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Abstract

The Study of Soluble Guanylate Cyclases from Choanoeca flexa

by
Yang Wu
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Michael A. Marletta, Co-Chair

Professor Nicole King, Co-Chair

Nitric oxide (NO) is an indispensable gas signaling molecule and immune system effector
in mammals. In the prototypical NO signaling pathway that mediates vasodilation in humans, the
source of NO is a nitric oxide synthase (NOS), and NO is sensed by the heme-containing gas
sensor soluble guanylate cyclase (sGC). Mammalian sGCs are o/B-type heterodimers activated by
NO and catalyze the conversion of GTP to the second messenger cyclic GMP (cGMP). sGCs
regulate critical physiological functions such as vasodilation and neuronal signaling, and
misregulation of sGC leads to diseases. Therefore, sGC activity regulation has been a target of
significant research effort. A major step towards elucidating the mechanism of mammalian sGC
activation came about in 2018, when the cryo-electron microscopy structure of human sGC and an
insect homolog of sGC from tobacco hornworm, Manduca sexta, were reported. This, combined
with increasingly robust structural prediction techniques, greatly facilitated mechanistic studies of
sGC and provided new tools to study diverse non-mammalian homologs of sGC proteins.

Besides mammals, NO signaling is important for a wide range of organisms including
bacteria, algae, fungi, and many invertebrate animals. Animal pathways that are frequently
regulated by NO include larval metamorphosis, flagellar movement and collective contractility, to
name a few. From an evolutionary standpoint, choanoflagellates are an especially interesting
organism to study NO signaling, as they are the closest living relatives of animals and may hold
the key to understanding the evolution of NO signaling. An in vivo study described here established
the presence of a NO signaling pathway in the colonial choanoflagellate Choanoeca flexa. C. flexa
co-expresses NOS and sGC. NO stimulates sGC activity in C. flexa and drives the collective
contraction behavior. cGMP produced by sGC is necessary for persistent contraction of C. flexa
colonies. These data provided insight into a potential role of NO in early animals and evolution of
NO signaling, and brought a NO-sensitive sGC, C. flexa sGCI into the spotlight.



Initial characterization of Cf sGC1 in vitro demonstrated that it is a catalytically active
homodimeric protein. Ligand binding properties and the ligand-induced activity profile of CfsGC1
are both reminiscent of o/B-type sGC. These data prompted a more detailed biochemical
characterization of Cf'sGC1. Besides additional similarities in substrate kinetics, structural studies
using small angle X-ray scattering revealed that Cf sGC1 is a homodimer with conformational
asymmetry. This asymmetry may be connected to the 1-heme per homodimer heme stoichiometry
of Cf sGC1, also determined in this study. Furthermore, like o/B-type sGC, a conformational
extension was observed for Cf'sGC1 during activation. Similarities between Cf'sGC1 and o/B-type
sGC suggest comparable mechanisms of activity regulation.

Like animal sGCs, Cf'sGCI1 displays a three-stage activation profile, suggesting that NO
binding to heme alone is insufficient for full activation. In o/B-type sGC, cysteines were
hypothesized to mediate secondary NO interaction. Involvement of cysteines in controlling the
activity of Cf sGC1 was tested. Cf sGC1 treated with the cysteine labeling reagent methyl
methanethiosulfonate (MMTS) was inhibited, suggesting that MMTS treatment either blocked
non-heme NO interaction, or blocked conformational change at a critical cysteine site. Cysteine
variants of Cf sGCI1 at conserved sites to ao/B-type sGC were prepared and characterized.
Unexpectedly, cysteine variants of Cf' sGC1 did not exhibit different properties in heme ligand
binding, ligand-induced activation or MMTS-mediated inhibition. Additional work is required to
definitively show the link of cysteines to activity regulation in Cf'sGCI.

Under aerobic conditions, o/B-type sGCs and Cf'sGC1 do not bind O,. The study of ligand
selectivity in a/B-type sGCs led to the discovery of sGC that can bind O,. However, the mechanism
for activity regulation of O»-binding sGCs is not well understood. Besides Cf sGC1, the genome
of C. flexa also encodes sGCs that bind O,. Here, the O;-binding sGC, Cf'sGC4 was characterized
using biochemical and structural techniques. Unlike homologs that bind NO selectively, Cf'sGC4
is inhibited by ligand binding, including NO, CO and O, and does not undergo conformational
change in the presence of NO. These results support a different and currently unknown mechanism
of activity regulation in Cf'sGC4 and possibly other O»-binding sGCs.
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Chapter 1
Introduction

Overview of NO-cGMP signaling

Nitric oxide (NO) is a crucial diatomic signaling agent for bacteria and eukaryotes alike.!
In mammals, NO at nanomolar concentrations is the signal that drives vasodilation, but at higher
concentrations, NO synthesized by macrophages is used as an effector molecule in the host
immune response.’” Additional evidence has emerged to implicate NO in other important
pathways in animal physiology, including in neurotransmission and metabolic regulation.®® It was
not until the 1980s when it was definitively shown that NO drives vasodilation through the NO-
cGMP axis, and the work that led to this discovery was credited with the Nobel Prize in physiology
and medicine in 1998. Dysregulation of NO signaling can cause pathologies in several different
tissues and pathways, including neurodegeneration, inflammatory diseases and cardiovascular
diseases.”!! In more recent years, the mammalian sensor of NO, soluble guanylate cyclase (sGC),
has become a drug target for diseases like pulmonary hypertension, with an FDA-approved drug
Adempas (Riociguat) approved in 2013.!2

NO-sensing pathways can be separated into the NO source and the NO receptor. The source
of NO in well characterized vasculature and neuronal signaling pathways is nitric oxide synthase
(NOS).!>!* The same is true for macrophage-derived NO. In eukaryotes, sGCs are the sensors of
NO that, upon activation by NO, synthesize the second messenger cGMP to amplify the signal.»!
cGMP then interacts with protein kinase G, phosphodiesterases, or cGMP-dependent ion channels
to drive downstream signaling.' In this chapter, a general introduction to the structure, activity
and regulation of NO signaling proteins NOS and sGC pertaining to the projects detailed in this
thesis is provided. Diverse sGC-mediated gas sensing pathways in non-mammal, non-insect
animals, and single celled eukaryotes will also be highlighted.

Nitric oxide synthesis: nitric oxide synthase

The source of NO in NO-cGMP signaling in animals is typically a NOS. In mammals,
NOSs are obligate homodimeric proteins, composed of an N-terminal oxidase domain and a C-
terminal reductase domain.!” The N-terminal oxidase domain acts like a heme dependent, P450-
like monooxygenase. The C-terminal reductase domain utilizes redox cofactors NADPH and
enzyme-bound FMN and FAD to sequentially deliver electrons to the oxidase domain to complete
the catalytic cycle.!® Additional cofactors in the mammalian NOS include tetrahydrobiopterin
(H4B) and a structural zinc, which are crucial to electron delivery and dimerization, respectively.'*-
21 The reaction catalyzed by NOS is the 5-electron oxidation of L-arginine to L-citrulline via the
intermediate N-hydroxy-L-arginine using O> as the co-substrate. In humans, three tissue-specific
isoforms of NOS have been identified. The neuronal NOS (nNOS) and endothelial NOS (eNOS)
are constitutively expressed in neurons and vascular endothelial cells, respectively, and their
activation require Ca’" release and the subsequent binding of Ca?/calmodulin.?*** On the other
hand, the inducible NOS (iNOS) is expressed in macrophages and is transcriptionally regulated.’
Ca?*/Calmodulin is constitutively bound to iNOS and is not dependent on Ca?" release.>** Thus,
iNOS is constitutively active.



Nitric Oxide Synthase in bacteria

NO is used as a signaling molecule by many organisms other than mammals, so NOSs are
found in a wide range of organisms. Single domain NOSs were first identified in the bacterial
species Bacillus subtilis and Deinococcus radiodurans and they use standalone reductases for
catalysis (Figure 1.1).2%%7 Also in bacteria, there exist NOSs that are encoded with an iron sulfur
cluster reductase domain in the same reading frame (Figure 1.1).%® While the P450-like oxygenase
domain of bacterial NOSs share the same overall structural fold to the oxidase domain of animal
NOSs, some key differences remain, such as their lack of a zinc binding site at the dimer interface,
and their dependence on tetrahydrofolate (H4F) instead of H4B.*

In cyanobacteria, NOS with a domain architecture that better resembles that of animal NOS
has also been found. One such NOS was characterized in 2018, the NOS from the cyanobacteria
Synechococcus sp. PCC 7335 (Figure 1.1).>° Sy NOS is encoded within one contiguous reading
frame and contains both an N-terminal oxidase domain and a C-terminal reductase domain that
harbors NADPH, FAD and FMN binding sites. /n vitro activity data suggest that Sy NOS uses H4sB
as a cofactor. However, Sy NOS does not contain a Ca®*/calmodulin binding site. In mammalian
NOSs, binding of Ca?/calmodulin triggers a conformational change that brings the reductase
domain into proximity of the oxidase domain to facilitate the transfer of electrons and enable
catalysis.!® The lack of a Ca*"/calmodulin binding site suggests that Sy NOS protein is either
regulated transcriptionally or is constitutively expressed and uses a yet unknown mechanism for
activity regulation. Another notable feature of Sy NOS is the presence of an N-terminal globin
domain with homology to bacterial flavohemoglobins. It was proposed that the globin domain acts
as a NO dioxygenase that oxidizes NO to maintain NO3™ homeostasis in the Synechococcus
bacteria, but whether this is relevant in vivo remains to be determined.

Oxidase CaM Reductase

Mammalian
Zn H.B FMN FAD NADPH
Bacterial single domain _CD_
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Deinococcus radiodurans H.F
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Bacterial di-domain
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2Fe2S FAD NAD(P)H H4F
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Figure 1.1. Domain architecture of nitric oxide synthases. Predicted heme binding sites are indicated with a red
parallelogram. Four types of NOS are found in nature. In mammals, NOS is composed of two domains, an oxidase
domain that uses a P450-like heme to catalyze the oxidation of L-arginine to produce NO, and a C-terminal reductase
domain using cofactors FMN, FAD and NADPH to provide electrons to complete the catalytic cycle. Calmodulin
(CaM) binding (blue) regulates the activity of mammalian NOS. In bacteria, single domain NOSs were first discovered
in Bacillus subtilis and Deinococcus radiodurans, and they use a standalone reductase domain. 2?7 NOS with a
reductase domain and an oxidase domain in a single polypeptide chain has also been identified in the bacteria
Sorangium cellulosum.*® This NOS has an iron-sulfur cluster reductase in place of FMN. Finally, a novel NOS was



identified in the cyanobacteria Synechococcus sp. PCC7335 that has a similar domain architecture to mammalian NOS
but lacks key regulatory elements such as Zn?* and Ca?"/CaM binding sites. It also has a N-terminal globin of unknown
function.*®

NO sensing in eukaryotes: soluble guanylate cyclase

NO synthesized by NOS is sensed by the protein sensor of NO, sGC. sGC is an obligate
dimeric protein, and each subunit of sGC is composed of four domains (Figure 1.2A). The H-NOX
domain is at the N-terminus of sGC and serves as the site for gas ligand binding via the heme
cofactor.’!* The gas binding signal is then transduced through the Per-Arnt-Sim-like domain
(PAS) and the coiled coil (CC) domain. PAS-like domains are frequently found in signaling
proteins and often mediate protein-protein interaction and signal transduction.** In the case of sGC,
the PAS domain facilitates dimer formation and may be involved in interacting with molecular
chaperones to aid heme insertion.*>*® CC domains are well known for their capacity to
communicate molecular signals through changes in packing and register shifting.’” The
transduction of gas binding signal through the PAS and CC domains controls the conformation of
the C-terminal catalytic domain (CAT) to regulate substrate binding and catalytic activity.**>? The
CAT domain catalyzes an intramolecular cyclization of guanosine triphosphate to yield 3°,5’-
cyclic guanosine monophosphate (cGMP).*
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Figure 1.2. Biochemical properties of a prototypical o/B-type sGC. (A) Domain architecture of sGC. H-NOX, heme-
nitric oxide-oxygen binding domain. PAS, Per-Arnt-Sim-like domain. CC, coiled coil domain. CAT, catalytic domain.
(B) gas ligand binding of sGC. a/B-type sGC can bind NO and CO gas ligands.(C) Ligand-controlled activity of an
a/B-type sGC. o/B-type sGCs exhibit a three-stage activation profile. Stimulators like YC-1 can activate 1-NO state
sGC to xsNO-like activity. Figure adapted from ref*!.

The sGC that has been the most extensively studied is the o/pB-type sGC, especially the
mammalian homologs from Homo sapiens®® and Rattus norvegicus** and an insect homolog from
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Manduca sexta®™*. a/B-type sGCs, as the name suggests, are obligate heterodimers made up of o

and [ subunits. This endows them with a structural asymmetry that is evident throughout the length
of the protein. While both the o and the B subunit harbor a predicted heme binding site by homology,
only the B subunit binds heme in the dimer.>* The reason for the lack of heme binding at the o H-
NOX domain has been proposed to be the combined effect of several factors. First, heme ligation
of sGC is mediated by a highly conserved histidine residue in the p H-NOX domain,* as well as
three residues (tyrosine, serine, and arginine) arranged as the so-called YxSxR motif responsible
for hydrogen bonding to the propionate side chains of heme.*’ The o subunit often lacks one or
two out of the three residues which results in decreased stability of heme binding. More directly,
the lack of heme binding in the a subunit could be caused by the presence of a long, disordered N-
terminal loop in the o H-NOX that occupies the heme binding pocket and interferes with heme
binding.**” Additionally, in o/p-type sGC, the CAT domain also harbors asymmetry and contains
just one, not two, catalytically competent active site.*® The catalytic active sites of the CAT domain
are located along the dimer interface, so each active site requires residues from both subunits to
function.* Since neither the a nor the B subunits contain the full set of catalytic residues, only one
of the two active sites in a/B-type sGC is capable of substrate turnover. The other site, termed the

pseudosymmetric site, has been proposed to be involved with allosteric regulation by ATP.3%!
Fe-His NO-Fe-His NO-Fe
5-coordinate 6-coordinate 5-coordinate
NO NO
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Figure 1.3. NO ligand binding to the heme cofactor of the H-NOX domain occurs through a short-lived 6-coordinate
intermediate, and it involves the rupture of the proximal Fe-His bond. Figure adapted from ref>2.

When o/B-type sGC is assayed in vitro without any ligands bound, it exhibits a low, basal
level activity (Figure 1.2B). In this state, the heme forms a 5-coordinate complex with the Fe center
ligated to the histidine residue and displays a Soret band at ~430 nm in the UV-vis absorption
spectrum (Figure 1.2C).>*> When NO is added to sGC, it first binds to the heme in the H-NOX
domain in a 6-coordinate complex (Figure 1.3). Rupture of the Fe-histidine bond then generates a
5-coordinate complex. This complex has a Soret peak centered at 399 nm (Figure 1.2B).%* At this
stage, the sGC is moderately activated to ~15% of its full activity and is in the so-called 1-NO
state (Figure 1.2C).>*> When NO is added in excess, the sGC can then be fully activated to the
xsNO state that is greater than 25-fold over basal activity.>® The site for interaction with excess
NO is still unknown. o/B-type sGC can also bind CO in a 6-coordinate Fe(Il) heme-CO complex
(Figure 1.2B)." In this state, sGC is only moderately activated. In both the 1-NO state and the CO-
bound state, o/B-type sGC can be activated to xsNO levels by small molecules known as sGC
stimulators that bind to an allosteric pocket on the protein.’® The prototypical stimulator is an
indazole derivative YC-1, but fifteen stimulators and counting have been reported in the
literature.’”-® This line of research has brought forth the FDA-approved drug Riociguat that acts
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through a similar mechanism as YC-1 and is used to treat pulmonary arterial hypertension.'? The
three-stage activation profile of sGC in vitro suggests a complex mechanism of allosteric
regulation. The regulation of sGC has been studied extensively through both biochemistry and
structural biology techniques and will be discussed in the following sections.

Study of H-NOX proteins

Before high-resolution structures of sGC became available, structural information was
mainly derived from crystal structures of the individual domains of sGC. One especially fruitful
area of research was the study of truncations of sGCs that include the N-terminal H-NOX domain
as well as homolog bacterial H-NOX proteins. In bacteria, standalone H-NOX proteins were
identified through homology to the H-NOX domain of eukaryotic sGCs,*” and they can interact
with cyclic-di-GMP cyclases and histidine kinases to signal quorum sensing, biofilm formation
and cell growth.%*"% Some these bacterial H-NOXs selectively bind NO under aerobic condition
like sGCs®-%* but others do not exhibit ligand selectivity and bind 0,.5 Human pathogens,
including Vibrio cholerae®®®’, Legionella pneumophila®®, and Clostridium botulinum,%* are known
to encode H-NOX proteins in their genomes. H-NOX signaling is associated with virulence in
these pathogenic bacteria, so by itself, studying H-NOX proteins could benefit the development of
new therapeutics targeting key pathways in pathogens.’” Additionally, a great deal of our
understanding of the mechanism of ligand selectivity of sGCs and how H-NOX conformational
change regulates sGC activity came from structural and biochemical studies of bacterial H-NOX
proteins.

The H-NOX protein is a small (<200 aa), globular protein. The secondary structure of the
H-NOX protein contains seven o helices (named oA — G) and a four-stranded 3 sheet (named 1
—4). The tertiary structure of H-NOX protein can be separated into two subdomains: the proximal
subdomain contains the heme-ligating proximal His residue on the oF helix, aG helix, as well as
the four B strands, and the distal subdomain contains a A — oE helices (Figure 1.4A). As such, the
heme-binding cavity of the H-NOX protein is bisected by the heme cofactor into the distal pocket
and the proximal pocket.

A

So H-NOX

Figure 1.4. Structures of H-NOX proteins. (A) Distal pocket of the oxygen binding C. subterraneous H-NOX protein
(PDB ID: 1U55). Residues within the distal pocket shown in sticks compose the hydrogen bonding network necessary
for stabilizing the Fe(II) heme-O, complex. (B) Conformational change of the NO-specific S. oneidensis H-NOX
protein. Teal, unliganded, PDB 4U9B; dark blue, Fe(II)-NO bound, PDB ID 4U99.7%"! (C) Zoom in view of the
conformational change taking place at the oF helix.



The ability to differentiate between NO and O under aerobic conditions is crucial to the
function of NO sensors, given that the concentration of O is typically several orders of magnitude
that of NO. In facultative anaerobic bacteria, only H-NOX proteins that are specific to NO binding
were identified.’>’? On the other hand, in obligate anaerobes, additional H-NOX proteins that can
bind O, were identified.*% The crystal structure of an O-binding Caldanaerobacter
subterraneous subsp. tengcongensis H-NOX protein was solved, and a hydrogen bonding network
in the distal pocket composed of residues W9, N74 and Y140 was found to stabilize the heme-O»
complex (Figure 1.4A).”! Y140 directly hydrogen bonds to the O, and was proposed to be the key
residue enabling O binding in Cs H-NOX. The Y 140F variant of Cs H-NOX had lowered binding
affinity to O», and a double mutant variant WIF, Y140F completely knocked out O> binding.
Furthermore, incorporating a Tyr residue through site directed mutagenesis in a NO-specific H-
NOX from Legionella pneumophila into the gas ligand binding pocket enabled a stable O, complex
to form.*> These experiments demonstrated that a distal pocket hydrogen bonding residue is
necessary for Oz binding in H-NOX domains, and if a sGC contains a tyrosine residue at the
position equivalent to Y140 of Cs H-NOX, it can be reliably predicted to bind O».

As previously mentioned, in the fully active state of sGC, NO is bound to the Fe(II) heme
cofactor in a 5-coordinate configuration, and the formation of this complex involves rupture of the
Fe-His bond from electronic effects of NO (known as the NO trans effect) (Figure 1.3).>"7° The
structural detail of the Fe-His bond rupture was elucidated by the crystal structure of the NO-
specific bacterial H-NOX protein from Shewanella oneidensis (Figure 1.4B).”° After NO binding,
structural changes include changes in heme planarity as well as a ~ 4° relative rotation between
the distal and proximal subdomains hinged on the helical interface between aD and aG (Figure
1.4B). The most dramatic shift occurs in the oF helix. Residues along the aF helix rotated along
the center of the helix for ~45°, and H103, the heme-ligating histidine, adopted a different rotamer
(Figure 1.4C). In sGC, however, the conformational change of the H-NOX domain observed by
Cryo-EM structures (see below) is more subtle. In Hs sGC, the oF helix underwent a lateral shift
after the rupture of the Fe(Il)-His bond, and the relative shift between the proximal and distal
subdomains are less apparent.*®***7 Nonetheless, the structure of So H-NOX may represent a
conformation that can be sampled by the H-NOX after NO binding.

sGC interacts with NO through non-heme interactions

The discovery of the 1-NO state of sGC has not been a straightforward process. Initially,
sGC was proposed to be activated through a simple 1-step process by NO associating to the heme
cofactor. The first hint that there exists a secondary sGC-NO interaction came from consecutive
reports from the Marletta Lab by Stone, Zhao and Ballou’* ¢ to demonstrate that the presence of
excess NO affected the kinetics of heme-NO complex formation. More specifically, presence of
excess NO accelerated the rate of iron-His bond rupture in the 6-coordinate to 5-coordinate Fe(II)
heme-NO transition. Bellamy and colleagues’’ also made a robust case for the involvement of a
second site NO interaction by coupling NO concentration to the activity of sGC. A method to
achieve a constant NO concentration in solution over several minutes was developed through
balancing NO release from a small molecule NO donor against a NO scavenger. Using this method,
NO was titrated into a sGC cell lysate assay, and the activity of sGC under different NO
concentrations was collected. The key findings of this experiment were that sGC can be fully
activated under low nM concentration of NO, and that the NO-sGC concentration response curve



is best fitted with a Hill Coefficient of 2.1, suggesting a cooperative effect in NO activation of sGC.
Therefore, the authors concluded that NO likely interacts with sGC with more than one site.

The involvement of a secondary NO interaction site in activating sGC was tested directly.
Russwurm and Koesling™ discovered that if sGC was first treated with excess NO, then buffer
exchanged to remove the NO, its activity consistently reduced to an intermediate level higher than
the NO-free, basal state. Furthermore, if NO was titrated into a sample of sGC, the formation of
the NO-heme complex follows a linear trend, but the activity increase does not follow a linear
trend. Cary and colleagues®® took an alternative approach by studying sGC deactivation. The NO
dissociation rate from heme and the rate of sGC inactivation were determined individually.
Comparison of the two rates revealed that NO dissociation from the heme is ~160 fold lower than
the deactivation rate of sGC. NO dissociation from the heme is far too slow to adequately explain
the relatively rapid deactivation of sGC. Cary also demonstrated that by treating a fully active sGC
sample with a NO scavenger, the sGC showing an intermediate activity state can be isolated with
NO remaining bound to the heme.

The above experiments were sufficient to show that NO-sGC interaction takes place
through two steps at two distinct sites, but the chemical nature of the second interaction site is still
unknown. One hypothesis is that NO interacts with sGC at a non heme site, but another is that
excess NO forms a transient dinitrosyl complex with the heme, and this complex subsequently
converts into a proximal heme-NO complex for full activation. To address these hypotheses,
Derbyshire and colleagues’® reported that a non-physiological ligand, n-butyl isocyanide (BIC)
binds to the heme strongly and was not displaced when additional NO was added. Under only BIC-
bound condition, Rn sGC was activated ~5 fold, but with additional NO added, Rn sGC can be
activated a further ~16 fold without NO displacing the heme-bound BIC. These results served as
strong evidence that NO interacts with sGC at a non-heme site to drive sGC activation.

Besides heme, gaseous ligand interaction in proteins can also occur at a non-heme metal
center or through hydrophobic binding pockets.”*® Yet sGC is isolated with heme as the only
metal center, and CO and O», which are predicted to access similar binding pockets as NO, do not
activate the protein. Therefore, the second interaction site is also selective for NO. Fernhoff and
colleagues™ hypothesized that a cysteine residue can interact with NO specifically, as cysteines
can react with NO oxidatively to form a S-nitrosyl adduct. However, two observations led to the
hypothesis that a direct, non-oxidative nucleophilic addition of a thiol to NO may be at play. First,
sGC can be activated by non-heme NO without oxygen and with reductant present. Second,
through gel filtration, excess NO can be removed from a sample of sGC and cause sGC to return
to the ~15%-to-full activity state. If the adduct is an S-nitrosyl, it is expected to persist through gel
filtration and not lead to decreased activity. The result of the thiol-NO adduct was hypothesized to
be a RSNO", a radical anion species. Indeed, oxidatively modifying the cysteine side chains using
the labeling reagent methyl methanethiosulfonate (MMTS) can inhibit the sGC to only partially
stimulated, with a specific activity close to the 1-NO state, when excess NO to heme is present.
The effects of MMTS were not a result of protein denaturation, irreversible modification, or
disruption of NO binding at the heme cofactor. Furthermore, MMTS-treated sGC can still be
activated by YC-1, implying that MMTS modification did not prevent sGC from accessing the
fully active state by steric hindrance. These results presented a strong case for the involvement of
cysteines in sGC activation to the fully active state.



sGC activity is regulated through conformational change

Full length sGC had been recalcitrant to protein crystallography studies, likely due to its
inherent conformational flexibility. While several crystal structures of the individual domains of
sGC have been solved in the past, high resolution full-length structures of sGC were only solved
for the first time in 2018, thanks to the advancement of cryo-electron microscopy. Two sGC
homologs were targeted in structural studies: the insect homolog of a/B-type sGC from Manduca
sexta®® and the mammalian homolog from Homo sapiens.**3!3? Percent sequence identity between
Ms sGC and Hs sGC are 38% between the a subunits, and 61% between the 3 subunits. However,
Ms sGC and Hs sGC show remarkably similar conformational change during activation.
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Figure 1.5. Structure of full length a/B-type sGC. (A) Structure of H. sapiens sGC under the inactive state and the
fully active state (PDB IDs 8HBE — inactive, SHBH — active).®? Arrows show direction of conformational movement.
The area where the coiled coil shows a bend is colored in red. (B) Structure comparison of the coiled coil in the
inactive state (light brown and light blue) and the active state (orange and dark blue) by aligning the C-terminal portion
of the C-terminal portion of the a subunit helices. A relative rotation of ~70° was observed.

The a and B subunits interact to form a parallel heterodimer. Under the basal activity state,
o/B-type sGC displays an asymmetric conformation, where the f H-NOX domain makes direct
hydrogen bonding interaction with the CC domain, while the o H-NOX domain is situated further
distal (Figure 1.5A). The CC domain is bent into two halves and connected by a flexible loop (a
419-427 and B 355-359, Ms numbering). In the structure, the C-terminal CAT domain was solved
without substrate bound. When the structure of the basal sGC is compared to the structure
associated with the fully active sGC, a large-scale conformational change can be observed. Notably,
the loops separating the two halves of the CC domain are straightened into a helices, resulting in
an extension of the overall conformation of the protein. Furthermore, a rotation of 70° of B CC
domain against o CC domain was observed (Figure 1.5B). This rotation is translated into the CAT
domain and contributed to the increased separation between the two CAT domain lobes and
expansion of the catalytic basket. The opening of the catalytic domain enabled more efficient
substrate binding, so the Cryo-EM structure of the fully active sGC was solved with the non-
hydrolysable substrate guanosine-5'-[(a,f3)-methyleno]triphosphate (GMPCPP) bound. The



conformational change that takes place in the CAT domain explains the observed decrease in K,
corresponding to a higher substrate binding affinity as well as increased catalytic efficiency.>

The straightening of the coiled coil is crucial for sGC activation and was studied more
extensively. Kang and colleagues incorporated a proline residue into the CC domain of Hs sGC (a
D423P or B G356P) to create a break in the coiled-coil and saw disrupted NO-sensitive activation,
while an alanine incorporated in those positions did not cause a significant change.* Wittenborn
and colleagues approached this by creating two variants, one where the loop area was replaced by
a disordered linker composed of primarily glycine and serine residues (GS linker) to impart greater
structural flexibility, and another that a leucine zipper motif was installed to render the CC domain
constitutively extended.®® As expected, both variants lost the ability to respond to NO. The GS
linker variant displays basal activity even when NO is present in molar excess, and the leucine
zipper variant is constitutively active. Both Kang’s and Wittenborn’s work illustrate the importance
of the finely tuned conformational flexibility of the CC domain in regulating intramolecular signal
transduction in sGC.

Another useful technique applied to studying the conformational change of sGC has been
Small Angle X-ray Scattering (SAXS). Compared to high resolution structural techniques such as
X-ray crystallography and Cryo-EM, SAXS is a relatively low-resolution technique, its resolution
limited to ~10 A .34 However, as SAXS experiments measure scattering of X-ray by biomolecules
in solution, it does not require specialized sample preparation steps and is highly adaptable to
studying large, complex biomolecules such as sGC under native-like environments.®> Protein
SAXS experiments can be carried out in a static X-ray cell or flow cell, or coupled to a
chromatography setup, often size exclusion chromatography (SEC). The benefit to using
chromatography-coupled SAXS is that a heterogeneous sample can be separated into individual
components to facilitate analysis. Using SEC-SAXS, Horst and Yokom showed that the 1-NO state
of Ms sGC is best modeled as an ensemble of two distinct conformational states.*® Under NO-free
conditions, Ms sGC can be modeled exclusively as the unliganded, compact conformation. In
comparison, the 1-NO state was best modeled with 72% protein in the compact conformation and
the rest 28% in a partially extended conformation. This suggests that NO binding at the heme
cofactor shifts the conformational equilibrium towards greater conformational extension and could
help explain why Ms sGC shows ~15% full activity under the 1-NO state.

Homodimeric sGC: beyond NO sensing

While o/B-type sGCs are the most relevant to human physiology, and thus have received
the most attention, another class of sGC harbors great biochemical diversity but has not been as
extensively studied. Homodimeric sGCs are found in various groups of organisms including many
animals;®¢ they are also found in non-animal eukaryotes, with notable examples such as the algal
sGCs from Chlamydomonas reinhardtii*'*’ and more recently, sGCs from choanoflagellates.®
Homodimeric sGCs are similarly obligate dimers for activity and share the domain architecture of
a/B-type sGCs. However, each monomer of a homodimeric sGC contains all necessary residues
for catalysis in the CAT domain, so in theory, and frequently in practice, they can be active as

homodimers.%’



Homodimeric sGC can exhibit distinct biochemical properties that differ from o/B-type
sGC. For example, Horst and colleagues*' reported that the sGC Cyg-11 from the algae C.
reinhardtii is activated by CO binding to ~4 fold its basal activity, compared to a ~2 fold activation
when NO is bound. Furthermore, Cr Cyg-11 exhibits distinct gas ligand binding kinetics. NO
dissociation of Cr Cyg-11 is 3 orders of magnitude faster compared to other characterized H-NOX
domains, and the affinity for NO as measured by the dissociation constant Kp is 2 orders of
magnitude lower than typical o/B-type sGCs such as rat sGC. In a separate in vivo study, CO was
proposed to be generated from heme oxidation by heme oxygenase I, and CO can upregulate
several of the genes involved in iron acquisition and recycling.”® Given this, Horst and colleagues
proposed that Cr Cyg-11 is a physiological sensor for CO that mediates iron-deficiency response
in its native organism.

Homodimeric sGCs also include those that can bind O». The biological roles of predicted
0z-binding sGC in animals have been explored in vivo. In Caenorhabditis elegans, sGCs were
shown to express by neurons and mediate aerotaxis.”' > The N-terminal portion of the sGC Gcy-
35 that contains the H-NOX domain was expressed and shown to bind O>. However, Gey-35 could
not be expressed in full-length in a heterologous host, which precluded directly associating the
ligand-induced activity of Gey-35 to the phenotype.®! In Drosophila melanogaster, three predicted
0,-binding sGCs were identified and named Gyc-88E, Gyc-89Da and Gyc-89Db.**%° In vitro
assays demonstrated that Gyc-89Da and Gyc-89Db cannot form active homodimers.’® While Gyc-
88E is active as a homodimer, it is frequently co-expressed with Gyc-89Da and Gyc-89Db,
suggesting that heterodimers are likely the physiologically relevant form of these proteins.”®%’
Morton reported quantification of cGMP production in cellulo through transient expression of
genes encoding the three sGCs and discovered that cGMP production increased under anaerobic
conditions.”

Huang and colleagues reported in vitro characterization of Dm Gyc-88E.”® Gyc-88E
remains the only Oz-binding sGC that has been reported in the literature to be characterized in vitro
in purified form. Major differences between Gyc-88E and o/B-type sGC include gas ligand binding
and ligand-induced activity change. Like Gcy-35 from C. elegans, Gyc-88E binds O, to form a 6-
coordinate Fe(I1)-O, complex; and noticeably, it binds NO to form a 6-coordinate Fe(II)-NO
complex as well, a marked difference from the 5-coordinate Fe(I[)-NO complex formed by o/p-
type sGC. Additionally, Gyc-88E is inhibited by gas ligand binding (including O;), which matches
the results observed by Morton in in vivo studies.”®

Expanding the scope of sGC-mediated NO signaling

Beyond vertebrates and insects, NO signaling has been found to control behaviors in a wide
range of animals including bilaterians that contain ascidians (sea squirts), mollusks and
echinoderms (sea star, sea urchin), to name a few, and non-bilaterians to include sponges, cnidaria
(jellyfish, sea anemone), and placozoans.” 1% In these organisms, NO signaling controls a wide
range of behaviors that include motor function and feeding, collective contraction, flagellar beating
and larval metamorphosis. Granted, NO signaling can occur through a few different pathways,
including protein S-nitrosation and interaction with hemoproteins that are not sGC.'%” Therefore,
two pathways with strong evidence for the involvement of sGC are highlighted here.
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In the jellyfish Aglantha digitale, NO-cGMP signaling controls swimming behavior that is
important for its feeding cycle.!”? The authors first established neuronal localization of NOS by
NADPH-diaphorase staining and tested NO production through inhibition of NOS and detection
of NO oxidation products nitrite and nitrate. Both exogenous NO and the cell-permeable cGMP
analog, 8-Br-cGMP can cause an increase in swimming frequency, supporting a role for the
involvement of a NO-activated sGC. The genome of A. digitale became available in 2023, and
through a BLAST search, sGCs that are predicted to be NO specific are identified.!*®

NO-cGMP signaling is also used by sponges to control coordinated contraction of the
aquiferous canal system for fluid exchange. In the freshwater sponge Ephydatia muelleri, the
activity of NOS was supported by NADPH-diaphorase staining.!® Furthermore, NO-triggered
accumulation of cGMP can be observed in contractile cells through immunofluorescent staining
targeting cGMP. NO-controlled behaviors have also been identified in a few other sponge species
including Tethya wilhelma,'® and Amphimedon queenslandica,''® and in Spongilla lacustris
coexpression of NOS and sGC has been observed through RNA-seq experiments.'!! These results
highlight the potential for new discoveries with a broadened scope of NO-cGMP signaling.

Given that NO-cGMP signaling be found in some of the earliest diverging lineages of
animals, cnidarians and sponges, an interesting question now arises: how did NO signaling evolve
in early animals? To answer this, we turned our attention to choanoflagellates. Choanoflagellates
are the closest unicellular relatives of animals. Multicellularity evolved independently for animals,
plants and fungi, so did molecular pathways involved in regulating intercellular signaling,
adhesion, motility, and cell type differentiation that are crucial in multicellularity.'!? Several
species of choanoflagellates have been developed as model organisms, so the molecular pathways
that are conserved across choanoflagellates and animals can be studied in detail.''® These studies
will help reconstruct the role of these pathways in the last unicellular ancestor of animals.!'* Of
special interest to the work presented in this thesis is the colonial choanoflagellate Choanoeca
flexa. C. flexa is an emerging model organism for studying multicellular behavior in
choanoflagellates. Discovered in 2018 by members of the King Lab, Brunet, Linden and Larson
in the tide pools on the shores of Curacao, C. flexa was named after an interesting phenotype it
displays.!'> C. flexa forms flexible sheet colonies that can switch between two distinct
morphologies. When the flagella of the colonies face outward, motility is favored. While the
flagella face inward, feeding is facilitated. By regulating the feeding of nutrients, the authors
discovered that a rhodopsin-linked cGMP specific phosphodiesterase is involved in regulating
cellular cGMP levels that then regulates the transition between the two colony morphologies. This
discovery raised hypotheses of C. flexa using sGCs for generating the cGMP in this pathway.

Thesis research

The focus of this dissertation is on the study of sGCs from the choanoflagellate species
Choanoeca flexa. Current knowledge of sGC has mostly originated from studies of a/B-type sGCs
from mammals and insects. Progress in this area has been weighed down by the low heterologous
expression yield of these sGCs and the complicated cloning process associated with insect cell
expression. Furthermore, with newfound knowledge of the conformational change in o/B-type
sGCs, the question of whether activity regulation through conformational extension is a common
theme across diverse sGC homologs is becoming increasingly relevant.
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Chapter 2 describes work carried out in collaboration with Dr. Josean Reyes-Rivera and
Dr. Thibaut Brunet from the lab of Prof. Nicole King. Experiments were carried out in vivo to
characterize a NO sensitive phenotype in C. flexa. C. flexa forms multicellular sheet colonies that
undergo collective contraction, and this process is regulated through cGMP signaling. A BLAST
search revealed that C. flexa contains both NOS and several sGCs in its genome, suggesting the
presence of a NO-sGC-cGMP signaling axis. Coincubation of a NO donor with a colonial C. flexa
culture demonstrated that NO triggers collective contraction in C. flexa. Through sequence
alignment, Cf sGC1 was identified as a NO-specific sGC and was predicted to play a key role in
regulating NO-mediated colony contraction. Gas ligand binding properties of Cf sGC1 were
reported in the preliminary characterization in this chapter. Cf sGC1 is also activated by NO
binding, implying that the NO-mediated colony contraction is partly regulated by CfsGC1. When
sGCs in C. flexa were inhibited by the pan-sGC inhibitor ODQ, colony contraction was still
initiated by NO addition, but the duration greatly decreased. Therefore, NO-mediated colony
contraction in C. flexa likely involves more signaling partners beyond sGCs.

Chapter 3 reports a detailed biochemical characterization of Cf'sGC1. Cf'sGCl1 is the first
homodimeric sGC reported that exhibits a 3-stage activation profile of o/p-type sGC. This raised
questions about the mechanism of activity regulation in Cf sGCI1. Ligand-bound activity of Cf
sGC1 was reanalyzed to include CO. CO activates Cf'sGC1 but only to 1-NO levels of activity.
Despite having two possible heme binding sites, Cf sGC1 only binds one heme per homodimer.
Small angle X-ray scattering (SAXS) was used to study the oligomeric state and the conformation
of Cf sGCI1. Cf sGClI is an asymmetric homodimer, and during activation, a conformational
extension like that of o/p-type sGC was observed.

Chapter 4 explores the mechanism of non-heme NO activation in sGCs using Cf'sGC1 as
a model system. Both o/B-type sGC and Cf sGCI1 require excess NO to reach full activity,
suggesting the involvement of a second NO interaction site. Cysteines have been proposed to be
the site of non-heme NO interaction during o/B-type sGC activation, and cysteine variants of Cf’
sGCl1 at conserved positions were prepared to probe the roles of cysteines in regulating Cf sGC1
activity.

Chapter 5 discusses the characterization of an O binding sGC from C. flexa. Cf sGC4
reported in this chapter is only the second of its kind to be characterized in vitro. Cf sGC4 binds
NO, CO and O,. Ligand binding leads to the formation of a 6-coordinate Fe(I)-heme complex.
Although Cf'sGC4 is inhibited by gas ligand binding in activity assays, a conformational change
was not observed through SAXS. This raised the possibility that Cf'sGC4 is regulated by a different
mechanism from that observed for a/B-type sGC and Cf'sGC1 in chapter 3.
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Chapter 2
Nitric oxide signaling controls collective contractions in a colonial choanoflagellate

Summary

Although signaling by the gaseous molecule nitric oxide (NO) regulates key physiological
processes in animals, including contractility,' immunity,** development,®® and locomotion,'®!!
the early evolution of animal NO signaling remains unclear. To reconstruct the role of NO in the
animal stem lineage, we set out to study NO signaling in choanoflagellates, the closest living
relatives of animals.'? In animals, NO produced by the nitric oxide synthase (NOS) canonically
signals through cGMP by activating soluble guanylate cyclases (sGCs).'*!'* We surveyed the
distribution of the NO signaling pathway components across the diversity of choanoflagellates and
found three species that express NOS (of either bacterial or eukaryotic origin), sGCs, and
downstream genes previously shown to be involved in the NO/cGMP pathway. One of the species
coexpressing sGCs and a bacterial-type NOS, Choanoeca flexa, forms multicellular sheets that
undergo collective contractions controlled by cGMP.!> We found that treatment with NO induces
cGMP synthesis and contraction in C. flexa. Biochemical assays show that NO directly binds C.
flexa sGC1 and stimulates its cyclase activity. The NO/cGMP pathway acts independently from
other inducers of C. flexa contraction, including mechanical stimuli and heat, but sGC activity is
required for contractions induced by light-todark transitions. The output of NO signaling in C.
flexa — contractions resulting in a switch from feeding to swimming — resembles the effect of NO
in sponges'™ and cnidarians,!®!®!” where it interrupts feeding and activates contractility. These
data provide insights into the biology of the first animals and the evolution of NO signaling.

This work was carried out in collaboration with Dr. Josean Reyes-Rivera and Dr. Thibaut
Brunet in the lab of Prof. Nicole King and Dr. Benjamin G. H. Guthrie in the lab of Prof. Michael
Marletta. J. R-R. and T. B. conceptualized and carried out cell biology assays detailed in this
chapter; Y. W. and B. G. H. G. contributed the biochemical characterization of Cf sGC1 in vitro.
This work led to the following publication: Reyes-Rivera, J., Wu, Y., Guthrie, B. G. H., Marletta,
M. A., King, N., Brunet, N., Current Biology 2022, 32, 2539-2547.

Methods
Culture of Choanoeca flexa

Colonies were cultured in 1% to 15% Cereal Grass Medium (CGM3) in
artificial seawater (ASW). Polyxenic cultures (continuously passaged from a previously described
environmental isolate!’) were maintained at 22 °C under a light-dark cycle of 12:12 hours in a
Caron low temperature incubator equipped with a lamp (Venoya Full Spectrum 150W Plant
Growth LED) controlled by a programmable timer (Leviton VPT24'PZ Vizia). Polyxenic cultures
used in most experiments were not light-sensitive, possibly due to progressive loss of bacterial
diversity during serial passaging (as bacterially provided retinal is known to be required for
photosensation in C. flexa’’). Light-sensitive sheets used in photosensation experiments
(Figures 2.4C and 2.4D) were thawed from stocks that had been frozen immediately after clonal
isolation from a Curacao isolate and cultured as described above.
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Light microscopy—Imaging
Colonies were imaged in FluoroDishes (World Precision Instruments FD35-100) by

differential interference contrast (DIC) microscopy using a 20x Zeiss objective mounted on a Zeiss
Observer Z.1 with Hamamatsu Orca Flash 4.0 V2 CMOS camera (C1140-22CU).

Compound treatments and colony inversion assays

Small molecule inhibitor treatments and colony inversion assays were performed in 24-
well plates (Fisher Scientific 09-761-146) containing 1 mL C. flexa culture per well. ODQ (pan-
soluble guanylate cyclase inhibitor, BioVision 2051) was added 1 hour before behavioral assays.
Addition of each small molecule compound was followed by a gentle swirl of the 24-well plate to
ensure mixing. For each assay, all colonies visible within a well were counted (at least 30 colonies
per biological replicate). All behavioral experiments were conducted under ambient light in the
laboratory, unless indicated otherwise.

NO donor-induced inversion

The NO donors proliNONOate (Cayman Chemical Company 82145) and DEA-NONOate
(Cayman Chemical Company 82100) were dissolved according to provider’s instructions and
stored as single-use aliquots at -80°C. Addition of NO donor proliNONOate induced inversion
within 1-2 minutes. Prior to counting, colonies were fixed by addition of 16% ice-cold PFA in a
1:3 volumetric ratio, resulting in a final concentration of 4% PFA. Contracted and relaxed colonies
were then manually counted by observation under a Leica DMIL LED transmitted light
microscope.

Light-induced sheet inversion

After treatment with small molecule compounds, light-to-dark transitions were performed by
manually switching off the light source of the DMIL LED microscope. The “light off” condition
lasted for one minute before sheets were fixed and scored as described above.

Mechanically induced sheet inversion

3 mL of C. flexa culture were transferred to T12.5 culture flasks (Fisher Scientific 353107) and
mechanically stimulated by vortexing on a Vortex Genie 2 (Scientific industries) on “Slow” setting
for 5 seconds. Sheets were immediately fixed and scored as above.

Heat shock-induced sheet inversion

Colonies in 24-well plates were treated with inhibitors as described above and placed at the surface
of a 37 °C warm bath for one minute. Sheets were immediately fixed and scored as above.

c¢GMP ELISA

For in vivo quantification of cGMP was performed with an ENZO Direct cGMP ELISA kit (ADI-
900-014, 96 wells) as directed by the manufacturer. For each biological replicate, 90 mL of dense
(>10° cells/mL) C. flexa culture was centrifuged for 5 minutes at 3000 x g and resuspended in
25 mL of ASW to wash the bacteria away. After the third wash, the cells were resuspended in
200 puL of ASW and split into one control (100 pL.) and one treated sample (100 pL). The samples
were lysed and quantified in parallel in each assay. Colonies from the “NO donor” group were
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treated with 0.25 uM proliNONOate 5 minutes before lysis. Values were read on a SpectraMax
M3 plate reader (Molecular Devices).

NO labeling, imaging, and image analysis

C. flexa cultures were transferred into 15 mL Falcon tubes and vortexed in “fast” setting on a
Vortex Genie 2 for one minute to dissociate colonies into single cells. Cells were washed 3 times
with artificial seawater (ASW) by centrifuging them for 5 minutes at 3000 x g and resuspending
them in 25 mL of ASW. After the last wash, cells were resuspended in 1.5 mL ASW and
transferred into a 1.5 mL Eppendorf tube. Cells were incubated in 10 uM DAF-FM (Invitrogen,
D-23844) for 1 hour and rinsed twice with ASW to wash away the unincorporated dye. Cells were
then transferred into a FluoroDish charged with a Corona surface treater and coated with poly-D-
lysine, following a previously published protocol.!> We let the cells adhere to the bottom of the
dish for 30 minutes before imaging on a Z.1 Zeiss Imager with a Hamamatsu Orca Flash 4.0 V2
CMOS camera (C11440-22CU) and a 40x water immersion objective (C-Apochromat, 1.1 NA)
for DIC and green epifluorescence imaging with a frame rate of 1 frame per minute. The NO
donors (0.25 uM proliNONOate or 0.5 pM DEA-NONOate) were added 5 minutes after imaging
began. We quantified intracellular fluorescence intensity using ImageJ. Change in fluorescence
intensity was calculated by subtracting the fluorescence intensity at minute 1 from fluorescence
intensity at minute 30.

Phylogenetic analysis and protein domain identification

We screened a selection of fully sequenced genomes for homologs of sGC and NOS with the
following strategy: the protein sequences of Homo sapiens sGC-al and brain nitric oxide synthase
(NOSI) were used as BLASTp queries against the NCBI database restricted to the following list
of species:
Eukaryotes: Homo sapiens (Hsa), Branchiostoma floridae (Bfl), Drosophila
melanogaster (Dme), Capitella teleta (Cte), Nematostella
vectensis (Nve), Amphimedon queeslandica (Amq), Mnemiopsis leidyi, Trichoplax
adhaerens (Tadh), Salpingoeca rosetta (Sro), Capsaspora owczarzaki, Sphaereoforma
arctica (Sphac), Abeoforma whisleri, Creolimax
fragrantissima, Pirum gemmata, Aspergillus oryzae (Asory), Jimgerdemannia
flammicorona (Jifla), Rhizoctonia solani (Rhiso), Pterula
gracilis (Ptegra), Schizosaccharomyces pombe, Tuber melanosporum, Cryptococcus
neoformans, Ustilago maydis, Cryptococcus neoformans, Ustilago maydis, Rhizopus
oryzae, Allomyces macrogynus, Batrachochytrium
dendrobatidis, Spizellomyces punctatus, Thecamonas trahens, Dictyostelium discoideum,
Polysphondylium pallidum, Entamoeba histolytica, Arabidopsis thaliana, Selaginella
moellendorffii, Physcomitrella patens, Chlamydomonas reinhardtii, Volvox
carteri (Vcar), Chlorella variabilis (Chl), Ostreococcus tauri (Ostau), Ectocarpus
siliculosus, Phaeodactylum tricornutum, Thalassiossira pseudonana, Phytophthora
infestans, Toxoplasma gondii, Tetrahymena thermophila, Perkinsus marinus, Guillardia
theta, Naegleria gruberi (Ngru), Trypanosoma cruzi, Leishmania major, Trichomonas
vaginalis, Giardia lamblia, Bigelowiella natans, Emiliania huxleyi
Archaea: Nanoarchaeum equitans, Ignicoccus islandicus, Natronolimnobius baerhuensis,
Halorientalis regularis, Halostagnicola kamekurae, Halalkalicoccus subterraneus,
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Halobiforma nitratireducens (Halob), Natronobacterium gregoryi (Natr), Haloplanus
natans, Halovenus aranensis (Halar), Halonotius pteroides (Halo)

Bacteria: Actinocrispum wychmicini (Actin), Kibdelosporangium

aridum (Kibd), Crossiella equi (Cross), Lentzea

xinjiangensis (Lentz)Nocardioides speluncae (Noc), Saccharopolyspora spinosa (Sspi), S
ynechococcus sp. PCC 7335 (Syn), Nostoc cycadae (Nocyc), Anabaenopsis

circularis (Ancir), Planktothrix paucivesiculata (Plank), Crinalium

epipsammum (Crinep), Spirosoma radiotolerans (Spiro), Roseinatronobacter

monicus (Rose)

Additional BLASTp searches were conducted against a published dataset of 19
choanoflagellate transcriptomes,'® the C. flexa transcriptome,'®> the Mnemiopsis leidyi genome
(https://research.nhgri.nih.gov/mnemiopsis/sequenceserver/) and the Ministeria
vibrans transcriptome'® (and courtesy of Daniel J. Richter). The C. flexa NOS and sGC predicted
protein sequences were deposited onto NCBI with the following accession numbers: GenBank:
ONO075806 (for CfNOS), GenBank: ONO075810 (for CfsGC1), GenBank: ONO075809
(for Cf'sGC2), GenBank: ON075808 (for Cf'sGC3), and GenBank: ON075807 (for Cf'sGC4).

Domain architectures were predicted using the CD-search tool from NCBI. For
phylogenetic reconstructions, sequences were aligned using Clustal implemented in Geneious
Prime (2021 version). The NOS sequence alignment was manually trimmed to be restricted to
the oxidase domain and the sGC alignment was trimmed using gBlocks with minimally stringent
parameters. Phylogenetic trees were reconstructed using PhyML and BMGE implemented
on http://phylogeny.lirmm.fr/phylo_cgi/index.cgi.” Trees were visualized  using iTOL
(https://itol.embl.de/)** and further edited in Adobe Illustrator 2021. Species silhouettes were
added from PhyloPic (http://phylopic.org/).

Construction of expression plasmid

First-strand C. flexa cDNA  (extracted as in'®) was used as the template for
cloning Cf'sGC1. Forward and reverse primers were designed against 5' and 3' ends of the target
transcript (transcript name: TRINITY DN6618 cO gl il in the published transcriptome').
Forward: TAAGAAGGAGATATACCATGTATGGCTTGGTGCACGAAGC; reverse:
TAATGGTGATGATGGTGATGAACTATAGTCTGCTTGCCAACG. Underlined portions
anneal to the sequence template. The PCR product was inserted into a pET28b vector using Gibson
assembly, and the cloning product was verified by sequencing (UC Berkeley sequencing facility).

Protein expression and purification

pET CfsGCl was transformed into E. coli BL21star (DE3) cells co-expressing the
chaperone GroEL/ES from the pGro7 plasmid (Takara Biosciences). After overnight incubation at
37 °C in LB Miller media supplemented with 50 pg/mL kanamycin,
20 pg/mL chloramphenicol and 500 uM iron (III) chloride, cells were subcultured 1:200 into TB
media supplemented with 50 pg/mL kanamycin, 20 pg/mL chloramphenicol, 500 uM iron (III)
chloride, 0.5 mg/mL L-arabinose, and 2 mg/mL glucose, grown at 37 °C. Once cell density
reached ODesoo = 0.6, 1 mM 5-aminolevulinic acid was added to the culture, and culturing
temperature was lowered to 18 °C. After 15 minutes of incubation, protein production was induced
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by addition of 500 uM isopropyl B-D-1-thiogalactopyranoside and cultures were incubated for an
additional 18 hours. Cell culture was harvested by centrifuging at 4200 x g for 25 min. Cells were
collected, flash frozen in liquid nitrogen, and stored at -80 °C until purification.

All protein purification steps were done at 4 °C unless otherwise noted. Cells were
resuspended in equal volume of buffer A (50 mM sodium phosphate, 150 mM NacCl,
5 mM imidazole, 5% glycerol, pH 8.0) supplemented with 110 mM benzamidine, 0.4 mM AEBSF,
and 0.3 mg/mL DNAse. Cell resuspension was lysed using an Avestin EmulsiFlex-
C5 homogenizer. Cell lysate was collected and clarified by centrifugation at 32,913 g for 55 min,
and the supernatant was collected and loaded onto a His60 Ni Superflow gravity column (Takara
Bio). The column was washed twice, first with 10 CV buffer A, and then with 10 CV of a 9:1
mixture of buffer A and buffer B (50 mM sodium phosphate, 150 mM NaCl, 400 mM imidazole,
5% glycerol, pH 8.0). Protein was eluted with 5 CV buffer B in 1 mL fractions. Fractions with
heme absorbance were pooled and concentrated using a 50 kDa cutoff spin concentrator and
supplemented with 5 mM DTT and 1 mM EDTA for overnight storage. Subsequently, protein was
passed over a POROS HQ2 anion exchange column (Applied Biosystems). After loading, the
column was washed with 5 CV of buffer C (25 mM triethanolamine, 25 mM NaCl, 5 mM DTT,
pH 7.4) and developed over a gradient of 100 mM — 300 mM NaCl over 17 CV. The protein
absorption spectrum was measured using a Nanodrop 2000 microvolume spectrophotometer
(ThermoFisher Scientific). Subsequently, protein was aliquoted, flash frozen in liquid nitrogen,
and stored at -80 °C for future use.

Analytical size exclusion chromatography

Purified Cf'sGC1 and the protein standard mixture were injected onto a Superdex 200
Increase 10/300 GL column (GE healthcare) equilibrated with buffer F (50 mM triethanolamine,
150 mM NacCl, 5 mM DTT, 5% glycerol). Protein elution was monitored by UV absorbance at
280 nm.

Gas ligand binding of bacterial-produced Cf sGC1

Cf'sGC1 was handled in an argon-filled glove bag. Protein-bound heme was reduced by
adding sodium dithionite (~500-fold excess over the protein conc.). Excess dithionite was
removed by gel filtration of the protein into Buffer E (50 mM HEPES, 150 mM NacCl, 5% glycerol,
pH 7.4) using a pre-equilibrated Zeba spin desalting column. A ferrous, ligand-free UV-vis
absorption spectrum was collected on a Cary 300 UV-vis Spectrophotometer. Fe(I)-NO
bound Cf'sGC1 was generated by adding the NO-releasing molecule proliNONOate (~10-fold
excess) to the protein sample, and Fe(IT)-CO bound Cf'sGC1 was generated by adding CO-sparged
Buffer E to the protein sample before collecting a spectrum.

Extinction coefficient of Cf sGC1

The extinction coefficient of the Soret maximum of reduced Cf'sGC1 was measured using
two assays performed in tandem: heme concentration in a sample of CfsGC1 was determined
using pyridine hemochromagen assay, and the heme Soret absorption of the protein sample was
measured using UV-vis spectroscopy as described above. The pyridine hemochromagen assay was
carried out following a reported protocol.?! Briefly, a reduced protein sample with a known Soret
band absorbance was diluted 5-fold in Buffer E, and then further diluted 2-fold in Solution I (0.2 M
NaOH, 40% pyridine, 500 uM potassium ferricyanide) to yield the oxidized pyridine
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hemochromagen. An aliquot (10 puL) of Solution IIT (0.5 M sodium dithionite, 0.5 mM NaOH) was
then added to the oxidized pyridine hemochromagen sample to yield the reduced pyridine
hemochromagen. The UV-vis absorption spectrum of the reduced pyridine hemochromagen was
measured on a Cary 300 UV-vis spectrophotometer. Absorption at 557 nm (¢ = 34,700 M cm™)
was used to calculate the heme concentration in the pre-dilution sample, and the extinction
coefficient of the heme cofactor of CfsGC1 was calculated by dividing the reduced heme
absorption by the heme concentration.

Activity assays and quantification

Specific activity for Cf'sGC1 was measured by quantifying the amount of cGMP produced
in duplicate end-point activity assays, done in biological triplicate. CfsGC1 from previously
frozen aliquots was thawed and reduced in an anaerobic chamber as described above. The reduced
protein was used without further treatment for the basal (unliganded) activity assay. A UV-vis
spectrum for the unliganded sample was obtained using a Nanodrop 2000 microvolume
spectrophotometer, and the Soret maximum was used to quantify heme-bound protein
concentration (gxs= 101,000 M cm™). Only protein with a Soret:280 ratio > 1 was used for
activity assays. To the remaining reduced protein, proliNONOate was added to a final
concentration of 400 uM by the addition of 1 puL of a stock solution of 10 mM proliNONOate in
10 mM NaOH, and the protein sample was incubated at 4 °C for 5 min to yield the xsNO sample.
The xsNO-bound UV-vis spectrum was then collected. The protein concentration of the xsNO
sample was assumed to be the same as the unliganded sample. The xsNO sample was then buffer
exchanged by gel filtration using a Zeba spin column into buffer E to yield the 1-NO sample, and
the UV-vis spectrum was collected. The concentration of the 1-NO sample was calculated based
on the NO-bound Soret absorbance at 399 nm compared to that of the xsNO sample. Activity
assays were carried out at 25 °C in Buffer E supplemented with 5 mM DTT and 3 mM
MgCl, with Cf'sGC1 concentration at 40 nM. To obtain the xsNO state, 70 uM proliNONOate was
added. The reaction was initiated by addition of 1.5 mM GTP, and timepoints were quenched by
diluting the reaction mixture 1:4 to a solution of 125 mM zinc acetate, and pH adjusted by adding
equal volume of 125 mM sodium carbonate. Assay samples were stored at -80 °C until analyzed.
Quenched assay samples were thawed at room temperature, centrifuged at 21,130 x g at 4 °C to
remove zinc precipitate. Supernatant was collected and diluted 250-fold for the analysis. cGMP
content of each assay sample was quantified in duplicate using an enzyme-linked immunosorbent
assay (Enzo Life Sciences) following the manufacturer’s protocol. Initial rate of the reaction was
calculated using the linear phase of the time course, where <10% of substrate has been depleted.

Quantification and statistical analysis

Information about the quantification and statistical details of experiments can be found in
the corresponding figure legends. Statistical tests and graphs were produced using Prism 9.0.0.

Results

C. flexa encodes both NOS and sGC

C. flexa is a colonial choanoflagellate that forms concave sheets capable of global inversion
of their curvature through collective contractility.!® C. flexa inversion mediates a trade-off between
feeding and swimming: relaxed colonies (with their flagella pointing inside) are slow swimmers
and efficient feeders, whereas contracted colonies (with their flagella pointing outside) are
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inefficient feeders but fast swimmers (Figure 2.1A).!° Inversion has been shown to be induced by
light-to-dark transitions through the inactivation of a rhodopsin phosphodiesterase (Rho-PDE) and
accumulation of cyclic guanosine monophosphate (cGMP) (Figure 2.1B).!*> The involvement of
cGMP in collective contraction in C. flexa and the connection between nitric oxide (NO)/cGMP
signaling and tissue contraction in nonbilaterian animals®® led us to investigate whether NO
signaling might exist and regulate sheet inversion in C. flexa (Figure 2.1B).

By examining the genomes of two choanoflagellates (Monosiga brevicollis*> and
Salpingoeca rosetta’®) and the transcriptomes of C. flexa’> and 19 other choanoflagellates,'® we
found that five choanoflagellate species encode nitric oxide synthase (NOS) homologs and that
nine choanoflagellate species encode soluble guanylate cyclase (sGC) homologs (Figure 2.2A). Of
these, three species—Salpingoeca infusionum, Choanoeca perplexa, and C. flexa—express both
NOS and sGCs, suggesting that some aspect of the physiology of these organisms might be
regulated by NO/cGMP signaling.

Like metazoan NOS genes, choanoflagellate NOS genes encode the canonical oxygenase
and reductase domains (Figure 2.2B). Phylogenetic analysis revealed that one choanoflagellate
NOS gene, from S. infusionum, 1s closely related to those from metazoans and fungi (Figure A.1A).
In contrast, all other choanoflagellate NOSs (including those from C. flexa) cluster with
cyanobacterial NOSs, suggesting that they might have been acquired through horizontal gene
transfer from a cyanobacterial ancestor early in the evolution of choanoflagellates (Figure A.1A).
Current uncertainties surrounding the choanoflagellate phylogeny®>*® make it difficult to pinpoint
exactly when this horizontal gene transfer event occurred and whether it followed or preceded the
loss of the ancestral eukaryotic NOS in most or all choanoflagellates. These choanoflagellate NOS
genes, like those of cyanobacteria, differ from metazoan NOS, in which they encode an upstream
globin domain with unknown function and lack the calmodulin-binding domain that mediates
regulation of metazoan NOSs by Ca*’, suggesting that calcium signaling does not regulate NO
synthesis in C. flexa. The C. flexa transcriptome also encodes complete biosynthetic pathways for
the NOS cofactors tetrahydrobiopterin (H4B), flavin mononucleotide (FMN), flavin adenine
dinucleotide (FAD), and nicotinamide dinucleotide phosphate (NADPH) (Figure A.2A) as well as
downstream genes in the NO/cGMP signaling pathway: cGMP-dependent kinase (PKG), cGMP-
gated ion channels (CNG), and c¢cGMP-dependent PDE (PDEG) (Figure A.2B), providing
additional evidence that C. flexa employs NO signaling as part of its physiology.
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Figure 2.1. The inversion behavior of C. flexa, its control by light, and hypothesized control by NO. (A) Micrograph
(left) and schematic depiction (right) of C. flexa inversion behavior. Cells are linked by their collars and form a cup-
shaped monolayer or sheet; scale bars, 15 pM. Relaxed colonies (top half) have their flagella pointing toward the
inside of the colony and are efficient feeders and slow swimmers. (Flagella from relaxed colony are not in focus in
the micrograph; see schematic for flagellum orientation.) Contracted colonies (bottom half) have their flagella pointing
toward the outside of the colony and are inefficient feeders but fast swimmers. Insets: pseudocolors highlight
the characteristic =~ morphological features of choanoflagellates: flagella (green), cell body (blue),
and microvilli (magenta). Inset scale bars, 5 pm. (B) C. flexa colony inversion is controlled by light-to-dark transitions,
mediated by a rhodopsin-phosphodiesterase fusion protein (Rho-PDE) upstream ¢cGMP signaling. In the presence of
light, Rho-PDE is active and constantly converting cGMP into 5"GMP. We hypothesized that NO/cGMP signaling
might also be able to induce inversion. Mechanisms tested in this paper are indicated with dashed lines: a primary
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input activates the nitric oxide synthase (NOS), which converts L-arginine into NO and L-citrulline. NO diffuses away
and activates soluble guanylate cyclase (sGC) that convert GTP into cGMP, causing colony contraction.

Nearly all sGC genes from choanoflagellates, including C. flexa, encode the canonical
domains observed in animal sGCs: the heme NO-/O»-binding domain (HNOB or H-NOX), the
HNOB-associated domain (HNOBA), and the C-terminal catalytic domain (guanylate cyclase)
(Figure 2.2C).?” Phylogenetic analysis revealed that all animal and most choanoflagellate sGCs
(including those of C. flexa) evolved from a single ancestral sGC found in the last common
ancestor of choanoflagellates and metazoans that diversified separately into multiple paralogs in
these two lineages (Figure A.1B). In contrast, the predicted sGC from one choanoflagellate species,
S. helianthica, more closely resembles the sGCs of chlorophyte algae (which are the only protist
group previously known to encode sGC proteins with a metazoan-like domain architecture; Figure
A.1B).%®

Importantly, not all animal sGCs are regulated by NO: in Drosophila melanogaster and
Caenorhabditis elegans, the so-called ““atypical sGCs” preferentially bind soluble O> instead of
NO and are thought to be involved in the regulation of feeding by oxygen concentration.?”>!
Discrimination between NO and O; is mediated by the presence of a hydrogen-bonding network,
where a distal pocket tyrosine residue is critical for stabilizing the heme-O, complex.’* We
generated preferential binding predictions based on this motif and found that both NO- and O»-
preferential binding sGCs are widely distributed among choanoflagellates with no obvious pattern
(Figures 2.2A and A.2D).*>% Interestingly, predicted NO-selective sGCs are present in
choanoflagellate species in which NOS was not detected, suggesting that these species might
detect NO from an exogenous source (i.e., environmental bacteria or other protists), might possess
an alternative NO-producing mechanism, or might encode an NOS that was not detected in the
transcriptome. In C. flexa, one of the four sGC transcripts was predicted to be selective for NO
and was named Cf'sGCl1 (Figure A.2D). The other two choanoflagellate species found to possess
both an NOS and sGCs, C. perplexa and S. infusionum, were also predicted to encode at least one
NO-sensitive sGC (Figure 2.2A).

NO/cGMP signaling controls colony contraction in C. flexa

To test whether NO signaling regulates collective contractions in C. flexa, we treated C.
flexa cultures with several NO donors, compounds capable of releasing NO in solution.>* We found
that treatment of C. flexa with the NO donors proliNONOate and DEA-NONOate led to an increase
in intracellular NO as detected by the NO-sensitive fluorescent probe 4-Amino-5-Methylamino-
2’,7’-Difluorofluorescein (DAF-FM), demonstrating that they could be effective reagents for
studying NO signaling in C. flexa in vivo (Figures 2.3A and A.3A—A.3C). Treatment of C. flexa
with proliNONOate (Figures 2.3B and 2.3C) induced colony contraction within 1-2 min (although
the inversion process itself only lasted a few seconds, as previously described for darkness-induced
inversion;'> see Video S1). The inversion response of C. flexa to proliNONOQate was concentration
dependent (Figure 2.3D), reaching a plateau of nearly 100% inversion at a concentration of 0.1
mM. As a negative control, C. flexa did not invert in response to proline, the molecular backbone
of proliNONOate and the end product of NO release (Figure 2.3D). Moreover, treatment with two
other NO donors, DEA-NONOate or NOC-12, also induced inversion (Figure A.3D). Taken
together, these results indicate that NO is sufficient to induce colony contraction.
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Figure 2.2. NO synthase (NOS) and soluble guanylate cyclases (sGCs) predicted to bind either NO or O, are broadly
distributed across choanozoans, and all three are present in C. flexa. (A) Phylogenetic distribution of NOS and sGC
across opisthokonts. C. flexa, its sister species C. perplexa, and S. infusionum encode both NOS and NO-sensitive
sGCs, as do animals. (B) Choanoflagellate NOSs have the metazoan canonical oxygenase and reductase domain but
lack the calcium-calmodulin binding domain. C. flexa and other choanoflagellate NOS encode an
upstream globin domain with unknown function, also observed in cyanobacterial NOS. (C) C. flexa sGCs have the
same domain architecture as animal sGCs. See Figure A.1 for phylogenetic analysis and Figure A.2 for phylogenetic
distribution of NO/cGMP downstream components.

We next investigated whether NO triggers cGMP synthesis in C. flexa. We found that a
pan-inhibitor of sGCs, oxadiazolo-quinoxalin-1-one (ODQ),* had no detectable effect on the
percentage of contracted colonies 5 min after treatment with NO relative to cultures not treated
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with ODQ. However, a difference between the two conditions became evident 10 min after NO
treatment, with nearly all ODQ-treated colonies relaxing into the uncontracted form, although all
ODQ-untreated colonies remained contracted at least twice as long (Figure 2.3E). This premature
relaxation of ODQ-treated colonies was concentration dependent (Figure 2.3F).
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Figure 2.3. NO induces sustained colony contraction in C. flexa and activates CfsGC1. (A) NO release by
proliNONOate was visualized by loading cells with the NO-sensitive fluorescent probe DAF-FM and measuring the
change in intracellular fluorescence intensity over 30 min. Cells treated with NO donor showed a higher increase in
fluorescence. Graph is a SuperPlot®>' of n = 3 biological replicates per condition, with sample sizes N =27, 33, and 47
for the three control groups and N = 26, 57, and 42 for the three treated groups. p = 0.0331 by an unpaired t test.
See Figures A.3A—A.3C for a similar analysis using the NO donor DEA-NONOate. (B) and (C) NO induces colony
contraction. Although colonies treated with a negative control compound (proline) remained relaxed, colonies treated
with 0.25 uM of the NO donor proliNONOate contracted within 1-2 min. (D) The NO donor proliNONOate induces
contractions within ~1-2 min in a dose-dependent manner. A closely related molecule incapable of releasing NO
(proline) had no effect over the same concentration range. Figure A.3D shows NO-induced contractions using
different NO donors. Error bars indicate standard deviations. (E) Inhibition of sGCs with 50 uM ODQ did not abolish
NO-induced contraction at early time points but greatly reduced its duration. ODQ-treated colonies were contracted
within 5 min post-treatment with NO donor but relaxed soon after, whereas untreated colonies remain contracted for
at least 5 more min. Error bars indicate standard deviations. (F) Inhibition of sustained contraction by ODQ is dose
dependent. Colonies were incubated with different concentrations of ODQ for 1 h before treatment with 0.25 uM of
the NO donor proliNONOate. We quantified the percentage of contracted colonies 10 min after NO treatment. In (D)—
(F), each point represents the mean value of n = 3 biological replicates with at least 30 colonies scored per biological
replicate. Error bars are standard deviations. (G) Treatment of cells with a NO donor increased intracellular cGMP
concentration almost 2-fold as quantified by ELISA. N = 13 pairs of control/treated samples, p = 0.024 by a paired t
test. (H)—(J) Purification, ligand binding properties, and specific activity of CfsGCI1. (H) Coomassie-stained SDS-
PAGE gel of recombinant Cf'sGC1 expressed in E. coli and purified. Band in lane “sGC1” represents Cf'sGC1 with a
monomeric molecular weight of 75.7 kDa. Left lane, molecular weight ladder. (I) UV-visible absorption spectra
of Cf'sGC1 under unliganded (black), NO-bound (blue), and CO-bound (red) conditions. Soret maxima: NO-bound:
429 nm; CO-bound: 423 nm; NO-bound: 399 nm. Inset, o/} bands show increased splitting upon ligand binding. (J)
Specific activity of Cf sGC1 under unliganded, equimolar quantities of NO (1-NO) and excess NO (xsNO) conditions.
Initial rates were measured from activity assays performed at 25°C, pH 7.5 with 1.5 mM Mg?**-GTP substrate and
40 nM enzyme. Horizontal bars represent mean of three biological replicates.

These results suggest that the maintenance of NO-induced colony contraction requires sGC
activity. However, the pan-sGC inhibitor ODQ does not allow us to discriminate between NO- and
Oz-sensitive sGCs. If NO does indeed signal through the sGC/cGMP pathway, we predicted that
treatment of colonies with an NO donor should increase intracellular cGMP concentration. We
found that NO-treated cells contained consistently higher intracellular cGMP levels than untreated
cells (2-fold increase on average, p = 0.0237; Figure 2.3G). Importantly, prior work has
demonstrated that treatment of C. flexa with a cell-permeant form of cGMP (8-Br-cGMP) is
sufficient to induce inversion.!> These results further support the hypothesis that NO activates
sGCs and stimulates the production of cGMP, which might contribute to maintaining C. flexa
colony contraction.

C. flexa sGC1 is an NO-selective and catalytically active component of the C. flexa NO/cGMP
signaling pathway

Of the four sGCs expressed by C. flexa, only one (Cf'sGC1) was predicted to be selective
for NO (Figure 2.1A). To directly test the existence of a canonical NO/sGC/cGMP pathway in C.
flexa, we characterized ligand binding and activity of Cf sGCI1 that had been heterologously
expressed in and purified from E. coli (Figure 2.3H). The ligand specificity of sGCs can be
determined by comparing the ““Soret peak’ maxima of the ultraviolet-visible (UV-vis) absorption
after incubation with different gases, including NO, O, or CO. The Fe(II), unliganded form of Cf
sGCl1 exhibited a Soret peak at 429 nm and a single broad plateau in the o/p region (500-600 nm),
consistent with that of an NO-selective sGC (Figure 2.3I; Table A.1).** In the presence of NO, the
Soret peak shifted to 399 nm with two peaks in the o/f region, as characteristic for a 5-coordinate,
high-spin NO-heme complex (Figure 2.3I; Table A.1).>* On the other hand, when exposed to
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atmospheric oxygen in the absence of NO, the UV-vis absorption spectrum of Cf sGC1 did not
change (Figures 2.3 and A.4B), consistent with our prediction that Cf sGC1 is an NO-selective
sGC and does not bind O,. Moreover, like previously characterized animal sGCs, Cf sGC1 also
binds CO to form a 6-coordinate, low-spin CO-heme complex, evidenced by a Soret band
maximum of 424 nm with two peaks in the o/ region (Figure 2.31; Table A.1).?® Thus, the UV-vis
spectroscopy results indicate that Cf'sGC1 binds diatomic gas ligands in a manner that resembles
other well-characterized NO-selective sGCs. Finally, size exclusion chromatography showed that
Cf'sGC1 formed a homodimer (Figure A.4A), similar to the dimeric structure of animal sGCs. In
animals, NO-selective sGCs display three levels of activity: (1) in the absence of NO, the protein
has a low basal guanylate cyclase activity; (2) when one NO molecule is bound at the heme moiety,
the protein is partially activated (to several-fold the basal activity); and (3) in the presence of excess
NO, the protein reaches maximal activation.*® To characterize the enzymatic activity of Cf sGCl,
we measured cGMP production by purified Cf'sGC1 under unliganded, equimolar NO, and excess
NO conditions using an endpoint activity assay. We found that Cf'sGC1 has an activity profile
similar to that of animal sGCs, with a 2-fold increase in activity under equimolar NO concentration
and 6- fold increase under excess NO (Figure 2.3J). Overall, Cf sGC1 exhibits similar ligand
binding properties and NO-stimulated activity profile to animal NO-specific sGCs.?” These results
further support the existence of NO/cGMP signaling in C. flexa and is consistent with it being
mediated (at least in part) by Cf'sGC1.

NO-cGMP signaling acts independently from most other inducers of colony contraction

In animals, NO signaling can be induced by a broad range of stimuli, which include
chemical signals (for example, acetylcholine in mammalian blood vessels*®), mechanical cues (for
example, shear stress in blood vessels*), or heat shocks.*** Interestingly, collar contractions in
choanoflagellates can often be induced by mechanical stimuli, such as flow and touch.***’ We thus
set out to test whether NO signaling in C. flexa responds to or intersects with environmental
inducers of inversion.

We observed that C. flexa colonies invert in a matter of seconds in response to agitation of
culture flasks (which presumably combines the effect of flow and shocks with other colonies or
the walls of the flask) and to heat shocks (Figures 2.4A and 2.4B). To test whether mechanically
or heat-induced contraction requires NO/cGMP signaling, we incubated the colony cultures with
the pan-sGC inhibitor ODQ and exposed them to either of the two different stressors. We found
that the inhibition of sGCs did not abolish mechanically induced or heat shock-induced contraction
(Figures 2.4A and 2.4B). Taken together, these findings suggest that the mechanosensitive and
thermosensitive pathways that induce inversion in C. flexa are independent of sGCs and hint at
complex behavioral regulation in this choanoflagellate.

Previous work has shown that C. flexa colonies invert in response to light-to-dark
transitions that they detect through a Rho-cGMP pathway.!® In the presence of light, a Rho-PDE
hydrolyzes cGMP into 5’-GMP, thus preventing cGMP signaling. In darkness, the Rho-PDE is
inactivated, which allows cGMP to accumulate and trigger colony inversion (Figure 2.1B).
Interestingly, this pathway requires the presence of cGMP, which is presumably synthesized by
either particulate (i.e., membrane bound) or soluble (i.e., cytosolic) guanylate cyclases,* both of
which are predicted to be encoded by the C. flexa transcriptome (Figure A.2C). A third family of
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guanylate cyclases — NIT-GCs, recently discovered in animals — could not be detected in
choanoflagellates.*
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Figure 2.4. NO/cGMP acts independently of most other inducers of contraction in C. flexa (A) and (B) Mechanical
stimuli and heat shock induce C. flexa colony contraction. Inhibition of sGC (50 uM ODQ) did not have an effect on
mechanically or heat shock-induced contractions. (C) Inhibition of sGC (50 uM ODQ) abolished darkness-induced
inversion (p <0.0001 by an unpaired t test). (D) Colonies treated with ODQ did not respond to on/off changes in light
but briefly contracted when exposed to NO donor, consistent with earlier results (Figures 2.3D—-2.3F). Ten min after
treatment, ODQ-treated colonies were relaxed, whereas untreated colonies remained contracted for a longer period.
In (A)-(D), each point is the average of n =3 (A) and (B) or n =4 (C) and (D) biological replicates with at least N =
30 colonies scored per biological replicate. Error bars are standard deviations.

We next set out to answer whether sGCs are necessary for synthesizing the cGMP required
for phototransduction. To address this, we treated light-sensitive colonies with ODQ and found
that this entirely abolished darkness-induced inversion (Figure 2.4C). These results suggest that
sGCs (either NO dependent or O» dependent) are responsible for synthesizing baseline levels of
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cGMP that are then used during phototransduction. Even though ODQ-treated light-sensitive
colonies did not invert in response to darkness, we confirmed that they could still respond to NO
by undergoing brief contractions (which were sustained for a much shorter time than in controls;
Figure 2.4D), consistently with earlier results (Figure 2.3E).

Discussion

Here, we report the presence of NOS, sGCs, and downstream components of NO-cGMP
signaling in three choanoflagellate species, at least two of which (C. flexa and C. perplexa) are
capable of collective contractions.!>>° To our knowledge, this is the first observation of both NOS
and sGCs in a nonanimal model. We found that NO causes sustained colony contraction in C. flexa
and an increase in cGMP concentration in live cells, and that inhibition of sGCs (and thereby
reduction in cGMP concentration) accelerated colony relaxation. Moreover, in vitro experiments
confirmed that NO directly binds Cf'sGC1, which it activates with a two-step profile in response
to different NO concentration, as in animal sGCs.*

The observation that colonies treated with the sGC inhibitor initially contracted in response
to NO at levels matching untreated colonies, only to relax much more quickly, was unexpected.
We hypothesize that NO-induced contractions are mediated through at least two different pathways:
a slow pathway (described above) that maintains contraction and requires sGC/cGMP and an
(unidentified) fast pathway independent of sGC/cGMP. Moreover, treatment of light-sensitive
colonies with the sGC inhibitor abolished darkness-induced contractions (which are known to be
mediated by ¢cGMP'®) but did not prevent NO-induced contractions, further supporting the
existence of a second pathway. In other organisms, cGMP-independent NO signaling can involve
S-nitrosation, the modification of proteins through the formation of an S-NO covalent bond,*!-*?
although the direct targets and functions of S-nitrosation in animals are less well understood than
NO/cGMP signaling. It is possible that this mechanism explains the cGMP-independent pathway
underlying NO-induced colony contraction in C. flexa.

The control of multicellular behavior by NO/cCMP signaling in C. flexa is reminiscent of
its function in animals, most notably in sponges.”® In the demosponges Tethya wilhelma',
Ephydatia muelleri?, and Spongilla lacustris®, NO induces global contractions and stops flagellar
beating in choanocyte chambers, which interrupts feeding, allows expulsion of clumps of waste,
and flushes the aquiferous canal system (a behavior sometimes called “sneezing”).>* Recently,
single-cell RNA sequencing in Spongilla lacustris revealed that pinacocytes (epithelial cells that
cover and shape the sponge body) co-express NOS and sGC,>>° the actomyosin contractility
module and the transcription factor serum response factor (Srf), a master regulator of
contractility.>67

Control of motor and feeding behavior by NO/cGMP is also observed in cnidarians and
some bilaterians. In the jellyfish Aglantha digitale, NO/cGMP signaling in neurons induces a
switch from slow swimming (associated with feeding) to fast swimming (associated with escape)
and inhibits tentacular ciliary beating.!” In the sea pansy (a type of colonial cnidarian) Renilla
koellikeri, NO/cGMP increases the amplitude of peristaltic contractions associated with the
movement of body fluids through the gastrovascular cavity.!” Finally, in the nudibranch Clione
limacine and the snail Lymnaea stagnalis, NO activates both feeding and locomotory neural

36



circuits.’®®! Thus, as in C. flexa, the ancient functions of NO/ cGMP signaling in animals may
include the regulation of feeding and contraction.!®?261-64 Interestingly, NO signaling also controls
metamorphosis in sponges,”® gastropods,® annelids,®’ echinoderms,%%° and ascidians,’®’! thus
regulating a switch from swimming to feeding during irreversible developmental programs. The
conservation of the NO-sensitive transduction pathway across choanozoans (including sGC, PKG,
CNG, and PDEG; Figure A.2C) is consistent with a possible homology of the behavioral response
to NO between choanoflagellates and animals. However, the mosaic distribution of eukaryotic and
bacterial NOS across choanozoans (Figures 2.2A and A.1A) suggests that the source of NO itself
might have switched an unknown number of times during evolution between the ancestral
eukaryotic NOS, the horizontally transferred bacterial NOS, and exogenous sources.

In future, identifying the function of Cf NOS and C. flexa NO- or O;-sensitive sGCs will
require gene knockout, which is not yet possible in C. flexa. Moreover, studies on Trichoplax (in
which NO/cGMP signaling has been predicted to exist based on genomic data*®), additional animal
phyla, and other choanoflagellates will help flesh out reconstitutions of the early evolution of
animal NO signaling.
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Chapter 3
Characterization of a NO-activated Homodimeric Soluble Guanylate Cyclase from
Choanoeca flexa

Summary

Soluble guanylate cyclases are dimeric gas sensing enzymes in eukaryotes that catalyze the
formation of cyclic GMP from GTP. While commonly studied sGCs from insects and vertebrates
are heterodimers, there are additional classes of homodimeric sGCs in eukaryotes that are less well
characterized. Herein we report the characterization of Cf sGCl1 isolated from the organism
Choanoeca flexa, a single-celled eukaryote. Cf'sGC1 is a homodimeric sGC that exhibits a three-
state activation profile in response to NO similar to that observed with heterodimeric NO-
responsive sGCs. Cf'sGC1 was isolated as an active homodimer, has one heme cofactor per dimer
and exhibits typical saturation kinetics. Small angle X-ray scattering revealed that Cf sGCl1
undergoes a structural change mirroring that of heterodimeric sGCs in the presence of excess NO
(excess relative to the heme concentration). Additionally, the C-terminal catalytic domain of Cf
sGC1 (sGC1-CAT) was expressed and characterized. The Kp for sGC1-CAT dimerization was 1.8
+ 0.4 uM. This highlighted the effect on enzyme dimerization by N-terminal domains.

This work was carried out in collaboration with Dr. William C. Thomas and Zachary B. Green in
the lab of Prof. Michael A. Marletta. Y. W. and Z. B. G. performed biochemical characterization
of CfsGC1; Y. W. and W. C. T. performed SAXS experiments; W. C. T. performed data analysis
for SAXS experiments.

Introduction

Nitric oxide (NO) is a crucial signaling molecule in mammals that mediates vasodilation,
short-term memory formation, and platelet aggregation.'™ The cellular sensor for NO is the
enzyme soluble guanylate cyclase (sGC). NO activation of sGC leads to the formation of the
secondary messenger cyclic-3’,5’-GMP (cGMP) via the cyclization of GTP.** Many sGCs from
mammals and insects (o/B-type sGC) are heterodimeric and are selectively activated by NO
through ligation at the heme prosthetic group. However, genomic and transcriptomic data analysis
led to the discovery of homodimeric sGCs including some that are regulated by oxygen.
Homodimeric sGCs are similarly important for cell signaling, with examples like oxygen sensing
sGCs from Drosophila melanogaster that modulate opening and closing of spiracles for gas
exchange, and several sGCs expressed in Caenorhabditis elegans neurons have been found to
mediate aerotaxis. !

The diatomic gas-sGC-cGMP signaling pathway is present in diverse animal lineages. That
said, sGC signaling has been less studied in non-mammalian species, leaving still under
characterized aspects of NO signaling that may hold important insight into how it evolved, as well
as how sGC activity is regulated through ligand-induced conformational change. The first non-
animal sGC to be biochemically characterized, Cr Cyg-11, was from the algae Chlamydonomas
reinhardtii. It is distinct from o/B-type sGCs in that it is activated by carbon monoxide to a greater
extent than by NO.!° The O»-binding, homodimeric sGC Gyc-88E from Drosophila melanogaster,
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on the other hand, is inhibited by O binding.® sGC Gyc-88E is not selective for NO and it is also
inhibited by NO. The examples above highlight the diversity of activity response to ligand binding
that subclasses of sGC proteins can exhibit and suggest distinctive but related underlying
mechanisms of activity regulation through ligand-induced conformational change.

Recently we described a sGC-mediated, NO-sensitive collective contraction phenotype in
the choanoflagellate species Choanoeca flexa. Choanoflagellates are the closest unicellular
relatives of animals, and they utilize diverse signaling pathways that are conserved across
choanoflagellates and animals to regulate the morphology and activity of single cells and
multicellular colonies.!>!* As a result, several choanoflagellate species have been developed as
model organisms to study the molecular evolution of animal multicellularity.!*!> In C. flexa,
nutrient depletion studies and treatment with phosphodiesterase inhibitors have shown that a
rhodopsin-controlled cGMP phosphodiesterase signals the transformation between two distinct
colony morphologies.!® It was further demonstrated that this process can be triggered by the
addition of NO and inhibited in the presence of the sGC inhibitor ODQ.!”"!8 Taken together, these
findings suggest that a NO-activated sGC is responsible for signaling colony transformation and
prompted a search for sGC proteins encoded in the C. flexa genome.

Based on existing transcriptomic data, four genes encoding sGCs (named Cf'sGC1 through
4) have been identified in C. flexa, with each containing a predicted heme nitric oxide oxygen-
binding (H-NOX) domain, a Per-Arnt-Sim (PAS) like domain, a coiled-coiled region, and a
catalytic cyclase domain (CAT), mirroring the canonical domain architecture of previously
characterized sGCs (Figure 3.1A). Alignment of the H-NOX domain of these four sGC sequences
revealed that three contained a tyrosine residue in the distal ligand binding pocket of the H-NOX
domain that is associated with the ability to bind Oz, and, therefore, could be regulated by 0,.%!
Cf sGCl1, the only sGC identified from C. flexa that does not contain a H-NOX domain distal
tyrosine residue, was predicted to be selective for NO regulation and is the focus of studies reported
here (Figure 3.1B).

Our previous work reported a preliminary characterization of Cf'sGC1.!7 We found that Cf
sGCl is capable of binding NO and CO but does not bind O,. We also found that CfsGCl is active
as a homodimer and exhibits a 3-stage activation process reminiscent of a a/p-type sGC, making
Cf'sGCl the first homodimeric sGC reported with a o/p-type sGC-like activity profile. Herein a
detailed biochemical characterization of Cf'sGC1 is presented. Substrate kinetics was measured
for Cf sGC1 under different ligand bound states, the oligomeric state was determined to be a
homodimer, and the heme stoichiometry was determined to be on average one heme per
homodimer. Small angle X-ray scattering was employed to demonstrate that Cf sGC1 is activated
through a conformational change that involves extension of the protein structure, a feature
previously only reported in o/B-type sGC.
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Figure 3.1. Domain arrangement and multiple sequence alignment of Cf sGC1. (A) Illustration of the predicted
domain architecture of Cf sGC1. Cf sGC1 shares domain architecture with canonical sGCs, containing the Heme-
Nitric oxide/OXygen binding (H-NOX), Per-Arnt-Sim (PAS), coiled coil (CC), and catalytic (CAT) domains. The
predicted heme binding sites are indicated with a red parallelogram. (B) Multisequence alignment of Cf sGC1 to
human heterodimeric sGC (Hs_alpha and beta) and the O, binding homodimeric sGC from the fruit fly Drosophila
melanogaster, Gyc-88E. Highlighted in red are the His residue in the proximal pocket and the YxSxR motif for
interacting with the heme propionate side chains. Highlighted in green is the tyrosine residue for stabilizing the heme
Fe(II)-O; complex. (C) Sequence alignment of the CAT domain of Cf'sGCI to human sGC and fly sGC. Highlighted
are required residues for a complete catalytic active site?® and the types of residues required for function are labelled
underneath each line. The symbols used are: metal binding (*), guanine binding (§), phosphate binding (#) and ribose
binding (A). Alignment was prepared using Clustal Omega Multisequence Alignment Tool and visualized using
JalView 2.11.

Materials and methods

Materials

Primers were purchased from Integrated DNA Technologies. Gibson Master Mix and E.
coli competent cell stocks were purchased from the UC Berkeley QB3 MacroLab. PrimeStar MAX
DNA polymerase master mix was purchased from Takara Bio USA. Plasmid extraction and DNA
purification kits were purchased from Qiagen. Terrific Broth media powder, kanamycin,
benzamidine and 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) were
purchased from Research Products International. Sodium dithionite (Na2S204), DNase I from
bovine pancreas, sodium phosphate, sodium acetate, magnesium acetate, carbon monoxide (CO)
gas and guanosine 5’-triphosphate sodium salt were purchased from Sigma Aldrich. Isopropyl -

45



D-1-thiogalactopyranoside (IPTG), 4-(2-hydroxyethyl)piperazine ethanesulfonic acid (HEPES),
Pierce BCA Protein Assay Kit, ammonium acetate and acetonitrile (HPLC grade) were purchased
from Thermo Fisher Scientific. Lysozyme from chicken egg white and sodium chloride were
purchased from VWR Scientific. Dithiothreitol (DTT) was purchased from BACHEM. Imidazole
was purchased from Oakwood Chemical. Vivaspin spin concentrators were purchased from
Sartorius. D-Aminolevulinic acid (d-ALA) and hemin chloride were purchased from Spectrum
Chemical Company. proliNONOate was purchased from Cayman Chemical Company.

Protein expression and purification

pET Cf sGC1 and pET Cf sGC1_CAT were transformed into E. coli BL21Star (DE3)
competent cells. Overnight culture was prepared by inoculating one colony in 50 mL of Luria
Broth media supplemented with 50 pg/mL kanamycin. After overnight shaking at 37 °C, the
overnight culture was diluted 1:200 into Terrific Broth (TB) media supplemented with 50 pg/mL
kanamycin and 2% glucose. Additionally, for expressing Cf'sGCl1, the overnight culture and the
large culture were supplemented with 500 uM FeCls. The large culture in TB media was incubated
at 37 °C until cell density reached ODgoo = 0.6 — 0.8 before protein production was induced by the
addition of 500 uM IPTG. For expressing full length Cf'sGC1, d-ALA (1 mM) was supplemented
when the cell density of the culture reached ODgoo = 0.4 — 0.6 and the culture was incubated at
37 °C for an additional 15 minutes before protein production was induced. After induction, the
culture was incubated at 18 °C for 16 — 20 hours, and the cells were harvested through
centrifugation at 4500 x g, 4 °C for 25 min. The cell paste was collected, flash frozen in liquid
nitrogen, and transferred to -80 °C for storage.

Protein purification was carried out at 4 °C unless otherwise specified. Cell pellets were
thawed in an ice water bath and resuspended in ice cold Buffer A (50 mM sodium phosphate, 150
mM NaCl, 5 mM imidazole, 5 % glycerol, pH 8.0) supplemented with 50 mM benzamidine, 0.2
mM AEBSF, 0.25 mg/mL DNAse I, and 0.25 mg/mL lysozyme. The cell resuspension was lysed
using a high-pressure homogenizer (Avestin Emulsiflex C5). The resulting cell lysate was clarified
by centrifugation (36,000 x g, 55 min) and passed through a gravity column loaded with His60 Ni
Superflow Resin equilibrated with Buffer A. The column was subsequently washed with 10 CV
Buffer A, 10 CV Buffer B (50 mM sodium phosphate, 200 mM NaCl, 40 mM imidazole, 5 %
glycerol, pH 8.0) and His-tagged protein was eluted with 5 CV Buffer C (50 mM sodium phosphate,
200 mM NaCl, 400 mM imidazole, 5 % glycerol, pH 8.0). Protein-containing fractions determined
by SDS-PAGE electrophoresis were combined and concentrated using a 50 kDa molecular weight
cut-off spin concentrator and diluted 10x in Buffer D (25 mM triethanolamine, 25 mM NaCl, 5
mM DTT, pH 7.4). The diluted protein was loaded on to a POROS HQ20 anion exchange column
(Thermo Scientific) equilibrated with Buffer D and the protein was eluted over a gradient of 5%
to 50% Buffer E (25 mM triethanolamine, 750 mM NaCl, 5 mM DTT, pH 7.4) over 17 CV at 5
mL/min. Fractions were separated into main and side fractions where fractions with a ratio of
A428:A280 > 1 were considered main fractions and combined, concentrated to 25 — 50 uM and flash
frozen in liquid nitrogen. Purified protein was verified using mass spectrometry (see appendix B).
Protein aliquots were stored at -80 °C for future use.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) was performed on Cf sGCl under anaerobic
conditions in a Coy glovebox at the MacChess BioSAXS beamline (Sector 7A) at the Cornell
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High-Energy Synchrotron Source, Ithaca, New York.?!?* For both samples, Cf'sGC1 was thawed
and reduced directly in the glovebox, then exchanged into SAXS assay buffer (50 mM HEPES pH
7.5, 150 mM NaCl, 1% glycerol, I mM TCEP) using a pre-equilibrated Zeba spin desalting column
(Thermo Scientific). Heme reduction was confirmed via in-line UV-vis spectroscopy (AvaSpec-
ULS2048, Avantes), with the UV flow cell located directly after the SAXS sample cell. For the
unliganded Cf'sGC1 sample, 100 pL of ~100 pM sample was injected onto a Superdex 200 10/300
column (Cytiva Life Sciences) pre-equilibrated with assay buffer, and the column was run using
an external pump at 0.5 mL/s (LC-20AD, Shimadzu). The xsNO sample was performed under
similar conditions but with the addition of small molecule NO releasing agents, referred to as
NONOates.?* 100 pM proliNONOate was added directly to the sample prior to loading. Further,
to ensure that the protein did not exchange into NO-free buffer on the column, the column was
pre-equilibrated with A: 100 uM DETA-NONOate (half-life 56 hours at 22 — 25 °C) B: 100 uM
DEA-NONOate (half-life 16 min at 22 — 25 °C) 40 minutes before loading.

Data were collected using a Dectris EIGER 4M detector at 4 °C. 1,500 x 2s X-ray
exposures were collected for each run. Scattering images were integrated about the beam center
and normalized by transmitted intensities measured on a photodiode beamstop. The X-ray
wavelength of the experiment was 2 = 1.1061 A and the sample-to-detector distance was 1,748.0
mm, as determined by silver behenate calibration. Scattering was collected over a range of ¢ =
0.01 A'to 0.3 A"l where g is the scattering vector g = 4xsind/A and 26 is the scattering angle.
Data processing, analysis, and comparison to predicted and published scattering profiles were
performed in BioXTAS RAW using established protocol.’ Background subtraction was performed
by subtracting the buffer baseline prior to peak elution. Radii of gyration (R) and molecular weight
were estimated on a per frame basis using Guinier analysis and the volume of correlation method,
respectively, as implemented in RAW.?%27 Principal components of the elution were deconvolved
using Evolving Factor Analysis (EFA),?® which enables mathematical separation of partially co-
eluting species using iterative singular value decomposition to identify the number of
distinguishable eluting species. An initial component eluting prior to the main peak was identified
as minor sample aggregation. The main component was also computationally separated from a
smaller species eluting in the shoulder of the main peak. Pair distance distribution analysis was
performed using a Bayesian Indirect Fourier Transform (BIFT).?® Error bars associated
with R, values are curve-fitting uncertainties from Guinier analysis. The calculated scattering of
the predicted Cf sGC1 homodimer was determined using Crysol and validated with FoXS.30-32
Low-resolution electron density maps were calculated using DENSS, as implemented in RAW.3

Predicted structure model

The sequence of Cf sGC1 was used as input using the Google AlphaFold web server
powered by AlphaFold 3.** Default settings for multimeric protein predictions were used. The rank
order 1 structure was used to calculate predicted SAXS scattering, but no significant differences
were observed between different rank order predictions. To predict a potential asymmetric
conformation of Cf'sGC1, the Swiss-Model homology-model server was used.**> The sequence of
Cf'sGC1 was used as input and aligned with the top hits for both B and a chains corresponding to
ligand-free and NO-bound protein from the protein databank, which constitute the human sGC B
and a subunits in the ligand-free (PDB:7D9R) and NO-bound (PDB:8HBH) states.’® Cf sGC1
monomers models were then built in Swiss-Model, and monomers corresponding to human o and
B were then combined to form dimer models.
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Heme content quantification

Pyridine hemochromagen assay was carried out following a published protocol with minor
modifications to quantify the heme content of Cf sGC1 protein.’” First, Cf sGC1 protein was
desalted into Buffer F (50 mM HEPES, 150 mM NacCl, 5 % glycerol, pH 7.5, 0.22 pum filtered)
and diluted to 4 times the original volume. The diluted protein sample (100 pL) was then mixed
with Solution 1 (100 pL, 0.2 M NaOH, 40 % pyridine, 5 mM potassium ferricyanide) to yield the
oxidized pyridine hemochrome sample. An aliquot of solution 2 (2 pL, 0.5 M sodium dithionite,
0.5 M NaOH) was then added to yield the reduced pyridine hemochrome sample. The UV-vis
absorption spectrum of the reduced pyridine hemochrome was measured on a Cary 300 UV-vis
spectrophotometer (Agilent). The absorption spectrum was baseline corrected against a UV-vis
absorption spectrum of a sample composed of Buffer F and Solution 1 mixed in a 1:1 ratio, and
the baseline corrected absorbance at 557 nm (¢ = 34,700 M'-cm™) of the reduced pyridine
hemochrome was used to calculate the heme concentration in the Cf'sGC1 sample.

Activity assay and quantification

Initial rates of Cf'sGC1 were measured by quantifying the production of cGMP in endpoint
assays performed at 25 °C under anoxic conditions. All steps preparing Cf sGC1 prior to the
activity assay were carried out at 4 °C unless otherwise noted. Cf sGC1 was reduced using 5 mM
NaxS>04 and desalted into Ar-sparged Buffer F using a pre equilibrated 7.5 kDa MWCO Zeba Spin
Desalting column (Thermo Scientific). Concentration of the protein was determined by the
absorbance at 428 nm (¢ = 101,000 M! cm™).!” xsNO protein sample was prepared by the addition
of 250 uM proliNONOate. The sample was incubated for 5 minutes, then desalted into Buffer F
using a preequilibrated spin desalting column to yield the 1-NO protein sample. Activity assay
mixtures were prepared in Ar-sparged Buffer F supplemented with 5 mM DTT and MgCl. greater
or equal to two-fold the concentration of GTP and included 50 nM Cf'sGC1 protein. For the xsNO
assay, NO was supplemented by the addition of 50 uM proliNONOate. CO-saturated Buffer F was
prepared by sparging Buffer F using CO gas for 15 minutes, and it was used to prepare the reaction
mixture for the CO-bound assay sample. Reaction was initiated by the addition of GTP and aliquots
of the reaction mixture were removed and quenched using 1 % formic acid. The results of the
enzymatic reaction were analyzed using reverse phase HPLC as previously reported.!” Briefly, the
reaction timepoint samples were injected onto an Eclipse Plus C18 column (4.6 x 100 mm, 3.5 um
particle size, Agilent). A gradient composed of 20 mM ammonium acetate, 0.1 % formic acid
(Buffer G) and 99.9 % acetonitrile, 0.1 % formic acid (Buffer H) was used to separate GTP and
cGMP. The gradient was as follows: 0 — 6 min, 2% Buffer H; 6 — 7.5 min, 25 — 100% Buffer H;
7.5 — 8.5 min, 100 % Buffer H. Concentrations of cGMP were determined from the peak area
eluting at 4.2 minutes using a standard curve constructed from 1.25 — 20 pM cGMP standards.

Initial rates of sGC1-CAT were also measured using similar endpoints assays at 25 °C as
described above with minor modifications to the assay procedures. Assays for sGC1-CAT were
carried out under aerobic conditions. Enzyme concentration was quantified using the absorbance
at 280 nm using the calculated dimeric extinction coefficient of 21,610 M- cm'. In the endpoint
assays for the determination of substrate kinetics parameters, the reaction mixture was prepared
with 5 uM sGC1-CAT protein. In the endpoint assays for the determination of sGC1-CAT dimer
affinity, the reaction mixture was prepared with 2 mM GTP and 5 mM MgCl,.
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Analytical size exclusion chromatography

Analytical size exclusion chromatography was carried out using a Superdex 200 Increase
10/300 GL column (GE Healthcare) pre-equilibrated with Buffer D. The elution profile of the
sGCI1-CAT protein (2.5 mg/mL) was compared to the elution profile of a set of protein standards
dissolved in Buffer D at 0.2 mg/mL: Thyroglobulin (670 kDa), alcohol dehydrogenase (150 kDa),
bovine serum albumin (66.5 kDa), DNase I (31 kDa) and lysozyme (14.3 kDa). The retention time
was plotted against the log of the molecular weight, and a standard curve was prepared to
determine the estimated molecular weight of sGC1-CAT.

Results

Oligomeric state and heme stoichiometry of Cf sGCI1

The C-terminal hexa histidine-tagged Cf'sGC1 was expressed in an E. coli BL21Star (DE3)
heterologous host. Heme precursors d-ALA and iron (III) chloride were supplemented to facilitate
heme overproduction. Cf sGC1 was purified to homogeneity using Ni-affinity chromatography
followed by anion exchange chromatography. The molecular weight of the purified protein was
verified using mass spectrometry (Figure B.1). To show that CfsGCI1 is a homodimer as predicted,
SEC-SAXS was performed. The protein eluted as a single major peak with a small shoulder
indicative of aggregation eluting prior to the protein and a longer shoulder eluting after the main
peak (Figure 3.2A). The molecular weight as estimated by volume of correlation on a per frame
basis was found to average ~165 kDa for the main peak, which best matches a dimeric species
(expected MW 150 kDa). Evolving Factor Analysis was used to computationally separate the main
peak (Figure B.2), and the resulting SAXS profile was found to be similar to that of a prototypical
o/B-type sGC, Manduca sexta sGC.% The scattering profile of the main peak was calculated to
have a R; =48.2 £ 0.2 A. When plotted as a Kratky plot, the scattering approaches zero at high q,
indicating that Cf sGC1 obtained through heterologous expression in E. coli is a well folded,
globular protein (Figure 3.3A).%

The shoulder region eluting after the main peak, here referred to as Component 2, was
found to be at significantly lower concentration. It also was found to have a Ry smaller than that
expected for an sGC dimer (Rg=38.5+ 0.6 A). The in-line UV-vis spectrum of the elution shoulder
corresponding to Component 2 shows a marked decrease in absorbance at 426 nm when compared
to the main peak (Figure B.2). This peak may represent truncated or apo-sGC monomers and is
likely an artifact from heterologous expression and purification.
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Figure 3.2. Oligomeric state and heme binding of CfsGC1. (A) Size exclusion chromatography — coupled small angle
X-ray scattering (SEC-SAXS) elution trace and estimated R, of each scattering frame (dots) indicate that the Cf sGC1
is a homogeneous dimer of R, = 48.2 + 0.2 A. (B) The results from pyridine hemochromagen assay coupled with
bicinchoninic acid assay are consistent with on average one heme per Cf sGC1 homodimer. Myoglobin was used as a
standard.

Homodimeric Cf sGC1 contains two H-NOX domains, so in principle, each Cf sGC1
homodimer could contain two heme cofactors. To quantify the heme stoichiometry, the pyridine
hemochromagen assay was used to measure heme content in conjunction with bicinchoninic acid
assay for protein determination. Contrary to prediction, the results were consistent with an average
of one heme per homodimer (Figure 3.2B). Given that the prediction was two hemes per dimer,
heme reconstitution was attempted by incubation of the protein with excess heme. The UV-vis
spectrum after incubation and removal of the excess heme indicated the presence of non-
specifically bound heme even after the second gel filtration step, and the subsequent activity assay
showed a decrease in activity, suggesting that the non-specific bound heme negatively affected the
normal activity of the protein (Figure B.5). Because of the spectral overlap between the non-
specifically bound heme absorbance and the Soret band absorbance of the specifically bound heme,
we were unable to determine if reconstitution increased specific heme binding. Reconstitution
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assays were not pursued further. Taken together, Cf'sGCI1 contains on average one heme cofactor
per homodimer.
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Figure 3.3. SAXS results of Cf'sGC1 under unliganded (black) and xsNO (red) conditions. Results are consistent with
a subtle conformational elongation when the protein is in the presence of excess NO. (A) SAXS profiles are shown in
a Kratky plot to emphasize mid q features. When compared to the experimentally determined Ms sGC scattering
profile, both species exhibit an increase in mid-q scattering with NO bound. The residual plot indicates a subtle shift
near q = 0.1, indicating an extension of conformation when the protein encounters NO. (B) The electron pair
distribution function indicates a slightly elongated pair distribution, suggesting conformational elongation.

Ligand bound activity and substrate kinetics of Cf sGCI1

Like o/B-type sGC, Cf sGC1 forms a stable 5-coordinate high spin Fe(II) heme-NO
complex (Figure B.3). Furthermore, Cf'sGC1 has been shown to have a three stage activity profile
in response to NO binding, where (i) without NO, the protein had a low, basal level activity; (if)
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with 1 molar equivalent of NO bound at the heme cofactor, the protein was activated ~2 fold, and
(iii) in the presence of more than 2 molar equivalents of NO (xsNO), the protein was fully activated
to ~5 fold its basal activity.!” a/p-type sGC are also activated by carbon monoxide (CO) to 1-NO
activity levels.*® The effect of CO on the activity of Cf sGC1 was compared to the NO-bound
activity states (Figure 3.4A). In the presence of more than equimolar CO with respect to heme, Cf
sGC1 showed specific activity of 87.0 £ 6.7 nmol/min/mg, which was in a similar range as the 1-
NO state activity of 66.6 £ 17.9 nmol/min/mg.

The steady state kinetics of Cf'sGC1 was determined under unliganded, 1-NO and xsNO
conditions. Cf sGC1 showed saturation kinetics under xsNO condition and showed a minor
deviation from saturation at high, non-physiological GTP concentrations under the unliganded and
1-NO conditions (Figure 3.4B, Table 3.1). Cf'sGC1 showed an increase in Viax with NO bound
but did not show a significant change in the Kym. This is a noteworthy difference when compared
to the o/B-type sGC, where the Ky for GTP is significantly decreased upon NO binding.
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Figure 3.4. Activity and steady state kinetics of Cf sGCI1. (A) Activity of Cf sGC1 under various ligation states.
Activity at 1.5 mM GTP and 3 mM MgCl, was reported. Data shown are the averages of three replicates, and the error
bars indicate one standard deviation. (B) Steady state kinetics of Cf'sGCl. Initial rate of the reaction was measured at
varying substrate concentrations and fitted to the saturation model or substrate inhibition model. Data shown is an
average of four replicates, and error bars indicate one standard deviation.

Table 3.1: Steady state kinetics parameters of Cf'sGCI under basal, equimolar NO bound, and excess NO conditions.
Deviation from saturation of U and 1-NO state protein occurs at high, non-physiological GTP concentrations.

V max ) 1
Kt (uM) (nmol/min/mg) Ki (mM) Keat (57)
U 64.1+£15.6 | 474+3.3 119+£49 | 0.12
1-NO | 59.6 129 | 725+ 4.4 12.5+4.6 | 0.18
xsNO [ 664+5.5 153.2+22 0.39

NO induces a conformational change in Cf sGCI1

In previously studied heterodimeric sGCs, NO binding triggers a conformational change
from an inactive, compact form to an active, extended form. To better understand potential
conformational transitions required for CfsGC1 activation, SEC-SAXS experiments on the protein
in the presence of excess NO were carried out under anoxic conditions.

Like unliganded Cf'sGC1, NO-bound Cf'sGCI1 elutes in a single primary peak with a small
amount of aggregate and a post-elution shoulder (Figure B.3A). The principal component of the
SEC-SAXS elution of NO-bound Cf sGCl1 is slightly larger than unliganded Cf'sGC1 (Rg = 50.7
+ 0.5 A). When SAXS profiles are directly compared, a subtle shift in mid-g scattering is visible,
denoting an opening of the structure (Figure 3.3A). This is further evidenced by a distinct shift in
the pair distance distribution function observed in the region between 40 and 90 A (Figure 3.3B).
By comparison, the lower-concentration Component 2 species does not significantly change in Rg
(NO-free: 38.5 £ 0.6 A, compared to NO-present: 39.8 + 1.0 A) or SAXS profile shape upon
addition of NO (Figure B.2).

The SAXS profiles of the main species of Cf'sGC1 in both the NO-free and NO-bound
experiments do not match the calculated scattering of an AlphaFold 3 predicted Cf sGCl1
homodimer (Figure B.4). Instead, the SAXS profiles of NO-present Cf sGC1 more closely
resembles that of NO-present M. sexta sGC, a prototypical heterodimer, where only a fraction of
the protein in the SAXS sample was in an extended conformation.?> The ligand-free Cf sGC1
SAXS profile more closely resembles the ligand-free M. sexta sGC profile, albeit with a more
compact Kratky profile that may indicate a less extended inactive state than previously observed
in o/B-type sGC. These similarities between Cf'sGC1 and o/B-type sGCs are further supported by
DENSS ab initio 3D reconstructions of Cf'sGC1 density of the SAXS profiles of unliganded sGC1
and xsNO sGC1, which more closely resemble inactive and active o/B-type sGCs, respectively
(Figure B.5).
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Properties of the catalytic domain of Cf sGC1

To gain further understanding into the activity regulation of CfsGCl1, a C-terminal catalytic
domain truncation of Cf sGCl (sGC1-CAT) was cloned, expressed and biochemically
characterized. First, sGC1-CAT was purified to homogeneity through Ni-affinity chromatography,
SEC, and anion exchange chromatography. Mass spectrometry was used to verify the molecular
weight of the purified sGC1-CAT protein (Figure B.1B). Analytical SEC indicated that the sGC1-
CAT eluted as a homodimer with an estimated molecular weight of 55.2 kDa, consistent with the
expected molecular weight of 53.4 kDa (Figure 3.5A, Figure B.8). In addition to analytical SEC,
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the dimer affinity of sGC1-CAT was determined by assaying the enzyme activity at increasing
protein concentrations. Guanylate cyclases are only active as dimers, because a complete catalytic
active site requires residues from both subunits. Therefore, the activity can be used as a proxy for
determining the portion of dimeric enzyme in solution. The K4 of sGC1-CAT monomer to dimer
formation was determined to be 1.8 £ 0.4 uM (Figure 3.5B). This value is on the same order of
magnitude as the Kq of the CAT domain of a/p-type sGCs.* Finally, the steady state kinetics of
sGC1-CAT homodimer was determined (Figure 3.5C). The sGC1-CAT homodimer displayed
saturation kinetics with Kv = 0.93 + 0.10 mM and Vmax = 2382 + 67 nmol/min/mg.

Discussion

This work presents the characterization Cf'sGCl1, the first homodimeric sGC characterized
that has a o/fB-type sGC-like activation profile. Cf sGCl is also the first characterized
choanoflagellate-derived sGC. Choanoflagellates are the closest unicellular living relatives of
animals and are studied to understand the evolution of cellular pathways involved in animal
multicellularity.'? Our findings provide biochemical evidence of NO signaling in choanoflagellates
and has further implications relevant to understanding NO signaling in early branching animal
lineages, such as sponges and cnidarians. Our data is best viewed in comparison to previously well
characterized a/B-type sGCs and Cyg-11 from the green algae Chlamydomonas reinhardtii.'%*>*°
Our results support the conclusion that CfsGCl is activated in a similar manner to o/pB-type sGCs.
sGCs are obligate dimeric proteins. In the heterodimeric CAT domain, neither the o nor the 3
subunit CAT domains contain the full set of residues necessary for catalysis.?**!*> Therefore, o
and P subunits must complement each other to form a complete catalytic active site. In Cf'sGCl1,
each subunit contains all necessary residues for catalysis.’” Based on this, Cf sGC1 was predicted
to be active as a homodimer with two catalytic active sites arranged symmetrically in the catalytic
domain. As predicted, Cf sGC1 is active as a homodimer, as we previous showed.!” Based on
available transcriptomic data, Cf sGC1 is the only predicted NO-specific sGC expressed by C.
flexa.'® Whether Cf sGC1 can form heterodimers with the other sGCs under physiological
condition remains to be determined.

a/B-type sGCs are activated by NO binding, and O»-binding homodimeric sGCs are
typically inhibited when a gas ligand binds to the heme cofactor. In o/B-type sGC, the protein is
only fully activated when an excess of NO with respect to heme is present. Stone and coworkers
showed that CO activates bovine sGC, a prototypical o/B-type sGC, to levels similar to the 1-NO
state.®® This suggests that under 1-NO and CO-bound states, sGC undergoes similar
conformational change, despite the different ligation states of the heme cofactor. In Cf'sGC1, when
an excess of CO relative to heme is present, the enzyme reaches an activity level close to the 1-
NO state. This is an additional point of similarity between Cf'sGC1 and a a/B-type sGC, and this
distinguishes it from the Chlamydomonas-derived sGC Cyg-11 which is more responsive to CO
compared to NO.

During the activation of Cf'sGC1, the protein exhibits distinct kinetics in the three activity
states. While the Ky remained similar in the three activity states, the Vmax was increased
approximately 2-fold in each of the steps, indicating that NO is a V-type activator of Cf sGCl1. This
is a distinction from a/B-type sGC, where NO is a mixed-type activator. For rat sGC, the basal to
1-NO state transition was accompanied by a ~ 7-fold reduction in Ky and a 5-fold increase in Vmax.
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The 1-NO to xsNO state transition showed Ky holding constant while the Vi increased 60-fold.*
When the kinetics of the sGC1-CAT truncation were examined, we observed that both the full-
length protein under xsNO state and the sGC1-CAT fitted well to the Michaelis-Menten equation.
This suggests the two active site pockets of Cf sGC1 do not exhibit significant cooperativity in
turning over GTP as a substrate. The dissociation constant Kq for sGC1-CAT was in the low
micromolar, compared to the estimated nanomolar affinity of full length sGC. This supports a role
for the N-terminal domains in maintaining dimerization.

As o/B-type sGCs are obligate heterodimers, they possess a structural asymmetry that is
now well appreciated through full-length structural studies that have been reported.?>*** One
observation is that sGC heterodimers bind heme only in the B subunit, and the o subunit is unable
to bind heme, partly due to the steric hindrance by the N-terminal loop and partly due to the
incomplete set of heme ligating residues.* Homodimeric sGCs, on the other hand, have two
complete heme binding sites and therefore were expected to bind two heme cofactors per
homodimer. However, we find that Cf sGC1 binds, on average, one heme per homodimer. The
observation that a homodimeric sGC binds one heme per dimer has been observed previously, in
both the D. melanogaster Gyc-88E and the C. reinhardtii Cyg-11.%' Heme reconstitution of sGC
typically fails to increase heme incorporation at the physiologically relevant binding pocket and
most often results in non-specific binding of heme. In this work, non-specific binding of heme was
also observed. Stuehr and colleagues proposed that heme insertion into sGC in vivo was facilitated
by several molecular chaperones, namely Hsp90 and GAPDH, and heme incorporation likely
accompanied dimerization as well as large-scale structural rearrangement.*®*” This requirement is
likely relevant even when the protein is expressed in an E. coli heterologous host, although the
interaction partners in bacteria remain to be determined. /n vitro reconstitution experiments are
unlikely to accurately recapitulate the physiologically relevant heme insertion process.

In o/B-type sGCs, NO and/or small-molecule stimulators induce an extending motion of
the PAS and coiled-coil domains of sGC that is then propagated through the coiled-coil into the
CAT domain. In the basal activity state, the catalytic active site is sterically hindered from binding
substrate, but upon activation, the site becomes more accessible. Structural asymmetry is also
notable during the hinge-like conformational transition between the bent, basal activity state and
the more open, fully active state. In the basal activity state, the contracted conformation of the sGC
has the o H-NOX domain further distal to the C-terminus than the f H-NOX domain. As noted
above, Cf'sGC1 is a homodimer, and thus does not have interactions between the CAT domain and
the H-NOX domains of either subunit that can be differentiated based on sequence. Unsurprisingly,
AlphaFold 3 predicts the sGC1 dimer to form a symmetric conformation with relative positions of
the domains analogous to the extended state of o/p-type sGC. The AlphaFold prediction does not
provide any information on potential alternative conformations, as all 5 ranked predictions
converged on the same architecture.

The SAXS studies reported in this work suggest that in solution, the conformation of Cf
sGC1 is more akin to the compact, asymmetric o/B-type sGC rather than the extended, symmetric
AlphaFold prediction. For both NO-present Cf sGC1 and NO-present Ms sGC, while excess NO
was included in the SAXS conditions, the experimental SAXS profile resembles, but did not fully
match the expected SAXS profile of a fully active sGC state.? In NO-free conditions, both proteins
adopt a relatively compact structure. Upon addition of excess NO, the SAXS profiles indicate a
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subtle opening, but not to a fully extended state. In the case of Ms sGC, Horst et al. interpreted the
SAXS profile to arise from a mixture of protein in basal and fully active conformations.?> The
inline UV-vis setup used in our experiment allowed for single UV-vis spectrum to be collected.
Based on the UV-vis spectra collected after the elution, we concluded that Cf'sGC1 remained in
the fully NO-bound state as it passed through the X-ray cell. Given the concentration of NO added,
it is likely that Cf'sGC1 remained in the presence of excess NO throughout the experiment. Given
this, it is likely that additional factors, such as presence of substrate may be required to shift the
conformational equilibrium towards the fully active conformation. Moreover, both DENSS
analysis and the comparison to Ms sGC SAXS profiles would suggest that Cf sGC1 can adopt
separate asymmetric conformations under varying NO conditions. The cause and nature of Cf
sGCl structural asymmetry remains to be explored at higher resolution. However, we predict that
structural asymmetry is closely tied to the asymmetry in heme incorporation. Heme binding to one
of the H-NOX domains of Cf'sGC1 may trigger local shifts in protein folding that create favorable
interaction sites with the CC domain and introduce structural asymmetry.

While Cf sGC1 is the first of its kind to be characterized, it is likely not unique. NO
production have been discovered in sponge species such as Spongilla lacustris and placozoan
species Trichoplax adhaerens, both belonging to early diverging animal lineages, and for each
species NOS and sGC have been identified in their genome.**° Sequence alignment suggests that
at least one sGC identified in either S. lacustris or T. adhaerens lack the distal pocket tyrosine
associated with regulation by O; binding, and two such sGC in 7. adhaerens are predicted to be
active as homodimers based on their sequence. Our work probing the activity and regulation of Cf'
sGC1 will help expand the knowledge of the biochemical basis of NO signaling to diverse groups
of animals.

In conclusion, our study shows that Cf sGC1 is a homodimeric sGC with similar
biochemical characteristics to a o/p-type sGC. While the mechanism of activation of o/p-type sGC
has been better understood owing to the newly available structures in the past five years, some
molecular details of this process, especially concerning the role of additional equivalents of NO,
remain elusive. Our observations risen from studying Cf'sGC1 are suggestive of a general scheme
of allosteric regulation of activity in both homodimeric and heterodimeric sGCs. Further, since Cf
sGCl1 can be expressed in E. coli, it could be a powerful model system for studying the process of
sGC activation.
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Chapter 4
Probing non-heme NO interaction of Cf'sGC1

Summary

The soluble guanylate cyclase Cf'sGC1 from the choanoflagellate species Choanoeca flexa
is a highly specific sensor of NO. Cf sGC1 exhibits a three-state activation profile in vitro
reminiscent of o/B-type sGC found in mammals and insects, where NO binding to the heme is not
sufficient to fully activate Cf'sGC1. The full activation of a/B-type sGC has been proposed to be
regulated through non-heme NO interactions, and cysteine residues may be involved. To probe the
mechanism of non-heme NO interaction in regulating Cf'sGCl1, cysteine variants at conserved sites
(C123, C355 and C489) were prepared and characterized. Cysteine variants of Cf'sGC1 displayed
similar gas ligand binding properties to the wild type (WT), showing a 5-coordinate unliganded
Fe(II) heme with an absorbance maximum at 428 nm, and 5-coordinate Fe(II)-NO complex with
an absorbance maximum at 399 nm. The cysteine variants did not perturb the NO-mediated
activation of Cf sGC1. Furthermore, methyl methanethiosulfonate (MMTS), a cysteine-specific
labeling reagent that inhibits sGC activity was tested against Cf'sGC1. The effects of MMTS were
hypothesized to be disruption of cysteine-NO interactions, or allosteric blocking the
conformational change that takes place in sGC activation. The cysteine variants did not display a
significantly different response to MMTS labeling compared to WT. Taken together, these data
suggest that C123, C355 and C489 are likely not independently responsible for regulating non-
heme NO interaction in Cf'sGC1, nor are they involved in MMTS-mediated inhibition of Cf'sGCl.

Introduction

In mammals, soluble guanylate cyclases (sGC) are heme-containing nitric oxide sensing
enzymes that play important roles in both the vasculature and the neuronal systems.'™ The
activation of sGC requires NO binding to the heme in the N-terminal heme-nitric oxide oxygen-
binding domain (H-NOX), which triggers a large-scale conformational shift that leads to increased
catalytic efficiency of the catalytic (CAT) domain.*> The high-resolution structures that recently
became available have provided many residue-level interactions that contribute to the regulation
of sGC activity can be studied in detail.*’ However, the high-resolution structures fell short of
explaining some crucial biochemical details of the activation of sGC. One such detail is the nature
of the 1-NO state (NO bound only to the heme) to xsNO state transition during sGC activation.

The activation of heterodimeric o/B-type sGC by NO in vitro occurs in several steps. First,
NO binds to the heme to form a transient 6-coordinate Fe(II)-NO complex. This complex converts
rapidly into a 5-coordinate Fe(II)-NO complex, accompanied by the rupture of the proximal His-
Fe bond. In this state (dubbed the 1-NO state), sGC is activated several-fold over basal activity,
roughly 15% of full activity.*® sGC in the 5-coordinate Fe(II)-NO bound state is sensitive to
additional equivalents of NO. When NO is supplied in excess of that bound to the heme, sGC
becomes fully active, a state that is referred to as the xsNO state. Removal of excess NO through
gel filtration or by adding a NO-specific trap returns the enzyme to the 15% activity state without
loss of the heme-bound NO.® The physiological importance of the interaction with excess NO in
sGC can be further illustrated in terms of sGC inactivation. NO is essentially irreversibly bound

62



to the heme cofactor of sGC with a Kq< 1.2 x 1012 M.'? Dissociation of NO from the 5-coordinate
Fe(IT) heme-NO complex requires rebinding of the axial histidine and has a rate constant on the
order of 1 x 10"*s™!.!! This rate is much slower than the physiological timescale of sGC inactivation,
which is in the seconds range.®!? Therefore, the NO-heme ligated state of sGC is likely the relevant
basal state in vivo.

Given that the o/p-type sGC requires excess equivalents of NO to reach full activity, the
mechanism of excess NO action was called into question. The UV-vis absorption spectrum of o/[3-
type sGC in the 1-NO state is indistinguishable from the xsNO state, suggesting that the heme
remained in the 5-coordinate state during the activation of sGC and one implication is that there is
a second, non heme binding site for NO.® The hypothesis that sGC interacts with NO at a non-
heme site was further supported by the work of Derbyshire and colleagues. When a non-
physiological ligand (butyl isocyanide, BIC) was used to occupy the heme site, supplementation
of NO resulted in an 18-fold sGC activation compared to BIC only. UV-vis spectroscopy indicated
that BIC remained bound in a 6-coordinate state throughout the duration of the experiment,
suggesting that the effects of NO supplementation did not occur at the heme site.."?

. - NO N~
S - Nitrosyl R~ SH j» R- s 0
+
H e
S-NO Transient Adduct R s R/\S’N\O'

Scheme 3.1. Comparison between S-nitrosation and the proposed radical anion S-NO transient
adduct. Formation of S-nitrosyl requires a 1-electron reduction, while the radical anion does not
require redox chemistry and is freely reversible.

A hypothesis regarding the chemical property of the non-heme NO binding site was
presented by further experiments carried out by Fernhoff and colleagues. Rattus norvegicus sGC
was treated with the cysteine-active labeling reagent methyl methanethiosulfonate (MMTS). Post
treatment, sGC exhibits 1-NO like activity despite the presence of excess NO."* The MMTS-
treated sGC showing 1-NO activity level can be further activated using small molecule stimulator
drugs such as YC-1. MMTS-treated sGC can be rescued to show near full activation in the presence
of excess NO by DTT treatment to remove S-methyl adduct through reduction. Fernhoff and
coworkers concluded that cysteines are responsible for non-heme NO interaction in sGC, and
MMTS blocks this interaction from taking place. Given that experiments above are carried out
under oxygen-free environments and using protein with a reduced heme cofactor, a direct
interaction between the cysteine thiolate and the NO to form a transient radical anion species is
more likely than S-nitrosation, as it does not require redox chemistry to take place and furthermore,
is freely reversible whereas the S-nitrosated sGC would not be readily reversible (Scheme 3.1).
However, the exact cysteine residues that are involved in this proposed pathway have not been
identified. The large conformational change that sGC undergoes during activation suggests a
second hypothesis explaining sGC inhibition by MMTS. The S-methyl group, though small and
hydrophobic, may still block the conformational change of a sGC during activation. The two
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pathways described above may both be at play for preventing sGC activation and can be tested
independently through cysteine mutagenesis.

In Chapter 2 and 3, a homodimeric sGC, Cf'sGC1 that exhibits a 3-stage activation profile
in response to NO binding was characterized. We hypothesized that full activation of Cf'sGCl1 is
driven by a similar mechanism of non-heme NO interaction. Sequence alignment of Cf sGCl1
against prototypical o/B-type sGC revealed only three conserved cysteine residues, and variants of
Cf'sGC1 were prepared to interrogate the role of conserved cysteines in regulating the activation
of Cf'sGCl. Activity assays of Cf'sGC1 variants indicate that the conserved cysteine residues were
not responsible for mediating non-heme NO interaction, and MMTS labeling studies suggest that
the conserved cysteines were not responsible for MMTS-mediated inhibition of Cf'sGC1 activity.

Methods

Materials

Primers were purchased from Integrated DNA Technologies. Gibson Master Mix and E.
coli competent cell stocks were purchased from the UC Berkeley QB3 MacrolLab. Phusion
Polymerase and KLD enzyme kit were purchased from New England Biolabs. Plasmid extraction
and DNA purification kits were purchased from Qiagen. Terrific Broth media powder, kanamycin,
benzamidine and 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) were
purchased from Research Products International. Sodium dithionite (Na2S>04), DNAse I from
bovine pancreas, sodium phosphate, sodium acetate, magnesium acetate, methyl
methanethiosulfonate (MMTS) and guanosine 5’-triphosphate sodium salt were purchased from
Sigma Aldrich. Isopropyl B-D-1-thiogalactopyranoside (IPTG), 4-(2-hydroxyethyl)piperazine
ethanesulfonic acid (HEPES), Pierce BCA Protein Assay Kit, ammonium acetate and acetonitrile
(HPLC grade) were purchased from Thermo Fisher Scientific. Lysozyme from chicken egg white
and sodium chloride were purchased from VWR Scientific. Dithiothreitol (DTT) was purchased
from BACHEM. Imidazole was purchased from Oakwood Chemical. Vivaspin spin concentrators
were purchased from Sartorius. D-Aminolevulinic acid (d-ALA) and hemin chloride were
purchased from Spectrum Chemical Company. proliNONOate was purchased from Cayman
Chemical Company.

Construction of variants

Variants were constructed based on the pET Cf'sGC1 construct described in chapter 3. Site
directed mutagenesis was carried out by first amplifying the DNA fragment using mutagenic
primers, and then ligated using the KLD reaction mix following manufacturer’s instructions. The
identity of purified plasmid DNA was verified by sequencing at the UC Berkeley Sequencing
Facility.

Protein expression and purification

Variant constructs of Cf sGC1 were transformed into E. coli BL21Star (DE3) competent
cells. Overnight culture was prepared by inoculating one colony in 50 mL of Luria Broth media
supplemented with 50 pg/mL kanamycin. After overnight shaking at 37 °C, the overnight culture
was diluted 1:200 into Terrific Broth (TB) media supplemented with 50 pg/mL kanamycin and 2%
glucose. The overnight culture and the large culture were supplemented with 500 uM FeCls. The
large culture in TB media was incubated at 37 °C until cell density reached ODgoo = 0.6 — 0.8
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before protein production was induced by the addition of 500 uM IPTG. d-ALA (1 mM) was
supplemented when the cell density of the culture reached ODgoo = 0.4 — 0.6 and the culture was
incubated at 37 °C for an additional 15 minutes before protein production was induced. After
induction, the culture was incubated at 18 °C for 16 — 20 hours, and the cells were harvested
through centrifugation at 4500 x g, 4 °C for 25 min. The cell paste was collected, flash frozen in
liquid nitrogen, and transferred to -80 °C for storage.

Protein purification was carried out at 4 °C unless otherwise specified. Cell pellets were
thawed in an ice water bath and resuspended in ice cold Buffer A (50 mM sodium phosphate, 150
mM NaCl, 5 mM imidazole, 5 % glycerol, pH 8.0) supplemented with 50 mM benzamidine, 0.2
mM AEBSF, 0.25 mg/mL DNAse I, and 0.25 mg/mL lysozyme. The cell resuspension was lysed
using a high pressure homogenizer (Avestin Emulsiflex C5). The resulting cell lysate was clarified
by centrifugation (36,000 x g, 55 min) and passed through a gravity column loaded with His60 Ni
Superflow Resin equilibrated with Buffer A. The column was subsequently washed with 10 CV
Buffer A, 10 CV Buffer B (50 mM sodium phosphate, 200 mM NaCl, 40 mM imidazole, 5 %
glycerol, pH 8.0) and His-tagged protein was eluted with 5 CV Buffer C (50 mM sodium phosphate,
200 mM NaCl, 400 mM imidazole, 5 % glycerol, pH 8.0). Protein-containing fractions determined
by SDS-PAGE electrophoresis were combined and concentrated using a 50 kDa molecular weight
cut-off spin concentrator and diluted 10x in Buffer D (25 mM triethanolamine, 25 mM NaCl, 5
mM DTT, pH 7.4). The diluted protein was loaded on to a POROS HQ20 anion exchange column
(Thermo Scientific) equilibrated with Buffer D and the protein was eluted over a gradient of 5%
to 50% Buffer E (25 mM triethanolamine, 750 mM NaCl, 5 mM DTT, pH 7.4) over 17 CV at 5
mL/min. Fractions with a ratio of A42s:A230 > 1 were combined, concentrated to 25 — 50 uM and
flash frozen in liquid nitrogen. Protein aliquots were stored at -80 °C for future use.

Activity assay

Initial rates of Cf'sGC1 variants were measured by quantifying the production of cGMP in
endpoint assays performed at 25 °C under anoxic conditions. Prior to the assay, Cf sGC1 variants
were reduced using 5 mM NazS;04 and desalted into Ar-sparged Buffer F (50 mM HEPES, 150
mM NaCl, 5 % glycerol, pH 7.5, 0.22 um filtered) using a pre-equilibrated 7.5 kDa MWCO Zeba
Spin Desalting column (Thermo Scientific). Concentration of the protein was determined by the
absorbance at 428 nm (g = 101,000 M cm™).!> xsNO protein sample was prepared by the addition
of 250 uM proliNONOate. The sample was incubated for 5 minutes at 4 °C, then desalted into
Buffer F using a preequilibrated spin desalting column to yield the 1-NO protein sample. For
MMTS-labeled protein samples, a 50 mM stock solution of MMTS was diluted to specific
concentrations ranging from 1 to 10 uM as needed to label 1 uM Cf'sGC1 WT and variant protein.
Labeling reaction mixtures were incubated at 4 °C for 30 minutes. Activity assay mixtures were
prepared in Ar-sparged Buffer F supplemented with 5 mM DTT and MgCl; greater or equal to two-
fold the concentration of GTP and included 50 nM wild type and variant Cf'sGC1 protein. For the
xsNO sample, NO was supplemented by the addition of 50 uM proliNONOate. Reaction was
initiated by the addition of GTP and aliquots of the reaction mixture were removed and quenched
using 1 % formic acid. The results of the enzymatic reaction were analyzed using reverse phase
HPLC as previously reported.' Briefly, the reaction timepoint samples were injected onto an
Eclipse Plus C18 column (4.6 x 100 mm, 3.5 um particle size, Agilent). A gradient composed of
20 mM ammonium acetate, 0.1 % formic acid (Buffer G) and 99.9 % acetonitrile, 0.1 % formic
acid (Buffer H) was used to separate GTP and cGMP. The gradient was as follows: 0 — 6 min, 2%
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Buffer H; 6 — 7.5 min, 25 — 100% Buffer H; 7.5 — 8.5 min, 100 % Buffer H. Concentrations of
cGMP were determined from the peak area eluting at 4.2 minutes using a standard curve
constructed from 1.25 — 20 uM cGMP standards.

Mass spectrometry

MMTS-labeled protein was characterized using mass spectrometry. Prior to injection,
samples were centrifuged at 4 °C, 21,130 xg for 10 minutes, and the supernatant was collected for
analysis. Liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) was
carried out on an Agilent 1200 Series LC system coupled to an Agilent 6224 time-of-flight mass
spectrometer in positive ion mode. Chromatographic separation of the protein sample was
achieved over a Proswift RP-4H (1.0 mm X 50 mm, monolithic phenyl, Dionex) column using a
mobile phase composed of 99.9% water, 0.1% formic acid v/v (MS solvent A) and 99.9%
acetonitrile, 0.1% formic acid v/v (MS solvent B). The elution gradient was developed over 8
minutes, 5% to 100% B at 0.3 mL/min. Data were collected and deconvoluted using Agilent
MassHunter software. Mass spectra were visualized using the open-source online tool Chartograph
(chartograph.com).

Results and Discussions

Given the importance of non-heme NO interaction with sGC, and the hypothesis that
cysteines play a crucial role in regulating sGC activity, we decided to further probe the mechanism
of Cf sGCI activation to understand whether cysteines are involved and explain why Cf sGCl1
shows a similar activation profile to o/p-type sGC. If cysteine thiolate interacts with NO to form a
transient radical anion adduct, this species is expected to either cause a conformational change, or
to change local amino acid contacts for sGC to better access the fully active conformation. If this
hypothesis was true, then such cysteines are likely highly conserved on sGCs that show the three-
stage activation profile. As such, we decided to create cysteine variants of CfsGCI1 for biochemical
characterization. Given that Cf'sGC1 can be overexpressed in E. coli, biochemical characterization
of purified variant proteins is made possible by a comparatively simple purification process and
much improved yield compared to insect cell expression and purification.

Conservation of cysteines across o/f-type sGCs and Cf sGC1

Prior to the construction of the variants, sequence alignment and sequence similarity
network tools were employed for validating the conservation of cysteines at positions of interest.
Prior to the discovery of Cf'sGCl1, sequence alignment had been used to narrow down the list of
conserved cysteines within o/p-type sGCs.!” When Hs sGC was aligned against Ms sGC, only 16
total cysteines were conserved. However, when Cf'sGC1 was aligned to Rn sGC and Ms sGC, the
list of conserved cysteines was narrowed down to only three. Based on Cf sGC1 numbering, the
three cysteines were at positions 123, 355 and 489. The three cysteines are situated in the H-NOX
domain, PAS domain and N-terminus of the CAT domain, respectively. A fourth cysteine, C177
(Cfnumbering), is located on the same loop connecting B strands 3 and 4 of the H-NOX compared
to B subunit C173 (Rn numbering). However, the sequence of Cf'sGC1 in this region did not match
the consensus sequence of sGC [3 subunits, so C177 was not considered further.
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Figure 4.1. Bioinformatics analysis of conserved cysteine positions of Cf'sGC1. (A) Sequence similarity network of
sGC proteins, generated using protein family PF07700 (H-NOX domain-containing proteins) and choanoflagellate
sGC sequences. Edges correspond to sequence identity >57 %. a and B subunits were separated into clusters under
these parameters. Green-colored clusters contain sGC sequences that contain a conserved distal pocket Tyr residue
and are predicted to bind O,. Choanoflagellate-derived sequences are colored violet, and sequences derived from early
diverging animals (placozoa, porifera, cnidaria) are colored light purple. Sequence similarity network was calculated
using the EFI Enzyme Similarity Tool and visualized using Cytoscape 3.0. (B) Consensus sequences calculated based
on clustered o and  subunit sequences, compared to the sequence of CfsGC1. CfsGCl1 has an overall similar sequence
to the consensus sequence at the sites of conserved cysteine residues. Sequence alignment was carried out using
ClustalOmega and visualized with WebLogo3.

Following the identification of the three conserved cysteines, their locations were
examined to verify whether they are situated in well conserved regions of the o/B-type sGC. To
compile a set of a and B subunit sequences, the sequence space of sGC was analyzed using
sequence similarity network (SSN).'® In a SSN, sequences are represented as nodes, and if two
sequences have an alignment score above a certain threshold, an edge is drawn to connect them.
In this manner, nodes representing similar sequences can be grouped into clusters. Proteins in the
same cluster likely exhibit similar biochemical functions. The SSN was constructed using
sequences from protein family PF07700 that corresponds to H-NOX domain-containing proteins,
and SSN edges as shown correspond sequence identity greater than 57%. Under these conditions,
we observed that the a and  subunits each grouped into distinct clusters (Figure 4.1). Analysis of
the sequences that grouped into these clusters revealed that they covered most bilaterians clades,
including mollusks, annelids, vertebrates and arthropods. The sequences obtained from the a
cluster and the B cluster were aligned using ClustalOmega, and the alignment result was visualized
using WebLogo3 to highlight sequence conservation. The sequence alignment suggests that the
three cysteines are situated at well-conserved regions of o/p-type sGC.
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Figure 4.2. Gel electrophoresis of the variants of Cf'sGC1. Lanes: A, C355A. B, C355G. C, C123S C355G. D, C123S
C355G C489A. The variants of Cf'sGC1 were purified using Ni-affinity chromatography followed by anion exchange
chromatography. Minor degradation products were observed in the purified protein and may be a result of reduced
stability from mutagenesis. Expected molecular weight for all four variants are around 75 kDa.

Variants of CfsGC1 at positions 123, 355 and 489 were constructed based on the prediction
of local solvent accessibility. Conservative single point variants alanine and glycine were
constructed at position 355, and a more polar residue serine. A double point variant was constructed
for position 123 and 355, with a serine at position 123 and an alanine at position 355. A triple
variant was also constructed, with serine at position 123, alanine at 355, and glycine at 489. The
double variant and triple variant were both considered conservative mutations so the perturbation
to the overall fold of the protein should be minimal. During expression and purification of CfsGC1
variants, the heme cofactor was apparently more readily oxidized, and gel electrophoresis results
indicated that the variants were prone to proteolytic degradation (Figure 4.2). This suggests that
mutations at the above positions likely caused some decrease in the stability of the protein. After
purification, however, the purified protein mostly remained intact and allowed for characterization
of catalytic activity.

Activity results of Cf sGCI1 variants

Activity assays for wvariants of Cf sGCl1 (C355A, C355G. CI123S/C355A,
C123S/C355A/C489G) were carried out similarly to WT Cf'sGC1. After the protein was reduced
and prior to the assay, gas ligand binding was confirmed by UV-vis spectroscopy. All four variants
showed the expected gas ligand properties for a NO-activated sGC, with a 5-coordinate high spin
unliganded state and a 5-coordinate high spin NO-bound state (Figure 4.3). This suggests that the
point variants did not significantly perturb the heme environment of the protein, despite that C123
is located within the H-NOX domain and close to the heme binding site.
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Figure 4.3. UV-vis spectroscopy of the Cf sGCI1 variants. Under NO-free condition, all four variants show an
unliganded heme, with the Soret band absorbing at 428 nm. When NO is added, all four variants form a Fe(II) heme-
NO complex, with the Soret band absorbing at 399 nm. No significant difference in ligand binding can be observed
for Cf'sGC1 variants when compared to Cf'sGC1 WT.

To quickly screen the effects of the mutations on the activity of Cf sGC1, activity assays
were only done once for each of the variants. While this approach did not allow for establishment
of statistical significance of the differences between each ligand bound condition, the same trend
can be observed for each variant. Mutations did not affect the three-stage activation profile of Cf'
sGClI; even the triple variant still showed full activation in the presence of NO and a partial
activation in the 1-NO state. This data suggests that despite the conservation of the three cysteine
residues, they are either not involved in non-heme interaction with NO that triggers the full
activation of Cf'sGCl1, or an alternative interaction site can complement the loss of interaction at
the site mutated. These results mirror findings previously reported by Horst.!” Horst cloned
cysteine single point mutations of Manduca sexta sGC, a prototypical o/B-type sGC, and despite
extensive characterization through enriched lysate assays, he was not able to identify a single point
mutant that significantly perturbed the full activation of Ms sGC by excess NO. This result also
helped us rule out one part of the hypothesis, which is that cysteines conserved with a/p-type sGCs
are responsible for non-heme NO interaction and for activating the protein to full activity in Cf
sGCl.

69



C355A
S 200~
E
£
£ 150- —
©
£
~ 100-
2
>
T 50- H
é j
§ 0- | T
” ¢ 0O O
<
& NS
W
\}Q

C123S C355G
T 300
£
£ —
£
S i
2 200
c
2
2 100- H
Q
©
(]
=
Q
g o_l 1 1
wn

» © ©

@0""0 NS
&
&

C355G

150
100

50 -
L]

> © ©
(4
&K +§\

0(&%0

C123S C355G C489A
400

300 - —

200

102:! H

1
O O O
f&“be N -15?

\)é\q

MMTS labeling of Cf sGCI1 and the variants

Figure 4.4. Activity of the of Cf sGClI
variants. Shown are single activity assay
results. Despite minor differences in the
absolute value of the activity, the variants
did not show in any noticeable change in the
respective activity profiles.

Testing the NO-stimulated activity of sGC variants, we ruled out the hypothesis that NO
forming transient intermediates at positions 123, 355 or 489 is the trigger for full activation of Cf
sGCl1, and that MMTS works by blocking cysteine-NO interaction at the above positions. Here,
the second hypothesis was tested. If the S-methyl adduct from a MMTS labeling experiment could
sterically block the protein from accessing the fully active conformation, then by mutating the
affected C to a residue that MMTS could not access, we would expect to see the loss of MMTS-

mediated inhibition of sGC.
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Figure 4.5. Activity of (A) wild type Cf sGC1 and (B) triple variant Cf sGC1 after MMTS labeling. The MMTS
titration assay was carried out in duplicate. Comparing the activity of the triple variant Cf sGC1 to the activity of Cf
sGC1 WT after MMTS labeling revealed no significant difference in the response to MMTS inhibition with and
without mutation.

MMTS labeling experiments were carried out for Cf'sGC1 WT protein as well as the triple
variant. In the MMTS labeling experiment, 1 uM protein was labeled with 1 — 10 pM MMTS.
MMTS labeling can be simply reversed through the addition of DTT, so a control sample with
DTT addition was also prepared. For both the WT and the triple variant Cf sGC1, inhibition of
activity was first observed at ~2 uM, and the protein was inhibited to basal-like activity between
5 and 7.5 uM (Figure 4.5). This result suggests that C123, C355 and C489 were either not
accessible to MMTS in the labeling experiment or labeling at these positions did not affect the
activity of Cf'sGCl.

Mass spectrometry of CfsGCI labeling products

Given that the MMTS-induced inhibition of sGC occurred in the range of 2 to 5 uM, intact
protein mass spectrometry was used to verify that the protein was labeled under the conditions
tested, and to quantify the number of labels on the protein after incubation. Intact protein MS
results suggest that by using 5 uM MMTS, the majority of Cf'sGC1 WT and triple variant protein
monomer was labeled. The presence of multiple MS peaks corresponding to unmodified protein,
+1 S-methyl and +2 S-methyl suggests that the labeling reaction likely did not yield a
homogeneous mixture of labeled dimeric Cf sGC1. However, our data suggests that most dimeric
Cf sGCl1 after labeling are at least modified at one cysteine position. Compared to Ms sGC, a
prototypical o/B-type sGC, Cf'sGCl1 is significantly more sensitive to MMTS. The reason for this
sensitivity remains to be determined but is likely associated with the location and accessibility of
the labeling sites involved.
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Figure 4.6. Mass spectrometry of MMTS labeled Cf'sGC1. Expected molecular weight: WT Cf'sGC1: 75732; Triple
variant: 75638. MMTS labeling results in an S-methyl adduct; expected molecular weight of the adduct is +46 Da.
MS results indicate that at 5 uM, both Cf'sGC1 WT and triple variant proteins were primarily single-labeled with a
small portion non labeled or double labeled. As a homodimer, the protein is primarily in the labeled state. MS results
were visualized using Chartograph.

Conclusions

The non-heme interaction of sGC towards NO is a crucial mechanistic detail of sGC
activation. Its importance could extend beyond the realm of sGCs, as a transient non-heme NO
interaction may be utilized by many other proteins in diverse pathways to sense and respond to a
NO signal. On the other hand, sGC is a well-studied drug target for diseases of the vasculature, so
information on how sGC can be activated by excess NO will likely benefit development of novel
and more effective therapeutics. High resolution structures of o/p-type sGC and access to Cf'sGCl,
a NO-activated sGC tractable to heterologous expression are invaluable tools that enabled long
standing hypotheses of non-heme NO activation to be directly tested.

Our data cannot disprove that the cysteines at the three positions, 123, 355 and 489 are
responsible for non-heme activation of Cf sGCI1 but suggests that they are certainly not solely
responsible. On the other hand, the three positions are likely not responsible for the MMTS-
mediated inhibition of Cf'sGC1. This is despite the fact that cysteines at equivalent positions are
well conserved across o/B-type sGC and aligned well with the sequence of Cf sGCI. In future
experiments, conservation of cysteines in similar structural regions of the sGC can be further
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explored. This approach can be used to reveal residues like C177 that are in a region of the
sequence that do not align well with the consensus sequence of o/B-type sGC but may play similar
structural or biochemical roles as cysteines well conserved in o/B-type sGC. Additionally, given
that Cf'sGCl1 is tractable to expression in E. coli and appears resilient to mutagenesis, constructs
that employ more aggressive mutagenic strategies can be tested. One such construct is the cysteine-
free variant of Cf sGC1. This approach can allow for the direct testing of the hypothesis that
cysteines are responsible for the full activation of Cf'sGCl1.
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Chapter 5
Survey of Oz-sensing sGC of C. flexa

Abstract

Detection and response to O levels in the environment is necessary for aerobic life. In
eukaryotes, gas sensing is partially mediated by the hemoprotein soluble guanylate cyclase (sGC)
that produces the secondary messenger cGMP. While some sGCs are highly specific sensors for
NO, there are many sGCs that are predicted to bind O>. The molecular details of ligand-mediated
activity regulation in O2-binding sGC are not well understood. The genome of the choanoflagellate
Choanoeca flexa encodes four sGCs, and three are predicted by sequence alignment to bind Oo.
Reported here is the characterization of Cf'sGC4, an O>-binding sGC from C. flexa. Cf'sGC4 binds
0O, as well as NO and CO. All three ligands lead to a 6-coordiated Fe(I) heme complex. Cf sGC4
is active as a homodimer (566 + 54 nmol/min/mg) and this activity is inhibited by ligand binding.
Small angle X-ray scattering experiments indicate that Cf'sGC4 can form an extended homodimer
with Rg = 55.2 = 0.3 A. Conformational change was not observed in Cf' sGC4 in the presence of
NO. The ortholog of Cf'sGC4 that was predicted to be NO specific from the sister species of C.
flexa, Choanoeca perplexa was also characterized. Cp sGC1 binds NO and not O,. NO binding
did not increase the activity of Cp sGC1. These data suggest that Cf sGC4 may not rely on
conformational extension to regulate activity, but additional experiments are necessary to
understand the full mechanism of ligand effect on activity.

This work was done in collaboration with Dr. William C. Thomas from the lab of Prof.
Michael A. Marletta, who contributed SAXS data analyses.

Introduction

Many organisms employ heme-based biosensors for gas molecules, including those that
sense Oy, to detect and respond to changing environmental conditions. In eukaryotes, soluble
guanylate cyclases (sGC) are gas sensing hemoproteins best known for sensing nitric oxide and
synthesizing the second messenger molecule cyclic guanosine monophosphate (¢cGMP).! The best
studied type of sGC, o/B-type sGC from mammals and insects, are highly selective sensors of nitric
oxide and lack the ability to bind oxygen.? Selectivity against O is a crucial feature of a NO
sensing pathway, as O is present in the cellular environment at a concentration several orders of
magnitude over that of NO. However, studies involving bacterial homologs of the heme-nitric
oxide-oxygen binding (H-NOX) domain of sGC identified standalone H-NOX domains with
nanomolar binding affinity to O> and prompted studies to elucidate the mechanism for gas ligand
differentiation.* The selectivity for NO and against O, using a hemoprotein would appear to be
particularly difficult. The crystal structure of Caldenaerobacter subterraneous subsp.
tengcongensis O»-binding H-NOX protein pointed to a distal pocket Tyr residue as a critical
residue for enabling O, binding through a specific and strong hydrogen bond.’ Mutagenesis studies
to incorporate a Tyr residue at the equivalent position in the NO-selective Legionella pneumophila
H-NOX protein enabled it to bind 0,.5 These observations established that a distal pocket Tyr
residue is necessary for enabling O binding in H-NOX protein and allowed for predictions of
ligand preference of a sGC to be made based on sequence information.
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Initial work carried out in model organisms Caenorhabditis elegans, Manduca sexta and
Drosophila melanogaster led to the discovery and characterization of O-sensing sGCs and
elucidated their connections to animal behavior.” ! Aerotaxis, physical migration towards
preferred O levels, is a behavior frequently found in bacteria and eukaryotes alike.!! An example
of aerotaxis in animals can be found in C. elegans, where the worms migrate to a preferred O»
concentration of 7 - 12% to avoid hyperoxia.”!> In collaboration with the Bargmann lab, the
Marletta lab reported that knockout of the neuron-expressed sGC GCY-35 resulted in the loss of
avoidance behavior towards high O> concentration, suggesting that GCY-35 is a critical regulatory
component of aerotaxis.” While the H-NOX domain truncation of GCY-35 was shown to bind O,
biochemical evidence was lacking to link GCY-35 activity directly to O, avoidance. Discovery of
O2-binding sGCs in neuronal cells of Drosophila melanogaster led to the characterization of Dm
Gyc-88E.”!* To date, Dm Gyc-88E has been the only O,-binding sGC that has been purified and
characterized. Huang and colleagues demonstrated that Dm Gyc-88E binds diatomic gas ligands
NO, CO and O, is active as a homodimer, and is inhibited by gas ligand binding.'* In vivo evidence
suggests that Dm Gyc-88E expresses as a physiological homodimer in the epithelial cells of the
Drosophila mid gut, and the enzyme is hypothesized to mediate O, sensing there.’

Previously, we reported a novel, cGMP-mediated phenotype discovered in a colonial
choanoflagellate, Choanoeca flexa.'> BLAST search revealed four sequences that were homologs
of sGC and were named Cf'sGC1 to 4. Through sequence alignment, Cf'sGC2, Cf'sGC3 and Cf
sGC4 were all predicted to be oxygen sensing sGCs. Reported in this chapter is the characterization
of the predicted O»-binding sGC, Cf'sGC4. Like Dm Gyc-88E, Cf'sGC4 binds NO, CO and O»
ligands, and its activity is inhibited by ligand binding. A small angle X-ray scattering study was
conducted and revealed that Cf sGC4 can form an extended homodimer but did not undergo
conformational change in the presence of NO. An ortholog of Cf'sGC4 from the sister species
Choanoeca perplexa that was predicted to bind NO specifically was also characterized.

Methods

Materials

Primers and gBlock DNA were purchased from Integrated DNA Technologies. Gibson
Master Mix and E. coli competent cell stocks were purchased from the UC Berkeley QB3
MacroLab. Phusion Polymerase was purchased from New England Biolabs. Plasmid extraction
and DNA purification kits were purchased from Qiagen. Terrific Broth media powder, kanamycin,
benzamidine and 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) were
purchased from Research Products International. Sodium dithionite (Na>S>04), DNAse I from
bovine pancreas, sodium phosphate, sodium acetate, magnesium acetate and guanosine 5’-
triphosphate sodium salt were purchased from Sigma Aldrich. Isopropyl p-D-1-
thiogalactopyranoside (IPTG), 4-(2-hydroxyethyl)piperazine ethanesulfonic acid (HEPES),
ammonium acetate and acetonitrile (HPLC grade) were purchased from Thermo Fisher Scientific.
Lysozyme from chicken egg white and sodium chloride were purchased from VWR Scientific.
Dithiothreitol (DTT) was purchased from BACHEM. Imidazole was purchased from Oakwood
Chemical. Vivaspin spin concentrators were purchased from Sartorius. Hemin chloride and d-
aminolevulinic acid (d-ALA) were purchased from Spectrum Chemical Company. proliNONOate
was purchased from Cayman Chemical Company.
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Cloning expression constructs

First-strand cDNA was used as the template for cloning Cf sGC4(1-631). Forward and
reverse primers were designed against 5’ and 3’ ends of the target transcript (transcript name:
TRINITY DN11295 c0 g2 i3). Forward: TAAGAAGGAGATATACCATGTACGGTTTCGTC
GCCG; reverse: AATGGTGATGATGGTGATGAACAGATGCGTCTGGTGGTGTC.
Underlined portions anneal to the cDNA template. The PCR product was inserted into a pET28b
vector using Gibson assembly, and the fully assembled plasmid was verified by sequencing (UC
Berkeley sequencing facility). gBlock DNA with 5” and 3’ end overhang was purchased for cloning
Cp sGC1 and inserted into a pET28b vector using Gibson assembly directly.

Protein expression and purification

Expression of Cf sGC4 was carried out in E. coli RP523(DE3) cells for increased heme
incorporation,'® and expression of Cp sGC1 was carried out in E. coli BL21(DE3) cells. Prior to
large scale expression of Cf sGC4, test expression of transformed E. coli RP523 colonies was
carried out using 50 mL small scale culture. Overnight culture was prepared by inoculating one
colony in 5 mL of Terrific Broth media supplemented with 50 pug/mL kanamycin and 20 pg/mL
hemin. After overnight shaking at 37 °C, the overnight culture was diluted 1:200 into Terrific Broth
(TB) media supplemented with 50 pg/mL kanamycin and 20 pg/mL hemin. The 50 mL-scale
culture in TB media was incubated at 37 °C until cell density reached ODgoo = 0.6 — 0.8 before
protein production was induced by the addition of 500 uM IPTG. After induction, the culture was
incubated at 18 °C for 16 — 20 hours. Protein production from each colony was estimated by lysing
equal quantity of cells determined through OD matching of post induction culture, and analysis
using SDS-PAGE gel. The colony with the best protein production was then selected for 1 L scale
expression. Large culture expression followed the same protocol as above with minor
modifications. After the overnight incubation at 18 °C, the cell suspension was centrifuged at 4000
x g at 4 °C. The cell paste was collected, flash frozen in liquid nitrogen, and transferred to -80 °C
for storage. Cp sGC1 did not require an expression test, and the 1 L scale expression followed the
same protocol as Cf'sGC4 with minor differences. The overnight culture of Cp sGC1 was prepared
in Luria Broth supplemented with 500 uM FeCls and 50 pg/mL kanamycin. The 1 L scale culture
of Cp sGC1 was supplemented with 500 uM FeCls and 50 pg/mL kanamycin, and 1 mM d-ALA,
a heme precursor, was supplemented before protein production was induced.

Protein purification was carried out at 4 °C unless otherwise specified. Cell pellets were
thawed in an ice water bath and resuspended in ice cold Buffer A (50 mM sodium phosphate, 150
mM NaCl, 5 mM imidazole, 5 % glycerol, pH 8.0) supplemented with 50 mM benzamidine, 0.2
mM AEBSF, 0.25 mg/mL DNAse I, and 0.25 mg/mL lysozyme. The cell resuspension was lysed
using a high-pressure homogenizer (Avestin Emulsiflex C5). The resulting cell lysate was clarified
by centrifugation (36,000 x g, 55 min) and passed through a gravity column loaded with His60 Ni
Superflow Resin equilibrated with Buffer A. The column was subsequently washed with 10 CV
Buffer A, 10 CV Buffer B (50 mM sodium phosphate, 150 mM NaCl, 40 mM imidazole, 5 %
glycerol, pH 8.0) and His-tagged protein was eluted with 5 CV Buffer C (50 mM sodium phosphate,
150 mM NaCl, 400 mM imidazole, 5 % glycerol, pH 8.0). Protein-containing fractions determined
by SDS-PAGE electrophoresis were combined and concentrated using a 50 kDa molecular weight
cut-off spin concentrator. Concentrated protein was loaded on a to a HiLoad 26/600 Superdex 200
size exclusion column (Cytiva) pre-equilibrated with Buffer D (50 mM Triethanolamine, 150 mM
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NaCl, 5 mM DTT, 5% glycerol). Fractions with heme absorbance were concentrated to 25 — 50
uM and flash frozen in liquid nitrogen. Protein aliquots were stored at -80 °C for future use.

UV-vis spectroscopy

Cf'sGC4 and Cp sGC1 were handled in an argon-filled glove bag. Protein-bound heme was
reduced by adding Na;S;04 to a final concentration of 5 mM. Excess NaxS>04 was removed by
gel filtration of the protein sample into Buffer E (50 mM HEPES, 150 mM NacCl, 5% glycerol, pH
7.5) using a pre-equilibrated Zeba spin desalting column (Thermo Scientific). A ferrous, ligand-
free UV-vis absorption spectrum was collected on a Cary 300 UV-vis Spectrophotometer (Agilent
Technologies). Fe(I)-NO bound protein was generated by adding the NO-releasing molecule
proliNONOate (~10-fold excess) to the protein sample, Fe(I1)-CO bound Cf'sGC4 and Cp sGCl1
were generated by adding CO-sparged Buffer E to the protein sample, and Fe(II)-O, bound Cf
sGC4 and Cp sGC1 were generated by adding O»-sparged buffer E to the protein sample before
collecting the spectra.

Activity assay

Initial rates of Cf'sGC4 and Cp sGC1 were measured by quantifying the production of
c¢GMP in endpoint assays performed at 25 °C under anoxic conditions. Prior to the assay, protein
aliquots were reduced using 10 mM Na>S>04 and buffer exchanged into Ar-sparged Buffer E (50
mM HEPES, 150 mM NaCl, 5 % glycerol, pH 7.5, 0.22 pm filtered) using a pre equilibrated 7.5
kDa MWCO Zeba Spin Desalting column (Thermo Scientific). Concentration of the protein was
determined by the absorbance at 280 nm (CfsGC4: € = 98,560 M! cm™'; Cp sGC1: € = 83,660 M
I em™). Activity assay mixtures were prepared in Ar-sparged Buffer F supplemented with 5 mM
DTT and 3 mM MgCl and included 20 nM Cf'sGC4 and 100 nM Cp sGCl1 protein. For the NO-
bound sample, NO was supplemented by the addition of 50 uM proliNONOate. For CO and O»-
bound samples, CO and O» were added through 1:5 dilution of CO and O:-sparged buffer,
respectively. Reaction was initiated by the addition of 1.5 mM GTP. For Cf sGC4, a 10-minute
endpoint assay was performed. For Cp sGCl1, a time course over 60 minutes was collected. The
reaction was quenched by mixing 100 pL reaction volume with 10 pL 1% formic acid. The results
of the enzymatic reaction were analyzed using reverse phase HPLC as previously reported.!’
Briefly, the reaction timepoint samples were injected onto an Eclipse Plus C18 column (4.6 x 100
mm, 3.5 um particle size, Agilent). A gradient composed of 20 mM ammonium acetate, 0.1 %
formic acid (Buffer F) and 99.9 % acetonitrile, 0.1 % formic acid (Buffer G) was used to separate
GTP and cGMP. The gradient was as follows: 0 — 6 min, 2% Buffer G; 6 — 7.5 min, 25 — 100%
Buffer G; 7.5 — 8.5 min, 100 % Buffer G. Concentrations of cGMP were determined from the peak
area eluting at 4.2 minutes using a standard curve constructed from 1.25 — 20 uM cGMP standards.

Size exclusion chromatography-small angle X-ray scattering

Small-angle X-ray scattering (SAXS) was performed on Cf sGC4 under anaerobic
conditions in a Coy glovebox at the MacChess BioSAXS beamline (Sector 7A) at the Cornell
High-Energy Synchrotron Source, Ithaca, New York.!®2° For both samples, Cf sGC4 was thawed
and reduced directly in the glovebox, then exchanged into SAXS assay buffer (50 mM HEPES pH
7.5, 150 mM NaCl, 1% glycerol, 1 mM TCEP) using a pre-equilibrated Zeba spin desalting column
(Thermo Scientific). Heme reduction was confirmed via in-line UV-vis spectroscopy (AvaSpec-
ULS2048, Avantes), with the UV flow cell located directly after the SAXS sample cell. 100 pL of
~100 uM sample was injected onto a Superdex 200 10/300 column (Cytiva Life Sciences) pre-

78



equilibrated with SAXS assay buffer, and the column was run using an external pump at 0.5 mL/s
(LC-20AD, Shimadzu). The xsNO sample was performed under similar conditions but with the
addition of small molecule NO releasing agents, referred to as NONOates.?! 100 uM
proliNONOate was added directly to the sample prior to loading. Further, to ensure that the protein
did not exchange into NO-free buffer on the column, the column was pre-equilibrated with A: 100
uM DETA NONOate (half-life 56 hours at 22 — 25 °C) B: 100 uM DEA NONOate (half-life 16
min at 22 — 25 °C) 40 minutes before loading.

Data were collected using a Dectris EIGER 4M detector at 4 °C. 1,500 x 2s X-ray
exposures were collected for each run. Scattering images were integrated about the beam center
and normalized by transmitted intensities measured on a photodiode beamstop. The X-ray
wavelength of the experiment was A = 1.1061 A and the sample-to-detector distance was 1,748.0
mm, as determined by silver behenate calibration. Scattering was collected over a range of q =
0.01 A'to 0.3 A”!, where q is the scattering vector q = 4zsinf/A and 20 is the scattering angle.
Data processing, analysis, and comparison to predicted scattering profiles were performed in
BioXTAS RAW using established protocol.”>?* Background subtraction was performed by
subtracting the buffer baseline prior to peak elution. Principal components of the elution were
deconvolved using Evolving Factor Analysis (EFA) as implemented in BioXTAS RAW, which
EFA enables mathematical separation of partially co-eluting species using iterative singular value
decomposition to identify the numbers of distinguishable eluting species.?* An initial component
eluting prior to the main peak was identified as an aggregate with properties consistent with a
filament. A second component was identified as minor, smaller aggregates but are still larger than
a dimer. The main component was also computationally separated from a smaller species eluting
in the shoulder of the main peak. Radii of gyration (Rg) were estimated with Guinier analysis.
Error bars associated with Ry values are curve-fitting uncertainties from Guinier analysis. The
calculated scattering of the predicted Cf sGC4 homodimer was determined with FoXS.2>2® Low-
resolution electron density maps were calculated using DENSS, as implemented in RAW.?’

Predicted structure model

The sequence of Cf'sGC4(1-631) and Cp sGC1(1-634) were used as input using the Google
AlphaFold web server powered by AlphaFold 3.?® Default settings for multimeric protein
predictions were used. The rank order 1 structure was used to calculate predicted SAXS scattering,
but no significant differences were observed between different rank order predictions.

Results and Discussion

Sequence analysis of Or-sensing sGC from C. flexa

Four sequences from the transcriptome of C. flexa were annotated as sGCs. The sequence
alignment of all four C. flexa sGC sequences was compared to a prototypical a/B-type sGC, Rattus
norvegicus SGC, and the O»-binding sGC previously characterized, Drosophila melanogaster Gyc-
88E (Figure 5.1A, Figure 5.1B). Cf'sGCs share the typical domain architecture of sGCs (Figure
5.1C). Like Dm Gyc-88E, all four Cf sGCs also have a C-terminal tail varying in length (Figure
5.1C). It is not known if this C-terminal tail exists in Cf sGCs in vivo, or what biochemical function
they may serve.
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For an sGC to be active as a homodimer, two sequence features must be present: 1. A
binding site capable of binding heme in the H-NOX domain, and 2. Presence of the full set of
residues needed for catalysis in the CAT domain. Sequence alignment indicates that Cf sGC2, 3
and 4 contain necessary residues for binding heme, and all three sGC have the full set of residues
needed for catalysis (Figure 5.1A, Figure 5.1B). Therefore, we predicted that all three Cf sGCs
listed above would be active as homodimers. Furthermore, Cf'sGC2, 3 and 4 all harbor the tyrosine
residue in the distal pocket of the H-NOX domain (Figure 5.1A). This tyrosine residue is absolutely
conserved in Oz-binding H-NOX domains and is present in the O2-binding sGC, Dm Gyc-88E.
Given this, we predicted that Cf'sGC2, 3 and 4 would all be capable of binding O».
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Figure 5.1. Sequence alignment and domain architecture of sGC from C. flexa. (A) H-NOX domain alignment
suggests that all four Cf sGCs contain necessary residues (highlighted with the red diamond) for binding heme.
Additionally, based on the presence of a conserved Tyr residue (green), Cf'sGC2, 3, and 4 are predicted to bind O,.
(B) CAT domain alignment suggests that Cf'sGCs contain necessary residues for catalysis. Therefore all four Cf'sGCs
are predicted to be active as homodimers. (C) Cf'sGCs share the domain architecture of an o/B-type sGC. H-NOX,
Heme-Nitric Oxide-Oxygen binding domain. PAS, Per-Arnt-Sim-like domain. CC, coiled coil domain. CAT, catalytic
domain. Notably, like Drosophila Gyc-88E, all four Cf sGCs have a C-terminal disordered tail of unknown function.
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Biochemical characterization of Cf sGC4

To obtain Cf'sGC4 for biochemical characterization, a pET28b-based expression construct
was prepared, and Cf'sGC4 was expressed in E. coli BL21 cells initially. However, the protein was
not expressed in the soluble fraction. We hypothesized that the C-terminal disordered region
prevented proper folding of the protein during heterologous expression in E. coli. Based on the
alignment with Rn sGC, a new expression construct was designed to truncate Cf'sGC4 at position
631 (Cf'sGC4(1-631)). Furthermore, to improve heme incorporation, the heme permeable E. coli
strain RP523(DE3) was used.'® The steps taken above allowed CfsGC4(1-631) to express at a high

yield in E. coli (Figure 5.2). The Cf sGC4(1-631) truncated variant was used in all subsequent
biochemical experiments.
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Figure 5.2. Post purification SDS-PAGE gel of Cf'sGC4(1-631) and Cp sGC1(1-634).
Lanes: A, Cf sGC4(1-631). B, Cp sGC1(1-634). The expected molecular weights of
both proteins are around 70 kDa.

Cf sGC4 was expected to bind diatomic ligands NO and CO at its heme cofactor. Besides
NO and CO, Cf'sGC4 was also predicted to bind O,. UV-vis absorption spectroscopy was used to
investigate the ligand binding properties of Cf sGC4(1-631) (Figure 5.3A, Table 5.1). When Cf
sGC4(1-631) was reduced under anaerobic conditions, it showed a Soret maximum of 426 nm,
consistent with a 5-coordinate, unliganded heme. Unlike a NO-specific sGC, Cf sGC4(1-631)
bound NO in a 6-coordinate state with a Soret maximum of 419 nm. Cf'sGC4(1-631) also bound
oxygen, showing a Soret maximum of 422 nm, consistent with a 6-coordinate Fe(Il)-O> state. In
addition to changes to the Soret band, the Q bands also showed increased separation during ligand
binding for Cf sGC4(1-631). The UV-vis absorption wavelengths of Cf sGC4(1-631) and their
comparisons to prototypical sGCs are summarized in Table 5.1.
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Figure 5.3. Gas ligand binding and ligand-bound activity of Cf'sGC4(1-631). (A) UV-vis spectra of Cf'sGC4(1-631)
under unliganded and NO, CO and O»-bound states. Soret maxima: Fe(II)-unliganded, 426 nm; Fe(I[)-NO, 420 nm,
Fe(II)-CO, 424 nm, Fe(II)-O,, 423 nm. Inset, the Q band region showed increased separation upon ligand binding. (B)
Activity of Cf'sGC4(1-631). Cf sGC4(1-631) was inhibited by ligand binding. Data shown is the average of four
replicates, and the error bar indicate one standard deviation.

Table 5.1. UV-vis absorption peaks of Cf'sGC4 and Cp sGCl.

Ligand Protein Soret (nm) B (nm) o (nm) Reference
None ‘ a/B-type sGC 431 562 Stone, 19942
Cf'sGC4 (1-631) 426 560 This work
| Cp sGC1 (1-634) 422 540 571 This work
Dm Gyc-88E (1-597) 430 555 Huang, 2007
NO \ o/B-type sGC 399 537 572 Stone, 19942
Cf'sGC4 (1-631) 420 547 580 This work
\ Cp sGCl1 (1-634) 417 548 578 This work
Dm Gyc-88E (1-597) 419 544 572 Huang, 2007
CO ’ o/B-type sGC 423 541 568 Stone, 19942
CfsGC4 (1-631) 424 540 569 This work
| Cp sGCl1 (1-634) Not determined
Dm Gyc-88E (1-597) 421 543 570 Huang, 2007
(0)) ‘ o/B-type sGC No binding Stone, 19942
Cf'sGC4 (1-631) 423 545 572 This work
‘ Cp sGCl1 (1-634) No binding This work
Dm Gyc-88E (1-597) 416 556 591 Huang, 2007'4

Both o/B-type sGC and Cf'sGC1 sense NO specifically and are activated by NO binding.
The Oz-binding sGC, Dm Gyc-88E, was previously found to be inhibited by ligand binding. When
Cf'sGC4(1-631) was assayed, like Dm Gyc-88E, was inhibited under the gas ligand-bound state
(Figure 5.3B). The three ligands tested, NO, CO and O; inhibited Cf'sGC4(1-631) between 2 to 3-
fold. The distinctive ligand-responsive inhibition of Cf sGC4(1-631) and Dm Gyc-88E raises
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intriguing questions about the conformational change that takes place after ligand binding, so a
structural study of Cf'sGC4(1-631) by small angle X-ray scattering (SAXS) was carried out.
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Figure 5.4. SAXS characterization of Cf sGC4(1-631). (A) SEC elution profile of Cf'sGC4(1-631). The presence of
a peak before the Cf sGC4(1-631) elution peak suggests the formation of large oligomers. (B) The experimentally
determined SAXS profile of Cf'sGC4(1-631) under NO-free condition was compared to the predicted SAXS profiles
of the AlphaFold structure prediction of Cf'sGC4(1-631), as well as that of human sGC unliganded (PDB: 8HBE) and
active (PDB: 8HBF) structures. The SAXS profile of Cf'sGC4(1-631) is a better fit to the predicted profile of the
extended AlphaFold predicted structure, as well as the NO-induced extended human sGC active structure. (C) The
SAXS profiles of unliganded and NO-bound Cf'sGC4(1-631) were compared, and no significant difference was found
between them. (D) The DENSS-calculated electronic density of Cf sGC4(1-631) was compared to the AlphaFold
predicted structure of Cf'sGC4(1-631). Overall, the AlphaFold structure fits well to the DENSS calculated density.
The electron density near the C-terminal that is unaccounted for in the predicted structure can explain the discrepancy
between the experimentally determined R, to the calculated R.

SAXS study of Cf sGC4

As discussed in Chapter 1 and Chapter 3, for a/B-type sGC and Cf sGC1, NO binding
triggers a large-scale conformational change that leads to an extension of the protein conformation.
This conformational change can be studied using small angle X-ray scattering (SAXS). SAXS is
a solution phase technique that provides information on the size and shape of the protein species
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and is well suited to studying the conformational change that occurs in sGC activity
regulation.'?2?%3% We expect that because Cf' sGC4 is more active under the unliganded condition,
it should be in a more extended conformation. Furthermore, we hypothesized that Cf'sGC4 would
undergo conformational change during inhibition and show a more compact conformation
associated with the ligand bound, inhibited state. To test these hypotheses, SEC-SAXS study for
Cf'sGC4(1-631) was conducted under anaerobic conditions. The chromatogram of CfsGC4(1-631)
elution revealed two major elution peaks, indicating formation of at least two different oligomers
of Cf'sGC4(1-631) (Figure 5.4A). A linear algebra technique known as Evolving Factor Analysis
(EFA) was used to computationally separate the components of the chromatogram (Figure C.1).
The third component, mainly corresponding to the peak eluting at frame number 600 — 700, had a
R, within the range of an expected sGC dimer (Rg = 55.2 A). We interpreted this peak to be Cf
sGC4(1-631) in dimeric form. Both earlier components, mainly the peak between frames 400 —
500, were likely larger n-mers of Cf sGC4. The SAXS scattering profile of the third component
was found to fit well to the predicted SAXS profile of the AlphaFold predicted structure of Cf
sGC4(1-631) but did not fit well to either predicted scattering profiles of Hs sGC, under unliganded
(PDB ID 8HBE) or NO-bound conditions (PDB ID 8HBF) (Figure 5.4B).>! The predicted R, of
the AlphaFold predicted structure of Cf'sGC4(1-631) was 46.5 A. The discrepancy between the
experimental and predicted Ry values may be caused by the EFA analysis not fully separating the
dimeric component from the higher MW components.

Because Cf'sGC4(1-631) can be inhibited by ligand binding, a second dataset was collected
in which NO was added to the buffer. However, Cf'sGC4(1-631) under the presence of NO did not
show a conformational change based on SAXS analysis (Figure 5.4C). Furthermore, the elution
profiles of the two samples were highly similar (Figure C.1A, Figure C.1E) and upon EFA, the
two components were found to match in retention time (Figure C.1B, Figure C.1F). The affinity
of Cf'sGC4(1-631) for NO was not determined in this study, so two explanations are possible for
this result: 1. Cf'sGC4(1-631) did not undergo conformational change when NO was added, or 2.
the NO concentration in our conditions was not sufficient to ensure 1:1 binding. Future SAXS
experiments are necessary to definitively test the hypothesis regarding ligand-mediated
conformational change in Cf'sGC4.

Preliminary characterization of Cp sGC1

Choanoeca perplexa is a sister species of C. flexa.’? Initially identified by Leadbeater in
1983, C. perplexa was also reported to form colonies, but the conditions that could reproducibly
induce colony formation have not been identified.>> A BLAST search of the transcriptome of
Choanoeca perplexa was carried out and an ortholog of Cf'sGC4 was identified to be named Cp
sGC1.3* Sequence alignment indicated that Cp sGC1 also has a C-terminal disordered tail, and the
sequence identity to Cf'sGC4 in the core sGC domains is 68.9 %. In comparison, Cf'sGC4 shares
between 30 and 40 % sequence identity with Cf sGCl1, 2 and 3. Interestingly, despite the high
sequence similarity, Cp sGC1 has a phenylalanine residue at the position of the O, binding-
enabling tyrosine residue of Cf'sGC4 and, therefore, was predicted to not bind O, (Figure 5.5A,
Figure C.2A). Additionally, the CAT domain of Cp sGC1 contains all necessary residues for
catalyzing the conversion of GTP to cGMP, suggesting that could be active as a homodimer (Figure
C.2B). Since NO selectivity is often associated with ligand-dependent activation, if Cp sGC1 is
also activated by NO, it may help pinpoint the region of the protein that determines whether sGC
is activated or inhibited by ligand binding based on homology to Cf'sGC4. Hence, Cp sGC1 was
characterized in vitro. Cp sGC1 was expressed as a truncation containing residues 1-634 to remove
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the C-terminal disordered tail for ease of heterologous expression. Here, gas ligand binding and
ligand-bound activity of Cp sGC1(1-634) are reported.
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Figure 5.5. Preliminary characterization of Cp sGC1. (A) Heme binding pocket comparison between Cp sGC1 and
Cf sGC4. AlphaFold predicted structures of the H-NOX domains of Cf sGC4 (cyan) and Cp sGC1 (Green) were
aligned. Heme cofactor location was shown by alignment to human sGC, PDB 6JT2 and shown in purple. Cp sGC1
lacks essential hydrogen bonding residues for stabilizing Fe(II)-O, complex (shown in sticks) at positions Y146 and
Q76 in Cf sGC4, where they are occupied by F146 and L76 in Cp sGC1. Both proteins have L80. (B) Gas ligand
binding of Cp sGC1(1-634). Cp sGCI1(1-634) binds NO to form a 6-coordinate Fe(II)-NO complex. No significant
spectral change was seen when O, was added to a sample of reduced Cp sGC1(1-634). (C) Activity of Cp sGC1(1-
634) with and without NO. Cp sGCl isn’t activated by NO binding.

UV-vis absorption spectroscopy was used to characterize the ligand-binding properties of
Cp sGC1(1-634) (Figure 5.5B). Reduced Cp sGC1(1-634) showed a Soret maximum of 422 nm.
This is noticeably different from a typical H-NOX domain, where the expected the Soret maximum
is around 430 nm. Furthermore, the Q band region showed two peaks instead of one. However,
when Cp sGC1(1-634) was treated with O», the UV-vis absorption spectrum did not noticeably
shift. This can be explained by two possibilities: 1, Cp sGC1(1-634) binds O; so tightly that the
treatment with dithionite cannot adequately remove the bound O and reduce it to the Fe(II)
unliganded state, or 2, Cp sGC1(1-634) does not bind O, and the unusual UV-vis absorption
spectrum is a result of local electronic differences. The AlphaFold predicted structures of the H-
NOX domains of Cp sGC1 and Cf'sGC4 were then compared (Figure 5.5A). In Cp sGC1, residues
required residues to stabilize Fe(II) heme-O> complex were not present. F146 and L.76 were present
at those key positions. Based on this, the second explanation stated above is more likely, but more
experiments are needed to convincingly reach a conclusion. When reduced Cp sGC1(1-634) was
treated with NO, the Soret maximum shifted to 419 nm, and a noticeable shift could also be seen
in the Q band region. This suggests that when Cp sGC1(1-634) binds NO, a 6-coordinate, Fe(II)
heme-NO complex forms. NO binding of Cp sGC1(1-634) is more akin to Cf'sGC4 than Cf'sGCl1
and suggests that additional factors are involved in the strength of the proximal Fe-His bond and
the effectiveness of the NO trans effect.

When the steady state activity of Cp sGC1(1-634) was assayed, NO binding did not
significantly perturb its activity. Presence of O also did not significantly affect the activity of Cp
sGC1(1-634). Overall, the case of Cp sGC1 is a perplexing one, and it again raises questions about
residues that control the trans effect of the NO ligand as well as the strength of the Fe-His bond.
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It also raises questions about ligand activation or ligand inhibition. Although it is predicted by
sequence to be active as a homodimer, it is possible that Cp sGC1 may interact with a partner
subunit to form heterodimers, and this interaction may be the key to enabling ligand control of
activity. The biologically relevant state of Cp sGC1 and its physiological role remain to be
determined.

Conclusions

Taken together, these data show that Cf'sGC4 is regulated by O> binding. Like Dm Gyc-
88E, Cf'sGC4 is active as a homodimer and is inhibited by gas ligand binding. Preliminary SAXS
data suggests that the truncated Cf sGC4(1-631) forms a highly extended homodimer under
unliganded condition as expected. However, preliminary SAXS data also show that Cf sGC4(1-
631) did not undergo conformational change with NO bound. Whether the regulation of Cf sGC4
is related to large-scale conformational changes as seen in animal sGCs remains to be elucidated.

Further study on the regulation of ligand-induced activity change in O>-binding sGC should
yield interesting insight to the regulation of sGC activity. Cf sGC4 is an attractive new model
system for studying conformational changes in Oz-binding sGC thanks to its tractability to
heterologous expression. To address the issue of large oligomers forming, C-terminal truncations
of Cf sGC4 can be screened for an active, non-oligomer forming variant and used in structural
studies such as SAXS and cryo-electron microscopy. Additionally, sGCs that are predicted by
sequence to bind O2 are numerous, and this sequence space is ripe for exploration. It remains to be
shown whether there exists in nature a class of Oz-binding sGC that can be activated by ligand
binding.

Since choanoflagellates encode O»-binding sGC, there could exist O>-sensitive phenotypes
mediated by sGC-produced cGMP. Notably, a choanoflagellate Salpingoeca rosetta has been
discovered to exhibit aerotaxis behavior.*> S. rosetta aerotaxis happens through stochastic
navigation consistent with the “run-and-tumble” chemotaxis model, where control of the tumbling
rate of S. rosetta colonies can bias the direction of movement towards a chemical stimulant, in this
case, 02.% The genome of S. rosetta encodes at least one O,-sensing sGC, which could play a role
in regulating this process. Screening for O; sensitive phenotypes specifically involving flagella
and collars of S. rosetta and using a cell-permeable cGMP analog, 8-Br-cGMP to trigger these
phenotypes can be the first steps to probe the connection between O sensing behavior of S. rosetta
and sGC-cGMP signaling. In parallel, O-sensing sGC of S. rosetta can be expressed and
characterized. S. rosetta sGCs alone may hold interesting information on the biochemistry and
allosteric regulation of O>-sensing sGCs.
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Figure A.1. Phylogenetic tree of NOS and sGC, related to Figure 2.2. (A) Phylogenetic tree of
NOS from a selection of fully sequenced eukaryotic, archaeal, and bacterial genomes. Alignments
and phylogenetic reconstruction were performed on the oxygenase domain only. The clades
recovered tend to share common domain architectures out of the oxygenase domain (such as the
reductase domain in eukaryotic NOSs and the globin domain in choanoflagellate and
cyanobacterial NOSs), providing independent support to the phylogeny. The sister-group
relationship between choanoflagellate and cyanobacterial NOSs as well as the shared domain
architecture suggest a history of horizontal gene transfer. See Material and Methods for species
name abbreviations. (B) Phylogenetic tree of sGC from a selection of fully sequenced animal and
chlorophyte genomes, and choanoflagellate genomes and transcriptomes. Analysis was performed
based on the full protein sequence. See Methods for species name abbreviations.
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Figure A.2. C. flexa encodes the complete biosynthetic pathways for the NOS cofactors and
downstream NO/cGMP signaling components, related to Figure 2.2. (A-B) The C. flexa
transcriptome was searched for genes encoding enzymes in the tetrahydrobiopterin (BH4; A) and
FMN/FAD (B) biosynthesis pathways using BLASTP. For each step in the pathway, multiple
bacterial, plant, fungal and/or animal genes were used as queries (see Methods), and the highest
returned bit-score is shown. C. flexa encodes the complete biosynthetic pathway. Riboflavin is
assumed to be uptaken from the environment.! (C) Phylogenetic distribution of guanylate cyclases
(soluble: sGC, and membrane-bound: pGC), and cGMP signaling downstream components. In
animals, cGMP is known to signal through cGMP-dependent kinases (PKG), cGMP-gated ion
channels (CNG) and ¢cGMP-dependent phosphodiesterases (PDEG). The three choanoflagellate
species detected to express a NOS and sGC (C. flexa, C. perplexa and S. infusionum) also express
PKG, CNG and PDEG. (D) Preferential binding predictions were made for C. flexa sGCs based
on NO-sensitive and O- binding metazoan sGCs.>* C. flexa sGC partial alignment with human
sGC (NO-sensitive) and Drosophila sGC (O»-binding). Amino acids important for heme binding
are highlighted in grey. A distal tyrosine residue is highlighted in yellow, previously shown to be
highly important for O, binding.> One NO-sensitive (sGC1) and three O,-binding sGCs (sGC2,
sGC3, sGC4) were predicted.
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Figure A.3. Treatment with NO donors increases intracellular NO levels and induces colony
contraction, related to Figure 2.3. (A-C) Intracellular NO levels over time. NO was labeled with
the fluorescent probe DAF-FM and the fluoresce intensity was measured every minute for 30
minutes. NO donor DEA-NONOate was added at minute five. Intracellular fluorescence in NO
donor-treated cells display a higher increase over time compared to control. Small increase in
fluorescence in control group may be explained by unwashed dye incorporating inside of the cells
and/or basal physiological NO levels. Intracellular intensity was measured using Image J software.
(B-C) Representative micrographs are shown on the right. White arrows are pointing individual
cells. Scale bar: 5 uM. NO donor was added at minute five. (D) NO donors DEA-NONOate and
NOC-12 also induce colony contraction. Colonies from control group were treated with DMSO.
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Figure A.4. Analytical size exclusion chromatography of Cf'sGC1 and UV-vis spectrum of Cf
sGC1 upon exposure to O, related to Figure 2.4. (A) Cf sGC1 eluted at ~150 kDa during the
analytical size exclusion chromatography, consistent with being a homodimer of 75.7 kDa
monomers. Protein standards: A, thyroglobulin, 670 kDa; B, alcohol dehydrogenase, 150 kDa; C,
bovine serum albumin, 66.5 kDa; D, DNAse I, 31 kDa; E, lysozyme, 14 kDa. (B) The UV-vis
spectrum of Cf sGC1 upon exposure to O2, normalized to A280. The Soret to A280 ratio decreased
when oxygen was added to the sample, which could indicate oxidation of the heme and loss of the
heme through the process. There was no observable formation of a low-spin 6-coordinate Fe(Il)-
02 complex (as indicated by the lack of shift of the Soret peak).
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Protein Condition Soret (nm) o B References

CfsGC1 Unliganded 429 559 559 This work
NO 399 572 540 This work
Cco 423 568 538 This work
Rattus Unliganded 431 562 562 (Zhao, 1997)°
norvegicus sGC
NO 399 572 537 (Zhao, 1997)°
Cco 423 568 541 (Zhao, 1997)°

Table A.1. CfsGC1 UV-vis absorption wavelengths; Rattus norvegicus sGC is a well characterized,
NO-selective sGC, related to Figure 2.3.
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Appendix B

Supplementary methods

UV-vis spectroscopy

UV-vis absorption spectra were collected using a Cary 300 UV-vis spectrophotometer (Agilent
Technologies) equipped with Cary Temperature Controller and a sample cell Peltier cooler. Cf
sGCl1 was first reduced using 5 mM sodium dithionite over 15 minutes in an anaerobic chamber
(Coy) and buffer exchanged into Buffer F (50 mM HEPES, 150 mM NaCl, 5% glycerol, pH 7.4)
using a pre-equilibrated Zeba spin desalting column (Thermo Scientific). Fe(II)-NO bound Cf
sGC1 was generated through adding 100 uM proliNONOate. The NO-bound CfsGC1 sample was
buffer exchanged into buffer F again to remove excess NO. NO dissociation under aerobic

conditions was monitored at 4 °C over 12 hours through UV-vis spectra collected at 20-minute
intervals.

Heme reconstitution

Heme reconstitution of Cf sGC1 was carried out as previously reported.” Briefly, prior to
reconstitution, Cf sGC1 was reduced using 5 mM DTT, and the protein concentration was
quantified using UV-vis absorbance. A DMSO solution of hemin chloride was added to a final
concentration of 1x and 2x molar equivalents to homodimeric Cf sGC1, and the protein was
incubated at 25 °C for 15 minutes. Protein was then buffer exchanged to an Ar-sparged buffer F
(50 mM HEPES, 150 mM NaCl, 5 % glycerol, pH 7.5, 0.22 um filtered) using a pre-equilibrated
Zeba spin desalting column (Thermo Scientific). UV-vis absorption spectra were collected on a
NanoDrop 2000 spectrophotometer (Thermo Scientific), and the specific activity of the protein
sample was quantified.

Intact protein mass spectrometry

Purified proteins were buffer exchanged into 25 mM ammonium bicarbonate buffer, pH 7.5 using
Zeba Spin columns (Thermo Scientific). Subsequently, protein concentration was quantified by
UV-vis absorbance and diluted to a final concentration of 5 uM. Prior to injection, samples were
centrifuged at 4 °C, 21,130 x g for 10 minutes, and the supernatant was collected for analysis.
Liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) was carried out
on an Agilent 1200 Series LC system coupled to an Agilent 6224 time-of-flight mass spectrometer
in positive ion mode. Chromatographic separation of protein sample was achieved over a Proswift
RP-4H (1.0 mm % 50 mm, monolithic phenyl, Dionex) column using a mobile phase composed of
99.9% water, 0.1% formic acid v/v (MS solvent A) and 99.9% acetonitrile, 0.1% formic acid v/v
(MS solvent B). The elution gradient was developed over 8 minutes, 5% to 100% B at 0.3 mL/min.
Data were collected and deconvoluted using Agilent MassHunter software. Mass spectra were
visualized using the open-source online tool Chartograph (chartograph.com).
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Figure B.1. Mass spectra of (A) Cf sGC1 and (B) sGC1-CAT. Expected molecular weight: Cf
sGC1: 75732.3 Da, sGC1-CAT: 26789.5 Da.
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Figure B.2. Evolving factor analysis (EFA) calculations for Cf sGC1 under unliganded and NO-
bound conditions. (A)-(E), EFA results of unliganded Cf'sGC1. (F)-(J) EFA results of NO-bound
Cf sGCI. (A) and (F), to carry out EFA, singular value decomposition (SVD) was used to
determine that there are three significant singular values. Then, EFA was used as implemented in
RAW to determine each component.®® (B) and (G), elution profiles are shown to indicate the
boundaries of each component. (C) and (H), SAXS scattering profiles represent the scattering of
the species corresponding to each component and represent one of the singular vectors used in the
EFA analysis.'? (D) and (I) are the graphs of the second singular vector that represent concentration,
and each differently colored curve represents a distinct component determined by EFA calculations.
The position of the peak on the X-axis describes the retention time of the component as determined
by EFA. (E) and (J), the mean error > is a measure of the goodness of the EFA calculation.
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Figure B.3. Comparison of Cf'sGC1 sample elution using UV-vis absorbance or SAXS scattering
intensity. (A) Chromatogram of Cf sGC1 elution under Fe(Il)-unliganded condition revealed a
species that elutes following the major peak. This species is likely heme-free, as monitored by UV-
vis absorption at 428 nm. In (B) chromatogram of Cf sGCI1 elution under Fe(II)-NO condition a
similar heme-free species was also observed, using Fe(Il) heme-NO absorption at 400 nm for
monitoring.
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Figure B.4. Dissociation of NO from the Fe(II) — NO complex of Cf sGC1 over a period of 12
hours. At 4 °C, the Fe(I[)-NO complex of Cf sGC1 was stable over the duration of the activity
assay, with an estimated half-life greater than 12 hours.
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Figure B.5. Reconstitution of Cf'sGC1. When Cf sGC1 was treated with an excess of hemin, the
absorbance at 350 nm increased, indicative of non-specifically bound heme. When reconstituted
sGC was treated with an excess of NO and its specific activity was measured, a lowered activity
was observed. This suggests that the non-specifically bound heme interfered with normal function

of the protein.
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Figure B.6. DENSS! ab initio 3D reconstruction of the structure of Cf sGC1 reveals a more
extended conformation in the NO-present condition (Cyan) when compared to the NO-free (Gold)
condition. Alignment of the homology model of Cf'sGC1 (Swiss-Model) built using human sGC
inactive form (black) and active form (red) demonstrates that the NO-free conformation more
resembles the inactive form of a/p-type sGC, and the NO-present conformation more resembles
the active form of o/B-type sGC.
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Figure B.7. Experimentally-determined SAXS profile of Cf'sGC1 does not align well with the
predicted SAXS profile of the AlphaFold-predicted structure, suggesting a conformational
asymmetry akin to that seen in o/p-type sGC proteins. The predicted SAXS profile was calculated
using CRYSOL.!?
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Figure B.8. Molecular weight estimation of sGC1-CAT based on the retention volume and
comparison to a molecular weight standard composed of thyroglobulin (670 kDa), alcohol
dehydrogenase (150 kDa), bovine serum albumin (66.5 kDa), DNAse I (31 kDa) and lysozyme
(14 kDa). The logarithmic of the molecular weight was plotted on the y-axis and fitted to a linear

curve. The linear fit was used to calculate the estimated molecular weight of sGC1-CAT of 55.2
kDa.

104



Table B.1. DNA sequences of proteins used in this study

Protein

Sequence

CfsGCl1

ATGTATGGCTTGGTGCACGAAGCGCTCGTGCGCGTCATCTTGAGCTTCG
AAGATGGCAGCAAGCACCTACAGCAGATTGTGGAGAGAGCTGGCCTGC
AGGACATGGACATCATCAATAATCACACAAACTATGATGATGAAACAAC
GATGCACGTGATCGAGATCGCATGTGAAGTCATGGGAATACAAGCCGAG
GAAGCTCTCACTTTGCTTGGCCCAGCTTTTGTGGAGCTTGCAATAGAGC
GAGGATATCAGCCTATGTTGGAATCCCTGGGAAATTCGTTCTATGAATTT
GTTGATAATTTGGACAACTTGCACCAAAACTTGGCAATGCTTTACCCAG
GCATGAAGGCGCCGAGCTTTCGCTGCTCTGAAAGGCTAGACGGCACTG
GGCTGGAGCTGTATTACTACAGTACTCGAGCTGGTCTTGGACCCTTTGTC
ATCAGCCTGATGATCTACATTGGTGACAAGCTGTTTGAAACTGTCGTGG
ACATGACAGTCCTTGAGCGTCGCGAAGACGGTGCTCGCTGCGATGTTTT
CCTGATGCAGCTGCCTCAACACAAAGGAGACATTGGACCTTTATCCTCG
AAGCCATCTGTTGACTACTCTCTAACCGTGTCTGCTCTCGAGCCATCGAT
CGTGGCTGGCTTATTCCCGTGGCATATCGAGCTGGACGAAGACTTGATG
GTGACCAGCATTGGCTCTGCGCTTCGTCGGATGCTGCCGCCGGAGATGC
ACATAGGCCTGAACTTTAGGGACCTGGGTCGCGTTGTTCGCCCACTGCT
ATCCCATCAAACGTTTGCTGGCATTTGCGAGCATGCCAATGCCGCCTTCT
TGCTCGAAATCAAAGGAACATCCTTCAAGACACGCGCTCGTGGGGGCA
ACGTACTCAGCCGCCAGTCTGTGTCGTCCACGGGGTCCGCCGCCGCTCC
TTGCCCTTTTGCAAACAAAATGTTCTCTGCCGCCTCTATGGCAAGCATCA
CCAGCCTGCTCGAGTCTGATGATTACCTTAAGCTCAAGGGGCAGATGGT
GAAGATCAGGCACAATCGCGTTCTGTTTGTCTGCCTACCGAACGTGCGC
GGGATCAATGAGATGAGCGAGCGCGGTATCAAGCTTGCCGACATCCCCG
TCTTCACCACGGCTCGAGACCTTATTTTGACGGCCGACCACCAGCTGGC
GACATTGAATATGGCTGCGCAGCTGCAGGAGACGACAGCCTTCCTTGAT
CGAGCACTTGCTGACGTTGAAGTGGAAAAGGAGCGTGTGCAGTCGTTG
CTTCACAGCATCTTGCCATCGAGTATCGCGGAGAAGCTCGCCAACGGAG
AGACTGTTGAGCCATGCGAATATCCCAATTGCGCCATGCTCTTCAGCGAT
ATTTGCTCCTTCACGCAGATGAGCAGTCAGGTCACACCGAAACAGGTC
ATGAGCATGTTGGATGCGCTGTTCCGCGGACTAGATGACCTGTGCATCT
CGCACGATGTGTACAAGTACGAGACGATTGGTGATTGCTTTGTAGTAGC
CTCAGGTGTGCCGATTGAAGATCGGCGCTATGCTTCCAAGCTGGCTGCC
TTTGCCATTGACTTGATCAAGCACAGTCGCAGCATCCTGTCTCCGTTGG
ATGGCGAGCCTATCTCGGTTCGATGCGGCATGAACGCGGGCCCAGTGAC
AACCGGTGTGATTGGTCGCGATCGCCCTCGGTACAACATCTTTGGCGAC
ACTGTCAATACTGCCTCGCGCATGGAAAGCAACGGTGTTCCCAATTGCA
TCCAGGTATCGCTGGCGATGAAGGAGGCAATCGAAAGTGTGGACAAGA
CGTTCCGCTTCAAGGAGCGTTACGGAGGTGTTGAGGCCAAGGGCAAGG
GTCGTCTGCGATCTTTCTTCATCGTCGGTCGACATGGGATCGATCCTAGC
TTGCTGCCTCCCGAGGAGTATCTTGCGCCTCCGGTGGAACCCCAGCCCG
AACCAGTCCCAACGCCCTCACCTAGACCTCGGCGTCGCAATCCTCTTGT
CAACGTTGGCAAGCAGACTATAGTTCATCACCATCATCACCATTAA
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sGCl1-
CAT

ATGGAGCCATGCGAATATCCCAATTGCGCCATGCTCTTCAGCGATATTTG
CTCCTTCACGCAGATGAGCAGTCAGGTCACACCGAAACAGGTCATGAG
CATGTTGGATGCGCTGTTCCGCGGACTAGATGACCTGTGCATCTCGCAC
GATGTGTACAAGTACGAGACGATTGGTGATTGCTTTGTAGTAGCCTCAG
GTGTGCCGATTGAAGATCGGCGCTATGCTTCCAAGCTGGCTGCCTTTGC
CATTGACTTGATCAAGCACAGTCGCAGCATCCTGTCTCCGTTGGATGGC
GAGCCTATCTCGGTTCGATGCGGCATGAACGCGGGCCCAGTGACAACC
GGTGTGATTGGTCGCGATCGCCCTCGGTACAACATCTTTGGCGACACTG
TCAATACTGCCTCGCGCATGGAAAGCAACGGTGTTCCCAATTGCATCCA
GGTATCGCTGGCGATGAAGGAGGCAATCGAAAGTGTGGACAAGACGTT
CCGCTTCAAGGAGCGTTACGGAGGTGTTGAGGCCAAGGGCAAGGGTCG
TCTGCGATCTTTCTTCATCGTCGGTCGACATGGGATCGATCCTAGCTTGC
TGCCTCCCGAGGAGTATCTTGCGCCTCCGGTGGAACCCCAGCCCGAACC
AGTCCCAACGCCCTCACCTAGACCTCGGCGTCGCAATCCTCTTGTCAAC
GTTGGCAAGCAGACTATAGTTCATCACCATCATCACCATTAA

106




Appendix C

Scattering Profiles
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Figure C.1. Evolving factor analysis (EFA) calculations for Cf sGC4 under unliganded and NO-
bound conditions. (A)-(D), EFA results of unliganded Cf'sGC4. (E)-(H) EFA results of NO-bound
Cf'sGC4. To carry out EFA, singular value decomposition (SVD) was used to determine that there
are three significant singular values. Then, EFA was used as implemented in RAW to determine
each component.'” (A) and (E), elution profiles are shown to indicate the boundaries of each
component. (B) and (F), SAXS scattering profiles represent the scattering of the species
corresponding to each component and represent one of the singular vectors used in the EFA
analysis. (C) and (G), the mean error %* is a measure of the goodness of the EFA calculation. (D)
and (H) are the graphs of the second singular vector that represent concentration, and each
differently colored curve represents a distinct component determined by EFA calculations. The
position of the peak on the X-axis describes the retention time of the component as determined by
EFA.
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Figure C.2. Sequence alignment of Cf sGC4 to Cp sGCl in the (A) H-NOX domain and (B) the
CAT domain. Residues highlighted in red are key residues for (A) heme binding and (B) GTP
binding and catalysis. At the conserved tyrosine position, Cp sGC1 has a phenylalanine, suggesting
that Cp sGC1 is NO selective. Cp sGC1 also has all necessary catalytic domain residues consistent
with its prediction function as a guanylate cyclase.
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