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The early role of nitric oxide in evolution

Martin Feelisch
John F. Martin

Nitric oxide (NO), which today serves many different purposes in regulating complex
cellular functions, must have played a crucial role in the early stages of the evolution
of life. The formation of NO may have been a critical defence mechanism for
primitive microorganisms at a time when life faced the problem of rising atmospheric
levels of ozone (0;) formed upon photolysis of oxygen (0,), which occurred
shortly after the development of respiration in cyanobacteria. The production of NO
by organisms would have allowed neutralization of toxic O, by chemical reaction
outside the cell, thus acting as a protective mechanism against oxidative
destruction, allowing evolutionary advantage. Later, NO production might have
allowed the control of reactive 0, species within cells before the development of
specific electron-accepting enzymes. The pathway of NO formation was then
consequently developed further to serve other useful functions. Although
mammalian cells produce NO from L-arginine, the origin of this ability might have
arisen from the essential process of either nitrification or denitrification in
prokaryotic cells.
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Nitric oxide (NO) possesses an un-
usually large repertoire of physio-
logical and pathophysiological functions
in the mammalian cardiovascular and nerv-
ous systems as well as in immunological
defence mechanisms (see Table 1). It is
synthesized from the terminal guanidino-
nitrogen of the amino acid, L-arginine, by
a family of enzymes, the NO-synthases
(NOSs). This biochemical route was named
the L-arginine-NO pathway!-3. Recently, it
has been demonstrated that NO is synthe-
sized from L-arginine by haemocytes, the
multicompetent cells in the haemolymph
of an arthropod - the American horseshoe
crab (Limulus polyphemus) - and that the
endogenous formation of NO regulates the
functional activity of these cells®. Horse-
shoe crabs have changed little over 500
million years of evolution®. Furthermore,
NO has been shown to be produced and
used as a bacteriocidal agent by inver-
tebrate immunocytesf. Histochemical evi-
dence confirmed the existence of NOS in
the nervous, neuroendocrine and intestinal
vascular systems of invertebrates™0, and
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in the gastrointestinal and respiratory sys-
tems of amphibia and reptilia!!.i2, The bug
Rhodnius prolixus has even evolved the
use of NO as an agent outside itself!3: its
salivary gland contains a carrier protein
that allows injection of NO into the prey’s
vascular system, causing blood vessel re-
laxation at the site of the bite, thus allow-
ing more efficient blood sucking!®. NOS
has been purified from an acellular slime
mould, Physarum polycephalum, and a link
between NOS activity and mitosis has been
suggested’s. It has been shown that NO is
involved in the feeding response of Hydra
- the most primitive olfactory-like behav-
ioural phenomenon present in multicellu-
lar organisms!6.

Hence, the pathway of NO formation
may be one of the oldest bioregulatory
systems controlling human and animal
physiology. The question arises why such
a simple molecule should serve so many
purposes in regulating diverse and com-
plex cellular functions. What was the func-
tion of NO in the evolutionary early stages
of life?
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The evolution of the palaeo-
atmosphere and life on Earth

About 60 years ago, Oparin!?7 and
Haldane!8 independently proposed that
life on Earth developed from a dilute ‘pri-
mordial soup’ consisting of a great variety
of complex organic molecules that, over
geological time, became living systems.
The progenitors of cells are assumed to
have been coacervates and microspheres
of proteinoids, or strands of nucleic acid,
capable of building complex, self-organized
protein—nucleic acid systems!®. The evo-
lution of life is thought to be intimately re-
lated to the composition and evolution of
the early Earth’s atmosphere. It is gener-
ally believed that the atmosphere as well
as the oceans were formed by the volcanic
outgassing of volatiles that were originally
trapped in our planet’s interior during its
formation2’. More recently, it has been
suggested that the Earth received a signifi-
cant portion of the constituents present in
the atmospheric/biospheric system from
cometary volatile influx?' and that extra-
terrestrial impactors may have supplied
the organic material necessary for the
origin of terrestrial life22.

The developing prebiological palaeo-
atmosphere is believed to have been com-
posed mainly of nitrogen (N,), carbon
dioxide (CO,), water vapour (H,0) and re-
duced species such as methane (CH,) and
ammonia (NH5), with only traces of oxy-
gen (O,), carbon monoxide (CO) and nitro-
gen oxides (NO,). While there is general
agreement that this prebiological palaeo-
atmosphere was reducing in nature, there
is uncertainty as to whether it was strongly
or mildly reducing®. In any case, tempera-
ture on Earth at that time was too high for
water to exist in liquid form, making it
impossible for life to arise. In the course of
several hundred million years, so much
energy escaped into space that tempera-
ture on Earth decreased to a level allowing
the water vapour to condense and oceans
to be formed.

Microfossils and stromatolitic struc-
tures in ancient sediments indicate that
life first started to evolve about 3.5 billion
years ago?!. The first primitive forms of
cells are thought to have been anaerobic
heterotrophs that met their energy de-
mands by exploiting reduced organic mol-
ecules formed by abiotic natural processes
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Table 1. Biological activities of nitric oxide»

Tissue/Organ Physiological actions

Pathophysiological actions

Vascular endothelium

intestinal system
protection of mucosa

Central and peripheral
nervous system

Maintains vasodilator tone; inhibits smooth-muscle cell migration
and proliferation; inhibits blood cell-vessel wall interactions

Prevents aggregation and adhesion of platelets and white cells;

Modulates peristaisis and exocrine secretion; contributes to

Modulates and mediates cell-to-cell communication; regulates
visual transduction, neuro-endocrine secretion, cerebral blood
flow, synaptic plasticity, memory, feeding behaviour and offaction;
mediates penile erection

Blood cells
mediates cytostatic and cytotoxic activity of macrophages for
antimicrobial and antitumour defence

Heart Maintains coronary perfusion; regulates cardiac contractility

Lung Maintains ventilation/perfusion ratios; regulates bronchociliar
motility and mucus secretion

Pancreas Modulates endocrine secretion

Kidney Regulates glomerular perfusion and renin secretion

Mediates hypotension, hyposensitivity to vasoconstrictors and
vascular leakage in septic shock; contributes to inflammatory
responses and reperfusion injury

Contributes to allograft rejection, graft versus host disease
and tissue damage in inflammation

Contributes to cardiac dysfunction in sepsis

May contribute to inflammatory response in asthma

Destruction of islets of Langerhans
May contribute to kidney failure

Contributes to mucosal damage in inflammatory processes

Contributes to neurotoxicity and hyperalgesia; possible
involvement in convulsion, stroke and migraine

aln mammalian celis NO is synthesized from L-arginine by five-electron oxidation of one of its guanidino nitrogens, L-citrulline is formed as a by-product, and molecular
0,. NADPH and tetrahydrobiopterin are required as cofactors. Targets of NO action include (1) soluble guanylyl cyclase (and perhaps other haem-containing enzymes)
leading to an increase in enzyme activity and (2) thiol groups of proteins, S-nitrosylation of which can result in enzyme inhibition. In addition to its role as an intra- and
intercellular messenger and modulator NO can become a direct cytotoxic entity, possibly by reaction with O, and reactive O, intermediates. Some of the major biological
actions of NO in present-day mammalian cells and tissues are listed above.

over the course of several hundred million
years. The evolution of metabolic capabil-
ities overcame deficiencies in the abiotic
supply of particular organic compounds?.
Since these sources were replenished
much more slowly than the rapidly spread-
ing cells consumed them, life was impeded
by the depletion of fermentable organic
material, forcing evolution to find a way to
make use of alternative energy sources.
Life may have disappeared and evolved
several times until a pioneering cell found
a solution to overcome the energy crisis
by making use of solar energy to build up
new organic molecules. Photosynthetic
bacteria appeared that still relied on exter-
nal sources for hydrogen (H,) until some
mutants ‘learned’ to use abundant H,0
as an electron donor. Some of these new
bacteria were capable of using CO, to pro-
duce carbohydrates with the aid of parts
of the electron-transport chain developed
earlier.

The origin and evolution of oxygen
and ozone

Molecular O, only occurred in traces in
the prebiological palaeoatmosphere and is
considered to have been formed mainly by
photodissociation of water vapour in the
upper atmosphere followed by escape of
H, into space®. The rapid appearance of
autotrophic cyanobacteria with complex
photosynthetic electron-transport chains,
however, caused O, to be produced in large
amounts. The potentially toxic ‘waste ma-
terial’, O,, with the depletion of dissolved
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reduced iron (Fe2*) salts and sulphides
in the primaeval ocean (which first acted
as natural antioxidants and as a sink for
0,, and, furthermore, may have allowed
the cyanobacteria to elaborate a defence
mechanism against their own O, pro-
duction), gradually accumulated in the
water and the atmosphere, resulting in
the transition from reducing to oxidizing
conditions. Recently discovered, early
Archean microfossil records show that
cyanobacterial O,-producing photosyn-
thesizers were already extant and morpho-
logically diverse as early as 3465 million
years ago?’. Having solved the energetic
problem of an efficient aerobic metabol-
ism, organisms were thus faced with the
problem of requiring a cellular defence
system against oxidative stress. Mutants
of some cyanobacteria with enzymes ca-
pable of protecting against aggressive
O,-derived species developed some of
these defence systems even further to gain
energy from the O, molecule - a process
we call respiration.

As atmospheric levels of O, increased,
so did levels of ozone (0,) as a result of
photolysis of O, (Ref. 23). Today, O, is con-
sidered a key atmospheric gas in control-
ling the environment that led to the origin
and evolution of life on our planet. The im-
pact of rising atmospheric levels of O, was
two-fold: on the one hand, O, exerts a pro-
tective effect by virtue of its strong absorp-
tion in the range between 200 and 300 nm,
thus largely reducing the lethal solar UV
flux reaching the Earth’s surface and allow-

ing the evolution of terrestrial life2628, On
the other hand, O, is an aggressive oxidant
causing destruction of biological mem-
branes and organic molecules in general®.
Many varieties of plant life are extensively
damaged when exposed to O, concen-
trations only 2-3 times greater than the
present average ambient concentrations.
Photochemical model calculations re-
vealed that surface and tropospheric O,
densities of the palaeoatmosphere ex-
ceeded those of the present atmosphere
by about a factor of ten®. Therefore, with
increasing formation of O, in the palaeo-
atmosphere, the level of O, is likely quickly
to have approached concentrations that
were toxic for living organisms. Thus, a
way to counteract effectively these ad-
verse effects of O, would have been essen-
tial for living systems to survive.

NO is known to react rapidly with O,
and to contribute largely to the destruc-
tion of O; in the present stratosphere2.31,
Therefore, it is conceivable that, under
these conditions, the ability of some mu-
tants producing NO and delivering it to the
extracellular environment must have been
ideally suited to neutralize excess O, by
chemical reaction outside the cell. This
assumption is in agreement with the recent
observation that the decline in O, concen-
trations near the ground appears to result
not only from consumption by the veg-
etation and deposition, respectively, but also
from chemical reaction with emanations
of NO from denitrifying bacteria in the
soil32, In addition to these environmental
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changes, an increased formation of reac-
tive O, species, such as superoxide anions
(0,7, hydrogen peroxide (H,0,) and hy-
droxyl radicals (*OH) may have occurred
within living cells as a result of insufficient
electron cycling. Before specific enzymes
such as superoxide dismutase, catalase
and peroxidase were developed, those
cells capable of generating NO are again
likely to have proven more resistant to
these new living conditions than cells lack-
ing such an activity. Later on, and possibly
still today, NO might have served as a de-
fence mechanism against an excess for-
mation of reactive O, species by virtue of
its high reactivity towards O, (Ref. 33).
The biological consequences of such an
evolutionary step must have been far-
reaching. As a consequence, those organ-
isms capable of actively producing NO
could have spread and evolved in spite of
an increasing presence of 0, and O;. This
is likely to hold true not only for terres-
trial but also for aquatic life as the rise
in atmospheric O, levels will have been
accompanied by corresponding increases
in the amounts of O, dissolved in the
water.

From a defence system to a cellular
signalling pathway

As evolution must be conservative,
making use of established mechanisms
that have proven advantageous when cre-
ating something new, it is little wonder
that the pathway of NO production was
developed further to serve other useful
functions beyond the mere enhancement
of survival. There is good reason to believe
that the release and sensing of NO could
have served as a transmitter mechanism
for intra- and intercellular signalling long
before specialized receptor-operated sys-
tems evolved. This is even more likely as
NO does not require the help of carrier
molecules in order to cross cell membranes
and reach intracellular target molecules
but can easily travel into cells by free dif-
fusion34, This would also mean that a cellu-
lar signalling system between cells could
have developed before the existence of
cellular receptors.

Mutants lacking a NO-forming activity
might have profited from being in close
vicinity to NO-generating cells by shar-
ing their microenvironmental NO shield,
thus allowing for an increased resistance
against the deleterious pollutant ozone.
Thus, mutants of cells that were easily at-
tracted by NO or a degradation product of
NO might have possessed a kind of intra-
cellular ‘receptor’ and the interaction of
this receptor with NO must have produced
a functional change in the cell. (This intra-
cellular target could have been an enzyme
that was activated upon NO binding or
inhibited by perhaps S-nitrosylation or
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interaction with iron-sulphur centres.)
Furthermore, if that change had activated
a membrane ‘adhesion molecule’ in a cell
that had undergone appropriate mutation,
then the two cells may have become at-
tached. In the light of recent results, sug-
gesting a modulatory role of NO for the
expression of certain glycoproteins at the
surface of vascular cells®, it does not ap-
pear unlikely that NO was one of the early
key moiecules involved in the development
of the expression of adhesion proteins
favouring the attachment of neighbouring
cells. If cells lacking their own NO-form-
ing system had secreted a substrate of
potential use for the generator cell, a tem-
porary or even a permanent symbiotic
relation between those cells may have
evolved.

When and from what did
NO-producing cells evolve?

The ability to transform N, from an
atmospheric gas into a form that can be
incorporated into living organisms is basic
to the continuance of life on Earth. Whereas
today this process is to a large extent bio-
logically mediated, the fixed N pool of the
early hydrosphere and soil of the Earth was
mainly formed by atmospheric chemical
reactions initiated by lightning discharges
and shock heating of the atmosphere by
large bolide impacts?!-%. Recent theories
on the evolution of N cycling suggest that
denitrification arose before aerobic respir-
ation, whereas biological N fixation may
have been a rather late evolutionary de-
velopment that arose only after the advent
of an aerobic atmosphere3’.

Denitrification plays an important role
in soil metabolism and is defined as the
process of conversion of nitrate (NO; ) -
the major form of Earth’s fixed nitrogen -
to NO, nitrous oxide (N,0), dinitrogen (N,)
or a mixture of these gases by anaerobic
respiration38, Four reductases are involved
in the overall denitrification pathway. The
first step, carried out by a family of nitrate
reductases, involves the addition of two
electrons to nitrate (NO;7) to form ni-
trite (NO, ). Upon the actions of nitrite
reductase, nitric oxide reductase and ni-
trous oxide reductase the sequence of
gaseous products formed proceeds from
NO through N,0 to N,. Denitrification oc-
curs at efficient rates only when O, tension
is very low. Most recently, it has been dem-
onstrated that low levels of O, not only
competitively inhibit denitrification but
lead to inhibition of expression of NO re-
ductase in Pseudomonas stutzeri®®. This
finding suggests that, with the change from
anaerobic to aerobic conditions, such an
inhibition of expression of NO reductase
(which ‘removes’ formed NO in denitrify-
ing microorganisms), may have been the
key event responsible for the emergence

of the first prokaryotes on Earth with NO-
accumulating properties.

An alternative explanation for the origin
of NOS may reside in the metabolic proper-
ties of nitrifying rather than denitrifying
bacteria. Nitrification is the process of oxi-
dation of ammonia (NH,") to NO, and
NO,™ (Ref. 38). NO and N,O are well known
gaseous products of chemoautotrophically
growing cells, although the exact mecha-
nism of their formation remains to be
elucidated. It is still unclear whether NO
formation in nitrifying microorganisms is
attributed to reduction of NO,™ by the en-
zyme nitrite reductase when using hydrox-
ylamine (NH,0H) as an electron donor, or
whether NO is a direct product of the hy-
droxylamine oxidoreductase reaction.
The nitrosobacteria oxidize NH,* by the
action of ammonia monooxygenase and
hydroxylamine dehydrogenase via inter-
mediate formation of NH,OH and nitroxyl
(NO/HNO), respectively. Obligate litho-
autotroph Nitrosomonas bacteria are able
to produce NO under aerobic conditions*!
by virtue of a denitrifying activity that may
be non-enzymatic in nature®. Therefore, a
combination of suitable metabolic activ-
ities from either pathway (i.e. from nitrify-
ing as well as from denitrifying organisms)
eventually may have served the purpose
of NO formation in eukaryotic cells.

Although the early role of NO can be
justified as a direct antecedent of its roles
in contemporary biology, the origin of the
NO used in mammalian ceils cannot. NO
formation in prokaryotes proceeds via re-
duction of NO;/NO, or oxidation of NH,*,
respectively, whereas NO in mammalian
cells is derived from the oxidation of one
of the terminal guanidino N atoms of L-
arginine. Therefore, it is possible that the
biological origin of NO was originally via
the mechanism of denitrification or nitrifi-
cation, but that later cells were able to pro-
duce the NO used for defence or cellular
signalling from L-arginine in a more efficient
or controllable way. Whether or not some
prokaryotic cell lines had already devel-
oped an endogenous L-arginine-NO path-
way themselves or whether this change
first occurred in eukaryotic cells remains to
be investigated. Interestingly, a microbial
NOS has been isolated recently from a
Nocardia species demonstrating that
NO formation from l-arginine exists in
bacteria®.

The question then arises as to how eu-
karyotic cells may have benefited from this
advantageous ‘invention’ of prokaryotes.
In analogy to the endosymbiont hypothesis
on the origin of eukaryotic organelles®.4,
a symbiotic relationship between once
free-living denitrifying or nitrifying bac-
teria and protoeukaryotic host cells may
have given rise to the origin of the first
NO-producing eukaryotic cells. In an
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evolutionary transition, genetic infor-
mation may have been transferred from
the bacterial genome of the prokaryote
trapped in permanent endosymbiosis to
the nuclear genome of the ancestral host
cell, allowing NO generation to become an
inherited property of all eukaryotic cells.
Alternatively, a lateral gene transfer event
between prokaryotic and eukaryotic cells
may have occurred.

Interestingly, it has been shown re-
cently that the flavin-dependent reductase
domain of NOS (which transfers electrons
from NADPH to the catalytic domain and
thereby provides the haem with reducing
equivalents required for the activation of
bound O,) is capable of reducing cyto-
chrome c and diatomic oxygen under con-
ditions where O, activation is uncoupled
from the metabolism of its natural sub-
strate, L-arginine. Uncoupling may then
lead to the formation of O,” and H,0, (Ref.
45). This reductive property of NOS may
in fact represent one of the ancestral func-
tions for which this protein was designed
earlier in evolution.

NOS contains a carboxy-terminal do-
main with sequence similarity to NADPH
cytochrome P450 reductase* and repre-
sents a unique P450-type enzyme, which
contains the reductase and haem domains
as part of the same polypeptide®’. NOS
thus appears to be the first self-sufficient
mammalian P450 enzyme. The fact that
there is relatively little sequence homology
when compared with other classical P450
enzymes suggests that NOS has converged
on using the P450 chromophore for the
chemistry that it carries out on a very
hydrophilic substrate, L-arginine. In this
respect, NOS parallels other enzymes,
such as thromboxane synthase, that have
the optical properties of cytochrome P450
but are otherwise only distantly relateds.
Interestingly, the only other known soluble
P450-type enzyme of eukaryotic cells, de-
rived from the fungus Fusarium oxysporum
and tentatively termed P450 .z, has been
described to be induced by NO,” and NO,~
and to exhibit NO reductase activity*,
Together with the recent discovery of a
close resemblance of certain subunits of
cytochrome oxidase to those of nitric oxide
reductase and nitrous oxide reductases?,
this adds to the credibility of the idea of an
evolutionary link between the t-arginine—
NO pathway and the anaerobic denitrifying
respiratory system. It would be interest-
ing to see whether or not purified NOS
might be capable of reducing NO to N,0
or, alternatively, of oxidizing NH,* to NO,,
activities that would support its proposed
evolutionary origin. The tools of modern
molecular biology will soon provide us with
clues to the phylogeny of this biochemi-
cal route. We might expect that compara-
tive sequence analysis would reveal that
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the genetic information encoding for NOS
shows partial homology with bacterial gen-
omes responsible for the expression of
proteins involved in nitrification, denitrifi-
cation, respiration and electron-transport
in general.

Conclusions

NO might well have been one of the
first biological signalling molecules. If this
were true, it is clear why NO plays such a
fundamental role in the regulation of vari-
ous cellular functions. Furthermore, it sug-
gests that many more actions of NO will
be discovered in the future and opens up
the possibility that other components of
the palaeoatmosphere might also have
important bioregulatory functions. For at
least three such molecules - N,0, CO and
0, - transmitter or modulatory functions
have been postulated recently>!-54
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