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Abstract

Nitric oxide (NO) has long been known to be an intermediate in bacterial pathways of
denitrification. Only in the middle to late 1980s was it found to play a central role in a much
broader biological context. For example, it is now well established that NO acts as a signaling
agent in metazoans, including humans, yet NO is toxic and very reactive under biological
conditions. How is the biology in which NO plays a role controlled? How is NO used and the
inherent toxicity avoided? Looking back at the initial discovery time, to the present, and on to the
future provides many answers to questions such as those listed above.

Graphical Abstract

MNH;

As it turns out, 1988 was an eventful year in the world of nitric oxide (NO) function

in biology. This Perspective looks forward from a Biochemistry paper published in that
year.1 Some context will be helpful to appreciate the field and thinking at that time and
where we are today. The key early discoveries, including the serendipity involved, have
recently been reviewed.? Our work from the early 1980s to the publication of the 1988
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paper was directly influenced by Tannenbaum and colleagues at the Massachusetts Institute
of Technology, who showed in metabolic balance studies that humans were capable of
nitrite (NO,") and nitrate (NO3~) biosynthesis.® At that time, the interest in NO,~ and
NO3™~ exposure concerned the potential for the these anions (specifically NO,™ under acidic
conditions) to engage in the endogenous formation of carcinogenic A-nitrosamines. Prior
to the Tannenbaum work, exposure was expected to be environmental, for example, in
drinking water; however, mammalian NO,~ and NO3™~ biosynthesis changed the thinking
about endogenous A~nitrosamine formation. The mammalian source and pathway were
unknown, and it was in that context that we began our studies.

EARLY STUDIES

Two important clues came from continued studies in the Tannenbaum lab. One comparing
normal and germ-free rats provided unambiguous evidence that NO3™ biosynthesis (actually
NO3™~ urinary excretion) was a mammalian pathway,* and the other showed that the nitrogen
atom in excreted NO3~ was enriched with 1°N when rats were fed [L°N]JNH; and the
amount of excreted NO3~ was enhanced following treatment of the rats with Escherichia
coli lipopolysaccharide (LPS).5 The LPS experiment was prompted by continued metabolic
balance studies in humans and the serendipitous observation of highly elevated NO3™ levels
in a subject who became ill during data collection.

With this information, we were able to outline a rational experimental approach toward the
formation of NO3~ in mammals; thus, we showed that immunostimulated macrophages® and
macrophage cell lines formed NO,~ and NO3~ in response to LPS and IFN-.7 Interestingly,
but a puzzle at the time, NO,™ and NO3~ were produced in a defined ratio suggestive of a
common intermediate. With a cellular source of NO,™ and NO3™ identified, the question of
the chemical precursor could addressed in a direct set of experiments. Because [1°N]NH;
enriched NO3~, the hypothesis was that NO,7/NO3~ was a product of protein catabolism, so
a protocol for testing this hypothesis involved activation of macrophages with LPS/IFN-y
followed by a change in medium and resupplementation with individual amino acids. With
this approach, the NO,™/NO3™ precursor was found to be L-arginine and the sole amino acid
product to be citrulline.8 Although never determined, the stereochemistry at the a-carbon
has been assumed not to change so the citrulline formed should have the L stereochemistry.
With these findings, the question of why activated macrophages would convert L-arginine

to NO,7/NOg3™ naturally arose. Speculation rested on the fact that immunostimulated
macrophages were activated with respect to killing. It had been known for many years

that NO,™~ was toxic to bacteria, so was it possible that this metabolically derived NO,~
was being used as a bacteriostatic or even killing agent. A further, key important tie of this
pathway was made by Hibbs and co-workers when they showed L-arginine was required

for activated macrophages to kill co-cultured tumor cells.1% Hibbs also reported on the
formation of NO,~ and citrulline from L-arginine.11

ENDOTHELIUM-DERIVED RELAXING FACTOR (EDRF)

Independently and in parallel, pharmacologists were in search of EDRF (endothelium-
derived relaxing factor). Two important contributors to the EDRF story were Robert
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Furchgott and Lou Ignarro.12 Along with Ferid Murad, Furchgott and Ignarro shared the
1999 Nobel Prize in Physiology or Medicine. EDRF was known to involve cyclic GMP

as a second messenger formed via the action of the soluble isoform of guanylate cyclase
(sGC). You could say that the search for EDRF began in the days of Alfred Nobel and

the headache-inducing molecule nitroglycerin. Subsequent studies showed that many simple
organic nitrates were vasodilators.13 It was Murad and colleagues who showed that NO itself
could activate sGC leading to cGMP formation.4 Though hindsight descriptions differ, at
the time, NO activation was viewed an anomaly of sorts because surely something as toxic
as NO could not be the physiological activator, i.e., Nature’s EDRF. However, that indeed
turned out to be the case. Furchgott first suggested EDRF was NO, but it was a 1987 paper
published by Moncada and colleagues that definitively showed EDRF was NO.1°

EDRF-MACROPHAGE CONNECTION

The Moncada report was a galvanizing paper. We recognized that the instability of NO in
aerobic, aqueous solution would lead to the formation of NO,™ and NO3™, so we looked

to see if cytosol from LPS/IFN-y-activated macrophages could form NO from L-arginine;
indeed, this was the case and led to the 1988 Biochemistry paper.} Moncada and colleagues
looked to the literature for a lead to NO formation and found the macrophage NO,™/NO3~
story that prompted them to look for NO from L-arginine in endothelial cells and found

this was the case.16 Therefore, as mentioned above, 1988 was an eventful year for NO
biochemistry. These papers showed the common biochemical thread of NO formation in
endothelial and activated macrophages, albeit toward very different biological end points. In
that same year, Garthwaite and colleagues reported on a role for NO in neuronal signaling.1’
The key discoveries culminating with the papers in 1988 focused intense research efforts in
the ensuing years up to the present. There were several key papers published simultaneously
or close in time to those mentioned above, including one from Hibbs and another from
Stuehr and Nathan,18.19

In addition to showing that NO was an intermediate in the L-arginine to NO,™ and NO3™~
reaction, our Biochemistry paper reported that the enzymatic activity was cytosolic and had
a strict requirement for NADPH. This requirement for NADPH coupled with previous work
on the NO,~ and NO3™ to citrulline pathway® showing that the N in NO,~ and NO3~ was
derived from one of the two chemically equivalent guanido N’s in L-arginine led to the
speculation that the first step must involve N-hydroxylation (Figure 1). It should be noted
that the pathway in the figure was developed without any knowledge of how many enzymes
might be involved in the overall transformation or, for that matter, any intermediates. Of
course, it turned out to be one enzyme, nitric oxide synthase (NOS), and N-hydroxylation
did indeed turn out to be the first step in the overall reaction (Figure 2).20 The rest of the
pathway outlined in Figure 1 was based simply on reasonable chemical steps to get to NO
and citrulline.

NITRIC OXIDE SYNTHASE AND SOLUBLE GUANYLATE CYCLASE

Progress on NOS was rapid, including purification of the constitutive and inducible
isoforms,21-23 general characterization, mechanism,4 and structures.2> The constitutive
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isoforms involved in signaling are strictly controlled by Ca2* and calmodulin. Ca2* and
calmodulin were found to co-purify with the inducible NOS isoform and thus, once
expressed, are constitutively active. All NOS isoforms contain an oxidase domain where the
chemistry on L-arginine takes place and a reductase domain where reducing equivalents from
NADPH are shuttled into the oxidase domain. The P450-type heme in the oxidase domain
was consistent with the hypothesis that the first step of the reaction is the hydroxylation of
arginine.28 The oxidase domain was also found to contain 6(R)-tetrahydro-L-biopterin.27:28
The not so obvious role for this cofactor took some time to sort out.2% Many have
contributed to our current mechanistic understanding. A review by Groves is an excellent
summary of that understanding.3? Crane and others have characterized bacterial oxidase
homologues of NOSs with intriguing biological roles.3!

Once made, NO function ensues. If signaling, the firmly established target is, as mentioned
above, sGC (Figure 3). When involved in the response of the host to infection, the
indiscriminate reaction chemistry of NO comes into play acting as a general inhibitor of cell
growth, sometimes leading to cell death. As described above, decomposition of NO to NO,™~
and NO3™ involves electrophilic intermediates capable of nitrosation. Cysteine residues are
particularly susceptible, and the role of S-nitrosation in signaling remains an active area of
research, though key details of control remain to be established.32

It may be obvious that using a toxic molecule like NO as a signaling agent places stringent
demands on generation (NOS must be tightly controlled and levels kept below toxic), and
then it follows that the sGC receptor must be capable of sensing those same low levels

of NO (made lower through NO decomposition as it traverses from one to cell to another,
e.g., from an endothelial cell to a smooth muscle cell). Molecular aspects of NO signaling
have recently been reviewed.33 Strict control over Ca2* leads to sensitive control over
constitutive NOSs; therefore, how is the receptor built to sense low NO levels, and what is
the mechanism of NO activation?

SGC STRUCTURES

Attempts to obtain a full length heterodimeric sGC structure were a tortuous path that finally
reached an end point in 2019 with two groups reporting structures, both using cryo-electron
microscopy.343° Prior to that, structures of domains and single-particle EM work painted an
intriguing picture but one that lacked the NO activation details that could be seen only in a
full length structure. The NO binding site in sGC is a ferrous heme with histidine ligation,
exactly what it is in the globins, yet sGC showed no measurable affinity for O,. This ligand
discrimination against O,, molecular engineering if you will, had to take place if you were
to take advantage of the very tight affinity of NO for a Fe(11)-heme but doing so in the
presence of a much higher concentration of O,. While the solution to this problem was not
obvious, it was research with bacterial heme domain homologues of sGC (termed H-NOX
domains) that provided the answer.38 H-NOX domains have proven to be very important in
understanding ligand binding in sGC,37 including their function in bacteria.38:39

The full length structures provided the long sought after view of NO activation. Chen and
colleagues determined the structure of the human enzyme,3° and we determined a structure
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of sGC from the tobacco horn worm Manduca sexta.3* Both papers reported structures of
the unactivated (basal activity) and NO-activated forms. The resolution obtained by Chen
and colleagues was higher than that obtained by us; however, there was excellent agreement
between the two papers. We have reported previously on the three activity states of sGC:

(1) unactivated, (2) one NO, and (3) excess NO.4041 However, because a mechanism for
activation by excess NO is lacking, some skepticism about this point remains. There is also
an activity state (4) that is NO plus the sGC stimulator YC-1. In fact, YC-1 activates the
one-NO form of sGC to the fully active state obtained without excess NO (Figure 4). YC-1
was the initial hit in a screen that led to Bayer’s development of the 2013 FDA-approved
Adempas (riociguat) used to treat pulmonary hypertension. Termed sGC stimulators,
Adempas and others in development act directly on sGC. Interconversion between the
one-NO activity state (~20% maximal) and excess NO (fully active) is reversible, so to

be certain sGC was captured in the fully active state, we added both NO and YC-1 to
samples for structural determination. Hence, the YC-1 binding site is visible in that structure
(Figure 5c) and provides a rationale for the action of stimulator molecules related to the
YC-1 to keep the enzyme in the highest-activity state. In addition to the very significant
conformational changes that take place upon activation, perhaps the most remarkable feature
is the bent coiled coil that links the regulatory (NO binding) domain with the catalytic
domain that straightens upon activation (Figure 5b). The culmination of all of the movement
leads to an open active site that can now bind GTP. Accumulated evidence points toward

a physiological model in which sGC toggles between the one-NO state and fully activated.
In a model such as this, it is easy to see how drugs like Adempas or the precursor YC-1
functions.34

THE PRESENT AND FUTURE

Remaining questions involve NOS, though they are more focused on mechanism and thus
more nuanced. Full length structures would help to decipher aspects of electron transfer

and mechanism. Drug development around NOS was primarily directed toward inhibition to
prevent the damaging effect of high levels of NO under conditions of immune stimulation.
Structures of the oxidase domains of the three isoforms, some with inhibitors bound, were
used to develop isoform-specific inhibitors. Significant success was realized?> but has not
matched thus far with clinical success.

SGC structures reported in 2019 herald a new beginning to understand this complex protein
as they open the door to a molecular view of sGC that has long been sought. Interaction

of NO with the heme is certainly a key focal point in the activation process; however, as
noted, excess NO is required for full and sustained activation. The mechanism and structural
changes that take place under those conditions will be an important focus. Adempas was
approved in 2013, and one of the reported sGC structures observed the YC-1 binding site. Is
this the Adempas binding site? It is reasonable to assume so, but it will have to be proved.
Montfort and colleagues have studied the binding of a stimulator to bacterial H-NOX
domains and related those findings to the YC-1 binding site observed in full length sGC.42
Bayer continues to develop sGC stimulators with new and diverse structures. Astellas,
Cyclerion (spun out of Ironwood), and Merck are also developing sGC stimulators.43:44
Also under development are the so-called sGC activators. These molecules act on apo-sGC
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and are thought to stabilize apo sGC through occupation of the heme binding site.*>
Development of these molecules has not yet advanced beyond preclinical studies.

There has been much attention devoted to protein S-nitrosation as a mechanism of NO
signaling. The debate continues and is complicated by the promiscuous reactivity of NO and
intermediates in the pathway of decomposition to NO,™ and NO3™. A literature search will
produce many papers devoted to this topic. Gusarov and Nudler wrote a “preview” piece on
two papers that appeared in that same issue of Ce//6 This “preview” nicely summarizes the
range of views on this topic and the key questions that remain to be answered.

ACKNOWLEDGMENTS

The author deeply thanks the many students and postdoctoral fellows that contributed to all of the NO studies over
the many years of investigation. We all learned a great deal and had a great deal of fun doing it.

Funding
The author acknowledges National Institutes of Health Grant GM127854.

REFERENCES

(1). Marletta MA, Yoon PS, lyengar R, Leaf CD, and Wishnok JS (1988) Macrophage oxidation of
L-arginine to nitrite and nitrate: nitric oxide is an intermediate. Biochemistry 27, 8706-8711.
[PubMed: 3242600]

(2). Marletta MA (2017) Serendipity in Discovery: From Nitric Oxide to Viagra. Proceedings of the
American Philosophical Society 161, 189-201.

(3). Tannenbaum SR, Fett D, Young VR, Land PD, and Bruce WR (1978) Nitrite and nitrate are
formed by endogenous synthesis in the human intestine. Science 200, 1487-1489. [PubMed:
663630]

(4). Green LC, Tannenbaum SR, and Goldman P (1981) Nitrate synthesis in the germfree and
conventional rat. Science 212, 56-58. [PubMed: 6451927]

(5). Wagner DA, Young VR, and Tannenbaum SR (1983) Mammalian nitrate biosynthesis:
incorporation of 15NH3 into nitrate is enhanced by endotoxin treatment. Proc. Natl. Acad. Sci. U.
S. A 80, 4518-4521. [PubMed: 6348771]

(6). Stuehr DJ, and Marletta MA (1985) Mammalian nitrate biosynthesis: mouse macrophages produce
nitrite and nitrate in response to Escherichia colilipopolysaccharide. Proc. Natl. Acad. Sci. U. S.
A 82, 7738-7742. [PubMed: 3906650]

(7). Stuehr DJ, and Marletta MA (1987) Synthesis of nitrite and nitrate in murine macrophage cell
lines. Cancer Res. 47, 5590-5594. [PubMed: 3117354]

(8). lyengar R, Stuehr DJ, and Marletta MA (1987) Macrophage synthesis of nitrite, nitrate, and
N-nitrosamines: precursors and role of the respiratory burst. Proc. Natl. Acad. Sci. U. S. A 84,
6369-6373. [PubMed: 2819872]

(9). Castellani AG, and Niven CF Jr. (1955) Factors affecting the bacteriostatic action of sodium
nitrite. Appl. Microbiol 3, 154-159. [PubMed: 14377383]

(20). Hibbs JB Jr., Vavrin Z, and Taintor RR (1987) L-Arginine is required for expression of the
activated macrophage effector mechanism causing selective metabolic inhibition in target cells. J.
Immunol 138, 550-565. [PubMed: 2432129]

(11). Hibbs JB Jr., Taintor RR, and Vavrin Z (1987) Macrophage cytotoxicity: role for L-arginine
deiminase and imino nitrogen oxidation to nitrite. Science 235, 473-476. [PubMed: 2432665]

(12). Moncada S, Palmer RM, and Higgs EA (1988) The discovery of nitric oxide as the endogenous
nitrovasodilator. Hypertension 12, 365-372. [PubMed: 3049340]

Biochemistry. Author manuscript; available in PMC 2022 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marletta

Page 7

(13). Katsuki S, Arnold WP, and Murad F (1977) Effects of sodium nitroprusside, nitroglycerin, and

sodium azide on levels of cyclic nucleotides and mechanical activity of various tissues. J. Cyclic
Nucleotide Res 3, 239-247. [PubMed: 199626]

(14). Arnold WP, Mittal CK, Katsuki S, and Murad F (1977) Nitric oxide activates guanylate cyclase

and increases guanosine 3”:5’-cyclic monophosphate levels in various tissue preparations. Proc.
Natl. Acad. Sci. U. S. A 74, 3203-3207. [PubMed: 20623]

(15). Palmer RM, Ferrige AG, and Moncada S (1987) Nitric oxide release accounts for the biological

activity of endothelium-derived relaxing factor. Nature 327, 524-526. [PubMed: 3495737]

(16). Palmer RM, Ashton DS, and Moncada S (1988) Vascular endothelial cells synthesize nitric oxide

from L-arginine. Nature 333, 664-666. [PubMed: 3131684]

(17). Garthwaite J, Charles SL, and Chess-Williams R (1988) Endothelium-derived relaxing factor

release on activation of NMDA receptors suggests role as intercellular messenger in the brain.
Nature 336, 385-388. [PubMed: 2904125]

(18). Hibbs JB Jr., Taintor RR, Vavrin Z, and Rachlin EM (1988) Nitric oxide: a cytotoxic activated

macrophage effector molecule. Biochem. Biophys. Res. Commun 157, 87-94. [PubMed:
3196352]

(19). Stuehr DJ, Gross SS, Sakuma I, Levi R, and Nathan CF (1989) Activated murine macrophages

secrete a metabolite of arginine with the bioactivity of endothelium-derived relaxing factor and
the chemical reactivity of nitric oxide. J. Exp. Med 169, 1011-1020. [PubMed: 2784476]

(20). Pufahl RA, Nanjappan PG, Woodard RW, and Marletta MA (1992) Mechanistic probes of

N-hydroxylation of L-arginine by the inducible nitric oxide synthase from murine macrophages.
Biochemistry 31, 6822-6828. [PubMed: 1379071]

(21). Bredt DS, and Snyder SH (1990) Isolation of nitric oxide synthetase, a calmodulin-requiring

enzyme. Proc. Natl. Acad. Sci. U. S. A 87, 682-685. [PubMed: 1689048]

(22). Hevel JM, White KA, and Marletta MA (1991) Purification of the inducible murine macrophage

nitric oxide synthase. ldentification as a flavoprotein. J. Biol. Chem 266, 22789-22791.
[PubMed: 1720773]

(23). Pollock JS, Forstermann U, Mitchell JA, Warner TD, Schmidt HH, Nakane M, and Murad

F (1991) Purification and characterization of particulate endothelium-derived relaxing factor
synthase from cultured and native bovine aortic endothelial cells. Proc. Natl. Acad. Sci. U. S. A
88, 10480-10484. [PubMed: 1720542]

(24). Marletta MA (1994) Nitric oxide synthase: Aspects concerning structure and catalysis. Cell 78,

927-930. [PubMed: 7522970]

(25). Poulos TL, and Li H (2017) Nitric oxide synthase and structure-based inhibitor design. Nitric

Oxide 63, 68—77. [PubMed: 27890696]

(26). White KA, and Marletta MA (1992) Nitric oxide synthase is a cytochrome P-450 type

hemoprotein. Biochemistry 31, 6627-6631. [PubMed: 1379068]

(27). Kwon NS, Nathan CF, and Stuehr DJ (1989) Reduced biopterin as a cofactor in the generation of

nitrogen oxides by murine macrophages. J. Biol. Chem 264, 20496-20501. [PubMed: 2584226]

(28). Tayeh MA, and Marletta MA (1989) Macrophage oxidation of L-arginine to nitric oxide, nitrite,

and nitrate. Tetrahydrobiopterin is required as a cofactor. J. Biol. Chem 264, 19654-19658.
[PubMed: 2584186]

(29). Hurshman AR, Krebs C, Edmondson DE, Huynh BH, and Marletta MA (1999) Formation of a

pterin radical in the reaction of the heme domain of inducible nitric oxide synthase with oxygen.
Biochemistry 38, 15689-15696. [PubMed: 10625434]

(30). Groves JT, and Wang CC (2000) Nitric oxide synthase: models and mechanisms. Curr. Opin.

Chem. Biol 4, 687-695. [PubMed: 11102875]

(31). Crane BR, Sudhamsu J, and Patel BA (2010) Bacterial nitric oxide synthases. Annu. Rev.

Biochem 79, 445-470. [PubMed: 20370423]

(32). Smith BC, and Marletta MA (2012) Mechanisms of S-nitrosothiol formation and selectivity in

nitric oxide signaling. Curr. Opin. Chem. Biol 16, 498-506. [PubMed: 23127359]

(33). Horst BG, and Marletta MA (2018) Physiological activation and deactivation of soluble

guanylate cyclase. Nitric Oxide 77, 65-74. [PubMed: 29704567]

Biochemistry. Author manuscript; available in PMC 2022 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marletta

Page 8

(34). Horst BG, Yokom AL, Rosenberg DJ, Morris KL, Hammel M, Hurley JH, and Marletta MA
(2019) Allosteric activation of the nitric oxide receptor soluble guanylate cyclase mapped by
cryo-electron microscopy. eLife 8, No. e50634. [PubMed: 31566566]

(35). Kang Y, Liu R, Wu JX, and Chen L (2019) Structural insights into the mechanism of human
soluble guanylate cyclase. Nature 574, 206-210. [PubMed: 31514202]

(36). Boon EM, Huang SH, and Marletta MA (2005) A molecular basis for NO selectivity in soluble
guanylate cyclase. Nat. Chem. Biol 1, 53-59. [PubMed: 16407994]

(37). Guo Y, and Marletta MA (2019) Structural Insight into H-NOX Gas Sensing and Cognate
Signaling Protein Regulation. ChemBioChem 20, 7-19. [PubMed: 30320963]

(38). Nisbett L-M, and Boon EM (2016) Nitric Oxide Regulation of H-NOX Signaling Pathways in
Bacteria. Biochemistry 55, 4873-4884. [PubMed: 27479081]

(39). Plate L, and Marletta MA (2013) Nitric oxide-sensing H-NOX proteins govern bacterial
communal behavior. Trends Biochem. Sci 38, 566-575. [PubMed: 24113192]

(40). Cary SP, Winger JA, and Marletta MA (2005) Tonic and acute nitric oxide signaling through
soluble guanylate cyclase is mediated by nonheme nitric oxide, ATP, and GTP. Proc. Natl. Acad.
Sci. U. S. A 102, 13064-13069. [PubMed: 16131543]

(41). Fernhoff NB, Derbyshire ER, and Marletta MA (2009) A nitric oxide/cysteine interaction
mediates the activation of soluble guanylate cyclase. Proc. Natl. Acad. Sci. U. S. A 106, 21602—
21607. [PubMed: 20007374]

(42). Chen CY, Lee W, Renhowe PA, Jung J, and Montfort WR (2021) Solution structures of the
Shewanella woodyi H-NOX protein in the presence and absence of soluble guanylyl cyclase
stimulator IWP-051. Protein Sci. 30, 448-463. [PubMed: 33236796]

(43). Sandner P, Vakalopoulos A, Hahn MG, Stasch J-P, and Follmann M (2021) Soluble guanylate
cyclase stimulators and their potential use: a patent review. Expert Opin. Ther. Pat 31, 203-222.
[PubMed: 33395323]

(44). Sandner P, Zimmer DP, Milne GT, Follmann M, Hobbs A, and Stasch J-P (2021)

Soluble Guanylate Cyclase Stimulators and Activators. In Reactive Oxygen Species: Network
Pharmacology and Therapeutic Applications (Schmidt HHHW, Ghezzi P, and Cuadrado A, Eds.)
pp 355-394, Springer International Publishing, Cham, Switzerland.

(45). Martin F, Baskaran P, Ma X, Dunten PW, Schaefer M, Stasch JP, Beuve A, and van den Akker F
(2010) Structure of cinaciguat (BAY 58-2667) bound to Nostoc H-NOX domain reveals insights
into heme-mimetic activation of the soluble guanylyl cyclase. J. Biol. Chem 285, 22651-22657.
[PubMed: 20463019]

(46). Gusarov I, and Nudler E (2018) Protein S-Nitrosylation: Enzymatically Controlled, but
Intrinsically Unstable, Post-translational Modification. Mol. Cell 69, 351-353. [PubMed:
29395059]

Biochemistry. Author manuscript; available in PMC 2022 November 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Marletta

Figurel.

®
HsN

HN

V4

CO0

V4

HaN

e N=—/70O

Co0

H,0

He

H,N N=0

®
0]

HsN coo

Page 9

Scheme for the formation of NO from L-arginine. The reaction scheme is reproduced from

Scheme Il in ref 1. As noted in the text, the scheme was developed without knowledge
of the enzymology (one enzyme or more), cofactors, and co-substrates. The first step,

N-hydroxylation, was subsequently verified.
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Figure 2.

NOS reaction. NOS reaction depicting L-NHA as an intermediate and the end products of
the reaction, L-citrulline, and *NO. Note that the stereochemistry of the citrulline product
has never been determined, but because no chemistry takes place at the a-carbon, the
assumption is that the product is L-citrulline.
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Schematic of NO signaling. Depicted is paracrine (cell to cell) NO signaling. The activity
of NOS in the NO generating cell is tightly controlled by Ca2* and calmodulin (not shown),
typically leading to low nanomolar NO concentrations. NO then diffuses into the target

cell that contains sGC. Activation of SGC leads to the conversion of GTP to cGMP. The
second messenger cGMP through a cascade of events leads to biological outcomes such as

vasodilation.
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Figure 4.
sGC activity states. Discontinuous cGMP activity assay for M. sexta sGC with various

activation conditions: one-NO, excess NO (xsNO), and YC-1 ligands. Initial rates were
obtained from the data. The average initial rate is plotted, and the error bars reflect one
standard deviation (7= 4). Figure reproduced from ref 34. Creative Commons Attribution
license.
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Figureb.
sGC structures. Conformational rearrangements of M. sexta sGC upon activation. (a)

Overlay of the inactive (transparent, gray) and active (a, orange; S, blue) states shown

in two views. Rotation of the regulatory domain and CAT dimer is shown with arrows and
labeled with a degree of rotation. Distances between the g H-NOX domain and CAT dimer
are labeled for inactive (gray) and active (black). (b) Overlay of the inactive (transparent)
and active (colored) CC domains when aligned with the active CC domain. Dimensions of
the CC and rotation are labeled in color for the inactive and black for the active. (c) View
of the S H-NOX domain with heme colored gray and S H105 colored red. Two fits for the
stimulator, YC-1, are colored purple. Figure reproduced from ref 34. Creative Commons
Attribution license.
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