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Abstract:

Signaling in cells which involves reactive compounds is well established. Reactive
oxygen species and nitric oxide are known to be extremely influential in the control
of a range of physiological responses in many organisms, from animals to plants.
Often their generation is triggered in reaction to stress and it is common for ROS
and NO metabolism to interact to give a co-ordinated response. Recently, hydrogen
sulfide (H2S) has also been found to be an important signaling molecule, being
shown to be involved in vascular tone in animals. Of relevance to respiration, in
plants H,S has been shown to affect stomatal apertures and the transpiration
stream while in animals H,S has been shown to be a source of electrons for ATP
synthesis in mitochondria. However, in signaling HzS is not working in isolation and it
is likely that it will have interactions with both ROS and NO. This may be at a variety
of levels, from influencing the generation of such molecules, interacting directly, or
competing for control of downstream signaling events. A full understanding of the
impact of this toxic molecule in the control of cells requires all these factors to be

taken into account.



Introduction

Small reactive compounds such as reactive oxygen species (ROS) and
reactive nitrogen species (RNS) have been studied as components of cell
signaling pathways for nearly thirty years'. Such compounds include
hydrogen peroxide, singlet oxygen (O,') and superoxide anions (all
considered as ROS), and nitric oxide (NO) and S-nitrosoglutathione (GSNO)
which fall under the umbrella of being RNS%*.

There has been a long history of research on reactive species, such as
ROS and RNS, with work being carried out in the past having an impact on
varying aspects of biological function, in both animals and plants.. However,
the signalling roles of such compounds were highlighted by the work on NO. It
was known that endothelial cells released a compound, named endothelial
derived relaxing factor (EDFR), that caused smooth muscle cells to relax, and
this was found to be NO'. Of pertinence to respiratory science, in plants both
NO and ROS are known to have profound effects on stomata and so to alter
the transpiration stream of the plant. On the flip side of this is the generation
of such compounds as ROS by the mitochondria, meaning that respiratory
activity can lead to increases in the presence of reactive species®.

The focus of this review is on the signaling roles of such chemicals and
how they may lead to co-ordinated responses in cells. In this context, it has
been known that the presence of chemicals such as ROS and RNS not only
has specific effects, leading to defined responses, but that they also influence
the signaling mediated by other such compounds. As many of these
compounds are relatively reactive, this could be a direct effect. An example of

this would be the reaction of superoxide and NO to generate peroxynitrite



(ONOO") which itself can act as a cellular signal’. Therefore, the interplay
between these compounds suggests that they might modulate the generation
or removal of each other. For example, NO may influence the levels of
antioxidants in cells and therefore alter the accumulation of ROS, and any
resulting signaling. Certainly interactions have been reported, with H,O, and
NO being shown to act together in signaling pathways®, or interaction to
influence the final outcome, as seen with plant stigmasg. What is clear from
such examples is the fact that reactive compounds such as ROS and NO
would not be acting in isolation, and interactions with other reactive
compounds would need to be considered.

More recently, another reactive compound has been a focus of
attention, that is, hydrogen sulfide (H»S). This molecule has been suggested

to be the third gasotransmitter, along with NO and carbon monoxide "2,

Many recent reviews have extolled the role of H,S as an important signal™ 8.
For a molecule, such as H,S, to be considered as a good candidate for
being a cellular signal there are certain guidelines or criteria that need to be
met'®. There would need to be a means of generation of the compound,
specifically enabling its production at the right place and at the right time. This
would often require the presence of a dedicated enzyme which is able to
make the signal. Once the molecule has fulfilled its signaling role, normally it
would need to be removed. This would be to stop further signalling, which
could be detrimental, and again an enzyme would often be involved here.
Once made, a signaling compound needs to get the message moved to the

next relevant component in a signal transduction pathway, and often this may

mean that the compound carrying the message moves, perhaps diffusing



across the cell, or even between cells. Once the compound has arrived at its
destination it would need to be recognised for what it is, and therefore be able
to relay a unique message, and to elicit a unique response. However, what is
often missing from such a list of criteria is the ability to interact with other
signaling components and pathways. Here, we suggest that H,S has a major
influence on signaling with involves ROS and RNS, and that this is one of the

main roles for H,S in cells.

H2S is a toxic molecule

One of the main reasons for scepticism with regards the role of H,S in
signaling is the fact that it is very toxic. However, the role of H,S in
mitochondria is two fold. Firstly, at high concentrations H,S is acting as a toxic
molecule as it is a potent inhibitor of Complex IV?° and therefore H,S will stop
ATP production with dire effects on the cell, and indeed the organism.
Secondly, at lower concentrations H,S can feed the electron transport chain

electrons and so enhance ATP production?'?? (

Figure 1). This, in fact, has
also the side effect of reducing the amount of H,S in the cell, so this may be a
mechanism by which cells can remove low concentrations of H,S.

It is important to consider the toxicity of H,S for two reasons. Firstly,
cells are able to produce H,S endogeously, and so slow levels of the activity
of the enzymes involved will lead to low concentration of H,S inside cells most
of the time (this is discussed further below). This may especially be true for
plant cells which use H,S as a substrate in sulphate metabolism?. Secondly,

organisms can be exposed to H,S from the environment. Natural sources of

H,S include volcanoes, thermal vents?*, or from bacterial metabolism?. H,S



from such sources may also be of interest because it may give a hint to the
use of H,S, or tolerance to H,S, during the early stages of evolution, as many
organisms would have developed with H,S being present. Organisms have
had to develop ways to deal with H,S and then may have adopted H,S for
more positive uses, such as signaling. A similar argument has been put
forward for the use of ROS as signals following the generation of oxygen into
the atmosphere?. The toxicity of H,S has also been harnessed for warfare,
highlighting its devastating effects®” but more recently the toxicity of H.S has
been brought to the fore by events on a Japanese volcano?.

However, the toxicity of H,S should not stop it from being used as a
cellular signal. ROS were originally studied because of their toxic effects in
the fight against pathogens, with neutrophils and other phagocytes being an
excellent source of ROS?. In a similar way, RNS too have been found to have
anti-pathogen effects®. Both ROS and RNS are now well accepted as signals
and therefore adopting H,S as a signaling component does not seem an
illogical step.

Despite the fact the H,S is evidently toxic, it can also have positive
effects in the cell, which lead it to be dubbed as a gasotransmitter and a
signaling agent'®'®. In Caenorhabditis elegans a low concentration of H,S
bestows thermatolerance on the nematodes and even makes them live
longer®', showing that this is an effect of H,S which appears to be totally
opposite to toxicity. Of relevance for respiratory science the beneficial effects
of H2S on breathing in fish has recently been reported®?, again showing that

low concentrations of H,S have a positive effect. Therefore, it needs to be



understood how such effects are brought about, and this may well be through

an influence on signaling pathways.

Evidence that H,S can act as a signal.

It was argued above that for H,S to be a signal dedicated enzymes are
needed to generate it. In animals, enzymes such as cystathione y-lyase
(CSE), cystathione B-synthase (CBS) and 3-mercaptopyruvate
sulfurtansferase (3-MST) have been shown to have the capacity to make
H,S>®, while in plants the role seems to be taken by desulfhydrases®. In
plants too, H,S is part of the metabolism of sulfate, so low levels will be
present and able to be generated?.

Enzymes have been found to remove H,S too. In plants enzymes such
as O-acetylserine (thiol) lyase take on this role®>*®, but as discussed above,
H,S can be metabolised and so removed by mitochondria too?'?2.

With enzymes which can make and remove H,S the players are in
place to allow this gas to be used in signaling. However, it has to be seen to
have an effect, to elicit a response. Being a small hydrophobic molecule
means that it is able to diffuse relatively easily in cells, and indeed across
membranes and therefore across to neighbouring cells. However, there is a
caveat here, in that H,S is reactive and has the potential to react with bio-
molecules on its journey. Such reactivity has recently been reviewed>’. For
example, H,S is known to react with proteins,® as will be discussed further
below.

Although most research on H,S has been carried out on animals, a

wide variety of processes have been found to be influenced by H,S in both



animals and plants,. In animals it, as with NO, has been found to have
profound effects in vasodilation®. As well as in normal physiology H,S has
been found to be involved in, or to partially mediate, a range of diseases in
animals. This includes diabetes*, atherosclerosis*', and vascular
inflammation®?. Treatment with H,S, or the presence of increased H,S, has
been found to be able to lessen many disease states in animals, suggesting
43-46

that it has a profound role in many systems

In plants effects of H,S are seen too. This ranges from alteration of
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germination rates™ ™, changes in stomatal apertures™™", root developmen
% flower senescence®®, and the idea that H,S can be administered to crops
post-harvest to prolong storage®®.

However, the aspect of this that is most interesting is that, as in
animals, it is in the mediation of stress responses that H,S has been most
widely studied. Stresses to which plants have been exposed, and to which
H2S has been shown to have an effect are shown in Table 1, but include salt

%380 and heavy metal stress®'®°. Also of interest here is the involvement

stress
in pathogen challenge®®°. But of particular relevance is that many of these
stress responses, both in animals and plants, involve the generation and

response to ROS and RNS. Therefore, it can be argued that H,S is not

working in isolation here, but as part of a team that includes ROS and NO.

The influence of H,S on ROS and RNS signaling
As discussed elsewhere’®, H,S has a major influence on the

metabolism of both ROS and RNS, especially H,O, and NO. Therefore H,S



will have a profound effect on the signaling that may ensue from the
production and perception of ROS and RNS.

In some organisms such as plants, H,S is present all the time as it is
an integral part of sulfate metabolism?®. But is can also feed into other sulfur
metabolism, for example the presence of H,S can lead to an increase in
glutathione””. It is not only the presence of glutathione that is important but the
reduction state in which it exists that is critical to an understanding of its
sphere of influence in cells. This has been argued very cogently’?. Cells
maintain glutathione mainly in the reduced state (GSH) with a low amount of
oxidised glutathione (GSSG). However, because the redox state influenced by
the GSH/GSSG couple is a squared derivation of the Nernst equation, the
overall concentration of glutathione is important, so if H,S increases the
cellular glutathione the redox state of the cell will be altered’?". This will
influence the structure and functioning of many proteins and may in some
cases lead to apoptosis or necrosis’2. And it is important not to forget that
GSH is a major antioxidant in cells and has a massive influence on H,O,
accumulation, and effects, including signaling.

Furthermore, glutathione can lead to the alteration of proteins, with thiol
groups undergoing the process of S-glutathionylation’. This mechanism can
have profound effects on the activity of proteins, as discussed further below,
driven by altering levels and the redox state of glutathione, perhaps by
increased H,S generation in cells or from environmental exposure.

It is not only glutathione that has been found to be influenced by the
presence of H,S. Other antioxidants have been altered too. Another important

compound used for the control of both ROS and cellular redox is ascorbate,



the level of which can be altered by H.S™. However, it is not a given that H,S
will lead to increased antioxidant levels, as reported using pepper plants®?.
Here, the levels of various antioxidants were quite variable, with the
concentrations of some increasing and some decreasing. However, the
overall trend appeared to be an elevation of levels and therefore supports the
notion that H,S is a protective chemical. This is exemplified by the use of H,S
as a treatment of crops post-harvest, where the levels of antioxidants
appeared to mediate the longevity of fruits in storage™.

As well as having an influence on the molecules which help to control
ROS and RNS accumulation, H,S may have an influence on the ROS and
RNS directly. It is known that ROS and NO can react to generate peroxynitrite
(ONOO")” and this can react with H,S"® with the potential for the creation of
new signals. In a similar way NO and H,S can react together to form
nitrosothiols’’. The direct reactions of H.S with ROS has been discussed in
depth recently®’. Reactions with superoxide anions, H,O,, hypochlorite and
hydroxyl radicals, as well as intermediates formed from them such as lipid
peroxyl and protein radicals, would be expected. Therefore H,S could in
theory lower the levels of all such ROS in cells, but it has also been argued
that the levels of antioxidants are so high that the influence of a low
concentration of H,S would be negligible in this®’. The fact that H,S is a
relatively weak reductant, especially when it has to be considered that cells
have a relatively high concentration of glutathione, has been discussed
previously78. It also has to be remembered that high levels of H,S are toxic

and will stop mitochondrial respiration.



H2S can also have an effect on the enzymes that generate ROS and
NO. One of the families of enzymes that is most influential in the generation of
ROS are the NADPH oxidases, in both animals and plants. It has been shown
that H,S donors can modulate the expression of NADPH oxidases in smooth
muscle cells” and fibroblasts®.

An interesting observation in plants was the fact that the activity of
glucose-6-phosphate dehydrogenase (G6PDH) was increased following H2S
treatment®'; this is an enzyme which can produce ROS in roots. These
experiments were carried out under salt stress, which is also known to be
influenced by H,S>3.

A similar situation exists when looking at NO metabolism. H,S can
influence the activity of the enzyme nitric oxide synthase (NOS)®?, perhaps in
an indirect manner® or by an up-regulation of the enzyme®*. However, such
data cannot easily be transferred across to plants, as the existence of NOS in
plants has not been well established®®. Having said this, there are many other
enzymes that can generate NO, such as nitrate reductase, xanthine oxidase
and other redox based enzymes (see recent review®?). It will be important to
establish if any of these is influenced by H,S, and whether this affects the

overall NO metabolism and signaling of cells.

Is compartmentalisation important in H,S responses?

One of the issues in cell signaling is the notion of
compartmentalisation, i.e. the concentration of signaling molecules or their
activities are not uniform in organelles or the cytoplasm of the cell. Reports

talk of “hotspots” of signals, an idea which has been talked about for calcium



signaling for many years®. Hotspots have been discussed for other signaling
molecules, and of particular relevance here is the idea that ROS signaling has
hotspots®’. New probes being developed may help to answer such questions
for H,S%. However, it is an important question to answer. If H,S is to feed into
signaling it needs to be produced and perceived in the right place, otherwise
signaling will not take place. Of relevance to respiratory science, if H,S is to
be used by the mitochondria then it needs to be at a high enough
concentration to be useful, but on the other hand not at such a high
concentration that inhibition of the Complex IV takes place®. Being a gas and
reasonably soluble it would be able to diffuse easily through cells and
between cells, so the positioning of both the enzymes which generate H,S,
and may be more importantly remove it, will be crucial to any
compartmentalisation which is seen. Furthermore, it has been recently argued
that published data often shows that the measured concentration of H,S is
much higher than would be expected, or indeed possible, in a physiological

context®®

. Therefore, the local concentrations of H,S in any hotspots that do
exist will be very important to determine, as it is not the overall average
concentration of HyS that any downstream signalling component will be

exposed to but rather the immediate local concentration, which may differ

considerably from any global measurement.

The influence of H,;S on proteins
If H2S has effects in cells then it would be expected that many of those
effects will be mediated by proteins, and as H,S is a relatively reactive

compound then direct alterations of those proteins may be suggested.



Certainly, direct interaction of proteins with both ROS and NO have been
widely reported. The susceptible group on protein is often, but not exclusivity
the thiol side chain. As can be seen in Figure 2, the thiol (-SH) group can
undergo a variety of modifications®. Low levels of H,O, can lead to the
formation of disulfide bonds in proteins, stabilizing them and potentially
altering their activity. Alternatively, lone thiols may be oxidized to the sulfenic
acid form. Higher H,O, can lead to the formation of the sulfinic acid form,
while higher H,O still will lead to the formation of the sulfonic acid group.
Lower oxidation states are thought to be reversible while the sulfonic acid
formation is an irreversible step. Alternatively, NO will lead to S-nitrosylation
and again a change in the activity of the protein may be the result. The
formation of such NO modification is also reversible*. Also, as mentioned
above, thiols may be modified in the presence of glutathione’™, a compounds
which itself may be under the influence of the accumulation of H,S".

Recently it has been found that thiol modifications of proteins may also
occur in the presence of H,S. One such protein was found to be a
transcription factor, NF-kB>®. Therefore, in this case the H,S could have a
direct effect on gene expression without the need to modulate the activity of a
cell’s signaling transduction system. However, the fact that this thiol may be
modified opens the door for the potential for a large swage of similar
modifications. It has already been reported that H,S can modify proteins in
plants®.

Proteins such as glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) are known, for example, to be modified by both H,0, and NO'-%2,

and in that particular case the enzyme is translocated to the nucleus where it



can alter gene expression. It is not unlikely that the thiols on such enzymes
are also open to modification by H,S. Other examples of modification by the
presence of H,O, include SAM synthetase (S-adenosylmethionine
synthetase), alcohol dehydrogenase and glutamine synthetase®, while
methods such as those of Jaffrey & Snyder®® have revealed a wide range of
proteins which may undergo S-nitrosylation. Examples of such studies are
those by Grennan® and Lindermayr et al.®®. Proteins which are seen to
undergo S-nitrosylation have a wide range of functions but include those
involved in metabolism, signaling responses and following stress. A quick look
through the lists of NO and ROS modified thiols shows a large overlap, and
therefore if such thiols are exposed and accessible to H,O, and NO then it
could be assumed perhaps that they are accessible to H,S too and therefore
sulfhydration of these proteins, with a change in activity perhaps, is likely.
Perhaps more importantly, as argued recently’®, if these thiols are being
modified by H,S then they are no longer accessible to be modified by H,0,
and NO, so the capacity for such signaling may well be severely altered in the
presence of H,S. Obviously, the relative reactivity of the thiols to NO, ROS
and H,O, and the relative concentrations of these compounds needs to be
taken into account before a full understanding of this likely competition for
thiol modifications is understood.

A look through the literature could identify other proteins as likely
targets too. Both NO and H,O, modify the activity of important signaling

proteins such as mitogen-activated protein kinases (MAPKs®®’

). For example
in plants both MAPK3 and MAPKG6 are activated by reactive signaling

components such as ROS, and therefore it is not unlikely that H,S has an



effect here too, which again could either have a direct effect on signaling,
leading to a response, or interfere with the signaling mediated by NO and
ROS.

Although not relevant to mammals, signaling proteins involved in the
two-component systems are also susceptible to H,O,. H,O, sensing in plants

has been found to involve ETR1%

, an ethylene receptor, as well as other
histidine kinases®. Once again, there is little reason not suspect that H,S may
also have an effect here. Of particular relevance to respiratory physiology,
such receptors have been found to be able to mediate stomatal aperture
movements and therefore the transpiration stream in plants. As outlined
above, it is already known that H,S causes stomatal opening in many cases®"
*3 while it has been reported to cause stomatal closure by others*®°.

Therefore, the proteins affected by H,S in such systems will be important to

identify.

Tools for the study of H,S signaling

If future work is to study the physiological and molecular effects of H,S
then there is a need for some tools to facilitate this. A critical discussion of this
topic has been published by Olson.”® H,S is a gas so it is possible to add it
directly to an organism or samples but this is not always easy. Compounds
such as sodium hydrosulfide (NaSH) or sodium sulfide (Na,S), which
generate H,S rapidly into solution are available. However, with the use these
compounds H>S may be present transiently and rapidly move to the vapour
phase, necessitating their use in high concentrations. To overcome this, a
new range of compounds has been developed (and these are now on the

market), which enable the release of H,S into solution with more appropriate



‘release’ kinetics and even targeted to specific organelles such as

100-102

mitochondria , a predominant source of intracellular ROS, and these

compounds have been used in a range of organisms including plants*®>?,
As well as a need to supply H,S, methods to measure H,S in solution
are also required if its actions in cells are to be understood.. Established

methods for doing this include those based on methylene blue,'®

although
other technologies are available. Sensors can be used, for example, to
measure H,S in the gaseous phase around organisms'®, or in breathe from
animals. However, the validity of methods to measure H,S have recently been
very well discussed® with the view that some data published indicates that
H,S is at a much higher concentration that would either be expected or would
be physiological. It will be important for future work to take such arguments
into account.

These global methods also give no information about where in cells the
H>S may be, and besides, if the H,S is being measured outside of the plant it
begs the question as to its physiological relevance. To overcome some of
these drawbacks fluorescent probes have been developed®® and the use of
these should be able to reveal which cells produce H,S, when it is produced
and whether its concentration is uniform in cells and tissues. Future work with

improving ways to deliver and measure H,S will no doubt shed light on how it

is involved in cellular events and cell signaling.

Conclusion
It is now well known that many reactive compounds including ROS, NO and

H,S are instrumental in the control of cellular functions. H,S has an impact on



respiratory physiology, from having an effect on the gills of zebrafish®, to
controlling stomatal opening and closing on plants*®®?, to the contribution, or
indeed inhibition, of mitochondrial function?>#2. However, the accumulation
and the effects of H,S should not be considered in isolation. It is clear that
H2S will have a major impact on the metabolism of both ROS and RNS. It may
have this effect by partaking in direct reactions, by altering levels of
antioxidants or in a competition for thiol groups on proteins. What is becoming
clear is that H,S is an important molecule, the basis of which may form future

105-107

drug therapies , or help in crop protection and storage59.
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Table 1. Some of the stress responses in plants in which hydrogen sulfide is

thought to have an influence.

Stress to which plant

References to studies

is exposed. reporting H.S
involvement.

Aluminium 62-63

Cadmium 65

Chromium 64

Copper 61

Freezing 108

Heat 109-111

Lead 66

Osmotic 112

Oxidative 75,113

Pathogen challenge 67-69

Salt 53, 60

Water 75




Figure 1. Hydrogen sulfide can have two effects on mitochondrial electron
transport chain activity. Firstly it can feed electron in the pathway with a
concomitant increase in ATP production, or alternately it can inhibit Complex

IV so inhibiting ATP production.

Figure 2. The thiol group of proteins may be covalently modified in a variety of
ways, including by NO, H,O, and H,S. It is likely that this is a completion for
the exact end resultant modification, each possibly having a different influence

on the protein.



