family of NOS inhibitors with imaging applications.

Results

Molecular Modelling. We showed that NS1 fits into the narrow
NADPH site of the reductase domain of nNOS (nNOS,.4) using
docking and molecular dynamic simulations based on the struc-
ture of this domain (4). We used a stilbene moiety instead of the
1,4-diphenyl-butadiene moiety of NT1 for replacement of the
nicotinamide part of NADPH. This choice of a shorter stilbene
moiety was guided by initial modelling studies, which had sug-
gested that a shorter compound than NT1 with the same terminal
donor group could fit tighter to this site. Our design retained the
nucleotidic recognition motif of NADPH that confers proper tar-
geting to the NADPH site, based on previous studies that led to
the discovery of NT1 (1214, 17). The designed inhibitor NS1 was
docked in nNOS,.4 by replacement of the embedded NADPH
(4). Each complex, NS1-nNOS,.4 or NT1-nNOS,4, was placed in
a box of explicit water molecules; after energy minimization, we
assessed the fit of both NS1 and NT1 within the NADPH site by
running trajectories of 10 ns. The main interaction energy of NS1
and NT1 with the protein originated in their terminal phosphate
group that recognized the conserved arginine residues in the
NADPH-binding site, in particular Arg1400, Argl314, Argl284,

Li et al.

and Arg1010. This modelling demonstrated a similar recognition
of the nucleotidic part of NS1 to that seen with NADPH (17)
(SI Appendix, Fig. S1 and Table S1). The chromophore moieties
of NS1 and NT1 were inserted close to FAD, removing the stack-
ing interaction of Phe1395 with FAD observed in the crystal struc-
ture (4). The partly charged oxygen of the terminal nitro group of
NS1 induced a reorientation of the 8-oxygen of Asp1393 by elec-
trostatic repulsion between them (Fig. 1B). The van der Waals
energy terms of both chromophores had similar negative values,
contributing to their correct docking despite unfavorable electro-
static energies, 25 +£5 and 9 £+ 4 kcal/mol for NS1 and NT1,
respectively. The better steric fit of the stilbene chromophore to
the NADPH site was reflected by a more favourable linker term
for NS1 binding than for NT1 (=57 £ 6 and —38 £ 7 kcal/mol,
respectively) (ST Appendix, Table S1). In NT1, the positioning of
the longer diene chromophore probably required some adjust-
ments. Altogether, the nucleotidic part was identical in both
molecules and there was compensation between the linker and
chromophore energy terms, which led to similar interaction en-
ergies for both NS1 and NT1, suggesting that NS1 could display
an affinity for nNOS (or eNOS) close to that of NT1.

Synthesis, Spectroscopic, and Fluorescence Properties of NS1 in Solu-
tion. The synthesis of the target compound NS1 (Fig. 24) con-
sisted of a seven-step procedure (see Methods and SI Appendix,
Fig. S2). The absorption spectra of NS1 and its chromophore
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Fig. 2. Binding of NS1 to nNOS monitored by fluorescence emission upon
2-PE and subsequent inhibition of NOS activity. (A) Structure of NS1; (B) two-
photon excitation spectrum of NS1in DMSO. The fluorescence quantum yield
and the two-photon cross-section (c,) were determined using rhodamine B as
a reference and were found to be equal to 0.0045 and 65 GM at 940 nm,
respectively (o, of approximately 130 GM at 840 nm). (C) Increase in NS1
fluorescence (Ley 2-pe = 940 nm) upon binding to nNOS (5 pM). No fluores-
cence emission was detected in Tris buffer upon 2-PE of nNOS alone (A)
or NS1 alone (30 pM, ®); (D) corresponding binding isotherm. The binding
isotherm was fitted using a one-binding site model, leading to an apparent
dissociation constant for NS1 binding of 4.3 & 0.6 pM. (C) Inhibition by NS1 of
the formation of NO by nNOS: competition experiments between NADPH
and NS1. The double-reciprocal plots of nNOS activities measured in the pre-
sence of various concentrations of NADPH (up to 100 pM) are shown in the
absence (®) or in the presence of 5 (m), 25 (¥), 50 (), or 100 (O) uM NS1.
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moiety were similar, with a maximum similar to the related 4-N,
N-dimethylamino-4'-nitrostilbene (16, 18). NS1 had an absorp-
tion maximum at Ay, = 460 nm with an extinction coefficient
£=21,000 M~ cm~! in DMSO (SI Appendix, Fig. S34); upon
excitation at 460 nm, NS1 presented a broad emission peak
centred at 740 nm (SI Appendix, Fig. S3B). The two-photon cross-
section of NS1 was found to be o, of approximately 130 and
65 GM (Goppert-Mayer; 1 GM = 1075° cm*-s/photon) in the
800-860 and 920-950 nm ranges, respectively, in DMSO
(Fig. 2B). As expected, NS1 fluorescence was strongly sensitive
to the presence of water (SI Appendix, Fig. S3 B and C), its fluor-
escence was undetectable in aqueous solutions under either one-
photon excitation condition (at 435 or 460 nm) or two-photon
excitation condition (Ae o-pg = 840 or 940 nm).

Fluorescence Properties of NS1-NOS Complexes. Addition of NS1 to
purified NOS led to the recovery of bound NS1 fluorescence as
compared to free NS1 being non fluorescent in aqueous buffer.
This made possible the biochemical monitoring of NS1 binding
to NOS using one- or two-photon fluorescence experiments.
Under 1-PE conditions, the intrinsic emission properties of the
NS1-nNOS complex were difficult to extract because the fluor-
escence of nNOS flavins and the fluorescence of NS1 overlapped.
NS1 contribution was extracted by monitoring the emission at
700 nm in a spectral region where flavin autofluorescence was
not significant. Although NS1 fluorescence was low at 700 nm,
NS1 binding to nNOS could be recorded and led to the determi-
nation of an apparent Ky of 4.2 uM (SI Appendix, Fig. S4). We
reasoned that if the two-photon fluorescence of nNOS is weak (as
expected, taking into account the very low o, value of flavins—see
Discussion), the 2-PE approach should be more appropriate for
monitoring the fluorescence recovery of NS1 upon binding to
nNOS. Indeed, both the intrinsic fluorescence of nNOS and free
NSI1 fluorescence (up to 30 pM) were undetectable under 2-PE
condition (Fig. 2C). Stepwise additions of NS1 to nNOS resulted
in an increase of NS1 fluorescence emission (Fig. 2C), which cor-
responded to pure emission spectra of NS1 in the nNOS-NS1
complex, allowing quantitative analysis of the binding process
(Fig. 2D). The apparent Ky = 4.3 + 0.6 pM was consistent with
the 1-PE value. The emission of NS1 was blue-shifted in the pro-
tein context (630 nm) compared to DMSO (740 nm), consistent
with the influence of solvent polarity on emission maxima of ni-
trostilbene derivatives (16). Binding of NS1 to full-length eNOS,
iNOS, or eNOS, 4 yielded comparable results in terms of affinity,
but with substantial differences in the quantum yield character-
izing each complex (see below).

Inhibition of NOS Catalytic Activity by NS1. The ability of NS1 to
inhibit the NADPH-mediated hydride transfer to nNOS was stu-
died by stopped-flow measurements. Fast mixing of nNOS with
NADPH resulted in a fast decrease of the NADPH absorption,
corresponding to a two-phase model (SI Appendix, Fig. S5). A
significant slowdown of the fast phase of NADPH consumption
that contributed approximately 65% of the decay at 340 nm was
observed in the presence of NS1. NS1 competed with NADPH on
nNOS reduction in a dose-dependent manner, presenting a typi-
cal saturation curve, and led to an apparent inhibition constant
K; =15+ 4 pM. This value compares well with those obtained
previously with NT1, K; =7 £ 3 pM (13, 17), showing that NS1
and NT1 display similar affinities for the NADPH site of consti-
tutive NOS, as suggested by our molecular modelling study.
Because NS1 abolished the electron-transfer flux from
NADPH to the flavins in the reductase domain of nNOS, NO
formation should also be inhibited. The ability of NS1 to inhibit
NO formation was assessed using the oxyhemoglobin assay. NS1
inhibited the formation of NO catalyzed by nNOS in a dose-de-
pendent manner with a half-inhibitory concentration (ICs,) at
65 £ 8 uM in the presence of 100 pM NADPH and L-arginine
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(SI Appendix, Fig. S6A). We then investigated the mechanism
of inhibition by varying NADPH and NS1 concentrations. The
double-reciprocal plot of NO formation activity as a function
of [NADPH] led to a K,, value of 5.5 £ 0.5 pM in the absence
of NS1 (intercept with the x axis; Fig. 2E). NS1 inhibition was
competitive with NADPH as demonstrated by changes of the ap-
parent K, values (K,, ,,p) Without significant effect on the V',
values with varying NS1 concentration. The plot of K, ., values
as a function of [NS1] led to a K; value ranging between 13 and
18 pM (SI Appendix, Fig. S6B). The value of K; = 3.4 pM de-
duced from ICsy = 65 pM using the Cheng-Prusoff relationship
is consistent with the values of K4 =4.3 uM and K; = 15 pM
obtained in 2-PE and stopped-flow experiments, respectively,
and compares well with NADPH affinity (K, = 5.5 £ 0.5 pM).
Further experiments using the dilution method showed that the
inhibition of NO formation by NS1 was reversible. NS1 appears
as a unique prototype inhibitor that competes with NADPH for
binding in the reductase domain.

In Vitro Selectivity in the Fluorescence Enhancement of Protein-Bound
NS1. The relative two-photon fluorescence intensity of NSI1
bound to various proteins was next assessed. NS1 did not display
significant fluorescence enhancement in the presence of proteins
lacking a NADPH-binding site (Fig. 34). For instance, NS1 non-
specifically binding to the fatty acid-binding protein (FABP)
accounted for only 5% of the fluorescence signal observed with
eNOS-bound NS1. Thus, NS1 differs from nonspecific probes
such as the well-known ANS compound (anilinonaphthalene sul-
fonic acid), whose fluorescence is largely enhanced by multiple
interactions in inner protein cavities, in particular upon binding
to FABP (19). Among the NADPH-binding proteins, including
the three NOS isoforms, NS1 binding to eNOS and nNOS led
to the largest fluorescence enhancement (eNOS > nNOS >
iNOS). The fluorescence quantum yield of NS1 was found to be
strongly dependent on the protein context, indicating that NS1
within the NADPH-binding site probed distinct local solvent en-
vironment in each NOS isoform. In contrast, NS1 was only weakly
fluorescent when bound to ferredoxin reductase or glucose-6-
phosphate dehydrogenase (G6PDH). Interestingly, the two-
photon fluorescence emission of eNOS-bound NS1 was found
to be even higher than the value found in DMSO (approximately
45-fold higher) (Fig. 34, Inset). Thus, NS1 is highly selective
between constitutive and inducible NOS. These results were pro-
mising for further cellular investigations.

Structural Insight of NS1 Binding to NOS Isoforms Based on Molecular
Dynamics Simulations. We attempted to explain the modulation in
fluorescence yields of NS1 bound to the three NOS isoforms by
additional structural insight; homology modelling was used to
generate eNOS and iNOS reductase domains (17). NS1 bound
to nNOS or eNOS by three arginine residues interacting with
its phosphate group (SI Appendix, Fig. S7). Among these argi-
nines, R1400 in nNOS was replaced in iNOS by S1130 unable
to form an H-bond with NS1 phosphate. Note that S1130 is
located on the same linker as the catalytic D1123, allowing an
information flow between the nucleotidic part of NS1 and the
chromophore terminal. In addition, the solvation around NS1
terminal NO, was highest in iNOS among the three NOS (SI
Appendix and Fig. 3 B and C) and SI Appendix (Fig. S8). The im-
portance of water in active sites of proteins has been shown by
pioneer works of Douzou and co-workers (20). In iNOS, the
NO, group of the chromophore was more distant to the hydro-
phobic patch forming the edge of the binding site. This patch was
composed by three F and one Y in iNOS and nNOS instead of
four F in eNOS. Y1077 made H-bonds with either water or near-
by hydrophilic residues, which caused the hydrophobic patch to
be less packed, and more water (partly from iNOS dimeric inter-
face) accessed the NO, group (SI Appendix, Fig. S8). In contrast,
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Fig. 3. (A) Fluorescence intensity of NS1 bound to various proteins upon

two-photon excitation (normalized by the maximum intensity value corre-
sponding to eNOS). The experiments shown in Fig. 2C and D were repeated
with NOS isoforms and proteins with ferredoxin reductase, glucose-6-phos-
phate dehydrogenase (G6PDH), or without [lens epithelium—derived growth
factor (LEDGF), fatty acid-binding protein (FABP), myoglobin, and E. Coli
RecQ helicase] a NADPH-binding site; 5 uM of protein was mixed with in-
creasing concentrations of NS1 until the fluorescence intensity reached a pla-
teau. The relative fluorescence intensity was calculated based on the plateau
value. The apparent dissociation constants of NS1 from the NOS isoforms
determined using 2-PE fluorescence display similar affinities for NS1,
K4 = 4-5 pM. (Inset) Two-photon fluorescence emission of NS1 (ex 940 nm)
bound to eNOS or free in DMSO. (B) Zoom on the solvation near the nitro
terminal of NS1 chromophore bound to iNOS reductase domain. Three water
molecules located at 3.5 A from the NO, extremity of NS1 are shown by pur-
ple spheres. The white surfaces are solvent molecules at 3.5 A from D1123
and (variable) Y1077, the latter being part with F986, F989, and F964 to
the hydrophobic patch at the edge of NS1-binding site; contribution of water
from iNOS dimeric interface (small cyan spheres) is observed; (C) The distance
to the conserved D decreases while the distance to F (F998, F1234, F964) and
the number of water surrounding D (D1157, D1393, D1123) increases in the
order e/n/iNOS (S/ Appendix, Fig. S8).

the proximity of NO, to a well-packed hydrophobic patch limited
access to water-solvating D1127 in eNOS; thus, NS1 terminal
probed a more hydrophobic environment. This hypothesis fits
well with NS1’s probing the most hydrophobic environment in
eNOS, thus the largest fluorescent yield. Indeed, specific solvent
effects depending on the water content modulate NS1 fluores-
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cence yield without A,y em shift in solution and in NOS isoforms
(SI Appendix, Fig. S3 and Fig. 34).

NS1 Imaging in Endothelial Cells. The fluorescence selectivity
of NS1 for constitutive NOS prompted us to test if NS1 would
specifically highlight eNOS in living cells. A rapid uptake of
NS1 (maximum 10 min) by living human umbilical vein endothe-
lial cells (HUVECs) was easily monitored upon excitation in the
near infrared, showing the suitability of NS1 for 2-PE fluores-
cence studies of living cells (Fig. 4). (A comparison between
1- and 2-PE images for identical living cells is shown in S/
Appendix, Fig. S9). NS1 displayed an intense fluorescence signal
in the cytoplasm, especially in the perinuclear region and, to a
smaller extent, at the cell membrane (Figs. 44 and 5 4 and D).
The dots at the cell membranes were prominent at high cell con-
fluence, in agreement with the role of eNOS in the maintenance
of tight cell-to-cell junctions (21). The subcellular localization of
NS1 within organelles was then further investigated by colocali-
zation experiments. NS1 mainly colocalized with the Golgi appa-
ratus (Fig. 4 E-H). NS1 did not colocalize with the endoplasmic
reticulum, cell nucleus, or mitochondria, whereas only partial
colocalization was observed with early endosome (EEA1) (SI
Appendix, Fig. S10). The two main locations of NS1 (Golgi and
plasma membrane) are compatible with the subcellular localiza-
tion of eNOS (22). Using specific immunostaining of eNOS com-
bined to one- (Fig. 5 A-C) or two-photon (Fig. 5 D-F) imaging of
NS1, we observed an excellent colocalization of NS1 and eNOS in
the perinuclear region and at the plasma membrane level, show-
ing that NS1 actually targets eNOS in HUVEC cells. Because the
2-PE process avoided cellular autofluorescence, the signal-to-
noise ratio was remarkably higher using two-photon compared
to one-photon imaging, as judged by the more restricted coloca-
lization area obtained using A, = 840 nm instead of 488 nm.

Discussion
NS1 fulfilled a double functionality: (i) a new prototype of a
reversible NOS inhibitor, targeting the reductase domain in a spe-
cific manner and competing with NADPH; (ii) a unique fluores-
cent compound with 2-PE properties when bound to constitutive
eNOS or nNOS. These two functions result from a rational design
of a push—pull nitroaminostilbene chromophore moiety that can-
not inject reducing equivalents required for triggering NOS cat-
alysis, and that is highly sensitive to solvent polarity and to the
presence of water in terms of fluorescence quantum yield (16).

Available NOS inhibitors include analogs of substrate L-argi-
nine, calmodulin antagonists, and irreversible flavin inhibitor DPI
and its analogs (11) as nonspecific inhibitors of electron transfer.
NS1 represents a unique prototype of NOS inhibitor that com-
petes with the initial hydride donor NADPH for binding to the
reductase domain. Consequently, NS1 appears as a site-specific,
reversible inhibitor that prevents both NO formation and NOS
uncoupling by blocking the electron flow (flavins and heme).
As such, avoiding the formation of toxic ROS and NO concen-
trations offers great perspectives, in particular for therapeutic
strategies for, on the one hand, targeting nNOS and iNOS in
the treatment of neurodegeneration, inflammation, and cancer
(5), and, on the other hand, controlling eNOS activity and inhi-
biting deleterious effects of NO produced by eNOS in metastasis
(7). Because eNOS constitutes the major source of NO produc-
tion in endothelial cells and is an important regulator of cardio-
vascular homeostasis, further work is in progress for improving
the isoform selectivity of NS1 in terms of molecular recognition,
as well as for developing a photoactivation strategy for spatial and
temporal control of eNOS inhibition by a two-photon-induced
process.

In terms of NS1 imaging, a specific fluorescence enhancement
upon binding to constitutive NOS was observed, with a prefer-
ence for eNOS over nNOS. Compared to available NOS ligands,
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Fig. 4.

40pm

Imaging of living HUVECs using the two-photon fluorescence properties of NS1 and colocalization with the Golgi complex. HUVECs were treated

with 5 yM NS1 and further observed under 2-PE (840 nm; emission at 520-680 nm) (A); (B) nucleus staining of NS1-treated HUVECs (2-PE, 740 nm; emission
at 410-510 nm) by Hoechst 33342; (C) merged image of A and B; (D) control two-photon image of nontreated HUVECs at the same setting (/nset, nucleus
staining of control cells); (E-H) colocalization imaging of NS1 and the Golgi complex—living HUVECs were treated with NS1 (5 pM) and Golgi tracker (BODIPY
TR ceramide; 5 pM) for 60 min. (E) Shows the imaging channel of NS1 (1-PE, 488 nm; emission at 520-680 nm). (F) Shows the imaging channel of the Golgi
tracker (1-PE, 543 nm; emission at 600-650 nm); (G) merged image of E and F (with nucleus staining). Yellow areas indicate colocalization of NS1 and the
Golgi apparatus; (H) shows the corresponding differential interference contrast microscopy transmission image. Colocalization experiments with ER,

mitochondria, and EEA1 are shown in SI Appendix, Fig. S10.

NS1 has the additional benefit of real-time imaging eNOS in
living endothelial cells with excellent signal-to-noise ratio. This
is of special interest because confinement effects on the subcel-
lular location of eNOS have a profound effect on eNOS activity
and are altered in pathological states (23). NS1 was highly photo-
stable, without fading or blinking compared to fluorescent pro-
teins (FP) or quantum dots (QD), respectively, and probed en-
dogenous expression profiles of eNOS in contrast to exogenous
fusion or QD-labeled proteins. Moreover, NS1 internalization
did not require permeation mandated for immunostaining when
using antibodies against eNOS. The excellent signal-to-noise ra-
tio primarily relies on NS1 fluorescence enhancement by binding

Fig. 5. Colocalization imaging of NS1 and eNOS. Living HUVECs were trea-
ted with NS1 (10 uM) for 60 min prior to fixation and immunostaining of
eNOS. Primary and secondary antibodies for immunostaining were purified
mouse anti-eNOS/NOS Type Ill and AlexaFluor 594 goat anti-mouse IgG
(H + L), respectively. (A and D) Imaging channel of NS1 [1-PE (488 nm) and
2-PE (840 nm), respectively; emission at 520-680 nm]; (B and E) imaging chan-
nel of eNOS (1-PE, 543 nm; emission at 590-700 nm), corresponding to A and
D, respectively; (C) merged image of A and B; (F) merged image of D and
E. Yellow to orange areas indicate colocalization of NS1 and eNOS. Nucleus
staining by Hoechst 3342 is also shown in C and F. Upon prolonged incuba-
tions (1-3 h) with NS1 (1-10 pM), the cells did not modify their shapes with-
out fading of NS1signal upon 1-PE and 2-PE.
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to eNOS with negligible fluorescence either free or with nonspe-
cific proteins. Additionally, NS1 is well-suited for two-photon
studies because it has a much higher two-photon cross-section
(o, = 130 and 65 GM at 840 and 940 nm, respectively) than that
of flavins and NAD(P)H (24, 25) [, (flavins) = 0.8 and 0.1 GM
at 700 and 900 nm, respectively, or 6, (NADPH) =510
and 5 - 107® GM at 700 and 900 nm, respectively]. Thus, the in-
trinsic advantage of NS1 relies on its two-photon absorption
properties and ability for monitoring native eNOS using 2-PE
without background or free NS1 contribution.

In conclusion, NS1 is a promising tool for noninvasive imaging
of living tissues and isolated organs with an enhanced spatial re-
solution and a better light penetration in living tissues, leading to
potential applications for monitoring eNOS within tumor cells as
melanoma. Improvement of the selectivity of the NS1 prototype
toward nNOS should afford an interesting pharmacological and
imaging tool for neurodegenerative diseases.

Methods

Molecular Modelling. Molecular dynamics simulations of nNOS-NS1 and
nNOS-NT1 complexes were carried out using the program NAMD with the
CHARMM27 force field (26). eNOS and iNOS reductase domains were gener-
ated by homology modelling based on the structure of the nNOS isoform
(1TLL) (4). The solvent was treated explicitly. Electrostatic interactions were
calculated with no truncation, using the particle mesh Ewald summation al-
gorithm. The van der Waals interactions were smoothly shifted to zero be-
tween 10.0 A and 12.0 A. The list of the nonbonded interactions was
truncated at 13.5 A. The lengths of the bonds containing hydrogen atoms
were fixed with the SHAKE algorithm, allowing us to use an integration time
of 2 fs. Trajectories of 10 ns each were produced for nNOS-bound NS1 and
NT1 and for the eNOS-NS1 and iNOS-NS1complexes.

Synthesis of NS1. The substituted aldehyde 3 was prepared from N-ethylani-
line and phthalimido-acetaldehyde 1 in the presence of NaBH(OAc);,
followed by a Vilsmeier formylation of disubstituted aniline 2. The Knoeve-
nagel-type condensation of 4-nitrophenyl-acetic acid with 3 led to the pure
E-4-(4-nitrostyryl)aniline derivative 4. The phthalimido group was removed
using the NaBH4-HOAc method (27). A peptide coupling reaction with HBTU
in anhydrous DMF assembled the chromophore 5 and the 2’-3'-iso-propyli-
dene adenosine 5-carboxylic acid 6 (28). After HCl deprotection of the
iso-propylidene moiety of compound 7, diol 8 was phosphorylated at posi-
tions 2’ and 3’ by treatment with chlorodiethylphosphate in anhydrous
CH,Cl,. Further acidic hydrolysis of the diethylphosphate afforded the

Li et al.



expected NS1 as a mixture of isomeric compounds 9 and 10 bearing
the P(O)(OH), group at positions 2’ and 3’ in a 40:60 ratio, respectively
(see SI Appendix, Fig. S2).

Expression and Purification of Proteins. Recombinant rat nNOS, murine iNOS,
and bovine eNOS were expressed in Escherichia coli BL21 cells whereas eNOS
reductase domain was expressed in yeast and purified as described (29, 30).

Spectroscopic Characterization of Free or NOS-Bound NS1. UV-visible absorp-
tion spectrum of NS1 was carried out with an Uvikon spectrophotometer.
Fluorescence excitation and emission spectra under one-photon excitation
condition were recorded on an Eclipse (Varian) fluorimeter. Two-photon ex-
citation and emission spectra were recorded using a home-built setup. Briefly,
an 80-MHz mode-locked Mai-Tai Ti:Sapphire tunable laser (690-1,040 nm,
100-fs laser pulse; Spectra Physics) was focused onto the sample placed
in a quartz micro cell. The fluorescence was collected at 90°, filtered by a
Semrock FF01-842/SP filter, and focused into an optical fiber connected to
a SpectraPro-275 digital spectrograph coupled to CCD detector (Princeton
Instruments).

Stopped-Flow Experiments. Kinetics of the reaction between nNOS (5 pM)
and NADPH were measured at 24 °C in an anaerobic chamber (Coy Labora-
tory Products Inc.) using a Bio-SEQUENTIAL DX-18MV stopped-flow instru-
ment (Applied Photophysics). The solutions of NADPH (25 pM) and NS1
(0-100 pM) were prepared in oxygen-free buffer. Reaction rates were calcu-
lated by fitting data to single- or double-exponential functions using Applied
Photophysics software.

Effect of NS1 on the Formation of NO Catalyzed by nNOS. The initial rates of NO
formation were determined at 37 °Ciin 1-cm path-length cuvettes (150 pl) on
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a Uvikon 941 spectrophotometer using the oxyhemoglobin assay. The NO-
mediated conversion of oxyhemoglobin to methemoglobin was monitored
by repetitive scanning between 380 and 480 nm every 0.2 min. All values
are means + SD from 3-4 experiments.

Imaging of Living HUVEC Cells in the Presence of NS1 and Colocalization Experi-
ments. NS1 was incubated with HUVECs (Sigma, at fourth passage) for 30 min
using fresh medium before observation. One- and 2-photon images of living
NS1-treated HUVECs were obtained using a SP2 confocal microscope (Leica
MicroSystems) and a laser line at 488 nm or an 80-MHz mode-locked Mai-Tai
Ti:Sapphire laser (720-920 nm, 100-fs laser pulse; Spectra Physics) tuned to
840 nm, respectively (the emission range was set between 520 and 680 nm).
Colocalization experiments of NS1 with endoplasmic reticulum (ER), mito-
chondria, or Golgi complex were performed on living HUVEC cells using
ER-Tracker Red dye, MitoTracker Deep Red FM, or BODIPY TR ceramide com-
plexed to BSA (Invitrogen), respectively. Colocalization of NS1 with early en-
dosome (EEA1) or eNOS was performed by immunostaining on fixed cells
using rabbit polyclonal to EEA1 marker (Abcam) or purified mouse anti-
eNOS/NOS Type Ill (BD-Biosciences), respectively, as primary antibodies.
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SUPPLEMENTARY TABLE:

Table S1. Comparison of the interaction energies of bound NS1 and NT1 at the NADPH site of

nNOS,, as determined by molecular modelling.

Energy (kcal/mol) NS1 NT1
in nNOS,..q in nNOS,..q
Nucleotidic moiety: -458 £ 57 -423 £ 26
Linker: -57+6 -38+7
Chromophore:
- Total -14+7 -26+4
- van der Waals term -39+4 -35+3
- Electrostatic term 25+5 9+4
Total -529+ 68 -487 + 25

70



SUPPLEMENTARY FIGURES:
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Fig. S1: (a) Effects of the linker and the chromophoric terminal group (NH; or NO,) of NT1 or
NS1 on the recognition of nNOS,.q at the NADPH site. Comparison of the interaction energies of
the chromophore and linker parts of NS1 and NT1 with nNOS,4 (see also Table S1): the unfavorable
electrostatic term is compensated by the van der Waals (VdW) interaction energies of the
chromophore and the linker. (b) NS1 binding in the NADPH site of nNOS reductase domain.
Overall binding of NS1 at the NADPH site by multiple H-bonds with conserved arginine residues of
nNOS,.q: the phosphate group of NS1 interacts with R1284, R1314 and R1400 and the carbonyl of the
amide linker forms transient H-bond with R1010 while its chromophore terminal nitrophenyl group

stacks on FAD.
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Fig. S2: Synthetic steps leading to NS1. The disubstituted aniline 2 was prepared by reductive
amination of phthalimido-acetaldehyde 1 by N-ethylaniline in the presence of NaBH(OAc);. The
substituted benzaldehyde 3 was prepared by a Vilsmeier’s formylation of compound 2 under usual
conditions (POCI; in DMF containing pyridine). The Knoevenagel’s type condensation of 4-
nitrophenyl-acetic acid with 3 led to the pure E-4-(4’-nitrostyryl)aniline derivative 4. As the
commonly used NH,NH, method failed to deprotect the phthalimido group, it was removed using the
NaBH,;-HOAc method giving the expected chromophore 5. A peptide coupling reaction with HBTU in
anhydrous DMF linked the chromophore 5 and the 2’-3’-iso-propylidene adenosine 5-carboxylic acid
6. After HCI deprotection of the iso-propylidene moiety of compound 7, diol 8 was phosphorylated at
positions 2’- and 3’- by treatment with chlorodiethylphosphate in anhydrous CH,Cl,. Further acidic
hydrolysis of the diethylphosphate afforded the expected compound NS1 as a mixture of two
regioisomers 9 and 10 that bear the P(O)(OH), group at positions 2’- and 3’- in a 40:60 ratio,
respectively. See Supplementary Methods for more information.

These two isomers could be separated by analytical HPLC. Because these isomers can interconvert (1)
and we estimated the Kd difference of the 2’ over the 3’ isomer not to exceed a factor 2-3, we did not
attempt to set up conditions for a preparative separation of the 2’ and 3’ isomers (See Supplementary
Methods for more information).
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Fig. S3: Spectroscopic and fluorescence properties of NS1 in solution. (a) Absorption spectrum of
NS1 in DMSO. (b) Fluorescence emission spectrum of NS1 (10 uM) upon one-photon excitation
(Aex1.pe = 460 nm) in DMSO alone (black squares), in a DMSO : water mixture (67% : 33%, v:v)
(white squares), or in 50 mM Tris buffer pH 7.5 containing 150 mM NaCl (black circles). (c)
Fluorescence emission spectrum of NS1 (10 uM) upon two-photon excitation (Aexspr = 940 nm) in
DMSO (black squares) or in 50 mM Tris buffer pH 7.5 containing 150 mM NaCl (black circles). The
fluorescence quantum yield (®) and the two-photon cross-section (c;) of NS1 in DMSO were
determined using rhodamine B as a reference and were found to be equal to 0.0045 and 65 GM at 940
nm, respectively. 1 Goppert-Mayer = 10°° cm*.s/photon.
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Fig. S4: Binding of NS1 to nNOS (5 uM) monitored by one-photon excitation fluorescence (1-
PE). (a) Influence of NS1 on the fluorescence emission spectrum of nNOS (Aex .pe, 460 nm). The
arrows indicate the decrease or increase in emission intensities at 518 or 700 nm, respectively, when
increasing [NS1] (quantified in panels b-c). Panels (d-f), the excitation intensity in the 430-490 nm

range was plotted against [NS1]; Aen: 580 (d), 630 (e) or 700 nm (f) (inset: excitation spectra showing
a continuous increase in the excitation intensity upon increasing [NS1]).

Using A = 460 nm, the emission intensity (518 nm) continuously decreased when increasing [NS1] (Fig. S4a).
Concomitantly, the intensity increased on the red side of the emission spectrum (>610 nm), where the
contribution of NS1 fluorescence is expected to be larger than the contribution of nNOS. Both changes in the
intensity values reached a plateau upon increasing [NS1], indicating that NS1 actually bound to nNOS (Fig. S4b-
¢). As NS1 was not fluorescent in aqueous buffer, this indicated a recovery of NS1 fluorescence upon binding to
nNOS. The decrease of the intensity (518 nm) is most likely due to a resonance energy transfer between FAD
(donor) and NS1 (acceptor) that results from the significant overlap of FAD emission and NS1 absorption.
Regarding the excitation intensity in the 430-490 nm region, using A, = 580 or 630 nm (Fig. S4d-¢), a
decreasing phase was observed when plotting the excitation intensity as a function of [NS1], consistent with the
observed decrease in the emission intensity at 518 nm as mentioned above. This decreasing phase was less
pronounced at 630 compared to 580 nm as the contribution of nNOS fluorescence relative to that of NSI
decreased by using a red-shifted A, No decreasing phase was observed with A, = 700 nm, allowing
quantitative titration of nNOS with NS1. A typical hyperbolic binding isotherm was obtained at this A, only
(Fig. S4f; K4 =4.2 = 1.1 uM), but with a rather modest change in its intensity. The excitation maximum of NS1
bound to nNOS, 450 nm, was similar with NS1 absorption/excitation maximum in DMSO (Fig. S4f, inset).
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Fig. S5: Inhibition by NS1 of hydride transfer from NADPH to FAD in nNOS monitored by
stopped-flow experiment. Left panel shows the raw absorbance changes at 340 nm after mixing of 25
uM NADPH with 5 pM nNOS (bottom trace) or 25uM NADPH with 100 uM NS1 and 5 pM nNOS
(upper trace); the dashed lines represent bi-exponential fit of the data. Right panel shows that NSI
inhibited the fast phase in a dose-dependent saturable manner typical for competitive inhibition with
NADPH. This fast phase is attributed to hydride transfer from NADPH to FAD. The slow phase
remains unaffected by [NS1].
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Fig. S6: Inhibition by NS1 of the formation of NO by nNOS: competition experiments between
NADPH and NS1. Panel (a) shows the concentration-dependant inhibition of NO formation by NS1
in an assay performed in the presence of 100 uM NADPH. Maximal activity for nNOS was 78 £ 15
uM NO.min™".mM heme™. The ICs, value was found to be 65 uM. Using the Cheng-Prusoff (K; =
1Cso/(1+[NADPH]/Ky)), the K; value was estimated to be 3.4 uM (assuming a K,, value of 5.5 uM).
Panel (b) shows secondary plot of K, ., as a function of NSI concentration (K, ap =
K(1+[NS1]/K})). Intercept with the x-axis indicates a K; value of 18 uM and the slope indicates a K;
value of 13 uM (assuming K, = 5.5 uM). nNOS was incubated in 50 mM Hepes buffer at pH 7.4
containing 100 uM L-arginine, 100 pg/ml CaM, 1 mM CaCl,, 100 U/ml SOD, 100 U/ml catalase and
8-10 uM oxyhemoglobin. Under identical conditions, the ICs, values for the endothelial NOS
(maximal activity: 12 + 5 uM NO.min".mM heme™) and the inducible NOS (maximal activity: 150 +
25 uM NO.min"'.mM heme™") were 80 + 15 pM and > 200 uM, respectively.

The specific activities measured by hemoglobin and C'* arginine to citrulline conversion methods
were in good agreement with each other and are as follows:

nNOS: 260 + 50 nmole.min™.mg prot™ (78 + 15s™)

iNOS: 600 + 100 nmole.min™.mg prot™ (150 + 25 s™)

eNOS: 45 + 22 nmole.min™.mg prot” (12 +5s™)
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Fig. S7: (a) Alignment of NOS reductase domains and identification of residues within 5 A to
NS1. (b) Comparison of NS1 binding in the NADPH site of eNOS, nNOS and iNOS reductase
domains. The 3D-structures of eNOS (left) and iNOS (right) were generated by homology modeling
as described (2) (see also supplementary methods). Docking of NS1 in iNOS differed from that in
nNOS (or eNOS) by the replacement of R1400 (or R1164) by S1130; thus, the electrostatic interaction
between NS1 phosphate and R1400 (or R1164) found in nNOS (or eNOS) lacks in iNOS.
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Fig. S8: (a) Structural insight on the solvation and hydrophobic patch in NS1 binding site
zoomed at NS1 nitrophenyl terminal in three NOS isoforms. Solvation of D1393 and Y1347 is
highlighted by white surfaces; water at 3.5 A from the nitro group of NS1 is shown by large purple
spheres while the water at 3.5A from the interface between NOS monomers is depicted by small cyan
spheres. (b) Comparison of selected distances and solvation around the NO, terminal of NS1 in
the three NOS isoforms as defined in the text below.

To get quantitative estimates on the differences in solvation around NS1 between the three isoforms,
we characterized the following:

- NS,,, the number of water at a distance of 3.5 A to the nitro group of NSI, related to the residence of
water molecules around NS1 chromophore; panels (a) and (b) show that NS,, is lowest in eNOS
compared to the water found in nNOS and iNOS.

- Dy, the number of water molecules solvating D1393; D,, is within the error similar in eNOS, nNOS
or iNOS, accounting for 6 to 8 water molecules.

- Sy, the solvation of Ser1176 by “catalytic” water and/or by His1032. The lowest number of water
molecules around S940 is found in eNOS while S940 is closest to H797 in eNOS compared to both
nNOS and iNOS. Previous point mutation studies have shown that the water molecule (“catalytic”
water) around Ser1176 (nNOS) has a key role in the proton transfer as part of the hydride transfer step
(in a general acid/base in the protonation / deprotonation of the N1 atom of the flavin that is necessary
during catalysis (3-5).

- dp, the minimum distance between side-chain heavy atoms of D1393, D1157 or D1123 (n/e/iNOS)
to the N atom of nitro group, dp,is largest in eNOS and decreases in nNOS and iNOS (panel (a)).

- dg, the minimum distance between side-chain heavy atoms distance of F1234, F998 or F964
(n/e/iNOS) to the the N atom nitro group, dF is largest in iNOS compared to eNOS and nNOS.
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Additional comment to Fig. S8:

Therefore, the NO, group in iNOS probes a more solvated environment. In contrast, the NO, group of NSI in
eNOS is located in the relatively more hydrophobic environment than in the two other NOS isoforms,
characterized by the lowest distance to the conserved F998 and closest to the hydrophobic patch as compared to
nNOS and iNOS (see also Fig. 3). Altogether, NS1 probes a more hydrophobic environment in eNOS by a
combination of light sequences changes, resulting in stronger hydrophobic interactions and less solvation. This
effect is gradual from eNOS, through nNOS to iNOS. These hypotheses perfectly explain the decrease of
fluorescent yield of NS1 from eNOS to iNOS, (NS1 in eNOS being the highest, Fig. 3) by local environment
effects. This is in agreement with the previously reported decrease in the nitroaminostilbene fluorescence yield
in DMSO as compared to CH,Cl, (6). We cannot exclude that global effects at larger distance from NS1 arising
from water at the protein — solvent interface could also contribute to explain the experimental findings. We did
not observe a distortion of NS1 chromophore from planarity which is expected to affect the overall dipolar
moment and the fluorescence yield by some character of “twisted” charge transfer state. It is likely that twisting
around the double bond is impeded by steric effects in the NADPH binding site.
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Fig. S9: Imaging of living HUVECs using one- or two-photon excitation of NS1. HUVECs were
treated with NS1 (5 uM) and further observed under either one-photon excitation (confocal
microscopy; excitation, 488 nm) (a) or two-photon excitation (multiphoton microscopy; excitation,
840 nm) (b). Emission setting was 520-680 nm. Panel (c¢) shows the nucleus staining of NS1-treated
HUVECs by Hoechst 33342 (two-photon excitation, 740 nm; emission setting: 410-510 nm). Panels
(d) and (e): corresponding merges for one- and two-photon images, respectively. Panel (f), DIC
transmission image. Control cells (not treated with NS1) were observed under one-photon (g) or two-
photon (h) excitation using the same settings as described for panels (a) and (b), respectively. Panel (i)
shows the nucleus staining of control HUVECs (not treated with NS1) by Hoechst 33342 (two-photon
excitation, 740 nm).
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Fig. S10: Co-localization imaging of NS1 and Endoplasmic Reticulum (ER), Mitochondria or
Early Endosome (EEA1). (a) Merged image of NS1 and ER. (b) Merged image of NS1 and
mitochondria. Living HUVECs were treated with NS1 (5 pM) and ER tracker (ER-TrackerTM Red
dye; 100 nM) or MitoTracker (MitoTracker” Deep Red FM; 50 nM) for 30 min and further observed
under confocal microscopy. (c¢) Merged image of NS1 and EEA1. Living HUVECs were treated with
NS1 (10 uM) for 60 min prior to fixation and immuno-staining of EEA1, and further observed under
confocal microcopy. Primary and secondary antibodies for immuno-staining were rabbit polyclonal to
EEA1-Early Endosome Marker and Alexa Fluor® 594 donkey anti-rabbit IgG (H+L), respectively.
Excitation and emission settings: NS1 (exc. 488 nm; em. 520-680 nm), ER (exc. 543 nm; em. 590-670
nm), mitochondria (exc. 633 nm; em. 650-700 nm), EEA1 (exc. 543 nm; em. 590-700 nm).
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SUPPLEMENTARY METHODS:

Molecular modelling. The MD simulations of the nNOS-NS1 and nNOS-NT1 complexes and eNOS-
NS1, iNOS-NS1 complexes (the reductase domains of eNOS and iNOS were generated by homology
modelling, see below) were carried out using the program NAMD (7) with the CHARMM?27 force
field (8). The solvent was treated explicitly using the TIP3P model for water molecules (9). The
system formed by nNOS (or eNOS rat or iNOS rat) dimeric enzyme, FAD, FMN and NS1 (or NT1)
was centred in a cubic cell of pre-equilibrated water molecules. The electrostatic interactions were
calculated with no truncation, using the particle mesh Ewald summation algorithm (10). The system
was made electrostatically neutral by adding sodium cations at coordinates of minimum electrostatic
energy. The ion concentration of the system was set to 0.15 M by adding randomly sodium and
chloride ions. The van der Waals interactions were smoothly shifted to zero between 10.0 A and 12.0
A. The list of the non-bonded interactions was truncated at 13.5 A. The energy of the system was
minimized during 5000 steps using the conjugate gradient energy minimization algorithm while the
solute atoms were harmonically restraint to their initial positions with a force constant of 50.0
kcal/mol/A”. The system was heated linearly to 300 K over 60 ps. The lengths of the bonds containing
hydrogen atoms were fixed with the SHAKE algorithm (11) and the equations of motion were iterated
using a time step of 2 fs in the velocity Verlet integrator. Molecular dynamics simulation was further
used to equilibrate the system and for production run. During the equilibration phase, the restrains
applied on the solute atoms were gradually reduced from 5.0 kcal/mol/A” to zero. The pressure and
temperature were restrained to 1 atm and 300 K, respectively. Each system was simulated for 10 ns.

Homology modelling of eNOS-rat and iNOS-rat reductase domains. Homology modeling was
performed using the x-ray structure of the neuronal NOS (nNOS-rat, PDB-ID: 1TLL) as template. The
structure of the eNOS-rat was solved by homology modeling as reported previously (1).The iNOS-rat
sequence was aligned on the nNOS-rat sequence using the ClustalX 2.1 program (11). Based on the
sequence alignment and the coordinates of the monomeric form of the nNOS-rat (PDB id 1TLL), a
Swiss-PdbViewer (12) project was made and submitted to the homology modeling website Swiss-
Model Workspace (13). The sequence alignment (shown in Fig S7) revealed for the eNOS-rat 374
identical (56.3 %) and 139 similar (20.9 %) positions, accounting for a 77.3 % total homology. For the
iNOS-rat there were found 305 identical (45.9%) and 139 similar (20.9%) positions, accounting for a
66.9 % total homology and a QMEAN score (14) of 0.659.

Chemistry, General. All reagents and solvents were from Sigma-Aldrich (Saint-Quentin-Fallavier,
France) and were of the highest purity commercially available. High-purity argon (99.9995%) was
obtained from Air Products. Phthalimidoacetaldehyde diethyl acetal (1) and 2’,3’-O-isopropylidene
adenosine carboxylic acid (6) were prepared from aminoacetaldehyde diethyl acetal and 2°,3’-O-
isopropylidene adenosine, respectively, according to known procedures (12, 13).

TLC was performed on pre-coated plates of Silica Gel 60F-254 (Merck, Lyon, France); compounds
were detected by UV light. 'H and ?C NMR spectra were recorded with a Bruker (Wissembourg,
France) Biospin Avance II 250 MHz spectrometer, and chemical shifts refer to an internal standard of
Me,Si. Mass spectra were recorded by electrospray ionization (ESI) in both positive (ESI") and
negative (ESI') ionization detection modes with a LCQ Advantage ion trap mass spectrometer
(Thermo, Les Ulis, France). Elemental analyses were performed at ICSN (Gif sur Yvette, France) and
high-resolution mass spectra (HRMS) were obtained by ESI in time-of-flight (TOF) detection mode
on a LCT (Waters-Micromass, Guyancourt, France) spectrometer at ICSN (Gif sur Yvette, France).

Synthesis of NS1: The NADPH analogue NS1 was prepared as described in Fig. S2.

N-[2-(N-Ethylanilino)ethyl|phthalimide (2): NaBH(OAc); (3.05 g, 14.4 mmol) was added to a solution of N-
ethylaniline (1.16 g ; 9.6 mmol) and 1 (2.72 g, 14.4 mmol) in CH,Cl, (28 mL). After 24 h at 20 °C, CH,Cl, was
added and the organic phase was washed with H,0, dried (MgSO,) and evaporated. The crude product was
purified by chromatography over silica gel (80:20 CH,Cl,—cyclohexane) to afford 2 as a yellow solid (2.71 g, 96
%). '"H NMR (250 MHz, CDCl;): §7.85 (m, 2H), 7.71 (m, 2H), 7.24 (t, ] = 7.8 Hz, 2H), 6.86 (d, J = 7.8 Hz, 2H),
6.67 (t, ] =7.8 Hz, 1H), 3.91 (dd, J = 6.5, 8.1 Hz, 2H), 3.58 (dd, J = 6.5, 8.1 Hz, 2H), 3.46 (q, J = 6.9 Hz, 2H),
1.22 (t, = 7.0 Hz, 3H). *C NMR (63 MHz, CDCl;): §168.0 (C), 147.2 (C), 133.7 (CH), 131.8 (C), 129.2 (CH),
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123.0 (CH), 116.0 (CH), 111.9 (CH), 47.8 (CH,), 44.6 (CH,), 35.0 (CH,), 12.2 (CHs). MS: m/z = 295 (MH").
Anal. caled for CigH sN,0, (294.14), C 73.45, H 6.16, N 9.52. Found C 73.33, H 6.17, N 9.62.

N-[2-(N-Ethyl-4-formyl-anilino)ethyl[phthalimide (3) POCIl; (5.24 mL) was added dropwise to a solution of 2
(2.71 g, 9.2 mmol) in anhydrous pyridine (4.50 mL) and DMF (55 mL), at 0 °C under an argon atmosphere.
After 24 h at 20 °C, ice (~ 600 g) was added and stirred for 30 min. The precipitate was filtered, washed and
dissolved with CH,Cl,. The organic phase was separated from H,O, dried (MgSO,) and evaporated. The crude
product was filtered over silica gel (Et,O) to afford 3 as a pale yellow solid after evaporation of the solvent (2.84
g, 96 %). '"H NMR (250 MHz, CDCl;): §9.67 (s, 1H), 7.82 (m, 2H), 7.69 (m, 4H), 6.81 (d, J = 8.9 Hz, 2H), 3.89
(dd, J = 6.6, 7.3 Hz, 2H), 3.63 (dd, J = 6.6, 7.3 Hz, 2H), 3.50 (q, J = 7.3 Hz, 2H), 1.21 (t, ] = 7.3 Hz, 3H). °C
NMR (63 MHz, CDCl;): 6 189.9 (CH), 168.0 (C), 152.0 (C), 134.0 (CH), 132.1 (CH), 131.6 (C), 125.2 (C),
123.2 (CH), 111.8 (CH), 47.6 (CH,), 44.9 (CH,), 34.6 (CH,), 12.1 (CH3). MS: m/z = 323 (MH"). Anal. calcd for
C1oHsN,05(322.13), C 70.79, H 5.63, N 8.69. Found C 70.28, H 5.62, N 8.62.

N-{2-[N-Ethyl-(4-nitro-phenyl)-vinyl-anilinoJethyl}phthalimide (4): A solution of 4-nitrophenyl acetic acid (1.55
g, 8.6 mmol) and piperidine (655 mg, 7.7 mmol) in CH,Cl, (~ 10 mL) was stirred at 20 °C for 10 min. Aldehyde
3 (2.48 g, 7.7 mmol) was then added to the mixture. After 10 min at 20 °C, CH,Cl, was evaporated, and the
reaction was heated at 100 °C under vacuum (15 mm Hg) for 3 h, then at 150 °C / 15 mm Hg for 3 h. The crude
product was purified by chromatography over silica gel (80:20 CH,Cl,—cyclohexane) to afford 4 as a red solid
(2.21 g, 65 %). "H NMR (500 MHz, CDCl;): §8.16 (d, J = 8.9 Hz, 2H), 7.83 (m, 2H), 7.70 (m, 2H), 7.53 (d, ] =
8.9 Hz, 2H), 7.40 (d, J = 8.8 Hz, 2H), 7.14 (d, J = 16.2 Hz, 1H), 6.87 (d, J = 16.2 Hz, 1H), 6.80 (d, J = 8.9 Hz,
2H), 3.88 (dd, J = 6.7, 8.1 Hz, 2H), 3.58 (dd, J = 6.7, 8.1 Hz, 2H), 3.46 (q, J = 7.0 Hz, 2H), 1.20 (t, J = 7.0 Hz,
3H). ’C NMR (63 MHz, CDCl;): 6 168.3 (C), 148.0 (C), 145.9 (C), 145.0 (C), 134.1 (CH), 133.5 (CH), 132.0
(C), 128.7 (CH), 126.1 (CH), 124.5 (C), 124.1 (CH), 123.3 (CH), 121.7 (CH), 112.1 (CH), 48.0 (CH,), 45.1
(CH,), 35.1 (CH,), 12.4 (CH3). MS: m/z = 442 (MH"). Anal. calcd for CosH3N304(441.17), C 70.73, H 5.25, N
9.52. Found C 70.19, H 5.13, N 9.53.

2-[N-Ethyl-(4-nitro-phenyl)-vinyl-anilino Jethylamine (5): NaBH, (806 mg, 21.5 mmol) was added to a
suspension of 4 (1.88 g, 4.3 mmol) in a mixture of 2-propanol / water (6 / 1, 120 mL). After 1 h at 60 °C, acetic
acid (8 mL) was added at 20 °C and the reaction was kept at 80 °C for 48 h. 2-Propanol was evaporated and the
precipitate was filtered. The crude product was purified by chromatography over silica gel
(MeOH:CH,Cl,:NH,OH = 3:97:0.25) to afford 6 as a red solid (1.02 g, 77 %). 'H NMR (250 MHz, DMSO-dj):
08.17 (d,J=8.9 Hz, 2H), 7.75 (d, J = 8.9 Hz, 2H), 7.49 (d, J = 8.9 Hz, 2H), 7.41 (d,J = 16.4 Hz, 1H), 7.10 (d, J
= 16.4 Hz, 1H), 6.76 (d, ] = 8.9 Hz, 2H), 3.42 (m, 4H), 2.83 (t, J = 6.6 Hz, 2H), 1.09 (t, ] = 7.0 Hz, 3H). "°C
NMR (63 MHz, DMSO-dy): ¢ 148.1 (C), 145.2 (C), 145.1 (C), 133.9 (CH), 128.7 (CH), 126.3 (CH), 124.0 (CH),
123.6 (C), 120.9 (CH), 111.6 (CH), 49.8 (CH,), 44.4 (CH,), 37.8 (CH,), 12.0 (CH3). HRMS (ESI) calcd for
CsHN30, (MH") m/z 312.1712, found 312.1701.

Compound 7: Et;N (0.8 mL) and HBTU (2.18 g, 5.7 mmol) were added to a solution of 5 (1.19 g, 3.8 mmol) and
2’,3’-0-isopropylidene adenosine carboxylic acid 6 (1.23 g, 3.8 mmol) in anhydrous DMF (130 mL). After 48 h
at 20 °C under an argon atmosphere, DMF was evaporated and the usual work-up with EtOAc / H,O gave the
crude product which was purified by chromatography over silica gel (60:40 EtOAc—CH,Cl,) to afford 7 as a red
solid (1.64 g, 70 %). '"H NMR (250 MHz, DMSO-dj): 5 8.29 (s, 1H), 8.17 (d, ] = 8.8 Hz, 2H), 8.11 (s,1H), 7.75
(d, J = 8.8 Hz, 2H), 7.72 (s, 1H, D,0 exchangable), 7.45 (d, J = 8.8 Hz, 2H), 7.39 (d, J = 16.4 Hz, 1H), 7.33 (s,
2H, D,0 exchangable), 7.08 (d, J = 16.4 Hz, 1H), 6.67 (d, J = 8.8 Hz, 2H), 6.37 (d, J = 1.6 Hz, 1H), 5.43 (dd,
1H,J=1.9, 6.1 Hz, 1H), 5.40 (dd, 1H, J = 1.6, 6.1 Hz, 1H), 4.57 (d, ] = 1.9 Hz, 1H), 3.31-3.24 (m, 6H), 1.54 (s,
3H), 1.34 (s, 3H), 1.03 (t, J = 7.0 Hz, 3H). °C NMR (63 MHz, DMSO-dy): 6 168.9 (C), 156.0 (C), 152.4 (CH),
148.8 (C), 148.1 (C), 145.3 (C), 145.1 (C), 140.5 (CH), 133.9 (CH), 128.7 (CH), 126.2 (CH), 124.0 (CH), 123.4
(©), 120.7 (CH), 118.9 (C), 112.9 (C), 111.3 (CH), 89.5 (CH), 86.0 (CH), 83.2 (CH), 83.1 (CH), 47.7 (CH,),
44.2 (CH,), 35.7 (CH,), 26.7 (CH3), 25.0 (CH3), 12.0 (CH;3). MS: m/z = 615 (MH"). Anal. caled for Cs;H34NgOq
(614.26), C 60.58, H 5.58, N 18.23. Found C 59.98, H 5.53, N 18.11.

Compound 8: HCI (1M, 20 mL) was added to a solution of 7 (0.75 g, 1.2 mmol) in THF (30 mL). After 24 h at
60 °C, saturated K,CO; was added (pH ~ 10) and THF was evaporated. The precipitate was filtered, washed (pH
~ 7) and dried to afford 8 as a red solid (0.67 g, 96 %). '"H NMR (250 MHz, DMSO-dy): §9.16 (bt, 1H, D,O
exchangeable), 8.37 (s, 1H), 8.18 (d, J = 8.9 Hz, 2H), 8.08 (s, 1H), 7.76 (d, J = 8.9 Hz, 2H), 7.48 (d, ] = 8.5 Hz,
2H), 7.41 (d, J = 16.3 Hz, 2H), 7.09 (d, J = 16.3 Hz, 2H), 6.78 (d, J = 8.5 Hz, 2H), 5.97 (d, ] = 7.3 Hz, 1H), 5.78
(d, J=4.3 Hz, 1H, D,0 exchangeable), 5.57 (d, J = 6.2 Hz, 1H, D,0 exchangeable), 4.62 (m, 1H), 4.33 (bs, 1H),
4.17 (dd, J = 4.3, 3.5 Hz, 1H), 3.42 (m, 6H), 1.08 (t, ] = 6.9 Hz, 3H). °C NMR (125 MHz, DMSO-dy): 170.0
(0), 161.8 (C), 156.2 (C), 152.6 (CH), 149.0 (C), 148.2 (C), 145.4 (C), 145.3 (C), 140.8 (CH), 134.1 (CH), 128.9
(CH), 126.4 (CH), 124.2 (C), 123.6 (CH), 120.9 (CH), 111.6 (CH), 87.9 (CH), 84.7 (CH), 73.0 (CH), 71.9 (CH),
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48.7 (CH,), 44.6 (CHa), 36.5 (CH,), 12.1 (CH;). HRMS (ESI) caled for CogHs NgOg (MH™) m/z 575.2367, found
575.2386.

Compounds 9 and 10: nBu,SnO (52 mg, 0.21 mmol) was added to a suspension of 8 (93 mg, 0.16 mmol) in
anhydrous toluene (10 mL). After 2 h at 130°C under an Ar atmosphere, toluene was evaporated. Anhydrous
CH,CI, (10 mL) and CIP(O)(OEt), (47 uL, 0.32 mmol) were added to the reaction. After 48 h at RT, CH,Cl, was
evaporated off. THF (3 mL) and HCl (37%, 1.5 mL) were added and the mixture was stirred at RT for 2.5 h
(TLC monitoring: 30:65:4:1 CH;0H—CH,Cl,—H,0—-Et;N). After addition of an aq. NHj3 solution (2%, until pH ~
7), the deep-red solid was filtered, washed with H,O. The crude product was dissolved in DMF and purified by
chromatography over C;g silica gel (25:75:1 CH;CN-H,0-2% NH,OH) to provide a mixture of the two
regioisomers 9 and 10 in a ratio of 40:60 after lyophilization (76 mg, 70% from diol 8).

Compound 9 (2°-PO,H,, 40 %): 'H NMR (500 MHz, DMSO-d¢): 59.16 (bt, 1H), 8.40 (s, 1H), 8.17 (d, 2H, J =
8.9 Hz), 8.02 (s, 1H), 7.76 (d, 2H, J = 8.9 Hz), 7.48 (d, 2H, J = 9.1 Hz), 7.40 (m, 3H), 7.10 (d, 2H, J = 16.4 Hz),
6.78 (d, 2H, 1 =9.1 Hz), 6.07 (d, 1H, J = 7.1 Hz), 4.83 (m, 1H), 4.49 (d, 1H, J = 3.8 Hz), 4.45 (bs, 1H), 3.44-3.35
(m, 6H), 1.09 (t, 3H, ] = 7.0 Hz).

Compound 10 (3°-PO,H,, 60 %): "H NMR (500 MHz, DMSO-d¢): §9.26 (bt, 1H), 8.40 (s, 1H), 8.17 (d, 2H, J =
8.9 Hz), 8.02 (s, 1H), 7.76 (d, 2H, J = 8.9 Hz), 7.48 (d, 2H, J = 9.1 Hz), 7.40 (m, 3H), 7.10 (d, 2H, J = 16.4 Hz),
6.78 (d, 2H, ] = 9.1 Hz), 5.97 (d, 1H, ] = 8.2 Hz), 4.62 (m, 1H), 4.71 (m, 1H), 4.36 (bs, 1H), 3.44-3.35 (m, 6H),
1.09 (t, 3H, T = 7.0 Hz).

130 NMR (125 MHz, DMSO-dg): 5169.9 (C), 169.5 (C), 156.2 (C), 152.4 (CH), 148.9 (C), 148.0 (C), 1453 (C),
145.0 (C), 140.5 (CH), 134.0 (CH), 128.8 (CH), 126.2 (CH), 124.0 (CH), 123.4 (C), 120.8 (CH), 111.4 (CH),
88.3 (CH), 83.9 + 83.6 (CH), 75.7 (CH), 72.3 (CH), 48.7 + 48.6 (CH,), 44.8 + 44.5 (CH,), 36.4 (CHy), 12.0
(CHsy).

HRMS (ESTI') calcd for C,5H30NgOoP [M-H] 653.1873, found 653.1877.

Biochemistry, General. L-Arginine, (6R)-5,6,7,8-tetrahydrobiopterin (H4B), calmodulin (CaM),
Hepes, Tris-HCI, CaCl,, NADPH, glycerol, cytochrome ¢ (cyt ¢), myoglobin, ferredoxin reductase
(ferredoxin,g) and ferredoxin (from spinach), isocitrate dehydrogenase, glucose 6-phosphate
dehydrogenase were purchased from Sigma-Aldrich.

Expression and purification of proteins. Recombinant full-length rat nNOS, murine iNOS and bovine
eNOS were expressed in Escherichia coli cell line BL21 (DE3) and purified as previously described
(14-17). The heme content was determined optically from the [CO-reduced]-[reduced] difference
spectrum using A€444-470 nm = 76,000 M em! (18). Recombinant reductase domain of eNOS (eNOS,.q)
was overexpressed in yeast and purified as described (15, 19). Purified nNOS, eNOS, iNOS and
eNOS,q were more than 95 % pure as determined by SDS—PAGE stained with Coomassie Blue. Fatty
acid binding protein (FABP) was a generous gift of Dr Jiayao Li (LBPA). Cytochrome P450 reductase
(P450,.4) was a gift of Dr Lee-Ho Wang (UTHSC, TX, USA). Lens epithelium-derived growth factor
(LEDGF) and E. Coli RecQ helicase were prepared as reported in (20, 21). Protein contents were
measured using the Bradford reagent from BioRad and bovine serum albumin as a standard.

Spectroscopic methods: Characterization of free or NOS-bound NSI1. UV-visible absorption
spectrum of NS1 was carried out with an Uvikon XL spectrophotometer. NS1-binding isotherms were
build using NOS in 50 mM Tris pH 7.5 containing 150 mM NaCl at 25 °C, either under one-photon
(1-PE) or two-photon excitation (2-PE) conditions. For one-photon experiments, fluorescence
excitation and emission spectra were recorded on a Eclipse (Varian) spectrofluorimeter, equipped with
a thermostated cell holder, using aerated 80 pl solutions placed in micro cells (Hellma, Paris, France).
The emission spectra were recorded with excitation and emission slits set at 5 nm. Two-photon
excitation and emission spectra were recorded using a home-built set-up. Briefly, a 80-MHz mode-
locked Mai-Tai® Ti:Sapphire tunable laser (690-1040 nm, 100 fs laser pulse; Spectra Physics,
Mountain View, CA, USA) was focused onto the sample (80 pl) placed in a quartz micro cell. The
two-photon fluorescence was collected at 90 degrees and was further filtered by a Semrock FF01-
842/SP filter to reject the residual excitation light. The fluorescence signal was focused into an optical
fiber connected to a SpectraPro-275 digital spectrograph (300 lines/mm) coupled to a liquid nitrogen
cooled CCD detector (1024 x 256 pixels; Princeton Instruments Acton, MA, USA). The wavelength
calibration of the spectrograph was done using a high pressure mercury lamp. Excitation power was
set between 50 and 100 mW and the acquisition time varied between 1 and 60 s.
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Stopped-flow experiments. Kinetics of the reaction between nNOS and NADPH were measured at 24
°C in an anaerobic chamber (Coy Laboratory Products Inc., Michigan, USA), using a Bio-
SEQUENTIAL DX-18MV stopped-flow instrument (Applied Photophysics, Leatherhead, UK).
Measurements were carried out using an anaerobic solution of 5 uM nNOS (in 50 mM Hepes buffer,
pH 7.7 containing 0.1 M NaCl, 10% glycerol, ] mM L-arginine, 1 mM calcium and 25 uM CaM) and
monitored at different wavelengths. The solutions of 25 uM NADPH and NS1 (0-100 uM) were
prepared in oxygen-free buffer (50 mM Hepes, 0.1 M NacCl, 10 glycerol, pH 7.7). Kinetic rates were
calculated by fitting data to a single or double-exponential functions using Applied Photophysics
software.

Effect of NS1 on the formation of NO catalysed by nNOS. The initial rates of NO formation were
determined at 37 °C in 1-cm path-length cuvettes (total volume of 150 pl) using the oxyhemoglobin
assay for NO (22). Usual incubation mixtures were performed in 50 mM Hepes buffer (pH 7.4)
containing, 0.1 M KCI, 5 mM DTT, 10-20 uM oxyhemoglobin, 100 U/ml each of SOD and catalase,
10 uM H4B, 100 uM L-arginine, 1 mM CaCl,, 10 pg/ml CaM, 4-6 pg/ml nNOS, and 0-100 uM NSI1.
The mixtures were preincubated for 2 min at 37 °C prior to initiation of the reactions by the addition
of NADPH (10-100 uM) to both cuvettes. The NO-mediated conversion of oxyhemoglobin to
methemoglobin was monitored by repetitive scanning between 380 and 480 nm every 0.2 min on a
Uvikon 941 spectrophotometer and quantified using an extinction coefficient of 77,000 M™.cm™
between peak at 401 nm and valley at 420 nm. Control incubations were performed in the presence of
similar amounts of buffer without inhibitor. All values are expressed relative to the control and are
means = S.D. from 3-4 experiments.

Imaging of living HUVEC cells in the presence of NSI and co-localization experiments. HUVECs
(human umbilical vein endothelial cells, purchased from Sigma) were prepared as previously
described (23). NS1 (final concentration, 5 pM) was incubated with HUVECs (at the fourth passage)
for 30 min and the medium was changed before observation. One-photon images of living HUVECs
were obtained using a SP2 confocal microscope (Leica MicroSystems, France) equipped with an
incubation chamber (37°C, CO, 5%). A laser line at 488 nm was used for the excitation of NS1 and
the emission range was set between 520 and 680 nm. A similar set up was used for two-photon images
except that the excitation source was a 80-MHz mode-locked Mai-Tai® Ti:Sapphire tunable laser
(720-920 nm, 100 fs laser pulse; Spectra Physics, Mountain View, CA, USA) tuned to 840 nm. The
image of nucleus was monitored using Hoechst 33342 using two-photon excitation (740 nm; emission
setting: 410-510 nm).

Co-localization experiments of NS1 with endoplasmic reticulum (ER), mitochondria or Golgi complex
were performed on living HUVEC cells (4-7" passage). ER-TrackerTM Red dye (Ref. no. E34250) for
ER labeling, MitoTracker® Deep Red FM (Ref. no. M22426) for mitochondria labeling or BODIPY®
TR Ceramide complexed to BSA (Ref. no. B34400) for Golgi complex labeling were purchased from
Invitrogen (France).

Co-localization of NS1 with early endosome (EEA1) or eNOS was performed by immuno-staining on
fixed HUVEC cells according to standard procedure (23, 24) with modifications: PBS-0.5% Saponin
was used as permeabilization solution for 10 min at room temperature instead of PBS-0.2% Triton X-
100 / 2 mg/ml BSA /1 mM NaNj; on ice. Blocking solution was PBS-3% BSA instead of PBS / 0.02%
Triton X-100 / 3% BSA /1 mM NaNj. Purified mouse anti-eNOS/NOS Type III (BD-Biosciences,
France); ref. no. 610297) and rabbit polyclonal to EEAIl-Early Endosome Marker (abcam®,
Cambridge, UK; ref. no. ab2900) primary antibodies were used at final concentrations of 10 and 4
ng/mL, respectively, in PBS-0.5% Saponin / 3% BSA. Secondary antibodies, AlexaFluor® 594 goat
anti-mouse IgG (H+L) (Ref. no. A-11005) and AlexaFluor® 594 donkey anti-rabbit IgG (H+L) (Ref.
no. A-11012) were purchased from Invitrogen (France) and used at final concentrations of 4 and 2
ng/mL, respectively, in PBS-0.5% Saponin / 3% BSA. The fixation buffer BD Cytofix'" was
purchased from BD-Biosciences. Saponin from Quillaja bark and BSA were purchased from Sigma
life science. The mounting medium CITIFLUOR™PERMAFIX 1 (HRF) was purchased from
Biovalley (France). Excitation and emission settings are indicated in figure legends.
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Supplementary data II

Fig. 17 Colocalization imaging experiments of NS1 and eNOS in Hela cells.

Living Hela cells were treated with NS1 (5 uM) for 60 min prior to fixation and immunostaining of
eNOS. Primary and secondary antibodies for immunostaining were purified mouse anti-eNOS/NOS
Type lll and AlexaFluor 594 goat anti-mouse IgG (H+L), respectively. (A) Imaging channel of NS1 (1-PE,
488 nm); emission slit 520-680 nm]; (B) imaging channel of eNOS (1-PE, 543 nm; emission slit 590—
700 nm); no detectable fluorescence signal was observed in this channel; (C) merged image of A and
B; nucleus staining by DAPI is also shown in blue; (D) shows the corresponding differential
interference contrast microscopy transmission image.

The internalization of NS1 was also observed in Hela cells using fluorescence imaging,
however with a different pattern than in HUVEC cells. First, no plasma membrane signal was
detected in Hela cells compared with HUVECs; second, the distribution of fluorescence
emission was located and homogeneously distributed around the nucleus, i.e. in a non-polar
manner, whereas in HUVECs, the distribution of fluorescence emission displayed a strong
polarity in the perinucleus region, which corresponds to the Golgi-complex. No eNOS was
evidenced in Hela cells, in contrast to that observed in HUVECs, raising the question of the
origin of the fluorescence signal observed around nuclei of Hela cells. This signal may origin
from non-specific binding in the perinucleus region leading to a symmetrical distribution of
the fluorescence signal around the nuclei. In the case of HUVECs, the presence of eNOS at
the Golgi level modified the distribution of the fluorescence signal of NS1 around the nuclei,

leading to an asymmetrical NS1 distribution.

88



Introduction of “Addressing to NADPH-dependent NO and
Reactive Oxygen Species signaling with a photoactive NADPH
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Henry, Etienne; Giacchero, Damien; Dhimane, Hamid; Tauc, Patrick; Rocchi, Stéphane; Deprez,
Eric; Dessy, Chantal; Boucher, Jean-Luc; Slama-Schwok, Anny

This manuscript is an extended study of NS1 in a more physiologically relevant
environment. NS1, as a new prototype of NOS inhibitor, was proved to efficiently bind to the
reductase domain of NOS and inhibit NO catalysis in vitro. Moreover, NS1 as a novel
fluorescent probe under two-photon excitation was found to co-localize with eNOS in HUVEC
cells. We next addressed the question of inhibition of NO at the cellular or tissue level. In the
vasculature system, NO is well known for its modulation effects: up-regulation of NO
production will lead to vasodilation, whereas decreased NO will cause vasoconstriction. At
the tissue level, we expected a NO-dependent vasoconstriction as the direct consequence of
NS1-induced NO inhibition in isolated mice aortic rings. However, experiments performed on
isolated aortic rings reveal an apparent contradictory vasorelaxation, which was later proved
to be H,0,-driven. Indeed, only in the presence of catalase which converts H,0, into H,O and
0,, the NO-dependent vasoconstriction by NS1 was observed in pre-relaxed aortic rings
treated with Ach (Acetylcholine chloride). This unexpected finding then leads to several
guestions: in the complex biological environment, what is the participation of NS1 in
NOS-related pathways in addition of electron flow blockage? How does NS1 contribute to the
basal level of ROS in the endothelium system? Moreover, is there any other target(s) besides
NOS? To note, in the previous section, we observed a clear fluorescence signal of NS1 in the
absence of eNOS in Hela cells. Which target(s) could possibly interact with NS1 and what is
the consequence? To address these questions, we carried out extensive studies to investigate
the pharmacological effects of NS1 on (i) NO and ROS levels in endothelium at cellular and

tissue levels, as well as on (ii) the uncoupling of nNOS in vitro.

The NO formation in endothelial cells (BAECs), pre-stimulated by a calcium ionophore, was
significantly inhibited by NS1 (30 uM) as measured using EPR (Electron Paramagnetic
Resonance) spin-trapping. Notable, no significant inhibition effect was observed on the basal
NO level under non Ca**-stimulated conditions. A similar NS1-induced NO inhibition effect
was also observed in isolated aortic rings, the IC50 value (40 + 20 uM) obtained was close to

that measured in endothelial cells.

The effect of NS1 to endothelium dependent relaxation was performed in isolated mice

aorta rings. A contraction curve by measuring the length-tension was constructed by using
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single dose of Ach on the basis of KCl-induced pre-contraction. As mentioned above, the
expected NS1-induced vasoconstriction was observed in the catalase context only. Without
catalase, NS1 exerted surprisingly a vasorelaxation effect. This result indicates that NS1 may
target more than NOS in the endothelium system, and the consequence of these interactions
may hinder the pure effect of NS1 on NOS. In vascular system, H,0, is another important
factor capable of modulating the vascular tone and our result highly suggested the
participation of H,0,; thereby NS1 may also affect ROS-related enzymes. Anyhow, the result
obtained in the catalase context confirmed that NS1 actually inhibits the NO production in
endothelial cells and aortic vessels.

Next, the fluorescence emission of a ROS indicator was used in NS1-treated endothelial
cells (HUVECs) to assess the ROS modulation by NS1, detected by flow cytometer. The data
showed that NS1 led to a biphasic response of ROS formation in the cellular context. Indeed,
below 1-2 uM, NS1 significantly increased the ROS production while above 2 uM it caused a
continuous decrease in the ROS production, a plateau was reached up to 20 uM. The
increasing phase in endothelial cells may correspond to the production of H,0,, which
confirmed the dual effect of NS1 on isolated aorta, where the observed decrease in the NO
production was accompanied by H,O, production. However, high concentrations of NS1 led
to a reduced formation of H,0,. There are two possible but not exclusive explanations for the
inhibition phase: (i) NS1 probably inhibits the ROS production derived from uncoupling in
NOS. Accordingly, in vitro experiments performed by colorimetric assay and EPR
spin-trapping detection on uncoupled nNOS showed that, both H,0, and O, productions
were inhibited by NS1. (i) NS1 could target NADPH oxydase (NOX) since NS1 inhibits the O,
production in PMA stimulated mouse macrophages (RAW 264.7), as measured by EPR
spin-trapping. Moreover, the experiments of ROS detection in rat aorta smooth muscle cells
(A7R5) displayed a distinct feature than in endothelial cells, where only stimulating effect of
H,O, by NS1 was observed. To further investigate the mechanism behind the differential
behaviors of NS1 in different types of cells lines, a careful comparative and quantitative
analysis of NOS expression as well as NOX isoforms in different cell lines is required and will

be performed in the near future.

The above-mentioned data highlight that NS1 inhibits NO formation by NOS in endothelial
cells and isolated aorta. Additionally, the inhibition of ROS produced by either NOX or
uncoupled NOS is strongly suggested. Regarding the vascular response to NS1 performed in
aortic rings, we observed vasorelaxation instead of vasoconstriction in the absence of
catalase, implying a burst of H,0, which accounts for NO-independent vasorelaxation; in
other words, the burst of H,0, may hinder the expected vasoconstriction effect, which is
actually observed in the presence of catalase. This result was in accordance with the biphasic
behavior of ROS production in response to NS1 observed in flow cytometry experiments with
HUVEC cells. A biphasic response was also observed in EPR detection experiments applied to
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isolated aorta. Altogether, our data suggests that there might be a third target of NS1, the
interaction of NS1 with this target could lead to an increased ROS production simultaneously
to NO inhibition. This third potential target of NS1 remains unclear yet. One reasonable
hypothesis could be that NS1 inhibits G6PD (glucose-6-phosphate dehydrogenase), which is
an enzyme related to vasoconstriction (238) (239). Indeed, G6PD is involved in the
conversion of NADP' into NADPH, a cofactor of glutathione reductase which in turn
decreases the level of H,0,. It is important to note that the augmented ROS level induced by
NS1 is still within the non-toxic concentration.

Furthermore, in the angiogenesis assays that probe the endothelial network formation,
the extension of endothelial cells (HUVECs) stimulated by VEGF (Vascular Endothelial Growth
Factor) was strongly inhibited by NS1 treatment. Altogether, our results show that NS1
appears to affect two important activities of endothelium: NO production and angiogenesis.
In addition, NS1 inhibited the proliferation of melanoma cells A375 in a time- and dose-

dependent manners, while no inhibition effect was observed in normal melanocytes.

In summary, NS1 displayed interesting potentialities for pharmacological applications: as
an inhibitor of NOS, NS1 efficiently inhibits the NO production in endothelium, and as an
“extra bonus” it also inhibits ROS derived from electron leakage under uncoupled conditions,
while the conventional oxygenase-domain-targeting NOS inhibitors are unable to avoid
uncoupling that occurs at the level of the reductase domain; it inhibits NO in aortic rings and
exerts NO-dependent vasoconstriction. In addition, it presents anti-angiogenic effects in
VEGF-induced endothelial sprouting and selectively inhibits the proliferation of melanoma
cells. Even though H,0, or other ROS species may be formed in the presence of NS1, it
appears that the NS1-dependent ROS burst is not toxic. Ideally, we expect a selective effect
of NS1 on NO production. However, at the cellular level, the small amount of NS1 also leads
to an increase in the ROS production, in accordance with the result obtained using aortic ring
(i.e. H0,-dependent vasodilation in the absence of catalase). The experiments performed on
endothelial cells indicate that, depending on the NS1 concentration used, the inhibition of
ROS may be also observed. Therefore, the influence of catalase should be tested on the
whole NS1 concentration range at the tissue level; Altogether, our results predict that a NS1
concentration range probably exists compatible with the observation of vasoconstriction
even in the absence of catalase. Alternatively, the selectivity of NS1 for the three NOS
isoforms versus the other proteins (for instance G6PD) could be improved by molecular
modelling in order to minimize the impact of H,O, modulation. On the other hand, it was
shown that H,0; is a signaling molecule at low concentrations (240) (241). In this context, it
is important to note that a molecular tool such as NS1 capable of modulating the H,0,; level
within a non-toxic concentration range, could be useful for future biological studies (at
fundamental and application levels) of H,0,-dependent signaling pathways.
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Abstract

Background and purpose: Excess of Reactive oxygen species, ROS and Nitric Oxide, NO
levels contribute to cardiovascular diseases and cancer. Here, we investigate the
pharmacological modulation of NO and ROS by a novel NADPH analogue, called nanoshutter
NS1 (Li et al, (2012) PNAS 109: 12526). By NSI targeting the NADPH site of Nitric Oxide
Synthase (NOS) and blocking the electron flow, NS1 was expected at inhibiting both NO and
ROS formed by uncoupled NOS with interest for inhibition of redox stress.

Experimental approach: EPR spin trapping and a ROS fluorescent probe were used for NO
and superoxide ions measurements in cells and isolated aorta, wire-myograph experiments
measured changes of the vascular tone, and several assays determined cell viability,
proliferation and endothelial tubes formation.

Key results: NS1 inhibited NO formed in aortic rings and ROS formed by uncoupling as
expected from its design. NS1 modulated the vascular tone of aortic rings by blockade of
NO-dependent and NO-independent pathways at low micromolar concentrations. NS1 induced
a biphasic regulation of ROS. NS1 inhibited NO-dependent formation of endothelial tubes in a
3D model of angiogenesis. Moreover, NS1 specifically decreased the proliferation of
metastatic melanoma cells but not of normal cells.

Conclusions and Implications: The specific and dual inhibition of NO and ROS by NS1 is
exerted by targeting eNOS and likely NADPH oxidase(s) mainly in the endothelium. NS1 is a
promising nano-tool with broad applicability for reducing redox stresses and great potential for

targeted vascular therapies, in particular against melanoma invasion.

Keywords: Modulation of cellular signaling, Angiogenesis, NADPH analogue; EPR

spectroscopy; Fluorescence, cell proliferation
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Abbreviations used:

Ach, acetylcholine;

BAEC, bovine aortic endothelial cells;

CaM, calmodulin;

CAT-1H, 1-hydroxy-2,2,6,6-tetramethylpiperidin-4-yl-trimethylammonium chloride;
DEPMPO, 5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide;

Na-DETC, diethyldithiocarbamate, sodium salt;

DTPA, diethylenetriaminepentaacetic acid;

EPR, electron spin resonance;

FCS, fetal calf serum;

HUVEC, human umbilical vein endothelial cells;

n-, i-, and eNOS, neuronal, inducible and endothelial nitric oxide synthase, respectively;
H4B, (6R)-5,6,7,8-tetrahydrobiopterin; LPS, lipopolysaccharide;

MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide;

NOX, NADPH oxidase;

PMA, phorbol 12-myristate 13-acetate;

ROS, reactive oxygen species.
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Introduction

Nitric oxide, NO, is an endogenously produced free radical that exerts key biological
functions in the cardiovascular, nervous and immune systems (Li and Forstermann, 2009;
Moncada, 1991). The signalling pathways regulated by NO are predominantly linked to its
ability to activate soluble guanylate cyclase whereas the cytotoxic activities of NO have been
associated with formation of NO-derived species such as peroxynitrite (O=N-O-O"), nitroxyl
(NO) and nitrosyl (NO™) ions able to perform nitration of tyrosine residues, nitrosylation of
thiols or deamination of DNA (Ischiropoulos, 2003). Numerous pathologies including cancers
are linked to the concomitant formation of superoxide and NO, which form the highly reactive
peroxynitrite (Szabé C, 2007). In some cancers, NO is an endothelial growth factor that
mediates metastasis (Kostourou et al., 2011). NO is synthesized by oxidation of L-arginine
(L-arg) catalyzed by three mammalian isoforms of NO synthases (NOS) (Forstermann and
Sessa, 2012; Garcin et al., 2004; Jachymova, 2005): the constitutive neuronal (nNOS) and
endothelial NOS (eNOS) and the inducible NOS (iNOS) expressed in response to an immune
challenge. NOS are active as homodimers, each monomer containing an N-terminal
(oxygenase) domain with binding sites for substrate L-arg, heme and cofactor
(6R)-5,6,7,8-tetrahydrobiopterin (H4B), and a C-terminal (reductase) domain binding NADPH,
flavins FAD and FMN (Jachymova, 2005). A calmodulin (CaM) binding domain regulates the
electron-flow from the reductase to the oxygenase domain. NOS inhibitors would be of high
therapeutic value for the treatment of the above-mentioned diseases (Silverman, 2009). Most
current NOS inhibitors target the heme site, based on crystallographic structures (Crane BR,
1998; Li et al., 2006; Raman et al., 1998). However, these inhibitors cannot prevent ROS
formation at the reductase domain. Compounds specifically targeting the reductase domain
were scarcely designed despite that the availability of the X-ray structure of nNOS reductase
domain (Garcin et al., 2004): only diphenyl-iodonium (DPI) and some analogues are known to
irreversibly react with flavins (Stuehr et al., 1991). Inhibition of ROS formed via eNOS
uncoupling by HuB depletion or NADPH oxidases (NOX) is highly requested for
pharmacological treatments of cardiovascular diseases and in cancers (Wind et al., 2010).

Recently, we designed and synthesized a novel prototype of NOS inhibitor, called

nanoshutter (NS1) that specifically recognized the NADPH site by a phosphorylated adenosine
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moiety, linked to a photoactive stilbene chromophore substituted with an acceptor and a
donor group (Li et al., 2012). Using molecular dynamic simulations, we demonstrated that NS1
fitted into the NADPH site of nNOS in a similar manner than our previously reported dienic
analogue, called nanotrigger NT1. While NT1 activated NOS catalysis in a synchronous
manner upon biphotonic light activation (Beaumont et al., 2009; Beaumont et al., 2007;
Beaumont et al., 2008; Lambry et al., 2010), NS1 reversibly inhibited NO formed by
recombinant nNOS competitively with NADPH binding (Li et al., 2012). A specific
enhancement of NS1 fluorescence by binding to constitutive NOS was observed upon
two-photon excitation, allowing NS1 imaging eNOS in living HUVEC cells (Li et al., 2012).
In the present manuscript, we hypothesize that our novel photoactive NADPH analogue
NS1 would regulate cellular signaling mediators as Nitric oxide and Reactive Oxygen species
through molecular recognition of the NADPH site of selected enzymes. This hypothesis was
suggested by NS1 co-localizing with eNOS in living HUVEC cells (Li et al., 2012) and
simulations studies suggesting differences between NADPH sites of various proteins (Lambry
et al., 2010). To investigate the molecular targets of NS1 in a cellular context and its
pharmacological effect, we used endothelial cells, macrophages and isolated aorta. NS1
affected NO levels, NO-mediated vasorelaxation and angiogenesis and modulated ROS levels,
which suggested NS1 inhibition of membrane-located enzymes as eNOS and/or NOX’s in the
endothelium. Furthermore NS1 specifically reduced the number of metastatic melanoma cells
while being non-toxic to endothelial cells and normal melanocytes. Modulation of downstream
signalling may be useful to inhibit kinase activation as for example the PI3K/Akt pathway
overexpressed in many cancers without requiring specific kinase inhibitors and modulate redox
sensitive post-translational modifications. Thus, NS1 combined interesting pharmacological

and imaging properties, with great interest for targeted vascular therapies.
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Experimental

Reagents: NS1 was synthesized as previously described (Li et al., 2012). Acetylcholine
(Ach), catalase, calmodulin (CaM) diethyldithiocarbamate sodium salt (DETC-Na), KClI,
Fe(SOy),, NayS,04, diethylenetriaminepentaacetic acid (DTPA), Hepes, phorbol 12-myristate
13-acetate (PMA), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT),
recombinant mouse IFN-y, glutathione reductase (from baker’s yeast) (GR), glucose
6-phosphate dehydrogenase (from baker’s yeast) (G6PDH), oxidized glutathione (GSSG),
L-NG-nitroarginine methyl ester (L-NAME) and E. coli lipopolysaccharide (LPS) were
purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).
5-diethoxyhosphoryl-5-methyl-pyrroline N-oxide (DEPMPO) was from Radical Vision
(Marseille, France). 1-Hydroxy-2,2,6,6-tetramethylpiperidin-4-yl-trimethylammonium
chloride (CAT-1-H) and 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine
hydrochloride (CM-H) were from Enzo Life Sciences Inc. (Farmingdale, NY, USA). DMEM
culture media and endotoxin-low fetal calf serum (FCS) were from Gibco-InVitrogen.
CellROX® Deep Red Reagent was purchased from Invitrogen.

Experiments with recombinant nNOS: Recombinant rat brain nNOS was expressed and
purified as described (Moali et al, 1998). Superoxide anion formed by nNOS was detected by
spin-trapping with DEPMPO and EPR detection of the spin adducts. The following
instrument settings were used, field modulation frequency, 100 kHz; field modulation
amplitude, 2 G; time constant, 40.96 ms; conversion time, 40.96 ms; microwave power, 10
mW; field width, 140 G; center field, 3490 G; scan time, 41.94 s; number of scans, 16.
DEPMPO-OOH spectrum (hyperfine splitting constants, AN, 13.4G, AP, 52.5 G,and AH 11.9
G) was identified by comparison with incubations performed in the presence of
xanthine/xanthine oxidase as previously described (Frejaville et al., 1995). The
DEPMPO-OOH spin adduct slowly decomposed to the DEPMPO-OH spin adduct (half-life
of about 25 min) and the amounts of DEPMPO-OH spin adduct were neglected under our
conditions.

The changes in the amplitude of the first peak of the DEPMPO-OOH adduct (maximum,

3448 G; minimum, 3450 G) as a function of time were used to quantify the amounts of
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superoxide generated in the experiments and the rates of these changes were plotted for 10
min after the addition of nNOS. Hydrogen peroxide released by nNOS was determined by
measuring the oxidation of ferrous thiocyanate to ferric thiocyanate as previously described
(Heinzel et al., 1992). The reaction mixture contained NADPH (200 uM), CaCl, (1.0 mM),
and CaM (10 pg/mL) in 50 mM Hepes buffer pH 7.4. The incubation was initiated by the
addition of aliquots of nNOS (40-100 nM) and stopped after 10 min at 37°C by the addition
of 6M HCI; 10 pL of 0.5 M NH4SCN (in water) and 50 pL of Fe(SOy), (freshly prepared)
were added to the mixture, the absorbance at 492 nm of the ferric thiocyanate complex was
read on a microplate reader after 10 min. The H,0, release was determined by comparison
with a calibration curve using known amounts of H,O, (0-25 uM); H,O, concentration was
determined using €240 nm = 39.4 M'em?! (Nelson and Kiesow, 1972).

Cell culture and treatments: Cultured mouse macrophage cell line RAW 264.7 cells
were grown to confluence in 75 cm’ flasks containing 15 mL DMEM growth medium
supplemented with 5% FCS, 10 U/mL penicillin and 100 pg/mL streptomycin under a 5%
CO, atmosphere at 37°C. Endothelial (HUVECs and BAECs) and vascular smooth muscle
cells (A7r5) were cultured in P100 dishes or 96-well plates (10* cells/well) at 37 °C to ~95%
confluence in Eagle’s Minimal Essential Medium containing 10% fetal calf serum, 5 mM
glutamine, penicillin—streptomycin (100 U/mL), 2.5 pg/mL amphotericin, and 125 pg/mL
gentamycin. Human melanocyte suspensions were obtained from foreskins of Caucasian
children as previously described (Botton et al., 2009). Human primary melanocytes were
grown in MCDBI153 medium supplemented with 2% fetal calf serum, 0.5 mg/ml
hydrocortisone, 5 mg/ml insulin, 16 nM phorbol-12 myristate 13- acetate, 1 ng/ml basic
fibroblast growth factor, 20 mg/ml bovine pituitary extract, 10 mM forskolin, and
penicillin/streptomycin (100U/ml /50 mg/ml) (Botton et al., 2011). Human A375 (CRL-1619)
melanoma cells were purchased from American Tissue Culture Collection (Molsheim, France)
and grown in DMEM medium supplemented with 10% FCS and penicillin/streptomycin (100
U/ml /50 mg/ml). For each experiment, cells were starved with or without 1% SVF in
appropriate medium during 14 h before drug stimulation.

Cell viability tests: Serial dilutions of NS1 (1uM - 100 uM) were added to the cells that
were further incubated at 37°C for up to 24 or 48 hours. MTT analysis was performed
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following a standard method. At the chosen time, 20 pL of 5 mg/mL MTT in PBS was added
to the cells and further incubated at 37 °C. After washing, 100 pul of DMSO were added in
each well and absorbance at 570 nm was measured on a multi-well Plate Reader (Model
VICTORTM X4, PerkinElmer) with subtraction of blank value at 630 nm. In additional
experiments, crystal violet reagent was used to detect living cells. At the chosen time, crystal
violet reagent (100 ul of 2mg/ml in distilled water) was added to the cells and further
incubated at 37°C for 15 min. After washing of the cells, 100 pul of DMSO were added in each
well and the absorbance at 570 nm was measured on a multi-well Plate Reader with
subtraction of the blank value at 630 nm. Results were expressed as percentage versus control
condition. In additional experiments, crystal violet reagent was used to detect living cells and
cell growth cultured in the presence of NS1 was recorded by videomicroscopy using an
Axiocam camera.

Cellular number of melanocytes and melanoma A375 cells: viable cells were counted
using trypan blue dye exclusion method as previously described (Tomic et al., 2011).

Mouse isolated vessels experiments: Aorta rings were dissected from 15 weeks-old male
C57Bl/6] mice (Elevage Janvier, Le Genest-St-Isle, France) anesthetized with ketamine/
xylazine before sacrifice. All experimental procedures and protocols were approved by the
local Ethics Committee according to National Care Regulations. Vascular reactivity studies
protocol: Briefly (Rath et al., 2012), vessels were mounted on two 40 mm stainless steel wires
in the jaws of a multi wire myograph system (Model 610M, Danish Myo Technology A/S,
Aarhus, Denmark) and the myograph baths filled with physiological saline solution at 37 °C
saturated with 95% O,/5% CO, at pH=7.4. Aorta were loaded to a tension equivalent to an in
vivo pressure and then left to equilibrate for 1 h, after which they were stimulated with 50 mM
KClI or with 10 uM phenylephrine (Phe). A concentration-response curve was constructed by a
single dose of Ach (10 uM). Then, vessels were washed and pre-incubated in presence or
absence of catalase 500 U/mL during 20 minutes. A contraction curve with 50 mM KCI was
performed and once a maximal contraction had been achieved, a single dose of NS1 (10 uM)
was added and changes in tension recorded for 2 hours. At the end of this period, a new
concentration-response curve was constructed by the addition of Ach (10 uM). Ach relaxation
responses were expressed as percentage of relaxation to KCI contraction. All experiments were
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performed in the presence of indomethacin (10 uM). Results are expressed as means + SEM
and n reflects the number of animals. Significant differences between groups were calculated
by ANOVA followed by a Bonferroni test. p < 0.05 was considered significant.

Measurements of nitric oxide production from endothelial cells and isolated aortic
rings in situ by Electron Paramagnetic Resonance (EPR) spin trapping: Production of NO
was assayed by EPR spin trapping as by the concentration of paramagnetic NO adduct formed
in presence of the spin trap ([Fe(II)-(DETC),] in KREBS-Hepes buffer) in BAECs and isolated
aortic rings incubated with NS1 or vehicle (1hr at 37°C) and stimulated or not with calcium
ionophore (A23187, 2 uM or ionomycin, 2 uM) at 37°C during 30 minutes (Lobysheva et al.,
2011). [Fe(I)NO-(DETC),] EPR signal (g; = 2.035; Ay = 1.3 mT) was recorded on a Bruker
EMX100 spectrometer (X-band, microwave frequency ~9.35 GHz, modulation frequency, 100
kHz).

Measurements of superoxide anion production by Electron Paramagnetic Resonance:
Superoxide anion formation was assayed by EPR using spin probes (cell non-permeable
CAT1-H or cell- permeable CM-H) (Dikalov et al. 2007) with some modification: aortic rings
(about 1-mm length) were dissected from mouse thoracic artery, preincubated on ice (1 hour)
in KREBS-DTPA-Hepes buffer (0.1 mM DTPA, 20 mM HEPES, pH 7.5) with or without
NS1, catalase (100U/ml) or SOD (100U/mL), and inserted into the capillary after addition of
spin probe (CM-H or CATI-H, 2.5 and 5 mM, respectively). The kinetics of EPR signals
formation of the CM. or CATI. species were recorded on-line during 10 minutes at 37°C in
capillary interposed into cavity of EPR spectrometer (MiniScop MS400, Magnetech,
equipped with bio-temperature controller). The following instrumental settings were used,
modulation frequency, 100 kHz; microwave frequency, ~9.4 GHz; MP, 20 mW; MA, 0.1 mT.
The rate of aortic basal ROS formation was calculated as a slope of linearized kinetic curve,
obtained from automatically recording of radical signal formation (first hf component) using
Magnettech kinetic software, and normalized by the length of aortic rings or protein content
after subtraction of the basal signal (without aortic rings). Preincubation of aortic rings with
SOD (100U/ml, 30 minutes on ice) decreased EPR signal accumulation by 80%.

Experiments with RAW 264.7 cells: Cultured RAW 264.7 cells were stimulated by PMA
and superoxide anions generated by the NADPH oxidase activity were trapped with the cylic
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nitrone DEPMPO and measured by EPR detection of the DEPMPO-OOH spin-adduct.
Measurements of the rates of formation of the DEPMPO-OOH spin adduct were carried out at
21°C using the same settings as for experiments with nNOS.

Fluorescence detection of ROS generation: CellROX® Deep Red Reagent (Invitrogen)
was used for oxidative stress detection. HUVEC plated in 12-well plates at 85% confluence
were pre-incubated with increasing concentrations of NS1 for 30 min at 37°C, and then further
incubated with 2 uM CellROX® Deep Red Reagent for 30 min. Tert-butyl hydroperoxide
(TBHP) (Sigma), an oxidative stress inducer, was used as a positive control. After
centrifugation at 1,000 rpm for 5 min, the cell pellets were resuspended in PBS containing 30%
of enzyme-free Cell Dissociation Buffer (Gibco®) and analysed by FACS Calibur flow
cytometer (Becton-Dickinson). To address the modulation effect of NS1 on ROS formation, the
MFI (Mean Fluorescence Intensity) related to fluorescence emission of the CellROX® Deep
Red Reagent, detected in FL-4 channel and measured in the presence of a given concentration
of NS1, was normalized by the MFI obtained in the absence of NS1 (i.e. CelROX® Deep Red
Reagent alone; also measured in FL-4 channel), giving the fluorescence enhancement factor.

Angiogenesis assays: To assess in vitro the angiogenic process, an assay of endothelial

network formation by plating of endothelial cells (HUVECs (passage 3-5)) on Matrigel was
used as previously reported (Brouet et al., 2001). Results are expressed as endothelial network

percentage = SEM versus control condition and »n reflects the number of experiments.
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Results

NS1 inhibits the formation of NO by endothelial cells and isolated mice aortic rings.
NO production, sensitive to L-N-nitroarginine methyl ester (L-NAME), a nitric oxide
synthase inhibitor, was assessed by EPR spin trapping as formation of the paramagnetic
[Fe(DETC),NO] complex in bovine aortic endothelial cells (BAECs) in the presence of
Fe(DETC),. The addition of 30 uM NS1 had no significant effect on the formation of NO by
BAECs under basal conditions (basal level was normalized at 100, Fig. 1A). After stimulation
with Ca2+—ion0phore, A23187, we observed a 2.6-fold increase in NO formation in comparison
with basal conditions (256 £30 % of control, n=8). One-hour incubation with NS1 (30 uM)
significantly inhibited stimulated-NO production in BAECs by 1.7 times (down to 153+£19% of
control, n=6, Figure 1A), leading to an estimated IC50 value of about 30 uM (see also Table 1).

NO formation by isolated mice aortic rings stimulated with ionomycin was monitored by
EPR spin trapping as described above in the presence or absence of NS1. NO decreased in a
monotonic manner, the extent of inhibition increasing with NS1 concentration up to a plateau.
Further addition of a NOS inhibitor did not change the plateau value within experimental error.
These data yielded a half inhibitory concentration IC50 =40 + 20 uM, a similar value than that
observed with BAECs (Table 1 and Figure 1B).

NS1 inhibits the endothelium- dependent relaxation of mice aortic rings. Mice aorta
rings mounted on a wire myograph were pre-contracted with KCI and the tension developed by
the rings was measured. KCl stimulation promoted smooth muscle cells depolarization and
prevented influences of endothelium-derived hyperpolarization (factors) in the presence of
indomethacin (to inhibit cycloxygenase-dependent modulation of tone). Ach (10 uM) afforded
relaxation of pre-contraction by KCI which was inhibited by the addition of L-NAME, a NOS
inhibitor (Fig. 2A). Surprisingly, NS1 (1-10 uM) induced a strong vasorelaxation of the aortic
rings, which was delayed in the presence of 100uM NADPH and fully abolished by adding of
500U/ml catalase (Fig. 2B). Similar vasorelaxation was observed when the rings were
pre-contracted with phenylephrine or with aortic rings without functional endothelium
(Supplementary figure 1). In contrast, addition of SOD did not modify the vasorelaxation effect
of NS1 (Supplementary figure 2), suggesting a hydrogen peroxide and not a superoxide
1on-dependent effect.
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In aorta, both NO and H,0O, are signaling molecules able to modulate the vascular tone. In
order to evaluate the effect of NS1 on the NO-dependent relaxation, vessels were stimulated by
high potassium in the presence of catalase (to repress the endothelium-independent effects of
NS1) and Ach (10 uM) was added to KCI pre-contracted rings. As expected from NS1
inhibiting eNOS, a NO-dependent vasoconstriction was observed (Figure 2B). In these
conditions, the relaxation of mice aortic rings induced by muscarinic receptors stimulation
uniquely resides on NO produced by endothelial cells. Our data indicated that in these
conditions NS1 inhibited the relaxation induced by acetylcholine, as expected for an inhibitor
of eNOS (Figure 2A, L-NAME).

The endothelium-independent vasorelaxation induced by NS1 could be related to the
release of H,O, as suggested by the effects of catalase. Hydrogen peroxide is a signaling
molecule (Toledano et al., 2010) with vasoconstriction and vasodilation properties depending
on the vascular bed and experimental conditions (Santiago et al., 2013). Figure 2A suggested
that NS1 could affect other targets than NOS, in particular NADPH- (reductase) or
NADP-(dehydrogenase) dependent enzymes and led us to promptly investigate the effects of
NS1 on the formation of ROS in isolated aorta and in HUVEC:sS, including purified nNOS and
activated macrophages.

Effect of NS1 on the formation of ROS by mice aortic rings. ROS production, sensitive
to addition of SOD, was measured by two EPR spin probes: cell permeable CM-H and
CATI1-H, the charged analogue that cannot easily cross cellular membrane. Pre-incubation of
mice aortic rings for 30 min on ice with 100 U/mL SOD decreased EPR signals by 80% (Figure
3A). One-hour incubation of isolated aortic rings with 10 uM NS1 inhibited the formation of
CATT1 radicals by 60 £+ 19 %, a similar level than that observed with SOD within experimental
error. The same NS1 concentration did not change within experimental error the intracellular
level of CM' radical in isolated aortic rings assayed by in situ EPR signal formation at 37°C.
Interestingly, incubation with a higher NS1 concentration (30uM) significantly increased ROS
(Figure 3B) detected by changes in the CM" EPR signal in aortic rings isolated from the same
thoracic aorta. These levels of superoxide ions were low and did not trigger deleterious effects
on endothelial cells (HUVECsSs) and vascular smooth muscle cells (A7r5) as detected by crystal
violet staining (Table 2). Furthermore, the growth of HUVECS in the presence of 30 uM NS1
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was recorded by video-microscopy for 24 h and did not significantly differ from that of cells
treated by vehicle alone (data not shown). These data confirmed the low toxicity of NSI in
these cells.

The unexpected complex effect of NS1 on superoxide ions levels results prompted us at
using well-established conditions for O, produced by uncoupled NOS and by activated NOX,
thus at testing the hypothesis of inhibition by NS1 of ROS formed by NOS and NOX.

NS1 inhibits H,0, and superoxide formation by nNOS under uncoupling conditions.
NOS catalysis involves binding of Ca®*/CaM allowing electron flow to the heme and rapidly
leadsto a FeH—heme—Oz complex formation. In the absence of substrate and/or cofactor H4B, this
complex dissociates to form superoxide and regenerate Fe''-heme (uncoupling) (Stuehr et al.,
2004). In addition, NOS can also generate ROS from O, reduction by flavins of the reductase
domain. We tested the effects of NS1 on the levels of both hydrogen peroxide and superoxide
ions formed by uncoupled nNOS: H;0O; in a colorimetric assay and O, monitored by EPR
spectroscopy using spin-trapping experiments in the presence of the cyclic nitrone DEPMPO.
In the absence of substrate L-arginine and in the presence of low amounts of HsB, H,0;
formation by nNOS was 145 + 22 nmol.min'l.mg prot'. The addition of increasing amounts of
NS1 inhibited the formation of H;O, by nNOS under uncoupling conditions with an ICs value
of 75 + 12 uM (Table 1). Incubations of recombinant nNOS in the presence of NADPH,
Ca**/CaM and DEPMPO but in the absence of L-arginine and H B led to the gradual
appearance of the characteristic 8-lines features on the EPR spectra corresponding to the
nitroxide DEPMPO-OOH spin-adduct (Insert Fig. 4A). The rate of formation of the
DEPMPO-OOH spin-adduct was reduced by the addition of 100 uM L-arginine and 10 uM
H4B (Figure 4A). The addition of increasing amounts of NS1 inhibited the rate of formation of
the EPR signals of the DEPMPO-OOH spin-adduct with an ICsyp = 105 + 15 uM without
formation of other detectable paramagnetic species. The results supported that NS1 inhibited
electron leakage in nNOS as expected from NS1 design that targets the reductase domain and
blocks the overall electron flow.

NS1 inhibits superoxide formation by PMA- activated macrophages.Treatment of
RAW 264.7 cells by PMA led to activation of NADPH oxidase with release of superoxide
anion radical. This radical was trapped by the cyclic nitrone DEPMPO and the nitroxide
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DEPMPO-OOH spin-adduct was detected by EPR. The characteristic 8-lines features on the
EPR spectra corresponding to the nitroxide DEPMPO-OOH spin-adduct gradually appeared
and the rates of its formation were measured as described above. The addition of increasing
amounts of NS1 to the PMA-stimulated cells led to half-inhibition of the accumulation of
DEPMPO-OOH spin-adduct with an ICsyp = 120 + 25 uM (Fig. 4B and Table 1). These results
supported the hypothesis that NS1 inhibited NOX activity in this cell line.

Biphasic effect of NS1 on ROS formation in HUVECsS detected by a fluorescent probe.
The modulation effect of NS1 on ROS formation in HUVECs was addressed by performing
cytometry experiments using the CellROX® Deep Red oxidative stress detector (Figure 5).
ROS formation is shown by an enhancement of the probe fluorescence (absorption/emission
maxima at ~644/665 nm) as observed using tert-butyl hydroperoxide (TBHP) as a positive
control for ROS formation. Fluorescence signals of NSI1 and CellROX® Deep Red were
measured by using FL-1 and FL-4 channels, respectively. To minimize differences in basal
cellular ROS among different experiments, the fluorescence signal in the presence of NS1 was
normalized by the signal monitored in the same cells without NS1. This normalization gave a
fluorescence enhancement factor, which accounts for ROS formation as a function of NS1
concentration (Fig. 5A). ROS detection in HUVECs presented a bell-shaped response, with an
increasing phase up to 1-2 uM of NS1, followed by a decrease in fluorescence intensity below 1
at higher (above 2 uM) NS1 concentrations, indicating that NS1 inhibited the basal production
of ROS in HUVEC:S. This biphasic behavior probably results from the combination from a main
inhibition phase of ROS by NS1 with a minor enhancement of ROS formation, resembling the
dual detection of ROS in isolated aorta by the two spin traps CAT1-H and CM-H. The CAT1-H
spin probe showed that NS1 inhibited ROS formed by membrane-bound enzymes in aorta.
Therefore, NS1 may target and inhibit not only ROS formed by eNOS as expected from the in
vitro experiments with uncoupled nNOS but also ROS formed by NOX, a hypothesis further
confirmed by RAW macrophages experiments. Fluorescence data qualitatively supported the
endothelium-dependent inhibition of ROS by NS1; an additional target for NS1 in HUVECS or
aortic rings should be responsible for the NS1 formation of ROS detected by CM-H and
observed in the vasorelaxation experiments in the absence of catalase and in the absence of
endothelium.

106



NS1 inhibits VEGF-dependent angiogenesis of HUVECs. To extend the
pharmacological response of NS1 to another eNOS-dependent process besides the modulation
of the vascular tone, we investigated the effect of NS1 on VEGF-induced angiogenesis. To
assess the effects of NS1 on the angiogenic process, an assay of endothelial network formation
(plating of HUVECs on Matrigel) was used and the formation of cord capillary structures in the
absence or presence of 1% serum as previously reported (Brouet et al., 2001; Dessy et al.,
2005) was monitored as a function of time (Figure 6A). Addition of 100 uM significantly
slowed down the rate and the amount of tube formation compared to control experiments that
showed significant increase in capillary structures formation 24 h after plating. Addition of
increasing concentrations of NS1 to the cells led to a strong reduction of their ability to form
capillary structures in serum free buffer or in the presence of 1% serum (Figure 6B). All the
experiments showed significant differences between groups and demonstrated the
anti-angiogenic effect of NS1 on these endothelial cells.

NS1 effect on normal melanocytes and melanoma cells. Melanoma is characterized by
its high propensity to metastasize and its proliferation has been linked to altered redox
signalling in which NOX4, uncoupled eNOS and sustained iNOS expression is involved
(Godoy et al., 2012; Melo et al., 2011; Yamaura et al., 2009). Because NS1 should affect these
cellular targets associated with redox stress, we tested whether NS1 may affect the number of
metastatic melanoma A375 cells. Normal human melanocytes were used as a control. Figure
7A shows that increasing concentrations of NS1 had minimal effect on these healthy cells after
24 and 48 hours, in agreement with the lack of toxicity of NS1 on endothelial and smooth
vascular cells (Table 2). In contrast, NS1 reduced the proliferation of melanoma cells in a
time-and dose-dependent manner (Fig. 7B and C). 48 hours incubation with 50 uM NS1
reduced cell proliferation to 55% and 66% of the controls in serum-free and serum-enriched
conditions, respectively while additional incubation with NS1 led to further decrease to 25 and
5% after 96 hours. The dose dependence of NS1 seems to be a monotonic decrease of number
of A375 cells in the presence of serum (Figure 7B). In serum-free conditions, NS1 seems to
have a more complex effect. This initial study showed a differential and specific effect of NS1
on melanoma and not on their healthy cells counterpart and more work will be required for
dissecting the mechanisms involved in NS1 effect.
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Discussion

Our recent in vitro data (Li et al., 2012) showed that NS1 was a new prototype of a
reversible inhibitor of NOS targeting their reductase domain. NS1 was designed by molecular
modelling, by replacing the imbedded NADP cofactor in nNOS reductase domain (Garcin et
al., 2004; Li et al., 2012). The nucleotide moiety of NS1 allows proper targeting to the NADPH
site; thus, NS1 competes with NADPH binding (Beaumont et al., 2007; Lambry et al., 2010; Li
et al., 2012). This nucleotide moiety is linked to a photoactive chromophore. Therefore, NS1
was also a novel fluorescent probe upon two-photon excitation that co-localized with eNOS in
HUVEC cells in the Golgi complex and at the cell membrane. In this work, we tested the
broad potential pharmacological applications of NS1 in terms of NO and ROS modulation in
vascular biology using various cells and ex vivo systems.

Inhibition of NO by NS1 targeting eNOS in the endothelium: NS1 inhibited NO formed
by eNOS expressed in BAEC and isolated aortic rings. The IC50 values for NO inhibition were
similar in these systems (Table 1) and corresponded to IC50 previously determined in vitro,
IC50 = 30 £ 10 uM (Li et al.,, 2012). We further investigated the effects of NSI in
vasomodulation of the vascular tone. NS1 inhibited 80% of the acetylcholine-mediated
relaxation of pre-contracted mice aortic rings in the presence of catalase in the low puM range
(Figure 2B, Table 1), which is an NO-dependent process. NS1 modulation of another
NO-dependent effect: endothelial sprouting of HUVEC cells in a 3-D model of angiogenesis
was also investigated (Sonveaux et al., 2004). As expected from VEGF-mediated signalling
combined with NS1 inhibition of eNOS, NS1 exhibited anti-angiogenic effects in a
dose-dependent manner (Figure 6). Taken together, the data show that NS1 inhibited two
important NO-dependent processes in endothelial cells and in aortic rings: vasodilation (in the
presence of catalase) and angiogenesis. This result is in agreement with NS1 targeting the
NADPH site of constitutive NOS (Li et al., 2012). The anti-angiogenic property of NS1 offers
great perspectives for therapeutic strategies aimed at targeting deleterious effects of NO
produced by iNOS or eNOS in metastasis (Kostourou et al., 2011; Lim et al., 2008).

Modulation of ROS levels by NSI in endothelium-dependent and independent
processes: Further experiments aimed at testing whether NS1 inhibited of ROS formation in
isolated aorta and endothelial cells. ROS inhibition was a consequence of NS1 blocking the
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electron flow in NOS, which resulted in superoxide and hydrogen peroxide inhibition formed
by purified nNOS in vitro under uncoupling conditions. This is an expected intrinsic advantage
of NS1 over other NOS inhibitors directed against the oxygenase domain, thus unable to avoid
uncoupling at the level of the reductase domain. Besides uncoupled ¢/nNOS (Maron and
Michel, 2012), the main sources of ROS in the vasculature are NADPH oxidases and the
mitochondrial respiratory chain. ROS levels also depend on the redox homeostasis, on oxygen
and NO levels. Since NSI inhibited superoxide ions formed by NADPH-oxidase(s) in
PMA-stimulated RAW 264.7 macrophages, NS1 also likely inhibited these enzymatic targets
in the endothelium of mice aorta. These results are consistent with on the one hand NS1
inhibition of ROS formed in aorta monitored by a cell impermeable spin trap and on the other
hand several NOX isoforms and eNOS being found in endothelial cells membranes (BelAiba et
al., 2007).

In fully functional aortic rings with a COX inhibitor in the absence of catalase (Fig 2A),
NS1 induced vasorelaxation by a burst of hydrogen peroxide that could be inhibited by adding
catalase (by reduction of H,O, into H,0O). This showed that NO-dependent vasoconstriction
was masked by H,O,-mediated processes that affected the vascular tone. Such relaxation was
partly dependent on NADPH (Figure 2A), and was also observed using endothelium- depleted
aortic rings (data not shown), both effects suggesting that NS1 targets additional enzymes
besides eNOS and NOX in vascular smooth muscle cells. H,O; is a signalling molecule at low
concentration (Santiago et al., 2013; Toledano et al., 2010) and may promote vasorelaxation or
vasoconstriction depending upon the vascular bed and the redox conditions: under oxidative
stress, H,O, induces vasocontraction, a process dependent on COX-1, on the presence of
endothelium and reversed by catalase (Santiago et al., 2013); under anti-oxidant treatment as
tempol, H,O, induces vasorelaxation that can be partly abolished by a NOS inhibitor (Puri et
al., 2013). A number of enzyme(s) could be involved in the NS1-induced H,O, burst in an
indirect manner:

(i) KCl-induced depolarization of aorta was reported at activating glucose 6-phosphate
dehydrogenase (G6PD) and derived NADPH, required for NADPH oxidase and gluthatione
reductase activities. This led at coronary aorta contraction, possibly via an NADPH
oxidase-dependent effect (Gupte et al., 2011). NS1 inhibition of G6PD by blocking its NADP
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site may therefore lead to vasodilation in an endothelium-independent manner. Preliminary in
vitro experiments suggested that NS1 inhibited purified G6PD with an EC50 of about 60 to
100uM, which may be consistent with the small inhibition of cell metabolism observed in
ATRS cells (MTT tests, Table 2), in agreement with the role of G6PD in the pentose-phosphate
pathway (Gupte et al., 2011).

(i1) Beside catalase, H>O, can be scavenged by glutathione via glutathione peroxidase
GP, itself coupled with gluthatione reductase GR, an enzyme requiring NADPH (Weldy et al.,
2012). This cycle can take place without endothelium and is only partly inhibited by a
NOS-inhibitor. In that scenario, NS1 may inhibit glutathione reductase, leading to an
unbalanced gluthathione/ redox homeostasis. However, preliminary in vitro experiments did
not support a significant inhibition of GR by NS1 (EC50 > 250 uM).
Taken together, the data support that NS1 binds eNOS and NADPH oxidase(s) in the HUVECs
/ endothelium of aortic rings and affords NO and ROS inhibition. NS1 probably reaches a
third target, possibly in present both in endothelium and in smooth vascular cells, the
candidates being mitochondrial or Golgi-located enzymes as G6PD. This hypothesis is
supported by (1) ROS formation detected by a cell permeable EPR probe at high NSI1
concentrations in aorta; (2) H,O,-dependent vasorelaxation of endothelium-depleted aortic
rings; (3) ROS formation detected with a fluorescent probe followed by a ROS inhibition phase
in HUVECs. Biphasic probing of ROS was observed (Wind et al., 2010) and may reflect
concentration and/or redox —dependent effects of NO and H,0,.

We emphasize that the modulation of ROS levels induced by NS1 by an increase or
decrease by a factor of ~1.5- 2.0 times with respect to basal level in endothelial cells (Figure 5)
likely took place within the physiological range. This suggests that NS1 may modulate NO
and/or ROS (H,0,) signalling without generating toxic concentrations of these mediators in
endothelial and smooth muscle vascular cells (Table 2).

Chemical inhibition of NOX that contributes to support aerobic glycolysis in cancer led
to inhibition of cancer growth in vivo (Lu et al., 2012); altered redox status of cancer cells and
their environment promote angiogenesis (Garrido-Urbani et al., 2011). To test potential
applications of NS1, we investigated whether NS1 had a specific effect on metastatic melanoma
cells compared with normal melanocytes. NS1 induced a specific decrease of metastatic
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melanoma cells number (Fig. 7A, B). Both NO and ROS levels affect melanoma growth and
invasion: NOX4 is highly expressed in A375 cells and not in melanocytes (Yamaura et al.,
2009) and regulates the G2/M transition to promote melanoma growth. Melanoma cells also
express iNOS and uncoupled eNOS (Godoy et al., 2012; Melo et al., 2011). Thus, by decreasing
NO and ROS levels, NS1 may be useful to reduce melanoma invasion and modulate their
abnormal signalling. The mechanisms involved in NS1 reduction of melanoma proliferation are
presently under investigation (Tomic et al., 2011).

The ability of NS1 to avoid e/nNOS uncoupling and to inhibit excessive ROS levels
formed in endothelial cells and macrophages suggest that NS1 could have great potential to
revert from endothelial dysfunction. The pharmacological effects of NS1 were reverted by
addition of NADPH, showing that NS1 likely targets NADPH sites of NOS or NOX subunits or
NADP sites of G6PD, as expected from its design (Beaumont et al., 2009; Beaumont et al.,
2007; Beaumont et al., 2008; Li et al., 2012). This molecular-targeted mode of inhibition is
unique. Unspecific ROS inhibition by antioxidants as red wine polyphenol was reported (Idris
Khodja et al., 2012). NADPH-oxidase inhibitors prevented NOX subunit assemblies (Wind et
al., 2010). In conclusion, NS1 has dual functions of imaging eNOS in endothelial cells and
pharmacological effects consistent with NS1 targeting eNOS and likely NADPH oxidase(s),
with broad interest for endothelial dysfunction and cancer. Importantly, pharmacological
application of NS1 allows vasodilation, redox stress decrease and a specific reduction of

metastatic melanoma cells number.
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Figures Legends

Figure 1:

A: Effects of NS1 on NO production by BAECs under basal or Ca’*-stimulated
conditions. Cells (grown to confluence in gelatinized Petri dishes, ~0.1x10%cm?) were
pre-incubated for 1 h in the absence or presence of 30 uM NS1 before incubation for 30 min in
the presence of Fe(DETC), as described under Experimental procedures. The amount of the
Fe(DETC),NO complex was detected by EPR spectroscopy. Experiments were performed
under basal conditions (Control) or under Ca**-stimulation of NOS activity in the presence of
ionophore. Results are means + SD from 3-9 experiments.

B: NO formation by isolated aorta rings in the absence or presence of increasing
concentrations of NS1 ([NS1]=0, 10, 30, 100 uM). Aorta rings from C57BL/6J male mice, 15
weeks old were incubated for 2 h with NS1 and then stimulated with 2 uM ionomycin.
Formation of the Fe(DETC),NO complex was detected by EPR spectroscopy following a 30
min incubation in the presence of Fe(DETC), complex as described under Experimental
procedures. Results are expressed as NO formed (arbitrary units) / 30 minutes / mg of dry tissue

and are means + SD from 3-6 experiments.

Figure 2:

A: Kinetics of NO-independent relaxation of pre-contracted aortic rings by NS1 in the
absence of catalase at times 10, 30, 60 and 90 minutes after addition of NS1; Relaxation of
pre-contracted aortic rings with KCI or phenylephrine as a function of NS1 concentration.

B: Effects of NS1 on NO-dependent relaxation of mouse aortic rings. Intact aortic rings
were pre-contracted in the presence of KCl and their tension was measured following the
addition of 10 uM NS1, 500U/ml catalase, or 10 uM Ach in a second run. This second run
followed a first run experiment that determined the full relaxation (100%) of the aorta by
acetylcholine as described under Experimental procedures. Data are means + SD from 6
experiments. Significant differences between groups were calculated by ANOVA followed by

a Bonferroni test. p < 0.05 was considered significant.
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Figure 3:

A: Effects of NS1 on the formation of basal ROS by isolated aortic rings in the presence of
vehicle alone (control) or after addition of 10 uM NS1. The hydroxylamine probe CAT-1H
was oxidized to nitroxide CAT-1 radical that was detected by EPR as indicated in Experimental
procedures. The basal level corresponded to the oxidation of the probe in the absence of aortic
rings (with or without NS1). As expected, the signal is inhibited by SOD but not by catalase
(data not shown).

B: CM-H trapping of basal ROS levels formed by aortic rings without and with 10 and 30
pM NS1; the formation of the CM' radical was detected by EPR spectroscopy as indicated in
Experimental procedures. Data are expressed as arbitrary units/min/mm of tissues. * Paired

t-test, one tailed, P < 0.05.

Figure 4

Effects of NS1 on the rates of formation of superoxide anion by nNOS or RAW cells.
Superoxide anion was trapped by DEPMPO and the DEPMPO-OOH spin-adduct was detected
by EPR spectroscopy. Insert: Spectra of DEPMPO-OOH spin-adduct formed upon production
of O, by nNOS in vitro. Horizontal axis represents magnetic field intensity and vertical axis
the intensities of the EPR signal (arbitrary units).

A: Formation of the DEPMPO-OOH spin adduct by uncoupled nNOS and effect of NS1.

B: Formation of superoxide by RAW cells and effect of NS1. Data compare the relative
changes in the rates of formation of the DEPMPO-OOH spin adduct measured as the
differences in the intensity of the first line of the DEPMPO-OOH spin-adduct (arrows on Insert
of Fig. 4). Conditions are described in Experimental procedures and data are taken from 3-4

representative experiments.

Figure 5
NS1 modulation of ROS formation in HUVECs. HUVECs were pre-treated with increasing
concentration of NS1 for 30 min and further treated with 2 uM CellROX® Deep Red Reagent

for 30 min before flow cytometry analysis for measurements of the intracellular level of ROS.
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A: Fluorescence enhancement factor of the CellROX® Deep Red reagent as a function of NS1
concentration. The fluorescence enhancement factor corresponds to the ratio between the MFI
(Mean Fluorescence Intensity) values obtained in the presence and in the absence of NSI,
respectively, as measured in FL-4 channel. The reported ratios correspond to averages of at
least four independent measurements. One representative experiment is shown in panel B.

B: One example of cell population distribution of CellROX® Deep Red fluorescence intensity
(as measured in FL-4 channel). Left: modulation by NS1. Curve 1: control cells (in the absence
of CellROX® Deep Red and NS1); curve 2: cells + CellROX® Deep Red alone; curves 3-7: cells
+ CellROX® Deep Red in the presence of increasing NS1 concentrations (0.5, 1, 8, 10 or 20
uM, respectively). Right: modulation by the oxidative stress- inducer TBHP used at a

concentration of 400 uM as a positive control.

Figure 6

Effects of NS1 on a 3D-model of angiogenesis using VEGF-stimulated HUVECs grown on
matrigel.

Upper panel: comparison of the kinetics on endothelial tube sprouting without and with 100
uM NS1; Bottom panel: Quantification of the experiments (n=3): length of the tubes formed in
24H in serum free (left) and with 1% serum (right) in the presence of 0, 1, 3, 10, 30 and 100 uM
NS1. * Paired t-test, one tailed, P< 0.05, *** P< (0.01; Results are expressed as endothelial
network percentage + SEM versus control condition and 7 reflects the number of experiments.
Significant differences between groups were calculated by ANOVA followed by a Bonferroni

test. P <0.05 was considered significant.

Figure 7

Comparison of the number of melanocytes (A) and melanoma A375 cells (B) in the
presence of increasing concentrations of NS1 after 24 and 48h incubation Primary human
melanocytes and melanoma cell lines A375 were treated with indicated concentrations of
NS1. After 24h or 48h, viable cells were counted using trypan blue dye exclusion method NT:
untreated, DMSO: cells treated with DMSO 1%, NSI1: cells treated with the indicated

concentration of NS1 diluted from stock solution in DMSO. (C) Number of A375 melanoma
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cells as a function of NS1 concentrations after 72 and 96 h incubation. Melanoma A375
cell lines were treated with indicated concentrations of NS1. After 72h or 96h, viable cells
were counted using trypan blue dye exclusion method. For each experiment, cell number is
expressed in percent of control (100%). Data are mean #+S.D. of three independent
experiments performed in triplicate. Significantly different from the corresponding control

*P<0.05; **P<0.01; ***P<0.001

Financial Disclosure, Disclosure: There is no conflict of interest.
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Table 1: Summary of the pharmacological activities of NS1 on NO and ROS inhibition in
vascular bed and macrophages.

EC50
Cell type NO ROS Detection
uM
BAEC* Inhibition of NO
. EPR 20-30
inhibited by L-NAME
HUVEC® Inhibition of tube Angiogenesis on ~ 130
sprouting matrigel -
Aortic ri . Inhibition of NO EPR 40 + 20
ortic rings +
85| inhibited by L-NAME
Aortic ri relaxation inhibited ¢ Wi b <10
rtic rin; ire myogr
OFHCTINSS | inhibited by L-NAME © IR
H,0,-dependent
relaxation ° ~4
NOS
! . Inhibition of H,0, 75 + 12
uncoupling in e - -
g Inhibition of O, EPR 105 + 15
vitro
BIPHASIC: Detected at
HUVEC @ Formation of ROS FACS
o 0.5-2uM NS1
Inhibition of ROS 5
Aortic rines BIPHASIC:
ic ri
& Inhibition of O, EPR ~10"
Formation of O, =501
Macrophages Inhibition of Oy EPR
' o 120 + 25
Raw’ DPI Inhibited

¥ [NS1] = 10-30 uM, BAECs treated with 2uM A23187, NO detected by EPR spin-trapping

> [NS1] = 10-100 uM, HUVECsS treated with VEGF.

“ [NS1] = 10-100 uM, aortic rings treated with Ionomycin

 aortic rings treated with catalase and 10 uM NS1

“ aortic rings without catalase and treated with [NS1] = 1-10 uM

FINS1] = 10-250 pM

£ [NS1] = 0.5-25 uM

h: superoxide ions formed by aortic rings detected by the CAT1 probe at 10 uM NS1

" superoxide ions formed by aortic rings detected by the CMH probe at 10- 100 uM NS1

¥ Raw macrophage activated by PMA treated with [NS1] = 1-500 uM
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Table 2: NS1 displays low toxicity toward endothelial and smooth muscle A7rS cells and

mild interference with the metabolism.

[NS1] (uM) Cells Incubation time Crystal violet MTT
HUVEC 2h 100 100
! AT7r5 2h 100 100
HUVEC 2h 108 +7% 7245 % (P<0.05)
1 AT7r5 2h 107+£5% 74+6% (P<0.05)
HUVEC 2h 133 +8% 7545 % (P<0.05)
30 AT7r5 2h 109+4% 6511 (P<0.01)

Effects of NS-1 on cellular viability and metabolic activity have been tested in endothelial
(HUVEC) and vascular smooth muscle (A7r5) cells by crystal violet staining and MTT assays
respectively. We did not observe any significant reduction of the viability of endothelial cells
when they were incubated in the presence of NS1 10 or 30uM for short (2h) or long (up to 48h,
data not shown) periods of time. Similarly in A7r5, the cell viability was not significantly
reduced (P< 0.05, 3-7 experiments done in triplicates). However, we observed a small but
significant dose-dependent reduction in the MTT assay when A7r5 were incubated with NS1 10
or 30uM for 2 h which suggested that NS1 did not affect the viability of vascular smooth
muscle cells but may interfere with components associated with the metabolic activity of these

cells. This effect may be also present in HUVECs.
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Figure 2:
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Figure 3:
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Figure 4:
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Figure 5:
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Figure 7:
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Supplementary data I

Figure S1
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The isolated mice aortic rings with (left) or without (right) endothelium function were pre-contracted
by 50 mM of KCI under different conditions. The tensions of the aortic rings were recorded by
wire-miograph. No significant difference between the effects of NS1 on the aortic rings with or
without endothelium function was observed. This result suggests that the observed NS1-mediated

vasorelaxation is endothelium-independent.
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Figure S2
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The vasoconstriction effects of NS1 were performed with aortic rings isolated from mice (n=6). The
aortic rings were incubated with either SOD or CAT or both for 20 min, then the contraction of
vessels were induced by 50mM of KCl for another 20 min, and 10 uM of NS1 was added. The tensions
of the vessels were recorded up to 90 min after the addition of NS1. Only catalase abolished the
vasorelaxation effect. Indeed, under catalase condition, NS1 induced a vasoconstriction effect. In
contrast, SOD had no effect on the NS1-mediated vasorelaxation. This result indicates that the
NO-independent vasorelaxation led by NS1 was related to the burst of H,0, instead of O,".
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Supplementary data II
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Fig. 18 Detection of ROS formation with NS1 treatment in A7R5 cell line.

A7R5 (smooth muscle cells from rat aorta) between 4-8™" passage were pre-incubated with increasing
concentrations of NS1 for 30 min, and then further incubated with 2 uM CellROX® Deep Red Reagent
for 30 min. Tert-butyl hydroperoxide (TBHP), an oxidative stress inducer, was used as a positive
control. In this case, cells were pre-treated with 400 uM TBHP for 2 hours before addition of
CellROX® Deep Red Reagent. The detection of ROS fluorescence emission was analyzed by
FACSCalibur flow. Fluorescence signals of NS1 and CellROX® Deep Red were measured by using FL-1
and FL-4 channels, respectively. The data were interpreted by the MFI (Mean Fluorescence Intensity)
as a function of NS1 concentration. The MFI detected in FL-4 channel is related to the fluorescence

emission of the CellROX® Deep Red Reagent. The fluorescence enhancement factor was obtained by
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normalization of the MFI value obtained in the presence of NS1 by the corresponding value obtained

in the absence of NS1.

(A) Fluorescence enhancement factor of the CellROX® Deep Red Reagent as a function of NS1
concentration. The fluorescence enhancement factor corresponds to the ratio between the MFI
(Mean Fluorescence Intensity) values obtained in the presence and in the absence of NSI,
respectively, as measured in FL-4 channel. The reported ratios correspond to averages of at least 4
independent measurements. One representative experiment is shown in panel B. (B) One example of
cell population distribution of CellROX® Deep Red fluorescence intensity (as measured in FL-4
channel). Curve 1: control cells (in the absence of CellROX® Deep Red and NS1); curve 2: cells +
CellROX® Deep Red alone; curves 3-5: cells + CellROX® Deep Red in the presence of increasing NS1
concentrations (1, 5 and 20 uM, respectively). Inset: modulation by the oxidative stress inducer TBHP

as a positive control.

Unlike the bell-shaped curve observed in the case of HUVEC cells, the response of ROS
formation in A7R5 cells displayed a monophasic behavior that continuously increases until it
reached a plateau. With the increasing concentration of NS1, the fluorescence emission of
ROS increased up to 2-fold higher than the basal level. This discrepancy probably results
from the differential dominant effects of NS1 interacting with different target(s) among cell
lines. Firstly, the increasing phases observed in both HUVECs and A7R5 are in common,
suggesting that the effect of NS1 on ROS production is reproducible in different cells lines (a
similar behavior was observed with Hela cells (data not shown)). The increase in ROS
production in both cases could probably due to the dominant effect of NS1 to other NADPH
site containing protein(s), for instance G6PD as previously suggested, the inhibition of which
by NS1 would account for a burst of ROS. Secondly, regarding the decreasing phase observed
at higher NS1 concentrations in HUVECs, the mechanism probably lies in the inhibition of
ROS produced by either NADPH Oxidase (NOX) or uncoupling of NOS or a combination of
both. Regarding the possibility that NOS could be responsible for the decreasing phase, it is
important to note that no inhibition of ROS was observed in the case of A7R5 cells, despite
the fact that NS1 co-localized with eNOS in A7R5 cells (data not shown). This qualitative
observation alone cannot exclude the participation of NOS in the differential response
between HUVEC and A7R5 cells since, until now, we do not know whether the level of eNOS
produced in A7R5 is comparable to that in HUVECs. On the other hand, NOX has been shown
to mediate the NS1-dependent inhibition of ROS production in macrophages. Again, an
extensive study of NOX expression profiles in HUVEC/A7R5 cells is required to conclude
about the participation of NOX in the differential response observed between the different
cell types. At this stage, no clear conclusion can be drawn from the present data. A careful
guantitative study (e.g. Western blot analysis) is then required to assess and conclude about
the participation of NOS/NOX in the decreasing phase.
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DISCUSSION, CONCLUSIONS AND PERSPECTIVES

NS1 was designed as a NADPH analogue targeting the NADPH site of NOS and displaying
differential fluorescence properties between its free or bound state. It is non-fluorescent in
aqueous solvent, but a significant fluorescence recovery occurs upon NS1 binding to NOS
under both one- and two-photon excitation conditions. The estimated Kd value indicated a
good affinity of NS1 for the three NOS isoforms, which is comparable to that of the natural
NADPH substrate. To note, the two-photon excitation condition displayed an obvious
advantage in extracting the pure binding information by eliminating the contribution of the
auto-fluorescence signal of NOS originating from the flavins. NS1 was proved to compete
with NADPH and reversibly inhibited NO formation both in vitro and in the cellular context.
As NS1 was designed to be a NOS inhibitor, functionally it fulfilled the goal. In the binding
test of NS1 to the three NOS isoforms and to other proteins containing or not a NADPH
binding site, NS1 displayed surprisingly selectivity for the NOS isoforms. Among the NOS
isoforms, NS1 lead to differential effects, depending on the nature of the NOS protein, in
terms of fluorescence quantum vyield, most likely because NS1 probes a different
environment in terms of water molecule content in the vicinity of the nitro group. The
eNOS-bound NS1 has a higher quantum yield over nNOS and much higher over iNOS. We
took advantage of this feature in the imaging study at cellular level, in endothelial cells
(HUVECs) which produce eNOS. A significant fluorescence emission appeared rapidly after
the addition of NS1 into the culture dish, suggesting a fast and efficient internalization of NS1.
Most importantly, the fluorescence emissions of NS1 and immuno-labeling of eNOS showed
a consistent asymmetrical localization at the perinucleus region and a sporadic localization at
the plasma membrane, as well as a co-localization between the NS1 and eNOS signals,
showing that NS1 targets eNOS in endothelial cells. A signal also appears in Hela cells (which
do not produce eNOS) but in this case the perinucleus signal has a symmetrical pattern
around the nucleus. This result indicates that the NS1 emission signal in cells is not fully
explained by its binding to eNOS.

In the studies of NS1-induced physiological response in vivo, NS1 was found to inhibit
NO and modulate ROS production at the cellular and tissue levels; The NS1 effect on ROS
complicates the analysis of its proper effect on NO-dependent vasodilation/vasoconstriction.
Besides, NS1 exhibited an anti-angiogenesis effect on endothelial cells and prevents the
proliferation of melanoma. The NS1 induced NO-dependent vasoconstriction in isolated
mouse aorta was observed in the presence of catalase only, where the measured production
of NO showed an inhibition effect of NS1, as well as in endothelial cells. However, the
response of vascular to NS1 appeared to be opposite in the absence of catalase, where a
NO-independent vasorelaxation was observed, suggesting an additional target of NS1 than

eNOS in the aorta. The interaction of NS1 with this target would probably account for the
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NS1-dependent formation of ROS. G6PD could be a candidate, since inhibition of its activity
is expected to increase the ROS level (238) (239). Accordingly, in the fluorescence detection
of ROS in endothelial cells treated with NS1, the modulation of ROS production displayed a
clear but complex biphasic pattern in response to increasing NS1 concentrations: the
enhancement of fluorescence intensity occurred at low concentration of NS1 (below 2 uM),
whereas using higher NS1 concentrations (up to 20 uM), the ROS level decreased
continuously. The decreasing phase could be related to the reduced ROS derived from
electron leakage in NOS and/or inhibition of ROS produced by NADPH oxidase. The
supportive evidences were provided by (i) in vitro experiments of ROS production that
originates from uncoupling of nNOS and (ii) O, detection in activated mouse macrophages:

in both cases, NS1 behaves as an inhibitor of ROS production.

In summary, NS1 competitively binds to the reductase domain of NOS and efficiently
inhibits NO catalysis by blocking the electron flow, including in endothelial cells and isolated
mouse aorta; it may induce the NO-dependent vasoconstriction, and inhibits both
angiogenesis in endothelial cells and proliferation of melanoma. Different from conventional
NOS inhibitors, it is the first inhibitor targeting the reductase domain of the enzyme.
Meanwhile, this molecule tool exhibits a unique two-photon property with an excellent
signal-to-noise ratio in fluorescence emission. Finally, in addition to its role as a NOS inhibitor,
NS1 was also proved to modulate ROS formation in endothelial cells and macrophages.

Designed as a NOS inhibitor that displays fluorescence property, NS1 reached the initial
purpose. However, the results of in vitro protein-binding assays and fluorescence cell imaging
highly suggest the existence of other potential target(s) than NOS. NS1-NOS isoforms
exhibited much higher fluorescence emission than NS1 in other protein context, regardless
they contain or not a NADPH binding site. Regarding the fluorescence quantum yield, NS1
appeared to be selective for NOS isoforms, yet we cannot conclude that NS1 displays
specificity in terms of binding properties. Indeed, NS1 could have others targets than NOS,
but their interactions may lead to non-fluorescence or a poor fluorescence signal.
Accordingly, NS1 displays differential quantum yields as a function of the NOS isoform, even
though the estimated Kd values characterizing the different complexes were similar (5-10
uM). Furthermore, we performed NS1 internalization in several cell lines, such as HUVECs,
Hela (cervical cancer cells) and MCF cells (breast cancer cell line), and found that the
fluorescence signal of NS1 was not exclusively detectable in endothelial cells, but also in
tumor cells, despite of the observed differences in the fluorescence distribution in the
different cell lines. Indeed, the fluorescence emission in endothelial cells was more polarized
in the peri-nucleus region, corresponding to the Golgi-complex region, and with sporadic
signals at the plasma membrane. By contrast, the fluorescence emission in Hela cells was
more evenly located around the nucleus forming a ring shape (non-polarized pattern) and no
detectable signal at the plasma membrane was observed. The fluorescence emission in
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MCF7 cells was observed consistently along the plasma membrane, and with a similar
pattern in peri-nucleus region as observed in Hela cells. It is known that endothelial contains
much higher amounts of eNOS than tumor cells, and we proved that NS1 targets eNOS in
HUVECs. In contrast, eNOS was not detected in Hela cells. Nevertheless, the fluorescence
emission was consistently detected in the three cell lines, despite of the different patterns.
The possible explanations are: (i) Besides targeting eNOS in endothelial cells, the detectable
fluorescence signal may also originate from non-specific binding of NS1 (i.e. trapping of NS1
within organelles). Such a non-specific signal could explain the symmetrical distribution of
the signal around the nucleus in Hela cells, with a re-distribution/re-localization of the signal
into the Golgi region in the case of HUVECs. (ii) The fluorescence emission of NS1 in tumor
cells could be due to NS1 binding to other protein targets than eNOS. Although NS1 can be
considered as a promising fluorescence probe for NOS labeling, especially eNOS based on
quantum yield consideration, the current data also highlight the requirement to improve the
NS1 selectivity to NOS isoforms over other proteins to ensure selectivity in terms of

biological response (see below).

Based on the spectroscopic characterization, fluorescence properties and in vivo
imaging studies, an extensive study concerning the physiological effect of NS1 was carried
out in endothelial cells, macrophages and isolated mouse aorta. The results once again
confirmed the desired goal of NS1 as a NOS inhibitor. Besides the expected NO inhibition and
vasoconstriction effect induced by NS1, we also observed a substantial variation of ROS
formation in various types of cell lines and in isolated mouse aortic ring. This observation
highly suggested that in a biological environment, NOS is not the exclusive target of NS1. The

supportive evidences are:

(i) Depending on the absence or presence of catalase, the response of aortic ring to NS1
is opposite; the expected vasoconstriction is obtained only in the presence of catalase, an
enzyme which converts H,0, into H,O and O,. In the vascular system, besides NO, H,0, is
another main factor which modulates the vascular tone, suggesting that NS1-induced
vasorelaxation in the absence of catalase could be due to a burst of H,0,, which in turn
accounts for dilation of the aortic ring in a NO-independent manner. Thus only in the
presence of catalase which counters the H,0, effect, a NO-dependent vasoconstriction effect
induced by NS1 was revealed. At this step, the observed physiological effects of NS1 include
the modulation of NO, as well as the modulation of reactive oxygen species. Therefore, NS1
could also target ROS-related enzymes. As previously mentioned, G6PD could be targeted by
NS1.

(ii) The O, production was found to be suppressed by NS1 in mouse macrophages
activated by PMA, suggesting that the NADPH oxidase, a major source of superoxide in
vascular cells (242), could be an additional target. Further experiments are needed to

understand the differential effect of NS1 on ROS inhibition in different cell lines (HUVEC, Hela,
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and A7R5). This implies: a quantitative study of eNOS and NADPH oxidase expression profiles
in endothelial, Hela and A7R5 cells. It could be also interesting to perform in vitro studies
regarding (i) the effect of NS1 on the NADPH oxidase-derived ROS formation and (ii)
two-photon fluorescence measurements of NS1-NADPH oxidase complex formation.

ROS modulation by NS1 in the cell context is complex and leads to a biphasic response
in endothelial cells. The increasing phase in the ROS detection as a function of NS1 that
occurs at low NS1 concentration is in accordance with the NS1-induced
vasorelaxation/vasoconstriction in the absence and presence of catalase, respectively. These
observations show that NS1, in a certain concentration range, could activate the ROS
production, suggesting the existence of a third target in addition to NOS and NOX. It is then
reasonable to interpret the biphasic effect of NS1 in endothelial cells and mouse aorta as
follows: NS1 may target certain enzyme(s), leading to the up-regulation of ROS, whereas
other enzymes such as NOS and NOX could be involved in the net decrease in the ROS
production observed in the presence of NS1. These two inverse processes are probably in
competition in living systems, however depending on the cell line. The overall effect could be
dependent on the NS1 concentration used and the expression levels of the targeted proteins
in a given cell line. Preliminary in vitro experiments performed by J-L Boucher (Paris V)
indicated that NS1 inhibits G6PD (Glucose-6-phosphate dehydrogenase), an enzyme
containing a NADP binding site and that_reduces NADP* to NADPH (personal communication).
The inhibition of the G6PD activity is known to promote the endothelial cell oxidant stress
(239). Since NS1 was designed as a NADPH analogue, it is likely to target and inhibit G6PD,
explaining the increasing phase of ROS formation in endothelial cells and the observed
vasorelaxation effect due to the burst of H,0, in mouse aortic rings. Further experiments
should be addressed to correlate the ROS production and the co-localization of NS1/G6PD in
the cell context.

Besides the detection of ROS in endothelial cells treated with NS1, we performed
parallel experiments in A7R5 cells (rat aortic smooth muscle cells) using the same protocol.
By contrast to the results obtained with HUVECs, the response of ROS to NS1 in A7R5
appeared to be monophasic, i.e. only the increasing phase was observed without any
inhibition of ROS production up to 20 uM of NS1. The increasing phases observed in both
HUVECs and A7R5 suggested that the effect of NS1 on ROS production is reproducible in
different cells lines; probably the inhibition of NS1 to other NADPH site containing protein(s),
as for instance G6PD as suggested above, accounts for the burst of ROS. Regarding the
decreasing phase observed at higher NS1 concentrations in HUVECs, the preliminary in vitro
study provided one possible explanation: under condition of nNOS uncoupling, NS1 inhibited
both H,0, and O, productions. Another possible explanation for the decreasing phase
observed in HUVEC cells probably lies in the inhibition of ROS produced by NADPH Oxidase
(NOX) as observed in macrophages. Altogether, the inhibition of ROS production in HUVECs
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may be due to either the inhibition of NOX or inhibition of NOS uncoupling or a combination
of both. Regarding the possibility that NOS could be responsible for the decreasing phase, no
inhibition of ROS was observed in the case of A7R5 cells, despite the fact that eNOS was
evidenced in A7R5 cells by immuno staining experiments (data not shown). However, this —
only — qualitative observation is insufficient to provide definitive conclusion about the
participation of NOS in the decreasing phase. A quantitative approach by western blot
analysis is required (and will be performed in the near future) in order to compare the
expression levels of NOS in HUVEC and A7R5 cell lines. On the other hand, NOX is another
possible candidate for the decreasing phase. Currently the expression profiles of NOX in
HUVEC/A7RS5 cells remain unknown. Again, the expression profile of NOX in both cell lines
must be evaluated. Generally speaking, to further investigate the targets responsible for both
increasing/decreasing phases, it is needed to quantify the different enzyme expression levels,
such as eNOS, NADPH oxidase and G6PD, among the different cell lines.

The biosafety issue is an important factor to evaluate the feasibility of a new drug.
Firstly, in our study, the MTT assay was performed in HUVECs and A7RS5 cell lines, with the
treatment of NS1 dissolved in agueous buffer, up to concentration at 30 uM, no significant
cell viability change was observed. Secondly, during the cell exposure to light excitation, the
factor of photodamage should also be taken into account. Since the two-photon excitation
rate depends on the square of the illumination intensity, the out-of-focus background
excitation falls as the reciprocal 10* of distance above and below the focal volume, thus the
excitation and the subsequent photodamage are avoided along the out-of-focus beam path
way. By comparison, UV-induced damage occurs for power values of about three orders of
magnitude lower than the mean values of NIR femtosecond laser pulses. Reduced damage
outside of the focal volume may have tremendous advantages in multiphoton studies of
thick specimens. Since the first commercial multiphoton microscopes were introduced in
1996, multi-photon microscopy has been widely applied to a variety of imaging tasks and has
now become the technique of choice for fluorescence microscopy of thick tissues as well as
small animals. In the optical window of two-photon excitation in the NIR region (700-1200
nm), the absorption and light scattering in biological tissues are also much lower than in the
UV/VIS region of the spectrum.

As mentioned above, further progress should be dedicated to improve the selectivity of
NS1 for NOS isoforms over the other proteins. Based on the molecular modelling (A.
Slama-Schwok & Bogdan Tarus, INRA, personal communication), by adding a molecular hook
to NS1, the recognition of the inhibitor to NOS isoforms is supposed to be improved since the
steric fit between NS1 and NOS is expected to be tighter. To note, there is a specific position
in NS1 (or NT) between the chromophoric moiety and the docking moiety that could be
compatible with the attachment of such a function (red color in Fig.19). The group of Joanne
Xie (PPSM, ENS-Cachan) is currently working on the synthesis of new compounds that belong
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to the NT family with a hook inserted between the nucleotidic and the chromophoric parts.
Such a strategy can be also applied to the NS family since the NS and NT share similarity in
these overall structures (except the electron donor/acceptor group in the chromophoric
moiety which are different). By analogy, in the near future, the structural improvement of NS
could be then addressed, by synthesizing new NS compounds containing a similar molecular
hook.

NH,
—
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N o
HO 0*5’\
o OH

Fig. 19 Scheme of NS1 highlighting the available position (in red) for the attachment of a new function.

Another improvement of the NS strategy concerns the photo-control of the binding step
of NS1 to NOS. The possibility to “switch on/off” the NOS inhibition can be realized by
modulating the trans-cis steric configuration of NS1. Based on molecular modelling (A.
Slama-Schwok & Bogdan Tarus, personal communication), only the trans configuration of NS
is expected to efficiently bind to NOS, corresponding to the “switch on”. By contrast, the
binding of NS to NOS would be impeded when it is in the cis configuration, corresponding to
the “switch off” function. By means of light illumination, it is possible to change the steric
configuration of NS between the trans/cis isoforms, to further control the “switch on/off”
effect of NS. For example, starting from a cis isoform (inactive: no binding to NOS -> no
inhibition), it would be possible to trigger NOS inhibition by light illumination which converts
the cis into the trans configuration (active: binding to NOS -> inhibition). During the time
course of my thesis, | performed preliminary trans-cis isomerization experiments by UV/VIS
light illumination on NS series, which contain various electron acceptor groups (data not
shown). In the case of NS1, the attempt for modulating trans-cis isomerization showed a
failure, due to the non-rotable nitro group which is known to inhibit the steric transition from
trans-to-cis isoform, as well as the fluorescence (243). However, my results suggested a more
promising perspective for a NS derivative which contains a CN group instead of NO,. The
preliminary experiment for this compound showed the possibility of a trans-to-cis conversion,
there was a significant variation in the absorption spectra before and after light illumination.
Unfortunately, in the trans-to-cis photoisomerization experiments performed on the NS

derivatives containing a CN group, the absorption maximum of the trans isoforms only

139



decreased 50% after the light illumination, and only 10% recovery of absorption was
observed in the cis-to-trans photoisomerization experiments, suggesting that the reversibility
of the phenomena was limited by photo-damage. In the future, other NS derivatives

containing other electron acceptor groups will be tested.

In summary, NS1 as a novel molecular tool displayed the efficient inhibition effect on NOS
and induced expected physiological response in cells and isolated aorta, as well as a unique
two-photon property with high signal-to-noise ratio imaging; these features provide broad
perspectives in pharmacological applications concerning enzymatic modulation, with
interesting anti-angiogenesis properties. However, several aspects should be improved such
as the binding selectivity and the photo-control of isomerization which in turn could control
the binding of NS to NOS in a spatial and temporal manner.
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Abstract

In this study, we introduced a NADPH derivative named as Nanoshutter (NS). NS was designed to inhibit
the catalytic activity of NOS, i.e. synthesis of NO, by occupying the NADPH site in the reductase domain
of NOS. In mammals, NO participates in extensive physiological/pathological processes in the
cardiovascular, nervous and immune systems. The pathway of mammal NO synthesis is the oxidation of
L-arginine catalyzed by NOS, which occurs in its oxygenase domain. The catalysis requires three
co-substrates (L-arginine, NADPH, and O,) and five cofactors groups (FAD, FMN, calmodulin, BH, and
heme). Guided by molecular modelling, the structure of NS contains two conjugated subunits: (i) the
nucleotide recognition motif of NADPH was retained in NS, allowing a proper targeting to the NADPH
binding site of NOS; (ii) the nicotinamide moiety of NADPH is replaced by a stilbene moiety linked with a
terminal electron acceptor group, preventing electron flow from the reductase to the oxygenase domain of
NOS. Furthermore, this moiety is characterized by a large two-photon absorption cross-section (o, = 130
GM at 840 nm).

NS1, the first compound of the NS family, contains a NO, terminal group as an electron acceptor group.
NSI1 displayed distinct fluorescence properties in its free and NOS-bound states. The Kd value (= 4.2 uM)
was estimated in titration experiments performed under one- or two-photon excitation conditions,
suggesting an effective binding of NS1 to NOS with a good affinity. Surprisingly, in terms of fluorescence
quantum yield, NS1 displayed a good selectivity to the NOS isoforms over other proteins which contain or
not a NADPH binding site. Furthermore, NS1 was shown to competitively inhibit nNOS in a
dose-dependent manner. In fluorescence imaging experiments with endothelial cells (HUVEC), NS1
displayed a rapid and efficient internalization, with highlighted fluorescence signal at the perinucleus
region and sporadic signal at the plasma membrane. This observation was in accordance with the
colocalization imaging between NS1 and eNOS as shown by immunostaining, showing that NS1 actually
targets eNOS in endothelial cells. The expected NO-dependent vasoconstriction in isolated mouse aortic
rings was only evidenced in the presence of catalase, which converts H,O, into H,O and O,. By contrast,
in the absence of catalase, a contradictory vasorelaxation was observed. This result indicates that NS1 may
target more than NOS in endothelium system, which is (are) likely related to Reactive Oxygen Species
(ROS) production. Accordingly, NS1 led to a biphasic response of ROS production in HUVEC cells: An
increasing phase occurred at low NS1 concentration (below 2 uM) and followed by a decreasing phase
(ROS inhibition) at higher NS1 concentrations. Furthermore, NS1 was shown to inhibit O, production in
mouse macrophages and H,0, and O, production in uncoupled nNOS in vitro. Altogether, the possible but
not exclusive explanations for current data are: in addition to its inhibition effect on NO production, NS1
probably also inhibits the ROS production either produced by NADPH Oxidase or by electron leakage
from uncoupled NOS, or a combination of both. The origin of the increasing phase remains more elusive
but could correspond to the targeting of glucose-6-phosphate-dehydrogenase (G6PD). Additionally, NS1
displayed anti-angiogenesis effect on endothelial cells and prevented proliferation of melanoma.

In conclusion, NS1 fulfilled the goal as a new NOS inhibitor targeting the reductase domain and displayed
a unique two-photon property in vitro and in vivo, these features may provide a promising future for
non-invasive real-time imaging, and to potential clinical applications in the NO-dependent diseases.

Key words: NanoShutter (NS); Nitric Oxide (NO); Nitric Oxide Synthase (NOS); NADPH derivative;
Reactive Oxygen Species (ROS); two-photon fluorescence; confocal microscopy; fluorescence imaging
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