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INTRODUCTION

Research in the Frontiers between Biology,
Chemistry and Physics

In this issue of SREW we offer four reviews describing each of them several years of research work in their respective
group in Argentina.

The interaction of light with the biosphere (area of research called photobiology) is of increasing interest in the world
and the Argentinian scientists (from the end of the world) have not been absent.

In fact, there is a very active Argentinian Group of Photobiology (called GRAFOB from the name in Spanish, https://
grupoargentinodefotobiologia.info/site/site/grupar/), created in 2011, that has already held five successful meetings in
various cities in the country and counts with about 200 members from ca 20 groups in many places in Argentina, some
of them with a very long tradition of and internationally appreciated research. Two of the several groups working in
Photobiology in Argentina present in this issue an overview of their research.

Mario Guido tells us how research in his laboratory at the National University in Cordoba has provided important
contributions to the discovery and understanding of the non-visual photoreceptors in vertebrates. These photoreceptors,
present in the inner retina of the animals, furnish them with a broad spectral sensitivity and serve them to regulate several
vital functions (non-image forming tasks), even before vision (image formation) occurs.

M. Gabriela Lagorio with her group at the University of Buenos Aires has developed fluorescence detection methods
and the necessary models to study and interpret the emission of light by living organisms, i.e., by complete fruits, flowers
and plants in general as well as by reptiles. Using these methods, in a real multidisciplinary effort and carrying on
sophisticated experiments, performed all in Argentina and Brazil, the first emission from frogs (from Boana punctata, a
South-American species) could be analyzed, quantified, and its origin traced back to a novel fluorophore.

The group led by Gabriel Rabinovich has made breakthrough contributions about the role of galectins, a family of
soluble lectins as regulators of immune responses. In this issue we offer their authoritative review on the role of Galectin-1-
driven regulatory circuits for immunity in cancer and autoimmune inflammation. As stated by the authors, understanding
the cellular pathways that control Gal-1 expression and function in tumor and inflammatory microenvironments will set
the bases for the design of rational therapies based on positive or negative modulation of this endogenous lectin in cancer
and autoimmune diseases.

José A. Olabe is well known for his seminal work on the role of coordination chemistry in the modulation of the
properties of the bound ligands. In his article he reviews in deep the fascinating chemistry of nitric oxide, a key intermediate
in the nitrogen redox cycles that operate in soils, water and human fluids to provide reversible interconversion pathways
between nitrate and ammonia.

All in all, the four reviews comprising this issue of Science reviews from the end of the world provide a good insight
on the research being carried out in Argentina in the frontiers between biology, chemistry and physics.
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Miguel A. Blesa

Silvia E. Braslavsky
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llluminating the Inner Retina of Vertebrates:
Multiple Opsins and Non-Visual Photoreceptors

Mario E. Guido

CIQUIBIC-CONICET, Departamento de Quimica Biolégica “Ranwel Caputto”, Facultad de Ciencias Quimicas, Universidad Nacional de
Cérdoba, Cérdoba, Argentina.
E-mail: mguido@fcq.unc.edu.ar
“Just as our ears provide us with the sense of balance and hearing, each of our eyes is
essentially two organs in one”

Ignacio Provencio, Scientific American 2011

Abstract

Throughout evolution, the need to detect light has generated highly e
specialized photoreceptor cells that in vertebrates are mainly located I
in the retina. The most studied photodetectors within these cells
are the visual photoreceptors “cones and rods” responsible for day
and night vision, respectively. These cells contain photosensitive
molecules consisting of a protein part called “opsin” that binds
a chromophore derived from vitamin A, retinaldehyde, capable .D u [

of photoisomerizing from 11-cis retinal to all-trans retinal form, T ek T I&lJ

and triggering the light responses that lead to vision. However, e e

other cells of the inner retina of vertebrates [retinal ganglion cells (RGCs), horizontal cells (HCs), and
Muller’s glial cells] are currently known to express non-visual photopigments such as melanopsin
(Opn4), encephalopsin (Opn3) and neuropsin (Opn5), which would be involved in diverse functions not
associated with imaging. Melanopsin is the most widely studied of them, it is expressed in intrinsically
photosensitive RGCs (ipRGCs) and HCs of the chicken retina and participates in setting the biological
clock, the pupillary light reflex, and presumably in other reflex and subconscious functions, in addition
to the lateral interaction between visual photoreceptors and HCs. It is noteworthy that these non-visual
photopigments (Opn3, Opn4 and Opn5) respond to blue and/or near violet region light. This particular
photosensitivity may provide individuals with a broader spectrum of response to light stimulation within
the visible beyond the scope of the visual photoreceptors, regulating an important number of functions
not yet completely identified. We can conclude that “a constellation of cells and photoreceptor molecules
are present in the inner retina of vertebrates, and from very early stages of development, even before
any sign of vision may occur.”

Keywords:
retina, non-visual phototransduction, opsins, blue light, non-image forming activities, ganglion cells,
horizontal cells, photoreceptors

Introduction

Light is itself an essential source of energy and life on the planet. Many living organisms have developed specific molecules
for the detection of light, known as “photopigments” mainly in the visible spectrum. They are located in specialized cells
called “photoreceptor cells” placed in the retina of all vertebrates including man (Fig. 1), and in other photosensitive
structures in non-mammalian vertebrates such as the pineal gland and nuclei of the deep brain.
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The detection of light by such photopigments triggers both the functions associated with vision that involve image
formation, and a significant number of reflex and subconscious activities, not associated with imaging. These functions
include phototaxis, setting of biological clock by light, pupil constriction, sleep, light inhibition of the hormone
“melatonin” in the pineal gland (night signal) and photophobia, among others. Likewise, prolonged deficits or persistent
alterations in the lighting environmental conditions due to seasonal changes (short days with low light intensity and long
nights), industrialized modern life with continuous artificial lighting day and night, night exposure to daylight tablets,
notebooks, cell phones, LED screens and televisions, night work-shifts, or trans-meridian flights, cause marked alterations
in physiology and behavior. These include sleep disturbances, the desynchronization of daily behavioral and hormonal
rhythms, jet lag, seasonal depression, etc. The latter, called SAD (Seasonal Affective Disorder), are precisely treated with
phototherapy by exposure to bright blue light at day to counteract the poor ambient light on short winter days.

Through the perception of light, most living beings can adequately visualize the surrounding environment, as well as
perceive the marked changes in light intensity, spectral composition, duration and contrasts that occur throughout the day
and night. In animals, such light perception constitutes the primary event that triggers more complex processes leading
to the formation of images and non-visual functions. For this, photopigments capture photons and convert them within
photoreceptor cells into chemical information and electrical signals. In higher animals, these signals propagate through
nerve impulses from the retina to different brain regions. Photopigments called “opsins” are proteins that bind a vitamin
A derivative, the retinaldehyde, as a chromophore, able to photoisomerize, making them sensitive to light. Opsins are
located in the membranes of specialized cells: “the photoreceptors™. Visual photoreceptors are grouped together forming
structures of varying complexity: the eyes (Fig. 1).

Light Light

OptIC Nerve : Normal Retina Retinal Degeneration

Figure 1. Illustration of the Eye and Retina of vertebrates. Left panels: The retina lies at the back of the eye, it is a
multilayered structure that is in contact with the pigment epithelium (RPE) and is made up of Photoreceptor Cells (PRC):
cones (yellow) and rods (blue) with external and inner segments and their nuclei forming the outer nuclear layer (ONL).
This layer synapses with the outer plexiform layer (OPL) of the inner nuclear layer cells (INL) made up of interneurons:
Horizontal Cells (brown), Amacrine (violet) and Bipolar (light blue) whose processes form the inner plexiform layer
(IPL) that contacts the Ganglion Cells (GCs, green) of the ganglion cell layer (GCL) whose axons form the optic nerve
(green) and project to the brain. Light first strikes these GCs, which in turn contact the feet of Muller Glial Cells (pink)
whose body extends throughout the entire inner retina. Right panels: Histological staining of the retina from a healthy
control and from a blind animal suffering retinal degeneration and lacking the photoreceptor cell layer (PRC), whereas
the inner retina remains viable (INL and GCL).

From an evolutionary point of view, the vertebrate eye has a very important morphological and functional complexity,
comprising the eye chamber, which has a set of systems that collects light and projects it onto the retina, located at the
back of the eye (Fig. 1). The retina is a multilayered structure that is part of the central nervous system and consists of three
neuronal layers (layers of neuron nuclei) and two layers of processes (plexiform layers). The retinal photoreceptor cells
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(PRCs), so-called “visual photoreceptors”, are the rods and cones, which are responsible for daytime (color) and night
(black and white) vision, respectively. The PRCs are in contact with the retinal pigment epithelium (RPE) that prevents
the diffusion of light, and that are in charge of recycling the visual chromophore through the process called “visual cycle”.
The interneurons (horizontal cells or HCs, bipolar and amacrine cells), through synapses, connect the PRCs with the
retinal ganglion cells (RGCs) whose axons form the optic nerve that conducts nerve information to different areas of the
brain involved in vision (visual circuit) and / or through an independent “non-visual” circuit, responsible for the control
of subconscious and reflex functions (Fig. 2).

Visual & Non Visual Circuits
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Figure 2. Visual and Non-visual Circuits. Retinal functions. Image forming and Non-image forming tasks. The Visual
Circuit (blue) projects from the retina to the brain (visual cortex and other brain areas) and is responsible for coordinating
the image-forming activities that lead to vision and allow us to visualize the surrounding environment. The non-visual
circuit (red) projects from the retina to various brain areas regulating the physiology and behavior of vertebrates mainly
related to subconscious and reflex functions. In non-mammalian vertebrates, light can be detected by the retina, the pineal
gland, and deep brain photoreceptors. In GUCY'1 * chickens that are blind from birth, light still regulates the daily timing
of feeding rhythms (double plot actogram shown below) and the pupillary light reflex (image of a GUCY1 * chicken pupil
before and after light stimulation). Light is detected through retinal ganglion cells (RGCs), intrinsically photosensitive
(ipRGCs) that project to the brain areas forming a non-visual circuit (red), independent of image-forming activities. This
circuit regulates synchronization of daily rhythms by light, pupillary light reflexes, photic inhibition of pineal melatonin,
mood, sleep, and other non-visual functions. See text for further details.
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At the beginning of the last century, an advanced student at Harvard, Clyde Keeler (1927) observed that his blind pet
experienced constriction of the pupils when exposed to light. This intriguing observation induced the question whether it
is possible to perceive light even in the absence of vision. These and closely related questions have motivated numerous
researchers around the world throughout the last decades and have stimulated them to answer these questions.
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Unknown functions for photosensitive cells of the inner retina

Only at the beginning of the 21* century, two fundamental studies shed light on the existence of a circuit different from
that related to image-formation, which would be responsible for such photosensitivity. One of these investigations was
carried out by Ignacio Provencio and colleagues (2000) who identified a photopigment called melanopsin (Mel or Opn4)
(Fig. 3) expressed in mammals in a subpopulation of RGCs. The other by David Berson together with Samer Hattar and
collaborators (2002) who described that a subpopulation of RGCs responded directly to light, calling them intrinsically
photosensitive RGCs (ipRGC). The peculiarity of these cells is that they project to the anterior hypothalamus, specifically
to a small nucleus called the suprachiasmatic nucleus (SCN) and to other “brain” regions. The SCN constitutes the
master clock of mammals and is responsible for the temporal control of physiological and behavioral rhythms (Fig. 2).
Furthermore, these ipRGCs express the melanopsin photopigment and are also present in non-mammalian vertebrates
such as birds, fish and amphibians. Within these vertebrates, the chicken has been the working animal model in our
laboratory and we currently know that these birds also contain photosensitive cells in their inner retinas, forming a
neural network that feeds an independent non-visual circuit. Specifically, these ipRGCs would be responsible, through
projections to specific areas of the brain, of daily synchronizing the biological clock to external lighting conditions, of
controlling the pupillary reflex, and of regulating by light other processes not associated with imaging (review: Guido et
al., 2010) (Fig. 2).

Against this background, a fundamental question arises about how these ipRGCs act and transmit information to the
brain. To answer this question, we had to isolate the ipRGCs, keep them in culture and study their responses to light,
at the biochemical and molecular levels, as well analyze the nature of the potential phototransduction cascade. Our
group first described the photocascade that takes place in any vertebrate ipRGCs through studies with primary cultures
of chicken RGCs at early embryonic stages, in which the only differentiated retinal cells are these RGCs. We applied
molecular, biochemical and pharmacological tools (Contin et al., 2006; 2010). From these studies, we observed that
these photosensitive cells act through a photocascade that involves retinaldehyde as the chromophore, a Gq protein as
a transducin, and a phospholipase C, - an enzyme that hydrolyzes phosphoinositides - as an effector enzyme, ultimately
causing mobilization of intracellular calcium, and the activation of TRP-like transient potential receptors (Contin et al.,
2006; 2010; Diaz et al 2014; 2017) (Fig. 4). The mobilization of intracellular calcium induces the depolarization of the
cell and the light-triggered process is highly similar in its biochemical nature to the phototransduction cascade that occurs
in invertebrate photoreceptors (rhabdomeric photoreceptors). Furthermore, these ipRGCs would derive from an ancestral
photoreceptor common with invertebrate photoreceptors, which has endured throughout evolution coexisting with the
rods and cones within the retina, in order to complement the activity of these visual photoreceptors (day and night vision).
Likewise, ipRGCs appear very early in the development of vertebrates, before any specific signal of formal vision is
detected. The question that then arises is: What would be the function of these early photoreceptor cells? In fact, it is
sensing light and darkness at day and night. We currently know that these intrinsically photosensitive cells are responsible
for photodetection mainly associated with light control of various non-visual functions.

10
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VISUAL AND NON VISUAL PHOTOPIGMENTS
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Figure 3. Visual and Non-visual Photopigments and Photoisomerases. Visual Opsins are the visual photopigments that
include short, medium and long wavelength opsins (Opnl) and rhodopsin (Opn2) present in the outer segments of cones
and rods (visual photoreceptor cells) and are involved in day and night vision, respectively. The chromophore 11-cis
retinal (vitamin A derivative) is bound to a lysine residue in the protein part of the photopigment. Upon light stimulation,
11-cis retinal is photoisomerized to all-trans retinal. Opsins are coupled to a G protein that acts as the light transducer.

Non-Visual Opsins: include opsins that use retinal as a chromophore and bind to a G protein. These opsins include:
Opn3 (encephapsin), Opn4 (melanopsin), and Opn5 (neuropsin). The peculiarity of these opsins is that they respond to
blue (Opn3 and Opn4) and UV (Opn5) light and are involved in the regulation of various light-driven non-visual functions.
Melanopsin: Throughout evolution, vertebrates have conserved 2 Opn4 genes (Opn4m and Opn4x). Opn4x has been lost
in mammals along with other opsins, likely during the mammalian entrance into the nocturnal phase. Non-mammalian
vertebrates (birds, fish, etc.) possess both Opn4 genes (Opn4m and Opn4x), which encode for the corresponding proteins
and isoforms differentially expressed in ipRGCs and HCs of the inner retina. The phototransduction cascade triggered
by Opn4 activation, involves the Gq protein, phospholipase C (PLC) activation, Ca* mobilization, and membrane
depolarization with GABA release in the inner retina. Opn3 and OpnS5 are expressed in neurons of the inner retina and
in Miiller glial cells through cascades and functions not yet fully elucidated. The third group involves Photoisomerases
that bind all-trans retinal: Peropsin, Retinochrome and RGR. They are expressed in the retina of vertebrates, mainly
in the retinal pigment epithelium (RPE), inner retinal cells and Muller glial cells, and involved in the recycling of the
chromophore required to constitute an active photopigment.

Various photoreceptors/photopigments coexist in the vertebrate eye

It is really remarkable that, although there is a variety of eye types with greater or lesser complexity in nature, only a
very limited number of photoreceptor cell types are observed: the photoreceptors of invertebrates called “rhabdomerics”
and the ciliated photoreceptors of vertebrates (PRCs cones and rods, Fig. 1), and photoreceptors of the pineal gland
in non-mammalian vertebrates. Rhabdomeric photoreceptors present a membrane arrangement organized in microvilli
where the photopigments are concentrated, whereas the ciliated photoreceptors present the cilium folded back on itself,
forming saccules in the external segment that contains the opsins. In both types of photoreceptors, opsins are covalently
bound to the vitamin A-derived chromophore, the retinal. However, and beyond the fact that the different types of
opsins have a certain homology, they use different nervous transduction systems with opposite electrochemical signals.
Rhabdomeric photoreceptors are depolarized by light (becoming more positive inside), whereas ciliated photoreceptors

11
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are hyperpolarized by light (becoming less positive inside). In invertebrates, rhabdomeric photoreceptors, associated with
pigment cells, form the eyes, whereas in vertebrates they would have transformed into RGCs (ipRGCs) and other cells
of the inner retina such as amacrine and horizontal cells (HCs). These retinal neurons are evolutionarily sister cells with
RGCs by sharing specification factors and also retaining intrinsic photosensitivity as described above (Fig. 3). On the
other hand, ciliated photoreceptors evolved into photoreceptors of the pineal organ of the brain and in the retina into rods
and cones. The cones are sensitive to intense light and have opsins that respond to different wavelengths (short, medium
and long; day vision, color), whereas the rods are sensitive to low-intensity light (night vision).

MELANOPSIN/
o ®

NON VISUAL OPSINS

LIGHT

GABA RELEASE AND OTHER SIGNALS p ® 00

g & 0 ‘" | DEPOLARIZATION

Figure 4. Phototransduction cascade of non-visual photoreceptors of vertebrates. This photocascade operates in
intrinsically photosensitive ganglion cells (ipRGCs) and horizontal cells (HCs) expressing melanopsin proteins (Opn4m
and Opn4x). Once a photon strikes the melanopsin or another non-visual photopigment, the retinal chromophore isomerizes
from 11-cis retinal to all-trans retinal. This photoisomerization activates a Gq protein that acts as a light signal transducer
activating an effector protein, the enzyme phospholipase C (PLC). In turn, PLC hydrolyzes the phosphoinositides (PIP,),
minor lipids of the membranes, producing intracellular lipid mediators (inositol-triphosphates IP, and diacylglycerol
DAG) with the consequent Ca*" mobilization inside the cell through inner reservoirs (IR) or transient potential channels
located in the membrane (TRP) (Contin et al., 2006; 2010, Diaz et al., 2014). The increase of Ca*" inside the cell
produces the depolarization of the membrane, making it more positive inside with the consequent release of the GABA
neurotransmitter in HCs (Morera et al., 2016) or other neurochemical signals.

In the vertebrate retina, photoreceptors also differ in the functions they regulate since PRCs are responsible for the
processes required directly for vision, and associated with imaging, whereas ipRGCs regulate reflex and subconscious
functions (Fig. 2). Based on the presence of the melanopsin photopigment, on the biochemical characteristics of the
photocascade triggered in response to light, and on a group of transcription and specification factors, phylogenetically
conserved and expressed by these cells (Pax6, Ath5, Brn3 and BarH genes), it could be concluded that these inner retina
cells of vertebrates (ipRGCs, HCs and amacrine) share a common evolutionary ancestor with the photoreceptors of
invertebrates. Furthermore, our group also recently demonstrated that in the chicken embryonic retina, HCs that express a
particular isoform of the melanopsin photopigment (mel x) exhibit photosensitivity to blue light causing cell depolarization
with calcium mobilization and GABA release (Morera et al., 2016). It is noteworthy that these HCs are in direct contact
with the visual photoreceptor cells “cones and rods” through the outer process / plexiform layer, and could have the
dual role of regulating lateral interaction in response to blue light or cooperate with the ipRGCs circuit to control light-
triggered non-visual functions.

12
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A variety of new photopigments illuminate the inner retina of vertebrates

The first evidence supporting the concept that the melanopsin photopigment is responsible for the aforementioned
photosensitivity came from a series of pioneering studies showing that immortalized non-retinal cells became
photosensitive after induction of melanopsin expression (heterologous expression), whereas on the other hand, genetically
engineered mice not expressing melanopsin and lacking functional cones and rods, completely fail to detect all types of
light stimulation (reviewed in Guido et al, 2010, and Diaz et al., 2015).

The photopigment melanopsin was initially described by Ignacio Provencio in the frog (Xenopus) and later it was
found that it is also expressed in the brain, iris and retinal cells of most vertebrates (Provencio et al., 2000). There are
at least 2 genes that encoded for melanopsin: Mel-x (Opn4x) and Mel-m (Opn4m), with homologies to the Xenopus
(Opn4x) or mammalian (Opn4m) genes, respectively (Bellingham et al., 2006) (Fig. 3). It is noteworthy that Mel-m is
only expressed in mammals, whereas in birds, amphibians and fish both Mel-m and Mel-x are expressed. The loss of
Mel-x by mammals could be due to the entry of mammals into the night niche, which produced a significant reduction in
photosensitivity, so that as compared to marsupials, mammals suffered the loss of the genes of Mel-x and of some visual
opsins. Although some of the visual opsins were later recovered by gene duplication it was not the case of Mel-x. On the
other hand, in birds and other non-mammalian vertebrates, more complex photodetection systems were preserved during
evolution including the pineal organ and deep brain photoreceptors, responsible for measuring day length and involved in
processes such as seasonal migration and reproduction (Valdez et al., 2009; 2013; reviewed in Guido et al., 2010).

In birds, the presence of messenger RNAs and proteins has been reported for both Mel-x and Mel-m photopigments.
The different melanopsin proteins and their isoforms display sensitivity to blue light close to 480 nm, are expressed in
the retina and are confined in a first stage of development to the RGCs, their axonal fibers and along the optic nerve that
connects the retina with the brain (Verra et al., 2011). All these findings were observed at stages at which retino-tectum
projections are formed. At later and postnatal embryonic stages, a marked spatial separation is observed between both
proteins, whereas Mel-m remains confined to a subpopulation of RGCs, Mel-x is also expressed very strongly in other
cells of the inner retina, reaching maximum expression in the outer plexiform layer that contacts rods and cones and
comprises HCs. Such HCs reach their differentiation and final destination within the retina, coinciding with the robust
expression of Mel-x and its colocalization with the transcription factor Prox1, specific marker of HCs. Indeed, the opsin
Mel-x is expressed in sister cells of the ipRGCs, the HCs, which have also retained the intrinsic photosensitivity as we
recently demonstrated (Morera et al., 2016).

Non-visual opsins and photoisomerases present in the inner retina of vertebrates

In addition to the melanopsin that is expressed in ipRGCs and HCs, other photopigments have been described in the inner
retina of vertebrates; they are the opsins Opn3 (called encephalopsin) and Opn5 (called neuropsin), and the photoisomerase
RGR (Retinal G protein coupled Receptor), whose expression we have found in rat and chicken retina (Nieto et al., 2011;
Diazetal., 2017; Rios et al., 2019) (Fig. 3). The Opn3 and Opn5 photopigments belong to the family of G protein-coupled
opsins that bind retinaldehyde as a chromophore, and respond to blue and UV light, respectively. The generic name of
both opsins is due to the fact that they were first found expressed in the brain, but today it is known that they are expressed
in the vertebrate retina, and in extra-retinal tissues, such as the skin, with potential functions not yet fully characterized. In
chicken, both opsins are expressed in nerve cells of the embryonic inner retina and in Miiller glial cells (Rios et al., 2019).
Furthermore, primary cultures enriched in Miiller’s glial cells that express these photopigments respond to blue light of
high intensity and prolonged duration (> 20 seconds), mobilizing intracellular calcium, through a cascade not completely
characterized even from the biochemical point of view (Rios et al., 2019) (Fig. 3). These novel findings suggest the
possibility that these retinal glial cells are detecting long-term light (prolonged stimuli) and generating responses that
modulate the interaction between cells or between glia and neurons.

Likewise, other studies carried out in our laboratory showed that RGR photoisomerase is expressed in early stages
of embryonic development in neurons and glia, and especially in melanopsin (+) ipRGCs (Diaz et al., 2017). This
photoisomerase would be essential to regulate by light the endogenous content of retinoids (retinals, retinols and retinyl
esters) required by the inner retina to provide the photopigments with enough active chromophore needed for the photic
responses.

From the retina to the brain. Retinal photoreceptor cells and visual circuits. Experi-
mental models for the study of non-visual photoperception.

The vertebrate eye always acts as a sensor for ambient lighting conditions even in the absence of vision. In any case,
and even in the face of these conditions, the retina is the gateway for light information that regulates different non-visual
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functions that synchronize the physiology and behavior of organisms with the external environment (day-night / light
cycles- darkness) (review in Guido et al., 2010) (Fig. 1 and 2). Indeed, the presence of a different group of photoreceptors
housed in the inner retina of vertebrates and containing non-visual photopigments of maximum absorbance in the blue
region, has given vertebrates the evolutionary advantage of higher photosensitivity in a spectral region wider than that
covered by rods and cones, and has enabled them to regulate other functions, not only those associated with imaging.

In humans, even suffering certain types of blindness with progressive retinal degeneration, reflection of their pupils to
light stimulation or acute inhibition by light of the nocturnal pineal melatonin production can be observed. This strongly
indicates that a light detection system that functions to regulate such non-visual functions by light still remains in the
retina of these individuals. These observations, transferred to animal models of mammals with retinal degeneration,
mainly in mice, with the consequent loss of their PRCs, show the existence of a different population of non-canonical
retinal photoreceptors - the ipRGCs - responsible for regulating functions not associated with imaging. To perform studies
on non-mammalian vertebrates, we used wild-type Rhode Island chickens as healthy controls together with GUCY 1*
chickens suffering a retinopathy similar to Leber’s congenital amaurosis (LCA) in humans. These chickens suffer
blindness from birth and have their PRCs (cones and rods) non-functional and subject to progressive degeneration (Valdez
et al., 2009; 2013). However, these animals maintain functional the rest of their retina, constituting an experimental
model of important utility to evaluate the persistence of photoperception under pathological conditions, the functioning of
RGCs and other cells of the inner retina (neuronal or glial types), the participation of them in non-visual photoreception
mechanisms, and the type of photocascade and mechanisms that take place in response to light. GUCY 1* chickens carry a
mutation in the guanylate cyclase enzyme involved in phototransduction that inactivates this enzyme, with the consequent
lack of production of cyclic GMP, the second messenger essential in the activation of cationic channels that generate the
dark current in the absence of light in visual photoreceptors (cones and rods).

After developing a colony of this LCA model in Cérdoba, in a first stage we proceeded to characterize these animals
with histological and electroretinographic studies. These animals were clinically blind, with their PRCs cones and rods
completely non-functional. During the first weeks of life, the retinas of GUCY1* chickens appear morphologically
normal. However, after ca. 3 months of life, the PRC layer shows signs of degeneration, whereas the rest of the inner
retina (inner nuclear layer and RGCs) remains intact (Fig. 1, histological staining in right panel). On the other hand, these
animals do not show any electrical activity in response to light of diverse intensities and wavelengths, at any age (Valdez
et al., 2009). In a second stage we proceeded to study possible responses to light, evaluating behavioral and physiological
parameters that were light regulated. To this end, and since the chickens have daytime habits, we investigated the light
synchronization of the daily feeding rhythms and the pupillary constriction reflex. Every time the animals are fed, a signal
is recorded through a feeding system with an infrared detector, which generates 24-hour recordings collected for weeks
and months so-called “actograms”. These “feeding rhythms” recordings were utilized with both GUCY 1* chickens and
their healthy controls after exposure to different lighting conditions (see bottom panel Fig. 2). The blind animals adjusted
their daily feeding rhythms with precision to the different imposed lighting phases and to light-darkness (LD) patterns
with 4 hours advance or delay, in the same way as the control animals. These daily rhythms persisted in the blind even
with occlusion of their extra-retinal photoreceptors located in the pineal gland and deep brain, and / or after the surgical
removal of the pineal gland (pinealectomy) (Valdez et al., 2009, 2013). Even in blindness, these animals perceive light
that accurately synchronizes their rhythms of feeding activity to the imposed cycles or enter “free run” (endogenous
rhythm) in constant conditions of darkness (DD) or light (LL ) with periods close to 24 h. However, these responses are
lost with enucleation (removal of eye cells), indicating that cells of the inner retina (ipRGCs) are responsible for this light
regulation.

By measuring pupil constriction in GUCY 1*, in response to different light intensities and wavelengths within the
visible spectrum, another light-controlled function can be addressed, and by performing a sensitivity spectrum, we were
able to investigate what type of photopigment is controlling such a function. From a dose-response curve, we determined
the sensitivity spectrum (responses to light of certain wavelengths) for the consensual pupillary reflex (one eye exposed
to lights and recorded in the other). Indeed, the GUCY 1* chickens maintain the consensual pupillary light reflexes as well
as the control animals, so that the contraction of the pupil persists in response to light stimulation, even in the absence
of classic PRCs (Valdez et al., 2009; 2011) (see bottom panel Fig. 2). The responses obtained indicated that pupillary
light reflexes are mediated by an opsin based on vitamin A2, with maximum absorbance at 484 nm, coinciding with the
the photopigment melanopsin absorption spectrum (Valdez et al., 2009). Our studies also showed that this photopigment
is expressed in the RCCs of healthy and blind chickens (Valdez et al., 2009, Verra et al., 2011). The pupillary reflex is
mediated by a subpopulation of RGCs projecting to the pretectal region (OPN) and the Edingher-Westpal nucleus (EW)
that bilaterally innervate the ciliary ganglion (CG), producing constriction of the pupil of both eyes (illuminated and
contralateral) and indicating the integrity and functionality of the whole circuit (Fig. 2). From these series of studies, it
is concluded that GUCY 1* chickens, despite clinical blindness, perceive light through the inner retina and their ipRGCs.
This perception allows them to regulate different non-visual activities: the setting of the daily rhythms, and the pupillary
light reflex. Furthermore, subsequent studies showed that the maximum pupillary constriction is observed during the day
and with exposure to blue light (Valdez et al., 2015).
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Conclusions
From this set of studies carried out with cell cultures and “in vivo” experiments, we can conclude that:

- a constellation of cells and photoactive molecules are present in the inner retina of vertebrates and very early in embryonic
development, even before there are concrete signs of the functioning of the vision processes. This happens in different
populations of retinal cells that have the ability to respond to light, mainly in the blue spectral region, and complementing
the visual function associated with imaging. These populations are: i- [solated chicken RGRs, characterized and maintained
in culture, at very early stages of development. These cells are intrinsically sensitive to light through a transduction
cascade with depolarization of the membrane and mobilization of calcium (Contin et al., 2006; 2010; Diaz et al., 2014).
These cells express Mel-x and Mel-m as well as the RGR photoisomerase that allows them to recycle the chromophore in
light (Contin et al., 2006; 2010; Verra et al., 2011; Diaz et al., 2014; 2017) (Fig. 3).

Aerial view photography of Cérdoba International Airport area (Cérdoba, Argentina) that somehow resembles the
multilayer organization of the vertebrate retina and its illuminated visual/non-visual circuits.

ii- The HCs expressing Mel-x that respond to blue light through a photocascade that involves calcium mobilization and
release of the GABA neurotransmitter (Fig. 4). These HCs probably act in processes of lateral interaction in contact with
cones and rods, and/or cooperating with the ipRGCs in non-visual functions (Morera et al., 2016).

iti- Muller’s glial cells and other cells, which express Opn3 and Opn5, respond to longer-time light stimuli, mainly blue
light, mobilizing intracellular calcium through a mechanism not yet elucidated (Rios et al., 2019), and collaborating
potentially in processes related to neuron-glia or glia-glia interaction under prolongued light stimuli (Figs. 3).

- Through “in vivo” studies with the GUCY 1* chickens, we observed that: i) although these animals suffer blindness from
birth, they perceive light through their inner retina and their ipRGCs, regulating the pupillary reflex and daily feeding
activity (Valdez et al., 2009; 2011; 2013) (Fig. 2). Such photoperception persists even under conditions of occlusion or
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loss of extraocular photoreceptors. However, this photosensitivity is lost with enucleation. These findings highlight a
non-visual circuit similar to that described in mammals involving cells of the inner retina, specifically the RGCs and their
projections to different brain areas. In fact, their projections to the hypothalamic SCN regulate the photic synchronization
of behavior, whereas projections to the pretectal region produce the constriction of the pupil of both eyes (illuminated and
contralateral). Nevertheless, new evidence obtained in mammals indicates that ipRGCs could also contribute in some way
to vision since some RGCs that express melanopsin also project to visual areas, which opens an intriguing panorama of
even greater complexity, potential impact and great challenge for their future study.
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Abstract

The lightthat emerges from a biological entity is relevant from many aspects. In the
first place, it allows the construction of the organism’s image and consequently it
is responsible for visual perception and communication. Secondly, it can become
an important tool in obtaining both physiological and chemical information from
the observed entity, in a non-destructive way. When an organism is illuminated,
the non-absorbed energy emerges as transmitted or reflected light. Additionally,
fluorescence, phosphorescence or bioluminescence may be emitted. In our

research group, we have studied and modelled the light released as reflectance
and fluorescence for different biological systems like flowers, fruits, plant leaves,
canopies, bird’s plumage and amphibians. In this review, we present the advances we have made in this area. They range
from the development of theoretical approaches to the implementation of optical methodologies for practical applications.
The analysis of light interaction with biological material, which is the domain of biophotonics, has recently acquired great
importance in view of the increasing use of optical techniques to the study of living tissues. However, the interpretation
of the photophysical and spectroscopic properties of these systems is usually complicated by several factors: elevated
chromophore’s concentration, optical inhomogeneity, multi-scattering of photons and presence of multi-layered structures
in most cases. Because of these, the accurate modelling of the interaction with light helps to avoid artifacts and to better
interpret the processes that take place. Physical models used in the analysis of chlorophyll fluorescence in leaves and
canopies with application in remote sensing, optical methodologies for food control and quantification of fluorescence in vivo
for evaluation of its biological relevance are examples of the use of the emission of light and will be presented in this review.

Keywords:
chlorophyll fluorescence, fluorescence quantum yield, scattering media, light re-absorption, fluorescence modelling, plant
biophotonics, optical biosignals
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Introduction

The study of light and its interaction with matter has been relevant since ancient times and has now acquired an unusual
prominence within the field of biophotonics [1].

The term biophotonics comes from the Greek “bios= life” and “phos= light” and the word photonics involves all
methodologies and technologies that generate, manipulate and detect photons (UV, visible or IR). So, biophotonics
can be briefly defined as the study of optical processes in biological systems. It is concerned with the development
of spectroscopic and imaging techniques to non-destructively obtain information from intact cells, organelles, tissues
or organisms. In practice, it is a real challenge because biological tissues are usually rich in chromophores, optically
non-homogeneous, multi-layered and multi-dispersive in photons. These features of biological entities complicate the
interpretation of the light processes that take place in them and physical models to achieve a thorough comprehension of
what is really happening in the system are necessary. Modelling also allows for the correction of distortions and artifacts
and therefore introduces greater reliability in the information obtained from the analysis of the light released by the
material [2].

Biophotonics is applicable to any type of biological tissue and is particularly useful in biomedical and clinical research
activities [3]. Similarly, the field of plant biophotonics has been growing rapidly in recent years [4]. In fact, the optical
technology resulting from these studies can improve agricultural production and crop quality. It serves to predict the
optimal amount of fertilizers to be used, avoiding overdoses and thus preventing undue environmental damage. It also
allows the determination of the harvest time and even the surveillance of vegetables and fruits during the post-harvest
period. It is also applicable in environmental sciences since natural or anthropogenic alterations in the surroundings
affect organisms and usually induce changes in their absorption, reflectance or emission of light. This is particularly
true for plants and algae where there is a great interconnection among light absorption, reflectance, fluorescence and
photosynthesis [5].

The study of the light emanating from a biological entity is not only interesting for the aspects described above but
also for its primary function as a signal in visual connection and communication. A light stimulus from a “sender” is
considered an optical communication signal if it is capable of influencing the behaviour of a “receiver”. From a physical
point of view, to evaluate the relevance of released photons as visual signals, the characteristics of the emitted light
(intensity and wavelength) and the sensitivity spectral curves of the optical photoreceptors of the receiver should be
analysed in conjunction [6].

This review addresses the analysis of light emanating from biological entities, with emphasis on reflected light and light
emitted as fluorescence. Various physical models are presented to correct distortions and to improve the understanding of
what is actually observed in the different systems. Advances in the interpretation of signals in the field of biology, recent
contributions in the area of chlorophyll fluorescence to assess plant health and the development of non-destructive optical
methods for food quality assessment are shown.

1. Reflectance in biological systems

1.1. Connecting reflectance with chromophore concentration

When a beam of light strikes a tissue, some of the light is absorbed, some is transmitted, and some is reflected. In turn,
some of the absorbed light can be emitted as luminescence.

In a general case, reflected light consists of two components: specular and diffuse reflection. While the specular
component is reflected at one definite angle, diffuse reflection is scattered in all directions. In fact, the diffuse component
is due to the penetration of a fraction of the incoming light into the sample and a subsequent return of the non-absorbed
radiation to the surface after multiple scattering at the boundaries present inside the material [7]. In biological entities the
diffuse component and consequently light scattering are usually remarkably large.

One of the most used theories to quantify the interaction of light with materials containing small particles which
absorb and scatter radiant energy is the Kubelka—Munk (K-M) approach. This theory applies to diffuse reflection and it
assumes that the sample is made up of randomly distributed uniformly absorbing fragments. It is a two-flow theory (only
two flows: a flow in the direction of incident light and a flow in the direction of reflected light are assumed to move in
opposite directions perpendicular to the irradiated surface) [7].

19



t// Vol. 2, No. 1, December 2020 Biophotonics. Fluorescence and Reflectance in Living Organisms

For an infinitely thick layer with zero transmittance, K-M theory predicts that the remission function (F(R)), which
can be calculated by measuring the reflectance (R») of the thick opaque layer, is proportional to the chromophore
concentration in the sample (eq. 1)

F(R) — {I_RDOJZ — E — Diwiki
2Rey s Bgwisg (1)
In the above equation, k and s are the absorption and scattering coefficients, respectively, with k£ = 2eC and s = 20,
where € is the molar Napierian absorption coefficient, and C the chromophore concentration expressed in mol per unit
volume and o is the fraction of light scattered per unit path length in the sample.

When a mixture of chromophores is present, global absorption and dispersion coefficients may be considered additive
functions of the respective coefficients (k; and s,) for the components, weighed according to their mass fractions (w,) (see
the fourth member in eq. 1).

Provided that diffuse reflectance, R, and diffuse transmittance, 7, for a single transmitting layer of the studied material
is known, separate values for k£ and s coefficients may be calculated from eqs. 2 to 6 [8].
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s = logh
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q = 1+R2-T2+A
- 2R “)
2 2
b= 1+T2-R2+A
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Both F(R) and k are very valuable parameters when information about the content of a certain component in a light-
scattering material is required. Several examples in biological samples can be found in literature. For instance, a linear
relation was found for F(R) values at 533 nm in Rhododendron indicum petals as a function of anthocyanin chemically
determined concentration (Figure 1) [9]. Good linear correlations were also obtained for plant leaves between the water
content in mmol/cm? and F(R) at 1456 nm as for total chlorophyll in mmol/cm? and F(R) at 700 nm. The correlation with
chlorophyll content was improved when using & at 700 nm instead of the remission function [10]. This last result is to
be expected since F(R) is directly proportional to the chromophore concentration but only at constant s. In contrast, the
proportionality between k& and C is kept independently of the value of the s coefficient.

20



Biophotonics. Fluorescence and Reflectance in Living Organisms /I'Vol. 2, No. 1, December 2020 t

F(R)

0 1 2 3 4 S

Anthocyanins concentration / umol g'1 fresh weight

Figure 1. Remission function values at 533 nm from Rhododendron indicum petals as a function of anthocyanin
concentration, (R? = 0.9730). Reproduced from [9] with permission from the European Society for Photobiology, the
European Photochemistry Association, and The Royal Society of Chemistry.

1.2. Reflectance and colour coordinates. Related but quite different concepts

Since a relationship between the reflected light and the chromophore concentration can be found, as illustrated above, and
since the reflected light is in turn related to the colour coordinates, it is appealing to examine whether it is also feasible to
correlate the chromophore concentration with the sample colour.

At this point, it is important to emphasize that the reflectance spectrum of a sample is a property of the material
whereas the color is not. Indeed, colour is a sensation created by the brain of an observer. This perception depends not
only on the reflectance spectrum of the “sender” but also on the spectral distribution of the light source and the sensitivity
curve of the observer’s visual photoreceptors.

To transform reflectance spectra to colour coordinates for a particular observer under specific lighting conditions,
different color spaces may be used [11]. Cordon and Lagorio used color coordinates to sense various photosynthetic
pigments in plant leaves, with spatial resolution, from digital images [12]. First, they obtained correlations between RGB
colour coordinates of plant leaves and the pigment concentration determined by a standard wet method. Then, these
authors obtained images of green and senescent leaves with a commercial scanner (TIFF format with a resolution of 300
dpi and a depth of 24 bits). Using the program ERDAS IMAGINE 8.4, they converted the images from TIFF to IMG
format and then separated into their R, G and B bands. Finally, using the correlations between each color coordinate and
the pigment concentration, maps of pigment contents were obtained in gray scale. To improve visual interpretation, the
grayscale images were transformed to pseudocolour coding. Figure 2 illustrates the concentration maps obtained from
images of Liquidambar styraciflua leaves.
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Figure 2. A. Images of Liquidambar styraciflua captured with a commercial scanner. B, C and D. Concentration maps of
total chlorophyll, carotenoids and anthocyanins, respectively. Numbers express concentration in nmol/cm?.

1.3. Reflectance as a bio-signal. Quantum catches and vision contrasts

Some examples to illustrate the usefulness of reflectance and imaging as tools for determining analyte contents were
exemplified in the previous sections. In nature, however, reflected light provides photons detected in visual perception.
Thus, reflected light plays a primary role in optical biosignaling and in visual communication.

In this context, an important parameter is the quantum catch or stimulus strength, @, which represents the relative
amount of light absorbed by a given photoreceptor per unit time (eqs. 7-9) [6].

Qi =k; P; e
. 700

With P; = [, "R(2).$;(A).1(2).dA )

ki = 1/(fp Si(D) 1(D)d2) )

Where i stands for the type of the photoreceptor (L: long wavelength, M: medium wavelength, S: short wavelength
or VS: very short wavelength), 4 is the wavelength, S(2) is the photoreceptor spectral sensitivity, R(4) is the reflectance
spectrum of the observed object, I(4) is the illuminant spectrum and dA is the differential of wavelength.

Even more important to distinguish an object from its background is the chromatic contrast (C;) which may be
calculated dividing P, by the total number of photons absorbed by receptor i from the background (P,) (egs. 10 and 11).

Ci = Pi/Pup (10)
Piv= [ Ry(2).5:(2).1(2).dA "

Figure 3 shows typical values for quantum catches and contrasts calculated for the visual perception of bees, birds and
humans when looking at Rhododendron indicum petals with different colour and illuminated with a standard D65 light
simulating daylight.
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Figure 3. A) Photoreceptor sensitivities for the honeybee Apis mellifera, for the bird Leiothrix lutea and for humans. The
letters VS, S, M and L mean very short, short, medium and long wavelengths, respectively. B) Spectral distribution of D65
illuminant. C) Quantum catches and D) Contrasts to background for the honeybee Apis mellifera, for the bird Leiothrix

lutea and for humans. The different bars stand for: D very short, @ short, B medium and E long wavelengths. Adapted from
Ref. [6] with permission from the European Society for Photobiology, the European Photochemistry Association, and The
Royal Society of Chemistry.
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Humans see the white petal as achromatic because their three photoreceptors are excited in a similar degree during the
observation in daylight (see Figure 3C). In contrast, a bird or bee looking at the same flower does not capture the same
number of photons in each of their receptors so that the “white” petals will look chromatic to their eyes. Figure 3A shows
that the darker a tissue is, the lower the value of the quantum catches, which is an obvious consequence of the lower
number of photons reaching the eye from the light reflected by the petal. It is also evident that bees do not have photo-
receptors in the red and then, they can poorly capture light with long visible wavelengths.

It is assumed that the contrast between the flowers and the background helps pollinators to find flowers. The greatest
contrast to the background in Figure 3D is given for the white flowers for all the observers. In the case of dark pink
flowers, the contrast to the background is low for humans and bees. For birds, on the contrary, the contrast of the red
receptor is relatively high. This is consistent with the fact that red and pink flowers are attractive to birds and are mostly
pollinated by them [6 and references therein]. Therefore, as a general rule, in order to evaluate visual signals, it is essential
to handle the concepts of quantum catches and contrasts, and if feasible, to complement this information with behavioural
experiments.

From this, the enormous relevance of having experimental information on the sensitivity curves of the optical
photoreceptors of different species becomes evident. Although for humans and a few other species these aspects have
been studied in depth, this is not the case for most animals. This is certainly an interesting field to develop in the field of
photobiology.

2. Fluorescence in biological systems

2.1 How to quantify fluorescence in scattering media. Determination of fluorescence
quantum yield

To analyse the relevance of fluorescence as a signal in nature, it is essential to quantify fluorescence. In the case where the
number of fluorescence photons is negligible compared to that of reflected photons, the fluorescence has little chance of
having biological relevance. On the contrary, if the number of emitted photons is comparable with the number of reflected
photons, then a contribution of the fluorescence to the image of the organism will surely take place. These evaluations
should be conveniently complemented with behavioural experiments to fully discuss the possible role of fluorescence in
communication.

Knowledge of the fluorescence quantum yield (number of photons emitted per absorbed photon) is an initial step for
the quantification of fluorescence. The intact organisms generally have considerable scattering and high chromophore
concentration and consequently the quantification of fluorescence cannot be carried out by traditional methods in solution.
Several methodologies are reported in literature for the determination of fluorescence quantum yields in scattering media.
Some of them use an integrating sphere [13-17], whereas others use a standard spectrofluorometer without sphere [17].
In our studies on intact biological samples [6, 18-20] we proceeded according to reference [17] for the determination of
the fluorescence quantum yield.

In brief (see also Figure 4):

1. The sample is placed in front-face geometry within a standard steady-state spectro-fluorometer and the total number
of emitted photons J,,at excitation wavelength 4, is obtained as the area under the emission spectra.

2. The sample is then replaced by a blank (100% reflecting material as BaSO,) and an optical filter (for instance a glass
Schott, NG4, 0.5 mm) is inserted at the emission slit to avoid detector damage. The light reaching the detector is
registered by varying the emission wavelength from (4 - 15 nm) to (4,+ 15 nm) and the number of photons scattered
by the blank (J,) are calculated from the area under the recorded peak divided by the transmittance spectrum of the
filter.

3. Step 2 is repeated replacing the blank by the sample and the integrated reflected light from the sample, J, is obtained.

To take into account differences in light scattering between sample and blank, two additional measurements are
performed:

4. Keeping the filter at the emission window, the sample is excited at a wavelength where the sample does not absorb and
emission spectra is recorded from (4- 15 nm) to (A+ 15 nm). Under these conditions, the area under the recorded peak
divided by the transmittance spectrum of the filter yields the integrated scattered light intensity from the sample (7).
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5. Proceeding as in step 4 with the blank, the integrated scattered light intensity from the blank (/,) is obtained.

Then, the fluorescence quantum yield is calculated as:

_ number of emitted photons Jf

I “number of absorbed photons Jo (;L)_Jr
0

(12)

In the case that the absorption of the sample at wavelength 4 is low but not strictly null (reflectance, R 1), the correction
factor in eq. 12 should be replaced by I/(I . R) (For more details see ref. [20]). Following this methodology, we quantified
and reported sexual dichromatism in fluorescence in avians for the first time [19]. In fact, sexual dichromatism in birds,
which is very frequent, is the presence of sexual differences in plumage coloration. Sometimes, these differences cannot
be detected by humans but are discernible to avian eyes. Furthermore, when plumage emits, there may be differences
also in fluorescence between sexes. For the blue-winged parrotlet Forpus xanthopterygius, the male rump emits blue
fluorescence that is absent in the female. Additionally, the male chest emits a green fluorescence which is much more
intense than that emitted by females.
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Figure 4. Raw data necessary for the determination of the fluorescence quantum yield of light scattering samples. J:
integrated scattered light from the blank, J: integrated scattered light from the sample, J: emission spectrum from the
sample, I: scattered light from the sample, I,: scattered light from the blank. Reproduced from [6] with permission from
the European Society for Photobiology, the European Photochemistry Association, and The Royal Society of Chemistry.

Determinations of fluorescence quantum yields in scattering media are reviewed in [16]

2.2. Fluorescence vs. Reflectance in nature. How to quantitatively estimate the rela-
tive importance of fluorescence

From a biological perspective, an important question is whether fluorescence in organisms plays a role or is simply a non-
functional consequence of the chemical nature of the molecules involved. The search for the answer to this question can
be addressed from diverse aspects and by both behavioural and photophysical experiments.

Focusing on optics, a first idea of the contribution of fluorescence can be obtained by comparing the number of
fluorescent photons with the number of reflected ones. For analysing the relevance of fluorescence in flowers [6, 18], as
a first step, we have compared the fluorescence intensity per incident photon, calculated as qu.fa (2) (where f.(4) is the
fraction of photons absorbed by the sample at wavelength 1) with the fraction of reflected photons. For the opaque samples,
as no light was transmitted through the material, f(2) was directly obtained as /1-R(4)]. Nevertheless, a more rigorous
analysis that properly includes the environmental lighting conditions is even more convenient for a better comprehension
of the system and is described below.
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When a fluorescent organism is illuminated by a polychromatic light, with a spectral distribution 7(4), the total number
of fluorescence photons may be calculated by eq. 13.

— Aexz
= [0, 1D fa(B (13).

where integration is performed over the interval of excitation wavelengths 4, -4,

For a translucent sample, f (4) is calculated as /1- R(2)-T(2)] which reduces to [I-R(7)], when transmittance (7) is
ZEero.

The spectral photon flux distribution of fluorescence F,(4) may be calculated as the product between F, and the
normalized spectral distribution of fluorescence g(4) (with g =1 ):

Fi(2) = F, g(4) (14)
Similarly, the photon flux distribution of reflected photons is estimated by equation (15).

R.(A) = R(D.1(A) (15)
Finally, for a given spectral range 4,-4,, the contribution of fluorescence (¥ ) to the total number of photons released

by the entity, may be estimated as the fraction of fluorescence photons relative to the total number of photons (reflected
plus fluorescent) according to eq. 16.

['12 Fe(A)dA

Fcont -
[ (Fe(D)+Re(2))d2 16

This approach was applied to estimate the relevance of fluorescence for the first naturally fluorescent frog reported
in scientific literature [20]. In that case, fluorescence contribution turned out to be almost 30% under twilight conditions
(Figure 5), aresult very interesting as it suggests a possible role of fluorescence in visual communication among individuals

[21].
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Figure 5. Fluorescence in the frog Boana punctata. Adult male (A) under UV-blue light and (B) white light. Excitation-
emission matrices of the dorsal surfaces of female (Left) and male (Right) specimens (C). Contribution of fluorescence
to total emerging light. (B) Spectral photon flux (photons/[cm?.s.nm]) emerging from the dorsal surfaces of one of the
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specimens under twilight illumination. Reflected light (solid line) fluorescence light (dotted line), and the sum of both
components (dashed line). Adapted from [20] (Taboada, C.; Brunetti, A. E.; Pedron,F. N.; Carnevale Neto, F.; Estrin, D.
A.; Bari, S. E.; Chemes, L. B.; Peporine Lopes, N.; Lagorio, M. G.; Faivovich, J. Naturally occurring fluorescence in
frogs. PNAS, 2017, 114, 3672-3677) with permission from the National Academy of Sciences, USA.

2.3. Fluorescence in multilayered systems. How to retrieve the observed total fluo-
rescence from the spectroscopic information of each layer

It is common to find multilayered structures in biological organisms. Very often, each part fluoresces in a specific way and
contributes to the total fluorescence emitted by the intact organism. In these cases, it may be interesting to know where
the global fluorescence mainly originates. Modelling can help to provide an answer and determine the contribution of
each individual layer.

Let’s consider a system of n layers each characterized by their respective reflectance R,, transmittance 7, and
fluorescence intensity 7, p (see Figure 6). As the excitation light (1)) enters the system, it suffers attenuation due to the
filter effect of each layer. It can be roughly considered that a photon flux I, reaches layer 1, a flux 7,.T, (1)) (where 4, is
the excitation wavelength) reaches layer 2, I, T,(4)).T,(4,) reaches layer 3 and so on. In each layer, the generated flux of
fluorescent photons is the product of the fluorescence quantum yield (¢ ﬁ), the photon flux reaching the layer (I(2,)) and
the fraction of light absorbed by the sample (f,)) (equation 17)

Iyi = ¢ 1(20)- fai(Ao) = ¢ 1(0). (1 = Ri(4o) — Ti(A0)) (17

The fluorescence originated in each layer travels outwards and it is attenuated by the transmittance of the upper layers.
The global fluorescence may be estimated as the sum of all the contributions (equation 18).

Iye = Ip1(A) + I (D. T (D) + Ip3(D). Ty (DT2(AD) + -+ Ipn (D). Te(DT2(A) ... Tp—1 (A)

(18)
From eqgs. 17 and 18, eq. 19 arises:
It = ¢;1-10(20)- (1 = R1(0) = T1(%0)) + ¢y, 1o (o). (1 = Ra(20) — T2(40))- T1 (20) 1 () +
$p3-10(40). (1 = R3(20) = T3(40))- T1 (20)- T, (A) Ty (DT2(A) + -+ + ¢y, 1o (A0)- (1 = Rn(Z0) —
T (20))- Ty (20)- T2 (20) - Tt (20)- Ty (A)- T2(2) - Tya (2) 19)

Ineq. 19, itis important to highlight the difference between the excitation wavelength (4,) and the emission wavelength

).

It should be also noted that eq. 19 may be re-written in terms of the experimentally determined fluorescence intensities
of each layer ( ﬁ“”) when they are isolated and irradiated directly by a photon flux I, (eq. 20)

Ire = IF° + I55°. Ty (Ao)Te (A + 1. Ti (o). To () Ty (DT (A) + -+ +
I3 T1(20). T2(Ag) . Tyo1(20). T (A). To(A) ... Ty (A) 20)

It should be noticed that if 1 . R and T are experimentally determined for each layer, it is possible to validate the model
by comparing the experimental global fluorescence spectrum with the calculated spectrum resulting from the sum of
contributions given by eq. 20. Moreover, the relative participation of each layer may be estimated. This type of physical
modeling is extremely simplified since it does not take into account multiple reflections. Even so, it was successful when
applied to the comprehensive study of the global spectrum of the frog Boana punctata [20] and that of the kiwi fruit [22].
In the supplementary material of ref. [22] the validity of neglecting multiple reflections for the excitation beam and for
the fluorescence emission (in the case of kiwifruit) is thoughtfully discussed.

This model was also applied for the analysis of fluorescence in eggplants fruits [23]. In this case, the observed spectrum
for the whole intact fruit was reproduced by eq. 20 with an additional term which stood for the peel fluorescence generated
internally, reflected by the pulp and filtered by the peel. In other words, when an internal layer (IL) has high reflectance, as
it happens for the eggplant pulp, the internal fluorescence of the upper layer (UL) can be reflected in the lower layer (LL)
and comes out after suffering a filtering effect when it passes through the upper layer. The additional term for the system
of two layers may be written then as I R Ty, (details can be found in ref. [23]).
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Using this kind of modelling it was concluded that skin and lymph were the layers mostly contributing to the observed
fluorescence in the Boana punctata frog. In the case of kiwi fluorescence, it could be shown that the relative contribution
of the pulp fluorescence to the total emission for the intact fruit depended on the peel transmittance, which was, in turn, a
function of the excitation wavelength. For an excitation in the blue, the contributions were 81% and 19% for the peel and
the pulp respectively, whereas for excitation in the orange the contributions changed to 75 and 25%, respectively.
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Figure 6. Multilayered system. Pictorial description of: the processes of attenuation of the excitation beam (7)) through
the different layers (left sector), generation of fluorescence in each layer (middle sector) and attenuation of the fluorescence
on its way out of the system (right sector).

Future research analyzing how frogs’ emission impacts on their chromatic and achromatic contrast with their
environment, as seen by predators and by predated species, will be planned. Knowledge on the sensitivity curves of the
observer’s photoreceptors is essential for that study.

2.4 Plant biophotonics. Chlorophyll fluorescence: a quite singular type of fluores-
cence in nature

Plants emit fluorescence in the blue and in the red part of the electromagnetic spectrum. Blue fluorescence (around 450
nm) is due to emission from phenolic substances (caffeic, ferulic, chlorogenic, coumaric and rosmarinic acids) [24],
whereas red emission is originated from chlorophyll-a in photosystem II (PSII) and photosystem I (PSI) [25].

Chlorophyll fluorescence is strongly related to photosynthesis and it is used as a tool to assess plant health. The
photosynthetic process in plants causes variability in chlorophyll emission. This variable emission is usually analysed
by means of a pulse amplitude modulated (PAM) fluorometer [26]. In fact, when dark-adapted leaves are illuminated by
a low photon flow, a constant initial fluorescence Fo is recorded (Figure 7). If a saturation light pulse is then applied,
the primary electron acceptors in the photosynthetic chain are reduced and are unable to acquire another electron before
they have effectively passed the received electron on to the next acceptor. As a consequence, the fluorescence emission
increases to a maximum Fm and subsequently decays. In a typical experiment, an actinic light is then switched on and
the fluorescence reaches a peak and then falls to a steady state (Fs), in a process called fluorescence quenching. This
quenching has two contributions: the photochemical quenching, due to the activation of enzymes in carbon metabolism by
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light, and the non-photochemical quenching on account of the enhancement of heat dissipation. Subsequent applications
of saturating light pulses lead to increases in fluorescence (Fm’) (Figure 7).
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Figure 7. Variable chlorophyll fluorescence recorded with a pulse modulated fluorometer for a typical plant leaf of
Spathiphyllum wallisi. Reproduced with permission from Ref. [27] Copyright 2014 Wiley.

Several photosynthetic parameters can be derived from an experiment on variable chlorophyll fluorescence. The main
parameters are listed below:

-the maximum quantum yield of photosynthesis for dark-adapted leaves F /F (eq. 21).
F _ Fa—F
-the coefficient for the photochemical quenching, ¢, (equation (22)).
4p = —ij:Fs
F'—Fy (22)

-the coefficient for the non-photochemical quenching, g, , (eq. 23) and its alternative expression NPQ (eq. 24), representing
the magnitude of heat dissipation under a given actinic light.

q _ Fn—Fm
NP = o o
FmFo (23)
Fp—F,
NPQ ="
Fm 24

-the efficiency of PSII, ¢,,, (€q. 25), representing the photosynthetic activity under a defined actinic light.

_ Fm—Fs
Ppsit =~

(25)
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- the quantum yield of NPQ, ¢, (eq. 26).

F
(pr = NPQ x =
Q Fin (26)

- the quantum yield of photophysical decay (representing the deactivation of the excited reaction center at PSII by internal
conversion, intersystem crossing and fluorescence, under a particular actinic light), ¢,. (eq. 27),

m 27)
The derivation of these relationships and their physical meaning may be found in references [28-32].

It is important to notice that the sum of the last three parameters (each of which is a function of the actinic light
intensity) gives unity, so that an increase in one of them leads to a decrease in one or both other two [33]. These parameters
enable us to visualize the partition of energy within the plant among photosynthesis, heat dissipation and photophysical
decay (which includes fluorescent emission). Clearly, this is of huge value in photosynthesis studies and in evaluating the
harnessing of solar energy to produce organic matter.

Under low illumination such as not to induce Kautsky kinetics, a spectral distribution for the initial fluorescence of
plant leaves may be recorded. At room temperature, this fluorescence is characterized by two peaks: one in the red, F,,
(around 680 nm, due to PSII) and one in the far-red, F arred (around 730 nm, due to both photosystems) [27, 34].

The fluorescence ratio F_/F, has been widely related to plant stress and photosystems stoichiometry [23, 33,
35]. However, the spectral distribution of fluorescence at leaf level is distorted compared to the spectral distribution
at chloroplast level. This is caused by light re-absorption and greatly affects the red band (Figure 8) [36, 37]. As the
connection between the fluorescence ratio and plant physiology is strictly valid when artifacts are absent, it is extremely

relevant to correct spectra for light re-absorption processes.
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Figure 8. Typical absorption end emission spectra of plant leaves. The red emission band, which is due to PSII emission,
significantly overlaps the absorption spectrum and undergoes severe re-absorption processes. The far-red emission band
caused by emission from both photosystems is less affected by light re-absorption.

Chlorophyll fluorescence can be measured at different scales: at chloroplast level, at leaf level and at canopy level. In
turn, the fluorescence of the canopy can be recorded at ground, airborne or space borne scale. Each level of observation
has its own particularities, both in terms of how the experimental measurements are carried out and in developing models
capable of correcting distortions by light re-absorption processes.
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2.4.1. Light re-absorption processes

2.4.1.1. From the leaf to the chloroplast

In literature, there are three proposed models to correct light re-absorption processes in plant leaves [36, 38-39]. They
were compared and discussed in detail in a paper from Cordon and Lagorio [37]. According to the analysis described in
this latter paper, one of the correction methods [39] would be subject to conceptual controversies, whereas the other two
[36, 38] are supported by good validations and lead to similar results.

The main objective of the light re-absorption correction is to obtain the spectral distribution at the chloroplast level
(corrected spectrum, 1, f"(l)) from the experimental spectrum at leaf level (equation 28). This is generally achieved by
multiplying the experimental leaf-level fluorescence spectrum 7 fe(,l) by a correction factor f (see equation 28) that will
have different expressions depending on the model used for its deduction.

IF(A) =I§(D. f (28)

In the correction methodology proposed by Agati et al. [38], the correction factor fis a function of the reflectance (R)
and transmittance (7) of a single leaf at the emission and excitation wavelengths (4 and 4, respectively) (eq. 29).

1 1
In /Ry +T )+ 1™ /(Ri4T) 1-R3p—T1g
In 1/(RAn+TAoJ 1-(Rag+ Tag)(Ra+ T2)

f:

(29)

This approach considered an infinitesimal layer of leaf where fluorescence was generated and was then exponentially
attenuated due to light re-absorption. Lateral light loses were neglected and light scattering was taken into account by
considering an effective pathlength. This model was validated by comparing the corrected emission spectra for Aurea
mutant and for the wild type of tomato leaves, which had different chlorophyll concentration and chloroplast ultrastructure.
Matching of both spectra proved the effectiveness of the model.

The second methodology was applied to leaves by Ramos and Lagorio [36] in 2004, but it had already been developed
and applied for inert materials in 1998 by Lagorio et al. [40]. It is a two-flux model based on the Kubelka- Munk theory
[2]. It assumes that leaves act as ideal diffusers and that the emission produced in each element may be decomposed in two
flows with opposite directions and the same magnitude. In this case, the correction factor f'is given by eq. 30.

-1

- 1 1
F(R,) F(Ry)[F(R)+2]
1+JF(RA§'+Z 1+\JF(RJ‘O)[F(R10}+2] (30)

For the derivation of the correction factor according to Lagorio et al. [40], it was assumed that no light was transmitted
through the system, so this approach is strictly applicable to opaque samples. Thus, when working with plants, a non-
transmitting pile of leaves should be used in fluorescence measurements for the correct application of the approach
(Figure 9).

The model was validated by comparing the corrected spectral distribution of fluorescence of a group of stacked leaves
with the spectral distribution of fluorescence emerging from a thin layer of chloroplasts.
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Figure 9. Normalized fluorescence spectra of Ficus benjamina leaves before and after correction for light re-absorption
processes. The corrected spectra were compared with those obtained from a thin layer of chloroplasts (free from re-
absorption). The corrected spectra agree with chloroplasts spectra thus validating the model. Adapted from [36] with
permission from the European Society for Photobiology, the European Photochemistry Association, and The Royal

Society of Chemistry.

In principle, a two-flux model is expected to be better than a single flux model. However, in practice, both Agati et al.
and Lagorio et al. models give close results. The choice of which one to use will depend in part on the possibility of having

only a single leaf or a group of leaves for the measurements.
Leaf fluorescence measurements are carried out by means of a standard spectrofluorometer in front face geometry.

In case the method described by Agati et al. is applied for corrections, the experimental fluorescence spectrum should be
obtained for a single leaf. On the other side, if the method described by Lagorio et al. is used, it should be recorded for a

group of stacked leaves that do not transmit light.

2.4.1.2. From the canopy to the leaf

Remote sensing of chlorophyll fluorescence tracks the emission from a canopy and is becoming an interesting tool for
the assessment of plant health from a distance [41]. This technique is currently highly appreciated because it allows the
study of anthropogenic or natural effects on large areas of plantations, the adequate monitoring of forests health and crop
production and also the estimation of carbon flows between vegetation and the atmosphere which is closely related to

global climate change [42].

There are passive and active methods for the remote sensing of chlorophyll fluorescence. Passive methods measure
fluorescence excited directly by sunlight as irradiation source [43], whereas active methods use illumination with artificial

light, usually high-energy LASERS or LEDS [44].

32



Biophotonics. Fluorescence and Reflectance in Living Organisms /I'Vol. 2, No. 1, December 2020 t

Chlorophyll fluorescence emitted by a canopy is only 1 or 2% of the light absorbed and is very small compared to
the fraction of light reflected. The measuring instrument (spectro-radiometer) used in the field, collects the total radiance
composed by both the light reflected by vegetation and a contribution of its fluorescence at each wavelength. In passive
methods, the two signals need to be decoupled using the Fraunhofer line discrimination principle (for detailed information
see [45]). A very recent work proposed a new and promising active methodology to measure the chlorophyll fluorescence
emission spectral distribution of canopies in situ, upon inducing the fluorescence with light emitting diodes at night [44].

Within a canopy, light re-absorption processes are also present and the spectrum recorded for a canopy is distorted
from that of a single leaf. It is therefore worthwhile exploring models to correct this distortion. Recently, Romero et al.
developed an approach to obtain the spectral distribution of fluorescence at leaf level from the experimental fluorescence
spectrum at canopy level [46].

The model assumes that the system is the set composed of canopy plus soil. The vegetation homogenously covers
all the land and there is no fraction of bare soil. No light is transmitted through the system and the canopy is formed by
units (leaves) that emit fluorescence. Mono exponential attenuation of light within the canopy is assumed for both the
excitation light and for the generated fluorescence (which is reduced by the process of re-absorption). Light scattering
is taken into consideration by determining an effective pathlength. The excitation beam is considered monochromatic;
therefore, this model is applicable to data remotely obtained with active methods. It is not suitable for data produced by
passive measuring methods that employ polychromatic light.

According to this approach, to perform the correction, the experimental spectrum should be multiplied by the correction
factor which is given by eq. 31:

_ In &4 1-¢lo)
f= [1 + In :{Ao)] [1—ﬁAnJ¢(iJ GD

With

g(L) = R, + Tc,(1 — Rb)) (32)

R, is the total reflectance of the system, Tc, is the canopy transmittance and Rb, is the soil reflectance at wavelength
[ in all the cases.

This approach was successfully validated by comparing the corrected spectral distribution of fluorescence from the
canopy with that experimentally obtained for a leaf (Figure 10).

Thus, by the successive application of the models described above “canopy to leaf” and “leaf to chloroplast” (sections
2.4.1.2. and 2.4.1.1), it is possible to retrieve the spectral distribution of fluorescence at chloroplast level from that
measured at canopy level. This is the fundamental feature of this modelling, which permits to derive information at
microscopic level from data recorded at a scale about one million times larger.

33



t// Vol. 2, No. 1, December 2020 Biophotonics. Fluorescence and Reflectance in Living Organisms

A B

= |Leaf —1:1
= Canopy — Linear fit
= Corrected canopy

1.2

0.8

Fluorescence (A.U.)

0.4

(‘N"v) @ousosaion|y Adoued payoslio)

= 0.0
660 680 700 720 740 760 780 0.0 0.4 0.8 1.2

A (nm) Leaf fluorescence (A.U.)

Figure 10. Fluorescence spectra and model validation: from canopy to leaf level. (A) Normalized fluorescence spectra
for leaf (black), canopy (blue) and corrected canopy (green). Shadows show the standard error. (B) Correlation between
the canopy fluorescence corrected by light re-absorption and leaf fluorescence. Linear fit: y = (0.97 + 0.02) * x + (0.05 £
0.01), R2=0.94). Adapted with permission from [46], Copyright 2018 Elsevier.

3. Reflectance and Fluorescence. Practical applications

The analysis of the light reflected or emitted as fluorescence by organisms is an excellent tool for the development of
non-destructive methods for quality and health assessment. These methods are attractive for monitoring the status of
countless products. Some cases of application in foodstuff, in crops production and in environmental issues developed in
our research group, are illustrated below.

Biospectroscopy and imaging were used to evaluate the quality of yerba mate (YM), a commercial product composed
of dried leaves of llex paraguariensis mixed with fragments of dried sticks. This herb is extensively used in South America
to prepare drinkable infusions (Figure 11) rich in polyphenols and antioxidants [47]. The results were complemented
with bio-spectrometric studies based on MALDI techniques [48]. The stick/leaf mass ratio is a standard parameter in the
quality control of yerba mate, which is limited by food code regulations. The nutraceutical content is higher in leaves than
in stems and therefore the frequent adulteration of yerba mate with the addition of powdered stick leads to a reduction in
the quality of the product. In effect, from MALDI analysis, it was shown that rutin and metasaponins 2 and 4, which have
healing properties, are found in leaves and missing in sticks (both for the intact product and for the infusions) [47]. The
excitation-emission matrixes of YM excited in the UV (300-400 nm) showed emission from YM in the blue and in the red
part of electromagnetic spectrum. The fluorescence ratio Blue (469 nm)/Red (680 nm) displayed a linear relation with the
percentage of sticks in the sample. Additional linear correlations were found between other optical parameters as sample
reflectance at 669 nm or color coordinates (RGB) and the sample composition in percentage of sticks [47]. These results
offer the chance to use non-destructive methods to determine the yerba-mate composition. Moreover, as fluorescence
and reflectance differ for the stick and the leaf, it is possible to detect adulteration with stick, when it has been added in
ground form.
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Figure 11. Yerba Mate is extensively used in South America to prepare drinkable infusions (Mate) rich in polyphenols
and antioxidants.

A similar initiative was carried out for oregano (Origanum vulgare), which is an herb with properties used in
medicine, cosmetics, flavors and scents and which is marketed as a mixture of dried leaves and inflorescences with a
maximum of 3% of stems. This percentage is particularly important for its essential oil content, which is rich in phenolic
monoterpenes and carvacrol [49]. The essential oil is contained in trichomes and the density of these glands follows the
order: inflorescences > leaves > stems (Figure 12). The various organs of the oregano plant showed fluorescence emission
in the blue, green, red and far red part of the electromagnetic spectrum. For leaves, the ratio of fluorescence intensities
green to far-red and blue to far-red maintained a linear relationship with water content. In addition, at constant humidity
the blue/far-red peak ratio was a fingerprint for each organ of the plant. It was further observed that, for the commercial
product, both the fluorescent emission at 310 nm (induced by excitation at 275 nm) and the absorption band at 811 cm’!
obtained by attenuated total reflectance Fourier transform infrared spectroscopy could be correlated with the essential oil
content (details can be found in [49]).

The non-destructive determination of moisture in intact packaged oregano by measuring the diffuse reflectance in the
near IR (through the packaging) has also been reported. This methodology is applicable as long as the wrapping film does
not show absorption at 1440 or 1920 nm [50].
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Figure 12. Oregano. A) SEM image in false colours for oregano glandular trichomas containing the essential oil (2000
x), B), C), D) and E) SEM images in false colours (500 x) for dry floral bracts, dry flower, dry stem and dry leaf
respectively, F) Linear correlation between the fluorescence ratio Blue/Far-red and the water content in oregano leaves,
G) Fluorescence ratios for oregano organs. Adapted with permission from [49] Copyright 2013 Wiley.

The analysis of variable chlorophyll fluorescence, described in section 3.4, was successfully applied in literature for
the post-harvest screening of fruit and vegetables [5]. Recently, this technique was used to monitor the status of kiwifruit
[22] and eggplant [23] under different storage conditions.

Our research group also used reflectance and chlorophyll fluorescence for environmental applications such as the
study of the effect of diverse pollutants on plants: arsenic [51-53], combined presence of arsenic, vanadium, boron and
fluoride [54], atrazine and methyl viologen [27] and nanoparticles [55], among others.

In addition, works related to agronomic sciences were carried out. Reflectance and chlorophyll fluorescence were used
to detect phosphorous deficiency in crops [56]. Reflectance and radiance measurements were also recorded at canopy
level in grass species during their senescence. The sun induced-chlorophyll fluorescence was extracted from the radiance
spectra of canopies using the Fraunhofer Line Discrimination-method and was correlated with reflectance indexes used in
literature as proxy for estimation of the Radiation Use Efficiency (RUE) [57].

Conclusions

The study of the interaction between light and biological entities is fundamental both to understand basic functions of the
entities as well as for the development of new non-destructive technologies of analysis. As shown in this review, physical
modelling greatly assists in the interpretation of the phenomena that take place upon illumination. For improved practical
applications in the near future, the knowledge arising in this area should be integrated with other fields of science such
as machine learning, remote sensing, artificial intelligence and computational vision. It is hoped that the new intelligent
photonic technologies will be implemented in drones, robots and photonic sensor imaging.

36



Biophotonics. Fluorescence and Reflectance in Living Organisms /I'Vol. 2, No. 1, December 2020 t

Considering the transdisciplinary nature of this kind of projects, future success will surely rely on the degree of
interaction among different sciences such as Physics, Chemistry, Biology, Bioengineering, Electronics and Computer
Science.
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and function in tumor and inflammatory microenvironments will set the bases for the design of rational
therapies based on positive or negative modulation of this endogenous lectin in cancer and autoimmune
diseases.
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Introduction: The cellular glycome

Every cell, from bacteria to neurons or lymphocytes, displays saccharide structures (glycans) covalently linked to proteins
and lipids on the cellular surface. Glycans play crucial roles in several biological processes, such as cellular migration,
differentiation, communication, immunity, and vascularization [1-4]. Our immune system harnesses the vast amount
of information stored in glycan structures to control its activation, differentiation, and homeostasis [5]. Glycans are
hierarchically assembled in proteins and lipids through the coordinated action of glycosyltransferases and glycosidases. In
mammals, protein glycosylation occurs in parallel to protein synthesis in the endoplasmic reticulum, and then continues
in the Golgi apparatus. To decipher the information encoded by glycoconjugates, dedicated glycan-binding proteins are
required, which trigger distinct signaling pathways to modulate cell fate and function.

In the era of multi-omics, “glycomics” arises as a major challenge being tackled by scientists from different
backgrounds and disciplines. Studying the structure, functions, and synthesis of lectins and glycans is the main goal of
Glycobiology. Due to the high combinatorial possibilities of glycans present in cells and tissues, these structures emerge
as a major source of biological information and diversity. This feature makes glycoconjugates attractive therapeutic
targets and biomarkers in several pathologic conditions. First, their location on the cell surface makes them the first
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contact point during cellular communication, thus operating as central regulators of a diversity of metabolic processes
and host-pathogen interactions [6]. Second, specific glycan structures that are absent or are present in very low amounts in
steady-state conditions can increase in proportion or alter their composition under stress or pathologic situations. Finally,
lectin-glycan interactions may trigger, aggravate, or ameliorate pathological conditions by recalibrating immune cell
homeostasis and rewiring signaling pathways in several cell types.

Glycosylation pathways and glycan-binding proteins

There are two major glycosylation pathways, namely N- and O-glycosylation (Figure 1). The prevalence of each individual
pathway relies on several factors, including cell type and its physiologic activation, differentiation, and nutritional
state. Furthermore, epigenetic regulation of glycosyltransferases and glycosidases, subcellular compartmentalization of
individual components of the glycosylation machinery and nucleotidic sugar availability are also critical factors that
affect the abundance of different glycans [7]. The presence of N- and O-glycans on a given cell type also depends on
dynamic parameters of individual microenvironments including the oxygen levels, nutrient availability and prevalence
of particular growth factors and cytokines. In this regard, a complex interplay occurs between the glycosylation profile
of a given cell type and the development of particular disease states, highlighting the importance of studying the cellular
glycome under physiologic and pathologic conditions [1]. In fact, particular glycosylation profiles have been associated
with pathologic processes including chronic inflammation [8—10] and cancer [11,12].

The myriad of possible glycan combinations that can arise as a consequence of the coordinated action of
glycosyltransferases and glycosidases has been shown to provide a valuable source of information that governs cell
processes, including proliferation, survival, activation, differentiation, and migration [1]. N-glycosylation involves the
addition of glycans on an asparagine residue within a consensus region -N-X-S/T, where X cannot be proline. This process
involves sequential modification of an initial mannose-rich glycan by glycosidases and glycosyltransferases. Of particular
interest for this review are N-acetylglucosaminyltransferases (MGAT1, 2, 4, and 5) that play critical roles as they generate
the N-acetylglucosaminyl branches that serve as permissive sites for further extension of N-acetyl-lactosamine (Galf1-
4GlcNAc; LacNAc) structures, which are the main target for galectins [13,14]. Furthermore, 02,6-sialyltransferase 1
(ST6Gal-1), an enzyme that incorporates sialic acid to complex N-glycans in an a2,6-linked position, inhibits binding of
specific galectins (particularly Gal-1) to N-glycan structures. On the other hand, O-glycosylation occurs later, inside the
Golgi apparatus, on serine or threonine residues, with T-synthase (C1GALT1) being critical for the formation of core-
1-O-glycans and 02,3-sialyltransferase (ST3Gal-1) further adding sialic acid to the galactose residue within the same
structure [4].
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Figure 1. Glycosylation pathways involved in the synthesis of galectin ligands. The figure shows a summary of the main
protein glycosylation pathways: N- and O-glycosylation and Gal-1 binding sites. Created with BioRender.com.

The responsibility of decoding the biologic information encrypted by glycans relies on endogenous glycan-binding
proteins or lectins. Lectins are capable of recognizing complex glycosidic structures attached to proteins and lipids on
the cell surface, triggering different cellular responses. The magnitude and quality of these responses ultimately rely on
the multivalent nature of lectin-glycan interactions [15,16]. Several studies have shown, using computational modeling
and biophysical approaches, that lectin-glycan interactions can lead to the formation of complex multivalent structures,
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often termed “lattices”, on the surface of different cell types [16]. These structures may be assembled into supramolecular
domains on the cell surface leading to glycoprotein segregation and control of signaling threshold, activation and
endocytosis of cell surface receptors [17]. In several cases, these lectin-glycan complexes may substitute canonical
ligands and activate surface receptors, triggering vital biologic responses such as activation, differentiation and survival
[18]. Within the immune system, three major families of lectins play crucial stimulatory or inhibitory roles: a) C-type
lectin receptors (CLRs); b) Sialic acid-binding immunoglobulin-type lectins (Siglecs) and ¢) galectins [9,10,12].

CLRs comprise a heterogeneous family of calcium ion-dependent lectins subdivided into two distinct categories based
on the presence of an amino acid motif involved in glycan recognition and calcium coordination. Most of these lectins
possess one or more carbohydrate recognition domains (CRDs) and are present on the surface of many immune cell
types, such as macrophages and dendritic cells (DCs). CLRs containing the amino acid motif EPN (Glu-Pro-Asn) have an
affinity for glycans containing mannose or fucose. This subgroup includes DC-Specific Intercellular adhesion molecule-
3-Grabbing Non-integrin (DC-SIGN), the mannose receptor (MR), and Langerin. The other is composed of CLRs
containing the QPD motif (GIn-Pro-Asp), which interacts specifically with N-acetyl-galactosamine present in the terminal
position of glycans. MGL receptor (Macrophage Galactose-type Lectin), present in macrophages and DCs, is an example
of this subgroup of CRLs [19]. It is worth mentioning that some CLRs do not have the Ca** requirement to interact with
glycans, such as the Dectin-1 receptor that specifically recognizes B-glucans in yeasts [20]. The interaction between many
specific CLRs and glycans leads to ligand internalization by endocytosis, followed by intracellular signaling pathways
that lead to the expression of innate immunity-related genes [21]. Thus, CLRs are key lectins that participate in the innate
immune response to bacterial and fungal infections, among other functions.

Siglecs are a family of lectins that have specificity for glycans containing sialic acid. Some of them have a restricted
expression pattern, such as Siglec-2 (CD22) that is preferentially found on B cells, while others are expressed in several
hematopoietic lineage cells, like B lymphocytes, macrophages, and eosinophils. To date, 16 Siglecs have been identified in
humans, showing a variable number of immunoglobulin-like domains ranging from 2 in Siglec-3 (CD33) to 17 in Siglec-1
(Sialoadhesin, CD169) and slight differences in sialoside preferences. Several members of this family are relevant in
many infectious diseases (e.g. HIV-1 and Group B Streptococcus infections), autoimmune diseases (e.g. rheumatoid
arthritis), cancer (e.g. leukemia, lymphoma) and neurological diseases (e.g. Alzheimer disease) [6]. Recognition of sialic
acid by siglecs usually promotes phosphorylation of the cytoplasmic ITIM motifs and further recruitment of phosphatases
from the SHP family, which in turn inhibit diverse cell events including activation, signaling and proliferation [22].

While CLRs and siglecs act primarily as transmembrane proteins present on the surface of immune cells, galectins are
soluble proteins secreted into the extracellular medium via a non-canonical secretory pathway (without involvement of the
ER-Golgi system). Once in the extracellular space, galectins interact with a wide variety of glycosylated receptors through
protein-glycan and protein-protein interactions, in a broad spectrum of cell types [10,12]. Intracellularly, galectins can
modulate signaling pathways, control lymphocyte survival, and even interact with the RNA splicing machinery [10,23—
26]. Fifteen members of the galectin family are known in mammals, although galectin-like domains have been identified
in insects, fungi and plants [25, 27]. Galectins have at least one CRD of approximately 130 structurally-preserved amino
acids and can be subdivided into three subgroups based on their structural features: a) “Proto-type” galectins (Gal-1, -2,
-5,-7,-10, -11, -13, -14, and -15) have a single CRD and can be found as monomers or dimers; b) “Tandem repeat-type”
galectins (Gal-4, -6, -8, -9, and -12) contain two tandem CRDs within the same polypeptide chain, joined by a separating
region (linker) of up to 70 amino acids; and ¢) “Chimera-type” galectins have a single CRD together with a non-lectin
N-terminal region necessary for its oligomerization, with Gal-3 being the only member of this subgroup. (Figure 2) [10,
25, 28].

Initially, galectins were defined by their ability to recognize the disaccharide LacNac present in N- and O-glycans on
cell surface glycoproteins [29]. However, galectins’ CRDs can differ in some amino acids, which are not in the conserved
sequence, leading to their ability to recognize different structures. Furthermore, modifications to the LacNAc or poly-
LacNAc structure can differentially affect galectin-glycan interactions. While some galectins tolerate the addition of a
terminal sialic acid or internal fucose in the lactosamine sequence, others are not able to bind LacNac modified with these
residues [30, 31]. In this regard, we have recently found that Gal-12, a lectin preferentially expressed by adipocytes, binds
to 3’-fucosylated structures with high affinity, making it the first member of the galectin family showing specificity for
this glycan structure [32]. Besides, galectins differ in their ability to recognize LacNAc in a terminal position or internal
repetitions within the glycan structure (Figure 2). This relative selectivity could explain, at least in part, the functional
differences observed among individual family members [29, 33—35]. Several factors can influence the biological activity
of galectins including their oligomerization status, exposure of N- and O-glycans on target cells and the prevailing
oxidative or reducing conditions of different tissue microenvironments [10]. While some galectins have a ubiquitous
expression pattern, others exhibit a specific tissue distribution. Within the immune system, galectins are expressed by
virtually all cells either constitutively or in an inducible manner [10, 15, 25, 28]. Furthermore, galectins can recognize
glycans present on the surface of microorganisms, suggesting an early evolutionary origin for these molecules as soluble
proteins capable of recognizing pathogen-associated glycosylated patterns [15, 36, 37].
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Figure 2. Classification of galectins: structure, function, and specificity. A- Schematic representation of the structure
of the galectin family; B- Schematic representation of Gal-1 lattices upon trivalent glycan binding. C- Lattice formation
gives rise to receptor clustering, activation triggering and altered internalization. Created with BioRender.com.

In the following sections, we will focus on seminal discoveries leading to the identification of central roles of Gal-1,
crucial to immune tolerance and homeostasis in different physiopathologic conditions. We will discuss the therapeutic
implications derived from the function of Gal-1 in chronic inflammation, vascularization, autoimmunity, pregnancy,
and cancer, and we will highlight some of the contributions of our group to understanding these conditions from a
glycobiological perspective.

Gal-1: A novel mechanism of tumor-immune escape and therapeutic target in cancer

During the last decade, the revolution of cancer immunotherapies changed our perspective on how our immune system
interacts with tumors. However, the idea of the immune system playing a pivotal role in tumor biology dates back to more
than a century ago when William Coley used extracts of heat-inactivated S. pyogenes and S. marcescens (termed as the
Coley toxin) to treat cancer patients seeking to enhance their immune response [38, 39]. In 1909, Paul Ehrlich came up
with the idea that our immune system is continuously eliminating transformed cells that could potentially cause tumors
[38, 40]. Back to our days, it is well established that a fully competent immune system, composed of a variety of cell
types including natural killer (NK) cells, CD8" cytotoxic T lymphocytes, CD4* helper T lymphocytes, macrophages,
DCs and others, can identify and destroy transformed cells in pre-neoplastic and neoplastic lesions. Nevertheless, either
due to a generalized state of immunosuppression or to specific inhibitory mechanisms displayed within the local tumor
microenvironment, cancer cells have the ability to evade innate and adaptive immune responses. In fact, many cancer
cells co-opt immunoregulatory programs that are commonly activated during the physiologic resolution of inflammation
to restore immune cell homeostasis. For example, the expression of Programmed Cell Death Ligand-1 (PD-L1) on
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the surface of tumor cells dampens the activation and proliferation of T cells, fostering a dysfunctional state called T
cell exhaustion, which compromises cytotoxic anti-tumor immunity favoring tumor growth [38]. Among the several
mechanisms implicated in immune evasion, the upregulation of inhibitory molecules termed as “immune checkpoints”,
such as the PD-1/PD-L1 axis and the cytotoxic T-lymphocyte antigen receptor (CTLA-4), stand out among the others due
to their clinical and therapeutic relevance in a broad range of cancers [41-44].

Understanding the mechanisms underlying tumor-immune escape led to the development of a broad range of
immunotherapeutic modalities seeking to reverse the immune inhibitory mechanisms triggered by tumors and boosting
the immune system to control tumor growth and metastasis. In particular, monoclonal antibodies targeting the immune
checkpoint pathways CTLA-4 and PD-1/PD-L1 have generated unprecedented clinical success and therapeutic
opportunities to treat a wide variety of tumors including melanoma, lung adenocarcinoma, renal cancer, gastrointestinal
tumors, head and neck squamous cell carcinoma (HNSCC), triple negative breast cancer, non-melanoma squamous cell
carcinomas, Hodgkin’s lymphoma, and others. Moreover, other therapeutic approaches are based on agonist antibodies to
co-stimulatory molecules, tumor cell vaccines (like DC vaccines), or chimeric antigen receptors (CARs) [38]. Outstanding
clinical benefits, including tumor size reduction and increased disease-free survival, have been observed in a large number
of cancer patients receiving immunotherapy [41-45]. However, some patients are resistant to these treatments, either
through intrinsic or acquired mechanisms, and experience a relapse characterized by tumor recurrence at the primary
site or distant tissue outgrowth in a process known as metastasis [45, 46]. These compensatory mechanisms include the
expression of alternative inhibitory molecules such as lymphocyte activation gene-3 (LAG-3) and T cell immunoglobulin
mucin-3 (TIM-3), among others, whose autonomic functions can control various aspects of the anti-tumor immune
response, promoting alternative escape pathways [47].

Our laboratory has focused on elucidating the immunoregulatory circuits triggered by Gal-1-glycan interactions in
tumor and inflammatory microenvironments. Initially, we found that human and mouse melanoma cells secrete Gal-
1, which substantially contributes to the immune privilege of these tumors by regulating distinct immune effector
mechanisms. Gal-1 silencing in the B16 melanoma mouse model resulted in heightened tumor rejection, increasing
expansion of T helper (Thl) and cytotoxic CD8" T cells [48] (Figure 3). Investigation of the molecular mechanisms
underlying Gal-1-driven immunoregulation revealed the ability of this lectin to induce selective apoptosis of cytotoxic
CDS8"T cells, Thl, and Th17 lymphocytes, skipping Th2 and naive T cells [48, 49]. This differential susceptibility to cell
death was associated with dissimilar sialylation patterns among distinct effector T cells. Whereas activated CD8" T cells
as well as Th1, and Th17 display all of the essential glycans that are critical for Gal-1 binding (high frequency of non-
sialylated glycans and elongated LacNAc residues on core-2- O-glycan structures), Th2 lymphocytes as well as naive
T cells exhibit high frequency of 02,6 sialylation which prevents Gal-1 binding to terminal LacNAc residues [10, 49]
(Figure 3). Interestingly, this tumor-immune privilege mechanism was also evident in classical Hodgkin’s lymphoma.
In these tumors, Reed Sternberg cells up-regulate Gal-1 expression through the activation of an enhancer of the AP-1
transcription factor driven by the Epstein Bar virus (EBV), thereby supporting the Th2-dominant immunosuppressive
microenvironment typical of this hematologic malignancy [50]. Accordingly, Gal-1 has been identified as a biomarker
of refractory/resistant disease in classical Hodgkin lymphoma patients [51]. Furthermore, Gal-1 silencing in the triple
negative breast cancer mouse model 4T resulted in reduced tumor size and metastases, accompanied by lower frequency
of regulatory T cells (Treg) in the tumor microenvironment, lymph nodes and metastatic lungs [52] (Figure 3). Thus, both
tumor and associated stroma may express and secrete Gal-1, promoting the generation of an immunosuppressive milieu
and the activation of tolerogenic circuits that thwart the development of effective anti-tumor T cell responses.

In addition to modulation of adaptive T-cell responses, Gal-1 also controls innate immune pathways by modulating
macrophage and DC function. In this regard, we found that Gal-1 triggers an M2 macrophage profile by regulating
L-arginine metabolism and interfering with major histocompatibility complex (MHC)-II-dependent antigen presentation
as well as Fcy receptor I-dependent phagocytosis [53, 54]. Furthermore, silencing of tumor-derived-Gal-1 by short-
hairpin RNA (shRNA) in the high-grade glioma mouse model GL261 decreased myeloid cell accumulation within the
tumor microenvironment and prolonged survival in tumor-bearing mice [55]. In addition, Gal-1 induced differentiation
of tolerogenic DCs by regulating phosphorylation of the signal transducer and activator of transcription 3 (STAT3)
transcription factor, and favoring the expression of anti-inflammatory cytokines including IL-27 and IL-10, which
dampen anti-tumor responses [56]. In addition, Gal-1 secreted by mouse and human neuroblastoma cells triggers
immunosuppressive programs by compromising T cell and DC functions [57] (Figure 3).

The expression of Gal-1 in several cancer types, including prostate, breast, lung and pancreatic cancer, increases
with tumor progression, thus underlining a central role of this lectin as a possible prognostic biomarker of neoplastic
progression and an attractive therapeutic target in a variety of cancer types [58—60]. In this context, we found that Gal-
1 exerts both paracrine and autocrine functions that control proliferation, anti-tumor immunity, and angiogenesis in
pancreatic adenocarcinoma, thus reinforcing the multifunctional role of Gal-1 during tumor progression [60]. Supporting
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these observations, high levels of Gal-1 were associated with lower infiltration of cytotoxic CD8" T cells and poor clinical
outcomes in T cell lymphomas [61]. Furthermore, Nambiar and colleagues recently reported a role for Gal-1 in resistance
to immunotherapy in HNSCC. Particularly, Gal-1 blockade increased T cell infiltration, leading to superior responses to
anti-PD-1 therapies in this tumor type [62]. Likewise, we found that Gal-1 secretion by tumor-driven y6 T cells contributes
to tumor progression by linking commensal microbiota, systemic inflammation, and unremitted immunosuppression [63].

In addition to the broad immune inhibitory mechanisms, Gal-1 also contributes to tumor growth and progression
by favoring the generation of tumor-associated blood vessels. We found that Gal-1 promotes vascularization through
direct association with the complex N-glycans present on the vascular endothelial growth factor (VEGF) type 2 receptor
(VEGFR?2). This pro-angiogenic program is triggered under hypoxic conditions, which up-regulate Gal-1 expression in
tumor cells [64] and induce changes in VEGFR2 glycosylation characterized by high frequency of complex branched
N-glycans and low levels of 02,6 sialylation [65]. We found that Gal-1 blockade successfully counteracted resistance to
anti-VEGF treatment by co-opting the VEGFR2 signaling pathway in different tumor models including mouse Lewis
lung carcinoma and EL-4 thymic lymphoma [65]. Moreover, antibody-mediated Gal-1 neutralization promoted vessel
normalization and influx of CD8" T lymphocytes in different tumor types [65] (Figure 3). Interestingly, in melanoma
patients treated with anti-VEGF (bevacizumab) and anti-CTLA-4 (ipilimumab), circulating Gal-1 levels are associated
with a poor clinical outcome, while circulating anti-Gal-1 autoantibodies correlates with clinical response [66]. Thus, Gal-
1 serves as a novel glyco-checkpoint that controls immune and vascular signaling programs and an attractive therapeutic
target in various cancer types including melanoma, Hodgkin lymphoma, chronic lymphocytic leukemia (CLL), Kaposi’s
sarcoma, lung, breast, kidney, pancreatic, and prostate carcinomas, glioblastoma and neuroblastoma [58]. Thus, Gal-1
blockade, either alone or in combination, represents a promising immune therapeutic strategy to treat advanced stage and
refractory tumors.

Gal-1: A key regulator of the metastatic cascade

Metastasis is a multistage program through which cancer cells detach from the tissue of origin, migrate through blood or
lymphatic circulation and colonize a secondary organ [67, 68]. Besides serving as local regulators of immune responses,
galectin-glycan interactions have emerged as key players of the metastatic cascade, influencing tumor cell migration,
survival in the circulation, dissemination, and colonization of metastatic organs. Accordingly, Gal-1 can regulate cell-cell
and cell-matrix interactions, a process associated with invasiveness and metastasis in several human tumor types [69].
Gal-1 also increases adhesion of cells to the extracellular matrix (ECM) by interacting with laminin and fibronectin via
glycosylation-dependent mechanisms [70, 71, 72], and it promotes homotypic and heterotypic aggregation of cancer
cells [73, 74]. In oral squamous cell carcinoma (OSCC), Gal-1 expression in cancer-associated stroma correlated with
poor prognosis [75] and promoted tumor invasion by up-regulating metalloproteinase (MMP)-2 and -9 and increasing
the number and length of filopodia on tumor cells [76]. Additionally, Gal-1 expression is up-regulated by stromal cells
in invasive breast carcinoma patients when compared with in situ carcinomas [77]. Furthermore, Gal-1 induces up-
regulation of mesenchymal markers and down-regulation of E-cadherin in hepatocellular carcinoma cell lines, promoting
transition from epithelial morphology toward a fibroblastic mesenchymal phenotype [78]. In addition, studies in gastric
cancer cells found that high Gal-1 expression levels in cancer-associated fibroblasts (CAFs) up-regulate the expression
of Bl-integrin, inducing cancer cell migration and invasion [79], and promoted epithelial-to-mesenchymal transition
(EMT) via the non-canonical activation of the Hedgehog pathway [80]. Moreover, in human pancreatic cancer cells,
Gal-1 induced up-regulation of genes associated with migration and invasion and facilitated EMT through nuclear factor
kappa B (NF-kB) transcriptional regulation, thus influencing liver metastases [60, 81]. The pro-metastatic activity of
Gal-1 was also observed in metastatic castration-resistant prostate cancer cell lines, where silencing of this lectin led to
inhibition of migration and invasion via suppression of Akt and androgen receptor (AR) signaling [82]. Moreover, Gal-1
has also been identified as a key effector of tropomyosin receptor kinase—mediated invasiveness and migration in human
neuroblastoma cell lines [83], highlighting diverse mechanisms underlying the pro-metastatic role of this lectin in tumor
microenvironments.

In addition to the extracellular roles of Gal-1, this lectin has an important intracellular role in cancer by sustaining
proliferative signals through specific interactions with oncogenic RAS, a well-known cancer driver gene mutated in several
tumors. Constitutive activation of HRAS, KRAS, and NRAS proteins promotes continuous proliferation in different
cancer types [84]. In this setting, Gal-1 facilitates RAS membrane anchorage and activation, thereby sustaining tumor cell
proliferation [85, 86]. On the other hand, the interaction between Gal-1 and RAS in lung cancer leads to chemoresistance
and tumor progression through the up-regulation of p38, cyclooxygenase-2 and extracellular regulated kinase (ERK)
pathways [87]. Thus, Gal-1 association with oncogenic proteins, transcription factors, cell adhesion molecules and distinct
signaling pathways can have an effect on the invasion, dissemination and colonization of cancer cells, emphasizing the
relevance of Gal-1 blockade to control tumor progression and metastasis.
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Gal-1: A potential therapeutic agent for autoimmune and chronic inflammatory
diseases

Autoimmune diseases include a wide range of chronic inflammatory disorders generated by the interruption of immune
tolerance and homeostatic mechanisms. Both genetic and environmental factors play key roles in the development of
autoimmune and chronic inflammatory diseases. A deeper understanding of the cellular and molecular mechanisms
underlying these immune-mediated disorders could lead to the development of new and more effective immunomodulatory
therapies. Through interaction with glycosylated receptors on immune cells, Gal-1 exerts broad immunoregulatory
functions promoting resolution of autoimmune inflammation [88]. The mechanisms underlying Gal-1 function involve
selective deletion of Thl and Th17 cells, inhibition of pro-inflammatory cytokines, promotion of tolerogenic DCs,
expansion of Tregs and induction of M2 macrophage polarization [49,88, 89].

The precise description of different mechanisms underlying the immunoregulatory effects of different members of
the galectin family in autoimmune inflammation has been reviewed recently [90]. In this section, we will focus on the
role of Gal-1 in regulating immune tolerance and suppressing inflammation in different models of autoimmune disease.
The immunosuppressive properties of Gal-1 have been evaluated in several diseases and experimental models of chronic
inflammation and autoimmunity, including experimental autoimmune encephalomyelitis (EAE) [49], collagen-induced
arthritis (CIA) [91, 92], Sjogren’s syndrome [93], 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis [94],
celiac disease [88], experimental autoimmune uveitis (EAU), experimental induced uveitis (EIU) [95, 96], experimental
autoimmune diabetes [97, 98], experimental autoimmune orchitis (EAO) [99] and allergic airway inflammation [100].

Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic progressive brain and spinal cord degenerative disease characterized by the
demyelination and inflammation of the central nervous system (CNS) [101, 102]. Gal-1 demonstrated immunomodulatory
activity on experimental autoimmune encephalomyelitis (EAE), an animal model that recapitulates many of the clinical,
histopathological, and immunological manifestations of MS [103, 104]. The resulting pathology can range from acute
muscular paralysis episodes to chronic recurrent neurological processes leading to a general motor disability [105]. Thl
and Th17 lymphocyte subpopulations play key pathogenic roles in the autoimmune process underlying MS and EAE
[106, 107]. It has been postulated that Th17 cells have a critical role in the initial stage of this disease, whereas IFN-y-
secreting Th1 cells are more important in later stages of autoimmune neuroinflammation [108]. In fact, myelin-specific
infiltrating Th17 and Thl cells determine where CNS inflammation occurs [109]. Brain tissue of MS patients displays an
increased proportion of Th17 lymphocytes and elevated levels of IL-17A in comparison with healthy controls [106]. We
studied the role of Gal-1 in EAE by immunization of mice lacking this protein (Lgalsi”") with myelin-oligodendrocyte
glycoprotein (MOG),; ., peptide. Lack of endogenous Gal-1 resulted in greater disease severity as compared to wild-
type (WT) mice [49]. Mice devoid of Gal-1 showed a more pronounced area of demyelination in spinal cord sections,
increased frequency of antigen-specific Thl and Th17 cells in the spleen, as well as a more vigorous antigen-specific
proliferative T-cell response [49]. Accordingly, EAE mice treated daily with recombinant Gal-1 (rGal-1) from day 3
to 9 after immunization showed a decrease in clinical severity score [49]. We found that Gal-1 exerts its function by
limiting the frequency of antigen-specific IL-17- and IFN-y-producing CD4" T cells as a result of selective apoptosis
due to differential glycosylation of these immune cell populations [49] (Figure 3). In addition to the ability of Gal-1 to
control T cell physiology, we found that this lectin instructs DCs to differentiate toward a tolerogenic profile. Gal-1-
conditioned DCs acquired a regulatory signature characterized by IL-27 production and ability to induce IL-10-producing
type-1 regulatory T (Tr1) cells [56]. Supporting these findings, Lgals /" mice injected with MOG,, ., showed a decrease in
tolerogenic DCs and Tregs in comparison to WT mice [110]. Interestingly, a significant increase in Gal-1 expression has
been reported during the peak and resolution phases of EAE [56], similar to the expression pattern documented for other
inhibitory signals such as PD-L1 and its receptor PD-1 [111]. In addition, within the CNS, Gal-1 was mainly expressed
by astrocytes during the resolution phase of EAE. Astrocyte-derived Gal-1 acts directly on microglia cells via interaction
with core 2 O-glycans on CD45 phosphatase, changing the functional pattern of these cells from a pro-inflammatory M1
toward an anti-inflammatory M2 phenotype, which prevented inflammation-induced neurodegeneration [112] (Figure
3). Thus, Gal-1 triggers tolerogenic circuits within the CNS and peripheral lymphoid organs that control the severity of
autoimmune neuroinflammation.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) involves a chronic inflammation of synovial joints leading to cartilage destruction and
bone erosion. Induction of autoantibodies, activation of resident fibroblasts, and expansion of activated autoreactive
lymphocytes, macrophages, and plasma cells are typical hallmarks of this disease [113]. These innate and adaptive
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immune cells proliferate abnormally, invading both cartilage and bone and inducing increased levels of pro-inflammatory
cytokines and MMPs that promote the activation of osteoclasts [114]. We assessed the preventive and therapeutic effects
of Gal-1 in a murine model of CIA by means of gene and protein therapy strategies (Figure 3). Mice were immunized with
type-1I collagen to elicit cellular and humoral arthritogenic responses [115, 116]. Daily injections of recombinant Gal-1
or transfer of genetically-modified fibroblasts secreting high levels of this lectin, reduced the frequency of circulating
anti-collagen immunoglobulins, particularly IgG2a in mice with CIA. The mechanism underlying this effect involved
a shift toward a Th2-like profile, with decreased IFN-y and increased IL-5 production [91]. Further studies contributed
to elucidate the role of Gal-1 in RA by showing that LgalsI”- mice had increased susceptibility to CIA, showing more
vigorous T cell proliferation and augmented expression of IL-17 and IL-22 [92]. In RA patients, the concentration of Gal-
1 in synovial fluid decreased significantly compared to healthy controls, even though plasmatic levels were comparable
[117]. Likewise, we found a decreased expression of this lectin in synovial tissue of juvenile idiopathic arthritis patients
[118]. Moreover, in a local cohort of RA patients, we found considerably higher levels of serum Gal-1 correlating with
systemic inflammation compared to healthy individuals [89], suggesting differences in local versus systemic regulation of
this lectin during the course of the disease. Thus, Gal-1 controls arthritogenic inflammation by restoring T cell homeostasis
and modulating cytokine production.

Sjogren’s syndrome

Sjogren’s syndrome is characterized by lymphocytic infiltration of exocrine glands and the presence of different
autoantibodies. In contrast to CIA and EAE models, where mice were immunized with arthritogenic and encephalitogenic
peptides, mice lacking Gal-1 or complex branched N-glycans developed spontancous age-dependent sialadenitis
resembling Sjogren’s syndrome manifestations [93]. Lack of Gal-1 disrupted tolerogenic circuits and enhanced T cell
activation and recruitment to the salivary glands. We demonstrated that aged LgalsI”- mice had lower expression of PD-
L1 in salivary gland cells and increased recruitment of IFN-y-producing PD-1" CD8* T cells to this organ. Moreover,
Gal-1-deficient mice showed higher frequency of DCs with immunogenic capacity [93]. We verified these findings in
nonobese diabetic (NOD) mice, a well-established mouse model for Sjogren’s-like syndrome. Administration of rGal-1 to
NOD mice rescued the autoimmune phenotype showing a significant reduction of CD45" cells within the salivary glands.
Accordingly, labial biopsies from primary Sjogren’s syndrome patients showed reduced Gal-1 expression concomitant
with a higher number of infiltrating CD8" T cells [93]. These findings demonstrate that endogenous Gal-1 plays a key role
in preventing age-dependent development of spontancous autoimmunity (Figure 3).

Inflammatory bowel disease

Inflammatory bowel diseases (IBD) constitute a group of multifactorial chronic disorders that affect the digestive
tract, such as Crohn’s disease (CD) and ulcerative colitis (UC). These disorders are characterized by a dysregulation
of mucosal immune homeostasis, due to defects in tolerance induction against commensal microbiota or excessive
activation of effector immune responses [119]. The 2.4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis mouse
model recapitulates several features of IBD. In this model, the TNBS hapten is delivered into the mouse colonic lumen,
eliciting an inflammatory immune response in the gut. The broad tolerogenic responses of Gal-1 prompted speculation
on its potential regulatory role in the control of colitogenic immune responses in the inflamed gut. Administration of
rGal-1 in this model resulted in an increased number of apoptotic T cells in the colonic lamina propria and a decreased
frequency of Thl cytokines in comparison with untreated mice [120]. Moreover, this lectin also maintained intestinal
tissue homeostasis through the control of epithelial cell viability and regulation of epithelial-derived immunoregulatory
cytokines [121] (Figure 3). Future studies should explore the exact role of this lectin and its glycosylated ligands on
intestinal immune cell populations.

Celiac disease

Celiac disease is a T cell mediated disorder where chronic intestinal inflammation occurs as a result of immune responses
to wheat gluten peptides. This dysregulated immune response has multifactorial etiology and up to now, the only effective
treatment known is strict adherence to gluten-free diet [122]. We demonstrated an increased expression of Gal-1 in
duodenal biopsies of celiac disease patients after a lifelong gluten-free diet, compared to patients who did not take this
diet [88]. These findings suggested that this lectin might contribute to the resolution of chronic inflammation in response
to gluten withdrawal. Moreover, Gal-1 could be considered as a potential biomarker for the follow-up of celiac disease
patients [88]. Future studies should be aimed at analyzing the role of endogenous Gal-1 or exogenous rGal-1 administration
in mouse models of celiac disease.
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Uveitis

Autoimmune uveitis is characterized by an inflammatory response that occurs in the uvea and can adversely affect vision
leading to blindness [123]. Experimental autoimmune uveitis (EAU) is a mouse model of this intraocular inflammatory
disease characterized by the inflammation and destruction of the neural retina. The disease is induced by immunization
with retinal antigens such as interphotoreceptor retinoid binding protein (IRBP) and adjuvants like pertussis toxin (PTX).
In this model, we demonstrated that the administration of rGal-1 decreased disease severity, mainly by reducing immune
cell infiltration and shifting the Th1 response towards a Th2 or Treg cell profile [95]. Meanwhile, in the endotoxin-induced
uveitis (EIU) model, the disease is induced by inoculation with lipopolysaccharide (LPS) in the rat’s paw. Administration
of rGal-1 to LPS-treated rats attenuated the histopathological manifestations of EIU, suppressing the expression
of pro-inflammatory cytokines such as IL-6, IL-1B, and monocyte chemotactic protein-1 (MCP-1), thus inhibiting
polymorphonuclear cells infiltration [96]. Furthermore, in clinical settings, anti-Gal-1 autoantibodies correlated with the
severity of ocular pathology in autoimmune and infectious uveitis [124]. Further studies should be aimed at analyzing
the protective role of endogenous Gal-1 in preserving immune privilege in the eye and preventing ocular inflammation.

Diabetes

In type I diabetes, insulin-producing pancreatic B-cells are destroyed by autoreactive T cells [97]. Gal-1 demonstrated
an anti-inflammatory role in spontaneous diabetes in NOD mice. This effect was accompanied by downregulation of T
cell pro-inflammatory response and augmented frequency of Th2 responses, thus preventing hyperglycemia at early and
subclinical stages [97]. Supporting these findings, patients with type 1 diabetes had lower serum levels of Gal-1 compared
to healthy controls, mainly due to a reduced secretion of this lectin by monocytes [98] (Figure 3). Whether Gal-1-driven
programs could link immune, endocrine, and metabolic pathways in diabetic individuals still remains to be elucidated.

Orchitis

Testicular inflammation and anti-sperm antibodies are the main features of autoimmune orchitis [125]. Given the high
expression of Gal-1 in Sertoli testicular cells [126], we investigated the possible role of this lectin in autoimmune testicular
inflammation. In a model of experimental autoimmune orchitis (EAO), we found that Gal-1 expression did not correlate
with the extent of the inflammatory response. Paradoxically, in this model, Lgalsi”- mice showed a reduction in the
incidence and severity of the disease. However, when rGal-1 was administered exogenously, inflammation was dampened,
and clinical symptoms were attenuated similarly to other autoimmune inflammation models [99]. These results highlight
the dual role of endogenous versus exogenous Gal-1 in this particular experimental model. Further studies should be
aimed at dissecting innate and adaptive components differentially regulated by exogenous and endogenous Gal-1 in
autoimmune testicular inflammation.

Allergic Airway Inflammation

Allergic airway inflammation is characterized by elevated recruitment of eosinophils to the lung and increased activation
of antigen-specific Th2 responses. Murine models resembling allergic asthma involve acute or chronic exposure to
ovalbumin (OVA). We evaluated the relevance of the Gal-1-glycan axis in this model. An immunohistochemical analysis
revealed recruitment of Gal-1-expressing inflammatory eosinophils to the inflamed lungs [100]. Interestingly, Gal-1
expression was up-regulated in the epithelial cells, smooth muscle cells and endothelial cells of the lungs and within the
extracellular space as a result of allergen exposure. Recombinant Gal-1 inhibited eosinophil migration through specific
recognition of LacNAc residues on the surface of these cells. Moreover, in vivo studies showed augmented eosinophil
and T cell recruitment to the airways in allergen-exposed Lgalsl”~ compared to WT mice. Thus, allergen-challenged
Lgals1” mice exhibited airway hyperresponsiveness that could be attributed to a lack of eosinophilia regulation by
Gal-1 at inflammation sites [100]. Overall, this study showed an important role for Gal-1 in the resolution of airway
inflammation through the control of eosinophils’ migratory and functional capacity, opening therapeutic avenues for
eosinophil-dependent inflammatory responses (Figure 3).

Immune-related failing pregnancies
The elevated amounts of Gal-1 during gestation in different species and its high sensitivity to hormonal regulation [127,

128], prompted us to investigate the role of this lectin during pregnancy. Consistent with a marked decrease in Gal-1
expression during failing pregnancies, LgalsI”- female mice showed higher rates of fetal loss compared to WT mice in
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allogeneic mating. Treatment with rGal-1 prevented fetal loss and restored tolerance through mechanisms involving
expansion of IL-10-secreting Treg cells in vivo [129]. Supporting these findings, increased frequency of circulating anti-
Gal-1 autoantibodies were detected in sera from women with spontaneous recurrent abortions compared to fertile women
[130]. Interestingly, Gal-1 also controls sperm fertilizing activity [131], suggesting diverse roles for this lectin during
mammalian reproduction and gestation.
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Figure 3. Contrasting roles of Gal-1 in autoimmunity and cancer. On the right, several immunosuppressive effects that
Gal-1 exerts within the tumor microenvironment are illustrated, including induction of CD8" T cell apoptosis, expansion
of immunosuppressive Tregs, differentiation of tolerogenic DCs, induction of macrophage polarization from a pro-
inflammatory M1 toward an anti-inflammatory M2 profile, and promotion of aberrant angiogenesis. Gal-1 blockade
triggers an effective T cell-mediated anti-tumor response and control of tumor growth. On the left, the beneficial functions
underlying the administration of rGal-1 in autoimmune diseases are outlined, including selective death of Th1 and Th17
lymphocytes, inhibition of pro-inflammatory cytokines, differentiation of tolerogenic DCs leading to expansion of Trl
cells, and promotion of Treg cell expansion. Thus, administration of exogenous rGal-1 would favor the resolution of
inflammatory and autoimmune processes. Created with BioRender.com.
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Concluding remarks and future perspectives

In this review, we discussed the multifunctional roles of Gal-1, an endogenous immunomodulatory -galactoside binding
protein, in cancer and autoimmune inflammation. Through recognition of terminal LacNAc residues present in complex
branched N-glycans and core-2 O-glycan structures, this lectin recalibrates innate and adaptive responses by modulating
the survival, activation, trafficking, and differentiation of immune cells. Expression of Gal-1 during peak and resolution
phases of inflammatory responses contributes to restoring immune homeostasis by blunting exacerbated immune responses
through induction of glycosylation-dependent tolerogenic circuits. Accordingly, dysregulation of Gal-1 expression and/or
its glycosylated ligands contribute to the establishment and perpetuation of pathologic conditions.

On the one hand, interruption of Gal-1-glycan interactions leads to exacerbation of inflammatory and autoimmune
responses. It has been demonstrated in a wide range of experimental models of autoimmune diseases that the absence
of Gal-1 aggravates the clinical severity of the disease [49, 56, 92, 93, 112]. In this regard, we recently found that
aged LgalsI” mice spontaneously develop a Sjogren’s-like syndrome [93], providing clear-cut evidence of the central
role of endogenous Gal-1 in the control of immune homeostatic programs. This effect was further validated by the
broad immunomodulatory activity of exogenous rGal-1 in a broad range of autoimmune experimental models [90].
Interestingly, augmented T cell-dependent inflammatory responses have also been observed in mice lacking the Mgat5
glycosyltransferase, responsible for generating galectin ligands [17]. These findings place the Gal-1-glycan axis at the
center of the scene of immune tolerance and homeostasis, highlighting a potential therapeutic target for T cell-dependent
autoimmune inflammation. Since current therapies in autoimmune diseases are not curative and show substantial side
effects [132], Gal-1-based immunomodulatory agonists emerge as potential immunomodulators to recalibrate immunity
and restore immunological homeostasis.

On the other hand, in the context of neoplastic diseases, Gal-1 favors tumor growth and metastasis by fostering
immunosuppression and angiogenesis. Since our initial discovery showing that melanoma cells evade T cell-mediated
antitumor responses by secreting Gal-1 [48], this paradigm has been extended to a broad range of tumors including lung
adenocarcinoma, Hodgkin lymphoma, pancreatic adenocarcinoma, glioblastoma, neuroblastoma, breast adenocarcinoma,
CLL and others [58]. Additionally, this lectin stimulates the generation of aberrant vascular networks at sites of tumor
growth and facilitates tumor-stroma interactions, favoring dissemination, colonization, and metastatic disease [65,
133]. Remarkably, this endogenous lectin confers resistance to different treatments including anti-angiogenic therapy,
immunotherapy, chemotherapy, radiotherapy, and targeted therapies [134]. Collectively, these results underscore the
potential therapeutic value of Gal-1 blockade, using neutralizing monoclonal antibodies, synthetic or natural glycans or
antagonistic peptides [135], either alone or in combination with other therapeutic modalities for treating a wide range of
tumors. Future basic and clinical research is awaited to validate galectin-based therapeutic strategies and translate these
findings from bench to bedside and back again.
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Abstract

Nitric Oxide (NO) is a key intermediate in the nitrogen redox cycles

that operate in soils, water and biological fluids, affording reversible -
interconversions between nitrates to ammonia and vice-versa. The /

discovery of its biosynthesis in mammals for signaling purposes

generated a research explosion on the ongoing chemistry occurring "\

in specific cellular compartments, centered on NO reactivity toward The pict:re describes the addition of
O,, thiols, amines, and transition metals, as well as derivatives t?\g i”E?FtehCeN')‘"(ﬁngZ_Of (?]‘i)tl:gsn:\‘sgi;ig
thereof. The present review deals with the coordination chemistry of ion, leading to the bound intermediate
NO toward selected iron and ruthenium centers. We place specific [(FECN),(NO,H)I*~.

attention to the three redox states of the nitrosyl group: NO*, NO

and NO/HNO, describing changes in structure and reactivity as coordination takes place. Noteworthy are
the results with the most reduced nitroxyl-species that allow establishing the changes in the measurable
pK, values for the HNO-bound complexes, also revealing the abrupt decrease in reducing power and
trans-releasing abilities of the protonated species over the unprotonated ones, NO-. Comparative results
using non-heme and heme proteins and models prove useful for suggesting further improvements in the
current research status of complex enzymatic behavior.

Keywords:
nitric oxide, nitroxyl, nitrous oxide, nucleophilic/electrophilic addition, disproportionation, nitrosation,
dioxygenation, hydrogen sulfide, thionitrous acid, thionitrites, perthionitrites

Introduction

Modern studies in physiology and biochemistry point to some endogenously generated small molecules, dissolved gases
that are free to diffuse in solutions and permeate membranes. More than the products of metabolism, their production is
regulated to fulfill messenger functions involved in signal transduction, with specific cellular and molecular targets. They
have been evolutionary conserved in eukaryotes, from bacteria to plant and mammalian cells, and use to act cooperatively.
Main examples are nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H,S). They are frequently called
“gasotransmitters”, excluding the not endogenously generated dioxygen (O,), despite that it fulfills the main described
properties, among them the signaling abilities. By focusing on NO, and leaving CO aside now, we will discuss in this
review the biorelevant chemistry of the latter molecules in an integrated way.[1,2]

NO, an environmental pollutant and toxin, gained prestige in the 1980s after the discovery of its biosynthesis in
mammals for signaling purposes,[3] and the recognition of functions in plant biology.[4] NO is produced by a five-e
oxidation of L-arginine with O,, catalyzed by the iron based nitric oxide synthase isozymes in the endothelium, nerves,
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and macrophages: e-NOS, n-NOS, and i-NOS, respectively. NO subsequently targets another iron enzyme, soluble
guanylate cyclase (sGC), a high affinity NO-sensor that produces blood pressure control through vasodilation, as well as
nerve signal transduction and immune defense. NO is also produced by reductive conversion from nitrite (NO,") in soils
and seawater, in denitrifying bacteria and fungi, catalyzed by copper or iron heme anaerobic nitrite reductases (NIR). It is
thought to be similarly produced in vivo by reaction of NO,”with deoxy-Hb and -Mb for hypoxic vasodilation, a process
also related with curing of meat. Other NO-binding iron heme isozymes are nitrophorins, that serve as NO carriers in the
saliva of blood-sucking insects. Given its toxicity beyond the uM level, regulatory enzymatic NO production displays
at 1-10 nM concentrations. Removal of NO is accomplished in mammals and in some bacteria under nitrosative stress,
mainly through autoxidation forming nitrate (NO,"). A catalytic depletion of NO giving nitrous oxide (N,O) is afforded
by heme NO-reductases (NOR) in denitrifying bacteria and fungi.[5,6]

Elucidating the biorelevant mechanistic chemistry of NO and redox derivatives is a complex task. The targets for
NO-biological signaling can be the direct reactions with O,, thiols (RSH) and hydrogen sulfide (H,S), amines, and radical
species. Besides, dioxygen (O,), superoxide (O,"), and hydrogen peroxide (H,0,) have their own signaling abilities. The
mutual interactions of all potential components at a given cellular microenvironment must be considered, as well as the
corresponding rate constants and local concentrations of species.[1,7,8] Intermediate/products of those reactions such
as nitrosothiolates (RSNO) might also produce a signaling cascade. In protein nitrosations implying modifications of a
thiol group, how RSNOs are formed and how specificity is achieved for activating a given biological function are mostly
unknown.[9] Most relevant to our present focus, transition metal ions can provide novel signaling features, depending
on the nature of available metal-binding sites, tuning abilities exerted by coligands, second-sphere interactions with
counterions or residues in vicinal protein chains, or with solvent media. Thus, the reactivity of “free” NO can be greatly
modified upon coordination, as done by the multifunctional metalloenzymes necessary for the biosynthesis, transport,
sensing and detoxification of NO.[6,10]

Following a brief survey on the basic solution physical and chemical properties of NO, NO _ and redox
derivatives,[1,7] the coordination chemistry will be emphasized mainly by revisiting our work with a non-heme iron
complex (pentacyanonitrosylferrate(Il), “nitroprusside”),[ 11] and by using ruthenium nitrosyl models,[12] thus providing
appropriate frameworks for comparison with the most biorelevant iron heme proteins. Recent aspects of the “crosstalk”
of NO with H,S will be presented, comprising the intermediacy of thionitrous acid (NOSH), nitrososulfides (thionitrites,
NOS") and nitrosodisulfides (perthionitrites, NOS,).[13] Hopefully, this account will address challenging mechanistic
questions pointing to a best understanding of the role of transition metals in biological signaling. Only the main original
articles related to the chemistry described will be cited, instead we provide the reader access to the most current literature,
with emphasis on reviews.

1. Properties of aqueous NO and redox derivatives NO*, NO-, HNO, NO_

NO is thermodynamically very unstable in water (A G"r’aq’zggK =102 kJ/mol), although it is persistent as a monomer, soluble
in the mM range (increasing to 3-15 mM/atm in aprotic solvent), nearly non-polar, hydrophobic, diffusible, and able to
freely pass the cell boundaries.[1,7] Figure 1 shows a Molecular Orbital (MO) bonding description, with the highest energy
unpaired electron in an antibonding orbital, and an N-O bond order of 2.5. Remarkably, aqueous NO shows no significant
tendency to dimerize, with an apparently unfavorable dimerization equilibrium constant.[14] In contrast, dimerization
reactions for most inorganic radicals are very fast and effectively irreversible, except for NO,, SO, and a few others.[14]
Neither does NO disproportionate in water, as other oxo-nitrogenated radicals do (NO, and N,O,"), though it evolves
gradually to N,O and NO, in pressurized NO gas-cylinders. The colligation reactions of NO with paramagnetic substrates
are nearly diffusion-controlled (~10'* M's™"), as with NO, and CO,", giving N,O,and NOCO, respectively.[14] Very
fast reactions take place with biorelevant radicals as thiyl (RS-), peroxyl (ROO") and tyrosyl (PhO-). Fast radical quenching
by NO on enzyme systems serve as regulatory or inhibitory functions; many chain-carrying radicals oxidize important
biological macromolecules, and a protective role for NO can be established.[1,7,14]
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Figure 1. Molecular orbital diagram for NO

A third order rate law has been verified for the aqueous autoxidation reaction (1): d[NO, J/dt = 4k, [NOJ’[O,], with
k, =2 >x10°M?s" (25°C, pH independent). It is believed that intermediate NO, production is rate-limiting, followed
by association with NO giving N,O,, that hydrolyzes to nitrite.[7,14] Following several reports on the mechanisms,
ONOONO, NO, and N, O, have been proposed as oxidizing intermediates, depending on added substrates.[15] ONOONO
would be generated by the reaction of NO with a peroxynitrite radical formed in the initial step: ONOO- (or alternatively,
with a weakly bound NO-O, species). No mention has been made at all on a NO-dimer as a putative endergonic precursor

intermediate, subsequently reactive toward O,.
4NO + O, +2H,0 — 4H" + 4NO (1)

Alternatively, NO, is the final product in aprotic solvents, which raises the question on the different damaging
capability of the autoxidation reaction depending on the local polarity in cells. The rate of NO-decay depends on its initial
concentration: in aerated solutions and high concentrations of NO (uM to mM), the reaction takes place in seconds or
less, whereas the decay is much slower at physiological concentrations (< 100 nM). For example, at | mM NO and 250
uM O,, the first t, ,is 0.5 s, whereas at more physiological levels of 10 nM NO and 50 uM O, the t, ,is ~50 hours.[5,7] As
t,, decreases, the flux of reactive nitrogen species (RNS) increases, as might occur with other damaging reactive oxygen
species (ROS, viz., O,7, H,0,,), and requires modulation of NO production, accomplished by NOS isozymes on demand.
Thus, NO may be involved in diverse biological functions. Most important is the very fast colligation reaction (2):

NO+0, — OONO"  k,=5x10°M's" @)

A maximized production of strongly oxidizing peroxynitrite (ONOO") can be reached upon colocalized disposal of
the reactants, a process that can be inhibited by superoxide dismutase enzymes (SOD). In contrast, NO shows no reaction
with H,O,, although the latter might be toxic by reacting with reduced metal ions (Fe", Cu', leading to OH), or behave
as signaling agent by reacting with thiols, showing kinetic selectivity in the oxidations to sulfenic acids (RSH + H,0, —

RSOH + H,0). Decomposition of H,O, is regulated by catalase and peroxidase enzymes.[1,7]

Turning to the charged diatomic moieties, Figure 1 shows that NO" and NO- are accessible states upon one-electron
removal or addition. Stable NO* can be isolated (viz., with BF,") and solubilized in organic solvents. Despite its bond
order 3, akin to CO and N,, NO" is extremely reactive in aqueous solutions as an electrophile toward OH", giving HNO,.
On the other hand, one-electron addition to NO leads to the ground-state (GS) triplet *NO™ (bond order 2, akin to O,)
through the single occupation of each MO. A singlet excited state (ES), 'NO-, can be reached by pairing both electrons
in one of the MO’s. To the relevant reduction potentials in eqs (3,4), we include an estimated value to produce 'HNO
(nitroxyl, azanone, with a GS singlet), given by eq (5), at pH 7.4. We also quote the pH-dependent conversion to NO,™ in
reaction (6), which means that NO is a mild oxidant at pH 7, £ = 0.37 V (all these redox potentials are referenced to NHE).
[1,7,14] The data suggest that neither one-e~ oxidations nor one-e reductions of NO could be rapidly established under
biorelevant conditions (reactions 4 and 5 are spin-forbidden); therefore, we might conclude that NO has time to diffuse
from a cell to another and react accordingly (viz., with locally available highly reactive reductants such as H,S or thiols,
see below).
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NO'+e 2NO  Eyy =145V 3)
NO+e 2NO By, =-081V )
NO+H +e 2 'HNO E 0 =-05V (5)
HNO, +H'+¢ 2 NO+H,0 ) no =099V (6)

There is an enormous interest on the chemical properties of aqueous HNO,[16,17] which equilibrates with 3NO-
through reaction (7). Reactions (8) and (9) show the different reactivity toward O, of the protonated and deprotonated
species, although ONOOH has been questioned as a product in reaction (8).[7] Note that the extremely fast reactions (2)
and (9) are isoelectronic.

HNO +OH 2NO +HO  k,49x 10°M s,k , 1.2 x 10?5} 7
HNO + 0, — ONOOH k=18 x 10* M5! (8)
NO~ + 0, — ONOO- k= 2.7%10°Ms! 9)

HNO becomes a dominant species at pH 7, based on the estimated value of pK_~11.4 for deprotonation into GS *NO".
HNO decays rapidly forming N,O through pH-dependent pathways attributed to self-dimerization of HNO. For reaction
(10), a nucleophilic addition step of *NO- to the N atom of HNO has been proposed, leading to cis-N,O,H" that rapidly
decomposes to N,O.[17]

HNO +°NO - N,0+OH £, ,=6.6x10°M's" (10)

We also highlight the mutual reactivity of HNO/NO giving hyponitrite radicals, N,O,~ (pK, of HN,O,, 5.6), whose
chemistry has been characterized by pulse radiolysis and flash photolysis.[18] The radicals form either by one-electron
oxidation of aqueous hyponitrite, N,O,>, or by one-electron reduction of NO. In the latter case, the precursor can be either
HNO, reaction (11), or °NO", which reacts much faster (3 x 10° M's™"). The chemistry of N,O,~ might be most biorelevant
under colocalized generation of NO/HNO. In a complex process, the N O, radicals can disproportionate further in a
rate-limiting bimolecular step, followed by fast reactions producing N,O and NO,, with NO and N,O," as catalytic
intermediates.[18] We refer the reader to recent articles and reviews on the mechanistic chemistry of N,O production,

most relevant to greenhouse effects, comprising the chemistry of NOR enzymes that generates N, O in soils.[19-21]
HNO +NO — N,O,~ + H" k, =58x10°M"'s"! (11)

Finally, reaction (12) shows the reversible oxidative ability of HNO toward thiols (viz., as residues in proteins) that
produces sulfenamide intermediates RSNHOH in the first step, followed by attack by a second RSH to give hydroxylamine
(HA) and disulfides. Depending on concentrations, the process can evolve irreversibly giving sulfinamides RS(O)NH,.
[1.7]

HNO+2RSH 2 NH.OH+R.S. k.=4.5x10°M's" (12)
2 272 12

Endogenous synthesis of HNO is feasible though controversial.[16,17] It might occur through similar oxidative
routes as for NO-production through NOS, although by a four-clectron oxidation under deficient conditions of the
tetrahydrobiopterin (BH,) cofactor. Studies in vitro suggest its formation from HA or other amino alcohols, through
peroxidation catalyzed by diverse hemeproteins.[17] Direct NO-reductive routes to HNO by ascorbate, tyrosine, thiols
and H,S have been reported, evolving irreversibly to N,O and oxidized species.[22,23] Though the redox potential
value in reaction (5) allows questioning the accessibility of '"HNO by single electron transfer, a recalculated value at
—0.12 V (NHE) sustains a lower barrier for PCET that might couple favorably with the fast, exergonic reactions of the
intermediates.[24] Most significant is the assumed general outcome that NO and NO/HNO could be easily interconverted
in biological media, depending on the pH and redox state of the environment.

2. Basic transition metal coordination chemistry of NO*, NO, NO-. The Enemark-
Feltham formalism and beyond

The three redox states of the nitrosyl diatomic group can be stabilized by complexation to metal ions.[12] NO binds
covalently to transition metals M forming diverse structural types as mononuclear, NO-bridging and cluster compounds.
We focus on mononuclear species with coordination numbers (CN) 6 and 5. The Enemark and Feltham MO formalism
allows describing and predicting the main geometrical and reactivity features.[25] By using the {MNO}" symbolism (n is
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the electron count for the metal d and n* | orbitals), the M-N-O fragment is defined as a single entity, without assuming
any electronic distribution at the M,N,O atoms. Linear M-N-O geometries are predicted for complexes with n < 6, with
increasingly bent structures for n =7 and 8. As no role is assigned to the coligands, we must advance further by evaluating
their influence on the structural, spectroscopic and reactivity properties. We must also consider the ¢ and © bonding
interactions between M and NO. Figure 2 includes simplified diagrams of MO energy levels for {MNO}" systems with
n=06,7,8.[26]

(a) (b)

— a,(0,?) — a'ld;?7*(NO))

— 572 —  ddl.)

== &(7*(NO), d¢.0|x) === a(7"(NO), ¢,
= d(1*(NO),q,?)

— de‘
= [ d.7(NO)
oy, 7 (NO)

— by(d)

= e, (4,,4,,,7"(NO)
Figure 2. Molecular orbitals in 6-coordinate {MNO}" complexes, with M—N—O in (a) linear situation: n = 6, and (b) bent
situations: n = 7, 8. From reference 26.

We will present selected cases of nitrosyl coordination compounds with different coligand types, for the three values
of n, including the total spin states S, basic X-ray structural data, and IR spectral information on most relevant stretching
frequencies, v, , and, when available, v, , . An emphasis will be placed on iron examples for non-heme and heme-
coordination environments, and on some model nitrosyl ruthenium complexes. We aim at getting a comprehensive
insight into the redox chemistry of the three redox states of nitrosyl, also including HNO, in well-defined coordination
environments. Complementary spectroscopic results (UV-vis, EPR, NMR, Madssbauer) and DFT calculations will be
considered. A more comprehensive description of biorelevant nitrosyl complexes can be found elsewhere.[10,12,26,27]

3. {MNO}¢ complexes. Close-to-Linear geometries. Dominant electrophilic reactivity:
nitrosation reactions

3.1. Synthesis, bonding, and spectroscopies

Table 1 shows a selection of 6C metallonitrosyl-complexes,[28-39] usually prepared by mixing NO with Fe(III) (d°)
precursors. Reaction (13) describes a situation for L coligands, either equatorial or axial with respect to nitrosyl, with an
occasional multidentate character. We deal with the “ferri-heme” nitrosyls, which in many cases originate in high-spin
labile porphyrin Fe™ centers (d°, S = 5/2) that react fast and reversibly with NO (S = %), giving low-spin diamagnetic
nitrosyl-products (S, = 0), with k= ~10° M's™" and k_; = 1-50 s'.[40,41] That moderate NO-lability has been found
for {FeNO}¢ complexes generated under flash-photolysis and excess NO conditions. On the other hand, very stable
and comprehensively characterized model complexes have been recently synthesized,[33] namely the 6C [Fe(TPP)(NO)
(MD]" (MI = 1-methylimidazole) and [Fe(TPP)(NO)(X)] (X = CI", Br") complexes, through the oxidation of corresponding
{FeNO}’ precursors in the absence of excess NO gas; the products showed very low values of £ that made NO-binding
essentially irreversible.[33] For stronger-field coligands like amines, cyanides, etc., the reactants may comprise low-
spin aqua-complexes (d°, S = %4) that bind NO much slower and irreversibly giving also diamagnetic products, like the
nitroprusside ion, best known as a sodium dihydrate salt, Na,[Fe(CN) NO].2H,O (SNP), with k= 0.3 M's"".[42]

[Fe"(L)(H,0]* + NO 2 [M((LY)(NO)|* + HO £k .,k (13)
Alternatively, HNO, may react with Fe(II) (d°) precursors as in reaction (14), through binding and subsequent fast
proton-assisted dehydration. High-spin ferrous aqua-complexes react much faster than the ferric ones through dissociative
mechanisms;[41] corresponding low-spin complexes such as [Fe"(CN),)H,O]* react much slower (K 14~300 M-s™).
[43] Also, NOBF, can react directly with 5C Fe(Il) complexes in non-aqueous media. In other methods, reduced species
like arginine or hydroxylamine can be oxidized to bound NO*.
[Fe(L)H,0]*"*+ HNO,+ H" 2 [M(L)(NO)[+2H0 &

on’

kg (14)
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Table 1 shows that most complexes display nearly linear M-N-O groups with ZMNO lying at 170-180°, with high IR
stretching frequencies v, at 1950-1900 cm™'. The reported values for v, lie in the 650-580 cm™' range.[6,29] Nitrosyl
myoglobin (MbNO), with an axial histidine ligand, is an example among the heme NO-proteins with weak N-imidazolic
ligands, as cd, NIR, nitrosyl horseradish peroxidase (HRPNO) and most of the nitrophorins.[10]

Figure 2A shows that the 6 electrons can fully occupy the predominantly metal orbitals €, and b, (C, symmetry), under
sufficiently strong-field situations. Whilst b, is essentially nonbonding, ¢, is strongly n bonding, mixing the degenerate
metal d_, dyZ with the n* | orbitals. In a general way, these @ “back-bonding” interactions depend on the metal M, its
charge and electronic configuration. In contrast the Fe-NO o interaction is very weak, as observed for poorly c-donor
diatomic species with multiple bonds. Consistent with S = 0, a limiting Fe"NO" GS configuration corresponds with a
short and linear Fe-N-O unit that maximizes the n interaction. The latter implies a net transfer of the charge density of one
electron from iron to the NO™ ligand, which strengthens the Fe-NO bond and weakens the N-O bond, thus explaining the
lowering of v, from 2390 cm™ in free NO* to 1950-1900 cm ™ in the bound species. In other words, some of the triple-
bond character of free NO* is lost upon coordination, resulting in a real distribution that must be considered intermediate
between Fe"™NO* and Fe"™™NO-. It must be remarked, however, that not all {FeNO}°compounds are of Fe(II)-NO* type: the
high-spin complex [Fe(TMG3tren)(NO)J** has been described as Fe(IV)-NO~.[44]

Table 1 includes two porphyrin nitrosyl complexes with axial sulfur ligands having distinctive low values of v, at
1850 cm™' and a pronounced bending with ZMNO reaching 160°. Correspondingly diminished v, ,, values locate at 549-
530 cm!. Whilst the first example is a model nitrosyl compound with a trans thiophenolate ligand,[35] the second one
is the nitrosyl adduct of the “ferri-heme” protein, P450nor,[37] containing cysteinate as the #rans ligand. In addition to &
bonding, a new type of o-frans interaction has been described:[6] the donor sulfur-ligand forms a S-Fe ¢ bond (mainly
with iron d ), admixed with the (unoccupied) delocalized Fe-N-O o* orbital, antibonding with respect to both the Fe-
NO and N-O bonds. Hence, partial occupation of this orbital decreases v, , and v, . simultaneously. Other specific
geometrical changes were reported for the model 6C NO-compound,[35] which we do not analyze here; we remark that it
shows a nearly equal (slightly lower) value of d, ¢ with respect to the NO-unbound reactant, i.e., no significant structural
trans effect is onset, in contrast with the n = 7 systems that produce significant elongations in the trans Fe-L distances

upon coordination,[45] as analyzed later.

A new series of n = 6 [Fe(TPP)(SPh)(NO)] model complexes has been synthesized containing electron-poor
thiophenolates with variable donor strengths and pK values;[36] a fine tuning of the H-bonding influence on the S-ligands
allows sensing the changes in the IR stretchings, confirming that the decrease of both v and v__, correlate with the
increasing binding strengths of the trans thiophenolate groups. These second-sphere H-bonding and electronic interactions
appear as crucial for controlling the degree of activation of the Fe-N-O unit for P450nor catalysis during the first step of
N,O production, and also determine distinctive catalytic roles for other n = 6 intermediates in cyt P450 monoxygenases,

in chloroperoxidase (CPO) and NOSs, all with thiolate ligands in differently H-bonded environmental pockets.

Though not included in Table 1, previous results with other non-sulfur strong donor trans-ligands showed the same
geometric changes (viz., C.H,F, OH"),[12,45] suggesting that even the minor ZLMNO deviations from 180° might be due
to electronic effects rather than to steric restrictions.[34] The overall spread in v, (1950-1850 cm™) allows concluding
that the complexes with the higher frequencies reflect a greater NO*-character. The significance of the IR results has been
clarified by normal coordinate analysis calculations (NCA), which show comparatively high values for the N-O and Fe-N
force constants, at ~14-15 and 4 mdyn/A, respectively. On the other hand, the bending of the Fe-N-O units down to 160°
has been attributed to a different orbital origin, namely the strong © donation by the thiolates.[6]
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Table 1. n = 6. Selected 6-coordinated metallonitrosyl complexes, {MNO}¢ (M = Fe, Ru), with different coligands

Compound . e de,o 0 Ay s

&) (&) (&)
Na,[Fe(CN),(NO)].2H,0 * 0 1960 1.6656(7) | 1.133(1) | 176.03(7) | 1.9257(9) 28,29
[Fe(cyclam-ac)(NO)]CI(CIO,).H,0 ® 0 1903 1.663 1.133 175.6 1.883 30
MbINO © 0 1927 1.68(2) 1.13(1) 180(4) 2.04(2) 31
[Fe(TPP)(MI)(NO)J* ¢ 0 1896 1.62753) | 1.148(5) 176.3(4) | 1.973(3) 32,33
[Fe(TPP)(NO)(CI)] 0 1880 1.668(9) | 1.209(8) 180 2.099(4) 33
[Fe(TPP)(O,CCF,)(NO)] 0 1907 1.618(8) | 1.151(8) | 175.8(6) 1.899(6) 34
[Fe(OEP)(SR-H,)(NO)] ¢ 0 1870 1.671(9) | 1.187(9) | 159.6(8) 2.356(3) 35,36
P450nor™-NO 0 1851 1.63 1.16 161 23 37
[Ru(Me,[9]aneN,)(bpy)(NO)](BF,), | 0 1919 1.7612) | 1.1283) | 1732(3) | 2.128(4) 38
[Ru(Me,[9]aneN,)(bpym)(NO)|(BF,), [ 0 1947 1.776(5) | 1.133(7) | 172.5(4) | 2.110(6) 39
Abbreviations: cyclam-ac: 1,4,8,11-tetraazacyclotetradecane-1-acetate; Mb'™': “ferri”-myoglobin; por: porphyne(2-);
MI: 1-methylimidazole; TPP: 5,10,15,20-tetraphenylporphyrin(2-); OEP: octaethylporphyrin(2-); P450nor:
Fungal cytochrome P450 NO reductase; SR-H,: S-2,6-(CF,CONH),C/H,); Me,[9]aneN,):1,4,7-trimethyl-1,4,7-
triazacyclononane; bpy: 2,2’-bipyridine; bpym: 2,2’-bipyrimidine.
a) X-ray diffraction, 50 K, ref. 28; v, ref. 29, 77 K. b) X-ray diffraction, 100 K; v ,in CD,CN. ¢) Geometric data from
XAFS, v, by resonance Raman. d) v, corresponds to BF~salt, ref. 32. X-ray, with PO,F~salt, ref. 33. Calculated
geometrical data (BP86/TZVP, with a porphyne® ligand), see ref. 6. ) corrected value of v in ref. 36 with respect to
previous report in ref. 35. f) Compound [1-NOJ*, see text; v, in ATR mode; calculated DFT (B3LYP) are available.
g) Compound [3-NOJ*, see text; data as in f).

The highest value of v, for nitroprusside in Table 1 is remarkable.[29] Given that cyano-ligands are strong c-donors,
one might expect a lower value, as described above for the thiolate-complexes. However, the bound cyanides also display
specific H-bonds with water,[29,46] which diminishes the iron electron density and consequent n-bonding ability toward
nitrosyl. Upon dehydration of Na,[Fe(CN),NO].2H,0 or upon dissolving the salt in acetonitrile rather than in water, v,
decreases by ~40 cm™.[46] These examples highlight the importance of considering both the first and second coordination
spheres, accounting for interactions either with the solvents, counterions, or the neighboring residues located at distal and/
or proximal positions with respect to the NO-group. Interestingly, the nitroprusside ion clearly shows a negative trans-
influence of NO*, with the axial Fe-C distance becoming shorter than the equatorial ones by 0.1 A (this is also nicely
reflected in the changes of v, ); moreover, the iron atom is displaced upwards above the equatorial plane toward the
NO group.[28] More generally, the axial L becomes inert toward dissociation from iron under the electron-withdrawing
influence of the NO*-group,[47] accounting for the very poor number of available 5C complexes[45] (note however
a recent isolation and X-ray characterization of 5C [Fe(TPP)(NO)]BF,).[33] Remarkably enough, the pK for axial
H,O might decrease to ~3, which means that the Fe"NO* fragment reaches the behavior of a Fe(III) center.[47] Such a
deprotonation of trans-H,O at pH 7 generates significant changes in the kinetic/mechanistic parameters for the aqueous
nitrosylation/denitrosylation reactions of Fe(IIl)-porphyrin models.[41]

UV-vis spectroscopy has been a pioneering tool for describing the electronic structure and assigning optical transitions.
Early theoretical calculations with [Fe(CN) (NO)]* indicated a composition of the HOMO (b,) of about 85% dxy, 14%
. and only 1.6% m* , revealing a poor © back-donation to CN".[48] In contrast, the e, MO comprised ~25% n* ,
indicating substantial Fe-NO 7 back bonding. The need of an adequate modeling of the solution environment has been
emphasized, as DFT calculations using continuum models appeared as inadequate because the specific H-bonds between
the bound cyanides and water are not accounted for; best results were achieved by using a ZINDO approach with point-
charges located along the axis behind the cyano-ligands.[49] Good DFT results have been obtained for other Fe- and
Ru complexes included in Table 1. Whilst the orbital compositions of the HOMOs are diverse, the LUMOs become
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predominantly 7*  in all nitrosyl complexes calculated so far, with significant metal d participation. Finally, Mdssbauer
spectroscopy aids in describing the atomic electron densities. Small isomer shifts () at ~0 mm s™' and a large quadrupole
splitting (AE) at 1.7-2.0 mm s ! support a limiting Fe"™O" description for a variety of iron compounds.[30]

3.2. NO-dissociation reactions. Why is NO released so fast in the nitrosyl “ferri-
hemes”?

As shown above, the strong multiple bonds in the Fe-N-O fragment determine the thermal inertness of [Fe(CN) (NO)J*
toward NO-dissociation, consistent with the GS dominant Fe"™O™ configuration. In striking contrast, the so-called “ferri-
heme” nitrosyls, also with strong bonds in the GS, display moderate values of k., both in model nitrosyl-porphyrins and
in proteins like Mb™NO or Hb"NO.[40,41] In this context, the electronic structure of [Fe(TPP)(Im)(NO)]BF, has been
studied with nuclear resonance vibrational spectroscopy (NRVS), coupled to NCA and DFT calculations.[6,32] After
confirming Fe™O" as the GS (with a dissociation energy of 125 kJ/mol), low-energy ES’s have been calculated: a low-
spin Fe""NO (S, = 0), slightly above the GS, has a Fe-NO dissociation energy of 42 klJ/mol, a weaker (longer) Fe-NO
bond, and a lower v, .. Most importantly, another higher energy ES, Fe""NO (S, = 2), was found to be dissociative with
respect to the Fe-NO bond. Therefore, an easy thermal access to these ES’s would explain the large values of k . found for
NO, that would constitute a general property of all the “ferri-heme” nitrosyls. The facile thermal NO-release is a crucial
step in the mechanistic chemistry of the NIR enzymes, providing for a regeneration of the active aqua-sites for NO,
rebinding, and might also determine the role of the nitrophorins, favoring NO-dissociation upon injection of the saliva of
the insects into the tissues of the victim for inducing vasodilation. The NOS isozymes afford such a Fe™NO intermediate
for supporting the catalytic NO-production and release. In brief, in all Fe™-heme nitrosyls, NO forms strong Fe-NO/N-O
bonds in the GS (Fe"™NO" distribution), though it behaves as a labile ligand because of an easy thermal access to low
energy ESs. Besides, as highlighted in section 3.1., mutual interactions are onset between the nitrosyl and the trans-L
ligand. Thus, weaker Fe-NO bonds can be predicted for the complexes containing stronger donor trans-L’s, associated
with an enhanced Fe™NO character.

3.3. Electrophilic reactivity of NO*-complexes

Bonding descriptions predict that the N-atom at the delocalized M-N-O LUMO in {MNO}° complexes might be the site
of attack for diverse nucleophiles (:B), with reversible adduct formation, reaction (15):[12,27]

[M(LY)(NO)]* + :B 2 [M(L)(N(O)B)[* (15)

Studies have been addressed with a series of group 8 metals, L coligands (CN-, NH,, CI', polypyridines, EDTA,
etc.), and different B nucleophiles like OH",[50] N-binding hydrides[51] (NH,, NH,OH, N,H,, N.H, and derivatives),
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S-binding ones: SR", SH", SO,*, and others. [52-55] Given the potential reductive capabilities of B, the adducts generally
decompose irreversibly through redox reactions involving oxidation of B and NO*-reduction.[12,27]

3.3.1. Addition of OH- to {MNO}°* complexes. A linear free energy relation
The non-redox character of B = OH" describes a simplest situation from the mechanistic perspective, reaction (16):[50]

[M(LY)(NO)]" + 20H" 2 [M(L,)(NO,)]™? + H,0 (16)

All the studied metal nitrosyls show the same global stoichiometry. Second order rate-laws support a mechanism with a
slow bimolecular addition step of OH", followed by fast deprotonation of the [ML,(NO,H)] intermediates. Figure 3 shows
a typical example for the reaction of [Ru(4-Mepy)(NH,),(NO)J** with excess OH', forming [Ru(4-Mepy)(NH,),(NO,)]".
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Figure 3. Successive spectra for the reaction of 4 x 10°M [Ru(4-Mepy)(NH,),(NO)|** with 0.015 M OH". / = IM
(NaCl), T = 35°C. Inset: Traces of the decay of nitrosyl reactant at 240 nm, and build-up of nitrite-product at 378 nm.
From reference 50.

The rate constants and activation parameters have been determined, as well as values of v, and E|,  for a

comprehensive set of nitrosyl-complexes (mainly Ru). The dependence of the pseudo-first order rate constants k__on the
concentration of OH™allowed deriving a generalized mechanistic proposal, reactions (17-19):

MLO)(NO)|* + OH" 2 {[M(L,)(NO)]*,OH } K 17)
{IMLY)NO)[,OH} 2 [M(LH)(NO,H)I*' K, k. k g (18)
[M(LY)(NO,H)]*' + OH" 2 M(L)(NO)|**+ H,O K, (19)

Reaction (17) comprises a fast association preequilibrium, prior to the relevant unimolecular nucleophilic addition
step (18) that forms the HNO, adduct-intermediate. The latter may go back to the reactants or deprotonate rapidly as in eq
(19) to form the final NO, -product, which is generally most stable toward nitrite-dissociation. The addition rate constants
k,, can be obtained by fitting the plots of &, _(s™') against [OH ], which behave linearly at moderate-to-high concentrations
of OH", though reaching a pH-independent behavior at low pH’s. Figure 4 shows how In &, [50] (which corresponds to In
k,, in our mechanistic scheme), depends linearly on the redox-potential £, with a slope of ~20 V"'; some members of
the trans-[Ru(py),(L)(NO)]*" (in the parallel line) show lower rates than expected, probably because of steric hindrance
for the OH -access. For reaction (18), k,,(s™') correlates with other nucleophilicity indicators such as the calculated charge
at the MNO moieties.[50] Note that &, (s') can be estimated according to: k_, = K, x k., by using calculated values for
K, that depend on the charges of the reacting complexes. The experimental &k, values (M's™') reflect the trends in the
values of &, with a minor influence of K. .[56] Following the work in ref. 50, new complexes have been measured (viz.,
[Ru(bpy)(tpm)(NO)]**, [Ru(EDTA)(NO)]), and the results have been included in subsequent reviews, [11,27,51] with
very minor deviations in the corresponding slopes.
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Figure 4. LFER plot of In k, (corresponds to In &, see text) against £ (vs Ag/AgCl 3M; 0.21 V vs NHE) for
the reactions of several nitrosyl-complexes with OH™: 1. cis-[Ru(AcNO)(bpy),(NO)J*"; 2. cis-[Ru(bpy)(trpy)(NO)J*;
3. cis-[Ru(bpy),(NO,)(NO)J**; 4. cis-[Ru(bpy),(CY(NO)]*; 5. trans-[(NC)Ru(py),(CN)Ru(py),(NO)J**; 6. trans-[Ru(Cl)
(NO)(py),I*"; 7. trans-[Ru(NCS)(NO)(py),]*"; 8. trans-[Ru(NO)(OH)(py),I*; 9. trans-[Ru(NH,),(NO)(pz)]**; 10. trans-
[Ru(NH,),(nic)(NO)J*; 11. trans-[Ru(Clpy)(NH,), (NO)]*"; 12. trans-[Ru(NH,),(NO)(py)]*"; 13. trans-[Ru(4-Mepy)
(NH,),(NO)J’*; 14. trans-[Ru(his)(NH,),(NO)J*; 15. [Fe(CN),(NO)]*; 16. [Ru(CN),(NO)J*; 17. [Os(CN),(NO)J*". From
reference 50.

Figure 4 describes a linear free-energy relationship (LFER), as found in the trends of kinetic vs thermodynamic
parameters for reactions governed by the same mechanism. Remarkably, the correlation spans ~10 orders of magnitude in
the values of k,, covering around 1 V in the redox potentials. The value of the slope is close to that predicted for LFER’s
in weakly coupled outer-sphere, one-electron transfer reactions (19.4 V! or 0.5/RT), under a Marcus’ treatment for cross
reactions that can be extended to associative mechanistic situations. The increase in rate constants and redox potentials
correlates with an increase in both the activation enthalpies and entropies. While the trends in the entropies relate to the
changes in solvation, the increase in the enthalpic barriers accounts for the reorganization of the linear M-N-O moieties
to angular M-NO,H ones.[50]

As part of the DFT analysis, Figure 5 describes the optimized geometries for the initial steps of the OH™-addition into

nitroprusside. Figure 6 shows the corresponding geometries for other selected ruthenium nitrosyl-complexes. A detailed
account of computational methodologies, results, and interpretations for additions in the series of [ML,NO]J* complexes

can be found elsewhere. [27,50,56]
AE-9.123 2.1, s

o,

Figure 5. Optimized geometries for the initial steps of the reaction of [Fe(CN) (NO)]* with OH" leading to the transition
state and the [Fe(CN) (NO,H)|* intermediate. Relative energies (y-coordinate) are not drawn to scale. From reference 50.
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a-

Figure 6. Optimized geometries at the B3LYP/6-31G** level for representative reactants and OH- addition intermediates:
(a): [Fe(CN),(NO)]*; (b) trans-[Ru(NH,),(py)(NO)J*'; (c) cis-[Ru(bpy)(trpy)(NO)]**. From reference 50.

The OH-additions have not been directly studied for the reactions of heme-nitrosyl proteins and models;[40,41]
instead, the Fe-NO,H intermediates, assumed to be transiently formed during the reactions of Fe(Ill)-hemes with an
excess of NO (eq 13), led to [Fe'(por)(NO)] + HNO, as final products, in a so-called “reductive-nitrosylation” process
(i.e., no bound-nitrite products were generated, in contrast with the non-hemes).[41] By using data for the measured decay
of [Fe(por)(H,0)(NO)]" at different pHs, we made an estimation of values for k ,, ~10° M"'s™! for Hb"'NO and Mb""NO
(from the linear plots of the rate constants vs [OH]).[56] The results for the hemeproteins compare qualitatively well
with those from the classical complexes located at the upper right part of Fig. 4. We extended this analysis to other Fe'"'-
models with substituted-porphyrins bearing different charges: porf®, TPPS*, (TMPyP)* and porf**. [41,56] The values
of k,,, were in the range 10°-10° M''s™', increasing in the previous order, as predicted by the onset of rate-determining
nucleophilic addition steps (eql8), determined by the increased electrophilicities at the {MNO} moieties, induced by
the electron-attractive abilities of the more positively charged substituents at the porphyrin cores. The latter results and
interpretations preclude a more detailed quantitative analysis, owing to the complex porphyrin moieties (with many
factors influencing the kinetic parameters),[41] and the perturbations that arise when using excess NO for the onset of the
initial equilibrium reaction (13).[33] A better scenario could arise by using the pure isolated n = 7 nitrosyl-complexes as
direct precursors for the oxidized porphyrin Fe"NO* reactants that subsequently would react with OH".[33]

3.3.2. Additions of N-hydrides to nitroprusside. Linkage isomers and N,O/N, release

Small nitrogenated hydrides are active nucleophiles in aqueous media toward bound NO*, according to the following
stoichiometries:[51]

[Fe(CN),(NO)]* + NH, + OH" — [Fe(CN) (H,0)* + N, + HO (20)
[Fe(CN),(NO)]* + NH,R + OH" — [Fe(CN) (H,0)* + N, + ROH @1
[Fe(CN),(NO)J* + NH,0H + OH — [Fe(CN)(H,0)] + N,0 + H,0 (22)
[Fe(CN),(NO)]* + N,H + OH" — [Fe(CN) (H,0)] + N, + N.O (23)
[Fe(CN),(NO)]* + N,H, + OH" — [Fe(CN)(H,0)* + N,O + NH, (24)

Reactions (20-24) comprise additions on the N atom of the M-N-O fragment, coupled with deprotonation, as
evidenced by pH-dependent rate laws with a first order behavior in complex- and nucleophile-concentrations. All the
adducts reorganize with subsequent generation of gaseous products, N, and/or N,O, and a final production of labile
[Fe(CN),(H,0)]*, that can be trapped by scavenger ligands such as pyridines or pyrazines. Remarkably, if the reactions
with primary/secondary amines or amino acids are carried out in nonaqueous solvents, different stoichiometries and
mechanisms lead to variable organic products, depending on the amine.[57-59] Scheme 1 describes the reaction pathways
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for the aliphatic amines, with the intermediacy of stabilized diazonium species that yield mainly the corresponding
diamines.[60]
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In contrast with the H-bonds established by the bound cyanides with water, weaker acceptor aprotic solvents make
the iron center more electron-rich, leading to an increased back-bonding to the nitrosyl group,[46] that aids stabilizing the
diazonium ligand. As a result, changes in the nitrosating ability of nitroprusside in lipophilic media might be predicted as
compared to water.[60]

Figure 7 describes the theoretical (DFT) description of the N H, -intermediates in reaction (24), and Scheme 2
describes the proposed steps for the overall process, with subsequent deprotonation and N-N cleavage, leading to NH,
and to the side-on n?-N,O and end-on n'-N,O isomers.[61]

Figure 7. Schematic representation of the calculated stable intermediates for the reaction of [Fe(CN) (NO)]* with
hydrazine rendering the N,O-bound species. The structures correspond to singular points in the potential hypersurface,
calculated at a B3LYP-6-31G** level. Relative energies (y-coordinate) are not drawn to scale. All adducts and
intermediates, except for the first one, bear charge 3-. From reference 61.
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The final products N,O and [Fe(CN)(H,0)]> allow further coordination of NO* coming from nitrite. Studies
using labeled nitroprusside ("NO) led to a quantitative identification of the gaseous product “N*NO, with no label at
NH,. This fact, together with DFT evidence, supports the proposed catalytic reduction of NO,”by N H, occurring in
appropriate conditions. Interestingly, the addition of N H, to other nitrosyl complexes led to azide-formation, not to N,O.
The prediction of the N, O-linkage isomers reminds the results on the NO-analogs described elsewhere.[27-29] Direct
spectroscopic evidence exists only for the coordination of n'-N,O on some Ru- and Os-complexes. The involvement of
n’-N,O and 1'-N,O in reaction (24) is supported by the consistent geometrical and IR parameters derived from the DFT
treatment,[61] a general feature for all the hydrides.[S1] A similar approach proved useful to describe the side-on and
end-on N_-linkage isomers.[51]

In the N,O-forming reactions of Me-substituted derivatives of N,H, adding to nitroprusside, closely related
stoichiometries and mechanisms have been found for methylhydrazine and 1,1-dimethylhydrazine, forming methylamine
and dimethylamine as products, respectively. The rates decrease by a factor of 10 for each Me-substitution, supporting an
attack through the NH, groups. Remarkably, the reaction with 1,2-dimethylhydrazine follows a route with a very different
stoichiometry. It comprises a full six-electron reduction of NO* to NH,, with formation of azomethane, reaction (25). The
mechanism involves the production of two-electron reduced intermediates, [Fe(CN) (HNO)]* and [Fe(CN),(NH,0H)J*".
[61]

IFe(CN)(NO)* + 3MeHNNHMe — [Fe(CN) (NH,)]* + H,0* + 3MeNNMe (25)

The attack of N-binding nucleophiles to bound NO" is at the heart of the mechanisms of NO, -reductions in soils by
bacteria and reducing enzymes, evolving to gaseous products, N./N,O. The binding of NO," into an Fe" center giving
bound-NO" (cf. reaction 14) is considered the first step toward further reactivity of the nitrite reductase (NIR) enzymes.
Overall, the fascinating diversity of stoichiometries and mechanisms observed by exerting subtle variations in the structure
of N,H, and substituted derivatives adding to the electrophilic Fe-N-O center calls attention to the complexities found
in Nature for the action of different NIRs, as seen by looking at the recently proposed detailed mechanism for the six-
electron reductions on the heme-based cytochrome ¢ NIR enzyme, controlled by the concerted H-bonding interactions of
different adjacent amino acids to the active centers along each of the one-electron reduction processes down to NH,.[62]

Finally, the described addition-chemistry of NH,OH (HA) allows highlighting the biorelevance of this endogenously
generated molecule, closely related to the oxidative chemistry of arginine, hydroxyurea, etc.[17] The catalytic
disproportionation of NH,OH is aided by coordination into [Fe(CN),(H,0)]*,[63] and Fe''-porphyrinate compounds,[64]
and studies have been extended to substituted N-alkylhydroxylamines: CH,N(H)OH, (CH,),NOH),[65] and
O-methylhydroxylamine.[66] Biochemically significant mechanistic differences (comprising Fe"'" cycling and formation
of different radical intermediates) reflect in the production of NH, and diverse oxidation products when using either HA
(N,, HNO, N, O, and NO") or the substituted derivatives.

3.3.3. Addition of thiolates (RS-) and HS-. The “Gmelin” reaction

Adducts of nitroprusside with aliphatic thiols RSH (including cysteine and glutathione) form faster than with OH™ or amines,
and lead to pH-dependent second-order rate constants for the formation of bound nitrosothiolates, [Fe(CN),(NOSR)]*.
[52,53] Red colors develop up to the completion of the reversible reaction (26), at pHs 9-10, though plunging the adducts
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into buffers at pH 4-6 effected its dissociation. Subsequent slower color fading due to redox decomposition of the
nitrosothiolate fragment leads to reaction (27):

[Fe(CN),(NO)J> + RS 2 [Fe(CN) (NOSR)I* k, k, (26)
[Fe(CN) (NOSR)I* — [Fe(CN) (NO)I* + 0.5R S, Q7

From the pH-dependence of k, only RS™ showed to be reactive, not RSH.[53] The values of k(3 x10°- 4 x 10* M's!,
25°C) vary little for all studied thiols, with similar values of AH* (~33 kJ/mol). Negative activation entropies (~ —50 J/K
mol) agree with the association of like charges. There is a much larger variation in the values of &, (12 to 3 x 10° s™*).
The influence on the kinetic parameters of protonation, charge, steric effects, and solvation features of different groups
in the thiols was reported.[53] Interesting mechanistic changes as compared to [Fe(CN) (NO)J* were found for cysteine
reacting with [Ru(CN),(NO)]* and other positively charged Ru-nitrosyls, showing a two-step addition process that led to
the production of N,0.[54] Remarkably, similar LFER relations as found with OH"additions were also obtained for the
much faster RS-additions to a wide set of electrophilic Ru-nitrosyl-complexes.[54] Overall, the latter results showed large
stoichiometric and kinetic/mechanistic variations related to the different nucleophilic abilities of SR~ and OH", as well
as to the controlled changes of redox potentials of the electrophilic nitrosyl-complexes through an adequate design. The
latter properties might be useful for better understanding how functional specificity is attained for thiolate nucleophiles in
protein nitrosation processes, through the fine tuning of their reactivities under the influence of nearby electrostatic fields
or the interactions with vicinal charged residues.

The putatively similar “Gmelin” reaction ([Fe(CN)(NO)J** with H,S) has been studied for a long time.[55] There
is a renewed interest in disclosing how HS™ behaves mechanistically in a different way as RS~. For “Gmelin”, HS~
behaves as a poorer nucleophile (k, 190 M's™"), and the stoichiometry leads to N,O, S,, and Prussian-blue type species.
[55] The reported mechanism was questioned and a new proposal has been raised.[67] There are still unsolved issues
on the identity of the pH-dependent emerging intermediates, probably bound thionitrous acid {(H)SNO)}, thionitrite
NOS’, perthionitrite NOS -, and HNO.[68,72] Such N/S intermediates have been known for a long time, though their
biorelevance is of much recent interest.[69] They can be generated as free species following transnitrosation reactions
like (28) and (29) and provide an input to the emerging studies on the chemistry of sulfides and disulfides as biologically
relevant signaling species.

RSNO + HS + H* 2 {(H)SNO)} + RSH (28)
{(H)SNO)} + HS,” 2 NOS, + HS™ + H* (29)

The highly controversial issues around the chemistry and physiological relevance of the NO/H,S “crosstalk” reactions
have been recently considered, [13,71,72] and contribute to display a promising scenario for best interpreting the complex
coordination chemistry involved in the “Gmelin” process, which most probably includes the onset of the three redox
states of the bound nitrosyl ligand, as well as corresponding redox steps for the sulfur species (HS-, HS-, S°) as crucial
intermediates, thus highlighting the specific role of disulfides and polysulfides when H.S is used as a nucleophile in place
of thiols.

4. {MNO}’ complexes. Partially bent 6C and 5C geometries. A diverse picture of
electronic structures and nucleophilic reactivities

4.1. Synthesis, bonding, and spectroscopies

Direct mixing of NO with labile d® Fe(II)-aqua complexes forms stable {MNO}’ species, reaction (30). The products can
be also obtained from the n = 6 or n = 8 precursors, by chemical/electrochemical means.
[Fe'(LY(H,0)]* + NO 2 [M(LY)NO)|* + H,O £,k . (30)
The Enemark and Feltham formalism leaves room for large variations of the electronic structure mediated by
metal-ligand covalency, leading all the way from Fe"™NO- to Fe"™NO" and Fe'NO* limiting electronic distributions.
[6,73] Complexes with ground states S = 3/2 or S, = V2 have been identified. Figure 1B allows for high-spin or low-spin
distributions, according to ligand field strengths. Non heme complexes like [Fe(EDTA)(NO)] and [Fe(H,0),(NO)]** react
with NO forming S, = 3/2 products, as also done by some Fe metalloproteins.[41,74] X-ray, Resonance Raman, XAFS,
MCD and Mdossbauer spectroscopies, and theoretical calculations, support an electronic description of nitrosyl products
as Fe'""NO-, comprising antiferromagnetic coupling between high-spin ferric (§ = 5/2) and *NO" (S = 1). For the S, =
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3/2 [Fe(L,)(NO)]* complexes in reaction (30), values of k_are 10°-10° M s™', whereas k_ varies around 10"-10°s",
depending on L. Water exchange measurements and activation parameters support dissociative-interchange mechanisms
for these highly labile systems, which behave as potential catalysts for NO removal from gas streams.[41] Though the
nitrosyl complexes with high-spin iron systems are most relevant to mechanistic studies on the NO-reductases,[74] we
will not further address the S = 3/2 systems in this article.

For S, = V2 with a low spin d° metal, the single electron must occupy the lower energy n* | orbital, and a ¢ bond can
be established with the vacant d , metal orbital, leading to a delocalized singly occupied molecular orbital (SOMO) over
the Fe-N-O subunit, 7*, ) . (Fig.1B).[6] Figure 8 shows the latter bonding interaction, exemplified by a 6C ferrous heme
nitrosyl with an axial histidine, and the antibonding combination of d , with the c-orbital of histidine. The o-trans effect
of NO manifests in the competition of the o-donor orbitals, n* (7*, in Figure 8) and o (his), for the iron d , orbital.

A weakening (or eventually breaking) of the Fe-L ligand trans to NO can lead to either CNs 6 or 5 respectively, both
biologically relevant. Given the non-zero spins, EPR is particularly informative on the detailed electronic structure,
together with IR, MCD and Mdssbauer spectroscopies, and X-ray diffraction.[45,75]

N NO (x*)

Fe (dz)

{? N (o)

Figure 8. The key o-bonding orbital for 6C heme-nitrosyls. From reference 113.
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Table 2. Selected 6C and 5C metallonitrosyl complexes, {MNO}’ (M = Fe, Ru)?

Compound
6C

Na,[Fe(CN),(NO)].2NH, v (1650) (1.737) (1.199) (146.6) (1.914) | 49,76
1608°

[Fe(cyclam-ac)(NO)](PF,) v 1615 1722 1.167 148.7 2.012 30
(1600) (1.723) | (1.204) (140.6) (1.981)

[Mb'NO] ¢ v 1613 1.76(2) 1.12(1) 150(2) 2.05(2) 31

[Fe(TPP)(MI)(NO)] ¢ v 1630 1.750 1.182 138 2.173 77

[Fe(por)(SPh)(NO)] v (1617) (1.766) | (1.194) (139) (2.513) 6

[Ru(Me,[9]aneN, )(bpy)(NO)](BE,), ¢ v 1611 1.8522) | 1.1773) | 141.62) | 2.1692) 38
(1620) (1.90) (1.22) (142.4) (2.22)

[Ru(Me,[9]aneN, )(bpym)(NO)](BF,) ¢ n 1606 1.8512) | 1.184(3) | 141202) | 2.166(2) 39
(1614) (1.90) (1.22) (142.1) (2.22)

5C

(NEt,),[Fe(CN),(NO)] sqp n 17551 1.565 1.161 177.1 78

[Fe(TPP)(NO) sqp v, 1697 1.740 1.42 146 79

[Fe(TPPBr)(NO)] sqp ¢ Va 1726° 1.75 1.42 146 80,81

(1.711) (1.182) (144.4)

a)Calculated DFT data in parenthesis. b) v, in nujol. ¢) Geometrical data by XAFS; v by resonance Raman. d)

DFT calculations in ref. 77. e) v, in ATR mode. f) v, in CH,CN. g) X-ray exp. and DFT calculated values, from

refs. 80 and 81, respectively.

4.1.1. 6C complexes

All indicators agree with the population of the n* |~ orbital upon reduction of the n = 6 species, supporting a Fe''NO*
dominant electron distribution. Values of v at 1610-1650 cm™ are much lower by ~300 cm™. A significant decrease has
been also found for the stretching mode v, _,, (viz., from 580 cm™ in the n = 6 [Fe(TPP)(NO)(MI)]" complex® to ~440
cm in [Fe(TPP)(NO)(MI)], (with the 5, , , bending mode assigned at ~560 cm™).[77] The force constants were reported
at 2.57 and 11.55 mdyn/A for Viono a0d vy, respectively. In addition to Mb"NO, other proteins like bovine heart CCO"-
NO and P450cam'-NO reproduce the IR data. The ZMNOs drop to 140-150°, and both d,, ., and d  are consistently
enlarged.[6,10]

The Fe"NO" distribution has been confirmed by Méssbauer spectroscopy; the greater and smaller values of 6 and
AE_ with respect to n = 6 systems do not reflect oxidation state changes at the iron site but the different degrees of back-
bonding with the changing chemical character of the NO ligand. The z-acceptor abilities have been proposed to follow
the trend NO* > CO > NO".*

EPR studies with the series of [M(CN),(NO)]* anions (M = Fe, Ru, Os), generated in situ by reducing the NO'-
precursors in CH,CN frozen solutions at 3.5 K, yielded a detailed picture of the influence of changing the metals for a
same coligand environment.[82] The typical axial spectra with one '“N hyperfine coupling constant are diagnostic of the
main M"NO" distribution. From the high-level DFT calculations, most pronounced changes in ZMNO (close to 145°)
and d/d, ., were consistent with X-ray and IR data. The lowering of symmetry implies removal of degeneracy of the
e, orbitals, with the unpaired electron located in the 7* SOMO (n* ), cf. Fig. 1B. The calculated compositions of
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the SOMO’s for the three ions show that the spin density is not only confined to the nitrosyl part of the molecule (about
two-thirds share on the nitrogen atom, with a sizable metal contribution). The strongly increasing spin-orbit coupling
from Fe < Ru < Os has been detected through both the experimental and calculated data. The effect is most pronounced
for Os, where g, and the calculated isotropic value g, are lowest and the total g anisotropy g,-g, is largest. Similar results
arise from DFT data with the iron systems of Table 2: the cyclam-ac complexes and [Fe(por)(MI)(NO)]. The calculations
support the smaller degree of back-bonding for NO (20% mixture of n* _in the bonding MO) compared to NO* (28%).
The EPR studies have been extended to diverse non-heme[83] and porphyrin[84][Ru"(L,)(X)(NO)]* complexes.

A recent comprehensive EPR study with Ru-complexes allowed studying fine details on the influence of bidentate
coligand variations for the [Ru(Me,[9]aneN,)](L*)(NO)]™ series. [39] Figure 9 shows the EPR spectra for three compounds
with different L?: 4,4’-(bpy) ([1-NOJ*), its methoxy-substituted derivative, [2-NOJ*', and 2,2’-bipyrimidine, [3-NO]**
(cf. Table 2). Table 3 allows a close view to the spin-Hamiltonian parameters.

The trends in the average g and Ag values suggest an increment on the spin density on the metal fragment as the
donor ability of L grows; also, the 4, hyperfine coupling tensor indicates a decrease in the spin density on the N atom of
NO along the same series. It was concluded that both trends are due to higher spin delocalization from the NO ligand to
ruthenium with increasing donor properties of L?, which seemed counterintuitive in principle, though confirmed by the
results in Table 4 on the computation of Miilliken spin densities and the compositions of the SOMOs.[39]

ﬁ"
dB

330 340 350 360 370
B/mT

Figure 9. X-band EPR spectra of three [Ru(Me,[9]aneN,)(L*)(NO)](BF,), compounds with different L* coligands: 4,4°-
(bpy) (red, [INOJ*), its methoxy-substituted derivative, (violet, [2NO]J*"), and 2,2’-bipyrimidine (green, [3NO]*"), in dry
CH,CN/Bu,NPF, (0.2 M) at 85 K. Experimental spectra as full lines and computer-simulated spectra as dotted lines. From
reference 39.

Table 3. EPR Spectroscopic Data of the {RuNO}’ Species®

g g, g, Ag g, 4, 4, 4,
[3-NOJ** 2.0312(1) | 1.9926(1) | 1.8823(1) | 0.1488(2) | 1.9697(1) | 12.1(2) | 30.42(9) n.d.
[1-NOJ** 2.0303(1) | 1.9916(1) | 1.8792(1) | 0.1511(1) | 1.9681(1) | 10.96(7) | 30.35(5) n.d.
[2-NOJ** 2.0307(1) | 1.9911(1) | 1.8780(1) | 0.1527(2) | 1.9676(1) | 12.7(1) | 29.8(1) n.d.

“X-band EPR spectra obtained in CH,CN/Bu,NPF, (0.2 M) at 85 K. 4, 4,, and 4, are shown in units of 10™* cm™. The
numbers in parentheses show the 95% confidence interval. ’g_ is calculated from g = [(g* + g* + g°)/3]". n.d.: not

distinguishable from 0. From reference 39. See Figure 9 for the identification of the three nitrosyl-complexes.
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Table 4. Miilliken Spin Densities Calculated (DFT) for the {RuNO}’ Species.[39]

Miilliken 8spm Orbital composition of the SOMO / %

Ru NO Ru NO
[3-NOJ** | 0.0826 | 0.874 18.4 76.1
[1-NOJ** | 0.0876 | 0.871 19.5 75.2
[2-NOJ** | 0.0960 | 0.864 20.5 74.3

Figure 10 represents the computed SOMO for [1-NO]*, which results from the predominantly ¢ overlap between the
d , (and to a lower extent d ) Ru orbitals and the NO centered n*, , orbital.

[1-NOJ**

Figure 10. SOMO of the species [Ru(Me,[9]aneN,)](bpy)(NO)]**, [1-NOJ*, computed after a corresponding orbital
transformation. From reference 38.

The increase in spin delocalization from NO to Ru was ascribed to an increase in the energy of the d, orbitals when
L* behaves as a better donor; this draws the d-manifold closer in energy to the n*  orbital, thus enhancing not only the
spin delocalization but most noticeably the o-trans effect characteristic of {MNO}’ species, consistent with the observed
lengthening of the frans Ru-N2 bond (Table 2).[39]

4.1.2. 5C complexes

We close Table 2 with results for selected 5C iron complexes, with cyanides and porphyrins as coligands. Distinctive
features can be appreciated for sqp (NEt,),[Fe(CN),(NO)]:[78] i) £FeNO is close to linear. ii) the Fe-N bond is shorter
than others by 0.16 A. iii) the Fe atom is most displaced upwards toward nitrosyl, by ca. 0.1 A. iv) the Fe-CN distances
(not shown here) are remarkably short (0.3 A shorter with respect to nitroprusside), revealing an enhanced c-binding of
cyanide to iron. All indicators suggest a dominant Fe'NO" configuration, that is confirmed by the IR data showing a high
upward shift of v, to 1746 cm™. The EPR spectrum is also distinctive, with a g value of 2.024, interpreted in terms of
coupling to a single "N nucleus, 4("*N) = 15.2 G, and to four C nuclei. Removal of axial cyanide from [Fe'(CN),(NO)J*
to give [Fe(CN),(NO)]* causes the iron d ? orbital to shift from being an almost pure metal orbital to an admixed character,
giving a SOMO c-orbital bonding over the whole Fe-N-O fragment. [Fe"(CN) (NO)]* has a SOMO of « type with respect
to the FeNO direction, with A("*N) = 38 G.

A comprehensive description of the electronic structures of [Fe(TPP)(NO)] and the 6C derivative [Fe(TPP)(Melm)
(NO)] has been accomplished for the first time[85] by using diverse spectroscopies: UV-vis, 'H NMR, Vibrational (IR/
Raman), including isotope-substitutions and force-constant calculations by normal coordinate analysis, MCD and quantum
chemical calculations. Binding equilibrium constants for diverse N-trans ligands into the 5C species have been also
determined. The 5C and 6C complexes contain £ZFeNOs around 140° and similar medium-strong n-backbonds. For 5C
complexes, ¢ donation from the SOMO n* orbital of NO into d , of Fe' forms a Fe-NO c-bond that leads to a significant
transfer of spin density from NO to iron; thus, the 5C complex has an intermediate Fe"™NO*/Fe'NO™ character (with ~50%
in Fe and NO), whilst the 6C analog shows to be a Fe"NO* complex. A similar situation holds for 5C [Fe(TPPBr,)(NO)].
[81]
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4.2. Labilization of trans ligands

Some 6C complexes in Table 2 represent a generalized pattern for aqueous nitrosyls with monodentate labile trans-
ligands, to which we might add [Fe'(cyclam)(CI)(NO)]* and [Ru'(NH,),(L)(NO)]*".[30,47] However, the Fe-cyclam-ac
and Ru-azamacrocycle complexes behave as robust species in solution because the trans-positions to nitrosyl are blocked
by an arm of the polydentate ligand; nevertheless, the X-ray structures confirm relative elongations of the trans M-L bonds
as well. The 6C — 5C conversions behave as reversible equilibria, as described for the iron cyano-nitrosyls in reaction
(31), with a binding constant K, = 1.46 x 10* M (k,_ =4.1 x 10°M's", k .= 2.8 x 10° s").[86] The value of K,  indicates
a weak trans labilization of cyanide, consistent with its strong c-donor ability to iron. However, the pH influences the
concentrations of 6C/5C species, with the 5C one increasing with acidity, according to cyanide-trapping by protonation,
reaction (32); thus, both species coexist ~50% each at pH 7.4.[87] On the other hand, 6C iron nitrosyl hemes with weak
N-binding imidazole (ImH) ligands have lower binding constants in the range 10-100 M and display stronger trans
labilizations, (reaction 33).[77]

[Fe(CN),(NO)]* + CN- 2 [Fe(CN),(NO)I* K, (€2))]
HCN 2 CN +H" pK =92 (32)
[Fe(por)(NO)] + ImH 2 [Fe(por)(ImH)(NO)] K, (33)

The release of N-histidine from sGC revealed a role for NO as an essential cellular signaling agent. Ensuing the very
fast NO-coordination into the 5C high spin Fe! center in sGC, the transient low spin 6C intermediate releases the proximal
histidine ligand, thus triggering a conformational change that activates the catalytic domain of the enzyme, mediating
the conversion of GTP to the biochemical messenger cyclic guanosine monophosphate, cGMP, with final vasodilation.
The mechanistic details on this important bioreaction are still under scrutiny;[88-90] we expand later on this issue, after
discussing the chemical properties of [Fe(CN),NO]J* below.

4.3. NO-ligand interchange, dinitrosyl formation and disproportionation reactions of
one-electron-reduced nitroprusside. Implications for sGC activation/deactivation

Given that the current use of nitroprusside in vascular therapy implies a rapid onset of the physiological vasodilatory
response upon injection in the bodily fluids, the thiolates appeared as responsible for the build-up of [Fe(CN),NOJ* after
addition into the Fe-NO" moiety, with ensuing decay of [Fe(CN) ,NOSR]*, cf. reactions (26) and (27). As [Fe(CN),NOJ* is
inert toward NO-release (k= ~10° M"'s"),[43] 5C Fe(CN),NOJ* has been suggested as the putative NO-labile species.
We afforded a detailed study on the spontaneous thermal decomposition of equilibrated solutions of [Fe(CN) NOJ* and
[Fe(CN),NOJ* in the pH range 4-10. Scheme 3 summarizes the reactivity picture, supported by a combined use of UV-vis,
IR and EPR spectroscopies.[91]

[Fe(CN),(NO),J” [Fe(CN),NO) ™+ %N,0

x\ dispropoﬂionaticr/
¢
[Fe(CN)(NO).J—7

CN

2CN

pH > &

CN

[Fe(CN).NOJ i=s — [Fe(CN) Nor'—-’—- [Fe(CN).NOT"

[FefCN
[Fe{l 1,0), ] fast
pH <7

[Fe(H,0)"
+

HCN

Scheme 3
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The pH conditions were crucial for analyzing the results. At pH 7, initially predominant [Fe(CN), NOJ* (4_ , 615
nm) decays also slowly, k  ~107 s'. A faster decomposition occurs at pH 4-5, with successive cyanide- and NO-release,
forming Prussian blue-type precipitates. It has been proposed that [Fe(CN),NOJ* might be a precursor of fast NO-release
in biorelevant media if the cyano-ligands were exposed to donor interactions with specific acceptor sites in protein
residues, promoting decomposition under physiological conditions.[92] At pH > 8, [Fe(CN),NOJ* (4, 345 nm) becomes
predominant, and the slow NO*-release leads to the formation of an EPR-silent intermediate, I,, with a characteristic UV-
vis spectrum, and v, at 1695 cm™. I is a precursor of NO-disproportionation into [Fe(CN),NOJ* and N,O, displaying a
rigorous 1:0.5 molar stoichiometry. The IR and EPR evidence suggest that I, is a dinitrosyl compound, [Fe(CN),(NO), J*
(probably a trans-syn species, based on preliminary DFT calculations), proposed to be formed by self-dissociation of
NO from [Fe(CN),NOJ* and rebinding into the aqua-site generated by the trans-cyanide labilization. Interestingly, a
closely related complex, [Fe(por)(NO),], has been prepared and characterized, although at low temperatures, showing
very similar DFT structural and spectroscopic properties as 1,.[93,94] Thus, the identification of I as [Fe(CN),(NO),J*
under room-temperature conditions is quite unusual; we confirmed a product with similar properties as I, for the reaction
of [Fe(CN),NOJ* with excess NO, with k,_ =4.3 x 10* M s.[91] Remarkably, the decay of I, leads to a new EPR active
intermediate I, indicative of the so-called “g = 2.03” dinitrosyls, which are biologically relevant and labile species,
active toward vasodilation.[92] These [Fe(L),(NO),] complexes have a pseudo-tetrahedral arrangement for L = thiolates,
imidazolates, and likely for cyanide as well.

We consider useful to analyze the above results in the context of available data on the mechanism of sGC activation.
Although the crystal structure of the complete protein is lacking, sGC is known to be a heterodimer with two a-f subunits,
one of them (P) containing a high spin 5C ferrous heme with proximal histidine coordination.[88] It is accepted that the
first step comprises fast NO binding (K = 4.5 x 10° M"'s™) giving a highly reactive 6C NO complex as a precursor of
histidine release and consequent enzyme activation, implying a structural reordering that leads to vasodilation. Based on a
measured second order rate law in NO found for the activation rate of sGC under excess NO-conditions, the formation of
a dinitrosyl intermediate has been under controversy when considering the detailed mechanistic issues.[88] From recent
work under physiological conditions it might be assumed that the dinitrosyl species does not form.[89,90] Estrin and
coworkers studied a functional heme analog of sGC, cytochrome c’, which includes three amino acid residues positioned
near the distal and proximal sites.[95] Figure 11 shows a calculated structure corresponding to the first 6C intermediate,

still containing bound histidine.
Leu 16 x

7

g 124

His 120

Figure 11. Calculated first 6C NO-intermediate upon reaction of ¢yt ¢’ (from AXCP, alcaligenes xylosoxidans) with NO.
From reference 95.

Leu 16

A

His 120

Figure 12. 6C di-NO complex in cyt ¢’ from AXCP (alcaligenes xylosoxidans), proposed to be formed upon histidine
displacement in the complex of Figure 11 by a second NO. From reference 95.
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The conditions for the histidine release have been studied in detail, and Scheme 4 has been proposed for the successive
steps during the activation process.[95] After the first NO-binding event, the 6C reactive intermediate leads to a SC-NO
heme complex and free histidine, in a spontaneous uncatalyzed process, k_ (4). Under excess NO, a faster activation
ensues under a second-order regime, £ (3). Whilst the first 6C — 5C slow conversion contains a NO bound at the distal
site, the fast process leads to additional NO-binding at the proximal site, either through direct occupation of the free site
arising after histidine release, or through a concerted interchange of histidine with NO. Figure 12 shows a calculated
structure for the 6C dinitrosyl intermediate, surprisingly like the one experimentally found and calculated for [Fe(por)
(NO),],[93,94] as well as for [Fe(CN),(NO),J* (1,).[91]

NO N” NO N NO
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i - Fe Fe Fe
- -— : S —k—A L
His Koff NO(2) " N off2NO(6) N .
His SN »_His
% e°\ o o]
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<’ I:I” NO*.C% His
Fell NO
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Scheme 4

The final step implies a release of NO giving a SC-NO heme. How the second NO is released with histidine rebinding
for the active site regeneration remains unknown, however. In their comprehensive study, the authors extended the
analysis of the activation process to the movements of free histidine 120 and arginine 124 residues in the proximal
environment, as well as a leucine 16 in the distal one (see Figure 11). We will not extend here on the relevance of the latter
studies for comparing with the role of sGC, for which many structural mechanistic questions are still unsolved. Instead,
we believe that given the general instability of the dinitrosyl species and the demonstrated disproportionation route for
[Fe(CN),(NO),]* (1)), the cyt ¢’ intermediate could also lead to bound NO/HNO and NO* at the proximal and distal sites,
respectively, as suggested by a calculated /inear Fe-N-O group at an energy minimum of the distal site,[95] suggesting a
fleeting NO*-character and a putative site for thiolate attack followed by RSNO formation and release. Besides, the strong
donor NO- at the proximal site might facilitate the ligand release at the distal site and/or react with the excess NO either
through NO/NO interchange or N,O release. The latter reactivity modes could lead to final rebinding of histidine and
recovery of the high spin 5C Fe' resting state, allowing for the catalytic turnover steps evolving through the 6C mono- and
di-nitrosyls. Whilst the relevance of a role for a second NO in the regulation of the conformational protein change seems
well supported by the kinetic data, the full reactivity route for the dinitrosyl intermediate (eventually comprising a third
NO molecule reacting with the dinitrosyl), might merit further consideration by the biochemical community.

4.4. Nucleophilic reactivity toward O, (dioxygenation reactions)

A nucleophilic reactivity might be anticipated for the electron-rich NO-complexes. This has been observed for
[Fe(CN),(NO)J* (under excess cyanide conditions), and reaction (34) describes the stoichiometry.[96]

4[Fe(CN),NOJ* + O, + 2H,0 — 4[Fe(CN),NOJ* + 40H 34)

A second-order rate law operates: —1/4d[Fe(CN) NO*]/dt = k,,[Fe(CN) NO*][O,], with k,, = (3.5 + 0.2) x 10° M''s™" at
25°C, pH 10. The rate constant was insensitive to changes in pH (9—-11) and ionic strength (0.1-1 M). However, for pH < 10
and without added cyanide, the oxidation rate decreased markedly. We discarded an initial outer-sphere electron transfer
step, given the endergonic barrier for the one-electron O, reduction. DFT computations allowed proposing reaction (35)
as an initial addition step, forming a new covalent bond between NO and O,, leading to an Fe''-peroxynitrite species, as
shown in Figure 13. In the reaction of free NO with O,, either ONOO- or a species with some degree of association, NO
O, have been proposed in the first step.[15]

The process follows through the fast reactions (36) and (37), both probably involving several steps, in which the
oxidation equivalents remain bound to the metal all along the full process, according with the experimentally found 4:1
global stoichiometry, with no other by-products.

[Fe'(CN),NOJ* + O, 2 [Fe(CN).N(0)O,]* (35)
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[Fe"(CN),N(0)O,* + [Fe"(CN),NOJ* — 2[Fe™(CN).NO,J* (36)
[Fe"™(CN),NO,J** + [Fe'(CN),NOJ* +H,0 — 2[Fe(CN).NOJ* + 20H- (37)

The spin unrestricted DFT calculations provided strong evidence for identification of the first intermediate; the
geometry optimization procedure demonstrates that the SOMO is localized on iron(III) and not at the terminal O-atom,
with Miilliken spin densities close to one, calculated either in vacuum or in solvated conditions (PCM + 6H,0). Given
that the geometrical parameters and stretching frequencies are consistent with a bound N-peroxynitrite anion, we might
discard the alternative descriptions containing either Fe(II)-N(O)O,, or the Fe(III)-OON(O) isomer.

Figure 13. DFT-calculated intermediate, [Fe"(CN),(N(O)O,)]*, B3LYP/6-3117, with PCM + 6H,0O. For N(O)O,” bound
to Fe: d(N=0), 1.205 A; v(N=0), 1590 cm'; d(N-O), 1.352 A, v(N-0), 784 cm™; d(0-0), 1.369 A; v(0-0), 913 cm'".
See the Supp. Inf. in Ref. 96 for details on the calculations and other parameters derived from the geometry optimization.

Under steady state conditions for [Fe"(CN),N(O)O,]*, and using a limiting approach, a first-order rate law in each
reactant is obtained, with k,,= k = k_,. Second order rate laws have been found for the autoxidation reactions of other
nitrosyl complexes with n = 7.[97,99] Figure 14 displays a plot of In &, against £,

NO+/NO*

15

In(ko2)

0.0 0.2 0.4 0.6
E(NO*/NO) / mV vs NHE

(NO)*[97] [21: [Fe”(CN)S(NO)]39;+[g%] [3]: [Ru"(NH,),(NO)]*,[98] and [4]: Ru"(bpy)(tpm)(NO)]*".[99] Extracted from
reference [97].

Figure 14. Plot of In k, vs E ./, for the reactions of O, with different complexes: [1]: [Ru(Me,[9]aneN,)(bpy)

The negative slope of =21 + 1 V! agrees with the theoretical Marcus-type behavior for bimolecular reactions with
associative character. Indeed, a better correlation might be expected by including data for new complexes, preferentially
in the mid-potential region. The slow-reacting complexes display significant deviations, as also observed for Mb"™NO,
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for which a corresponding point was included in a similar plot;[12] (it could be added in Fig. 14, close to [1]*). The
deviations are not unexpected, due to the possible competing NO-dissociation in the rate-determining step (koff(No ~107*
s™' for Mb"NO).[12,96] On the other hand, the autoxidation of the electron rich complex [Ru"(DMAP),(NO)(OH)]" was
unmeasurably fast (we estimate a point at the upper-left side of the plot, out of Fig. 13).[100] Not unexpectedly, the latter

figure resembles Fig. 4, bearing a positive slope, covering the electrophilic additions of OH"into [ML,(NO*)] complexes.

It can be concluded that 6C is a necessary condition to achieve autoxidation of NO-complexes, given the unreactivity
of 5C [Fe(CN),NOJ*" at neutral/low pH, in agreement with the electron push by the sixth ligand that increases the radical
character of NO (see the previous analysis of the EPR results for 6C/5C systems). Other 5C complexes were found to
react with O, in aprotic solvents, but only in the presence of a base, which allowed formation of the 6C reactive species.
[12] Indeed, that the redox potentials of the MNO*/MNO" couples could predict the NO-autoxidation reactivity is quite
significant; eventually, some NO*-coordination compounds could provide a fast route for NO*-consumption, as shown
below.

In the NOS-catalyzed endogenous production of NO by oxidation of L-arginine with O,, a 6C Fe"-NO intermediate
(containing cysteinate as a trans-ligand to NO) played a crucial role in the global catalytic/regulatory cycle by reacting
with O, and giving NO,, which was rapidly released.[101] In this way, regeneration of the labile aqua-site (5C high-spin
Fe') allowed performing the catalytic turnover through subsequent reduction to Fe(II) and O,-coordination for reacting
with the arginine substrate. By using variants of n- and i-NOS isoforms, the rate constants for dioxygenation reactions of
bound NO, k,, were found in the range 10>-10* M''s”, depending on the presence/absence of substrate (L-arg), cofactor
(BH,) and/or H-bonding interactions either at the distal- or proximal heme sites. Oxygen binding to the NOS ferrous heme
is extremely fast (ill-defined k,, reported to be higher than 10° M's™),[101] and thus the corresponding point might be
well located up- and left-wards (out of the plot) in Figure 14. Thus, the mechanisms appear to be similar for the heme- and
non heme systems (both affording N-bound peroxynitrite initial intermediates), by using the values of &, por pure NOS
and £, \,(~ —0.3 V). However, the smaller denitrosylation rates for the NOS-surrogates lead to strong deviations. This
is not a surprise, given that in contrast to the diffusional encounter of reactants for the non heme nitrosyls, a restricted
access of O, to the distal pocket has been demonstrated for the NOS isozymes;[101] thus, the rates are not controlled
solely by £, (direct reactivity of O, to nitrosyl), and therefore the observed denitrosylation rates become much lower for

the enzymatic systems.

5. Strongly bent 6C and 5C {MNO}? complexes. Highly reducing and nucleophilic

The title compounds containing Fe'and Ru" centers have been generated (and sometimes isolated) from one-electron
electrochemical or chemical reductions of the {MNO}’ analogs using hydrides, dithionite, cobaltocene, etc., under
anaerobic conditions in non-aqueous media. Aqueous Co"™-NO- complexes can be generated through oxidation of Co"
reactants. There is a need of well characterized iron complexes in aqueous solutions.[17]

Figure 1b shows that for n = 8 conditions either both 7*  MOs can be singly occupied (S, = 1), or two electrons can
fully locate at the lower energy orbital (S, = 0). In the latter case, both 6C and 5C compounds might be predicted, though
5C is likely favored, given the very strong trans interaction associated with the most pronounced ¢ donation from n*
to d ,, with an increase in the antibonding character of the #rans M-L bond. As shown below, these predictions are well
realized.[102]

Table 5 show selected examples for 6C and 5C situations. We include the scarce examples of related Fe- and Ru-
complexes already displayed in Tables 1 and 2, namely those containing the same coligands. The Co-examples reflect the
abundance of this metal for binding nitroxyl ligands, which becomes useful here for searching in the bonding changes
upon metal variations.[103,104]

86



Coordination Chemistry of Nitric Oxide and Biological Signaling /I'Vol. 2, No. 1, December 2020 :

Table 5. Selected 6C and 5C metallonitrosyl complexes, {MNO}# (M = Fe, Ru, Co)

6C
[Fe(cyclam-ac)NO] * 0 1271°(1274) (1.752) (1.261) (122.4) (2.127) 30
[Ru(Me,[9]aneN,)(bpy)(NO)|* 0 1315¢(1404) (1.91) (1.27) (122.9) (2.41) 39
[Co(en),(CH(NO)] 0 1611 1.820(11) | 1.043(17) | 124.4(11) 103
5C
[Fe(CN),(NO)]* tbp,® 0 (1581) (1.637) (1.22) (171.2) 46
[Co(TPP)(NO)] sqp 0 1681 1.830 1.149 123.4 104
[Fe(TPPBr,)(NO)J sqp * 0 15408 1.814(4) 1.194(5) 122.4(3) 105
a) Values in parenthesis are from DFT calculations. b) in CD,CN solution. ¢) in CH,CN solution. d) isolated as a
ClO, salt. e) not isolated, only DFT data. It is probably a product of the NMR titration of [Fe(CN) (HNO)]* with OH",
after reaching pH 10, see text and Figure 15. f) Structural data from an isolated Co(Cp),"* salt; corresponding DFT
calculations in ref. 81. g) in CH,Cl, solution or as an evaporated solid film, ref. 81.

For [Fe(cyclam-ac)(NO)], the pronounced bending of ZFeNO (near 120°, sp® nitrogen), the elongated bonds in the Fe-N-O
moieties, and a notoriously low value of v at 1271 cm™, confirmed by isotopic labelling and theoretical calculations,
allowed proposing a low-spin Fe"NO- distribution, supported by S = 0 and Mdssbauer results.[30] A similar behavior of
the indicators for 6C [Ru(Me,[9]aneN,))(bpy)(NO)]*' reflects the increased population of the delocalized n*,  orbital
as compared to the n = 6,7 analogs.[39] The NO- ligand appears to engage in stable M"-NO- bonds in both complexes,
inert to dissociation. Though still not able to release the trans-ligand, the enhanced trans-releasing effect manifests in the
elongation of the trans Fe-O and Ru-N,, bonds by 0.15 and 0.19 A respectively with respect to the corresponding n = 7
complexes. A detailed look at all indicators for both Fe and Ru series demonstrate that the back bonding acceptor capacity
of the nitrosyl group increases strongly according to NO- < NO < NO", with conversion from a strong nucleophile to
a strong electrophile. Interestingly, the 6C Co' nitroxyl complex shows an increased value of v, probably related to
the weaker n-interaction for M™ as compared to M" centers.[103] The nitroxylcobalamine analog (NOCDbI, not shown)
behaves similarly.[12]

Notoriously, there is no 6C [Fe(CN),(NO)]* complex in Table 5; it was calculated by DFT as unstable in water,
leading to 5C tbp [Fe(CN),(NO)]* upon cyanide release.[46] Similarly, 6C [Fe(NO)(Cl)(cyclam)] decomposes readily
by releasing the chloride ligand in CH,CN.[30] The DFT data for 5C tbp [Fe(CN),(NO)J* (not isolated) shows a close
to linear £FeNO and a short Fe-N distance; by also considering the value of v, at 1581 ¢m™, an Fe'NO electronic
distribution was proposed, and the protonation feasibility was estimated.[46] The 5C [Fe(por)(NO)]- was also unstable,
though Table 5 includes a stable species, isolated by reducing an n = 7 electron-poor model iron porphyrin in CH,CI, with
cobaltocene, leading to [Co(C,H,),][Fe(TFPBr,)(NO)].[81,105] It has been described as having an intermediate Fe"NO7/
Fe'NO distribution. This strategy allowed preparing a similar heme-like salt of [Fe(LN,)(NO)J-,[12] as well as a picket-
fence porphyrin [Fe(3,5-Me-BAFP)(NO)] -, in THF solution.[102]

Trans labilizations and facile generation of 5C complexes explain the abundance of sqp Co-nitroxyl porphyrins and
some [Co(LN,)(NO] analogs.[12] A common low-spin Co"'NO" electronic distribution is currently accepted for all 6C and
5C Co-complexes. On the other hand, well characterized examples with metals of the 2" or 3 transition series are known
(tpb NO- complexes of Os'", Ir'", Re', and even Pt').[17]

Given the extreme electron-rich character of NO- complexes, the M-N-O moieties are prone to react with electrophilic
reagents. This was early observed with 5C [CoL,NO] complexes (L,, multidentate planar anions) reacting with O, in
acetone, in the presence of nitrogen- and phosphorus bases B, to yield the corresponding 6C nitro-compounds, [CoL (NO,)
(B)]. The bimolecular rate constants for the O, -additions depended on the basicity of the B ligands #rans to the nitroxyl
group, and peroxynitrite intermediates have been proposed.[12,27] A similar reactivity toward O, has been observed for
the “based-on” 6C NOCbI, and for other complexes in Table 5, which indeed react with O,.[12] Like the n = 7 species,
6C appears as a requirement for O,-reactivity. Protonation at the nitrogen lone pair of bound-NOr is also feasible, as seen
below.
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6. HNO (nitroxyl, azanone) complexes (n = 8)

6.1. Synthesis, spectroscopic characterization, and trans-L releasing ability of
bound HNO

6C HNO non heme complexes have been prepared with Fe, Ru, Os, Ir, and Re metals, with ancillary coligands, since
the pioneering work leading to X-ray structures of [Os(Cl),(CO)(PPh,),(HNO)] and [Ir(H)(CI),(PPh,),)(HNO)]. Most
isolated complexes are insoluble in water. Good characterizations of bound HNO were achieved using '"H NMR, IR, and
RR spectroscopies. Both ¢ and mainly m interactions contribute to HNO stabilization upon coordination.[17] In Table 6,
we first include two examples of aqueous systems comprising [Fe"(CN) (HNO)]** and Mb"(HNO), together with related
Fe-, Ru-, and Os-models. The values of v, at 1350-1390 ¢cm™ remain nearly constant for all complexes; remarkably,
they are also coincident with the values found for diverse structurally related [Fe"(CN)(L)]™ nitroso compounds, with
L =NOBz, NOSR, etc.[12] The distances and angles are close to those for the 6C NO-analogs (cf. Table 5), though v
affords greater values in Fe"-HNO than in Fe"-NO-, probably related to different solvations.

Table 6. 'HNO complexes (6C protonated MNO}* systems, with M = Fe", Ru", Os"; § = 0)
Compound® : o N i 'H NMR

(9, ppm)/(J,
Hz)

[Fe(CN)(HNO)J* 1384° | (1.783) | (1.249) | (137.5) | (1.915) | 20.0°/71.14 45,106
[Mb(HNO)] 1385 | 1.82(2) | 1.24(1) 131.6 2.09 14.8°/72.5 31
[Fe(cyclam-ac)(HNO)[* (1351) | (1.780) | (1.268) | (126.3) | (1.994) 30
[Ru(Me,[9]aneN,)(bpy)(HNO)]** | (1376) | (1.93) (1.28) (127.5) | (2.22) 38
[Ru(py™sS,)(HNO)]* 1358 | 1.875(7) | 1.242(9) | 130.0(6) 19.56° 108
[Ru(ttp)(1-MeIm)(HNO)] 13804 13.647/71.1 109
[Os(C1),(CO)(PPh,),(HNO)] 14108 | 1.915(6) | 1.193(7) | 136.9(6) 21.24/75 110
a)Data in parenthesis correspond to DFT calculations. b) pH 6 for ATR/RR; 25% D,0 for NMR. ¢) geometrical and
vibrational data in aqueous/glycerol at 10 K. NMR data at pH 10 in D,O. d) in KBr. ) in THF-d,. f) in CDCI,. g) in
nyjol. h) in benzene-d,.

Figure 15 describes the two-step titration of aqueous nitroprusside with dithionite at pH 10.[106] Just after the addition
of the first drops of dithionite, a red color develops which immediately disappears upon stirring, giving a yellow-orange
absorption band centered at 345 nm that grows steadily up to the completion of the first-equivalent reduction. This is
indicative of formation of the one-electron reduced product [Fe(CN),(NO)J* in the first step,[86,87] although seemingly
not in a direct way, see below section 6.3. Through the onset of the second-equivalent reduction, the latter species decays
and transforms into a final red product with A _ at 445 nm (I,,,), which is moderately stable for hours, slowly turning back
to [Fe(CN),(NO)J*, with a t, , = 50 min.

445
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Figure 15. UV-vis titration (pH 10, T = 25 °C), of 3 x 10* M [Fe"(CN) (NO)]* (1) with two sequential 1-equivalent
additions of S,0,%, giving the reduced complexes: 2, [Fe"(CN),(NO)]*, and 3: I,,.. The latter product 3 is probably a
mixture of two-electron reduced complexes, see text. From reference 106.

By shifting the pH from 10 to 6-7 immediately after the end of dithionite-titration, the absorbance maximum at 445 nm
was maintained, and I, became even more robust under anaerobic conditions, with an extremely slow first order decay,
k.. =~107s". Thus, I, did not generate N, O, neither released cyanide in time scale of hours.[107] We might tentatively

identify I,,; (at pH 10) as a mixture of two-electron reduced products, namely [Fe(CN) (HNO)J*, [Fe(CN),(NO)]*, and
[Fe(CN),(NO)J*, as analyzed below.

Figure 16 shows the titration of the robust I,,; complex generated at pH 6, with OH", as followed by 'H NMR.
The inset (top left) displays the initial NMR features, with a notoriously downfield 'H signal, split into a doublet upon
coupling within the "N labeled species (Table 6). Indeed, the 'H signal shows unequivocally that 1, corresponds to
[Fe(CN),(HNO)J* at pH 6, also supported by complementary spectroscopic evidence (IR, RR). The intensity of the
NMR signal decays along the titration, with complete disappearance in the 8.8-10 pH-range. An apparent pK_of 7.7 was
assigned initially to deprotonation of [Fe(CN),(HNO)J* giving [Fe"(CN),(NO)]*, eq 38. That assignment was put into
question by new 7O NMR evidence stating that the '’O signal was maintained up to pH 10, which allowed proposing
a pK, at ~10-11,[111] more in agreement with the estimated value for Mb"-HNO.[112] The intriguing 7.7 number was
traced to an artifact related to a rapid H-exchange between bound HNO and water, acid and/or base-catalyzed.[111]

04 - M!
pH 6.5 . Jw=T114Hz
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Figure 16. 'H NMR titration of [Fe(CN)S(HNO)]3‘, with OH™. Inset, top left: signal splitting upon N labeling of the
Fe'(nitrosyl) moieties. From reference 106.
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Based on calibrated DFT calculations, Lehnert and colleagues have suggested that [Fe(CN),(NO)]*, resulting from
the fast trans-cyanide labilization from [Fe(CN) (NO)J* during the ongoing titration process (eq 39), might suffer a
competitive protonation with free cyanide, eqs 40 and 41 (pK, (HCN) = 9.2). Therefore, the 7.7 feature would correspond
to the pK_ of [Fe(CN),(HNO)]*.[17]

[Fe(CN) (HNO)]" 2 [Fe(CN),(NO)* +H*  (38) K, pK, =10-11?
[Fe(CN),(NO)J* 2 [Fe(CN),(NO)[* +CN-  (39) K,
[Fe(CN),(NO)]* + H* === [Fe(CN) (HNO)]* (40) K,

CN-+H" 2 HCN “41) K,

The onset of the precedent equilibria along the addition of OH™ and the consideration of available and estimated values
of K in reactions 38-41 allow proposing that [Fe(CN),(NO)]* is the dominant nitroxyl species at the end of titration (pH
10), with some equilibrated [Fe(CN) (HNO)]* and [Fe(CN),(NO)J*. We might conclude that both the 'H and 7O NMR
evidence, as well as our results on the unchanged absorptivity of I . in the pH range 6-10 [106] strongly support a new
pK, estimation in the range 10-11 for the [Fe(CN),(HNO)]* — [Fe"(CN),(NO)]* conversion.

In high contrast with [Fe(CN) (NO)]* (whose trans-cyanide labilization might be a few orders of magnitude stronger
than for [Fe(CN),(NO)]*, cf. K, ), the absence of trans-cyanide labilization in [Fe(CN) (HNO)]* becomes remarkable. It
relates to the N-protonation, which decreases the 6-bonding of HNO toward the metal. Besides, cyanides are good o-do-
nors that enrich the electron density at Fe' and strengthen the © bonding interaction with HNO. The nearly equal axial and
equatorial Fe-C distances calculated for [Fe(CN),(HNO)]*,[46]and DFT calculations with other HNO-complexes[17] are
consistent with experimental results on HNO being unable to activate sGC.[17,113]

The need for synthesizing other iron heme models for best disclosing the biorelevant properties of bound HNO has
been elusive because of the putative instabilities of the used iron-porphyrin species toward disproportionation, as ob-
served for 5C NO™-complexes in non-aqueous solvents. By adding acetic acid to [Fe(3,5-Me-BAFP)(NO)]- in THF, the
UV-vis changes in the Soret bands were assigned to the binding of HNO in a 5C complex, which seems consistent.[102]
Pellegrino and Doctorovich isolated the n = 7 sodium salt of [Fe(TPPS)(NO)]*, and observed the UV-vis changes upon
one-electron reduction in aqueous medium.[114] By using CV methodologies described below, the dependence of E|
womno ON the pH led to a pK of 9.7 for the supposed SC [Fe(TPPS)(HNO)]". The conclusion is also plausible, though the
product might be a 6C species, probably with OH™ or phosphate binding to the 5C intermediate.

6.2. The influence of changing the coligands on the pK_ of bound HNO, correlated
with changes in the redox potentials

By expanding the experimental approach on the [Ru(Me,[9]aneN,)(bpy)(NO)]**>' species that allowed determining the
pK, of the HNO-bound one by using a potential/pH diagram,[38] Slep and coworkers made a significant synthetic progress
by isolating three members of the n = 7 series with L* coligands of different donor abilities, namely [Ru(Me,[9]aneN,)
(bpy)(NO)J** ([1-NOJ*), [Ru(Me,[9]aneN,)(MeObpy)(NO)J*" ([2-NOJ*) and [Ru(Me,[9]aneN,)(bpym)(NO)I*" ([3-
NOJ*).[39] In this way, reversible cyclic voltammograms (Figure 17) were obtained by dissolving the pure solids (very
stable under anaerobic conditions) in acetonitrile solutions, and by oxidizing and reducing them, with corresponding
one-electron waves giving the n = 6 and n = 8§ species, respectively. Figure 18 discloses the UV-vis spectra starting with
[3-NOJ* in aqueous medium, obtained with spectroelectrochemical reductions complemented by controlled potential
coulometry. The one-electron nature of the redox events was confirmed, and two distinct spectra emerged upon reduction
in acid or alkaline solutions, at pH 2.5 and 12.5. The latter situation corresponds to the actual {RuNO}”® one-electron
conversion represented by eq 42, while the former involves a pH-dependent proton-coupled one-electron reduction, eq 43.
By fitting the experimental data with an adequate Nernstian model, numerical values for both standard redox potentials
can be obtained, as well as for K, the acidity constant of bound HNO.

[Ru(Me,[9]aneN,)(L)(NO)J** + ¢ — [Ru(Me,[9]aneN,)(L2)(NO)]* (42)

[Ru(Me,[9]aneN )(L)(NO)]** +e +H* — [Ru(Me,[9]aneN,)(L2)(HNO)]** (43)
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Figure 17. Cyclic Voltammograms obtained {E / V vs. AGQ/AgCI/NaCl 3M) oet), and [3-NOJ** (green) in dry CH,CN/
Bu,NPF, (0.2 M) at 298 K. Scan rate, 100 mV s, £ vs Ag/AgCl/NaCl (3M). From reference 39.
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Figure 18. UV—vis spectra obtained by spectroelectrod / MM of [3-NOJ?* in aqueous media [/ = 1 M NaCl and E
vs Ag/AgCl/NaCl (3 M)] at 298 K under anaerobic conditions. The insets show the fraction of the different species as
obtained from global analysis. Top: One-electron reduction at pH 2.5 (phosphate buffer). Bottom: One-electron reduction

at pH 12.5 (phosphate buffer). From reference 39.
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Figure 19 displays an overlap of Pourbaix diagrams, obtained for each of the three complexes, that allow visualizing
the corresponding pK ’s of the HNO-complexes. The latter information is gathered in Table 7. The £° values for the redox
couples [RuNO}*7 and {RuNO}”?® behave similarly, with a remarkable decrease in the order [3-NOJ** > [1-NOJ** > [2-
NOJ*. The trends reflect the increasing donor properties of L2, as also described for the acetonitrile solution experiments.
The most striking result is the impressive change in the pK values of bound HNO spanning a range of three pH units
triggered by relatively subtle modifications of L?, with virtually no detectable structural changes of the complexes.
The linear correlation between pK, values and the reduction potential for the [RUNO}%” and {RuNO}"® conversions is
reasonable, as both are likewise affected by the electronic density modulation introduced by L?. These remarkable results
highlight the bioinorganic relevance of allowing modulation of HNO/NO- conversions in metallonitrosyl systems that
might influence either the trans release and/or the reducing capabilities, based on the contrasting structural and redox
properties of bound HNO vs NO-.

{RUNO}
> He i13“333‘:‘53\
N~ i Sim
Ww o2}t
04k £ i
0.6} ) 5 .
- {RUHNO} {RUNO}S g,
_08 L 1 L 1 N 1 N 1 U A i 1 E 1
0 2 4 6 8 10 1= 14

Figure 19. Comparison of the Pourbaix diagrams obtained for [1- NOJ** (red), [2-NOJ** (violet), and [3-NOJ]** (green),
collected by CV/SWV/SEC in different buffer solutions [/ = 1 M NaCl, at 298 K, E vs Ag/AgCl/NaCl (3M)]. From
reference 39.

Table 7. Reduction Potentials and pK, (HNO) Obtained from the Pourbaix Diagrams®

EXomno IV Eono IV PKanno
[3-NOJ"™* 0.021(5) —0.434(4) 7.7(1)
[1-NO]™ 0.011(9) —-0.562(8) 9.7(2)
[2-NO]"™* —0.004(9) —0.625(8) 10.5(2)

*Reduction potential referenced to Ag/AgCl 3M. From reference 39.

6.3. The redox properties of bound HNO and NO-

This issue is crucially relevant for biological systems and merits a detailed consideration. We found that [Fe(CN) (HNO)J*
was unreactive at pH 6 toward weak oxidants like methylviologen (MV?**, E = —0.44 V) and nitroprusside (£ = 0.05
V).[107] By using the mild oxidant [Fe(CN),]* (E = 0.4 V), a slow reactivity of [Fe(CN) (HNO)]* through a second
order rate law was observed for reaction (44), with k,, = 70 M''s”', much lower than the rate constants for [Fe(CN),]*
reacting with other [Fe"(CN) (L)]™ ions by metal-centered redox interchange (k ~10° M''s"). The magnitude of k,, is
similar to that found for free HNO reacting with [Fe(CN),)]*, and also consistent with the redox potential estimated
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through the reversible one-electron wave found in the CV of [Fe(CN).(HNO)J* at pH 6 (£
[Fe(CN).(NO)J*, H/[Fe(CN),(HNO)J* redox couple.[107]

=0.32 V), assigned to the

1/2

[Fe(CN),(HNO)J* + 2[Fe(CN) )" — [Fe(CN),(NO)]*+ H" + 2[Fe(CN), [* (44)

A mechanistic analysis in terms of Marcus cross-reaction predictions suggests a NO-centered proton-coupled PCET
route for reaction (44), associated with a high reorganization energy. The latter results put into question the claimed high
reducing power of HNO, either free or bound to metal centers (cf. eq 5, ~—0.5 V at pH 7).[7]

In remarkable contrast, the results at pH 10 with the same weak oxidants led to immediate production of the viologen
radical, reaction (45), as well as to a quantitative formation of the comproportionation product, [Fe(CN),(NO)]*, reaction
(46).[107] The latter reaction explains the striking red — orange color changes upon stirring during the initial onset of
dithionite titration, see above 6.1. This is confirmatory evidence of emerging deprotonation of bound HNO at pH 10, and
consequently a much higher reducing power of bound NO- compared to HNO.

[Fe(CN) (HNO)]" + MV?*+ OH — [Fe(CN) (NO)* + MV* + H,0 (45)
[Fe(CN),(HNO)J*+ [Fe(CN) (NO)J* + OH- — 2[Fe(CN) (NO)J* + H,0 (46)

It can be concluded that the nitroxyl-binding chemical properties are regulated by the pH and redox state of the
environment. As demonstrated for the non-heme systems, iron-heme proteins could afford such a regulatory mission on
demand, by an appropriate use of ligands (either in axial or equatorial positions), as well as by a controlled location of
either external electric fields or specific H-bonding interactions with backbone residues close to the reactive sites.

Conclusions

A comprehensive picture of the structure and reactivity of nitric oxide (NO) and redox derivatives (NO*, NO/HNO,
NO,) has been presented, focusing on the coordination chemistry in transition metal centers, mainly iron and ruthenium.
Though the properties can be roughly described by the total electron content in the frontier metal/n*, , orbitals, a deeper
insight has been provided that takes into account the influence of the axial and/or equatorial coligands, as well as the
second-sphere interactions, for controlling the ¢ - 7 interactions and the actual atomic electronic distributions. Different
reactivity modes of the M-N-O groups, mainly ligand formation/dissociations, electrophilic and nucleophilic additions,
disproportionations, acid-base and redox reactions have been addressed in a biologically relevant context, by using an
adequate model approach that combines the structural, spectroscopic, and theoretical information most relevant for
understanding the enzyme functions. New results on the chemical interactions with O, and other gasotransmitters like
H,S point to new developments in the field of biological signaling.
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